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ABSTRACT 

 
 

One of the current goals in cancer research is to discover and validate novel molecular 

targets that may be useful for diagnostic and therapeutic purposes in fighting this disease. 

The PRL phosphatases (PRL-1, PRL-2, and PRL-3) are low molecular weight protein 

tyrosine phosphatases with unknown biological function(s) that have gained attention 

from cancer researchers in the past couple of years, mainly due to reports that these 

phosphatases may play important roles in tumor progression and metastasis. Motivated by 

the particular urgent need for molecular targets in pancreatic cancer this work was 

undertaken to determine what role PRL proteins played in pancreatic cancer biology and 

to determine if targeting PRLs would be effective in treating this disease. In this 

dissertation, it was found that both PRL-1 and PRL-2, but not PRL-3 are upregulated in 

pancreatic adenocarcinomas, suggesting that some cancer cells are dependent upon their 

activity for continued proliferation and survival.  To validate this hypothesis, siRNAs 

were used in cell-based assays to evaluate the biological consequences of PRL-1 and/or 

PRL-2 inhibition. It was found that perturbations in PRL phosphatase signaling result in 

reduced proliferation, migration and especially the ability to grow in soft agar. 

Oligonucleotide microarray analysis revealed that many Erk and/or Akt dependent stress 

and growth factor inducible genes were differentially regulated between pancreatic 

cancer cells treated with PRL-targeting siRNA and their non-targeting siRNA treated 

counterparts. Subsequently, PRL knockdown was found to alter serum induced as well as 

amino acid deprivation induced Akt and Erk phosphorylation in multiple pancreatic 
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cancer cell lines, suggesting that PRLs function upstream of these key pathways. 

Interestingly, we show that PRL proteins in cell free assays exhibit higher activity on 

doubly phosphorylated phosphatidylinositol substrates than tyrosine-phosphorylated 

peptides, suggesting that the biological substrate(s) might include non-protein molecules. 

These data support the hypothesis that PRL-1 and PRL-2 might play important biological 

roles in pancreatic cancer cells and further studies should be undertaken to determine the 

usefulness of these phosphatases as potential molecular biomarkers and targets. 
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INTRODUCTION 
 

   

  Pancreatic Cancer 

  With a five-year survival rate of approximately 5%, pancreatic cancer is the 

fourth leading cause of death from cancer in both men and women in the United States 

(1). In the United States alone it is estimated by the American Cancer Society that in the 

year 2007 there will be 18,830 males and 18,340 females (or 37,170 total) diagnosed with 

pancreatic cancer (with incidence increasing) and that 33,370 people will die from the 

disease (1). Over 60,000 additional individuals are diagnosed with pancreatic cancer 

every year in Europe (2). About 95 percent of pancreatic tumors originate in pancreatic 

ducts and are classified as adenocarcinomas; the remaining 5 percent include other 

tumors of the exocrine pancreas, acinar cell cancers, and pancreatic neuroendocrine 

tumors (such as insulinomas) (2, 3). These rare pancreatic tumors have a completely 

different diagnostic and therapeutic profile, and generally carry a more favorable 

prognosis. Pancreatic adenocarcinoma, which is the focus in this dissertation, persists as a 

major therapeutic challenge largely characterized by a lack of effective diagnostic 

techniques and poor responses to currently available treatments. Risk factors include 

smoking, certain familial cancer syndromes, and hereditary chronic pancreatitis (4, 5). In 

fact, up to 10 percent of patients report a family history of pancreatic cancer (6). Other 

possible predisposing factors include diabetes and obesity (7, 8).  

Diagnosis of Pancreatic Cancer 
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  Early diagnosis of pancreatic adenocarcinoma is difficult because the symptoms 

are non-specific and varied. These non-specific symptoms include pain in the upper 

abdomen, loss of appetite, weight loss, nausea, depression, and painless jaundice (3).  

Additionally, there are currently no effective screening tests available for detecting 

disease in asymptomatic patients. Therefore, approximately 90% of patients already have 

developed locally advanced or metastatic disease when the disease is finally diagnosed 

(9). Usually this includes tumor cells that have invaded adjacent organs, such as the liver, 

duodenum, lymph nodes or vascular structures by the time of diagnosis. Currently, dual-

phase helical computed tomography is the best initial imaging test for diagnosis and 

staging of suspected pancreatic carcinoma (10, 11). Improvements in screening tests and 

diagnostic techniques are greatly needed and should increase the survival of patients with 

this disease. Advancements in diagnostics will likely come from improvements in 

imaging and marker detection in biological fluids through proteomics. Earlier detection 

of pancreatic cancer would likely increase the size of the currently small subgroup of 

patients who are candidates for surgical resection and adjuvant therapy (~10%) and 

thereby, increase survival (9). 

Current Treatment of Pancreatic Adenocarcinomas 

Surgical resection is currently the only therapy that is considered to offer a cure, 

however, few patients (15%-20%) are diagnosed early enough to have that option. Of the 

remaining 80%-85% of patients, nearly half present with advanced localized disease and 

the other half of patients present with metastatic disease, with a median survival time of 

3-6 months (12, 13). For patients with locally advanced pancreatic cancer, 
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chemoradiation therapy is generally recommended, however, the best regimen is 

debatable (14). The current therapy for treating metastatic pancreatic adenocarcinomas is 

gemcitabine. Gemcitabine is a nucleoside analogue prodrug that is phosphorylated to 

gemcitabine triphosphate and incorporate into replicating DNA, resulting in premature 

chain termination and apoptosis (15). In a multicenter, randomized trial by Burris et al., 

gemcitabine was shown to increase median patient survival from 4.4 months (patients on 

5-fluorouracil; the standard therapy prior to gemcitabine) to 5.7 months (16-18). 

Additionally, the 1-year survival rate for patients treated with gemcitabine was 18% 

compared to 2% for patients treated with 5-FU. Based on this clinical benefit response, 

single-agent gemcitabine was approved in 1996 for treatment of advanced pancreatic 

cancer. More recently, erlotinib in combination with gemcitabine is indicated for the first-

line treatment of patients with locally advanced, unresectable or metastatic pancreatic 

cancer. In a phase III randomized, doubleblind placebo-controlled trial involving 569 

patients with advanced pancreatic cancer, the addition of erlotinib to gemcitabine was 

associated with a small but significant improvement of 1-year overall survival (24% 

versus 17%) and median survival (6.4 months versus 5.9 months) when compared to 

gemcitabine alone (19). Despite the many agents investigated, this randomized phase III 

trial was the first to demonstrate statistically significantly improved survival in advanced 

pancreatic cancer by adding any agent to gemcitabine. 

The modest clinical activity of gemcitabine and gemcitabine plus erlotinib has 

proven to be a major step forward in the treatment of this disease; however, the fact 

remains that metastatic pancreatic cancer is still a devastating disease. Although early 
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detection of pancreatic adenocarcinomas could ameliorate the dismal mortality rates for 

pancreatic cancer patients, the 5-year survival rate for patients undergoing surgery for 

curative intent remains at approximately 20% (9). Therefore, even patients with early-

detected localized cancer are likely to die of metastatic disease, underscoring the 

importance of advances in new therapeutic approaches and therapeutic options to make 

pancreatic cancer a more manageable and/or curable disease. This need for a better 

understanding of pancreatic cancer biology as well as novel targets in pancreatic cancer 

encouraged me to undergo an effort to identify potential therapeutic targets and determine 

the biological ramifications of inhibition of the identified target.  From this effort, the 

PRL phosphatases emerged as potentially exciting molecular targets in pancreatic cancer. 

 

Identification of PRL-1 as a Potential Molecular Target 

The data in this section of the dissertation has been included in order to rationally 

explain the steps that led me to study the PRL phosphatases as potential therapeutic 

targets and to preserve the continuity of the entire process that was undertaken as I 

explored the biology of the PRL phosphatases in pancreatic cancer. 

In order to identify and explore new molecular targets for diagnoses and therapeutics for 

pancreatic cancer, cDNA microarray analysis was performed in our lab using a 5289-

gene array on nine pancreatic cancer cell lines and compared with normal pancreas. 

Differentially expressed genes were defined as significant for those having an expression 

ratio of >2.0 standard deviations from the mean in at least three of the nine cell lines.  

There were a total of 58 genes that met these criteria for differential expression (30 genes 
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for overexpression and 28 genes for underexpression).  Overexpressed genes with their 

accompanying accession numbers are listed in Table 1. Several of these transcripts had 

previously been identified as upregulated in pancreatic cancer, such as c-Myc,  HMG, 

uPAR, Annexin, S100A11, PCNA, STK15, NCA, and NGAL. Table 2 lists the genes 

found to be significantly under expressed. It is generally regarded that the overexpressed 

genes represent potential targets for the development of small molecule inhibitors, 

whereas the underexpressed genes are possible candidates for gene therapy or other 

functional replacement treatments.  Part of our labs expertise and focus has been on 

identifying genes that are overexpressed and important to tumor biology, yet play only a 

minimum role in normal cellular functions.  

Overexpression of PRL-1 was of particular interest because of its close relation to 

PRL-3 which was identified in a notable study from the lab of Bert Vogelstein at Johns 

Hopkins School of Medicine which reported that PRL-3 was the only gene their lab 

identified as upregulated in 18/18 metastatic colorectal tumors compared the their non-

metastatic counterparts (20). Given that PRL-3 might play a key role in metastasis, and 

that PRL-1 and PRL-3 are 78% identical at the amino acid level, we suspected that PRL-

1 might harbor identical properties in pancreatic cancer.  

To confirm the expression profile of PRL-1 in pancreatic cancer cells, RT-PCR was 

carried out in pancreatic cancer cell lines and tumor samples taken directly from patients. 

Compared to normal pancreas RNA, PRL-1 is highly overexpressed in nearly all 

pancreatic cancer cell lines tested, as well as in a subset of tumors taken directly from 

patients (Figure 1). Although relatively little is known about the biology and expression  
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Table 1. Genes Significantly Upregulated in Pancreatic Cancer Cell Lines 
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 Table 2. Genes Significantly Downregulated in Pancreatic Cancer Cell Lines 
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Figure 1. Overexpression of PRL-1 mRNA in Pancreatic Cancer Cell Lines and 
Tumor Samples.  A. mRNA levels of PRL-1  detected by semi-quantitative RT-PCR. β-
actin served as internal control. B. Expression of PRL-1 in nine pancreatic cancer 
specimens taken directly from patients.  Semi-quantitative RT-PCR was used to detect 
the mRNA levels in the samples.  β-Actin amplification was included in each reaction as 
an internal control. 
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of the PRL phosphatases, there are other reports in the literature that point to the PRL 

phosphatases as potentially playing causal roles in metastasis and being attractive 

molecular targets for diagnostics and therapeutics. A review of the literature containing a 

more complete rational for targeting the PRL phosphatases can be found elsewhere in this 

dissertation (Appendix A).  

 

Statement of the Problem and Explanation of Dissertation Format 

The PRL family of phosphatases represents a group of enzymes currently being 

evaluated as potential metastasis biomarkers and therapeutic targets. At the time I started 

my graduate studies there were several needs and deficiencies relating to the PRL 

phosphatases and pancreatic cancer that I wanted to address. First of all, reports in the 

literature about PRL expression and possible function were starting to surface, however, a 

review of the literature had not been written to summarize these early findings, make 

possible connections, and provide focus and possible direction in this field. Secondly, 

although our lab had preliminarily examined PRL-1 mRNA levels, the expression of all 

three PRL phosphatases needed to be examined at both the RNA and protein levels in 

pancreatic cancer cell lines and patient samples to determine which PRL phosphatases 

could be potentially contributing to the disease. Thirdly, the anti-tumorigenic effects of 

knocking down endogenous levels of the appropriate PRL phosphatases needed to be 

examined in pancreatic cancer cells. Finally, pathways regulated in pancreatic cancer 

cells by the PRL phosphatases needed to be identified to provide a basis for testable 



 24 

hypotheses relating to the specific function(s) and physiological substrates of the PRL 

phosphatases. 

 This dissertation includes 2 published journal articles as appendices, as well as 

chapters that include information supplementary to the publications. The publication in 

Appendix A provides a review of the literature on PRL phosphatases and discusses the 

rational of targeting PRL phosphatases. Although some background information on PRL 

phosphatases is reiterated throughout the dissertation, familiarity with the content in 

Appendix A is important for understanding how certain rational biological connections 

are made. Appendix B is a research article that reports and discusses the expression of all 

3 PRL phosphatases in pancreatic cancer as well as the effects of PRL-targeting siRNAs  

in pancreatic cancer cell lines. The review was written solely by me with suggestions 

from the other authors (Fig. 2 was generated by Vijay Gokhale). All data analysis, 

writing, and figure generation for the original research article in Appendix B was 

performed by me. I also conducted all of the experiments in the manuscript except for the 

oligonucleotide microarrays to determine PRL expression in cell lines and tumor samples 

(obtained from Michael Bittner’s lab at TGen) and the TMA staining and scoring was 

performed by the TGen TMA core under the direction of Galen Hostetter. 

 

 



 25 

MATERIALS AND METHODS 

 

Cell Culture 

All cells were grown in a humidified incubator at 37°C and 5% CO2.  The cell line 

HPDE6 (an immortalized but not transformed human pancreatic epithelial cell line) was 

obtained from Dr. Ming-Sound Tsao (University of Toronto, Ontario, Canada) (21) and 

maintained in keratinocyte serum-free medium supplemented with 0.2 ng/ml epidermal 

growth factor and 30 µg/ml bovine pituitary extract (Invitrogen, Carlsbad, CA). All other 

cell lines were purchased from the American Type Culture Collection (Manassas, VA) 

and maintained in RPMI 1640 (Invitrogen) supplemented with 10% FBS and 1% 

penicillin/streptomycin (Invitrogen).  

Transient Transfection Using siRNA 

The PRL-1-targeting siRNAs used were as follows: PRL-1p (SMARTpool®, 

Dharmacon, Lafayette, CO); PRL-1a (target CCAACCAATGCGACCUUAAACAAAT); 

PRL-1b (target TCAAAGATTCCAACGGTCATAGAAA). The PRL-2-targeting 

siRNAs used were as follows: PRL-2p (SMARTpool®, Dharmacon); PRL-2a (target 

CGATTACGCTTCAGAGATA); PRL-2b (target GCATTGCTGTGTTCAGTAG). 

Pooled synthetic non-targeting siRNA was obtained through Dharmacon. An alternate 

non-targeting siRNA (AllStars negative control siRNA) was obtained though Qiagen. 

Cells were transiently transfected according to the manufacturer’s protocol using 

RNAiMAX (Invitrogen, Carlsbad, CA). Briefly, cells used for generation of RNA 

(verification of PRL knockdown and validation of genes from microarray lists) were 
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transfected in 6-well plates as follows: (a) cells (0.3 x 106 per well) were plated in a 6-

well plate in medium without antibiotics 24 hours before transfection, (b) siRNA (2 µl of 

a 20 µmol/L solution) was added to 250 µl Opti-MEM reduced serum medium 

(Invitrogen), (c) RNAiMAX (3 µl) was added to 250 µl Opti-MEM reduced serum 

medium and incubated for 5 minutes at room temperature, (d) the siRNA and RNAiMAX 

were mixed and incubated at room temperature for 20 minutes, and (e) the 500 µl mixture 

was added to the cells (2000 µl total volume per well). For cells used for whole cell 

lysate preparation (phospho-Erk and phospho-Akt), cells were plated in 60 mm2 dishes 

(0.33 x 106 cells per dish) and transfected in a similar manner using 4 µl of a 20 µmol/L 

siRNA solution and 6.0 µl RNAiMAX per dish with a final volume of 4,000 µl per well 

(final siRNA concentration of 20 nmol/L). 

In cases where ASOs targeting PRL-1 were tried, 100nM ASO was transfected 

with Lipofectin (Invitrogen) as described in (22).  

Total siRNA concentration in all experiments was kept constant, therefore, cells 

treated with both PRL-1 and PRL-2 siRNAs in combination were treated with the 

appropriate dilution of a PRL-1 and PRL-2 pooled siRNA.  

RNA Isolation, Reverse Transcription, and Realtime PCR 

Total RNA from cell pellets was isolated using the NucleoSpin® RNA II isolation 

kit (BD Biosciences, Palo Alta, CA). One microgram of total RNA was used for reverse 

transcriptase (RT) reactions (20 µl total volume), which were carried out using the 

iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA). An iCycler (Bio-

Rad) was used to do real-time fluorescence detection PCR. Primer sequences used are as 
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follows: β-Actin 5'-CTGGAACGGTGAAGGTGACA-3' and 5'-AAGGGACTTCC 

TGTAACAACGCA-3', GAPDH 5'-ATTGCCCTCAACGACCACTT-3' and 5'-

GGTCCACCACCCTGTTGC-3', HPRT 5'-TGCTGAGGATTTGGAAAGGGTG-3' and 

5'-CCTTGAGCACACAGAGGGCTAC-3', PRL-1 5'-ATCCAACCAATGCGACCTTA-

3' and 5'-AAGGCCAATCAAGAACATGG-3', PRL-2 5'-CTGTGTTGCAGTGCA 

TTGTG-3' and 5'-ATTGAACGCTCCCCTTCTTT-3', PRL-3 5'-GCTTATTGAGA 

GCGGGATGA-3' and 5'-TCCAGGTAGGTGAGCTGCTT-3', ERG1 5'-

GCCATAGGAGAGGAGGGTTC-3' and 5'-GTTGGCCAATAGACCTTCCA-3', S100P 

5'-AAGGTGCTGATGGAGAAGGA-3' and 5'-ACTTGTGACAGGCAGACGTG-3', 

ATF3 5'-GTGCCGAAACAAGAAGAAGG-3' and 5'-TGGAGTCCTCCCATT CTGAG-

3', CEBPB 5'-GACAAGCACAGCGACGAGTA-3' and  5'-

AGCTGCTCCACCTTCTTCTG-3', LCN2 5'-TCACCTCCGTCCTGTTTAGG-3' and 5'-

CGAAGTCAGCTCCTTGGTTC-3'.  

Reactions were carried out in a 20 µL reactions with 200 nmol/L of each primer, 

iQ SYBRGreen Supermix (Bio-Rad), and 1 µL cDNA. Two-step amplification (95°C for 

20 seconds and 56°C for 20 seconds) was repeated for 40 cycles. Following the PCR, a 

melting curve analysis was done to determine PCR efficiency and purity of the amplified 

product. Data were provided as a threshold cycle value (Ct) for each sample, indicating 

the cycle at which a statistically significant increase in fluorescence was first detected. 

These data were then normalized to 3 reference genes ß-actin, HPRT, and GAPDH. PRL-

targeting siRNA treated cells were compared to controls using the ∆∆Ct method (23).  

PRL-1, -2, and -3 Cloning and Protein Expression  
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The open reading frame of PRL-1, PRL-2, and PRL-3 (all full length) were 

cloned into the bacterial expression vector pDEST 17 (Invitrogen), which contains an N-

terminal 6xHis tag for purification. The manufacturer’s protocol for protein induction and 

purification using BL21AI E. coli cells was followed. Briefly, E. coli cells containing the 

His tag PRL fusion protein were solubilized in protein extraction reagent, sonicated, and 

centrifuged. The collected supernatant was loaded onto a Ni-chelation affinity column 

(Invitrogen). Then the PRL protein was eluted with an elution buffer (20 mmol/L 

Tris/HCl, 0.5 mol/L NaCl, 10 mmol/L Imidazole, and 20 mmol/L BME).  

Cell Lysate Preparation and Western Blotting 

Cells were rinsed with ice-cold phosphate-buffered saline (1 mmol/L 

phenylmethylsulfonyl fluoride and 1 mmol/L orthovanadate) and lysed in ice-cold lysis 

buffer (1 mmol/L phenylmethylsulfonyl fluoride, 20 mmol/L NaF, 2 mmol/L 

orthovanadate, 10 µg/mL Leupeptin, and 10 µg/mL Aprotinin). The lysates were cleared 

by centrifugation at 15,000 rpm for 10 minutes in a microcentrifuge, and protein 

concentrations were determined utilizing the BCA protein assay kit (Pierce, Rockford, 

IL). Equal amounts of lysate were resolved by SDS-PAGE, transferred onto 

nitrocellulose membrane, and probed with the following antibodies: phospho-ErkT202,Y204, 

phospho-AktS473 (Cell Signaling, Waltham, MA, 9106, 9271, respectively); PRL-1 

(BL1202), PRL-2 (BL1205), and PRL-3 (BL1208) (Bethyl Laboratories, Montgomery, 

TX). Western blots were stripped and reprobed with the appropriate antibodies (Erk, Akt 

(Cell Signaling, 9102, 9272, respectively), and β-actin (Sigma, St. Louis, MO).  
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The eluted rPRL-1 was verified for correct product size by western blot using the 

penta-His-HRP conjugate antibody (Qiagen). 

Oligonucleotide Microarrays and Analysis 

Total RNA from cancer cell lines was isolated using TRIzol (Invitrogen, 

Carlsbad, CA). RNA (500 ng) was amplified and labeled with Cy3 or Cy5 dye using an 

Agilent (Palo Alto, CA) fluorescent linear amplification kit. Labeled amplified RNAs 

were fragmented and hybridized on Agilent Human 1A(V2) Oligo Microarray slides 

using an Agilent in situ hybridization kit. Slides were scanned using an Agilent G2505B 

scanner, and Agilent feature extraction software (v8.1) was used to calculate normalized 

signal intensity. Following feature extraction with Aligent feature extraction software, 

files were opened up in Excel and sorting was performed by as follows: intensities for 

each probe were median normalized and set to Log2 values for evaluation, only probes 

with > 20% of the median signal were kept for further evaluation, only probes with P < 

0.01 under the PValueLog column were kept for further evaluation, cutoff ratios for 

differential expression between the PRL knockdown and the control cells were then set 

and the resultant probe lists were then compared between arrays to find probes which 

overlapped multiple arrays using Genespring v6.2 (subsidiary of Agilent) software.  

The generation of an association network was carried out using Ingenuity 

Pathways Analysis (Ingenuity® Systems, www.ingenuity.com). A data set containing 

gene identifiers and corresponding expression values was uploaded into in the 

application.  Each gene identifier was mapped to its corresponding gene object in the 

Ingenuity Pathways Knowledge Base.  Multiple cutoffs as described in the individual 
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analyses were set to identify genes whose expression was significantly differentially 

regulated. These genes, called focus genes, were overlaid onto a global molecular 

network developed from information contained in the Ingenuity Pathways Knowledge 

Base.  Networks of these focus genes were then algorithmically generated based on their 

connectivity. A network is a graphical representation of the molecular relationships 

between genes/gene products.  Genes or gene products are represented as nodes, and the 

biological relationship between two nodes is represented as an edge (line).  All edges are 

supported by at least 1 reference from the literature, from a textbook, or from canonical 

information stored in the Ingenuity Pathways Knowledge Base. 

Phosphatase Assays  

For initial verification of recombinant PRL-1 phosphatase activity, the EnzChek® 

Phosphatase Assay system (Molecular Probes, Eugene, OR) was used according to the 

manufacturers protocol. The fluorescence values for the cleaved DiFMUP (6,8-difluoro-

4-methylumbelliferyl phosphate) were quantified using a plate reader (BioTek, Winooski, 

VT) at an excitation/emission wavelength of 360 nm/460 nm.  

To test the specificity of rPRL-1 against a number of substrates, liberated 

phosphate generated by recombinant PRL-1 in a reaction was determined by using the 

Tyrosine Phosphatase Assay System (Promega, Madison WI). Assays were carried out in 

96 well ½ area plates, with a reaction volume of 25 µl. Protein was added to reaction 

buffer (Na Acetate buffer with 5 mmol/L MgCl2 from EnzChek ® Phosphatase Assay 

system) containing substrate. Reactions were allowed to proceed for 1 hr at room 

temperature. Reactions were stopped by adding the molybdate/malachite green solution 
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(which forms a complex with the free phosphate).  A plate reader (BioTek) was used to 

quantify absorbance at 620 nm. Substrates used are as follows: pTyr-peptide#1 

(END(pY)INASL)(Promega), pTyr-peptide#2 (DADE(pY)LIPQQG)(Promegea), 

DiFMUP (Molecular Probes), PTP1B pTyr peptide (Calbiochem, La Jolla CA), 

phosphatidylinositol (3) phosphate (PI(3)P), PI(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, 

PI(4,5)P2, and PI(3,4,5)P3 (all phosphatidylinositol substrates were obtained through 

Echelon Biosciences Inc. (Salt Lake City, UT) and were purchased with 8 carbon chains, 

as the 16 carbon chain PI substrates are much less soluble). All substrates were used at 

100 µmol/L. SHIP-2 active enzyme was obtained though Echelon Biosciences Inc., and 

the PTP1B enzyme was purchased from Calbiochem. 
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VALIDATION OF PRL-SPECIFIC siRNAs AND ANTIBODIES 

 

Introduction 

To effectively investigate the expression and biology of the PRL phosphatases, 

functional and PRL-specific siRNAs as well as PRL-specific antibodies needed to be 

identified. Furthermore, specific assays using these tools needed to be preliminarily 

optimized.  

Early work with the PRL phosphatases focused on overexpression systems in 

rodent immortalized cell lines (24, 25). These types of experiments might not only lead to 

dramatically higher levels of protein than would be found in a cancer cells, but might also 

lead to non-physiological subcellular localization. Subcellular localization of PRL 

phosphatases could dictate how they function biologically (26, 27). Therefore, much of 

the work in this dissertation focuses on knocking down endogenous levels of PRL 

phosphatases in cancer cell lines. No specific targeting regions or sequences for PRL-1 or 

PRL-2 siRNA were available in the literature at the time this work commenced; therefore 

several siRNAs were tested for efficacy. More than 1 functional siRNA was desired for 

targeting each PRL, to lessen the possibility of off-target effects going undetected. 

Jackson and co-workers first characterized off-target effects of individual siRNAs in 

detail in 2003 (28). These off-targeting effects could render misleading results, especially 

in experiments such as microarray analysis, where global gene expression is examined. 

Since PRL-1 and PRL-2 are both expressed in pancreatic cancer cell lines, combinations 
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of siRNAs were also tested for knockdown of multiple PRL phosphatases at the same 

time. 

A great difficulty in the PRL field has been reliably distinguishing the isoforms of 

PRL phosphatases by Western blotting due to the lack of specific antibodies.  The amino 

acid identity between PRL-1 & PRL-2 is 86%, PRL-1 & PRL-3 is 78% and PRL-2 & 

PRL-3 is 75% (29).  Attention needed to be given to ensure that the antibodies used in the 

current report had isoform specificity. Only a few commercial antibodies are available for 

PRL-1 and PRL-3 (mainly due to the fact that the number of researchers in the PRL field 

is relatively small), however, these antibodies have not been sufficiently functionally 

validated.  To identify antibodies for all three of the PRL phosphatases for further use in 

this dissertation, I tested 9 antibodies developed by Bethyl Laboratories for specificity.  

 

Results 

To transiently knockdown levels of the individual PRL phosphatases, I tested 

synthetic siRNA pools (pool of 4 siRNAs) designed by Dharmacon. These siRNAs are 

designated PRL-1p, PRL-2p, and PRL-3p in this dissertation. Transfections were carried 

out as detailed in the materials and methods section. As shown in the appended 

manuscript (B), these siRNAs specifically knocked down levels of their respective PRL 

at both the mRNA and protein level without affecting the expression of the other PRLs.  

To identify at least 2 functional individual siRNAs for PRL-1 and for PRL-2, several 

siRNAs were tested. Table 3 shows the siRNAs and antisense oligonucleotides (ASO) 

investigated, with the accompanying data relating to knockdown efficiency and  
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Table 3. PRL-targeting siRNAs and ASOs 
 

 
 



 35 

specificity (determined by realtime RT-PCR as described in Materials and Methods). 

Two potent and specific siRNAs (both targeting the coding region of the gene) for PRL-2 

were found, and designated PRL-2a (CGATTACGCTTCAGAGATA) and PRL-2b 

(GCATTGCTGTGTTCAGTAG). Identifying functional and specific sequences for PRL-

1 knockdown was more complicated and required testing several sequences. I identified 4 

individual siRNAs that would knockdown PRL-1 mRNA levels by at least 80%, 

however, two of these siRNAs also significantly knocked down PRL-2 as well (>50% 

inhibition), and therefore not used. The other 2 siRNAs with specificity were designated 

PRL-1a (CCAACCAATGCGACCTTAAACAAAT) and PRL-1b 

(TCAAAGATTCCAACGGTCATAGAAA). Figure 2 shows mRNA levels of MIA 

PaCa-2 cells treated with select combinations of PRL-1a, PRL-1b, PRL-2a, and PRL-2b 

siRNA. The combination of PRL-1a and PRL-2a, or PRL-1b and PRL-2b siRNA gave a 

>90% knockdown of mRNA for both PRL-1 and PRL-2.   

 Recombinant PRL-1, PRL-2, and PRL-3 proteins were isolated and used in 

Western blotting to test 9 rabbit polyclonal antibodies (3 for each PRL phosphatase) 

obtained from Bethyl Laboratories for testing purposes. Figure 3A shows regions of the 

PRLs targeted by the specific antibodies. As evident from figure 3B, several antibodies 

cross reacted with multiple PRLs, however, BL1202, BL1205, and BL1208 showed a 

high degree of specificity for PRL-1, PRL-2, and PRL-3, respectively. 

 

Discussion 

PRL-specific siRNAs were identified for use in investigating the effects of PRL 
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Figure 2. Specific PRL Silencing Using siRNAs PRL-1a, PRL-1b, PRL-2a, and PRL-
2b. Using PRL-1a and PRL-2a or PRL-1b and PRL-2b in combination results in >90% 
knockdown in mRNA of both PRLs, whereas PRL-1a and PRL-1b or PRL-2a and PRL-
2b in combination only results in knockdown of their respective PRL.  
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Figure 3. Rabbit Polyclonal Antibodies Against PRL-1, PRL-2, and PRL-3. A. 
Regions targeted by antibodies. B. Each antibody used in Western blotting against 100ng 
recombinant protein for PRL-1, PRL-2, and PRL-3. 
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knockdown in pancreatic cancer cells. The pooled siRNA obtained from Dharmacon 

worked well, however, when trying to identify individual siRNAs, I had to test several 

potential sequences before I found efficacious PRL-1 siRNAs. Fewer PRL-2 sequences 

were required for testing. This could be due just to chance, or it is possible that PRL-1 is 

inherently difficult to knockdown. At the time I started this work there were no published 

reports with specific PRL-targeting siRNA targeting sequences. While work has 

commenced on this project, several sequences for PRL-3 siRNA have now been 

validated, however, only a couple of manuscripts have reported PRL-1 knockdown by 

RNA interference with less than optimal knockdown. More specifically, constructs for 

constitutive expression of short hairpin (shRNA) targeting PRL-1 achieved less than 80% 

knockdown (in some cases as low as 40% knockdown) in HEK293 and A549 cells (27, 

30). Kato et al. used synthetic siRNA for transient transfections in much the same way I 

did, however, they only saw a 60% knockdown in DLD-1 cells (31). The idea that 

relatively few siRNA sequences could be used to effectively knockdown PRL-1 

transcript is intriguing, considering that PRL-1 reportedly associates with the GW182 

protein and presumably resides within GW bodies in Hela cells (32). GW bodies are 

specialized centers involved in maintaining stability and/or controlling degradation of 

mRNA. To my knowledge the effects of PRL-2 targeting siRNAs have not been reported 

(except in the manuscript [Appendix B] appended to this dissertation ) as PRL-2 biology 

remains less explored. 

Antibodies with a high degree of specificity as determined by Western blotting 

(BL1202, BL1205, and BL1208 for the detection of PRL-1, PRL-2, and PRL-3, 
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respectively) were identified for further use in this dissertation. Based on the Western 

blot results, it appears that the c-terminal end of PRL phosphatases might be the most 

optimal place to find epitopes for antibody generation. Given the fact that the PRL 

phosphatases share a high degree of sequence identity and that there are still few 

validated PRL antibodies commercially available, it is not surprising that there are very 

few published reports on PRL expression at the protein level in cancerous tissues. 

Although not commercially available, monoclonal antibodies have recently been raised 

for PRL-1 and PRL-3 (33, 34).  

 



 40 

MICROARRAY ANALYSIS IDENTIFIES PRL PHOSPHATASES AS 

POTENTIAL UPSTREAM REGULATORS OF ERK AND AKT SIGNALING 

 

Introduction 

Transcriptional regulation of gene expression is a highly complex and tightly 

regulated process that allows a cell to respond dynamically both to environmental stimuli 

and to its own changing needs. Global gene expression profiling by the use of microarray 

technology has been useful as a hypothesis generating tool and as a way to determine 

what major cellular pathways are affected given different biological states. As the 

biological function(s) and specific substrate(s) of the PRL phosphatases are unknown, it 

is possible that global analysis of gene expression following PRL knockdown in cells 

might provide insights into PRL biology. To my knowledge there have been no reports 

using array technology for determining the effects of PRL overexpression or repression in 

cancer cell lines. Therefore, in order to gain a better understanding of the biological 

pathways PRL proteins might regulate, microarray technology was used to identify 

differentially expressed genes between cancer cells treated with PRL-targeting siRNA 

and cells treated with non-targeting siRNA. To ameliorate the problems associated with 

off-targeting effects of the siRNA and false positive hits from the microarray, some gene 

expression changes were verified using realtime RTPCR using multiple PRL-targeting 

and non-targeting siRNAs.  

MIA PaCa-2 and PANC1 were used as models for pancreatic cancer cell lines. 

MIA PaCa-2 and PANC1 are widely studied highly undifferentiated pancreatic cancer 
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cell lines derived from primary tumors, and both cell lines can be transiently transfected 

efficiently. Both of these cell lines also have PRL-1 and PRL-2 expression and have 

phenotypic changes associated with PRL knockdown, such as reduction in cellular 

proliferation and ability to form colonies in soft agar (Appendix B). Hela cells were also 

chosen for expression analysis as a non-pancreatic cancer cell line. Wang et al. compared 

PRL-1 expression at the mRNA level in a large panel of cancer cell lines (26). Hela cells 

had the highest levels of PRL-1 out of all the cells they tested, and it was determined that 

they also had low levels of PRL-2 and undetectable levels of PRL-3. In addition, a 

catalytic dominant mutant PRL-1 C105S construct ectopically expressed resulted in a 

delay in the progression of cells through mitosis. The cells expressing the catalytic 

mutant also exhibited reduced colony formation in NIH3T3 cells compared to PRL-1 wt 

expressing cells. Therefore, Hela cells might depend on PRL-1 to maintain 

tumorigenicity and might be useful as a model for testing the effects of PRL-1 inhibition.  

It should be noted that as phosphatases, with localization generally found outside 

of the nucleus, PRL proteins are unlikely to be directly involved in transcription, however 

it is possible that pathways affected by PRL inhibition could be uncovered if several 

genes downstream of a pathway influenced by PRL phosphatases are found to be 

differentially expressed in these arrays.  

 

Results and Discussion 

MIA PaCa-2, PANC1, and Hela cells were treated with a PRL-1p or PRL-1p and 

PRL-2p siRNA as described in the materials and methods section. Table 4 details the cell 
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Table 4. Microarray Slides Used in PRL-knockdown siRNA Pathway Analysis 
 

 



 43 

line, siRNA treatment, and hours post siRNA transfection of the mRNA used for each 

channel of each microarray slide. The slide identifier number (last 3 digits of the barcode) 

will be referred to in this section for brevity. Based on previous phenotypic results in 

PANC1 and MIA PaCa-2 cells following treatment with PRL-targeting siRNA 

(Appendix B), it was thought that knockdown of a single PRL might fail to elicit changes 

in gene expression since another PRL protein might compensate. Therefore, to tease out 

pathways involved in overall PRL biology before exploring the differences between 

PRL-1 and PRL-2 function, both PRL-1 and PRL-2 were knocked out in some arrays. 

Following siRNA treatment (48 or 72 hours post-transfection), the Agilent Human 

1A(V2) Oligo Microarray platform was used to identify changes in gene expression in 

comparison to untreated or non-targeting control siRNA treated cells.  

Genes Differentially Expressed in MIA PaCa-2 and Hela Cells 

Following PRL-targeting siRNA 

For initial evaluation of the effects of PRL knockdown, knockdown of PRL-1 

alone was examined and compared in Hela and MIA PaCa-2 cells. Normalized signal 

intensities from array slides 338, 339, 330, and 331were obtained by the extraction 

software, and were median normalized for each channel (expression at median level = 1). 

Expression ratios of PRL targeting siRNA treated to control cells were calculated, and set 

to Log2 values (expression at median level = 0). Probe intensities that were less than 20% 

of the median signal were filtered out and considered non-expressed. Figure 4 

summarizes the results of genes with Log2 ratios > 1.25 and < -1.25 identified in these 4 

arrays. Despite the number of genes differentially regulated following PRL-1 knockdown 
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Figure 4. Differentially Regulated Genes in MIA PaCa-2 and Hela Cells Following 
PRL-1 Knockdown. A. Number of genes making a cutoff with > 1.25 and < -1.25 (Log2) 
ratios B. Comparison of the number of genes common between arrays. C. Genes found 
differentially expressed in 3 of the 4 arrays (PRL-1 excluded).  
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being similar between MIA PaCa-2 and Hela cells, there were many more genes 

downregulated in MIA PaCa-2 cells than upregulated, whereas the number of transcripts 

up and down regulated in Hela cells were fairly similar (Figure 4A). Numerous methods 

are available to compare results of multiple microarray slides. One of the simplest of 

these procedures is to examine the overlap of resulting gene lists in a Venn diagram 

(Figure 4B). As expected the highest number of genes overlapped when slides from the 

same cell line were compared (330,331 and 338,339). However, several genes overlapped 

between the cell lines, suggesting that a common pathway might be affected. The only 

transcript that was found differentially expressed in all 4 arrays was PRL-1 (PTP4A1), 

verifying target knockdown. However, ASNS, ATF3, C1orf24, GADD45A, HERPUD1, 

HMOX1, GDF15, and UNC5H2 were found differentially expressed in 3 of the 4 arrays 

(Figure 4C). Interestingly all 8 of these genes were downregulated, and no upregulated 

genes were found common in 3 of the 4 arrays.   

To evaluate the array results in an alternative manner all three arrays using MIA PaCa-2 

cells (330, 331, and 429) were analyzed. Slide 429 (MIA PaCa-2 cells treated with PRL-1 

and PRL-2 targeting siRNAs) was included for comparison; since it is possible that 

knockdown of PRL-1 and PRL-2 together might elicit a greater change in pathways 

influenced by PRL phosphatases. Expression ratios (PRL-targeting median normalized to 

control median normalized) were averaged (geometric mean of the 3 ratios). Table 5 lists 

the 40 most downregulated genes and Table 6 lists the 40 most up regulated genes in 

MIA PaCa-2. The expression ratios of these potentially differentially regulated genes in 

MIA PaCa-2 are also shown for the arrays in which PANC1 cells were used for 
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Table 5. Downregulated Genes in MIA PaCa-2 Cells Following PRL Knockdown 
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Table 6. Upregulated Genes in MIA PaCa-2 Cells Following PRL Knockdown  
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comparison between cell lines. In addition, the average (of 3 arrays) median normalized 

intensity for each probe is given. Although probe intensities in these Agilent microarrays 

cannot be used to quantify expression, in general, probes with values less than 1 (less 

than the array median) are expressed at low levels and probes with values much greater 

than 1 are expressed.   Overall, there was not a high level of differential gene regulation 

between the PRL-targeting and the non-targeting siRNA treated cells. The upregulated 

genes were only slightly upregulated and no gene was found with a greater than 2.5 fold 

difference in gene expression relative to control. Of the 8 downregulated genes identified 

on the previous analysis (Figure 4), 6 of them were also downregulated in slide 429. The 

other 2 genes, C1orf24 and GADD45A, were only slightly downregulated. Overall slide 

429 with both PRL-1 and PRL-2 knockdown didn’t show a greater differential in gene 

expression of the potential hits identified in Figure 4C as would be predicted if PRL-1 

and PRL-2 were expressed at comparable levels and were playing similar functional 

roles. However, it should be noted that knockdown of PRL-1 and PRL-2 as determined 

by the microarray slide itself was only 65% and 75% knockdown for PRL-1 and PRL-2, 

respectively, whereas the previous MIA PaCa-2 arrays (330 and 331) both had PRL-1 

knockdown of 92% and 94%, respectively. Therefore it is possible this biological 

replicate and these data represent only partial knockdown of PRL-protein levels and 

shouldn’t be considered as representative of complete PRL-knockdown. 

Close analysis of the gene expression profiles revealed that among the genes 

downregulated by PRL-targeting siRNA in MIA PaCa-2 cells, many are typically found 

upregulated under conditions of ER stress response. These included asparagine 
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synthetase (ASNS), CCAAT/enhancer-binding protein beta (CEBPB), activating 

transcription factor 3 (ATF3), Growth arrest and DNA-damage-inducible (GADD45A), 

X-box binding protein 1 (XBP1), C1orf24 (also known as Niban), and homocysteine-

inducible ER stress inducible ubiquitin-like domain member 1 (HERPUD1).  A 

background on ER stress signaling and role of these genes in the ER stress signaling 

cascade can be found elsewhere (35-38). ATF3 is an interesting gene, as it might have 

connections to PRL-3. PRL-3 has previously been shown to up-regulate mesenchymal 

markers fibronectin and Snail and down-regulates epithelial markers E-cadherin, gamma-

catenin (plakoglobin), and integrin beta(3), which are major effectors in the EMT 

pathway (39). Fibronectin and Snail (as well as Slug and TWIST), are reported as being 

direct target genes of ATF3 (40). Furthermore, ATF3 might have dichotomous roles in 

cell biology as it has beeen found to be pro-apoptotic in untransformed breast cell lines, 

but promote tumorigenesis in aggressive breast cancer cell lines (40). 

Other genes previously associated with cancer from the lists generated by the 

analysis of the Hela and MIA PaCa-2 microarray include GDF15, LCN2, S100P, and 

HMOX1. GDF15 is a reported marker and commonly overexpressed in pancreatic cancer 

(41). S100P (also a stress related gene) is a member of the S100 protein family, is 

expressed in more than 90% of pancreatic tumors and is associated with tumor growth 

and invasion (42). S100P and LCN2 were also identified as potential biological markers 

in pancreatic cancer (43). HMOX1 has been implicated in angiogenesis in pancreatic 

cancer (44).   
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Genes Differentially Expressed in PANC1 Following PRL-targeting 

 siRNA 

Similar to the MIA PaCa-2 array slides, three arrays (326, 427, and 428) using 

PANC1 cells were evaluated using 2 different methods. All 3 PANC1 arrays compared 

knockdown of both PRL-1 and PRL-2 to non-targeting (slides 427 and 428) or non-

treated (slide 326) cells. Using a differential cutoff of (>1.25 and < -1.25 Log2), the three 

arrays were compared for differentially expressed genes that overlapped between arrays 

(Figure 5). There was a high level of variation between arrays, as only 6 genes were 

common to all 3 arrays and 2 of these (PRL-1 and PRL-2) were expected to be 

downregulated due to the siRNAs targeted against them.  

 Additionally, the geometric mean of the median normalized expression ratios of 

the 3 PANC1 arrays was taken and the 40 most upregulated and the 40 most 

downregulated genes were determined (that passed a filter of expression > 20% of the 

array median). Resultant gene lists are shown in Table 7 (downregulated) and Table 8 

(upregulated). In comparison to the MIA PaCa-2 and Hela genes differentially regulated 

by PRL knockdown, the PANC-1 cells did not share the same profile of genes 

differentially regulated. Although quite morphologically distinct, PANC1 cells and MIA 

PaCa-2 cells are both from primary pancreatic tumors and are both poorly 

undifferentiated (45). Based on colony formation in soft agar (Appendix B) I suspected 

that PANC-1 and MIA PaCa-2 would share similarities, with a more pronounced 

expression profile in PANC1. This assumption is perhaps too simple, and arrays 

performed using cells grown in the proper context (such as anchorage-independent 
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Figure 5. Genes Differentially Regulated in PANC1 Following PRL-1 and PRL-2 
Knockdown. A. Venn Diagram of Overlapping Genes from 3 Arrays. B. Gene Lists from 
Venn Diagram.    
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Table 7. Forty Most Downregulated Genes in PANC1 Cells Following PRL Knockdown 
 

 



 53 

 
Table 8. Forty Most Most Upregulated Genes in PANC1 following PRL Knockdown 
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growth) might be more useful in resolving the biological functions of these proteins. 

Interestingly, very few genes from the MIA PaCa-2 and Hela arrays showed up in the 

PANC1 lists. Only ASNS (downregulated) and TXNIP (upregulated) were common to 

both cell lines. This suggests that MIA PaCa-2 and PANC1 might be influenced quite 

differently by PRL-inhibition or knockdown. From the analyses of the PRL knockdown 

PANC1 microarrays, CD69, EGR1, PODXL, TXNIP, LTB emerged as interesting genes. 

EGR1 is interesting based on the roles of EGR1 and PRL-1 in liver regeneration. PRL-1 

is reportedly regulated by Egr-1 (46). In addition, EGR1 has been shown to promote 

growth and survival of prostate cancer cells (47). Lymphotoxin beta (LTB) is a member 

of the transforming necrosis factor (TNF) superfamily. Upregulation of this pathway has 

been reported to potentiate responses to chemotherapeutic agents for colorectal cancer 

cells in mouse xenograft models (48). Therefore, upregulation of LTB by PRL inhibition 

might cause an increase in cell death by necrosis.   

The upregulation of TXNIP has been shown to play a role in cellular senescence (49). 

Because evasion of cellular senescence is required for the immortal phenotype of tumor 

cells, upregulation of TXNIP might be one of the important effects of PRL knockdown.  

Networks Associated with Genes Identified as Differentially 

Regulated  

To determine if there were pathways or networks of relatedness associated with 

the genes in the microarray lists, networks were generated through the use of Ingenuity 

Pathways Analysis (Ingenuity® Systems, www.ingenuity.com). Using the 8 genes found 

in MIA PaCa-2 and Hela (Figure 4C), only one network with these genes was discovered  
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by the Ingenuity software and is presented in Figure 6. The relatedness of the genes 

discovered by the software is intriguing, since 5 of the 8 genes are known to be 

downstream of receptor tyrosine kinase signaling. In this particular case, the data mining 

from Ingenuity appears to come mostly from one source where PDGF BB (hence PDGF 

BB is the focus gene in the network) was used to study growth factor induced 

transcription factors regulated by Phosphatidylinositol 3-Kinase and MEK/ERK signaling 

pathways (50). The 80 genes (40 upregulated in Table 5 and 40 downregulated in Table 

6) in MIA PaCa-2 were analyzed using, and the network that scored the highest is shown 

in Figure 7. In addition to the network nodes in Figure 6, there were additional nodes 

such as CEBPB and TRIB3, that appear to be important regulators of many genes found 

differentially expressed. Figure 8 shows the pathway of highest relatedness among the 

genes as determined by Ingenuity Pathway Analysis using the 16 genes that were 

differentially regulated in at least 2 of the 3 PANC1 arrays (genes from Figure 5B) 

Unlike the networks generated with MIA PaCa-2, this network doesn’t give as clear of a 

picture with regards to possible PRL function. Interestingly, several genes in this network 

analysis were linked to beta estradiol signaling. The 80 genes (40 upregulated in Table 7, 

and 40 downregulated in Table 8) differentially regulated in PANC1 were also analyzed 

using Ingenuity software and the network that scored the highest is shown in Figure 9. 

This network, like the other PANC1 analysis (with 16 genes) appear less connected than 

the networks from the MIA PaCa-2 data. However, the network from this set of 80 genes 

includes RTK signaling molecules (such a PDGF seen in the MIA PaCa-2 analysis) as 

well as AKT and MAPK signaling.  



 56 

 

  

 
Figure 6. RTK Growth Factor Signaling as Major Node in Network generated from 
8 genes differentially expressed in MIA PaCa-2 and Hela cells. Network of highest 
relatedness generated by Ingenuity® Systems. 
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Figure 7. Network of Highest Relatedness in MIA PaCa-2 Using 40 Most 
Upregulated and 40 Most Downregulated Genes. Network generated by Ingenuity® 
Systems. The dark shaded genes are those upregulated, while the lighter shaded genes are 
those downregulated. 
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Figure 8. Network of Relatedness Involving Genes Differentially Expressed in at 
Least 2 out of  3 PANC1 Arrays. Network generated by Ingenuity® Systems.    
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Figure 9. Network of Highest Association in PANC1 Using the 40 Most Up and 40 
Most Downregulated Genes Following PRL Knockdown. Network generated by 
Ingenuity® Systems. The dark shaded genes are those upregulated, while the lighter 
shaded genes are those downregulated. 
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Although no clear single pathway or molecule emerged as being the main node affected 

by PRL knockdown in all cell lines, a few interesting pathways potentially regulated by 

PRL phosphatses surfaced. First of all, several lines of evidence pointed to Erk and 

possibly Akt signaling as being affected by PRL phosphatase knockdown. Of the 8 genes 

identified as being differentially regulated in MIA PaCa-2 and Hela (Figure 4C), 5 were 

in a growth factor inducible network most likely downstream of Erk and Akt signaling 

(see network in Figure 6). The induction of ATF-3 (MIA PaCa-2 arrays) and EGR1 

(identified in PANC-1 arrrays) is dependent on Erk signaling, whereas CEBPB 

(identified in MIA PaCa-2 arrays) expression is dependent on both Erk and Akt 

activation (50). Interestingly EGR1, ATF3, and CEBPB have been identified as key 

regulators of pancreatitis, so these genes may be of relevance to pancreatic disease (51). 

Also from the PANC1 arrays, the expression of CD69 (member of the Ca2+-dependent 

(C-type) lectin superfamily of transmembrane receptors) is reportedly dependent on Erk 

signaling (52). Changes in Akt signaling are also suspected based on the rational that 

PRL knockdown inhibits pancreatic cancer cell colony formation in soft agar (Appendix 

B), and Akt plays an essential role in anchorage independent survival (53). Based on the 

array data, Erk dependent genes are downregulated in MIA PaCa-2 following PRL 

knockdown, but the Erk dependent genes identified in the PANC1 arrays were found to 

be upregulated. It is therefore possible that PRL knockdown has opposite effects of Erk 

signaling in these cell lines.   

Another intriguing pathway potentially regulated by PRL knockdown is 

regulation of endoplasmic reticulum stress. The idea that PRL-1 plays important roles in 
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stress response wouldn’t be surprising, as PRL-1 was originally identified as a transcript 

upregulated in regenerating liver (interestingly, CEBPB plays a major role in liver 

regeneration (54)). As discussed previously, several genes involved in the endoplasmic 

reticulum stress response pathway were differentially regulated following PRL 

knockdown in MIA PaCa-2 and Hela cells. One of these genes, ATF3, is particularly 

intriguing, as mRNA levels are low in most cells, but greatly increased by a variety of 

stress signals, including anoxia, hypoxia, DNA damage and carcinogens (55, 56). 

Another connection of PRL-1 to ER stress regulation was formed by, Peters et al. who 

found that PRL-1 can interact with and dephosphorylate ATF-5 in vitro. ATF-5 might be 

involved in protecting cells from amino acid-limitation (57). It should be stated that these 

genes might be differentially regulated in these particular microarrays based on growth 

differences. To be more specific, the PRL-targeting siRNA treated cells would have been 

growing slightly slower (see Appendix B), presumably using up fewer nutrients, while 

the control cells might have had expression profiles reflecting a more depleted pool of 

nutrients. 

Based on this information, I hypothesized that knockdown of PRL phosphatases 

would alter growth factor induced phosphorylation of Erk (and possibly Akt) as well as 

the expression of Erk dependent genes identified in the microarrays. I also hypothesized 

that knockdown of PRL phosphatases would alter Erk phosphorylation and the 

expression of ER stress response genes when placed in nutrient limiting media.  

Validation of Candidate Genes and Pathways 
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In order to verify differentially regulated transcripts identified through 

microarray, realtime RT-PCR was used. To start with, the same RNA that was used in the 

MIA PaCa-2 arrays (for the 48 and 72 hour time points) was used in realtime PCR to 

verify the quality of the microarray experiment itself. Differential expression relative to 

non-targeting pooled siRNA (48 hours) or non-treated control (72 hours) of ATF3, 

CEBPB, LCN2, and S100P were confirmed (Figure 10). It is unlikely that the non-

targeting siRNA caused an upregulation of these genes differential in expression 

increases over time, and the 72 hour time point is set relative to non-treated cells and not 

non-targeting siRNA treated cells. To test whether these changes could be duplicated 

with combinations of PRL-1 and/or PRL-2 siRNA, MIA-PaCa-2 cells were treated with 

PRL-1a, PRL-1b, PRL-2a, and PRL-2b siRNA (using the same combinations of siRNA 

that were shown to exhibit specific knockdown in Figure 2). Realtime RT-PCR was 

performed (cells harvested 48 hours post transfection) using primers for ATF3 and EGR1 

(Figure 11). ATF3 was chosen for further evaluation in MIA PaCa-2 cells because of 

biological implications as well as the high level of differential regulation; EGR1 was only 

identified as potentially upregulated in PANC1 arrays, however, like ATF3, EGR1 is an 

immediate-early gene whose expression is dependent on Erk signaling and should be 

down regulated in MIA PaCa-2 cells if the hypothesis is correct, even if it was not 

previously identified. As expected, ATF3 was downregulated when PRL-1a and PRL1-b 

were used in combination at a level similar that of PRL-1p at the respective time point of 

48 hours. Knockdown of PRL-2 likewise resulted in a ~50% reduction in ATF3 message. 

Knockdown of both PRL-1 and PRL-2 in combination resulted in ~75% reduction in  
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Figure 10. Verification of Downregulated Genes in MIA PaCa-2 Microarrays Using 
Realtime RT-PCR. Expression of PRL knockdown cells relative to control. Error bars 
represent SE of three realtime RT-PCR assay replicates from same source of cDNA. 
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Figure 11. Differential expression of ATF3 and EGR1 in MIA PaCa-2 Using 
Realtime RT-PCR. A. Expression of PRL knockdown cells relative to non-treated. Error 
bars represent SE of three biological replicates. 
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ATF-3, suggesting that knockdown of both phosphatases might have an additive effect on 

the expression of these genes. EGR1 on the other hand only exhibited a slight decrease in 

message when only PRL-1 or PRL-2 was knocked down, but showed a modest decrease 

in message when both PRL-1 and PRL-2 were knocked down. Both combinations of 

PRL-1 and PRL-2 siRNA gave similar results, suggesting that the effect is not due to off-

targeting effects of the siRNA.      

The hypothesis that PRL knockdown would alter serum induced Erk and Akt 

phosphorylation in MIA PaCa-2 and PANC1 was tested (results in Appendix B). It was 

found that knockdown of both PRL-1 and PRL-2 in combination significantly (P-value < 

0.05) lowered Akt and Erk phosphorylation in MIA PaCa-2 cells, and knockdown of a 

single PRL had much less of an effect. In PANC1 cells, it was found that PRL 

knockdown resulted in a significant decrease in induction of Akt, but it lead to significant 

increase in the amount of phosphorylated Erk (as would be predicted from the genes 

differentially expressed in the microarray). As the inhibitory effects of PRL knockdown 

on growth in soft agar is of high interest, phosphorylation of Akt was examined in a panel 

of cell lines (Figure 12). It was found that 5 of 9 cell lines tested had decreases in Akt 

phosphorylation. In addition, no cell lines showed higher levels of Akt phosphorylation 

following treatment with PRL targeting siRNA compared to the non-targeting siRNA 

treated counterpart.  

To test the hypothesis that PRL knockdown would affect the expression of stress 

induced genes, the expression of ATF3 and EGR1 (both Erk dependent) following amino 

acid limitation were examined. MIA PaCa-2 and PANC1 cells were transfected with  
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Figure 12 Knockdown of PRL-1 and PRL-2 Inhibits Serum Induced Akt 
Phosphorylation in 5 of 9 Pancreatic Cancer Cell Lines. Equal loading in Western 
Blot verified using Beta-Actin antibody (not shown).  
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PRL-1a and PRL-2a, or PRL-1b and PRL-2b combinations of siRNA for 24 hours, then 

placed in RPMI without L-glutamine over night. When placed in RPMI without L-

glutamine relative mRNA levels of ATF3 and EGR1 in MIA PaCa-2 were greatly 

increased in the non-treated and the non-targeting siRNA (AllStars neg) control cells, but 

only slightly increased in PRL-targeting siRNA treated cells (Figure 13). To verify that 

these changes were dependent on Erk activity, the Mek inhibitor U0126 was used. U0126 

inhibited the induction of ATF3 and EGR1 in these cells. The phosphatidylinositol 3-

kinase inhibitor LY294002 was not used as a negative control because it has been 

reported that LY294002 inhibits ATF3 and EGR1 expression through a 

phosphatidylinositol 3-kinase-independent pathway (58).  In contrast to the MIA PaCa-2 

cells, levels of ATF3 and EGR1 in PANC1 were both higher in the PRL-targeting siRNA 

treated cells compared to control. In addition, the effect of PRL-targeting siRNAs on the 

phosphorylation of Erk and p38 (a stress activated kinase) in MIA PaCa-2 cells following 

withdrawal of L-glutamine was examined (Figure 14). PRL knockdown inhibited the 

induction of both Erk and p38 phosphorylation by L-glutamine withdrawal. On the other 

hand, PRL knockdown had an inhibitory affect on Akt phosphorylation in PANC1 cells, 

but phosphorylation of Erk was increased when placed in media without L-glutamine 

(Figure 15). 

Microarray analysis was performed to identify pathways affected by PRL 

phosphatase inhibition. From the data it appears that Erk signaling is a major pathway 

affected by PRL-targeting siRNAs. MIA PaCa-2 and Hela cells showed a similar gene 

expression profile (with several genes downstream of Erk signaling being differentially  
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Figure 13. Differential expression of ATF3 and EGR1 in MIA PaCa-2 Following 
Amino Acid Limitation. A. Expression of ATF3 and EGR1 in PRL knockdown MIA 
PaCa-2 cells relative to non-treated (no siRNA and in RPMI with L-glutamine). The Mek 
inhibitor U0126 was used at 10 µM. B. ATF3 and EGR1 expression in PANC-1 cells. 
Error bars represent SE of three biological replicates. 
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Figure 14. PRL-targeting siRNA Inhibits Induction of Erk and p38 Phosphorylation 
Following L-glutamine Deprivation. Western blot showing induction of Erk and p38 
only in non-treated and non-targeting siRNA treated cells in media without L-glutamine.
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Figure 15. PRL-targeting siRNA Leads to Increased Erk Phosphorylation and 
Decreased Akt Phosphorylation in PANC1 Cells Following Withdrawal of L-
glutamine. 
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regulated). PANC1 cells gave unexpected results, and showed increased Erk 

phosphorylation upon serum induction or amino acid deprivation when treated with PRL-

targeting siRNAs. From the work I have done, each cell line appears to respond to PRL-

targeting siRNAs differently with respect to alteration of Erk and Akt signaling. In 

addition to the profiles of MIA PaCa-2 and PANC1, cells exhibiting Akt inhibition only 

(Hs700T and PSN1) and cells exhibiting Erk inhibition only (PaTu8988T) were found 

(Figure 12 and unpublished results). Through my studies of PRL phosphatases, I have 

also observed that it is not uncommon to find reports in the literature using only one cell 

line when reporting finding relating to PRL biology. Perhaps it is because many cell lines 

were tried, but due to the fear of reviewers concerns of inconsistency between cell lines 

they were omitted. From the data in this dissertation it is hard to hypothesize the exact 

biological function of PRL-1 and PRL-2. It is possible that future hypotheses dealing 

with PRL biology could be focused on common intermediates upstream of Erk and Akt 

signaling that is important in both growth factor-induced and nutrient deprivation-

induced signaling. Interestingly, the lung cancer cell line A549 has recently been used to 

investigate the effects of shRNA knockdown of PRL-1 (A549 has high levels of PRL-1 

and lower levels of PRL-2 and PRL-3) (30). I tested the effects of transient PRL-1 

knockdown on A549 following amino acid deprivation (-L-Glutamine). The induction of 

ATF3 and EGR1 was inhibited, similar to that of MIA PaCa-2 cells (data not shown). 

Interestingly this report concluded that decreased total levels of Src account for the anti-

tumorigenic and morphological changes observed with PRL-1 knockdown. However, in 

the microarray data, I did not find changes in SRC expression at the mRNA level in any 
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of the cell lines I tested. It is also interesting that we didn’t see any changes in the 

microarray data that would be predicted from the state of known PRL biology as 

presently constituted in the literature. As discussed in appendix B, while conducting this 

research, several reports using RNAi to knockdown endogenous PRL levels or ectopic 

expression of PRL-1 and PRL-3 have focused on and provided accumulating evidence 

that PRL phosphatases might promote cancer cell motility and invasion (24, 31, 59-61). 

Based on the findings in other labs, I would therefore expect global gene expression 

signatures relating to the activity of Rho family small GTPases (such as Rho, Rac, and 

Cdc42 proteins), however networks and genes relating to the Rho family of GTPases 

were not routinely found in our analyses. However, it is interesting that I did notice 

morphological differences between PRL-targeting and non-targeting siRNA treated MIA 

PaCa-2 cells when placed under stress induced by common chemotherapeutic agents 

(Figure 16). Therefore the morphological changes (with accompanying changes in small 

GTPases signaling) now being observed by other PRL researchers might become 

apparent in additional cell lines like MIA PaCa-2 when placed under certain biological 

contexts, such as stress.  
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Figure 16. Morphological Differences in PRL Knockdown MIA PaCa-2 Cells 
Treated with Chemotherapeutic Agents. MIA PaCa-2 cells treated with 
chemotherapeutic agents 24 hours post siRNA transfection and grown for an additional 
24 hours with drug. Magnification 40x.  
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PRL-1 PREFERENTIALLY CLEAVES PHOSPHATIDYLINOSITOL 

PHOSPHATE SUBSTRATES IN CELL FREE ASSAYS 

 

Introduction  

The biological substrate(s) for the PRL proteins have remained unclear. As 

described in Appendix A, the most closely related phosphatases based on amino acid 

sequence similarity and homology modeling outside of the PRL subgroup are CDC14 and 

PTEN. Due to PRL-1's ability to localize to membrane structures upon prenylation, and 

predicted structural similarities with PTEN (a known lipid phosphatase), we hypothesized 

that PRL-1 might be functioning as a lipid phosphatase. Similarly to the PRLs, the 

biological substrate of PTEN was elusive. Surprisingly, it was discovered that PTEN 

could cleave the 3 prime phosphate on phosphatidylinositol 3,4,5 triphosphate 

(PI(3,4,5)P3) (62).   

To test the possibility of PRL-1 having lipid phosphatase activity, recombinant 

PRL-1 protein was isolated, and in vitro cell free phosphatase assays, using multiple 

phosphorylated substrates including phosphatidylinositol (PI) substrates were carried out. 

 

Results 

Recombinant PRL-1 protein (rPRL-1) containing a 6xHis tag for protein 

purification was produced as described in Materials and Methods using a pDEST17/PRL-

1 construct (Figure 17A). Western Blotting using an anti-His antibody shows a protein  
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Figure 17. Recombinant PRL-1 Expression and Purification. A. pDEST17 vector 
used in cloning PRL-1 with N-terminal 6xHis tag. B. Western blot showing enzyme of 
expected size. 
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band of the predicted size (23 kDa) for PRl-1 (6xHis tag contributes to an additional 3 

kDa in protein size)(Figure 17B). rPRL-1 was tested for activity using DiFMUP (6,8-

difluoro-4-methylumbelliferyl phosphate) as a substrate. As shown in Figure 18A, a 

linear correlation between fluorescence and amount of rPRL-1 enzyme exists. In contrast, 

enzymatic activity decreases with increasing levels of sodium orthovanadate (Figure 

18B). Active rPRL-1 (20 µg) was tested for its ability to cleave phosphate from 

polyphosphorylated phosphatidylinositol (PI) substrates (100µM), SHIP-2 (1µg), a 

known lipid phosphatase which has specific activity towards the 5 phosphate of 

PI(3,4,5)P3, was used as a control (Figure 19A). PRL-1 generated the most free 

phosphate when PI(3,4)P2 was used as a substrate, and the least amount of free phosphate 

with PI(3,4,5)P3 as a substrate. In contrast SHIP-2 had specific activity towards 

PI(3,4,5)P3 as expected. Additionallly, PRL-1 (20µg) was tested for its ability to cleave 

phosphate form two phospho-tyrosine peptide substrates (listed in Materials and 

Methods) as well as DiFMUP. When compared to PTP1B (1µg), PRL-1 showed much 

lower activity, especially against phospho-tyrosine peptide substrates. The number of 

substrates was expanded to include singly phosphorylated PIs and an extra PTPIB peptide 

substrate (summarized in Figure 19B). Again, rPRL-1 was unable to generate free 

phosphate using the peptide substrate, and interestingly rPRL-1 was not active against the 

singly phosphorylated PI(3)P, PI(4)P and PI(5)P substrates. It should be noted that I also 

used a potato acid phosphatase that had activity with all the PI substrates including the 

signally phosphorylated substrates (not shown). Therefore, the negative activity of the 

rPRL-1 against monophosphorylated PIs was not due to the substrate being uncleavable.  
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Figure 18. Activity of rPRL-1 In Vitro. A. Phosphatase activity of rPRL-1 is dependent 
on its concentration. B. Phosphatase activity of rRPL-1 decreases with increasing levels 
of Sodium Orthovanadate. 
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Figure 19. Phosphatidylinositol Phosphate Substrate Preference of rPRL-1. A. 
rPRL-1 exhibits high activity on doubly phosphorylated phosphatidylinositol phosphate 
substrates. B. rPRL-1 exhibits low activity on singly phosphorylated phosphatidylinositol 
phosphate substrates.  
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Discussion  

PRL-1 showed phosphatase activity towards the DiFMUP and 

polyphosphorylated PI substrates, however, the activity was higher when lipid substrates 

were used. Of the PI substrates tested, PRL-1 showed the highest activity when PI(3,4)P2 

was used as a substrate. Compared to PTP1B, the phosphatase activity of rPRL-1 is low, 

since high protein concentrations were needed to achieve activity. This is consistent with 

other literature which showed PRL-3 has low tyrosine phosphatase activity and predicted 

PRL-1 to be similar, based on their structural similarity (63). 

 Since rPRL-1 exhibited the most activity towards PI(3,4)P2, it is possible that this 

activity might be at least part of the mechanism by which PRL-1 confers its properties in 

cancerous cells. A precedent for an inositol polyphosphate 4-phosphatase actually 

increasing PI(3,4,5)P3 levels and Akt activation was uncovered by Kisseleva et al. (64). 

Recently Sun et al. reported that PRL-1 and PRL-3 exhibit lipid binding 

specificity (27). Out of 15 lipids tested, PRL-1 displayed strong binding to several 

phosphoinositides including PI(3)P, PI(4)P, PI(5)P, modest binding to PI(3,4)2, 

PI(3,5)P2, PI(4,5)P2, and phosphatidic acid (PA), and weak binding to PI(3,4,5)P3. No 

binding was detected between PRL-1 and phosphatidylcholine and 

phosphatidylethanolamine, suggesting that the interaction is relatively selective. 

However, in apparent contrast to what I found, they report that the PRL-1 active site was 

not involved in phosphoinositide binding, but that the C-terminal polybasic region was 

important. PRL-1 was previously shown to dephosphorylate ATF5 in vitro (65), and 

more recently, PRL-3 was shown to dephosphorylate Ezrin on a threonine residue 
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(Thr567) using in vitro dephosphorylation assays (66). Taken together with my results, it 

is possible that PRL phosphatases might be able to desphosphorylate a variety of 

substrates in cell free assays, many of which might not be physiologically relevant. 

Therefore, other experiments need to be undertaken to determine if PI substrates can be 

dephosphorylated by PRLs in cells.  
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SIGNIFICANCE OF STUDY AND FUTURE DIRECTIONS 

   

Several findings in this dissertation are novel and have provided insight into the 

biology of the PRL phosphatases, especially relating to pancreatic cancer. Of 

significance, I feel that this work has highlighted the possible importance of evaluating 

the complete repertoire (or total level of PRL phosphatases) in cancer. During the course 

of time while I worked on this dissertation, several reports on PRL phosphatases were 

published, which focused only on a particular lab’s PRL of interest (even when other 

PRLs were shown to be expressed in the same manuscript). This is concerning to me, 

because PRL researchers may be underestimating the importance of PRL biology in 

tumors; missing clear phenotypes and positive results due to high levels of another PRL 

protein. This is especially problematic when considering the number of large-scale 

siRNA screens being conducted to find targets for sensitization to current therapeutics. 

Typically in theses screens, only 1 gene is knocked down at a time (not a family of 

genes). Therefore, researchers using model organisms such as Drosophila (which has one 

PRL gene, closely related to the human PRLs) might have a better chance of identifying 

potentially useful therapeutic applications/combinations for the PRL phosphatases.  

Also of significance, this work is still the only work to describe PRL expression 

and function in pancreatic cancer (a cancer that is often neglected), and it is the first to 

report the effects of PRL-2 targeting siRNAs in cancer cells. In the same light, this work 

also presents evidence that PRL-2 most likely functions similarly to PRL-1 and PRL-3. 
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Importantly this work shows that knockdown of both PRL-1 and PRL-2 can significantly 

reduce the ability of pancreatic cancer cells to form colonies in soft agar.  

Of significance relating to the understanding of PRL function, I show that both 

Erk and Akt phosphorylation can be affected by PRL knockdown in pancreatic cancer 

cell lines, suggesting that PRL phosphatases most likely function upstream of these 

important kinases. I also show that PRL phosphatase might regulate stress response in 

cancer cells, as PRL-targeting siRNA treated cells were unable to upregulate several 

stress inducible genes following amino acid deprivation (many of these genes being Erk 

dependent).  

There are still questions that need to be answered. First of all, it would be 

important to find out the exact biological substrates of the PRL phosphatases (keeping in 

mind that all three PRLs might be somewhat unique in specificity). By knowing the 

correct physiological substrate(s), the exact function(s) of PRL phosphatases might come 

into focus. Also, relatively little is known about the protein levels of the individual PRLs 

in cancer. Most work has focused on mRNA expression levels, however, protein levels 

should be more useful for determining which cancers may be susceptible to PRL 

inhibition.   

A potent and specific inhibitor of the PRL phosphatases needs to be developed. 

Anti-tumorigenic effects resulting from a specific PRL inhibitor have yet to be shown. 

Pathak and coworkers (67) reported that pentamidine inhibits PRL phophatases, and has 

anti-tumor activity, however, pentamidine has multiple mechanisms of action (discussed 

in Appendix A). Caution needs to be observed when testing the biological activity of 
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PRL inhibitors, considering that part of PRL function might not be dependent on 

phosphatase activity (27, 68).   
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PRESENT STUDY 

 
 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers.   

Appendix A is a review of that literature and succinctly describes the expression, 

possible function(s), and structure of the PRL phosphatases. Importantly, it concludes 

that based on the properties of these phosphatases (possible importance in metastasis and 

uniqueness in structure), they might prove to be attractive molecular targets.  

Appendix B is an original research article that concludes that both PRL-1 and 

PRL-2 are expressed at high levels in pancreatic cancer cell lines and tumor samples 

(taken directly from patients). Importantly it shows that knockdown of both PRL-1 and 

PRL-2 with specific siRNAs results in reduced cellular growth and ability to form 

colonies in soft agar. It also reports that PRL-1 and PRL-2 knockdown results in altered 

serum induced Akt and Erk phosphorylation in pancreatic cancer cell lines, suggesting 

that PRL-1 and PRL-2 function upstream of these important signaling molecules. 
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Bret J. Stephens, Amanda L. Farnsworth, Ruben M. Munoz. Steven L. Warner, David J 
Bearss, Daniel D. Von Hoff, Haiyong Han. Lipid phosphatase activity of PRL-1. Proc 
Amer Assoc Cancer Res 2004; Abstract {0865}  
 
Phosphatase in regenerating liver 1 (PRL-1) has recently been identified by our lab as one 
of the most consistently and highly upregulated genes in both pancreatic cancer cell lines 
and pancreatic tumors taken directly form patients (compared to normal pancreas) 
(Farnsworth, et al. Proc. AACR 44:191-192). PRL-1 is a protein tyrosine phosphatase 
(PTPase), but the cellular function and the specific substrates of PRL-1 are still unclear. 
Molecular modeling suggests that PRL-1 most likely shares structural similarities with 
the lipid phosphatase PTEN. To test the possibility of PRL-1 being a lipid phosphatase, 
recombinant PRL-1 protein was produced, and in vitro phosphatase assays were carried 
out with phosphatidylinositol (PI) substrates. PRL-1 exhibited higher activity towards 
certain lipid substrates than to the phospho-tyrosine substrates that we tested. Of interest, 
the lipid phosphatase activity of PRL-1 showed the highest activity towards PI(3,4)P2. 
PRL-1 also produced some free phosphate when PI(3,5)P2, PI(4,5)P2, and PI(3,4,5)P3 
were used as substrates, but failed to do so with PI3P, PI4P, and PI5P as substrates. Since 
PRL-1 exhibited the most activity towards PI(3,4)P2, it is possible that this activity might 
be the mechanism by which PRL-1 confers its properties in cancerous cells. Further work 
is underway to determine if PI(3,4)P2 is the biologically relevant substrate of PRL-1. 
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Bret J. Stephens, Ruben M. Munoz, Haiyong Han, Daniel D. Von Hoff. Differentially 
expressed genes in cancer cells following PRL-1 silencing by siRNA. Proc Amer Assoc 
Cancer Res 2005; Abstract {46:5508} 
 
The PRL family of phosphatases has gained considerable attention from cancer 
researchers in the past couple of years, mainly due to reports that these phosphatases 
might play important roles in tumor progression and metastasis. This family of 
phosphatases consists of three highly homologous members, namely, PRL-1, -2 and -3. 
Our lab has previously identified PRL-1 as being highly overexpressed in pancreatic 
cancer cell lines as well as tumor tissues, when compared to normal pancreas. Ectopic 
overexpression of PRL-1 in non-tumorigenic cells has been shown to increase the 
proliferative, migratory and invasive potential of the cells, while siRNA treatment 
targeting endogenous PRL-1 in cancer cells was able to abrogate cell motility. However, 
the exact biological function and specific substrates of PRL-1 remain unclear. In order to 
gain a better understanding of the biological pathways PRL-1 might regulate, we have 
carried out experiments to investigate the gene expression changes in cancerous cells 
following PRL-1 silencing by siRNAs. Cancer cells that highly express PRL-1 were 
treated with a PRL-1 specific duplex siRNA and harvested at three time points (24, 48 
and 72 hours). The suppression of PRL-1 expression was confirmed to be more than 90 
percent compared to the scramble controls by RT-PCR. Microarray experiments were 
then performed to compare the global gene expression profile changes. A large number of 
genes were found to be significantly up- or down-regulated by PRL-1 silencing, 
especially for the 48 and 72 hour time points. Since PRL-1 expression has been 
demonstrated to be correlated with differentiation in some tissues, it was not surprising 
that several genes involved in muscle and neural cell differentiation were differentially 
expressed in PRL-1 siRNA treated cells. However, further analysis using the Ingenuity 
Pathway Analysis software placed the largest group of differentially expressed genes in 
cancer specific pathways, followed by cell cycle related genes. We are working on 
further verifying these expression changes using different techniques. 
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Bret J. Stephens, Ruben M. Munoz, Haiyong Han, Daniel D. Von Hoff. Effects of PRL-1 
and -2 specific siRNA treatment in pancreatic cancer cell lines. Clin Caner Res 
2005:11:24 C264 
 
The PRL family of phosphatases, consisting of PRL-1, -2 and -3, represents an intriguing 
group of proteins being validated as biomarkers and therapeutic targets in cancer. Ectopic 
expression of individual PRL proteins in non-tumorigenic cells can influence 
proliferation, and the migratory and invasive properties of cells. However, little is known 
about the specific effects of endogenous PRL knockdown in cancerous cells. It has 
previously been reported that PRL-1 and -2 are expressed at high levels in pancreatic 
cancer cell lines and tumor tissues, which might contribute to the aggressive nature of 
this disease. In order to determine if PRL protein knockdown exhibits anti-tumor effects 
in pancreatic cancer cells, siRNA technology was used to transiently knock down PRL-1 
and/or -2 protein levels in MiaPACA-2 and Panc1 adenocarcinoma cells. Treatments 
using siRNAs targeting PRL-1 and -2 in combination caused a significant decrease in cell 
viability and growth in Panc1 cells, but not in MiaPACA-2 cells. However, a decrease in 
colony formation in soft agar following siRNA treatment was observed in both cell lines. 
Interestingly, no significant differences were observed in cell cycle distribution or in 
invasive and migratory activity when treated with PRL targeting siRNA. These results 
suggest that PRL proteins might be important regulators of tumor biology, but inhibitors 
targeting PRL proteins may not be very effective in treating pancreatic cancer unless used 
in combination with other anti-tumor agents. 
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Bret J. Stephens, Haiyong Han, Daniel D. Von Hoff. Knockdown of PRL levels by 
siRNA influences response to etoposide in pancreatic cancer cells. European Journal of 
Cancer 2006:4(12);119  
 
The PRL family of phosphatases, consisting of PRL-1, -2 and -3, represents an intriguing 
group of proteins being validated as biomarkers and therapeutic targets in cancer. Ectopic 
expression of individual PRL proteins in non-tumorigenic cells can influence 
proliferation, and the migratory and invasive properties of cells. However, little is known 
about the specific effects of endogenous PRL knockdown in cancerous cells. It has 
previously been reported that PRL-1 and -2 are expressed at high levels in pancreatic 
cancer cell lines and tumor tissues, which might contribute to the aggressive nature of 
this disease. In order to determine if PRL protein knockdown exhibits anti-tumor effects 
in pancreatic cancer cells, siRNA technology was used to transiently knock down PRL-1 
and/or -2 protein levels in MiaPACA-2 and Panc1 adenocarcinoma cells. Treatments 
using siRNAs targeting PRL-1 and -2 in combination caused a significant decrease in cell 
viability and growth in Panc1 cells, but not in MiaPACA-2 cells. However, a decrease in 
colony formation in soft agar following siRNA treatment was observed in both cell lines. 
Interestingly, no significant differences were observed in cell cycle distribution or in 
invasive and migratory activity when treated with PRL targeting siRNA. These results 
suggest that PRL proteins might be important regulators of tumor biology, but inhibitors 
targeting PRL proteins may not be very effective in treating pancreatic cancer unless used 
in combination with other anti-tumor agents. 
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Steven L. Warner, Anastasia Sugeng, Bret J. Stephens, Stanley Nwokenkwo, Haiyong 
Han, Daniel D. Von Hoff. siRNA-mediated inhibition of TPX2 affects pancreatic cancer 
cell proliferation, tumorigenicity, and cell death. Proc Amer Assoc Cancer Res 2007; 
Abstract {4959} 
 
Pancreatic cancer is the fourth leading cause of cancer death among men and women in 
the United States and novel approaches are urgently needed to combat this disease. The 
Targeting Protein for Xklp2 (TPX2) is a microtubule-associated protein whose gene is 
amplified in a subset of pancreatic adenocarcinomas (PNAS 2005;102:9625-30). Studies 
have shown its requirement for cell cycle progression as a result of its interaction with 
proteins such as Aurora A kinase. We hypothesize that due to its gene amplification and 
its involvement in an established oncogenic signaling pathway, TPX2 is a co-conspirator 
with Aurora A kinase in contributing to pancreatic tumorigenesis. To test this hypothesis 
and further characterize the role of TPX2 in pancreatic cancer, we used a siRNA 
approach to evaluate the biological consequences of targeting its expression in pancreatic 
cancer cell lines. Two different TPX2-targeting siRNAs showed a 4- to 5-fold reduction 
in MIA PaCa-2 cell proliferation compared to cells treated with a non-silencing siRNA 
for 24-96 hrs. This effect on cell proliferation was also observed in PANC-1 cells but to a 
lesser extent. TPX2 inhibition by siRNA produced an 80% reduction in MIA PaCa-2 and 
PANC-1 colony formation in soft agar, suggesting it is involved in pancreatic cancer cell 
self-renewal and tumorigenicity. Furthermore, MIA PaCa-2 and PANC-1 cells treated 
with TPX2-targeting siRNAs underwent apoptosis as indicated by a dramatic induction 
of caspase-3 activity. These results suggest that TPX2 is an important contributor to 
pancreatic cancer growth, is a potential candidate oncogene, and is a prospective 
therapeutic target to treat this disease. We are vigorously pursuing therapeutic agents that 
disrupt TPX2 function in hopes of finding more effective treatment options for patients 
with pancreatic cancer. (Supported by NIH Grant CA 95031)
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Bret J. Stephens, Haiyong Han, Galen Hostetter, Michael Demeure, Daniel D. Von Hoff. 
Overexpression of PRL-1 and PRL-2 in pancreatic cancer cell lines and tumor samples. 
Proc Amer Assoc Cancer Res 2007; Abstract {0270} 
 
 The PRL phosphatases (which consist of PRL-1, PRL-2 and PRL-3 in humans) have 
been implicated in cancer cell growth and metastasis, and are currently being validated as 
biomarkers and therapeutic targets in a variety of tumor types. Using cDNA microarray, 
we previously identified and reported PRL-1 as being highly upregulated in pancreatic 
cancer cell lines (Han et al. Cancer Res 2002. 62:10;2890-6). In addition, mRNA levels 
of PRL-1, PRL-2, and PRL-3 in a large panel of cell lines have been described recently 
(Rouleau et al. Proc AACR 2006;47:[5028]), showing that PRL-2 might also be highly 
expressed in pancreatic cancer cell lines. Examination of PRL expression at the protein 
level, however, has remained less explored. We sought to further evaluate the expression 
of the PRL phosphatases at the protein level in pancreatic cancer cell lines and extend our 
findings to in situ analysis of pancreatic tumors by using tissue microarray (TMA) 
technology. As determined by Western blot, we found that PRL-1 and PRL-2, but not 
PRL-3 were highly expressed in pancreatic cancer cell lines, with expression comparable 
to that of other cancer cell lines previously described as having high PRL-1 or PRL-2 
levels. Focusing on PRL-1 and PRL-2, TMA slides containing 53 tumor samples and 38 
normal samples (20 of which were matched adjacent to tumor) were stained using PRL-1 
or PRL-2 antibodies. Staining over background of PRL-1 or PRL-2 in adenocarcinoma 
was moderate to strong for ~40% of the tumors. In contrast over 90% of the normal 
pancreas counterparts stained negative or weak for both PRL proteins. Our results 
suggest that PRL-1 and PRL-2 are expressed in a subset of pancreatic tumors and further 
experiments are being undertaken to determine the role that PRL phosphatases play in the 
biology of these tumors.   
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Haiyong Han, Bret J. Stephens, Daniel D. Von Hoff. PRL-1 and PRL-2 regulate stress 
induced Erk and Akt phosphorylation in pancreatic cancer cells. [abstract] In: AACR-
NCI-EORTC International Conference on Molecular Targets and Cancer Therapeutics; 
2007 Oct 22-26; San Francisco, CA. Philadelphia (PA): AACR;2007. Abstract nr C258 
 
The PRL phosphatases (PRL-1, PRL-2, and PRL-3 in humans) are a subgroup of low 
molecular weight protein tyrosine phosphatases currently being investigated as potential 
therapeutic targets in cancer. We have previously characterized PRL phosphatase 
expression in pancreatic cancer cell lines, and reported that siRNA-mediated knockdown 
of both PRL-1 and PRL-2 in combination affects cellular growth, migration and colony 
formation in soft agar (Clin Cancer Res. 2005; 11(24):9164s). Although considerable 
evidence has accumulated suggesting that PRL phosphatases may play causal roles in 
tumorigenesis and metastasis, little is known about the biological function(s) and 
underlying mechanism(s) by which PRLs promote tumor growth and metastasis. To 
further investigate the biological effects of PRL knockdown in pancreatic cancer, we 
surveyed gene expression changes using DNA microarray, and observed that many genes 
(most notably ATF-3 and EGR1) involved in stress response and amino acid metabolism 
downstream of Erk were differentially regulated between cancer cells treated with PRL 
targeting siRNAs and those treated with non-targeting siRNA. Evaluation of Erk 
phosphorylation induced by amino acid starvation shows that siRNA-mediated 
knockdown of PRL-1 and PRL-2 in combination effectively blocks Erk phosphorylation 
as well as ATF-3 and EGR1 induction in MIA PaCa-2 cells. We also observed that 
phosphorylation of Akt was also inhibited by PRL knockdown. These data support the 
hypothesis that PRL phosphatases can play key regulatory roles upstream of Erk and Akt. 
To further elucidate the function(s) of PRL phosphatases, work is currently underway to 
determine the specific conditions under which PRL phosphatases regulate Erk and Akt 
phosphorylation.  (This work was supported by a grant from National Foundation for 
Cancer Research) 
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The putative tumor suppressor gene EP300 encodes a histone acetyltransferase that acts 
as a transcriptional co-activator via chromatin remodeling and is important in the 
processes of cell proliferation and differentiation. A role for EP300 as a tumor suppressor 
in cancer has been suggested by the fact that it is targeted by viral oncogenes, and 
inactivating mutations have been observed in several epithelial malignancies. However, 
direct demonstration of the role of EP300 in tumorigenesis by inactivating mutations in 
pancreatic cancer has not been thoroughly investigated. To obtain a better understanding 
of EP300’s role in pancreatic cancer, expression of the gene was evaluated at the mRNA 
and protein level, using real-time RT-PCR and Western blot, respectively, in a large 
panel of pancreatic cancer cell lines.  Prevalence of mutations in the EP300 genomic 
sequence in pancreatic cancer cell lines and in a set of low passage tumor xenografts was 
surveyed by sequencing several exons previously found to harbor inactivating mutations 
in other cancer types.  It was found that mRNA levels of EP300 were relatively similar 
among the cell lines. However, a wide range of protein expression was observed. No 
anomalies were observed in the exons tested by sequence analysis in 21 pancreatic cancer 
cell lines except a previously reported deletion in PaTu8988T. Sequence analysis of 19 
xenografts revealed point mutations, but no insertions or deletions that would result in a 
predicted truncated protein. These data suggest that truncating mutations in pancreatic 
cancer are probably rare, and that regulation of translation or degradation of EP300 might 
play a more important role in pancreatic cancer than inactivating mutations. (This work 
was supported by a NCI grant P01CA109552) 
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