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ABSTRACT 
 

 Pancreatic ductal adenocarcinoma (PDAC) is one of the most deadly 

human cancers due to a lack of early detection and its resistance to conventional 

chemo- and radiotherapy. Precision medicine using small molecule inhibitors is 

an alternative therapeutic strategy. The KRAS oncogene is mutated in >90% of 

pancreatic cancer tumors and presents an exploitable therapeutic opportunity. 

KRAS mutations render it constitutively active, signaling through effector 

molecules to stimulate growth and survival in cancer cells. One of the most 

predominant pathways through which KRAS signals is the RAF-MEK-ERK 

pathway. Many inhibitors of this pathway have gone to clinical trials, but 

ultimately failed in treating pancreatic cancer due to a lack of overall efficacy and 

an acquired resistance in tumors. Often, the studies noted that a method of 

selecting for patients who are predicted to respond to the therapy could improve 

therapeutic efficacy. Therefore, we set out to find markers that could be used to 

predict when MEK inhibition will be effective or should conversely be avoided. 

            To discover such markers, we tested a panel of pancreatic cancer cell 

lines for sensitivity to the MEK inhibitor AZD6244. After grouping them as either 

sensitive or resistant, RTqPCR and cDNA microarray analyses identified genes 

that were differentially expressed between the two groups. Most notable 

were MERTK and MAPK8, which were both upregulated in resistant lines. 

Correlation studies with the protein products of these genes (MERTK and JNK1 

respectively) showed both protein expression levels significantly correlated with 

resistance to the small molecule inhibitor. The MERTK protein in particular was 
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found to be upregulated in both innate and acquired resistant cell lines. 

Knockdown of either MERTK or MAPK8 yielded a noticeable decrease in 

proliferation. Inhibitor targeting of JNK1 also resulted in combinatorial benefits 

with MEK inhibition, particularly in resistant cell lines. Our findings suggest that 

these two proteins can serve as markers of resistance and potential new 

therapeutic targets in pancreatic cancer.  

 In addition to predictive and therapeutic targets, precision medicine needs 

effective techniques to select for moieties that can target these key proteins. One 

powerful approach for identifying such moieties is the use of phage display. The 

technique uses combinatorial peptide libraries on the surface of bacteriophages 

to offer a rapid, economical way to screen billions of peptides for specific binding 

properties. As a modification to this approach, we have created a system that 

enables specific insertion of selenocysteine (Sec) residues into the peptides 

displayed for screening. These Sec residues allow for site-specific tethering of 

small molecules to create a hybrid screening technique capable of much higher 

chemical diversity than current phage screens. As a proof of concept, we 

tethered a small molecule agonist of the adenosine A1 receptor to Sec phage and 

showed enhanced binding of this modified phage to the A1 receptor compared to 

unmodified phage. Further, we showed that the modified phage are capable of 

activating the receptor and its downstream signaling pathways because of the 

small molecule agonist tethered to the phage. This technique will provide new 

screening capabilities for small molecule-peptide hybrids and provide a new tool 

for advancing precision medicine. 
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1.1. The Clinical Problem of Pancreatic Cancer 
1.1.1. An Overview Pancreatic Cancer 

 Pancreatic cancer is a devastating disease and one of the most lethal 

human cancers. In 2014, the estimated incidence of the disease in the United 

States was 46,420 and an estimated 39,590 people died from the disease (1). 

These statistics place it tenth in cancer incidence but fourth in cancer deaths (2). 

By 2030, it is projected to be ranked second in cancer deaths (3). Part of the 

problem is pancreatic cancer has few symptoms and by the time most patients 

present, they are already in the later stages of the disease (4). An estimated 9% 

of patients have localized, resectable tumors while the remaining 91% of 

individuals diagnosed have regional tumors or metastases. Only 10% of this 

group are candidates for surgery (1). Further, most forms of the disease are 

refractory to therapeutic strategies; this results in the poorest prognosis of any 

major cancer type having a 5-year survival rate of 6% (2). Sadly, while many 

cancers have seen significant improvement in patient outcome over the past 

three decades, progress in pancreatic cancer has been minimal. Recognizing the 

need for improvement, the Recalcitrant Cancer Research Act was signed into law 

in 2013 intending to focus the National Cancer Institute’s (NCI) funding more on 

diagnostic and therapeutic research in difficult cancers such pancreatic. 

Hopefully, this additional support will result in better patient outcomes in the 

future. 
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1.1.2. Risk Factors for Pancreatic Cancer 

 Epidemiologically, smoking is the only conclusive cause of the disease. 

Smokers have ~2-fold higher risk than nonsmokers, but this varies by extent and 

of cigarette use; heavy smokers (>20 pack-years) are ~1.4-fold more at risk than 

light smokers (≤20 pack-years). Excessive alcohol consumption has also been 

linked to pancreatic cancer. Those who consume more than 60 mL of 

ethanol/day have a 60% higher risk than moderate or non-drinkers (5). Links 

between Helicobacter pylori infection and chronic pancreatitis to pancreatic 

cancer has also been reported (6, 7). Other reported, but less conclusive, risk 

factors for pancreatic cancer include a history of diabetes (8, 9), poor diet (10), 

and having type A, B or AB blood type (11). 

 Familial history can also be an important factor in pancreatic cancer. 

Those with four or more affected family members are a staggering 57 times more 

likely to contract pancreatic cancer (12) and approximately 5-10% of presenting 

patients have a family history with the disease (13). Genetic links to familial 

pancreatic cancer are largely unknown and is still an area of active research. 

Hereditary mutations are thought to be heterogeneous between families, but 

several subgroups in familial pancreatic cancer have emerged, centered around 

several key genes – BRCA1/BRCA2/PALB2, PRSS1/SPINK1, and CKDN2A (13, 

14). Families with germline BRCA1, BRCA2 (15), and PALB2 (16) mutations fall 

into the breast and ovarian cancer syndrome category (17, 18) and have been 

shown to be 3.5- to 10-fold more susceptible to pancreatic cancer. Mutations in 

the PRSS1 or SPINK1 (19, 20) genes results in increased trypsin activity within 
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the pancreas and make up the second category of families with chronic 

pancreatitis. This group is the most susceptible to pancreatic cancer having a 53-

fold higher chance of contracting the disease. A third subgroups of individuals, 

familial atypical multiple mole melanoma, harbor a CKDN2A germline mutation, 

and have a 13- to 22-fold higher chance of pancreatic cancer (21). Other 

subclasses have been formed including the Peutz-Jeghers syndrome associated 

with STK11 and LKB1 gene mutations (22), hereditary nonpolyposis colorectal 

cancer syndrome with mismatched repair genes (23) and familial adenomatous 

polyposis and the APC gene (24). Still, these subgroups and their associated 

mutations only account for 10% of the cases of familial pancreatic cancer (14) 

and the major gene defect has yet to be found (25). 

1.1.3. Current Methods of Detecting and Diagnosing Pancreatic Cancer 

 One of the main reasons pancreatic cancer has such dismal survival 

statistics is because patients are rarely diagnosed in an early stage of the 

disease. Patients rarely have symptoms until after the tumor has metastasized 

and is no longer resectable. The location of a tumor in the pancreas also 

contributes to the presenting symptoms. The majority of tumors develop in the 

head of the pancreas and cause obstructive cholestasis or, less commonly, 

duodenal obstruction. Abdominal discomfort, nausea and gastrointestinal 

bleeding are the most common symptoms in these cases. Tumor obstruction of 

the pancreatic duct can also result in pancreatitis. Acute pancreatitis and newly 

diagnosed diabetes are two warning signs of pancreatic cancer. Other symptoms 

may include asthenia, anorexia, and weight loss (26). 
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 Typically, contrast-enhanced, helical computed tomography (CT) is initially 

used to diagnose pancreatic cancer (27) and determine resectability with 80-90% 

accuracy (28). Endoscopic ultrasonography, endoscopic retrograde 

cholangiopancreatography (ERCP), and biopsies are possible follow-up 

procedures to help identify tumors not visible by CT. Although these procedures 

improve diagnostic accuracy, they are invasive and can cause adverse side 

affects such as injury to the pancreas (29). Recently, scientific research has 

focused on less invasive alternatives to diagnose the disease. Several serum 

biomarkers have been proposed as such an alternative (30) but only CA19-9 has 

shown any clinical success (31). For patients that have tumors secreting CA19-9, 

changes in the marker expression level can be indicative of therapeutic efficacy 

or recursion (32). However, the marker overall has poor sensitivity and specificity 

as a means of early tumor detection (33). 

1.1.4. Treatment Strategies for Early Pancreatic Cancer 

 Therapeutic strategies for patients with pancreatic cancer are limited and 

will depend on the stage and grade of the tumor. Approximately 20% of recently 

diagnosed tumors are localized and candidate for surgery (34). Tumor resection 

is the treatment of choice in these cases because it offers the best patient 

survival rates and is the only potentially curative option (35). The most common 

type of surgery is known as a Whipple procedure, or pancreaticoduodenectomy, 

which removes the head of the pancreas, a portion of the bile duct, the 

gallbladder and the duodenum. Alternatively, depending on where the tumor is 

located, a distal pancreatectomy or total pancreatectomy might be performed. 
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Even with surgery, patient survival rates are poor with the average life 

expectancy still under two years, but this can be improved with adjuvant 

chemotherapy after surgery (36). Recently, studies have shown that using 

adjuvant chemotherapy before surgery can be just as effective as postoperative 

treatment due to improved positive margin rates. This is a particularly good 

strategy for patients who are borderline for surgery (37). 

1.1.5. Treatment Strategies for Non-Resectable Pancreatic Cancer 

 For the majority of patients, diagnosis comes too late for resection; the 

tumor has already metastasized and alternative therapeutic strategies are 

needed. In these cases, the standard treatment is systemic chemotherapy, or a 

combination of chemoradiation therapy and chemotherapy. Historically, 5- 

fluorouracil (5-FU) was used to treat pancreatic cancer patients, but in 1997, a 

seminal report by Burris, et al. showed gemcitabine to be more effective in 

relieving patient symptoms and extending patient survival than 5-FU. Studies 

found 23.8% of patients treated with gemcitabine to experience clinical benefit 

compared to only 4.8% of those who received 5-FU. Further, the median survival 

rate was extended from 4.41 months to 5.65 when comparing 5-FU to 

gemcitabine (38). Still, these statistics leave much room for improvement. 

 Unfortunately, little progress has been made clinically since the 

gemcitabine discovery almost two decades ago. Numerous drug combinations 

utilizing a number of different mechanisms of action have been tried and until 

recently almost all have been unsuccessful. Combination therapy using 
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gemcitabine with docetaxel (39), cisplatin (40), oxaliplatin (41), 5-fluorouracil 

(42), and irinotecan (43) have gone to clinical trials, but none have shown benefit 

by phase III. Recently, the combination regime FOLFIRINOX, consisting of 

oxaliplatin, irinotecan, fluorouracil, and leucovorin, has been shown be more 

effective than gemcitabine in stage III clinical trials. A study by Singhal, et al. 

showed in patients with metastatic pancreatic cancer, FOLFIRINOX had a 

median survival of 10.8 months compared to gemcitabine’s 7.4 months. This led 

the researchers to conclude that FOLFIRINOX is a good treatment option for 

patients, but warns that the survival benefits come with increased toxicity (44). 

For those in relatively good health and who can withstand the treatment, 

FOLFIRINOX has become the standard of care. 

 Alternatively, a combination of gemcitabine and Nab-paclitaxel has shown 

great promise clinically. Nab-paclitaxel is albumin-bound paclitaxel molecule 

designed to overcome anaphylactic reactions associated with the Cremophor EL 

formulation of paclitaxel (45). In a recent study published in the New England 

Journal of Medicine, rsearchers found adding nab-paclitaxel as an adjuvant 

therapy to gemcitabine increased median survival in patients from 6.7 months to 

8.5 months. In addition to an improved overall survival, patients had prolonged 

progression-free survival and better response rate than with monotherapy, but 

again, additional toxicity and decreased quality of life were noticed (46). 

Nonetheless, the FDA approved the combinatorial therapy in 2013 for patients 

with metastatic pancreatic cancer as one of the few available treatment options. 
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 The only other drug combination to show efficacy in phase III clinical trials 

was gemcitabine plus erlotinib. Different from the aforementioned drugs, erlotinib 

is a reversible tyrosine kinase inhibitor targeting the epidermal growth factor 

receptor (EGFR). EGFR inhibitors have been effective in several other cancers 

with high EGFR expression, including colorectal cancer and non-small-cell lung 

carcinomas (NSCLC) (47). In pancreatic cancer, gemcitabine–erlotinib therapies 

have resulted in increased instances of pneumonitis, sepsis, and other adverse 

effects (48) but comparative studies show modest, yet significant, patient survival 

compared to gemcitabine alone (6.2 vs. 5.9 months) (49). The mechanism 

attributed to this benefit is thought to be a limiting of the MAP kinase pathways, 

which promote growth and survival (50). The FDA approved the combinatorial 

therapy in 2005, but the use of this therapy is somewhat controversial and many 

do not feel the benefits outweigh the risks (45). 

1.2. The Development and Molecular Biology of Pancreatic Cancer 

1.2.1. Pancreatic Cancer Progression 

 There are several types of pancreatic cancer including acinar cell 

carcinoma, colloid carcinoma, and pancreatoblasoma, but the most common 

subtype of the disease, accounting for approximately 85% of pancreatic cancer 

cases, is pancreatic ductal adenocarcinoma (PDAC) (51). The conversion of 

normal pancreas to PDAC is a well-characterized progression with several 

progression pathways having been identified. The most common pathway is 

through pancreatic intraepithelial neoplasms (PanINs). Other pathways include 
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mucinous cystic neoplasms (MCNs), acinar-ductal metaplasias (ADMs) and 

intraductal papillary mucinous neoplasms (IPMNs), and are less commonly 

studied (52). PanINs can be further broken down into three grades with distinct 

histological characteristics: PanIN-1, PanIN-2 and PanIN-3. PanIN-1 lesions 

(sometimes broken down even further to PanIN-1a and PanIN-1b) are low-grade 

lesions and often considered benign. In fact, it has been estimated that 50% of 

individuals over 50 years of age have these precursor lesions without any 

adverse effects (53). However, high-grade lesions (PanIN-3) will ultimately 

transform into PDAC, and are of clinical concern.  

1.2.2. The Molecular Genetics of PDAC 

 The major genetic mutations associated with PDAC and their relative 

onsets in cancer development are fairly well known. One of the most widespread 

of these mutations is KRAS. The mutation has been reported in over 90% of 

PDAC (54). In precursor lesions, KRAS mutations occur at the rate of 36%, 44% 

and 87% for PanIN-1a, PanIN-1b and PanIN-2/3 respectively (55). The most 

common mutation type is a point mutation at the 12th amino acid, replacing a 

glycine with an aspartic acid (KRASG12D) accounting for over a third of PDAC 

KRAS mutations (56). The RAS protein is a key regulator of growth and 

proliferation, and activating mutations cause increased downstream signaling in 

cells. However, evidence suggests that KRAS mutations alone are not sufficient 

to cause PDAC due to the low frequency of spontaneous progression of early 

stage PanINs to PDAC (57). The effects of this mutation and KRAS’s 

downstream signaling will be discussed further in section 1.3.  
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 Another key mutation that is common in PDAC is at the 9p21 locus 

(CDKN2A gene) causing the loss of two overlapping tumor suppressors, INK4A 

and ARF. The frequency of this occurrence is between 80%-95% (58, 59). These 

two genes code for p16INK4A and p14ARF respectively. p16INK4A inhibits entry into 

the S phase of the cell cycle by inhibiting cyclin dependent kinases 4 and 6 

phosphorylation of retinoblastoma protein (Rb) (51). Without p16INK4A, Rb 

phosphorylation levels become abnormally high, inactivating Rb’s inhibitory 

effects on cell cycle progression. p14ARF (p19ARF in mice) is an alternate reading 

frame product of CDKN2A and promotes the stabilization of the tumor 

suppressor p53 via Mdm2 inactivation (60); MDM2 is a p53 E3 ubiquitin ligase 

(61). The loss of INK4A and ARF is typically associated with moderately 

advanced precursor lesions. 

 The loss of another tumor suppressor protein, p53, occurs in 

approximately 50-75% of pancreatic cancers (62). Mutations in the TP53 gene, 

which encodes for p53, often happen in the later stage of PanIN progression 

when the tissue is already dysplastic (63). The loss of this third tumor suppressor 

almost ensures eventual PDAC and results in increased tumor resistance to 

therapeutics. 

 Other common mutations in PDAC include SMAD4 (~50% of patients) (64) 

and EGFR. SMAD4 mutations cause aberrant signaling in the TGF-β pathway 

that regulates proliferation, differentiation, and apoptosis. The TGF-β pathway is 

complex, and reports have shown it to exhibit both growth promoting (65) and 

growth inhibiting (66) characteristics in tumors depending on context. Because of 
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this duality, it is still uncertain how significant SMAD4 mutations are in PDAC. 

The EGFR, epidermal growth factor receptor and its ligands, EGF and TGF-α, 

are often found overexpressed in pancreatic cancers. Although the receptor is 

not typically mutated, targeting EGFR in tumors overexpressing the protein has 

shown to be an effective strategy in fighting the disease. 

1.3. The KRAS Protein 

1.3.1. An Overview of the RAS Superfamily Proteins 

 The RAS superfamily proteins (Rat sarcoma proteins) are a set of 

GTPases that have a central role in cellular signal transduction and affect 

virtually every aspect of cell function. Over 35 different proteins have been 

reported as member of this family with HRAS, NRAS, and KRAS being the most 

prominent three in cancer (67).  

1.3.2. RAS’s Mechanism of Action 

 All RAS members cycle between an inactive, guanosine diphosphate-

bound (GDP-bound) state and an active guanosine triphosphate-bound (GTP-

bound) state. In the GTP-bound form (RAS-GTP), the protein can bind and 

activate a number of effector proteins. Two proteins facilitate the transition of 

RAS between the GDP-bound and GTP-bound states; guanine nucleotide 

exchange factors (GEFs) activate RAS and GTPase-activating proteins (GAPs) 

deactivate RAS. GEFs work by promoting the dissociation of GDP from RAS and 

once separated, RAS is free to bind GTP, which is 10-fold more abundant than 
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GDP in cells (68). Well known examples of GEFs include son of sevenless (SOS) 

and CDC 25. GAPs function by stabilizing and augmenting the catalytic region of 

RAS, facilitating RAS’s hydrolysis of GTP to GDP, and ultimately inactivating 

RAS. This process and how genetic mutations alter its signaling are depicted in 

Figure 1.1A RAS protein can switch states without the help of one of these two 

proteins but much more slowly, taking approximately 100,000 times longer (69). 

The balance between the active and inactive states is critical for proper cellular 

signaling and function.  

1.3.3. RAS Mutations in Cancer 

 The oncogenic branch of the RAS family consists of three members, 

HRAS, NRAS and KRAS. Of all the activating mutations seen in cancer, none is 

more prevalent than KRAS. KRAS is estimated to be mutated in 40% of colon 

cancer (70), 15%-20% of lung cancer (71) and 90%-95% of pancreatic cancer 

(72). Most alterations are point mutations in the 12th, 13th, or 61st codon that 

prevent the binding of GAPs (Fig. 1.2) (73). This prevents the enzymatic catalysis 

of GTP to GDP, essentially locking RAS in the GTP bound state. With only RAS’s 

intrinsic GTPase activity to deactivate the protein it is considered constitutively 

active (74), signaling to downstream pathways. Other reported genetic alterations 

in cancer that act through RAS include a GEF enhancing mutation (75), 

increased basal activity of RAS (76), and indirect hyperactivity from 

overexpressed surface receptors upstream of RAS such as ERBB2 in breast 

cancer (77). 
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Figure 1.1 Model of pancreatic cancer progression from normal pancreas 
through PanINs to PDAC. Below the depiction of the progression are the 
PanIN lesion stages and associated genetic mutations. Figure adapted from 
Wilentz, R. E. et al. Loss of expression of Dpc4 in pancreatic intraepithelial 
neoplasia: evidence that DPC4 inactivation occurs late in neoplastic 
progression. Cancer Res 60, 2002-2006	
  (78) 
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Figure 1.2 Ras activation and deactivation in normal and mutant form. 
Wild type RAS cycles between a GDP- and GTP-bound states with the help of 
RAS-GEFs and RAS-GAPs, keeping a necessary balance between the two 
states. In cancer, a mutation prevents the GAPs from binding and deactivating 
RAS, locking it in the active, GTP-bound state.  
 

RAS 
GTP 

RAS 
GDP 

RAS-GEF 

RAS-GAP 

inactive active 

RAS 
GTP 

RAS 
GDP 

RAS-GEF 

RAS-GAP 

inactive active 

Mutation 



	
   15	
  

 1.3.3.1. Downstream Pathways of Oncogenic RAS  

 Overactive RAS signals through a large number of downstream effectors 

to trigger growth, proliferation, and survival in cancer. Several notable pathways 

are summarized in Figure 1.3, of these three play the largest role in cancer: the 

Raf-mitogen-activated kinase (MAP kinase or MAPK), phosphoinositide-3-kinase 

(PI3K), and the Ral guanine nucleotide exchange factor (RalGEF) pathway (52). 

RalGEFs are thought to be activated by RAS and are exchange factors for RAL 

GTPases, specifically RalA and RalB in pancreatic cancers. These two proteins 

have been found to mediate tumor growth and metastasis in PDAC, respectively 

(79). Further, limiting RAS-Ral signaling by inhibiting cyclin-dependent kinase 5 

(CDK 5) was shown to block pancreatic cancer formation and progression (80). 

1.3.3.1.1. The PI3K-AKT Pathway in Cancer 

 The PI3K-AKT pathway is important in cell cycle regulation, proliferation, 

cell size, and survival. In an over-simplified procession, RAS activates PI3K, 

which is a lipid kinase that produces PIP3. PIP3 is a docking site for PDK1, it 

facilitates PDK1’s phosphorylation of AKT. AKT can activate a number of effector 

molecules to control cellular actions including mTORC1 to promote growth. 

Mutations in this pathway are seen throughout cancer. For example, PI3K is a 

heterodimer that is comprised of 2 subunits: a p110 catalytic subunit and a p85 

regulatory subunit (81). Mutations in the p110 protein, specifically p110α coded 

for by the PIK3CA gene, cause the kinase to become more active, increasing 

pro-tumor signaling. These mutations are seen in more active, increasing pro-
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Figure 1.3 Ras signaling. Ras signals through a number of effector 
molecules to activate pathways that lead to growth, proliferation, cell cycle 
progression, and apoptosis. The major pathways depicted include the MAP 
kinase pathways, the PI3K/AKT pathway, and Ral-GEF. Figure was adapted 
from Berndt et al. (82). 
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tumor signaling. These mutations are seen in many cancers including colon, 

breast, liver and lung (83). Other activating mutations in this pathway, although 

less common, include the PI3K regulatory subunit 1 and AKT family members 

(84).  

 Hyperactivity of the PI3K-AKT pathway can also be achieved by the loss 

of certain tumor suppressors. This is the case when phosphatase and tensin 

homolog (PTEN) becomes mutated. PTEN is a PIP3 phosphatase that ultimately 

reduces AKT phosphorylation levels. PTEN mutations (or reduced expression) 

are seen in lung, breast and prostate cancers; up to 70% of prostate tumors have 

lost at least one PTEN allele (85). Interestingly, PI3K pathway mutations are 

largely absent in PDAC (86), but the pathway still plays an important role in 

pancreatic cancers. Low expression levels of PTEN have been reported in PDAC 

and the activation of the AKT pathway is sometimes necessary for tumor 

maintenance after the quiescence of oncogenic RAS (87, 88). 

1.3.3.1.2 Mitogen-Activated Protein Kinase Cascades in Cancer 

 The MAPK cascades are some of the most canonical pathways in cell 

signaling. They are responsible for a number of cellular functions including 

proliferation, mitosis, cell survival and apoptosis (89). A typical signal 

transduction pathway starts with RAS, which can activate a MAP3K. In turn, the 

MAP3K activates a MAP2K, and the MAP2K activates a MAPK. Several different 

cascades are known and a simplified summary of these pathways with their 

general effects is shown in Figure 1.2. The RAS > RAF > MEK 1/2 > ERK 1/2 
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pathway specifically is well associated with many forms of cancer and is a 

popular area of research. In many cancers where RAS is not mutated, mutations 

in BRAF can be found to hyperactivate this pathway; such is the case in skin 

cancer where two thirds of malignant melanomas have BRAF mutations (90). 

Inhibition of this pathway in PDAC cells results in decreased proliferation and cell 

cycle arrest, highlighting the pathway’s important role in pancreatic cancer (91, 

92). Less studied, the MEKK 2/3 > MEK 5 > ERK 5 cascade has been shown to 

promote cell cycle progression as well (93, 94). MEK 5 overexpression has been 

seen in a number of different cancers including colon, breast, and mesothelioma 

(95-97). 

 In contrast to the previous two pathways, some MAPK cascades can have 

the opposite effects in cells. The MLK 2/3 > MEK 3/6 > p38 and the MLK 2/3 > 

MEK 4/7 > JNK pathways are more associated with growth arrest and apoptosis 

(98, 99). Because either pathway can result in tumor suppression, decreased 

activity of these pathways is often seen in cancer (100, 101). It is interesting that 

RAS has the ability to stimulate all four of these pathways and yet the pathways 

have inverse effects.  

 Several feedback loops, both positive and negative, also contribute to the 

dynamic behavior of MAP kinase signaling. Studies have shown ERK-SOS 

signaling to be one example of pathway activity regulation. ERK can inhibit the 

RAS-GEF protein SOS to decrease RAS signaling in a negative feedback loop 

(102). Conversely, ERK can also signal through a positive feedback loop by 

inhibiting the RAF kinase inhibitor protein (RKIP) and increasing RAF signaling 
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(103). These contradictory signals can result in an oscillatory activation ERK and 

spatiotemporal factors become important for ultimate cellular response (104). 

Other regulatory signals can occur through crosstalk with other pathways. MEK-

ERK signaling and PI3K-AKT signaling are known to inhibit one another. MEK 

can stimulate PTEN’s inhibition of PI3K and AKT has been shown to inhibit RAF 

(105, 106).  Crosstalk also occurs between different MAP kinase pathways. For 

example, the JNK pathway has been reported to inhibit MEK-ERK signaling by 

blocking ERK’s phosphorylation by MEK (107). The reality of cellular signaling is 

immensely more complex than the simplified representations that the pathways 

are usually depicted as. Additional affecting proteins, cross talk, spatiotemporal 

factors and other aspects not considered all contribute to the end cellular 

response. How cells ultimately integrate these factors can be very context 

dependent and difficult to predict. 

1.3.3.2. Limiting Aberrant RAS Signaling 

 For over three decades, researchers and pharmaceutical companies have 

tried to devise a method to inhibit RAS signaling because of its pivotal role in 

cancer. Unfortunately, with billions of dollars spent and no clinically approved 

inhibitor, these attempts have largely been unsuccessful, earning RAS the title of 

“undruggable”. Unlike with aberrant kinases, where inhibitors will often bind 

and/or block the ATP binding pocket (108), RAS mutations decrease the rate of 

GTP hydrolysis and prevent GAPs from binding. So far, no small molecule has 

been successful at restoring either of these functions. Attempts to use a 

competitive inhibitor for the enzymatic site in RAS have only served to block 
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GAPs from binding completely (109). Because RAS’s localization to the plasma 

membrane is crucial for signaling (110), methods of inhibiting the farnesylation of 

RAS, a post-translational modification needed for RAS’s trafficking, have been 

attempted. Unfortunately, inhibitors blocking this modification failed in clinical 

trials because a compensatory geranylgeranyl group modification still allowed 

KRAS to associate with the plasma membrane (111). Recently, inhibitors that 

prevent RAS’s localizing chaperone PDEδ have shown some promise pre-

clinically by disrupting PDEδ-RAS bonding and displacing RAS to 

endomembranes (112). It is still uncertain how these inhibitors will do clinically 

and the adverse side effects of disrupting all PDEδ-protein binding could be 

significant. Other current attempts to modulate RAS signaling include preventing 

RAS-GEF interactions (113), locking RAS in the GDP-bound state (114), and 

blocking RAS-effector interactions (115) – each strategy with its own challenges. 

While one of these attempts may ultimately prove successful, no direct method of 

inhibiting RAS has yet to pass clinical trials (82).  

 Even if RAS can be inhibited, questions remain concerning how effective 

an inhibitor would be. Studies by Ying et al. used mouse models with an 

oncogenic KRAS that can be switched on and off and found RAS necessary for 

PDAC progression and maintenance (116). Similar results were found by Collins 

et al. (117). However, other studies in human PDAC and NSCLC cell lines with 

mutant KRAS found the diseases to be very heterogeneous in response to KRAS 

knockdown; some cell lines were KRAS dependent whereas others were KRAS 

independent. The researchers suggested that for some tumors, KRAS might be 
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important in disease initiation, but once established, the tumors may no longer 

need KRAS signaling to maintain tumorigenicity (118). Most likely, a RAS 

inhibitor would be a very potent tool in fighting cancer, but may not be sufficient 

to control PDAC alone. Ultimately, mutant RAS does not causes cancer, rather 

its downstream signals for growth, survival and proliferation do. Therefore, as an 

alternative to developing a RAS inhibitor, efforts have focused on targeting the 

downstream pathways, specifically the PI3K/AKT and MAPK pathways, with 

some, albeit limited clinical success. 

1.3.3.2.1. PI3K/AKT Inhibitors 

 As one of the major downstream effectors of RAS, the PI3K/AKT pathway 

has been of interest as a therapeutic target for over 25 years. In 1993, the first 

PI3K inhibitor (wortmannin) was discovered (119). Unfortunately, wortmannin 

had too poor specificity for clinical use. As an alternative, mTOR inhibitors began 

growing in popularity with rapamycin being the first mTOR inhibitor to have 

clinical success. Although originally approved in 1999 for transplant rejection, a 

translation into cancer seemed apparent and derivatives of the molecule, such as 

temsirolimus, had initial success treating renal cell carcinomas. Temsirolimus 

gained FDA approval in 2007, becoming the first inhibitor to do so of its type 

(120). Unfortunately, the rapamycin-derived inhibitors were easy to circumvent, 

and cancers quickly developed a resistance to them (121). Despite numerous 

PI3K and AKT inhibitors moving to clinical trials since [a nice summary was 

compiled by Dienstmann et al. (122)], none have yet to gain FDA approval for 

any cancer type. Much hope was riding on perifosine, an AKT inhibitor that 
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progressed to Phase III trials (84), but AstraZeneca ultimately ceased clinical 

trials due to safety concerns (AstraZeneca news release, March 11, 2013). 

Recently, Novartis’s BKM120 (buparlisib), a pan PI3K inhibitor, has begun phase 

III testing in breast cancer and the trial is expected to complete in 2017 

(ClinicalTrials.gov). 

 Much research is still being conducted in this field with the hope of finding 

a safe and effective inhibitor of the PI3K/AKT pathway. A major focus has been 

on further understanding the pathway’s role in cancer and the activating 

mutations that cause aberrant signaling. Development of better therapeutics 

could follow, particularly if drugs can be developed to selectively target mutated 

proteins over wild type. More likely, a deeper understanding of this pathway will 

at least expand our knowledge of how tumor heterogeneity affects inhibitor 

effectiveness.  

1.3.3.2.2. RAF/MEK Inhibitors 

 The MAP kinase family is the other major signaling target downstream of 

RAS, particularly the RAF > MEK > ERK pathway. RAF inhibitors are one 

possible avenue for limiting MAPK pathway signaling. Clinical trials of early RAF 

inhibitors such as sorafenib were disappointing and showed little to no benefit 

(123). However, a breakthrough occurred with the development of vemurafenib 

and dabrafenib, two BRAF inhibitors that only target the mutant form of the 

enzyme. These inhibitors have shown great promise in cancers such as 

melanoma, where BRAF mutations occur in two thirds of patient tumors (124). 
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However acquired resistance to RAF mutations is common (125). Further, 

tumors that initially have mutant RAS show no silencing of ERK by RAF inhibitors 

(126). In pancreatic cancer, where RAS is mutated >90%, RAF monotherapies 

do not appear to be a good therapeutic strategy. 

 Targeting MEK has been another well-explored avenue of therapeutics. 

Unlike most small molecule kinase inhibitors, many MEK inhibitors are ATP non-

competitive. Instead of competing for the ATP-binding pocket of MEK, they bind 

to a unique allosteric pocket adjacent to the ATP-binding site. This feature results 

in MEK inhibitors’ high selectivity and specificity (127). Co-crystallization of MEK 

with an inhibitor and MgATP first identified this allosteric pocket, separated from 

the MgATP binding pocket by the conserved side chains of Lys97 and Met143 

(128). Subsequent studies showed that the diaryl amine structure of the inhibitors 

(A and B rings) stabilized the small molecules in the allosteric site, forming a 

hydrogen bond and non-covalent interactions to cause a conformational change 

in MEK that interferes with the catalytic site. This mechanism of action is believed 

to be the same for all of the MEK 1/2, ATP non-competitive inhibitors (128, 129). 

 The first MEK inhibitor was PD098059, originally disclosed in 1995 (130). 

It is ATP non-competitive with a reported IC50 ~10 µM (131) and the nearest off 

target effects are on MEK 5 at ~100 µM (132). Unfortunately, this inhibitor did not 

have sufficient solubility to go to clinical trials, but laboratory use of the inhibitor 

shed enormous light on the MEK-ERK signaling pathway and it effects in cancer 

(133). Subsequently, PD184352 (CI-1040; MEK 1: IC50=300 nM) was screened 

to have better bioavailability and has been used in vitro (134) and in clinical trials 
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(135). However after phase II studies, testing was terminated due to lack of 

efficacy in favor of more potent inhibitors (133).  

 As of 2013, there has been a total of 13 MEK inhibitors to enter clinical 

trials; all inhibit MEK 1, MEK 2 or both. Many of these are in phase I or phase II 

clinical trials, but two show great promise as therapeutics: AZD6244 and 

GSK1120212. AZD6244 (Arry-142886 or selumetinib) is a second-generation 

inhibitor based on the PD184352 structure and, therefore, also a non-competitive 

inhibitor with high potency (MEK 1: IC50=14.1 nM) and no off target effects (136). 

It is currently in phase III trials for thyroid cancer, NSCLC, and melanoma. It was 

tested in phase II pancreatic cancer and although a few patients responded well, 

no significant difference was seen over a secondary chemotherapeutic (137). 

GSK1120212 (trametinib) has progressed even further, being the first (and only) 

MEK inhibitor approved by the FDA (used in advanced melanomas). It too is ATP 

non-competitive and bind to the same allosteric domain as the other small 

molecules detailed above (MEK 1: IC50=0.92 nM; MEK 2: IC50=1.8 nM; no off 

target effects) (138). Clinical trails for using GSK1120212 in pancreatic cancer 

also have made it to phase II but no therapeutic benefit was seen vs. 

chemotherapy alone (139). It is of note that in all trials, no discrimination towards 

mutational status was performed, and researchers often note that some form of 

screening, such as for RAS and BRAF mutations, could benefit the outcome of 

the studies (140-143). 
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1.3.3.2.3. Acquired Resistance to Small Molecule Inhibitors 

 A common problem with small molecule monotherapies is the 

development of acquired resistance. This can happen through several different 

mechanisms, one of which is alterations in the drug target, typically through the 

development of a mutation. The best example of this is with EGRF inhibitor 

therapies, such as gefitinib and erlotinib, where secondary mutations to the 

receptor account for over half of the reports of acquired resistance (144). The 

development of parallel signaling pathways, or “bypass track signaling” is another 

form of resistance seen with small molecule inhibitors. This is one of the main 

known mechanisms of MEK inhibitor resistance where increased signaling in the 

PI3K-AKT pathway, possibly by a mutation, can confer resistance to the MEK 

therapy (145). Another example is RAF inhibitor resistance by COT activating 

MEK-ERK independent of RAF signaling. Bypass tracks can occur in the same 

cells as a second driver or result in the emergence of distinct clones resistant to 

the therapy (146). Downstream pathway alterations are yet another form of 

acquired resistance. EGFR therapies have limited effect in cells that also harbor 

or gain KRAS or BRAF mutations because any upstream signaling inhibition 

becomes reactivated by these protein mutations. Other reported mechanisms of 

acquired resistance include increased gene copy number for the drug target 

(147), phenotypic changes in the tumor cells (148), and pharmacological 

mechanisms of resistance. Examples of the latter include increased metabolism 

of the drug, and decreased absorption of the drug in the target tissue (149, 150). 
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1.3.3.2.4. Combination Therapies 

 Often, small molecule inhibitors alone are not sufficient to cause a positive 

change in patient outcome even before an acquired resistance forms. Because 

monotherapies pinpoint one pathway, when usually several are aberrant in 

cancer, combination therapies tend to be much more successful. For example, 

when AZD6244 was used as a monotherapy in NSCLC, phase II trials found no 

benefit to patients (141), but it was efficacious when used in conjunction with 

docetaxel. Currently, this drug combination is recruiting for phase III trials in 

NSCLC (151). In pancreatic cancer, current phase II trials are being conducted to 

evaluate the effects of AZD6244 plus the AKT inhibitor MK2206 and AZD6244 

plus the EGFR inhibitor erlotinib. The studies have noted that higher toxicity was 

seen with the drug combination than with either drug alone. This is a common 

observance in combinatorial therapies and one of the largest barriers to clinical 

success. Shimizu et al. performed an in depth analysis of RAF/MEK and 

PI3K/AKT monotherapies vs. combination therapies in clinical trials and found 

that dual inhibition has the ability to exhibit favorable efficacy but almost always 

at the expense of higher toxicity. They go on to recommend that proper patient 

profiling and patient pairing with the correct therapy is needed (142). It is clear 

that combinatorial therapy has great promise, but only when used properly.  

1.4. Precision Medicine in PDAC 

 The concept of precision medicine, or what many have previously refereed 

to as personalized medicine, has been around for well over a hundred years. The 
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well-known physician, and one of the four founding professors of Johns Hopkins 

Hospital, Sir William Osler once stated, “as no two faces are the same, so no two 

bodies are alike, and no two individuals react alike and behave alike under the 

abnormal conditions we know as disease” (152). Indeed inter-tumor 

heterogeneity is one of the biggest challenges in oncology. Two patients can 

have tumors in the same tissue, with the same morphology, but respond 

completely different to a particular therapy. It takes a deeper understanding of 

each patient’s tumor to determine why the individuals responded differently and 

more importantly what therapeutic strategies can be used to address the 

differences. The need to do just that is why there is such interest in precision 

medicine. 

 Precision medicine is the use of genomic, transcriptomic, proteomic, and 

metabolomics data, combined with environmental factors and family history to 

understand the biology of a patient’s disease and to chose the best therapeutic 

strategy for that individual. Often the use of clinical decision support systems is 

needed to integrate this wealth of information (152). Over the past few decades 

advances in DNA sequencing techniques and microarrays have resulted in the 

bulk of information being genomic data and mRNA transcript expression levels. 

This has resulted in a number of “gene signatures” that can be used for 

prognoses and determining therapeutic efficacy with some success (153-157). 

However, Dietel and Sers note that many of these signatures have been found to 

be platform dependent and unstable due to tumor heterogeneity. They go on to 

recommend that a strategy using multiple, parallel analyses including gene 



	
   28	
  

expression, methylation, and protein based analyses (overexpression and 

phosphorylation) is the method of choice moving forward (158). 

 Building upon these recommendations, we set out to find markers in 

PDAC that could predict sensitivity or resistance to MEK 1/2 inhibition. We took a 

multi-level approach beginning with transcriptome datasets and analyzing 

differentially expressed genes between sensitive and resistant groups of 

pancreatic cancer cell lines. From this, we identified MERTK and MAPK8 to be 

overexpressed in resistant cell lines. First focusing on MERTK, a tyrosine kinase 

receptor, we explored its protein expression level and found it to be elevated in 

cell lines that had either innate or acquired resistance to MEK 1/2 inhibition. 

Protein knockdown studies revealed MERTK was important for tumor growth. 

Inhibition of MERTK however, did not sensitize resistant cell lines to MEK 

inhibitors. 

 Studies on JNK1, the protein coded for by MAPK8, show the protein levels 

to be elevated in cell lines with innate resistance to MEK 1/2 inhibition. However 

JNK1 levels did not correlate with acquired resistance. Knockdown of JNK1 

significantly slowed cancer cell growth, and inhibiting the kinase sensitized 

resistant cell line to MEK 1/2 inhibition. These findings support the exploration of 

combination therapies in pancreatic cancers that are resistant to MEK inhibitor 

monotherapies. 

 To fully exploit predictive markers and new therapeutic targets in PDAC, 

techniques that can be used to identify targeting mechanisms are needed. Many 
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powerful screening techniques, such as small molecule screens and phage 

display, have been instrumental in the development of imaging and therapeutic 

agents. For medicine to continue to become more precise, improvement on the 

technical front must continue to evolve as well. Therefore, we set out to develop 

a new phage display library that would have a significantly larger diversity than 

the existing ones today. By incorporating a selenocysteine (Sec) in the middle of 

the screened peptide, we were able to tether small molecules to the phage to 

create a small molecule-peptide hybrid. By tethering an agonist of the adenosine 

A1 receptor to Sec-phage, we were able to demonstrate that the modified phage 

bound the A1 receptor with high affinity due to the tethered small molecule. 

Further, we showed that when bound to the receptor, the modified phage could 

activate signaling pathways downstream of the A1 receptor. This showed that the 

small molecule still maintains its functionality when tethered to phage. The work 

on this new phage display system provides a proof-of-concept for a powerful new 

screening technique that can be used to help design future imaging agents and 

therapeutics with precise targeting abilities. 
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Chapter 2 
 
 
Potential Markers of Sensitivity or 
Resistance to MEK Inhibition in PDAC 
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2.1 Introduction 

Due to the prevailing resistance of pancreatic cancer to current 

therapeutics, it is clear that alternative strategies are needed. Several mutations 

are common among patients, the most prominent of these being KRAS, mutated 

in >90% of patients (159), which signals through a number of effector proteins 

including the MAPK pathways. Of the four cascades in mammalian cells, the 

RAF-MEK-ERK pathway is the most characterized and studied due to its 

prevalent role in human cancer (160). In addition to increased proliferation (161, 

162), and apoptosis evasion (163-165), overactivity of this pathway contributes to 

chemotherapy resistance (166, 167) and growth factor-independence (168, 169), 

making it difficult to treat patients effectively. Small molecule inhibitors present an 

attractive therapeutic option in these cases because they can govern the 

oncogenic signaling of this pathway by pinpointing key proteins, such as MEK, 

within the cascade and limit its overall activity. Several such inhibitors include 

trametinib and selumetinib, which target the MAP kinase pathway via MEK 1/2 

inhibition. These molecules are showing great clinical success in other cancers 

such as in NSCLC, where selumetinib (AZD6244) is in phase III clinical trials 

(151), and melanoma, where trametinib has been FDA approved for advanced 

cancers (170). As a result, thirteen different small molecule MEK inhibitors have 

entered clinical trials for various forms of cancer (143). A transition to pancreatic 

cancer is logical, but unfortunately clinical inhibition of MEK in this disease has 

found limited success. Studies of AZD6244 as a second-line therapeutic have 

shown only a slight improvement over chemotherapy, leading to a statistically 
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insignificant increase in median survival from 5.0 to 5.4 months (171). However, 

5% of patients did have a partial response to the inhibitor and 32% showed 

disease stability, suggesting MEK inhibition might be effective on a subset of 

pancreatic tumors. Despite the disconnect between genetic mutations and 

therapeutic effectiveness, other means might be used to distinguish those who 

are likely to be responsive from those likely to be resistant, prior to administration 

of the inhibitor. Further, understanding why resistant patients are minimally 

responsive to the small molecule inhibitors could help guide a better therapeutic 

strategy for these individuals, including rational design of combination therapies.  

Therefore, we sought to find markers capable of predicting patient 

sensitivity to MEK inhibition that could be used clinically to help doctors pair their 

patients with the proper therapeutic strategy. To do this, we began with a panel 

of pancreatic cancer cell lines and evaluated their response to the MEK 1/2 

inhibitor AZD6244 in vitro. We validate these results with in vivo tumor models. 

We separated 19 cell lines into two groups, 13 sensitive and 6 resistant. We then 

used an RTqPCR surface transcriptome array to compare 196 surface receptor 

transcript expression values between the two groups identifying potential 

markers of both sensitivity and resistance. We further compared the two cell line 

groups using cDNA microarray data to identify additional transcripts of 

importance. Of the top hits from this study, only one surface receptor was also 

found in the RTqPCR analysis, MERTK. Deeper analysis of the microarray data 

found the JNK1 pathway was overexpressed, with MAPK8, the gene that codes 

for JNK1, to be most differentially expressed gene in the analysis. For these 
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reasons, MERTK and MAPK8 were selected for further analysis as distinguishing 

markers. 

2.2. Results 

2.2.1. Establishing Sensitive and Resistant PDAC Cell Lines by GI50 Value 

 To find markers of sensitivity or resistance to AZD6244, we sought to 

compare a panel of 19 pancreatic cell lines for differentially expressed genes 

between sensitive and resistant groups. Eighteen pancreatic cancer lines plus 

one non-cancerous, transformed line (HPDE) were chosen for the panel. Figure 

1 summarizes the key characteristics of these cell lines, including their mutational 

statuses for the four key genes in PDAC (172-176). When compared to clinical 

statistics, the CDKN2A gene is slightly less mutated in the panel, but otherwise 

the chosen cell lines effectively recapitulate the key genetic alterations seen in 

patients’ tumors. We determined the cell line responses to AZD6244 inhibition by 

treating each line with 12 different concentrations of AZD6244, ranging from 20 

µM down to 63.2 pM by half-log units. After 3 days of inhibition, growth curves 

could be constructed as shown in Figure 2.2. Plotting the curves together 

showed a range of different response rates (Fig. 2.3). Using the concentration of 

AZD6244 required to decrease cellular growth by 50% (GI50), we were then able 

to compare the growth response of each cell line to the MEK inhibitor. Two cell 

lines, Yap-C and Panc-1, did not have a 50% decrease in growth at any tested 

concentration of AZD6244, and therefore their GI50 values are unknown but 

greater than 20 µM. For comparative purposes, we consider this concentration to
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Cell Line 

Cancer 
Type Derivation 

Mutations / Deletions and Suppressions 

Notes KRAS TP53 CDKN2A SMAD4 

AsPC-1 PDAC 
Grade II Ascites G12D Frameshift Frameshift Heterozygous  

BxPC-3 PDAC 
Grade II Primary Tumor Wildtype Y220C Mutation Mutation Do Not Express CFTR 

Capan-1 PDAC 
Grade I Liver Metastasis G12V A159V Mutation Mutation Do Express CFTR 

Capan-2 PDAC 
Grade I Primary tumor G12V Wildtype Insertion Low 

Expression  

CFPAC-1 PDAC Liver Metastasis G12V C242R Methylation Deletion Patient Had Cystic Fibrosis 

HPAF-II PDAC 
Grade II Ascites G12D P151S Deletion Wildtype Derived from Static HPAF-I 

Cells 

HPDE Normal Immortalized Ductal 
Epithelial Wildtype Wildtype 

but low Wildtype Wildtype  

Hs 766t PDAC Lymph Node 
Metastesis Q61H Wildtype Wildtype Deletion  

L3.6 pl PDAC 
Liver Metastasis from 
Nude Mice Implanted 

with COLO 357 Tumors  
G12D Wildtype Methylation Deletion Highly Metastatic 

MIA PaCa-2 PDAC 
Grade III Primary Tumor G12C R248W Mutation Wildtype  

Panc 02.03 PDAC Primary Tumor G12D Mutation Frameshift Mutation  

Panc 03.27 PDAC Primary Tumor G12V Mutation Wildtype Wildtype  

Panc 08.13 PDAC Primary Tumor G12D Wildtype Wildtype Frameshift  

Panc-1 PDAC 
Grade III Primary Tumor G12D R273H Methylation Wildtype  

PaTu 8902 PDAC 
Grade II Primary Tumor G12V C176S Wildtype Wildtype  

PL45 PDAC Primary Tumor G12D Wildtype Unknown Unknown Derived from Same Tumor as 
Panc 10.05 

SU.86.86 PDAC Liver Metastasis G12D G245S Deletion Wildtype Produce CEA 

SW1990 PDAC Spleen Metastasis G12D Deletion Wildtype Wildtype  

Yap-C PDAC Ascites G12V H179R Wildtype Deletion Dependent on Autocrine IL-1α 

!

17 
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5 

11 
6 
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10 7 

1 
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37 

50 50 
80 

20 

Clinical Frequency 

Cell Line Panel 

KRAS TP53 CDKN2A SMAD4 

Figure 2.1 Cell Line Characterization. Top) Table of the 19 pancreatic cell 
lines used characterizing their tumors of origin, key genetic mutations, and 
other notable qualities. Bottom) Comparison the 4 key PDAC mutations in the 
cell line panel to clinical occurrence (172-­‐176). 
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Figure 2.2 Establishing Cell Line Sensitivity to AZD6244. Bottom Cells 
were treated with varying concentrations of the inhibitor AZD6244 ranging 
from 63 nM to 20 µM. After 72 hrs they were stained with Syto® 60 and 
imaged. Top Fluorescent activity at each concentration was measured and 
used to construct an inhibition curve to determine the cell lines sensitivity.  
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Figure 2.3 AZD6244 cell line inhibition curves. A) A complete set of 
inhibition curves for 19 PDAC cell lines in response to the MEK inhibitor 
AZD6244. 
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be their GI50 value. We used two methods to establish sensitive and resistant 

groups. First, a K-means analysis using the GI50 values was performed to cluster 

the cell lines into two groups (Fig. 2.4A). By using GI50, and not IC50, we framed 

“sensitivity” by the overall effect on cell growth, and not necessarily the inhibitors 

ability to limit MEK-ERK signaling. Therefore, a cell line’s ERK signaling could be 

silence with a very low dose of AZD6244, but if no changes to the rate of 

ceullular growth occur, then it is considered a resistant line. From the K-means 

analysis, a separation forms between CFPAC-1 and AsPC-1; this occurs both 

with and without HPDE being included in the analysis. Secondly, we performed 

hierarchical clustering on the cell lines using their entire set of dose responses 

and again a break can be seen after CFPAC-1 (Fig. 2.4B). From the K-means 

analysis, the threshold was 1.35 µM; therefore, cell lines with a GI50 value below 

1.35 µM were considered sensitive, and above, resistant. This resulted in 12 

pancreatic cancer cell lines being considered sensitive, as well as the non-

cancerous pancreatic line HPDE. The remaining 6 cell lines were considered 

resistant (Fig. 2.5). 

2.2.2. Validating Cell Line Sensitivity by In Vivo Tumor Models 

 The cell line sensitivity classifications are based on in vitro assays, which 

may not be representative how tumors would respond to the inhibitor. Because of 

this, we selected four cell lines, two from each group, for in vivo tumor models to 

determine if the sensitivity classifications are accurate. Hs 766T and HPAF-II 

lines were selected from the sensitive group because of their low GI50 value and 

maximum predicted therapeutic response [effect at infinite concentration (Einf)]
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Figure 2.4 Cell line clustering. A) A K-means 2 group clustering was 
performed using the log GI50 values for the 18 cancer cell lines. A separation 
occurs between CFPAC-1 and AsPC-1 with a threshold of 1350 nM. Cell lines 
below this value are considered sensitive, and above resistant. B) Additionally, 
cell line growth response data for the different concentration of AZD6244 was 
uploaded into MeV for analysis. After hierarchical clustering, a break can again 
be seen after CFPAC-1. 
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Figure 2.5 Cell line GI50 values. The concentration of AZD6244 needed to 
inhibit growth by 50% for each cell line is plotted (left) and arranged with 
increasing resistance. From the clustering analysis, CFPAC-1 was the cutoff 
for sensitive cell lines so a value of 1.0 µM was chosen for the sensitivity 
threshold. Right) Individual GI50 values for each cell line. 
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respectively. Yap-C and Panc-1 cell lines were chosen to represent the resistant 

group because they showed the least response to MEK inhibition. Subcutaneous 

tumors were created by implanting cancer cells mixed in Matrigel (BD 

Biosciences) into the backs of mice (two tumors per mouse). Once palpable 

(approximately 200 mm3), the mice were broken into two groups, and treated 

with 2.5 mg/kg AZD6244 or vehicle control bid. Tumor measurements were taken 

twice a week for up to four weeks or until tumor burden required a termination of 

the study. In confirmation of the in vitro results, there was a significant reduction 

in tumor growth in animals with tumors derived from sensitive cell lines, whereas 

the tumors from the two resistant cell lines had no significant response to the 

inhibitor (Fig. 2.6). These findings confirmed the classification of the cell lines as 

sensitive or resistant. 

2.2.3. Finding Potential Markers of Sensitivity and Resistance in Surface 

Receptor Transcriptome Data 

 Ideally, any marker that would translate to clinical use would be accessible 

to non-invasive imaging agents, so that diagnoses could be made without the 

need for a biopsy. Unfortunately, many agents such as antibodies and peptides 

cannot pass freely through the plasma membrane of a cell. Further, as a 

targeting mechanism for therapy, delivering a large payload such as nanoparticle 

would require targeting to be achieved extracellularly (177). It follows that a 

protein expressed on the cell surface, such as a receptor, would make the ideal 

candidate for a marker. Because receptors are the initiating protein in many 
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Figure 2.6 In vivo validation of sensitive and resistant cell line 
classifications. Subcutaneous tumor models of the indicated cell lines were 
used to confirm the in vitro sensitivity findings for the inhibitor AZD6244. Both 
sensitive lines had a significant decrease in tumor volume from the inhibitor 
(2.5 mg/kg bid) whereas the resistant lines were not responsive.  
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cellular signals, if a surface receptor is a marker of resistance, it may also serve 

as a therapeutic target itself. 

 For these reasons, a surface receptor transcriptome dataset constructed 

using RTqPCR mRNA expression levels was used in our initial search. The 

dataset included 194 major signaling receptors in the array (178). 5 sensitive 

(HPDE, PaTu 8902, HPAF-II, MIA PaCa-2 and Capan-2) and 5 resistant (AsPc-

1, Capan-1, SU.86.86, Yap-C and Panc-1) cell lines were used for comparison. 

Multi-experiment Viewer (MeV) was used for the comparison. A rank test was 

performed (179), resulting in 27 genes of interest (p≤0.05; Fig. 2.7). The top 

result was IL13RA2 (p=3.35E-3) being overexpressed in sensitive lines; the most 

overexpressed transcript in resistant lines was TNFRSF10B (p=8.09E-3). A full 

list of the significant transcripts can be found in Table 2.1. 

2.2.4. Finding Potential Markers of Sensitivity and Resistance in Microarray Data 

 As a second means of comparison, we mined the extensive previously 

published microarray data available from gene expression omnibus (GEO) for a 

number of pancreatic cell lines (180). This additional comparison expanded the 

genes studied from 194 to over 38,000 genes and UniGenes (181), allowed us to 

examine the genes of intracellular proteins, and provided a potential means of 

cross-evaluation between datasets. Of the lines in the sensitive and resistant 

groups, 7 overlapped with GEO data and were used for microarray analysis. A t-

test comparing the 4 sensitive lines (Hs 766T, PL45, HPAF-II and MIA PaCa-2) 

to 3 resistant lines (AsPC-1, SU8686 and Panc-1) was performed in MeV after
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Figure 2.7 Surface receptor transcriptome analysis results. Surface 
receptor transcriptome data from RTqPCR was compared for 5 sensitive and 5 
resistant cell lines by a ranked product test. 27 surface receptors were found 
to have transcripts differentially expressed between sensitive and resistant 
groups (p=0.05). 
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Table 2.1 Significant genes from the RTqPCR surface receptor transcript 
studies. The microarray location column is taken from the cDNA analysis (see 
below). 
 

Hit Gene Symbol P Value Microarray Location 
1 IL13RA2 3.351E-03 19265 
2 INSRR 6.649E-03 3002 
3 TNFRSF1A 7.784E-03 23157 
4 EPHA2 8.041E-03 46147 
5 TNFRSF10B 8.093E-03 26429 
6 TNFRSF25 8.608E-03 5938 
7 TNFRSF11B 1.160E-02 33013 
8 TNFRSF10A 1.330E-02 33469 
9 Notch1 1.356E-02 8462 

10 RYK 1.541E-02 13901 
11 CSF2RA 1.773E-02 20152 
12 TNFRSF19 1.907E-02 23803 
13 FZD4 2.077E-02 8954 
14 DDR2 2.129E-02 22137 
15 XCR1 2.201E-02 12612 
16 FAS 2.284E-02 451 
17 TNFRSF11A 2.289E-02 10275 
18 IL1RAP 2.325E-02 43864 
19 ERBB2 2.418E-02 2801 
20 ROR1 2.593E-02 5691 
21 MERTK 3.510E-02 10 
22 KIT 3.619E-02 31141 
23 EDA2R 4.098E-02 5034 
24 GHR 4.299E-02 13132 
25 PDGFRB 4.644E-02 11658 
26 ALK2 4.660E-02 7757 
27 Notch4 4.701E-02 7870 
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the data was normalized across genes. Of the 47,400 transcripts tested, 411 

were found to have a significance of p<0.02. These were then ranked by p value 

with the top 43 shown in Fig. 2.8, all with a p<0.002. The top gene was found to 

be MAPK8 (p=8.42E-6), which codes for the protein c-Jun N-terminal kinase 1 

(JNK1) and was upregulated in resistant cells. A more complete list of the top 

differentially expressed genes can be found in Table 2.2. 

2.2.5. Extracting Potential Sensitivity Markers from Datasets 

 When working with the surface proteome or microarray data alone, it is 

difficult to find conclusive results due to a high false discovery rate. We 

performed a significance analysis of microarray (SAM) test with the surface 

transcriptome data (2 classed unpaired SAM, delta=0.15) and found the false 

discovery rate (FDR) =23.7% with only 4 genes to have a q≤0.05: TNFRSF11B, 

TNFRSF10B, TNFRSF19, and RYK (Fig. 2.9). After performing a SAM test on 

the microarray data (2 classed unpaired, delta =0.5) the FDR was 42.8%, and 

only 7 genes had a q-value ≤ 0.05: CTCF, GHG1, TGM5, PRKRIP1, RPL23AP7, 

TMEM72, and MERTK (Fig. 2.9). Therefore, the genes were ranked and the top 

results taken knowing they had a high chance of being false positives. As a 

means of improving robustness in the results, a comparison between the two 

arrays was performed. Only MERTK was found significant in both the surface 

transcriptome and the cDNA microarray datasets (RTqPCR: p=0.0351; 

microarray: p=3.66E-4). For this reason, we chose to pursue MERTK as a 

potential marker of MEK inhibition (in)sensitivity. Further, because we found
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Figure 2.8 cDNA microarray analysis results. cDNA microarray data was 
used to compare sensitive and resistant cell line groups. 4 sensitive and 3 
resistant cell lines were evaluated using a t-test. The 43 top differentially 
expressed genes (p<0.002) are shown. MERTK and MAPK8 were two target 
of interest from the microarray and transcriptome analyses. 
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Table 2.2 Top differentially expressed genes from the microarray data 
analysis. 
 

Hit Gene Symbol Gene Name P Value Probe I.D. 

1 MAPK8 mitogen-activated protein kinase 
8 8.424E-06 210671_x_at 

2 CTCF CCCTC-binding factor (zinc finger 
protein) 1.213E-05 202521_at 

3 NA NA 4.471E-05 1560973_a_at 
4 TGM5 transglutaminase 5 5.474E-05 207911_s_at 

5 TRPC4 transient receptor potential cation 
channel, subfamily C, member 4 7.742E-05 224219_s_at 

6 FBLN2 fibulin 2 8.461E-05 203886_s_at 
7 BOC Boc homolog (mouse) 2.886E-04 225990_at 
8 MAB21L2 mab-21-like 2 (C. elegans) 3.457E-04 210303_at 

9 PRKRIP1 PRKR interacting protein 1 (IL11 
inducible) 3.648E-04 218378_s_at 

10 MERTK c-mer proto-oncogene tyrosine 
kinase 3.660E-04 211912_at 

11 GTPBP1 GTP binding protein 1 4.061E-04 226359_at 

12 C12orf33 chromosome 12 open reading 
frame 33 4.316E-04 1555040_at 

13 TNXB tenascin XB 4.587E-04 216654_at 
14 TMEM72 transmembrane protein 72 5.057E-04 1558324_a_at 
15 DNAH6 dynein, axonemal, heavy chain 6 5.071E-04 1561616_a_at 

16 BTN2A2 butyrophilin, subfamily 2, member 
A2 5.584E-04 1564684_at 

17 NA NA 6.376E-04 228692_at 
18 NA NA 7.035E-04 242152_at 
19 NA NA 7.164E-04 1561128_at 
20 NA NA 7.450E-04 239737_at 

21 RBMS2 RNA binding motif, single 
stranded interacting protein 2 9.856E-04 235558_at 

22 LOC643201 hypothetical protein LOC643201 1.022E-03 235416_at 

23 INPP5K inositol polyphosphate-5-
phosphatase K 1.042E-03 202782_s_at 

24 NA NA 1.144E-03 203579_s_at 

25 RGS18 regulator of G-protein signaling 
18 1.157E-03 223809_at 
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Table 2.2 Cont. Top differentially expressed genes from the microarray 
data analysis. 
 

Hit Gene Symbol Gene Name P Value Probe I.D. 

26 CLMN calmin (calponin-like, 
transmembrane) 1.170E-03 225757_s_at 

27 DAZL deleted in azoospermia-like 1.224E-03 206588_at 
28 NA NA 1.289E-03 238276_at 
29 SYT9 synaptotagmin IX 1.437E-03 1563658_a_at 

30 IGHG1 immunoglobulin heavy constant 
gamma 1 (G1m marker) 1.460E-03 217039_x_at 

31 LOC284100 hypothetical protein LOC284100 1.484E-03 1563945_at 
32 STK32C serine/threonine kinase 32C 1.492E-03 230934_at 

33 FAM168B family with sequence similarity 
168, member B 1.505E-03 212017_at 

34 ENPP1 ectonucleotide pyrophosphatase/
phosphodiesterase 1 1.539E-03 229088_at 

35 DDX20 DEAD (Asp-Glu-Ala-Asp) box 
polypeptide 20 1.609E-03 223331_s_at 

36 NA NA 1.644E-03 1566868_at 

37 CLMN calmin (calponin-like, 
transmembrane) 1.697E-03 221042_s_at 

38 GLS2 glutaminase 2 (liver, 
mitochondrial) 1.714E-03 1564707_x_at 

39 LOC728723 hypothetical LOC728723 1.716E-03 241423_at 
40 NA NA 1.724E-03 238552_at 
41 NA NA 1.724E-03 1569644_at 
42 NA NA 1.803E-03 220932_at 

43 PPP1R16B protein phosphatase 1, regulatory 
(inhibitor) subunit 16B 1.880E-03 212750_at 
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Figure 2.9 Significance Analysis of Microarrays. Analyzing the gene 
expression data for false positives. Top) A significance analysis of microarray 
(SAM) was performed on the surface proteome data using 2 classed unpaired 
test, delta=0.15. The False discovery rate was 23.7% with 4 genes having a 
q≤0.05 – TNFRSF11B, TNFRSF10B, TNFRSF19, and RYK. Bottom) 
Microarray SAM (2 classed unpaired, delta=0.5). False discovery rate=42.8%, 
and 7 genes, CTCF, GHG1, TGM5, PRKRIP1, RPL23AP7, TMEM72, and 
MERTK had q≤0.05. C) Quantification of AXL and TYRO3 from the surface 
transcriptome analysis. 
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MERTK to be overexpressed in resistant lines, it could potentially serve as a new 

therapeutic target for tumors insensitive to AZD6244 inhibition.  

 Alternatively, we took a closer examination of the results from the cDNA 

microarray for potential targets of interest by importing the dataset into Ingenuity 

Pathway Analysis (IPA) to examine resistance from a higher order of complexity. 

Looking at the pathways that were differentially expressed, not just individual 

gene transcripts, we found several members of the JNK1 signaling pathway to be 

upregulated (Fig. 2.10A). The transcripts for JNK1 (MAPK8, p=8.42E-6 - our top 

hit from the microarray data), MEK 7 (MAP2K7, p=0.0149), and MEKK2 

(MAP3K2, p=0.0358) were all upregulated in resistant lines (Fig. 2.10B). These 

three constitute a JNK pathway; MEKK2 phosphorylates MEK 7, MEK 7 then 

phosphorylates JNK1 (MEKK2 > MEK 7 > JNK1). Because MAPK8 was our top 

hit from the microarray data, and two other pathway members are upregulated, 

we wanted to examine JNK1’s importance in MEK 1/2 inhibition resistance as 

well. 

2.3. Discussion 

2.3.1. Fitting Dose Response Curves to the Inhibitor Data 

 12 different concentrations of AZD6244 were used to measure cell line 

growth response so that dose response curves, either 3-parameter (fixed hill 

slope) or 4-parameter (variable hill slope) could be fitted. Increasing the number 

of variables will always yield a closer fit, however doing so is not always 

necessary and can even sometimes result in overfitting. To evaluate the benefits
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Figure 2.10 Ingenuity Pathway Analysis. A) Processing the microarray data 
through Ingenuity for differential pathway expression found the MEK7-JNK1 
pathway to be overexpressed in resistant lines. B) Individual gene expression 
values for the MEK7-JNK1 pathway members JNK1 (MAPK8), MEK 7 
(MAP2K7) and MEKK2 (MAP3K2). 
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of the two, we performed both 3- and 4-parameter fittings to the cell line data and 

found that the 4-parameter curve did indeed fit better (Fig. 2.11A), but ultimately 

no meaningful difference was seen between the two fits (Fig. 2.11B). Calculating 

the GI50 values for both curve sets revealed slight differences in the cell line 

sensitivity order (Fig. 2.11C), but no line changed sensitivity groups. Further, 

when compared with the hierarchical clustering data, the 3-parameter fit aligned 

slightly better than the 4-parameter. Therefore, we chose to use the 3-parameter 

fit in our analyses. 

2.3.2. Defining MEK Inhibition Sensitivity in PDAC Cell Lines 

 After establishing the inhibition curves for each cell line, difficulties arose 

when choosing a metric by which to compare the cell lines’ sensitivities. A 

number of different variables exist for measuring sensitivity. Concentration based 

metrics include IC50, EC50, GI50 and any variation of these at a different response 

threshold (ex. GI80). Alternatively, one could determine sensitivity based on cell 

line response at specific inhibitor concentration. These metrics include the 

maximum effect seen (typically at the highest dose; Emax), the highest response 

possible, or the bottom of growth curve (Einf) or the effect at any another specific 

concentration. Further, parameters that incorporate multiple factors (ex. area 

under the curve or AUC) could also be used (182). Which parameter we chose 

would change the relative order of cell sensitivity. For example, Figure 2.12A 

compares two response curves for HPAF-II and Panc 03.27, depending on which 

criterion one chooses, either line could be considered more sensitive. Picking a 

specific concentration to measure growth response neglects the value of



	
   53	
  

  

Figure 2.11 Comparing 3-parameter to 4-parameter curve fits. A) 3-
parameter (left) and 4-parameter (right) curve fits for the PL45 cell line. B) 
Curve fits for all 19 pancreatic cell lines using the 3- (left) and 4-parameter 
(right) fits. C) Calculated GI50 values using the two fits. 
 

4 Paramater Fit

HPDE

Hs 7
66

T

Pan
c 0

3.2
7

PaT
u 8

90
2
PL4

5

Pan
c 0

2.0
3

HPAF-II

MIA
 P

aC
a-2

Cap
an

-2

SW
19

90

BxP
C-3

Pan
c 0

8.1
3

CFPAC-1

AsP
C-1

Cap
an

-1

L3
.6 

pl

SU.86
.86
Yap

-C

Pan
c-1

0

500

1000

1500

2000

2500
5000

10000
15000
20000
25000

1.42 µM

Cell Line

G
I 50

 (n
M

)

Sensitivity Analysis

HPDE

Hs 7
66

T

Pan
c 0

3.2
7

PaT
u 8

90
2
PL4

5

Pan
c 0

2.0
3

HPAF-II

MIA
 P

aC
a-2

Cap
an

-2

SW
19

90

BxP
C-3

Pan
c 0

8.1
3

CFPAC-1

AsP
C-1

Cap
an

-1

L3
.6 

pl

SU.86
.86
Yap

-C

Pan
c-1

0

500

1000

1500

2000

2500
5000

10000
15000
20000
25000

1.35 µM

Cell Line

G
I 50

 (n
M

)

Inhibition Curve

0 2 4
0.0

0.2

0.4

0.6

0.8

1.0

0.5

PL45

Concentration (Log nM)

R
el

at
iv

e 
G

ro
w

th

Inhibition Curve

0 2 4
0.0

0.2

0.4

0.6

0.8

1.0

PL45

Concentration (Log nM)

R
el

at
iv

e 
G

ro
w

th

-1 0 1 2 3 4
0.00

0.25

0.50

0.75

1.00

BxPC-3

Capan-1

HPAF II

MIA PaCa-2

PaTu 8902

PL45

SU.86.86

Yap-C

SW1990

Capan-2

Hs 766T

AsPC-1

CFPAC-1

L3.6 pl

Panc-1

HPDE

Panc 02.03

Panc 08.13

Panc 03.27

GI50

Concentration (Log nM)

R
el

at
iv

e 
G

ro
w

th

-1 0 1 2 3 4
0.00

0.25

0.50

0.75

1.00

BxPC-3

Capan-1

HPAF II

MIA PaCa-2

PaTu 8902

PL45

SU.86.86

Yap-C

SW1990

Capan-2

Hs 766T

AsPC-1

CFPAC-1

L3.6 pl

Panc-1

HPDE

Panc 02.03

Panc 08.13

Panc 03.27

GI50

Concentration (Log nM)

R
el

at
iv

e 
G

ro
w

th

3-Parameter Fit 4-Parameter Fit A 

B 

C 



	
   54	
  

 

Figure 2.12 Evaluating the AZD6244 dose response curves of PDAC cell 
lines. A) Two sample curves for HPAF-II and Panc 03.27 illustrate how the 
use of different metrics for defining sensitivity can alter their relative sensitivity 
ordering. B) Evaluation of the robustness of cell lines in different media and 
seeding concentrations reveal limited differences in their response to MEK 
inhibition. 
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constructing a response curve. Using the EC50 devalues the overall effectiveness 

of the inhibitor at higher concentrations. For these reasons, we chose to use the 

GI50 metric because it incorporates both a specific response target (50% growth 

inhibition) and the concentration needed to achieve the target response. 

2.3.3. The Robustness of Cell Line Inhibition Response 

 Several cell lines, including L3.6 pl, have been reported in literature to 

have different culture conditions (183-185). Whenever possible, we followed 

ATCC’s recommended culturing protocol, but it raised the question how much 

variation in culturing technique could affect the inhibitor response. For example, 

plating too confluently could mask the decreased growth effects of an inhibitor or 

using a more robust medium with high glucose and amino acids could potential 

make cells more resistant to inhibition. We tested these variations, but found no 

meaningful difference in overall response (Fig. 2.12B). This, combined with the in 

vivo tumor models, gave confidence to our cell line sensitivity assessments. 

2.3.4. Screening for Markers of Resistance 

 The HPDE line was the only non-cancerous cell line used in our studies. It 

is a transformed human pancreatic ductal epithelial line and was used for a few 

reasons. First, without the RAS mutation and other pro-growth changes that 

cancer cells acquire, we expected it to have a strong response to the inhibitor at 

low concentrations. This served as a positive control for our assays. Second, 

when performing the gene comparisons, designing it to find markers of 

resistance allowed us to find a potential therapeutic targets as well. As 
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mentioned previously, several qualities make a good marker including surface 

expression and differential expression between sensitive and resistant lines, but 

also having elevated expression over normal pancreatic tissue. By including 

HPDE in the sensitive group, markers of resistance would be low in both the 

sensitive cell lines and the HPDE line, hopefully translating to low expression in 

normal tissue as well. 

2.3.5. Evaluating the Potential Markers Found from the Datasets 

 It is interesting that the JNK pathway was found to be overexpressed in 

resistant lines. The expressions of MAPK proteins are typically consistent across 

different cell types because of their importance in many cellular functions. 

Despite being the top hit from the array data, looking at the expression levels one 

can see that there isn’t as large of a difference between groups as other genes, 

but the deviations within groups is small. The ingenuity analysis finding the rest 

of the pathway to have elevated expression does lend credibility to JNK’s 

significance. It is important to note that the microarray analysis found gene 

expression differences, which may be completely unrelated to phospho-protein 

levels and pathway activity. 

 Lastly, MERTK was the only gene found in both the surface receptor 

transcriptome and the cDNA datasets, but other potential targets could still be 

explored. For example, FAS was the next best gene found in the surface 

receptor data (RTqPCR: p=0.023; microarray: p=0.022). The FAS receptor is a 

death receptor that signals for apoptosis in cells. It was found to be 
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underexpressed in resistant lines in both analyses and has been reported in 

literature to be disabled in many pancreatic tumors (186). It could be pursued as 

a marker of sensitivity. The gene arrays served as a starting point to identify 

potentially important proteins and further analyses are needed to establish their 

utility as markers. 

2.4. Material and Methods 

2.4.1. MEK 1/2 Inhibitor 

 The small molecule inhibitor AZD6244 was purchased from Selleck 

Chemical and prepared in dimethyl sulfoxide (DMSO) with a stock concentration 

of 10 mM.  

2.4.2. Cell Culture 

 18 different PDAC cell lines and one transformed normal pancreatic cell 

line were chosen for this study. All cell lines except PaTu 8902, L3.6 pl and 

HPDE were acquired from American Type Culture Collection (ATCC). PaTu 8902 

was purchased from the german culture core Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ). L3.6 and HPDE were both obtained 

from Dr. Craig Logsdon (University of Texas, MD Anderson Cancer Center). 

AsPC-1, BxPC-3, MIA PaCa-2, PaTu 8902, SU.86.86 and Yap-C were all growth 

in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% 

(vol/vol) fetal bovine serum (FBS), 1% penicillin-streptomycin (pen-strep; ATCC 

30-2300), and 2mM L-glutamine (L-glut). Panc 02.03, Panc 03.27, and Panc 
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08.13 were grown in RPMI supplemented with 15% (vol/vol) FBS, 1% pen-strep, 

2 mM L-glut, 1.5% (vol/vol) NaHCO, 10 mM HEPES, 4.5 g/L glucose (final 

concentration), 1 mM Na Pyruvate, and 10 units/mL of human insulin. Hs 766T, 

L3.6 pl, Panc-1, PL45, and SW1990 were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% (vol/vol) FBS, 1% pen-strep, and 2mM 

L-glut. CFPAC-1 cells were grown in IMDM supplemented with 10% (vol/vol) 

FBS, 1% pen-strep, and 2 mM L-glut. Capan-1 cells were grown in Iscove’s 

Modified Dulbecco’s Medium (IMDM) supplemented with 20% (vol/vol) FBS, 1% 

pen-strep, and 2 mM L-glut. Capan-2 cells were cultured in McCoy’s 5A Medium 

supplemented with 10% (vol/vol) FBS, 1% pen-strep, and 2 mM L-glut. HPAF-II 

cells were grown in Eagle’s Minimum Essential Medium (EMEM or MEM) 

supplemented with 10% FBS, 1% pen-strep, and 2 mM L-glut. Lastly, HPDE cells 

were cultured in Keratinocyte Growth Kit (ATCC PCS-200-040). All cells were 

incubated at 37°C, 5% CO2. 

2.4.3. Dose Response Curves 

 Cell lines were plated in two 96 well plates at a concentration of 2,500 

cell/well. After 24 hrs, fresh media containing concentrations of AZD6244 ranging 

from 20 µM down to 63.2 pM by half-log units were added to each well in 

triplicate, after which the cells were incubated for three additional days. The 

second plate was used for an initial, “Day 0” reading. These cells were washed 3 

times with phosphate buffered saline plus calcium and magnesium (PBS+) then 

fixed with 4% paraformaldehyde (PFA). The cells were again washed then 

incubated in Syto® 60 dye (Life Technologies) diluted 1:3,000 in PBS+ for 1 hr. 
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Cells were subsequently washed 6 times and imaged using a Li-Cor Odyssey at 

the 680 wavelength. Quantification was performed using the Li-Cor software. 

After the three-day incubation the inhibited cells in the first plate were processed 

the same way and quantified with the imager. Inhibition curves were 

reconstructed in Prism software using a 3-parameter (Bottom, Top, and IC50 with 

the hill slope constrained to -1) or 4-parameter (Bottom, Top, and IC50, HillSlope) 

dose response curve. The equations used were Y=Bottom + (Top-

Bottom)/(1+10^((X-LogIC50))) and Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-

X)*HillSlope)) respectively. The curves were adjusted by subtracting the Day 0 

intensity (therefore y=0 indicates no growth) and the top of the curve adjusted to 

1 (maximal growth). The result was a curve that had a max value of 1, and when 

it crossed the x-axis indicated zero growth. GI50 values were then calculated from 

these curves for the concentration of inhibitor that caused a 50% decrease in cell 

growth. Combinatorial dose response curves were performed using 2 inhibitors, 

one of which was held constant throughout all the wells and the other inhibitor 

having varying concentrations (performed in triplicate). 

2.4.4. Cluster Analysis and Cell Line Grouping 

 A cluster analysis on the cell lines was performed to separate them into 

sensitive and resistant groups. Using the cell line dose responses to AZD6244 

(12 doses per cell line), we input every cell line into Multi-experiment Viewer 

(MeV) software (187). We performed a sample clustering using the onboard 

hierarchical clustering analysis software. 
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2.4.5. In Vivo Tumor Models 

 In vivo models were performed subcutaneously using nude mice. Cells 

were grown to 90% confluency then lifted with trypsin, resuspended in Hank’s 

Balanced Salt Solution (HBSS) and mixed with Matrigel (BD Biosciences) 1:1. 

Cells were injected into the back of mice using 150 µL volume at a concentration 

of 5 million cells/mL. The control and inhibitor suspensions were prepared in a 

viscous solution of Methocel in DPBS+ (5 mg/mL). After tumors became palpable 

(~200 mm3), treatment drug (2.5 mg/kg for AZD6244) or vehicle control was 

administered bid. for up to 4 weeks or until tumor burden reached limit as 

mandated by the animal care and use committee. Tumor size was measured 

using calipers. 

2.4.6. Receptome and Microarray Data Analyses 

 Receptome data from our collaborator (178) was used to compare 

transcript expression levels via RTqPCR between sensitive and resistant cancer 

lines. The normalized data was converted to a ranked expression level (lower 

rank corresponding to a higher expression value) and analyzed in MeV software 

using a rank test, p≤0.05. Similarly, microarray data from GEO (180) was 

uploaded into MeV, normalized across cells and genes; sensitive and resistant 

groups were then compared using a standard t test (p≤0.002) for differential gene 

expression. A significance of microarray (SAM) test was also performed for both 

datasets using the software’s built in algorithms. 
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2.4.7. Ingenuity Analysis 

 The microarray data files were subsequently uploaded into IPA (Ingenuity 

Pathway Analysis; Qiagen) to compare sensitive and resistant groups again for 

differential gene expression as well as for a higher order gene pathway analysis. 

Using the software’s built in algorithms we performed a canonical pathway 

analysis to identify pathways overexpressed in the sensitive or resistant groups. 
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Chapter 3 
 
 
MERTK as a Marker of MEK 1/2 
Inhibition Resistance and a Therapeutic 
Target in PDAC  
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3.1. Introduction 

 By comparing pancreatic cell lines that were sensitive and resistant to 

MEK 1/2 inhibition, we identified differentially expressed genes that had potential 

to be markers of sensitivity and resistance. Of these, MERTK was the top 

differentially expressed surface receptor transcript. This led us to investigate the 

potential of MERTK as a protein marker of MEK inhibitor resistance. The MERTK 

protein is a member of the TAM family of tyrosine kinase receptors that also 

includes TYRO-3 and AXL. These three receptors share a conserved kinase 

domain sequence, molecule-like extracellular domains, and the common ligand 

Gas6 (188). Of the three receptors, MERTK and AXL have the most similar 

tyrosine kinase domain sequence (189). 

 In cancer, the TAM family has been reported in a number of different 

tumor types. The majority of these findings focus on AXL and MERTK. MERTK 

has been reported in cancers such as melanoma and breast (190), but has yet 

(as of 2015) to be implicated in pancreatic cancer (188, 191). AXL has gained the 

most interest and is reported in a myriad of cancers that include breast (192, 

193), colon (194, 195), lung (196, 197), liver (198), skin (199) and pancreatic 

(200, 201). It is typically considered a marker of poor prognosis, tumor cell 

survival and metastasis (202, 203). It has also been reported as a marker of 

therapeutic resistance. However, it is interesting that we found MERTK and not 

AXL to be differentially expressed between sensitive and resistant groups (Fig. 

3.1). Therefore, we hypothesized that the MERTK protein and not AXL will serve 

as a better marker of MEK inhibition resistance in pancreatic cancer. 
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Figure 3.1 TAM family gene expression values from the array datasets. 
Top) Gene expression values from the RTqPCR dataset for MERTK, AXL and 
TYRO3 in a panel of pancreatic cancer cell lines varying in AZD6244 
sensitivity, sensitive (left) to resistant (right). B) Gene expression from the 
cDNA dataset for MERTK, AXL and TYRO3 for a set of cell lines ranging from 
sensitive (left) to resistant (right). 
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 As receptor tyrosine kinases (RTKs), MERTK and AXL can bind activating 

ligands such as Gas6 and signal through intracellular pathways. Studies in 

fibroblasts have shown MERTK to activate three main pathways, PI3K-AKT, 

MAPK-ERK and PLCγ (204). The end result of these pathways includes growth, 

proliferation and survival. Studies have found the balance between these 

pathways to be cell line and context dependent. For example in leukemia cells, 

the MAPK-ERK and PI3K-AKT pathways converge to decrease apoptosis and 

serve as redundant pro-survival pathways without increasing proliferation (205). 

However, in prostate cancer these same pathways have been found to act in 

opposition on IL-8 - MAPK-ERK stimulated protein production whereas PI3K-AKT 

suppressed IL-8 expression (206). Further, MERTK has been shown to interact 

with and activate several other proteins including Shc, Grb2, Vav1, and Ack1, the 

end result of such interactions also results in pro-growth and pro-survival signals 

that support tumorgenesis (188).  

 Similar to MERTK, AXL can be activated by Gas6 to predominantly signal 

through the RAS-MEK-ERK and PI3K-AKT pathways typically originating with 

Grb2 activation (207, 208). Differing from MERTK, AXL has a less important role 

in PLCγ signaling (188) and a different utilization of the PI3K-AKT pathway. AKT 

activation by MERTK has shown to inhibit IKK, downregulating NFκB-dependent 

transcription of TNFα (209). Contrary, AXL has been shown to stimulate NFκB 

activity to result in anti-apoptotic signaling (210). Although MERTK and AXL 

share many of the same characteristics and downstream effector molecules, it is 

important to understand the differences between these two receptors and how 
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each contributes to cancer. Because MERTK’s effector pathways can result in 

growth and survival, we hypothesized that MERTK could not only serve as a 

marker of resistance, but also as a therapeutic target. Further, despite AXL being 

more prevalent in cancer literature, we believe MERTK has higher potential as a 

therapeutic target in PDAC. We specifically wanted to see if therapeutically 

targeting MERTK could sensitize resistant cell lines to MEK inhibition. 

 We first examined both MERTK and AXL protein expressions in 

pancreatic cancer cells. We found that MERTK, but not AXL, correlated with 

MEK inhibitor resistance. Intriguingly, after conditioning sensitive cells to become 

resistant to MEK inhibition, we found both MERTK and AXL had increased 

expression levels, suggesting their utility as markers of acquired resistance. 

Gas6 was also found to have increased expression with cell conditioning. 

Knockdown studies using both siRNA and shRNA showed MERTK to be 

important for cell proliferation especially in the resistant lines. Using a MERTK 

inhibitor we could inhibit cell growth at similar concentrations to that of AZD6244, 

but different sets of sensitive and resistant cell lines were found with no 

correlation to AZD6244 sensitivity. Lastly, when used combinatorially, the 

MERTK inhibitor did not sensitize cells to MEK 1/2 inhibition. 

3.2. Results 

3.2.1. Protein Confirmation of Marker Overexpression 

 Despite finding the MERTK transcript elevated in resistant lines, we still 

needed to validate MERTK as a protein marker. We selected a random subpanel 
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of 9 pancreatic cancer cell lines of varying resistance and performed quantitative 

western (qWestern) blots for the MERTK protein, as well as several other key 

proteins (Fig. 3.2A). As a point of comparison, we also blotted for AXL since it is 

in the same TAM family of receptors as MERTK but has been reported much 

more frequently in literature as a poor prognosis marker. ERK 1/2 and P-ERK 

1/2, immediately downstream of MEK 1/2, were also selected. It was postulated 

that resistant lines could simply have increased MEK/ERK activity and that this 

was the cause of their increased resistance to inhibition. However, the qWestern 

results found this to not be the case as neither total ERK nor P-ERK correlated 

with resistance. AXL also had no significant correlation, but MERTK did 

(p=0.0186, r=0.7551; Fig 3.2B).  

3.2.2. MERTK as a Marker of Acquired Resistance 

 Hitherto, the work presented has focused on finding innate markers of 

resistance. One of the leading challenges in utilizing MEK inhibitors is patients 

will often develop an acquired resistance to the therapy (211). Therefore, we 

wanted to determine if MERTK could serve as a marker of acquired resistance as 

well as innate resistance. To do this, we desensitized cells that initially 

responded well to the inhibitor by growing them under MEK inhibition for a 

prolonged period of time then examined MERTK and AXL expression changes 

as a result of the conditioning.  

 MIA PaCa-2, a sensitive cell line with low MERTK expression, was 

incubated with a sub-lethal concentration of AZD6244 (2 µM). After 2 months, we
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Figure 3.2 Protein Validation of MERTK as a Marker of Resistance. A) 
qWestern blots from 9 randomly selected PDAC cell lines arranged in 
increasing resistance to AZD6244 based on GI50 values. B) Quantification of 
the qWestern blot data reveal the correlation of MERTK (p=0.0186, r=0.7551) 
with increasing GI50 values but no correlation is seen between AXL or ERK 1/2 
and GI50 values.  
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treated the conditioned cell line with varying concentrations of AZD6244 and 

measured cell growth to construct the same dose response curves as in Chapter 

2. When plotted against MIA PaCa-2’s original inhibition curve, a clear shift in the 

GI50 value is seen. Originally 360 nM, conditioning increases the GI50 value over 

20-fold to 7.5 µM (Fig. 3.3). qWestern blot analysis compared normal and 

conditioned MIA PaCa-2 cells with and without drug incubation (3 days with 

AZD6244) for the effects on MERTK and AXL (Fig. 3.4A). Interestingly, MERTK 

is upregulated ~2-fold after conditioning, but, more significantly, it is upregulated 

3-fold over baseline in the presence of the inhibitor. AXL is upregulated (~3 fold) 

after acute inhibition of AZD6244 and remains high in the conditioned lines, even 

without the presence of the inhibitor (Fig. 3.4B). These findings suggest that both 

MERTK and AXL may be important for acquired resistance to MEK inhibition in 

MIA PaCa-2 cells. 

Several reports indicate that Gas6 may also be important in cancer 

progression (212, 213). With both MERTK and AXL protein expressions elevated 

in conditioned cells, we suspected their ligand, Gas6, might be elevated as well. 

Therefore, qPCR for GAS6 was performed to compare the 4 different MIA PaCa-

2 conditions (Normal, Inhibited, Conditioned, and Conditioned + Inhibited). We 

found the transcript expression of GAS6 to be elevated in the presence of the 

AZD6244 inhibitor for both normal and conditioned cell lysates (Fig. 3.5A). 

Further, protein expression levels from qWestern blotting showed elevated Gas6 

in inhibited, conditioned and inhibited + conditioned cells (Fig. 3.5B). 
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Figure 3.3 MIA PaCa-2 Conditioning. MIA PaCa-2 cells were treated with 2 
µM of AZD6244 for 2 months to condition them to the inhibitory effects. 
Subsequently, the cell line showed a 20 fold increase in resistance to the 
inhibitor, increasing GI50 from 0.35 µM to 7.5 µM. 
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Figure 3.5 Difference in Gas6 expression levels between untreated and 
conditioned MIA PaCa-2 cells. A) qPCR for GAS6 in different conditions 
(normal, inhibited, conditioned, conditioned + inhibited) of MIA PaCa-2 cells. 
B) qWestern blotting (left) for Gas6 in the various MIA PaCa-2 cell conditions 
and quantified (right).  
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3.2.3. MERTK is Important in Cancer Cell Viability 

Being a receptor tyrosine kinase that is overexpressed in cell lines with 

innate resistance to MEK 1/2 inhibition, we hypothesized that MERTK could 

actively be contributing to the cells’ resistance. MERTK can activate a number of 

effector molecules including the PI3K-AKT pathway (199), which has been 

reported to contribute to MEK inhibition resistance (142, 214, 215). Further, 

MERTK becoming upregulated when cells acquired a resistance to AZD6244 

supports the theory that the receptor activates compensatory pathways to 

alleviate the effects of MEK 1/2 inhibition and therefore may serve as a 

therapeutic target. We further hypothesized that the loss of MERTK signaling, via 

knockdown or inhibition, would be an effective means of decreasing cancer cell 

growth and would synergize with MEK 1/2 inhibition. 

Stable knockdown lines using shRNA targeted to MERTK, AXL (for 

comparison) and green fluorescent protein (GFP; negative control) were created 

in the resistant lines SU.86.86 and Yap-C. Knockdown of MERTK expression in 

Yap-C cells was lethal and therefore we could not include shMERTK Yap-C cells 

in these experiments. qWestern blotting confirmed the successful knockdown of 

each protein (Fig. 3.6A). In cell proliferation studies using a CellTiter-Glo 

luminescent assay, we found MERTK knockdown to have statistically significant 

(p=5.01E-5) growth retardation in the SU.86.86 cell line by approximately 25%. 

AXL knockdown also had an effect in Yap-C (p=3.30E-4, 27% reduction) but no 

effect in SU.86.86 (Fig. 3.6B).  
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 We further tested the knockdown lines’ dose response to AZD6244. After 

3 days of growth under various levels of MEK 1/2 inhibition, shGFP and shAXL 

SU.86.86 cell lines had very similar response curves, whereas shMERTK has 

much less growth at all concentrations of the inhibitor. However, when we 

normalize the curves to max growth, all three curves were essentially the same 

with no difference in AZD6244 GI50 values (Fig. 3.6C). It appears that MERTK is 

important for cell growth, but knocking down the protein does not sensitize cells 

to MEK inhibition.  

3.2.4. Acute Knockdown of MERTK by siRNA 

 One observation we noticed when performing the two sets of experiments 

(growth and inhibition curves) was a discrepancy between overall cell growth with 

MERTK knockdown between the two assays. Chronologically, the dose response 

curve experiments were performed first, with the growth assays being conducted 

a few weeks later. In this time, it appears that the cells might have started to 

become resistant to the knockdown effects. Therefore, we performed 

experiments using transient siRNA where we did not need to select for a colony 

with stable knockdown. This allowed us to study the effects of MERTK 

knockdown before cells could develop a resistance. 

 We performed siMERTK transfection in 6 cell lines (HPDE, PaTu 8902, 

MIA PaCa-2, SU.86.86, Yap-C and Panc-1) with varying degrees of AZD6244 

sensitivity. Cell proliferation studies were performed over 6 days, starting on the 

day of transfection, to compare the effects of siMERTK to siControl. Of the 3 
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sensitive lines, only MIA PaCa-2 showed significant growth inhibition after 

treatment with siMERTK, whereas all 3 of the resistant lines had significantly 

slowed growth rates (Fig. 3.7). Most of the separation in growth curves began 

after day 3, around the time the siMERTK had maximal effect (Fig 3.7 Inset). 

3.2.5. Preliminary Examination of MERTK Signaling 

 To identify possible signaling pathways that MERTK could be affecting, we 

wanted to compare the phosphorylation of key signaling proteins with and without 

MERTK knockdown. From literature, we knew MERTK could activate the PI3K-

AKT, MAPK-ERK and PLCγ pathways (204) but as an RTK, the receptor can 

active a number of other pathways. Through which pathway MERTK was 

predominantly signaling in PDAC was still unclear. Therefore, we elected to use 

a Proteome Profiler™ Phospho-Kinase array (R&D Systems) modified for use on 

a Li-Cor imager for more quantitative results. This assay allowed us to measure 

the changes in the site-specific phosphorylation of 43 kinases and 2 related total 

when MERTK was knocked down (Fig. 3.8). Comparing SU.86.86 siMERTK to 

siControl cells, we found Pyk2 to be the most decreased phospho-protein in the 

array. PLCγ and AKT (T308) were also less phosphorylated in siMERTK cells; as 

two of MERTK’s most prominent effector pathways, it is logical that these would 

become less active. Interestingly, many MAPK pathway proteins including p38, 

JNK, and ERK all became more active with the loss of MERTK. The complete list 

of phospho-protein changes is found in Table 3.1. 
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Figure 3.7 Proliferation studies with MERTK knockdown by siRNA. 6 lines 
were treated with siMERTK or siCONTROL and cell growth monitored for 6 
days. Cell growth was measured by the amount of ATP activity and compared 
to untreated cells. Denotations: * p≤0.05, ** p≤0.01, *** p≤0.001.  
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Figure 3.8 Difference in protein phosphorylation between siMERTK and 
siControl SU.86.86 cells. Phospho-proteome assay results show the 
changes in kinase activity when MERTK is knocked down compared to 
control. AKT and STAT3 are down regulated while the MAPK proteins become 
more active with the loss of MERTK 
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Table 3.1 Differential kinase activity between siControl and siMERTK 
SU.86.86 cells.  
 

Target 
Fold 

Change Target 
Fold 

Change 
Pyk2 (Y402) 0.351 STAT2 (Y689) 1.045 

PLC gamma-1 (Y783) 0.352 Src (Y419) 1.108 
Akt (T308) 0.357 AMPK alpha1 (T174) 1.120 

HSP60 0.431 STAT6 (Y641) 1.125 
beta-Catenin 0.445 STAT5a/b (Y694/Y699) 1.138 
STAT3 (Y705) 0.483 AMPK alpha2 (T172) 1.205 

GSK-3 alpha/beta (S21/S9) 0.514 Chk-2 (T68) 1.235 
eNOS (S1177) 0.521 Lck (Y394) 1.303 
STAT3 (S727) 0.531 FAK (Y397) 1.325 

p70 S6K T421/S424) 0.566 Lyn (Y397) 1.326 
Hck (Y411) 0.570 Akt (S473) 1.336 
p53 (S392) 0.615 PRAS40 (T246) 1.380 

RSK1/2/3 (S380/S386/S377) 0.641 Yes (Y426) 1.415 
p53 (S46) 0.649 MSK1/2 (S376/S360) 1.419 
Fgr (Y412) 0.709 CREB (S133) 1.429 

TOR (S2448) 0.720 PDGF R beta (Y751) 1.432 
p70 S6K (T389) 0.728 c-Jun (S63) 1.434 
STAT5b (Y699) 0.829 EGF R (Y1086) 1.583 

p53 (S15) 0.867 HSP27 (S78/S82) 1.677 
STAT5a (Y694) 0.905 Erk 1/2 (T202/Y204 T185/Y187) 1.920 

Fyn (Y420) 0.988 JNK pan (T183/Y185 T221/Y223) 1.964 
WNK-1 (T60) 1.034 p38 alpha (T180/Y182) 2.180 

p27 (T198) 1.037 
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3.2.6. UNC569, a MERTK Inhibitor, in Combinatorial Therapies with AZD6244 

 Lastly, we wanted to determine if the use of a MERTK inhibitor could be 

used in combination with AZD6244 to enhance the effects of MEK 1/2 inhibition. 

UNC569 is a pyrazolopyrimidine and the first small molecule inhibitor for MERTK. 

Although specific for MERTK, it can inhibit all members of the TAM family 

(MERTK: IC50=2.9 nM, AXL: IC50=37 nM, TYRO-3: IC50=48 nM) (216). Testing the 

dose response of several cell lines, we found GI50 of this inhibitor to be 

comparable to AZD6244 (Fig. 3.9A), but a different set of lines was sensitive and 

resistant with no significant correlation (r=0.302, p=0.396) to the MEK 1/2 

inhibitor (Fig. 3.9B). 

 To test the effects of this inhibitor in combination with AZD6244, we 

selected a single concentration of UNC569 near the GI50 of most cell lines, 2 µM, 

and tested this with varying concentrations of AZD6244. Using 9 different cell 

lines, we constructed dose response curves under the dual inhibition and 

compared them to curves of AZD6244 alone (Fig. 3.10A). Using a 1-log unit 

change in the GI50 of AZD6244 as a threshold value for a positive effect, we 

found only 1 line (Capan-1) to become more sensitive to MEK inhibition with 

MERTK combinatorial therapy (Fig. 3.10B). Based on these results, targeting 

MERTK in conjunction with MEK 1/2 does not appear to be a good strategy for 

therapy. 
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Figure 3.9 Cell line sensitivities in response to the MERTK inhibitor 
UNC569. A) From does response curves using UNC569, GI50 values for a 
panel of cell lines show a low potency of SP600125. B) Correlation analyses 
comparing cell line sensitivities to UNC569 and AZD6244. No correlation was 
seen between these inhibitors. 
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Figure 3.10 Combinatorial therapies using MEK inhibition with the 
MERTK inhibitor. A) 9 Cell lines were tested for inhibition curves using 
AZD6244 alone or in combination with 2 µM UNC569 (MERTKi). Only Capan-
1 shows a combinatorial benefit by a shift in GI50. B) Evaluation of the overall 
combinatorial effects in the 9 lines revealed a >1 log unit shift in GI50 value for 
1 of the 9 lines. 
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3.3. Discussion 

3.3.1. MERTK, AXL and Gas6 in Acquired Resistance 

 When we examined MERTK, AXL and Gas6 expression levels in MIA 

PaCa-2 cells under four different conditions (normal, inhibited, conditioned, 

conditioned + inhibited) we found all three to increase in expression when the 

cells are conditioned. Interesting, both Gas6 and AXL had the same elevated 

expression in any condition that involved the AZD6244 inhibitor whereas MERTK 

expression was more tied to the duration of which the cells had been exposed to 

the inhibitor. Because there was no difference between acute exposure and 

prolonged exposure (and subsequently acquired resistance) to MEK 1/2 

inhibition, AXL and Gas6 may not serve as the best marker of acquired 

resistance. MERTK however continued to increase expression, showing some 

increase with 3 days of inhibition and maximal expression after conditioning and 

inhibition. 

3.3.2. MERTK Signal Activation 

 MERTK, AXL and TYRO-3 all share the common ligand Gas6. Gas6 has 

been shown to have fairly equal affinity for AXL and TRYO-3, but 3-10 fold less 

for MERTK (217). Gas6’s preference to bind AXL might be why AXL is reported 

more often in cancer literature. Protein S has also been reported as a MERTK 

ligand; it can bind TYRO-3 as well, but not AXL. Galectin-3 (Gal-3) was recently 

discovered as a ligand for MERTK that signals “eat-me” for macrophage 

phagocytosis (218). Two other ligands for MERTK, tubby and tubby-like protein 1 
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(Tulp1) have also been recently discovered (219). The multiple ligands for 

MERTK could play a large role in why we see differential overexpression of 

MERTK and AXL in literature, and why they seem to play slightly different roles in 

cancer. To add further complexity, both AXL and MERTK can homodimerize and 

self-activate without the need for a ligand (220, 221). Further understanding of 

MERTK activation may be key to any use of MERTK as a therapeutic target.  

3.3.3. MERTK Signaling 

 From the siMERTK studies, we found the most decreased phospho-

proteins without MERTK to be Pyk2, PLCγ, and AKT. Decreased PLCγ, and AKT 

phosphorylation with MERTK knockdown makes sense because both are known 

to be downstream of MERTK. Pyk2 however is less straightforward. Pyk2 is a 

member of the focal adhesion kinase family and is typically associated with 

calcium channels, MAPK cascades and apoptosis (222-227). Exactly what role it 

has in MERTK signaling, or if it’s a red herring, still needs to be determined. 

When we look at the proteins that have increased phosphorylation without 

MERTK, p38 and JNK top the list. These are both modulators of extracellular 

stress and can contribute to apoptosis. If the loss of MERTK puts a strain on the 

cells, it is understandable for these signals to increase. 
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3.4. Materials and Methods 

3.4.1. Antibodies and Drugs 

 The small molecule inhibitors AZD6244 (MEK 1/2 inhibitor) and UNC569 

(MERTK inhibitor) were purchased from Selleck Chemical and Millipore 

respectively. They were prepared in dimethyl sulfoxide (DMSO) with stock 

concentrations of 10 mM. Primary antibodies were purchased from Cell Signaling 

Technology [AXL (C89E7), p44/42 MAPK (Erk1/2) (137F5), P-p44/42 MAPK 

(Erk1/2) (D13.14.4E), HSP90 (C45G5), β-actin (8H10D10), Mer (D21F11)] and 

R&D Systems [GAS6 (AF885)]. All secondary antibodies were purchased from 

Li-Cor [Donkey α-Goat 800CW (926-32214), Donkey α-Mouse 680 (926-32222), 

Donkey α-Mouse 800CW (926-32212), Donkey α-Rabbit 800CW (926-32213), 

Streptavidin 800CW (926-32230)].  

3.4.2. Cell Culture 

 9 different PDAC cell lines and one transformed normal pancreatic cell line 

were used in this study. All cell lines except PaTu 8902, L3.6 pl and HPDE were 

acquired from American Type Culture Collection (ATCC). The PaTu 8902 line 

was purchased from the german culture core Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ). L3.6 and HPDE were both obtained 

from Dr. Craig Logsdon (University of Texas, MD Anderson Cancer Center). 

AsPC-1, BxPC-3, MIA PaCa-2, PaTu 8902, SU.86.86 and Yap-C were all growth 

in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% 

(vol/vol) fetal bovine serum (FBS), 1% penicillin-streptomycin (pen-strep; ATCC 
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30-2300), and 2mM L-glutamine (L-glut). L3.6 and Panc-1 were grown in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (vol/vol) 

FBS, 1% pen-strep, and 2mM L-glut. Capan-1 cells were grown in Iscove’s 

Modified Dulbecco’s Medium (IMDM) supplemented with 20% (vol/vol) FBS, 1% 

pen-strep, and 2 mM L-glut. Lastly, HPDE cells were cultured in Keratinocyte 

Growth Kit (ATCC PCS-200-040). All cells were incubated at 37°C, 5% CO2. 

 MIA PaCa-2 conditioning was performed using the same growth medium 

as indicated above supplemented with 2 µM AZD6244. After cell culture in this 

medium occurred for 2 months, the cells were considered “conditioned”. From 

this point forward, they remained in the AZD6244 medium unless otherwise 

indicated. 

3.4.3. Western Blots 

 All cell lines used for blots were grown to ~90% confluency in 10 cm 

culture dishes before being lysed in 300 µL of lysis buffer [PBS plus 1% Triton X-

100, 1x protease/phosphatase inhibitor (Cell Signaling Technologies)]. 

Quantification of protein concentrations was performed using a bicinchoninic acid 

(BCA) assay (Pierce) to ensure even loading between samples. Loading dye (3x) 

plus Dithiothreitol (DTT, New England Biolabs) was added before heat 

denaturation and run on 4-15% TGX gels (Bio-Rad). Proteins were transferred to 

polyvinylidene difluoride (PVDF) membranes and incubated with the appropriate 

antibodies. Quantitative western (qWestern) blots were performed using 

fluorescent secondary antibodies (800 and 680 nm, Li-Cor) and a Li-Cor 
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Odyssey imager. Quantification was performed using the manufacturer’s 

software. Correlation analyses with GI50 values were performed by calculating 

the Pearson product-moment correlation coefficient (r) using the Prism software. 

3.4.4. Dose Response Curves 

 Cell lines were plated in two 96 well plates at a concentration of 2,500 

cell/well. After 24 hrs, fresh media containing concentrations of AZD6244 or 

UNC569 ranging from 20 µM down to 63.2 pM by half-log units were added to 

each well in triplicate, after which the cells were incubated for three additional 

days. For combinatorial studies using UNC569, every well had a constant dose 

of the MERTK inhibitor (2 µM) and the concentration of AZD6244 was varied. 

The second plate was used for an initial, “Day 0” reading. These cells were 

washed 3 times with phosphate buffered saline plus calcium and magnesium 

(PBS+) then fixed with 4% paraformaldehyde (PFA). The cells were again 

washed then incubated in Syto® 60 dye (Life Technologies) diluted 1:3,000 in 

PBS+ for 1 hr. Cells were subsequently washed 6 times and imaged using a Li-

Cor Odyssey at the 680 wavelength. Quantification was performed using the Li-

Cor software. After the three-day incubation the inhibited cells in the first plate 

were processed the same way and quantified with the imager. Inhibition curves 

were reconstructed in Prism software using a 3-parameter (Bottom, Top, and IC50 

with the hill slope constrained to -1) dose response curve. The equation used 

was Y=Bottom + (Top-Bottom)/(1+10^((X-LogIC50))). The curves were adjusted 

by subtracting the Day 0 intensity (therefore y=0 indicates no growth) and the top 

of the curve adjusted to 1 (maximal growth). The result was a curve that had a 
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max value of 1, and when it crossed the x-axis indicated zero growth. GI50 values 

were then calculated from these curves for the concentration of inhibitor that 

caused a 50% decrease in cell growth. Combinatorial dose response curves 

were performed using 2 inhibitors, one of which was held constant throughout all 

the wells and the other inhibitor having varying concentrations (performed in 

triplicate). 

3.4.5. qPCR for GAS6 

 Cells were grown to 90% confluency in 6 well plates. A FastLane cDNA kit 

(Qiagen) was used to wash, lyse, and extract the RNA from the cells according to 

the supplied protocol. Reverse transcription was performed at 42°C for 30 

minutes to create cDNA. qPCR was performed on the cDNA in triplicate in 96 

well plates. A SYBR® Green qPCR kit (Life Technologies) was used to quantify 

the cDNA expression values. GAS6 expression was measured and normalized to 

GAPDH for comparison and the experiment performed with three replicates. 

3.4.6. shRNA Lentiviral Transduction  

 Lentivirus pLK0.1 vectors encoding shRNA against human MERTK, AXL 

and GFP were purchased from Open Biosystems. Cells were seeded on 12-well 

plates and grown to 50% confluence. The media were replaced by fresh media 

containing polybrene (4 µg/ml). GFP, MERTK and AXL shRNA lentiviral particles 

were thawed at room temperature and gently mixed before adding to the cells. 

Three different ratios of virions to cells were used (1:1, 2:1, and 3:2). The 

infected cells were incubated overnight and the next morning the media were 
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replaced to fresh media without polybrene. Stably transfected cells were selected 

by puromycin treatment (3 µg/mL for SU.86.86 and 2 µg/mL for Yap-C). To 

further select stable clones, a single colony was isolated using the trypsin 

method (228). Downregulation of each protein was verified via qWestern.  

3.4.7. siRNA Assays 

 siGENOME pools of four siRNA vectors targeting MERTK were purchased 

fom GE Healthcare. Cells were seeded in 96 well plates at a concentration of 

2,500 cells/well and allowed to adhere overnight. siRNA was prepared as a 5 µM 

solution in an RNase-free buffer and diluted 1:10 in Opti-MEM (Life 

Technologies) for a final volume of 10 µL per intended well. DharmaFECT ragent 

2 (GE Healthcare) was also diluted 1:50 in a separate tube at a volume of 10 

µL/well. Each were allowed to incubate for 5 minutes at room temp. The two 

tubes were then mixed together and incubated for an additional 20 minutes. 4x 

the volume of antibiotic-free complete medium was then added to the mixture 

resulting in a final concentration of 25 nM siRNA. The media on the cells was 

removed and 100 µL/well of the siRNA medium was added. After 24 hrs, the 

medium was changed to complete media.  

3.4.8. Cell Proliferation Assays 

 Cells were plated in triplicate using 6 96, opaque walled well plates (one 

for each day) at a concentration of 2,500 cells/well. After 8 hrs, the number of 

viable cells in each well of the Day 0 plate was determined by quantifying the 

ATP presence with a CellTiter-Glo® (Promega) cell viability luminescent assay. 
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An ATP control (500 nM solution in PBS) was added in triplicate to blank wells, 

100 µL/well. 100 µL of CellTiter Glo® reagent, prepared according to protocol, 

was added to each of the cell and ATP wells. After a 10-minute incubation in the 

dark, the luminescence of each well was recorded using a FLUOstar OPTIMA 

microplate reader. Each day the process was repeated using the next cell plate 

and fresh ATP. Normalization between the days was performed using the ATP 

well readings. 

3.4.9. Phospho-Proteome Analysis 

 A Human Phospho-Kinase Array Kit (R&D Systems, ARY003B) was used 

to quantify the activity of 43 kinase phosphorylations and 2 key proteins 

expression levels. The product protocol was followed with minor alterations. 

Briefly, siMERTK and siControl cells were lysed with Lysis Buffer 6 (R&D 

Systems) and agitated for 30 min at 4°C. The array membranes were cut to 

remove the numbering (they autofluoresce at the 800 wavelength) and blocked 

with Array Buffer 1 (R&D Systems) for 1 hr then incubated with 350 µg of cell 

lysates overnight at 4°C under gentle agitation. The membranes were then 

washed 3 times with the 1x wash buffer (R&D Systems). The membranes were 

then incubated with biotinylated detection antibodies for 2 hrs at room 

temperature and washed 3x times with 1x wash buffer. Deviating from the 

product protocol, we replaced the supplied streptavidin-HRP secondary, with 

Streptavidin 800CW (diluted in Li-Cor blocking buffer 1:20,000). Membranes 

were incubated with the secondary for 30 minutes before being washed and 
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imaged using the Li-Cor imager. Quantification was performed using the Li-Cor 

software. 
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4.1. Introduction 

 Despite MERTK’s promise as a marker of MEK 1/2 inhibition resistance, 

small molecule inhibition studies did not result in sensitization to AZD6244. 

Therefore, we looked to JNK1 as an alternative therapeutic target. We found 

MAPK8, the gene that codes for JNK1, to be upregulated in resistant pancreatic 

cancer cell lines. We hypothesized that JNK1 protein expression could serve as 

both a marker of resistance and a therapeutic target for mono- or combinatorial 

therapy. 

 The JNK pathway is predominantly activated by extracellular stress. It is 

one of the four major MAP kinase pathway, signaling through MLK 2/3 > MEK 4/7 

> JNK 1/2/3 > transcriptional factors. The pathway plays an important role in 

apoptosis, cell growth, differentiation, and immune responses (229-231). The 

JNK family consists of three different genes (JNK1, JNK2, JNK3) with 10 total 

splice variants (232) and the three proteins act upon multiple different substrates. 

This creates a complex network and it is difficult to delineate the effects of the 

pathway’s activation (233). JNK is known to interact with and activate over 50 

substrates (234), sometimes with converse effects. Such is the case with c-Jun 

(often pro-apoptotic) and c-Myc (typically pro-growth) but even these molecules 

can switch function (c-Jun can be pro-survival and c-Myc pro-apoptosis) 

depending on the cellular context (235). Indeed, the JNK pathway can be difficult 

to predict and is still an area of active research. 
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 The JNK pathway can also cross talk with other MAPK pathways and 

shares several effector proteins with the MEK-ERK cascade, potentially creating 

a redundant pathway that circumvents MEK 1/2 inhibition. Further, negative 

feedback loops between ERK and JNK are known to exist; inhibiting ERK activity 

relieves JNK inhibition and vise versa (236). Normally, this might switch a cells 

signaling from ERK’s pro-survival to JNK’s pro-apoptotic effects, but in cancer 

the JNK pathway can be rewired to have pro-survival effects as well – such is the 

case in melanoma (237). Therefore, we hypothesize that inhibition of JNK will 

have therapeutic benefits in resistant cell lines and sensitize them to the MEK 

inhibitor AZD6244. 

 Similar to MERTK, we first examined JNK1 as a marker resistance. We 

found JNK1 expression to correlate with innate resistance, but its expression 

levels were not elevated after acquiring a resistance to the MEK inhibitor. We 

then evaluated JNK1 as a therapeutic target using knockdown models and small 

molecule inhibition studies and found significant therapeutic benefits to 

decreased JNK signaling. Most excitingly, under JNK inhibition, cell lines initially 

resistant to MEK 1/2 inhibition became sensitive to the AZD6244 inhibitor. These 

findings support the use of combinatorial therapy targeting both JNK and MEK 

1/2 as an avenue of future therapy in pancreatic cancer. 
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4.2. Results 

4.2.1. JNK1 is a Marker of Innate Resistance 

 As with MERTK, we first examined JNK1 as a marker of resistance in 

pancreatic cancer. We performed a qWestern blot for JNK1 in the panel of 9 

pancreatic cancer lines to get quantitative expression values for JNK1 in each 

line (Fig. 4.1A). Correlation analysis to GI50 values confirmed that elevated JNK1 

expression does trend with resistance (r=0.7832, p=0.0107; Fig 4.1B). To test the 

proteins utility as a marker of acquired resistance, we used the same conditioned 

MIA PaCa-2 line as before and blotted for JNK1 in normal, inhibited, conditioned, 

and conditioned + inhibited cells. Unfortunately, unlike MERTK, which increased 

in expression level, JNK1 protein levels did not meaningfully change (Fig. 

4.1C,D). These findings suggest that JNK1 may serve as a marker of innate 

resistance, but not acquired resistance. 

4.2.2. Altered Pathway Signaling in Acquired Resistant Cells 

 Despite the total protein level not changing after conditioning, increased 

JNK1 activity (P-JNK1) could still confer resistance. Furthermore, any number of 

different pathways could be more active in resistance lines (either innate or 

acquired) that would not have been detected in the surface receptor dataset or 

the cDNA microarray. Therefore, we tested normal and conditioned MIA PaCa-2 

cell lines in the phospho-kinase array assay to identify signaling molecules that 

become more active in resistant cells (Fig. 4.2, Table 4.1). We found P-AKT 

(S473) to be the most increased protein after conditioning. This is
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Figure 4.1 Evaluation of JNK1 as a marker of innate and acquired 
resistance to MEK inhibition. A) qWestern blots for JNK1 from 9 PDAC cell 
lines arranged with increasing resistance to AZD6244 based on GI50 values. 
B) Quantification of the qWestern blot data reveal the correlation of JNK1 
(p=0.0107, r=0.7932)  with increasing GI50 values. C) qWestern blot showing 
the protein expression level of JNK1 in the four different conditions of MIA 
PaCa-2 cells. D) Quantification of the qWestern blot data show no increase in 
JNK1 with acquired resistance. 
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Figure 4.2 Difference in protein phosphorylation between conditioned 
and normal SU.86.86 cells. Phospho-proteome assay comparing normal to 
conditioned MIA PaCa-2 cell lines show STAT3 to be less active after 
conditioning while P-AKT, P-JNK and P-ERK are all upregulated after 
conditioning. 
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Table 4.1 Differential kinase activity between normal and conditioned 
MIA PaCa-2 cells. 
 

Target 
Fold 

Change Target 
Fold 

Change 
STAT3 (S727) 0.259 Hck (Y411) 0.976 
STAT3 (Y705) 0.490 c-Jun (S63) 0.991 

HSP60 0.640 HSP27 (S78/S82) 1.005 
RSK1/2/3 (S380/S386/S377) 0.673 p70 S6K (T389) 1.006 

STAT5b (Y699) 0.720 Lck (Y394) 1.014 
STAT5a/b (Y694/Y699) 0.737 Pyk2 (Y402) 1.018 

STAT5a (Y694) 0.773 p53 (S46) 1.035 
Fgr (Y412) 0.809 Yes (Y426) 1.035 

TOR (S2448) 0.843 Fyn (Y420) 1.046 
PLC gamma-1 (Y783) 0.844 AMPK alpha1 (T174) 1.076 

WNK-1 (T60) 0.846 p38 alpha (T180/Y182) 1.079 
p53 (S15) 0.849 p53 (S392) 1.103 

STAT2 (Y689) 0.857 Lyn (Y397) 1.124 
STAT6 (Y641) 0.875 MSK1/2 (S376/S360) 1.154 

AMPK alpha2 (T172) 0.876 Src (Y419) 1.168 
Akt (T308) 0.884 eNOS (S1177) 1.210 

beta-Catenin 0.898 EGF R (Y1086) 1.226 
CREB (S133) 0.909 Erk 1/2 (T202/Y204 T185/Y187) 1.244 
Chk-2 (T68) 0.909 GSK-3 alpha/beta (S21/S9) 1.272 

PRAS40 (T246) 0.927 JNK pan (T183/Y185 T221/Y223) 1.320 
PDGF R beta (Y751) 0.951 FAK (Y397) 1.348 
p70 S6K (T421/S424) 0.964 Akt (S473) 1.747 

p27 (T198) 0.972 

Table 4.1 
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understandable since the AKT cascade is a known compensatory pathway to 

MEK inhibition. P-JNK (pan) signaling was also increased in conditioned cells, 

indicating that although total JNK1 protein may not change with conditioning, the 

pathway might have still become more active. Further exploration into limiting 

JNK signaling as a therapeutic strategy was needed. 

4.2.3. JNK1 Knockdown Greatly Slows Cell Growth 

To assess JNK1s importance in cancer cells, we performed stable 

knockdown lines using shMAPK8 in the resistant lines SU.86.86 and Yap-C. 

Successful knockdown of JNK1 expression was determined by qWestern blot 

(Fig. 4.3A). In cell proliferation studies, we found JNK1 knockdown to have 

profound effect on cell growth. JNK1 knockdown in SU.86.86 and Yap-C resulted 

in 68% (p=6.6E-9) and 45% (p=2.4E-5) growth reduction respectively (Fig. 4.3B). 

These results suggest promise for JNK1 as a therapeutic target. 

4.2.4. MEK Inhibition In SU.86.86 shMAPK8 Cells 

We further tested the SU.86.86 shMAPK8 cells for their response to 

AZD6244. Using various concentrations of the inhibitor to construct a dose 

response curve, we found the cells to have very minimal growth at any 

concentration tested (Fig. 4.4A). This limited growth made it difficult to make any 

GI50 value comparisons. When we normalized the curve to maximal growth, it 

appears that the response to the MEK 1/2 inhibitor has significantly tempered 

(Fig 4.4B). We no not believe that this is the case however, rather, knockdown of
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Figure 4.3 shRNA growth studies. A) Knockdown of JNK1 by shRNA for 
SU.86.86 and Yap-C cell lines – confirmed by qWestern. B) Growth studies for 
the SU.86.86 (left) and Yap-C (right) knockdown lines show shMMAPK8 to 
significantly slow growth. Statistics are shown for days 4 and 5. Denotations: * 
p≤0.05, ** p≤0.01, *** p≤0.001.  
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Figure 4.4 JNK1’s importance in cellular response to AZD6244 inhibition. 
A) AZD6244 inhibition curves show a sizeable decreased in cellular growth in 
shMAPK8 cells compared to shGFP cells. B) Normalization of the inhibition 
curves show no positive shift in the GI50 value of JNK1 KO cells, but such a 
small dynamic range of cell growth makes any conclusions difficult. C) Protein 
expression levels with increasing AZD6244 inhibition. Cells were treated with 
varying concentrations of MEK inhibitor matching those used in the inhibition 
curves. Protein expression levels for P-ERK show successful inhibition at 
higher concentrations. No changes in P-JNK were seen at any concentration 
tested.  
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JNK1 causes the cells to grow at such a slow rate, accurate results concerning 

the GI50 of AZD6244 cannot be made. 

 One question we did have from this experiment however was how 

significant were the effects of off-target inhibition from AZD6244, specifically on 

MEK 4/7. As a resistant cell line, SU.86.86 required a very high dose of AZD6244 

to slow growth (GI50=11.25 µM; Fig. 2.4). At those concentrations, it is 

reasonable to assume some off target inhibition might be occurring. We were 

concerned MEK 4/7, being parallel proteins to MEK 1/2, might be the recipients 

of the off-target inhibition. It follows that because SU.86.86 had substantially 

slowed in growth with JNK1 KD, the growth reduction in normal SU.86.86 could 

be from off target effects on MEK 4/7 decreasing JNK1’s activity. Therefore, we 

blotted for P-JNK1 in non-knockdown cells at all concentrations of AZD6244 

tested (Fig. 4.4C), but found no effect on JNK1 signaling even at the highest 

dose tested (20 µM). 

4.2.5. The JNK Inhibitor SP600125 Sensitizes Cells to MEK 1/2 Inhibition 

 As with the MERTK inhibitor UNC569, we tested JNK1 as a therapeutic 

target by using the JNK inhibitor SP600125. SP600125 is an anthrapyrazolone 

pan JNK 1/2/3 inhibitor with Ki=190 nM (238). It was selected because of its 

popularity in literature and medicine for inhibiting JNK proteins. When we tested it 

on our panel of 9 cell lines, we found it to be less potent than AZD6244 or 

UNC569 in limiting cell growth (Fig. 4.5A). Therefore, studies using this molecule 

were performed using 10-fold higher concentrations to account for this. When we
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Figure 4.5 Cell line sensitivities in response to the JNK inhibitor 
SP600125. A) From does response curves using SP600125, GI50 values for a 
panel of cell lines show a low potency of SP600125. B) Correlation analyses 
comparing cell line sensitivities to SP600125 and AZD6244 or SP600125 and 
UNC569. When an outlier is removed, cells resistant to the MEK inhibitor also 
tend to be resistant to the JNK inhibitor (correlation: p=0.0302, r=0.7555). No 
correlation was seen between the inhibitors UNC569 and SP600125. 
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compared the sensitivity of cell lines to JNK inhibition vs. MEK 1/2 we found no 

correlation (r=0.002), however when the outlier PaTu8902 was removed, we 

found a significant correlation between cells resistant to MEK 1/2 inhibition and 

cells resistant to JNK inhibition (r=0.7555, p=0.0302; Fig 4.5B). No correlation 

was found between the JNK inhibitor and the MERTK inhibitor. 

 We performed combinatorial studies using 20 µM SP600125 with varying 

concentrations of AZD6244 to determine if JNK inhibition could sensitize 

resistant cells to the MEK 1/2 inhibitor (Fig 4.6A). Excitingly of the 9 lines that we 

tested, 4 showed a positive shift in their GI50 value by over 1 log unit. All 4 lines 

were initially classified as resistant, but when we add the JNK inhibitor their GI50 

values fell closer to the “sensitive” groups range. Interestingly, 1 sensitive cell 

line did have a negative shift in GI50 from the combinatorial therapy, becoming 

over a log unit more resistant than monotherapy (Fig. 4.6B). It is unclear why this 

occurred. Nonetheless, using a combination of JNK and MEK 1/2 inhibitors in cell 

lines that are resistant to MEK 1/2 inhibition alone appears to be a promising 

therapeutic strategy. 

4.2.6. In Vivo Use of Combinatorial SP600125-AZD6244 Therapy 

 To expand on our in vitro findings, we tested the combination of JNK and 

MEK 1/2 inhibitors in animal tumor models. We created tumors using SU.86.86 

cells injected subcutaneously in the backs of mice (2 per mouse). After the 

tumors became palpable, (approximately 200 mm3), the mice were broken into 

four groups: Control, AZD6244, SP600125, or combinatorial therapy. AZD6244
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Figure 4.6 Combinatorial therapies using MEK inhibition with the JNK 
inhibitor. A) 9 Cell lines were tested for inhibition curves using AZD6244 
alone or in combination with 20 µM SP600125 (JNKi). Several curves show no 
combinatorial effects and others exhibit a sizeable shift in GI50. B) Evaluation 
of the overall combinatorial effects in the 9 lines revealed a >1 log unit shift in 
GI50 value for 4 of the 9 lines and 1 line became less sensitive by over 1 log 
unit.  
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was administered at 2.5 mg/kg bid and SP600125 at 12 mg/kg (10 fold higher 

molar concentration than AZD6244). Treatment was given over a 3-week period, 

bid, and tumors were measured two times per week. Tumors treated with 

monotherapy showed no difference throughout the study whereas the 

combinatorial group showed significant improvement in tumor volume (Fig. 4.7). 

Immunofluorescent imaging of tumor tissue treated with the different drug 

combinations show enhanced inhibition of P-c-Jun, a downstream protein in both 

pathways (Fig. 4.8). These findings support the use of combination therapy using 

JNK and MEK 1/2 inhibitors when pancreatic cancer is resistant to MEK 1/2 

inhibition alone. 

4.3. Discussion 

4.3.1 Phospho-Kinase Activity Changes after Conditioning 

 From the Phospho-Kinase array comparing normal and conditioned MIA 

PaCa-2 Cell, the biggest increases in signal were AKT and MAPK pathways. Of 

the MAPK cascades, JNK had the largest increase in phosphorylation after 

conditioning. This assay measured pan JNK, which integrates JNK1, JNK2, and 

JNK3. If only one specific isoform had increased phosphorylation, it would be 

tempered by the other two remaining stable. Similarly if one decreased in signal 

and the other increased it might be disguised as well. Teasing apart the isoforms 

might reveal more information about the pathways involvement in acquired 

resistance to MEK 1/2 inhibition, particularly if JNK1 is increased more than the 

other isoforms. 
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Figure 4.7 Combination therapy in subcutaneous tumor models. In vivo 
models using subcutaneous SU.86.86 tumors were treated bid with control, 
2.5 mg/kg AZD6244, 12 mg/kg SP600125, or both (AZD6244 + SP600125) for 
3 weeks. Growth curves (top) of tumors receiving each treatment plot average 
tumor volume. After week 2 and 3 (bottom) the combinatorial therapy cohort 
had significantly reduced tumor growth (p=0.0062 and p=0.0453 respectively). 
Denotations: * p≤0.05, ** p≤0.01, *** p≤0.001.  
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Figure 4.8 Immunofluorescent imaging of tumor tissues treated with 
different inhibitor combinations. Tumor tissue taken from mice 0, 8,15, and 
22 days after treatment began. Immunofluorescent labeling of P-c-Jun (red), 
wheat germ agglutinin (green) and DAPI staining the efficacy of each therapy 
to decrease P-c-Jun signaling. 
 



	
   109	
  

 From the Kinase array we also found STAT3 to be heavily downregulated 

after conditioning. This is particularly interesting because in other forms of cancer 

such as melanoma and lung, STAT3 has been known to become more active 

after MEK inhibitor conditioning (239, 240). However, Yoon et al. found that 

STAT3 activity only increased when PTEN was mutated and not with wild type 

PTEN (241). According to the catalogue of somatic mutations in cancer 

(COSMIC), MIA PaCa-2 cells do not have a mutation in PTEN (242); this may 

partially explain why STAT3 is downregulated and not upregulated, after 

conditioning. 

4.3.2. SP600125 as a JNK Inhibitor 

 To inhibit JNK1 signaling, we elected to use the inhibitor SP600125. Our 

choice was largely based on the inhibitor’s availability, its popularity in literature 

for comparisons and the amount of knowledge on the small molecule’s effects. 

However, these criteria do not account for the efficacy or specificity of the 

inhibitor. SP600125 is known to inhibit a number of proteins other than the JNK 

family (IC50=40-90 nM). It has an affinity for Aurora A (IC50=60 nM), TrkA 

(IC50=70nM), FLT3 (IC50=90 nM), MKK4 (IC50=400 nM), among others (238, 

243). Having multiple kinases upon which it acts makes it difficult to know if the 

effects we have seen in this chapter were truly from JNK inhibition or some off 

target effect. There are other available inhibitors, such as JNK Inhibitor VIII and 

AS601245, but these are often less potent or just a promiscuous as SP600125 

(244, 245). Nonetheless, repeating some of the experiments with a different JNK 



	
   110	
  

inhibitor may help identify some of the true effects of JNK inhibition as opposed 

to off target inhibition. 

4.4. Materials and Methods 

4.4.1. Antibodies and Drugs 

 The small molecule inhibitors AZD6244 (MEK 1/2 inhibitor) and UNC569 

(MERTK inhibitor) were purchased from Selleck Chemical and Millipore 

respectively. They were prepared in dimethyl sulfoxide (DMSO) with stock 

concentrations of 10 mM. Primary antibodies were purchased from Cell Signaling 

Technology [JNK1 (2C6), P-SAPK/JNK (81E11), P-c-Jun, p44/42 MAPK (ERK 

1/2) (137F5), P-p44/42 MAPK (P-ERK 1/2) (D13.14.4E), HSP90 (C45G5), Mer 

(D21F11)]. All secondary antibodies were purchased from Li-Cor [Donkey α-Goat 

800CW (926-32214), Donkey α-Mouse 680 (926-32222), Donkey α-Mouse 

800CW (926-32212), Donkey α-Rabbit 800CW (926-32213), Streptavidin 800CW 

(926-32230)]. Immunofluorescent antibodies used were goat anti-rabbit Alexa 

fluor 680 (Abcam), agglutinin Alexa fluor 488 (Life Technologies), donkey anti-

goat Alexa fluor 594 (Life Technologies), and DAPI (Life Technologies). 

4.4.2. Cell Culture 

 9 different PDAC cell lines were used in this study. All cell lines except 

PaTu 8902 and L3.6 pl were acquired from American Type Culture Collection 

(ATCC). The PaTu 8902 line was purchased from the german culture core 

Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). L3.6 cells 
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were obtained from Dr. Craig Logsdon (University of Texas, MD Anderson 

Cancer Center). AsPC-1, BxPC-3, MIA PaCa-2, PaTu 8902, SU.86.86 and Yap-

C were all growth in Roswell Park Memorial Institute (RPMI) medium 

supplemented with 10% (vol/vol) fetal bovine serum (FBS), 1% penicillin-

streptomycin (pen-strep; ATCC 30-2300), and 2mM L-glutamine (L-glut). L3.6 

and Panc-1 were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% (vol/vol) FBS, 1% pen-strep, and 2mM L-glut. Lastly, 

Capan-1 cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM) 

supplemented with 20% (vol/vol) FBS, 1% pen-strep, and 2 mM L-glut. All cells 

were incubated at 37°C, 5% CO2. 

 MIA PaCa-2 conditioning was performed using the same growth medium 

as indicated above supplemented with 2 µM AZD6244. After cell culture in this 

medium occurred for 2 months, the cells were considered “conditioned”. From 

this point forward, they remained in the AZD6244 medium unless otherwise 

indicated. 

4.4.3. Western Blots 

 All cell lines used for blots were grown to ~90% confluency in 10 cm 

culture dishes before being lysed in 300 µL of lysis buffer [PBS plus 1% Triton X-

100, 1x protease/phosphatase inhibitor (Cell Signaling Technologies)]. 

Quantification of protein concentrations was performed using a bicinchoninic acid 

(BCA) assay (Pierce) to ensure even loading between samples. Loading dye (3x) 

plus Dithiothreitol (DTT, New England Biolabs) was added before heat 
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denaturation and run on 4-15% TGX gels (Bio-Rad). Proteins were transferred to 

polyvinylidene difluoride (PVDF) membranes and incubated with the appropriate 

antibodies. Quantitative western (qWestern) blots were performed using 

fluorescent secondary antibodies (800 and 680 nm, Li-Cor) and a Li-Cor 

Odyssey imager. Quantification was performed using the manufacturer’s 

software. Correlation analyses with GI50 values were performed by calculating 

the Pearson product-moment correlation coefficient (r) using the Prism software. 

4.4.4. Phospho-Proteome Analysis 

 A Human Phospho-Kinase Array Kit (R&D Systems, ARY003B) was used 

to quantify the activity of 43 kinase phosphorylations and 2 key proteins 

expression levels. The product protocol was followed with minor alterations. 

Briefly, normal and conditioned MIA PaCa-2 cells were lysed with Lysis Buffer 6 

(R&D Systems) and agitated for 30 min at 4°C. The array membranes were cut 

to remove the numbering (they autofluoresce at the 800 wavelength) and blocked 

with Array Buffer 1 (R&D Systems) for 1 hr then incubated with 350 µg of cell 

lysates overnight at 4°C under gentle agitation. The membranes were then 

washed 3 times with the 1x wash buffer (R&D Systems). The membranes were 

then incubated with biotinylated detection antibodies for 2 h at room temperature 

and washed 3x times with 1x wash buffer. Deviating from the product protocol, 

we replaced the supplied streptavidin-HRP secondary, with Streptavidin 800CW 

(diluted in Li-Cor blocking buffer 1:20,000). Membranes were incubated with the 

secondary for 30 minutes before being washed and imaged using the Li-Cor 

imager. Quantification was performed using the Li-Cor software. 
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4.4.5. shRNA Lentiviral Transduction  

 Lentivirus pLK0.1 vectors encoding shRNA against human JNK1 and GFP 

were purchased from Open Biosystems. Cells were seeded on 12-well plates 

and grown to 50% confluence. The media were replaced by fresh media 

containing polybrene (4 µg/ml). GFP, MERTK and AXL shRNA lentiviral particles 

were thawed at room temperature and gently mixed before adding to the cells. 

Three different ratios of virions to cells were used (1:1, 2:1, and 3:2). The 

infected cells were incubated overnight and the next morning the media were 

replaced to fresh media without polybrene. Stably transfected cells were selected 

by puromycin treatment (3 µg/mL for SU.86.86 and 2 µg/mL for Yap-C). To 

further select stable clones, a single colony was isolated using the trypsin 

method (228). Downregulation of the JNK1 protein was verified via qWestern.  

4.4.6. Cell Proliferation Assays 

 Cells were plated in triplicate using 6 96, opaque walled well plates (one 

for each day) at a concentration of 2,500 cells/well. After 8 hrs, the number of 

viable cells in each well of the Day 0 plate was determined by quantifying the 

ATP presence with a CellTiter-Glo® (Promega) cell viability luminescent assay. 

An ATP control (500 nM solution in PBS) was added in triplicate to blank wells, 

100 µL/well. 100 µL of CellTiter Glo® reagent, prepared according to protocol, 

was added to each of the cell and ATP wells. After a 10-minute incubation in the 

dark, the luminescence of each well was recorded using a FLUOstar OPTIMA 

microplate reader. Each day the process was repeated using the next cell plate 
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and fresh ATP. Normalization between the days was performed using the ATP 

well readings. 

4.4.7. Dose Response Curves 

 Cell lines were plated in two 96 well plates at a concentration of 2,500 

cell/well. After 24 hrs, fresh media containing concentrations of AZD6244 ranging 

from 20 µM down to 63.2 pM by half-log units, or from 200 µM to 632 pM for the 

JNK inhibitor SP600125, were added to each well in triplicate, after which the 

cells were incubated for three additional days. For combinatorial studies using 

SP600125, every well had a constant dose of the JNK inhibitor (20 µM) and the 

concentration of AZD6244 was varied. The second plate was used for an initial, 

“Day 0” reading. These cells were washed 3 times with phosphate buffered 

saline plus calcium and magnesium (PBS+) then fixed with 4% 

paraformaldehyde (PFA). The cells were again washed then incubated in Syto® 

60 dye (Life Technologies) diluted 1:3,000 in PBS+ for 1 hr. Cells were 

subsequently washed 6 times and imaged using a Li-Cor Odyssey at the 680 

wavelength. Quantification was performed using the Li-Cor software. After the 

three-day incubation the inhibited cells in the first plate were processed the same 

way and quantified with the imager. Inhibition curves were reconstructed in Prism 

software using a 3-parameter (Bottom, Top, and IC50 with the hill slope 

constrained to -1) dose response curve. The equation used was 

Y=Bottom + (Top-Bottom)/(1+10^((X-LogIC50))). The curves were adjusted by 

subtracting the Day 0 intensity (therefore y=0 indicates no growth) and the top of 

the curve adjusted to 1 (maximal growth). The result was a curve that had a max 
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value of 1, and when it crossed the x-axis indicated zero growth. GI50 values 

were then calculated from these curves for the concentration of inhibitor that 

caused a 50% decrease in cell growth. Combinatorial dose response curves 

were performed using 2 inhibitors, one of which was held constant throughout all 

the wells and the other inhibitor having varying concentrations (performed in 

triplicate). 

4.4.8. In Vivo Tumor Models 

 In vivo models were performed subcutaneously using nude mice. Cells 

were grown to 90% confluency then lifted with trypsin, resuspended in Hank’s 

Balanced Salt Solution (HBSS) and mixed with Matrigel (BD Biosciences) 1:1. 

Cells were injected into the back of mice using 150 µL volume at a concentration 

of 5 million cells/mL. The control and inhibitor suspensions were prepared in a 

viscous solution of Methocel in DPBS+ (5 mg/mL). After tumors became palpable 

(~200 mm3), treatment drug (2.5 mg/kg for AZD6244, 12 mg/kg SP600125, or 2.5 

mg/kg AZD6244 + 12 mg/kg SP600125) or vehicle control was administered bid. 

for up to 4 weeks or until tumor burden reached limit as mandated by the animal 

care and use committee. Tumor size was measured using calipers. 

4.4.9. Immunofluorescent Imaging 

 Tumors from the mice under study were fixed in 4% paraformaldehyde for 

1 hr, followed by equilibration in 30% sucrose overnight at 40C. The tumors were 

washed 3-4 times in DPBS (Dulbecco’s phosphate-buffered saline), placed in 

OCT medium (Sakura Finetek USA, Inc, Torrance, CA) and frozen by placing 
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over liquid N2 vapors. The embedded tumor samples wer then cut into 5-7 µm 

sections using a cryostat (Leica Microsystems Inc, Buffalo Grove, IL), for 

subsequent imaging with a fluorescence microscope fitted with appropriate filter 

sets (Olympus BX41). Antibodies were prepared by diluting P-c-Jun 1:75 (Cell 

Signaling Technologies) and incubated with the tissues overnight at 40C. The 

next day the appropriate secondary antibodies [goat anti-rabbit Alexa fluor 680 at 

1:250 dilution (Abcam) and donkey anti-goat Alexa fluor 594 at 1:200 dilution 

(Life Technologies)] were applied. After washing, wheat germ agglutinin Alexa 

fluor 488 (1:500) was applied for 5 minutes. The tumors were washed again and 

then prepped for imaging by adding mounting medium containing DAPI and 

sealed with a coverslip. They were imaged using a fluorescence microscope with 

a 20X objective. Images were processed using image J.  
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5.1. Introduction 

 The last few decades have seen enormous progress in proteomic, 

genomic, and metabolomic understanding and treatment of disease. However, 

off-target effects of small molecules have hampered drug usage due to toxic side 

effects resulting in the removal of patients from treatment regimens. Targeting 

strategies have become a prominent focal point for new drug design with the 

promise of increasing drug delivery to targeted cells while reducing toxicity. A key 

component to precision medicine will be more precise targeting of therapeutics to 

cancer over normal tissue. Unless a drug itself is capable of targeting a desired 

cell type, such as a therapeutic antibody, hybrid complexes or multifunctional 

nanoparticles are needed to combine a therapeutic drug with a targeting moiety. 

Small molecules, aptamers, peptides, and antibodies comprise the most common 

moieties used in these applications. While each has its benefits, peptides are 

easy to tether, can be rapidly screened, can be chemically synthesized, and can 

bind with high affinity and specificity without eliciting an immune response. These 

qualities make them attractive for targeting. 

 Of the known ways for producing and screening high affinity peptides, 

phage display has been one of the most effective and economical. Over the past 

three decades, phage display has been used to discover thousands of 

specifically targeted peptides. A common system uses bacteriophage expressing 

random peptides on the pIII coat protein, resulting in a diverse library, which can 

contain ≥109 different combinations. However, the peptide sequences are limited 

in the sense that they must be made from the pool of the 20 standard 
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ribosomally-encoded amino acids. Methods have been developed to expand 

upon this pool, including the incorporation of phosphorylated proteins (247) or 

modification with unnatural amino acids such as citrulline (248, 249). However, 

these expansions have been incremental and any chemically large modification 

of the pIII protein could compromise the phage coat or more likely decrease the 

infectivity and expansion of the phage (250). As an alternative, post-biosynthetic 

modification of the phage would circumvent these limitations and enable the 

incorporation of rationally selected small molecules. This would involve using a 

biological linker produced by the phage to enable proteins or synthetic 

compounds to be tethered selectively to the linker after phage replication. An 

example of this was described by Barrett et al. in 2007 using icosahedral phage 

and a streptavidin-biotin linking system in the coat proteins (251). 

 We sought to create a means of producing targeted incorporation of 

small molecules onto phage using the previously identified selenocysteine (Sec) 

insertion sequence (252, 253). Sec, the 21st amino acid, is expressed in a 

ribosome-mediated protein synthesis manner and the selenol side chain has a 

pKa of ~5.47, which is lower than that of the chemically related Cysteine (Cys, 

pKa ~8.0) thus allowing Sec to display stronger nucleophilicity and reactivity than 

Cys at physiological pH. Therefore, it is possible to tether molecules selectively 

to Sec and not Cys (254) in a seleno-pIII displaying phage. This method ensures 

that: 1) no other coat proteins are affected; 2) proper orientation of the phage and 

small molecule occur when screening; and 3) various flanking peptide sequences 

can be screened. Furthermore, because Sec is coded for by UGA and requires 
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opal suppression, a functional pIII protein (required for phage propagation) only 

occurs upon successful Sec insertion (252, 255). 

As a proof of concept, we chose to work with several small molecule 

ligands that target the adenosine A1 receptor. The A1 receptor is one of four G 

protein-coupled receptors (256) found in many tissues including heart, brain and 

adipose tissue. The adenosine A1 receptors modify the function of many tissues 

including cardiac, neuronal, renal and adipose (257). N6-substituted adenosine 

analogs have been synthesized that bind with high affinity to the A1 subtype. 

 Here, we demonstrate that small molecules that target the adenosine A1 

receptor can be tethered to M13 phage via displayed Sec residues, and that the 

resulting multivalent constructs enhance the binding of the tethered phage to 

adenosine A1 receptor-expressing cells. Using competition assays, we also show 

that the modified phage is potent and specific for the A1 receptor and capable of 

activating the receptor and its downstream signaling pathways. This technology 

has broad applications and introduces new ways for performing small molecule 

screens, which serve as platforms for developing improved peptide-drug hybrid 

compounds.  

5.2. Results 

5.2.1. Modification of Selenopeptide-Displayed Phage with Adenosine Receptor 

Ligands  

 Phage displaying five Sec-pIII peptides, each containing a Sec residue, 

were produced using a modified Escherichia coli strain (ER2738selABC) in the 
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presence of selenite as previously reported (255). Sec-phage were stored 

anaerobically to maintain reactivity of the selenol group. The displayed Sec-pIII 

peptide (SARVSecHGP) is not known to have any specific targets and is thus 

treated as an inert sequence. A schematic of the insertion of Sec into the peptide 

and subsequent modification is depicted in Figure 5.1. The small molecules were 

incorporated specifically into the pIII peptide sequence as visualized by Western 

blotting, demonstrating the specificity of the approach (Fig 5.2). N6-

octylaminoadenosine (NOAM), a small molecule adenosine A1 agonist 

specifically designed to have selectivity for the A1 receptor (KD=2.4±0.3 nM) over 

the A2A receptor (KD=1.9±0.2 µM), was modified via its primary amine to include 

an iodoacetyl group for tethering to the Sec and a biotin for detection (NOAMI-

Bt). Incubation of the s12d phage and NOAMI-Bt in a 1:167,000 molar ratio of 

phage to small molecule at room temperature for 1 h resulted in the modification 

of pIII-Sec only with NOAMI-Bt as only one band was present corresponding to 

the pIII coat protein molecular weight (Fig. 5.2A). As a control, an iodoacetyl-

PEG2-biotin (Bt) was reacted with the phage in the same ratio. A summary of all 

the phage-small molecule combinations can be found in Table 5.1. A set of 

negative control reactions were performed with M13KE phage (no Sec) or s12d 

and vehicle only. M13KE phage did not react with the small molecules under 

these conditions. Quantitative Western blotting (qWestern) revealed that the Bt 

reaction is 2-fold less efficient than that of NOAMI-Bt (Fig. 5.2B). Therefore for all 

subsequent experiments, a 1:333,000 ratio of phage to Bt was used to have 

equivalent tethering between the Bt and NOAMI-Bt molecules (Fig. 5.2C).
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Figure 5.1 Schematic of the M13KE bacteriophage with incorporation of 
selenocysteine for site-specific modification. A Sec insertion sequence 
and UGA codon were inserted at the 5’ end of M13 gIII, which encodes for the 
pIII coat protein, providing five Sec residues for small molecule tethering under 
appropriate conditions (246). 
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Figure 5.2 Site-specific modification of seleno-pIII coat protein of s12d 
phage. A) Phage modified with the indicated reagents were analyzed via 
Western blotting for the presence of biotin (top) and the pIII coat protein 
(bottom).  Bands are seen at molecular masses near 60 kDa (the apparent 
molecular weight of the pIII protein) for biotin tethered and NOAMI-Bt tethered 
s12d phage but not for negative control, Sec-free M13KE phage. B) Phage-
small molecule complexes were reacted and quantified using qWestern 
blotting (left) to determine the relative efficiency of small molecule tethering 
(right). C) Small molecule tethering efficiency. Left) qWestern blots for Biotin 
and pIII using different phage-small molecule reaction conditions (100 µM, 50 
µM and 25 µM small molecule and 0.3 nM s12d phage). Control and NOAB-Bt 
reactions are also shown. Right) Quantification of the biotin bands normalized 
to pIII show the efficiencies of the labeling reactions (246).  
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Table 5.1 Modified Phage Molecules. A summary of the 5 molecules used in 
this chapter, the tethered small molecule functions, modifications, and 
chemical structures. The chemical structures are those of the tethered 
molecule (246).  
 

!

temperature for 1 h resulted in the modification of pIII-Sec only with NOAMI-Bt as only 

one band was present corresponding to the pIII coat protein molecular weight (Fig. 2A). 

As a control, an iodoacetyl-PEG2-biotin (Bt) was reacted with the phage in the same 

ratio. A summary of all the phage-small molecule combinations can be found in Table 1.  

Phage-Small 
Molecule 

Tethered 
Molecule Function Chemical Structure 

s12d-BW4133I BW4133I 
Non-selective 

adenosine receptor 
antagonist 

 

s12d-Bt Bt Negative control  

s12d-NOAMI NOAMI 
Selective 

adenosine A1 
agonist 

 

s12d-NOAMI-Bt NOAMI-Bt 
Selective 

adenosine A1 
agonist 

 

s12d-XACI XACI 
Non-selective 

adenosine receptor 
antagonist 

 

Table 1. Modified Phage Molecules. A summary of the 5 molecules used in this report, the tethered 

small molecule functions, modifications, and chemical structures. The chemical structures are those of 

the tethered molecule.  

 

A set of negative control reactions were performed with M13KE phage (no Sec) or s12d 

and vehicle only. M13KE phage did not react with the small molecules under these 

conditions. Quantitative Western blotting (qWestern) revealed that the Bt reaction is 2-

fold less efficient than that of NOAMI-Bt (Fig. 2B). Therefore for all subsequent 
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 To demonstrate the versatility of the Sec-phage system, additional 

molecules were tethered to the s12d phage. Two non-selective adenosine A1 

antagonists, Xanthine Amine Congener (XAC) and BW1433, were functionalized 

as iodoacetamides, forming the reactive molecules XACI and BW1433I, 

respectively. These modified molecules, as well as a functionalized NOAM 

without Bt (NOAMI), were reacted with the phage for 1 h then chased with the Bt 

molecule. Detection of effective modification was observed by a lack of Bt 

binding in Western blots. As with Bt and NOAMI-Bt, site-specific modification of 

the pIII coat protein was observed (Fig. 5.3). 

5.2.2. NOAMI-Bt-Modified s12d Specifically Targets the A1 Receptor 

 To determine if NOAMI-Bt still binds to the adenosine A1 receptor when 

conjugated to s12d phage, CHO-K1 cells were stably transformed to express the 

human adenosine A1 receptor (hA1-CHO). Presence of the receptor protein was 

validated via Western blot (Fig. 5.4 Inset). Enzyme-linked immunosorbent assays 

(ELISAs) were then performed to assess the modified phage’s ability to bind the 

cells. Three different phage species were tested: unmodified s12d, Bt modified 

(s12d-Bt) and NOAMI-Bt modified (s12d-NOAMI-Bt). Increasing concentrations 

of phage were incubated with the cells for 1 h. After removing the excess phage 

by repeated wash steps, the cells were incubated with horseradish peroxidase 

(HRP) labeled anti-pVIII antibody (α-pVIII-HRP) and the phage bound to cell 

receptors were quantified by absorbance at 652 nm using a colorimetric 

substrate to HRP, 3,3’,5,5’-tetramethylbenzidine (TMB) (Pierce). The phage 

modified with the NOAMI-Bt molecule exhibited high binding affinity with a
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Figure 5.3 Successful modification of sec-phage with additional small 
molecules. Conjugation of additional small molecules to s12d or M13KE 
phage. Phage were incubated with the indicated molecules and subsequently 
incubated with Bt. As the small molecules did not contain a biotin group, the 
decrease in a band corresponding to the presence of biotin indicates 
successful tethering of small molecules (246).  
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Figure 5.4 NOAMI-Bt conjugated phage bind hA1-CHO cells with high 
affinity. Cell binding assays using human adenosine A1 receptor-expressing 
CHO cells and modified s12d phage.  Cells were incubated with NOAMI-Bt 
modified phage in the presence of phage detected via ELISA. NOAMI-Bt 
modified phage bind with high affinity (ED50 = 0.17 nM) whereas control phage 
(unmodified or Biotin conjugated only) demonstrated negligible binding. Inset) 
Western blot of hA1-CHO cells for the human Adenosine A1 receptor reveals a 
strong band at approximately 36 kDa, the reported molecular weight of the A1 
receptor (246). 
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ED50=0.17 nM, 14 fold lower than the ED50 of the free molecule, indicating a 

possible increased affinity due to multivalency and avidity effects. In contrast, 

both unmodified s12d and s12d-Bt exhibited negligible binding (Fig. 5.4). 

 Competition experiments were performed to further validate the specificity 

of NOAMI-Bt for the A1 receptor. hA1-CHO cells were pre-blocked for 1 h using 

free NOAM molecule at varying concentrations before s12d-NOAMI-Bt phage 

were added at 0.5 nM. After 1 h of incubation, residual bound phage were 

detected by absorbance as previously described (Fig. 5.5A). As expected, the 

small molecule competed s12d-NOAMI-Bt away from the A1 receptor (final 

ED50=577 µM). 

 Competition assays with radiolabeled [125I]-aminobenzyladenosine (125I-

ABA), an adenosine A1 receptor agonist (73), were performed to further validate 

the specificity and affinity of s12d-NOAMI-Bt phage for the A1 receptor. 125I-ABA 

was applied for 1 h to hA1-CHO membranes. Membranes were used because 

they bind agonists such as 125I-ABA with high affinity through receptor-G protein 

complexes. Modified phage were used at increasing concentrations to compete 

with the bound 125I-ABA. At all concentrations of the s12d-NOAMI-Bt phage 

tested, a significant decrease in the bound 125I-ABA was detected. Specific 125I-

ABA binding after 1 h of incubation with 0.02, 0.2, and 2.0 nM phage was 

reduced by 18%, 54% and 77%, respectively. The control phage (s12d-Bt) even 

at the highest concentration competed negligibly (<10%) for 125I-ABA, confirming 

the specificity of the modified phage for the A1 receptor (Fig. 5.5B). Taken
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Figure 5.5 NOAMI-Bt conjugated to phage retain specificity for A1. A) 
Competition assays. hA1-CHO cells were incubated with increasing 
concentrations of free NOAM followed by 0.5 nM NOAMI-Bt or Bt modified 
phage. As in A, phage binding were detected via ELISA.  B) Radioligand 
competition assays. 125I-ABA incubated with hA1-CHO membrane was 
reduced by 18%, 54% and 77% with increasing concentrations of s12d-
NOAMI-Bt (right) but not s12d-Bt (left) (246). 
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together, these experiments demonstrate that specificity of the conjugated 

molecule for the A1 receptor is retained. 

5.2.3. Phage-Binding Kinetics 

 s12d-NOAMI-Bt, s12-Bt, and unmodified s12d phage were added to hA1-

CHO cells for different time periods and the binding kinetics of the phage to hA1-

CHO cells were determined. As can be seen from the graph in Figure 5.6, 

association kinetics past 10 min conformed to standard exponential binding 

kinetics with kon=1.98x106 M-1s-1. However, during the first 10 min, phage binding 

was minimal, suggesting that phage are not freely accessible to cell receptor or 

that binding is cooperative. Similarly for s12d-NOAMI-Bt dissociation kinetics, a 

45-minute lag is seen where the data deviates from typical exponential decay. 

Beyond 45 min, however, the data can be fit to an exponential equation with a 

koff=2.02 x 10-4 s-1 (t1/2=57 min). Combining observed apparent kon and koff values 

assessed at long incubation times, we can calculate an apparent KD=0.10 nM. 

5.2.4. NOAM Retains Its Agonist Function when Tethered to s12d Phage 

 In addition to binding to the A1 receptor, we wanted to determine if the 

tethered molecule retains its agonistic function. Active human adenosine A1 

receptors expressed in CHO-K1 cells have previously been reported to signal 

through the AKT pathway. Cheng et al. were able to use the small molecule 

agonist N6-cyclohexyladenosine (CHA) to stimulate the receptor and increase P-

ATK within 2 minutes and found peak activation around 5 min (258). We were 

able to reproduce this observation using CHA in our hA1-CHO cells (Fig. 5.7A).
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. 

Figure 5.6 Binding kinetics of modified s12d phage. A) Aliquots containing 
0.5 nM of phage were incubated with hA1-CHO cells at 4°C for the indicated 
times. Due to deviation from standard binding kinetics (red box), association 
kinetic curve fits of s12d-NOAMI-Bt binding (squares) excluded the first 10 min 
were fit with a R2=0.868. Unmodified (triangles) and Bt modified (circles) 
phage are fit without omission. B) Phage were incubated for 1 h with hA1-CHO 
cells and then removed. The cells washed at various time and remaining 
phage was quantified via ELISA. Data beyond 45 min were fit to a single 
exponential decay curve (R2=0.879) as illustrated for s12d-NOAMI-Bt (246). 
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Figure 5.7 NOAMI-Bt is functional when tethered to s12d phage. A) AKT 
pathway activation by small molecules and modified phage. hA1-CHO cells 
were incubated with the indicated concentrations of CHA, NECA, and NOAMI-
Bt molecules or modified phage for 15 min. Activation of AKT was analyzed by 
qWestern blotting for phospho-AKT and normalized to β-actin. B) Activation 
plot fits based on the qWestern blots and normalized to baseline for AKT in 
response to increasing concentrations of s12d-NOAMI-Bt (gray squares, 
EC50=3.20 pM), free NOAMI-Bt (black squares, EC50=510 nM), CHA 
(triangles, EC50=2.44 nM), or NECA (circles, EC50=1.88 nM) (246). 
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Therefore, we used this pathway to determine the receptor activation potency in 

hA1-CHO cells. The presence of a doublet in the Western blot for T-AKT or P-

AKT was consistent with previously published reports (259). Various 

concentrations of s12d-NOAMI-Bt phage were incubated with cells and the 

extent of AKT activation was compared to that of s12d-Bt and several free A1 

agonists, CHA, N5-ethylcarboxamido-adenosine (NECA), and NOAMI-Bt. To 

assess extent of AKT activation, the 15 min time point was chosen to account for 

the 10-min delay of phage binding to cells as observed in the phage binding 

kinetics (Fig. 5.6A). Remarkably, the NOAMI-Bt modified phage were able to very 

potently stimulate a response in the AKT pathway (EC50=3.20 pM), whereas 

s12d-Bt control phage were unable to elicit a response (Fig. 5.7A). Interestingly, 

conjugated NOAMI-Bt invoked a response at a concentration of ~5 orders of 

magnitude lower than that of free NOAMI-Bt (EC50=5.11x105 pM) (Fig. 5.7B). 

When compared to free CHA (EC50=2.44x103 pM) and NECA (EC50=1.88x103 

pM), s12d-NOAMI-Bt activation of AKT was 3 fold greater. 

5.3. Discussion 

5.3.1. Small Molecule Tethering Efficiency 

 Throughout this chapter, we had worked with the assumption that 5 small 

molecules were tethered to each phage. Although 100% efficiency is not 

plausible, we do believe that we had >90% tethering efficiency, based on our 

findings in Fig. 5.2 and Fig. 5.3. After the s12d phage were reacted with XACI, 

BW1433I or NOAMI (none of which have a biotin group), excess Bt was added to 
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react with any remaining Sec groups. The lack of strong biotin bands in the 

Western blots, <10% of the s12d-Bt control, implies a high small molecule 

tethering efficiency. Probabilistically, a 90% tethering efficiency would result in 

59% of the phage having all 5 Sec residues tethered (0.95) and 92% having at 

least 4 small molecules tethered (0.95+5·0.94·0.11). Only 0.001% of phage (0.15) 

would not have a small molecule bound. 

5.3.2. Enhanced Binding Affinity through Pentavalancy 

 The modification of the pentavalently-displayed pIII-Sec with NOAMI-Bt 

results in a striking increase in the affinity of the tethered NOAMI-Bt molecule 

compared to the free form. Although the kinetics of phage binding to adenosine 

receptors on CHO-A1 cells suggest that the phage is not as accessible to 

receptors as small molecules, a shift of ~5 orders of magnitude in the EC50 of 

NOAMI-Bt compared to free small molecule for activation of AKT is observed 

when the molecule is tethered to s12d. This is a remarkable difference that we 

attribute largely to an avidity effect in binding due to the pentavalent display of 

the NOAMI-Bt-modified pIII-Sec phage coat protein. It has been reported that the 

covalent linking of two or more ligands within physical proximity to target 

molecules results in affinity enhancement that is primarily manifested as a result 

of a slowed dissociation (260). Therefore, the tethering of 5 NOAMI-Bt molecules 

to the surface of the phage was expected to exhibit a very high apparent binding 

affinity. If all or most of the closely spaced tethered ligands are capable of 

binding receptors simultaneously, it is unlikely that all of the tethered ligands will 

dissociate simultaneously, resulting in very slow dissociation kinetics. Also, the 
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local concentration of tethered agonists in the region of the A1 receptor is 

effectively high due to the closely packed selenocysteines displayed on the tip of 

the phage; one tethered molecule bound to a receptor keeps four other tethered 

molecules in very close proximity to other receptors. 

5.3.3. Delayed Binding Kinetics 

 Compared to the unconjugated small molecule radioligands, we did notice 

deviations in both association and dissociation kinetics of tethered phage. There 

are a number of factors that may contribute to this phenomenon. Since phage 

are large molecules, it may take time for them to diffuse and orient to enable 

productive binding to receptors. Also, their multivalency likely contributes to 

changing effective affinity, that is, as phage bind the local concentration 

increases; thus the overall effective concentration increases driving the process 

forward. Multivalency could also account for the delayed release of phage; if a 

single phage is bound to multiple receptors, keeping it bound to the surface even 

when one receptor-agonist bond breaks. Phage dissociation may appear to 

accelerate as a consequence of receptors being taken up into cells and possibly 

uncoupled from G proteins that favor high affinity binding. Another possibility is 

that a change in receptor conformation is needed to switch from a low affinity to a 

high affinity state for binding and the reverse for dissociation. This may result 

from the formation of R-G complexes.  
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5.4. Materials and Methods 

5.4.1. Antibodies and Materials 

 Antibodies were purchased from Abcam [Adenosine A1 Receptor 

(EPR6179)], Cell Signaling Technology (CST) [AKT (C67E7), P-AKT (Ser473 

9271), β-Actin (8H10D10), Streptavidin-HRP (3999)], GE Healthcare [M13-HRP 

(27-9421-01)], and Li-Cor [Rabbit-800CW (926-32213), Mouse-800CW (926-

32212), Mouse-680LT (926-68022), Streptavidin-800CW (926-32230)]. CHA and 

NECA were purchased from Abcam and prepared in dimethyl sulfoxide (DMSO).  

N6-octylamineadenosine (NOAM) and N6-aminobenzyladenosine (ABA) 

were gifts from Dr. Susan M. Daluge of GlaxoSmithKline PLC. ABA was radio-

iodinated and purified as described previously (261). The Ki of NAOM for binding 

to the human A1 receptor was determined by competition for radioligand binding 

as described previously (256, 261). 

5.4.2. Preparation of hA1-CHO Cells 

 An expression plasmid for the human A1 receptor in the CLDN10B 

mammalian expression vector was prepared as described (261). The adenosine 

receptor was introduced into CHO-K1 cells by means of Lipofectin (Life 

Technologies) and colonies were selected by growth in 1 mg/mL G418 (Life 

Technologies) and maintained in 0.5 mg/mL G418. The agonist radioligand 125I-

ABA was found to bind to a total of 3.5 pmol/mg recombinant human A1 

receptors on hA1-CHO cell membranes with a KD of 1.02 nM (261).  
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5.4.3. Preparation of Modifying s12d Phage 

 Selenocysteine phage were amplified using ER2738SelABC E. coli in the 

presence of selenite and quantified as described previously (255). The phage 

were resuspended in Tris-buffered saline (TBS; 50 mM Tris-HCl, pH 7.5 and 150 

mM sodium chloride (NaCl)) with 50% glycerol and stored at -20°C under 

anaerobic conditions (95% N2, 5% H2, and O2 <1 ppm) to prevent oxidation of 

selenocysteine to unreactive species.  

 Tethering of all small molecules was performed in either small (40 µL) or 

large (250 µL) reaction volumes in Glycine Buffered Saline (GBS) pH 2.5. Small 

reactions used a phage concentration of 0.3 pM and the large reactions, 30 nM 

with small molecules at final concentrations for the desired ratio. The reactions 

were performed for 1 h at room temperature in the dark with the large reactions 

performed using a stir bar for constant mixing. For molecules without a biotin 

incorporated (XACI, BW1433I, and NOAMI) a second reaction step where Bt was 

added at a final concentration of 50 µM for 30 min was performed to react with 

any unmodified phage. All reactions were subsequently quenched using 40 mM 

DTT (Thermo Sci). Overnight dialysis was performed in TBS to remove the 

excess, untethered small molecules before use. 

5.4.4. Immunoblotting for the Detection of s12d Modification and Cho Cell Activity 

 Phage were denatured via heating in SDS sample buffer containing 3x 

loading dye and DTT (NEB). Equivalent amounts of protein were resolved on 
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20% Tris Glycine Gels (Novex) and transferred onto PVDF membranes 

(Millipore) for immunoblot analysis.  

 All CHO cell blots used cells grown to ~90% confluency in 6 well plates, 

treated with the indicated testing conditions and lysed in 150 µL of lysis buffer 

(PBS plus 1% Triton X-100, 1x protease/phosphatase inhibitor (CST). Loading 

dye (3x) plus DTT (NEB) was added before heat denaturation and run on 4-15% 

TGX gels (Bio-Rad). Proteins were transferred to polyvinylidene difluoride 

(PVDF) membranes and incubated with the appropriate antibodies. Quantitative 

Western blots were performed using fluorescent secondary antibodies (800 and 

680 nm, Li-Cor) and a Li-Cor Odyssey imager. Quantification was performed 

using the manufacturer’s software. 

5.4.5. Enzyme Linked Immunosorbant Assays (ELISAs) 

 hA1-CHO cells were grown to ~90% confluency in 96 well plates. Cells 

were washed with phosphate buffered saline plus calcium and magnesium 

(PBS+) containing 1% BSA and 0.1% Tween-20 3 times before the addition of 

phage in 20 µL PBS+. After 1 h incubation at 4°C (to minimize phage 

internalization), unbound phage were removed and the cells washed 3 times. 

The cells were then fixed in 4% paraformaldehyde for 10 min. The cells were 

washed 3 more times before incubation with anti-M13-HRP (1:3,000 dilution in 

PBS+ 2% BSA, GE Healthcare) for 1 h. The cells were then washed 5 times and 

Ultra-TMB (Thermo Sci) added for 10 min before the absorbance was measured 

at 652 nm. 
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 Kinetic assays were performed in a 96 well plate using reverse order of 

phage addition, that is, all phage incubations were designed to finish at the same 

time with their initial addition point being variable. Three wells were washed per 

condition and the phage, 0.5 nM, were added for the longest time point. After a 

certain period of incubation at 4°C, the next set of wells were washed and the 

second longest time point phage were added and the same procedure was 

repeated until the shortest time point phage were added followed by the 

appropriate incubation time. The plate was then processed as detailed above. All 

curve fits were performed using Prism software. 

5.4.6. Competition Binding Assays 

 hA1-CHO cells grown in 96 well plates were washed with PBS+ 3 times 

before adding varying concentrations of NOAMI-Bt in 20 µL PBS. After 1 h 

incubation at 4°C, unbound NOAMI-Bt was removed and the cells were washed 

again 3 times in PBS+. 20 µL of phage were then added at a concentration of 0.5 

nM and incubated with cells for 1 h at 4°C. The cells were then fixed and 

processed the same as described for the ELISAs.  

 For the radiolabeled competition assays, hA1-CHO cells were washed with 

PBS and harvested in buffer A (10 mM HEPES, 20 mM EDTA, pH 7.4), 

supplemented with protease inhibitors (20 pg/mL benzamidine, 100 pM 

phenylmethylsulfonyl fluoride, and 2 pg/mL of aprotinin pepstatin, and leupeptin). 

The cells were homogenized in a Polytron (Brinkmann) for 20 s, centrifuged at 

30,000 g, and the pellet was washed twice with buffer HE (10 mM HEPES, 1 mM 
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EDTA, pH 7.4, containing protease inhibitors). The pellet was resuspended in 

buffer HE, supplemented with 10% sucrose, and frozen in aliquots at -80°C.  

 Binding assays for human A1 adenosine receptors were performed with 

the agonist [125I]-aminobenzyladenosine (125I-ABA). Experiments were performed 

in triplicate using 96 well GF/C filter plates (Millipore). To each well, 10 µg hA1-

CHO membrane protein, 0.5 U/mL adenosine deaminase, Hepes buffer + 5 mM 

MgCl, and various concentration of phage or competing ligands were 

added, followed by 0.1 - 0.2 nM of carrier free 125I-ABA, resulting in a total 

volume of 100 µL. After a 1-hr incubation at room temperature, the liquid in the 

wells was drawn through the filters under vacuum, and the filters washed by 

vacuum filtration 3 times with 200 µL ice cold buffer. The filters were removed 

with a filter punch and the 125I-ABA bound to receptors in the membranes was 

retained on the filters and counted in a gamma counter. Nonspecific binding was 

measured in the presence of 10 µM N-ethylcarboxamidoadenosine.  

5.4.7. AKT Activation Assays 

 hA1-CHO cells were grown in 96 well plates until ~90% confluency. The 

media was removed, the cells washed once with PBS+, and then fresh media 

with varying concentrations of small molecule or phage added. After a 15 min 

incubation at 37°C, the media was removed and the cells washed 3 times with 

PBS+. Cells were lysed in 150 µL of lysis buffer and immunoblotting was 

performed as indicated above. 
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6.1. Future Directions 

6.1.1. MERTK and JNK1 in Lung Cancer 

RAS mutations occur not just in PDAC but are seen in many forms of 

cancer. In lung cancer, RAS is mutated in 15%-20% of tumors (71). Although not 

a RAS mutation, BRAF (downstream of RAS but upstream of MEK) is known to 

be mutated in 2/3 of skin cancer, and subsequently the clinical use of MEK 

inhibitors has been a fruitful strategy in melanoma where Trametinib has gained 

FDA approval (262). The two proteins identified through this work, MERTK and 

JNK1, may be important either as markers of resistance or targets for 

combinatorial therapies so that other cancers with similar genetic mutations or 

MEK pathway dependence can share this success. 

Because many of the same aberrant pathways in PDAC occur in RAS-

mutant lung cancer, NSCLC lines are ideal for determining if MERTK or JNK1 

has utility in other cancers. We performed a preliminary analysis using a small 

panel of lung lines to evaluate the correlation of MERTK and JNK1 expression 

levels to AZD6244 resistance. Six NSCLC cell lines were chosen with a broad 

range in sensitivity to the inhibitor (263, 264) to get a representative panel for 

lung cancer (Fig. 6.1A). Our GI50 values (Fig. 6.1B,C) were consistent with the 

findings of Davies et al. Western blots showed a strong trend of MERTK 

expression with resistance (correlation p=0.0228, r=0.8740; Fig. 6.1D); however, 

neither AXL nor JNK1 was seen to be an effective marker in lung cancer (Fig. 

6.1E). 
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Figure 6.1 MERTK and JNK1 as Markers in Lung Cancer Cell Lines. A) 
AZD6244 inhibition curves for 6 NSCLC lines with varying degrees of 
sensitivity B) GI50 values for the cell lines C)  Table of the GI50 Values D) 
qWestern blotting for the key proteins MERTK, AXL, and JNK1 E) Correlation 
analysis for MERTK, AXL and JNK1 to GI50 values reveal a significant 
correlation for MERTK (p=0.0228, r=0.8740) bot not for AXL or JNK1. 
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 To further examine the utility of MERTK in RAS-mutant lung cancer, an 

expanded set of cell lines should be used to confirm the findings. One exciting 

finding in PDAC is the increase in MERTK protein expression after acquired 

resistance to AZD6244. Similar conditioning with the H2122 or H1437 lines would 

be useful to determine if MERTK can be used as a dual marker of innate and 

acquired resistance in NSCLC as with PDAC. These studies will help us 

understand how to best use MERTK as a marker in cancer. Furthermore, if JNK 

inhibitors can sensitize NSCLC cell lines to AZD6244, as in PDAC, our original 

observations would extend beyond pancreatic cancer and delineate common 

pathways in the two cancers. 

6.1.2. Clinical Translation 

 The studies used to identify MERTK and JNK1 have all been in vitro with a 

few in vivo studies using the JNK inhibitor SP600125. The path from the bench to 

the bedside is arduous and many laboratory findings do not translate to clinical 

success. An advantage of using the AZD6244 inhibitor is that several clinical 

trials have already been performed and have demonstrated success in a subset 

of patients (171, 265-267). Obtaining tissue samples from patients that 

underwent these trials could prove valuable in determining MERTK’s use as a 

prognostic marker. Since these trials have concluded, the patients’ responses to 

MEK inhibition are known. Staining the tissue for MERTK expression and having 

it scored by a pathologist would allow determination of the extent of correlation 

between MERTK expression and tumor response to the therapy. A significant 
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correlation would indicate that the use of MERTK as a marker of resistance might 

be clinically relevant. 

6.1.3. Development of a MERTK Probe 

 One of the challenges of PDAC is the location of the pancreas. Unlike 

colon cancer, which can be detected with a colonoscopy, or breast cancer that 

can be detected by a mammogram, no screening technique exists to detect or 

classify pancreatic cancer. Further, biopsies are difficult and invasive and not 

routinely performed on the pancreas because of the significant risk of provoking 

pancreatitis. Our lab has been working to develop a non-invasive imaging agent 

for the early detection of pancreatic cancer using the biomarker plectin; a similar 

probe could be designed to detect MERTK as a further diagnostic for predicted 

therapeutic response.  

 One of the benefits of MERTK being a surface receptor is its accessibility 

to molecules that cannot pass through the cell membrane. Our RTqPCR surface 

receptor transcriptome analysis was designed for this function. This allows for the 

use of phage display to screen for a targeting peptide that can be incorporated 

into an image probe. Phage display can be performed on purified MERTK or a 

cell line such as CHO transfected with a vector to overexpress MERTK on the 

surface. Our lab has been developing a technique to incorporate the external 

portion of MERTK into a cleavable “guillotine” construct that will allow for very 

selective peptide identification and eliminate the non-specific phage that bind to 

other receptors and proteins in the cell membrane. A depiction of the construct 
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can be seen in Fig. 6.2. From this screen, peptides that are identified to bind 

MERTK can be conjugated to radionuclides that allow positron emission 

tomography (PET) for in vivo imaging. Using mouse models, we can evaluate the 

probe’s ability to distinguish between tumors expected to be sensitive or resistant 

to MEK inhibition. With the Kelly laboratory already performing radiotracer clinical 

trials, the path to clinical translation is understood for a peptide-based 

radiotracer. 

6.1.4. Downstream Integration of JNK/ERK Signaling 

 JNK and ERK are parallel proteins in two separate MAPK pathways. 

Although ERK is pro-survival and JNK is typically associated with pro-apoptosis, 

these definitions are more fluid in cancer. A study in melanoma found that re-

wiring of the ERK-JNK pathways to promote c-Jun and the protein’s activity 

through positive feedback loops promoting the transcription of RACK1 and cyclin 

D1 (237). In our combinatorial therapy mouse models, we found c-Jun to have 

the least activity when AZD6244 and SP600125 were used together. c-Jun, a 

protein in the AP-1 family, is often regarded as the key molecule downstream of 

JNK and ERK for pro-oncogenic signaling (268-270), but other members of the 

AP-1 family may be important integrators of these two pathways. 

 In addition to c-Jun, the AP-1 family and its subfamilies of JUN, FOS, ATF, 

and MAF consist of proteins that are pro-oncogenic (ex. c-Fos and FOSB) and 

pro-apoptotic (ex JUNB and JUND). Adding to the complexity, these proteins 

work in complexes of homodimers and heterodimers to activate different genes
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Figure 6.2 Guillotine phage screen design. A) Cleavable MERTK cell 
designs to allow simultaneous selection and subtraction during a phage 
screen B) Vector used to express the MERTK-Guillotine protein for phage 
screening 
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based on their pairing (271). To investigate which proteins are playing a key role 

in MEK inhibitor resistance, we would first look at their phosphorylation levels 

under MEK, JNK and dually inhibited cells. Important proteins to test in addition 

to c-Jun include c-Fos, FOSB, and AP-1. Proteins that only become deactivated 

with dual inhibition should be examined further in knockdown models for their 

contribution to MEK inhibitor insensitivity. Jiao et al. have studied the effects of c-

Jun in cancer using murine cells and a Cre system with floxed c-JUN (272). 

Following this model, vectors with a Cre/LoxP system could conditionally 

knockdown proteins and allow for the study of the acute effects from protein loss 

and identify which proteins are necessary for cancer cell survival.  

6.1.5. DUSP Proteins as Regulators of the MAPK Pathways 

 The DUSP family contains 10 different protein phosphatases that can 

dephosphorylate MAPK proteins, each with different substrate specificity. 

Specifically the subgroup of DUSP proteins known as MKPs is known to regulate 

the dephosphorylation of MAPK pathway proteins (273). From the phospho-

kinase array comparing siMERTK and siControl cell lines, p38, JNK, and ERK all 

became more active with the loss of MERTK. This could indicate that MERTK 

activates a member of the DUSP family that would inhibit MAPK signaling. From 

Patterson et al. we know that DUSP1, DUSP8 and DUSP10 inhibit p38 and JNK 

equally well and ERK with slightly less affinity (273). Based on the phospho-

kinase results, these are the most likely proteins to play a role in MEK inhibitor 

resistance. It has been reported that DUSP10 is not strongly expressed in the 
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pancreas (274); therefore DUSP1 and DUSP8 are the likeliest candidates to 

investigate.  

 Likewise, from the kinase array comparing normal to conditioned MIA 

PaCa-2 cell lines, we saw an increase in JNK and ERK signaling, and a 

moderate (if any) increase in p38 activity. This could indicate the decrease of 

DUSP4, which inhibits JNK and ERK equally and only moderately p38. Further, 

this protein is known to be expressed in the pancreas (275). Western blotting and 

siRNA assays targeting these proteins in MERTK knockdown (DUSP1 and 

DUSP8) or conditioned cells (DUSP4) compared to control could indicate if they 

play a role in MERTK signaling or resistance respectively.  

6.1.6. Enhanced Small Molecule Screens 

 Applications of the enhanced small molecule-peptide phage system 

extend beyond just a larger library. The most apparent application would start 

with a small molecule of interest and tethering it to a pool of selenocysteine 

phage. The ideal small molecule would have high efficacy, but lack the proper 

specificity to distinguish between the target of interest and similar proteins (ex. 

distinguishing between MERTK and AXL). Screening of this library could be done 

to identify enhancing peptides that change the way the small molecule performs. 

This may cause the small molecules to become more specific, selective, or 

potent. Most likely, a peptide could be identified that allows the small molecule to 

still bind the target of interest, but prevents it from binding similar proteins. In 
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essence, it would be a peptide screen, but with a single, specific small molecule 

in the center of the peptide. 

 Development of such a screen could be performed for the matrix 

metalloproteinase (MMP) inhibitor SB-3CT. Inhibition of MMPs is known to have 

tumor suppression and anti-metastatic effects (276). The SB-3CT inhibitor 

targets MMP 2 and MMP 9 with nanomolar affinity. Although MMP-2 and MMP-9 

are similar MMPs, they do have some different roles in cancer (277). It has been 

shown that tethering SB-3CT does not alter its inhibitory abilities (278). Tethering 

the SB-3CT to a full selenocysteine library with billions of unique peptides would 

allow for the screening of MMP-9 and subtraction on MMP-2. Phage that bind 

MMP-9, but not MMP-2 would be eluted and the targeting peptide identified by 

sequencing. If successful, this peptide-small molecule construct would target 

MMP-9 and not MMP-2. 

6.1.7. A Barcode System for Screening Small Molecules 

 Another application of the system that could be developed would change 

the way small molecule screens are performed. First, each functionalized small 

molecule would need to be paired with a unique “barcode” peptide sequence. For 

example, peptide XXXX(Sec)XXX would be paired with molecule x, peptide 

YYYY(sec)YYY would be paired with molecule y, and so on. Once modified, the 

phage could be pooled and subsequently used in a screen. This would allow for 

all tethered molecules to be screened together as a single pool of phage and 

performed without the need for very large number of wells, making the screen 
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much more efficient and economical. The high affinity molecules could later be 

identified via their tethered, barcode peptides/phage. Sequencing of the phage 

DNA would indicate the specific peptide, and subsequently the specific molecule 

that bound the target. 

 A proof of concept could be performed on a small scale by selecting half a 

dozen small molecules to be tethered. Ideal molecules would have a well-known 

binding partner (ex. biotin and streptavidin, FITC and a FITC antibody, etc.). 

Each small molecule would be paired with a pre-determined phage peptide, 

specifically a peptide that is benign and will not contribute to the target binding. 

Once the six small molecule-phage pairs have been made, they can be pooled 

and applied to a substrate. To validate the system, a substrate that binds one of 

the molecules (ex. streptavidin) could be used. After a screen with the pooled 

phage, bound phage-small molecule complexes could be eluted, and the phage 

DNA sequenced to identify the peptide barcode and subsequently the small 

molecule. The system would be successful if the majority of phage identified 

were those tethering biotin. On a large scale, the number of tethered molecules 

could be extended to hundreds or thousands. Packaged into pools for laboratory 

screening and eliminate the first round of a small molecule screens. 

6.2. Materials and Methods 

6.2.1. Antibodies and Drugs 

  The small molecule inhibitor AZD6244 was purchased from Selleck 

Chemical and prepared in dimethyl sulfoxide (DMSO) with a stock concentration 
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of 10 mM. Primary antibodies were purchased from Cell Signaling Technology 

[JNK1 (2C6), HSP90 (C45G5), Mer (D21F11), AXL (C89E7)]. All secondary 

antibodies were purchased from Li-Cor [Donkey α-Goat 800CW (926-32214), 

Donkey α-Mouse 800CW (926-32212), Donkey α-Rabbit 800CW (926-32213), 

Streptavidin 800CW (926-32230)].  

6.2.2. Cell Culture 

 6 different lung cancer cell lines were used in this study. All cell lines were 

acquired from American Type Culture Collection (ATCC). H460, H1437, H1703, 

H1734, H1975, and H2122 were all growth in Roswell Park Memorial Institute 

(RPMI) medium supplemented with 10% (vol/vol) fetal bovine serum (FBS), 1% 

penicillin-streptomycin (pen-strep; ATCC 30-2300), and 2mM L-glutamine (L-

glut). All cells were incubated at 37°C, 5% CO2. 

6.2.3. Dose Response Curves 

 Cell lines were plated in two 96 well plates at a concentration of 2,500 

cell/well. After 24 hrs, fresh media containing concentrations of AZD6244 ranging 

from 20 µM down to 63.2 pM by half-log units were added to each well in 

triplicate, after which the cells were incubated for three additional days. The 

second plate was used for an initial, “Day 0” reading. These cells were washed 3 

times with phosphate buffered saline plus calcium and magnesium (PBS+) then 

fixed with 4% paraformaldehyde (PFA). The cells were again washed then 

incubated in Syto® 60 dye (Life Technologies) diluted 1:3,000 in PBS+ for 1 hr. 

Cells were subsequently washed 6 times and imaged using a Li-Cor Odyssey at 
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the 680 wavelength. Quantification was performed using the Li-Cor software. 

After the three-day incubation the inhibited cells in the first plate were processed 

the same way and quantified with the imager. Inhibition curves were 

reconstructed in Prism software using a 3-parameter (Bottom, Top, and IC50 with 

the hill slope constrained to -1) dose response curve. The equation used was 

Y=Bottom + (Top-Bottom)/(1+10^((X-LogIC50))). The curves were adjusted by 

subtracting the Day 0 intensity (therefore y=0 indicates no growth) and the top of 

the curve adjusted to 1 (maximal growth). The result was a curve that had a max 

value of 1, and when it crossed the x-axis indicated zero growth. GI50 values 

were then calculated from these curves for the concentration of inhibitor that 

caused a 50% decrease in cell growth. Combinatorial dose response curves 

were performed using 2 inhibitors, one of which was held constant throughout all 

the wells and the other inhibitor having varying concentrations (performed in 

triplicate). 

6.2.4. Western Blots 

 All cell lines used for blots were grown to ~90% confluency in 10 cm 

culture dishes before being lysed in 300 µL of lysis buffer [PBS plus 1% Triton X-

100, 1x protease/phosphatase inhibitor (Cell Signaling Technologies)]. 

Quantification of protein concentrations was performed using a bicinchoninic acid 

(BCA) assay (Pierce) to ensure even loading between samples. Loading dye (3x) 

plus Dithiothreitol (DTT, New England Biolabs) was added before heat 

denaturation and run on 4-15% TGX gels (Bio-Rad). Proteins were transferred to 

polyvinylidene difluoride (PVDF) membranes and incubated with the appropriate 
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antibodies. Quantitative western (qWestern) blots were performed using 

fluorescent secondary antibodies (800 and 680 nm, Li-Cor) and a Li-Cor 

Odyssey imager. Quantification was performed using the manufacturer’s 

software. Correlation analyses with GI50 values were performed by calculating 

the Pearson product-moment correlation coefficient (r) using the Prism software. 

6.2.5. Phospho-Proteome Analysis 

 A Human Phospho-Kinase Array Kit (R&D Systems, ARY003B) was used 

to quantify the activity of 43 kinase phosphorylations and 2 key proteins 

expression levels. The product protocol was followed with minor alterations. 

Briefly, normal and inhibited MIA PaCa-2 cells were lysed with Lysis Buffer 6 

(R&D Systems) and agitated for 30 min at 4°C. The array membranes were cut 

to remove the numbering (they autofluoresce at the 800 wavelength) and blocked 

with Array Buffer 1 (R&D Systems) for 1 hr then incubated with 350 µg of cell 

lysates overnight at 4°C under gentle agitation. The membranes were then 

washed 3 times with the 1x wash buffer (R&D Systems). The membranes were 

then incubated with biotinylated detection antibodies for 2 h at room temperature 

and washed 3x times with 1x wash buffer. Deviating from the product protocol, 

we replaced the supplied streptavidin-HRP secondary, with Streptavidin 800CW 

(diluted in Li-Cor blocking buffer 1:20,000). Membranes were incubated with the 

secondary for 30 minutes before being washed and imaged using the Li-Cor 

imager. Quantification was performed using the Li-Cor software. 
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6.3. Impact 

 Wistuba et al. in a Nature review recognize two critical components to 

precision medicine: 1) a comprehensive understanding of tumor biology in 

patients and 2) mechanisms to identify and classify patients into proper 

subgroups that will benefit from a specific therapy (279). I find this definition of 

precision medicine to be insufficient, and that a third component is needed. 

Understanding cancer biology and identifying a tumor’s weaknesses is only 

beneficial if we can target and exploit those weaknesses. Therefore, I believe the 

development of treatment strategies with specific targeting ability is also needed 

in precision medicine - therapeutics that can selectively target tumor over normal 

tissue, inhibit a key oncogenic protein, etc. In the above example of RAF 

inhibitors, these strategies appeared doomed until the development of inhibitors 

that could selectively target mutant BRAF and not wild type, such as vemurafenib 

and dabrafenib. These molecules have since seen great clinical success in 

melanoma because of their precision (124). Targeting mutant proteins over wild 

type, targeting therapeutics to cancer and not normal tissue – it is abilities like 

these, that increase selectivity and specificity, that will be key in future medicine. 

 In the work presented here, we address all three components of precision 

medicine. We discovered markers to help predict tumor response to MEK 

inhibition, expanded our knowledge on the mechanisms of MEK inhibitor 

resistance, and developed a new small molecule-peptide screening technique for 

the development of future targeting moieties. Because RAS is mutated in >90 of 

pancreatic cancers (54), causing overactivation of growth and proliferation 
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pathways, developing therapeutics that limit the oncoprotein’s signaling could be 

instrumental in combating the disease. Unfortunately, despite decades of 

research, RAS largely remains an “undruggable” target. As an alternative, efforts 

have pursued targeting the downstream pathway of RAS, usually with small 

molecule inhibitors, with the hopes of achieving the same end result. In some 

instances, these molecules have proven to be effective therapeutic strategies. In 

May, 2013 the FDA approved Trametinib as the first MEK inhibitor for cancer 

therapy. Approval was for patients with melanoma harboring a BRAF mutation; 

this narrowing of the inhibitors use, to a subpopulation most likely to respond, 

was key to successful clinical trials (280).  

 Using this as a model, this work takes the first steps to subtyping 

pancreatic cancers based on their expected response to MEK inhibition to help 

design therapies that can achieve clinical success as well. By identifying groups 

of pancreatic cancer cell lines that are sensitive and resistant to MEK inhibition, 

we were able to compare mRNA transcript differences between these two groups 

and identify potential markers indicative of sensitivity and resistance. We focused 

on the only transcript that emerged from two different arrays, MERTK. MERTK 

has been implicated in a number of different cancers, but its importance in PDAC 

had yet to be examined. We found MERTK to be overexpressed in cell lines 

resistant to MEK inhibition, both in PDAC as well as NSCLC. High expression of 

this receptor in tumors could be exploited in clinical applications to help clinicians 

decide whom to give MEK inhibitor therapies to in the future. 
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 We further explored the differences between the sensitive and resistant 

groups to identify JNK1 as another protein overexpressed in resistant cell lines. 

As a member of a parallel MAPK cascade to that of MEK/ERK, JNK1 can 

activate several of the same effector molecules as ERK. However the JNK 

pathway is often associated with apoptosis. There are many conflicting reports of 

the JNK and the effects it has in cancer (281). This leads one to the conclusion 

that it is very context dependent. Here we found JNK1 signaling to be pro-

oncogenic. Inhibiting the JNK1 pathway in conjunction with MEK had a favorable 

response, especially in cell lines resistant to MEK inhibition alone. These findings 

support the use of combination therapy when monotherapy alone is insufficient. 

 Lastly, a key component to future medicine will be the ability to target 

cancer with high precision. This is important for both diagnostic and therapeutic 

design. Finding way to discriminate normal tissue from cancer is a huge 

challenge in the clinic today. High therapeutic precision minimizes patient toxicity 

and allows for a tighter control of the effects of the therapy. To design such 

medicine, new targeting techniques are required. Since the development of 

phage display in 1985, thousands of targeting peptides have been discovered 

and used to create better imaging agents and therapeutics (282). One of the 

largest limitations of phage display however is the requirement that peptides be 

formed from the pool of 20 naturally occurring amino acids. We developed a way 

to significantly expand the diversity of phage display by the addition of small 

molecules to the screening peptides. This can open many new avenues for 

phage applications. Now, peptide-small molecule hybrids can be screened for 
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enhanced affinity or specificity compared to either component alone. This new 

technique will be greatly beneficial in designing tomorrow’s medicine. 
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