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ABSTRACT OF THE DISSERTATION 
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In a migrating cell, actin polymerization and assembly drive membrane 

protrusion leading to the formation of pseudopodia. Repeated cycles of 

membrane extension at the front and tail retraction at the back facilitate cell 

translocation. Proliferating cancer cells can aberrantly turn on migration signals 

that activate the actin cytoskeleton machinery to drive cell locomotion.  These 

motile cells are highly dangerous because they can leave the primary tumor site, 
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invade the surrounding tissues, and gain access to the circulation, where they 

travel to distant organs and form secondary tumors. Unfortunately, there are no 

therapeutic treatments available that target migrating cancer cells and the 

majority of cancer patients succumb to metastatic disease. Recently, there has 

been a drive to uncover proteins associated with cell migration that can be 

targeted for therapy. 

In order to understand the spatiotemporal regulation of proteins involved in 

the migration machinery, our lab has analyzed the proteome of the cell 

pseudopodia. Of the proteins identified, we chose to further characterize 

Pseudopodium-Enriched Atypical Kinase 1 (PEAK1). The goal of this thesis was 

to elucidate the role of PEAK1 in cancer cell migration and metastasis.  

Here, I report that PEAK1 is upregulated in human malignancies, including 

human PDACs. Oncogenic KRas induced a PEAK1-dependent kinase 

amplification loop between Src, PEAK1, and ErbB2 to drive PDAC tumor growth 

and metastasis in vivo. Surprisingly, blockade of ErbB2 expression increased 

Src-dependent PEAK1 expression, PEAK1-dependent Src activation, and tumor 

growth in vivo, suggesting a mechanism for the therapeutic resistance of patients 

with PDAC. Importantly, PEAK1 inactivation sensitized PDAC cells to 

trastuzumab and gemcitabine therapy suggesting that therapeutics that target 

PEAK1 in combination with gemcitabine may improve patient outcome.  

 To further elucidate the mechanism by which PEAK1 regulates cancer cell 

migration, I used a mutagenesis approach to study the function of different 
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functional sites in PEAK1. I discovered that the C-terminal proline-rich region of 

PEAK1 and the phosphorylation status of tyrosine 665 are essential for PEAK1-

mediated focal adhesion dynamics and cancer cell migration. Mutation of the C-

terminal proline-rich region decreased cancer cell viability and sensitized cells to 

DNA damage-induced apoptosis. Altogether, these data suggest that PEAK1 is a 

promising biomarker and therapeutic target in human malignancies. 
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Cancer cell metastasis 

 

Normal cells are programmed to work together within various tissues to 

promote the survival of the organism. As genetic mutations accumulate within the 

DNA, the cells begin to stray from the original agenda of organism survival 

toward an agenda of self-survival. There are several traits or hallmarks that 

define the cells that form a tumor, including replicative immortality, resistance to 

cell death, reprogramming energy metabolism, and invasion and metastasis (1). 

Of these cancer hallmarks, metastatic dissemination poses a serious clinical 

problem because the formation of cancer metastases is thought to contribute to 

90% of cancer related deaths (2), indicating that once cancer cells have spread 

throughout the body, they are almost impossible to eradicate.  Therefore, there is 

a critical need to discover and develop therapeutics that target the programs of 

cancer cell dissemination. 

Metastases form by cancer cells that have left the site of the primary tumor 

and take up residence at a secondary site in the body. Cancer cells dispersing 

from the primary tumor implement the following cascade of events: 1. Primary 

tumor formation, 2. Localized invasion, 3. Intravasation into the blood or 

lymphatic system, 4. Transportation through the circulation, 5. Arrest in the small 

vessels of organs, 6. Extravasation from the blood/lymph vessel into the tissue, 7. 

Formation of micrometastases, and 8. Colonization and tumor formation at the 

secondary site (Figure 1.1). Tumor cells have complex interactions with the 
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stromal cells and the extracellular matrix at these secondary sites and through 

the course of their establishment, metastatic cancer cells recruit an assemblage 

of cells, including immune inflammatory cells and cells for blood vessel formation, 

to create the tumor microenvironment (3). As Stephen Paget hypothesized in 

1889: “The seeds of a plant are carried in all directions; but they can only live and 

grow if they fall on congenial soil." Dr. Paget’s hypothesis holds true today, as it 

has been shown that the microenvironment is crucial for successful 

establishment of secondary site metastases (4). 

A more recent discussion in the process of cancer cell metastasis comes 

from observations that tumors are not homogenous and have phenotypically 

distinct populations of cells (5). The concept of a cancer stem cell (CSC) 

proposed that the growth of a tumor is sustained by a subpopulation of highly 

malignant cancerous cells (6). Thus, a range of cancer-associated traits, 

including motility and invasiveness, may be due to the presence or action of the 

CSC subpopulations within the tumor as a whole. CSCs are usually defined by 

their ability to seed tumors using low numbers of cells when implanted into 

animals (7, 8). This quality of CSCs is thought to be analogous to cancer cell 

metastasis because both depend on self-renewal and tumor-initiating ability (9).  

Important to CSCs in metastasis is the aberrant activation of the 

embryonic program epithelial to mesenchymal transition (EMT) (10). EMT has 

been shown to increase cancer cell motility and dissemination as well as the 

induction of non-CSCs into the CSC-like state (11) (12). Furthermore, gene 
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expression patterns have shown that de-differentiated cancer cells integrate a 

stem cell-like phenotype with EMT properties, which points to the idea of 

migrating cancer stem cells as the source of cancer cell metastasis (13). 

Interestingly, once the cancer cells have disseminated to secondary sites, it has 

recently been shown that a re-differentiation or a mesenchymal to epithelial 

transition (14) is necessary for colonization and survival of the micrometastases 

(15). The ability of a cell to transiently turn on and off EMT and MET is now 

considered to be the mainspring of metastasis (16).  

 

Cell migration  

  

Cell migration is a highly organized and complex multistep process 

involving the movement of a cell from one location to another.  The migration of 

cells is necessary for normal morphogenetic and physiological events, such as 

embryogenesis and wound healing, but is also a key process in multiple 

pathological events, including arthritis, atherosclerosis, and cancer. The process 

of cell migration begins with the response of the cell to a directional cue that 

causes the cell to polarize and extend protrusions in the direction of the migration 

signal (17, 18). These protrusions of the plasma membrane at the leading edge 

of the cell are driven by the polymerization of actin filaments and stabilized by 

adhering to the extracellular matrix (ECM) through the formation of complexes 

comprised mainly of integrin receptors linked to the actin cytoskeleton. The 
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cytoskeleton is a critical component of the cellular migration machinery and is a 

highly dynamic scaffold upon which mechanosensing and signal transduction 

events are spatially and temporally integrated in response to a diverse array of 

extracellular stimuli. As the cell body translocates over the adhesions, these sites 

are dissembled at the rear allowing it to detach and restart the entire process. It 

is becoming increasingly necessary to understand the fundamental regulation of 

cell migration as it pertains to physiological and pathophysiological changes in 

the human body. Though research has advanced rapidly over the past few years, 

many issues still remain unresolved, including the maintenance of polarity, focal 

adhesion dynamics, and the spatial and temporal changes in the migration 

machinery.  

The directional and repeated extension of pseudopodia comprises the 

fundamental mechanism by which a cell moves (19). Once a pseudopodium is 

formed, cell movement begins in the direction of a gradient in surrounding 

environment and undergoes a cycle of membrane extension at the front of the 

cell and retraction at the rear. Therefore, cell motility is associated with the 

distinct formation of a pseudopodium, which determines the directionality of cell 

movement (19). As stated previously, a key cellular process associated with the 

metastatic program is EMT and the cell pseudopodia are critical components of 

EMT-induced mesenchymal cell migration (20). Recent work has shown that 

knockdown of pseudopodia-localized proteins resulted in reduced actin 

cytoskeleton dynamics and induction of MET (21). Therefore, we can use our 
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knowledge of proteins that are found to be spatially located in the pseudopodium 

to obtain a greater understanding of metastasis and discover unique molecular 

targets to therapeutically inhibit cancer cell migration and metastasis. 

 

Tyrosine kinases play a key role in migration and metastasis 

 

 Tyrosine kinases play a central role in signal transduction pathways by 

catalyzing the phosphorylation of their target proteins. There have been 90 

tyrosine kinases identified in the human genome. Currently, there are 58 

transmembrane receptor tyrosine kinases and 32 non-receptor tyrosine kinases 

that are located in the cytoplasm (22). Receptor tyrosine kinases are composed 

of an extracellular domain, a transmembrane domain, and an intracellular 

catalytic domain. The catalytic domain is able to bind and phosphorylate selected 

substrates after the binding of a ligand specific to the extracellular region of the 

kinase (23). The binding of the ligand causes structural rearrangements in the 

kinase that lead to its activation. This activation causes a cascade of 

phosphorylation events inside the cell that transmits the extracellular signal to the 

nucleus. The non-receptor tyrosine kinases lack the transmembrane domain and 

usually are found downstream of the receptor tyrosine kinases in signaling 

pathways. 

Tyrosine kinase activity controls most cellular processes, including 

proliferation, apoptosis, and migration (24). In non-transformed cells, tyrosine 



	  

	  

7	  

kinases are strictly controlled to ensure that aberrant activity is restricted (25). 

Many tyrosine kinases are involved in tumorigenesis, either by gene mutation, 

chromosome translocation, or overexpression (26). In these cases, the tyrosine 

kinases are no longer regulated and the downstream effector proteins undergo 

excessive phosphorylation, which sustains an activated signal within the cell.  

Recent clinical studies have shown that tyrosine kinase inhibitors are safe 

and therapeutically efficacious drugable targets for many different tumor types 

(27). Therefore, there is a need to develop new and more effective inhibitors that 

can target tyrosine kinases. 

All active kinases contain three motifs, VAIK, HRD, and DFG, within their 

kinase domain and each of these motifs have one highly conserved residue 

(VAIK: K, HRD: D, DFG: D). These residues are considered to be important for 

the catalytic activity of kinases (28). Of the known proteins in the human kinome, 

48 contain a kinase-like domain that lacks one of the conserved amino acid 

residues. These kinases are predicted to be non-catalytic and have been termed 

pseudo- or atypical kinases (29). It is thought that these pseudokinases may 

have evolved from active kinases and until recently, they have been considered 

the nonfunctioning remains of active kinases that only have the ability to act as 

scaffolding proteins. Now, these pseudokinases have been shown to have more 

functions similar to their active kinase counterparts. Recently, there have been 

pseudokinases that have been demonstrated to have some kinase activity and 

are known to activate their specific effector proteins (30). Pseudokinases have 
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also been implicated in a variety of diseases, including cancer (31). Therefore, 

pseudokinases have become promising targets for therapeutic intervention. 

 

Identification of novel kinases involved in cancer progression 

 

As mentioned previously, cell migration requires the formation of a 

pseudopodium in the direction of the migration cue. Because this actin-rich 

membrane protrusion is critical for cell migration, it was hypothesized that 

analysis of this structure would lead to a greater understanding of the 

spatiotemporal regulation of proteins involved in the cellular migration machinery. 

However, it has been difficult to mine for cell migration related proteins localized 

in the pseudopodia because it was not possible to purify this membrane structure 

for analysis. Recently, our lab developed a method to purify the pseudopodia 

projections from a migrating cell using porous filters. After applying an 

extracellular matrix protein or chemokine gradient, the extending pseudopodia 

are scraped from the undersurface of the filter and the cell body fraction from the 

top of the filter (32).  

Tyrosine phosphorylation is a crucial event for the propagation of signals 

that control cellular movement and migration (33, 34). During migration, the 

pseudopodium contains many cytoskeleton and integrin-associated proteins that 

become tyrosine phosphorylated as the result of attachment to extracellular 

matrix proteins that regulates actin polymerization and focal adhesion dynamics 
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(19). Because tyrosine phosphorylated proteins are difficult to visualize in these 

analyses due to their low abundance when compared to other phosphorylation 

events, we used immunoaffinity enrichment of pseudopodial tyrosine 

phosphorylated proteins in order to assess the spatiotemporal regulation of these 

important signaling events in migration. The immunoaffinity enriched tyrosine 

phosphorylated peptides are then identified using multidimensional protein 

identification technology (MudPIT) mass spectrometry (32) (Figure 1.2).  

Using this phosphotyrosine immunoaffinity enrichment and mass 

spectrometry analysis approach, a total of 211 proteins were discovered to be 

enriched by at least 1.5-fold in the pseudopodium compared with the cell body 

(35). Analysis of these pseudopodia-enriched phosphotyrosine proteins revealed 

that a large portion of these proteins are involved in signaling pathways that 

regulate the actin cytoskeleton and focal adhesions, including Src, Focal 

Adhesion Kinase (FAK), and paxillin (35). It was also shown that the cell body 

fraction contained proteins involved in signaling pathways that regulate cell cycle 

and calcium signaling, which would be expected because the cell body fraction 

contains the nuclear compartment. Using this method, it is now possible to 

identify the spatiotemporal organization of signaling proteins that control 

pseudopodium formation and, therefore, cell migration.  

Within the set of 211 pseudopodia-enriched phosphotyrosine proteins, the 

expression of twelve unique phosphoproteins was discovered to be enhanced in 

the pseudopodium (35). Using bioinformatics software, we could infer their 
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protein interaction domains and other important structural motifs that based on 

amino acid sequence. Of these 12 proteins, we chose SGK269 or what we now 

have named Pseudopodium-Enriched Atypical Kinase 1 (PEAK1) for further 

characterization.  

 

PEAK1 

 

PEAK1 is ubiquitously expressed non-receptor tyrosine kinase. It has the 

highest level of expression in brain and kidney and is conserved from zebrafish 

to human. The domain structure of PEAK1 is shown in Figure 1.3. As mentioned 

previously, all kinases contain three conserved motifs, with each containing a 

critical amino acid residue necessary for the function of the kinase. PEAK1 

contains all three of these motifs, but the D residue in the DFG motif has been 

replaced by N. This substitution classifies PEAK1 as an atypical kinase. Although 

PEAK1 is considered an atypical kinase, we have shown that it has catalytic 

activity (35). The known functions and signaling capabilities of PEAK1 are listed 

in Table 1.1.  

 

Rationale and goals of this dissertation 

 

In order to better understand the process of cancer cell migration, it is 

necessary to study the fundamental regulation of cell migration. The basis of 
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cellular motility consists of leading edge protrusion, creation of new contacts with 

the ECM, and retraction of the trailing edge. The spatiotemporal signaling events 

that mediate the formation of cellular migration are complex and remain poorly 

understood. In an attempt to understand the spatiotemporal regulation of the 

migration machinery underlying the ability of a cell to metastasize, our lab sought 

to uncover novel proteins associated with the pseudopodia protrusions of the cell. 

To this end, we sought to characterize a novel non-receptor tyrosine kinase, 

PEAK1, which was discovered in our lab using quantitative mass spectrometry 

analysis of phosphotyrosine immunoaffinity-enriched purified pseudopodia 

protein samples. Though data first published by our lab strongly indicated a role 

for PEAK1 in cancer cell migration and metastasis, the exact function of PEAK1 

in these molecular events is not understood. Therefore, the goal of my thesis 

work was to elucidate the mechanism and role of PEAK1 in cancer cell migration 

and metastasis.  

In Chapter 1, my colleagues and I examined PEAK1 expression 

downstream of oncogenic KRas and Src in pancreatic ductal adenocarcinomas 

(PDAC) and the role of PEAK1 in PDAC formation, metastasis, and therapy 

resistance. In Chapters 2 and 3, we sought to further characterize the 

mechanisms by which PEAK1 controls cell migration and focal adhesions 

dynamics by mutating the Y665 Src binding and phosphorylation site and the C-

terminal proline-rich region (P1153-1154), the putative SH3 Crk binding site, 
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respectively. Altogether, our findings demonstrate a critical role for PEAK1 in cell 

migration and metastasis and both the Y665 and C-terminal proline-rich regions 

of PEAK1 are important for these processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	  

13	  

1.2 Figures 

 

Figure 1.1 Metastatic Cascade. Illustration courtesy of David Cheresh, UCSD. 
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Figure 1.2 Pseudopodia Purification and Proteomics. A. Filter pseudopodia purification 
with fluorescence image showing pore with infiltrating pseudopodia. B, Protocol for 
proteomic analysis of purified pseudopodia. 
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Figure 1.3 A schematic showing PEAK1 domains and predicted protein binding sites. 
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Table 1.1 Summary of known PEAK1 functions. NT = Not Tested. Table courtesy of 
Kelber and Klemke, Oncotarget, 2010. 
 

Function Domain Residues Molecular and Cancer 
Implications 

Crk Binding C-
terminal 

P1153 May help recruit Crk into 
p130Cas/Crk complex to 
induce cell motility; may 

lead to metastasis 
Src Substrate and 

Binding 
N-

terminal 
Y665 Tyrosine phosphorylation of 

PEAK1 may activate a 
positive feedback loop 

between Src and PEAK1 
allowing for further 

p130Cas/Crk coupling; may 
promote or be required for 

potent Src-transforming 
functions 

Ubiquitously 
Expressed 

NT NT Upregulation or mutational 
activation may drive tumor 

progression 
Actin Localization N-

terminal 
a.a. 339-727 May facilitate actin 

remodeling or the 
recruitment of actin 

remodeling molecules to the 
cytoskeleton to enable cell 

motility and cancer cell 
metastasis 

Focal Adhesion 
Localization 

NT NT May act to recruit p 
130Cas/Crk and/or Paxillin 
to focal adhesions; may also 
function in focal adhesion 

dynamics, adhesion 
maturation and/or cell 

detachment during 
metastasis 

Tyrosine Kinase C-
terminal 

a.a. 1330-1664 Likely functions to 
phosphorylate multiple 

substrates during normal 
homeostasis and tumor 

progression 
Phosphosites 

(Predicted/Known) 
N- and C- 
terminal 

Y (387, 475, 531, 
596, 618, 636, 641, 

665, 979, 880, 1107, 
1153, 1348, 1372) 

S/T (779, 783) 

May provide docking sites 
for other molecules (e.g. 

Erk, p130Cas, Crk and Src) 
or alter molecular 

confirmation to induce 
activation; kinase or 

scaffolding functions in 
these pathways are likely to 
contribute to their already 

well-established role during 
cancer progression 

 



	  

	  

17	  

1.3 References 

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 
2011;144:646-74. 

 
2. Mehlen P, Puisieux A. Metastasis: a question of life or death. Nat Rev 

Cancer. 2006;6:449-58. 
 
3. Mbeunkui F, Johann DJ, Jr. Cancer and the tumor microenvironment: a 

review of an essential relationship. Cancer Chemother Pharmacol. 
2009;63:571-82. 

 
4. Lorusso G, Ruegg C. The tumor microenvironment and its contribution to 

tumor evolution toward metastasis. Histochem Cell Biol. 2008;130:1091-
103. 

 
5. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. 

Prospective identification of tumorigenic breast cancer cells. Proceedings 
of the National Academy of Sciences of the United States of America. 
2003;100:3983-8. 

 
6. Trumpp A, Wiestler OD. Mechanisms of Disease: cancer stem cells--

targeting the evil twin. Nat Clin Pract Oncol. 2008;5:337-47. 
 
7. Illa-Bochaca I, Fernandez-Gonzalez R, Shelton DN, Welm BE, Ortiz-de-

Solorzano C, Barcellos-Hoff MH. Limiting-dilution transplantation assays in 
mammary stem cell studies. Methods Mol Biol. 2010;621:29-47. 

 
8. Nguyen LV, Vanner R, Dirks P, Eaves CJ. Cancer stem cells: an evolving 

concept. Nat Rev Cancer. 2012;12:133-43. 
 
9. Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. 

Science. 2011;331:1559-64. 
 
10. Polyak K, Weinberg RA. Transitions between epithelial and mesenchymal 

states: acquisition of malignant and stem cell traits. Nat Rev Cancer. 
2009;9:265-73. 

 
11. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal 

transitions in development and disease. Cell. 2009;139:871-90. 
 



	  

	  

18	  

12. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The 
epithelial-mesenchymal transition generates cells with properties of stem 
cells. Cell. 2008;133:704-15. 

 
13. Brabletz T, Jung A, Spaderna S, Hlubek F, Kirchner T. Opinion: migrating 

cancer stem cells - an integrated concept of malignant tumour progression. 
Nat Rev Cancer. 2005;5:744-9. 

 
14. Kelber JA, Reno T, Kaushal S, Metildi C, Wright T, Stoletov K, et al. KRas 

induces a Src/PEAK1/ErbB2 kinase amplification loop that drives 
metastatic growth and therapy resistance in pancreatic cancer. Cancer 
research. 2012;72:2554-64. 

 
15. Tsai JH, Donaher JL, Murphy DA, Chau S, Yang J. Spatiotemporal 

regulation of epithelial-mesenchymal transition is essential for squamous 
cell carcinoma metastasis. Cancer Cell. 2012;22:725-36. 

 
16. Medema JP. Cancer stem cells: The challenges ahead. Nat Cell Biol. 

2013;15:338-44. 
 
17. Lauffenburger DA, Horwitz AF. Cell migration: a physically integrated 

molecular process. Cell. 1996;84:359-69. 
 
18. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, et 

al. Cell migration: integrating signals from front to back. Science. 
2003;302:1704-9. 

 
19. Chodniewicz D, Klemke RL. Guiding cell migration through directed 

extension and stabilization of pseudopodia. Exp Cell Res. 2004;301:31-7. 
  
20. Bravo-Cordero JJ, Hodgson L, Condeelis J. Directed cell invasion and 

migration during metastasis. Curr Opin Cell Biol. 2012;24:277-83. 
 
21. Shankar J, Messenberg A, Chan J, Underhill TM, Foster LJ, Nabi IR. 

Pseudopodial actin dynamics control epithelial-mesenchymal transition in 
metastatic cancer cells. Cancer research. 2010;70:3780-90. 

 
22. Robinson DR, Wu YM, Lin SF. The protein tyrosine kinase family of the 

human genome. Oncogene. 2000;19:5548-57. 
 
23. Hubbard SR, Till JH. Protein tyrosine kinase structure and function. Annu 

Rev Biochem. 2000;69:373-98. 
 



	  

	  

19	  

24. Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell. 
2000;103:211-25. 

 
25. Hunter T. Signaling--2000 and beyond. Cell. 2000;100:113-27. 
 
26. Paul MK, Mukhopadhyay AK. Tyrosine kinase - Role and significance in 

Cancer. Int J Med Sci. 2004;1:101-15. 
 
27. Baselga J. Targeting tyrosine kinases in cancer: the second wave. 

Science. 2006;312:1175-8. 
 
28. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein 

kinase complement of the human genome. Science. 2002;298:1912-34. 
 
29. Boudeau J, Miranda-Saavedra D, Barton GJ, Alessi DR. Emerging roles of 

pseudokinases. Trends Cell Biol. 2006;16:443-52. 
 
30. Zeqiraj E, van Aalten DM. Pseudokinases-remnants of evolution or key 

allosteric regulators? Curr Opin Struct Biol. 2010;20:772-81. 
 
31. Zhang H, Photiou A, Grothey A, Stebbing J, Giamas G. The role of 

pseudokinases in cancer. Cell Signal. 2012;24:1173-84. 
 
32. Wang Y, Ding SJ, Wang W, Yang F, Jacobs JM, Camp D, 2nd, et al. 

Methods for pseudopodia purification and proteomic analysis. Sci STKE. 
2007;2007:pl4. 

 
33. Takino T, Tamura M, Miyamori H, Araki M, Matsumoto K, Sato H, et al. 

Tyrosine phosphorylation of the CrkII adaptor protein modulates cell 
migration. Journal of cell science. 2003;116:3145-55. 

 
34. Janostiak R, Tolde O, Bruhova Z, Novotny M, Hanks SK, Rosel D, et al. 

Tyrosine phosphorylation within the SH3 domain regulates CAS 
subcellular localization, cell migration, and invasiveness. Molecular biology 
of the cell. 2011;22:4256-67. 

 
35. Wang Y, Kelber JA, Tran Cao HS, Cantin GT, Lin R, Wang W, et al. 

Pseudopodium-enriched atypical kinase 1 regulates the cytoskeleton and 
cancer progression [corrected]. Proceedings of the National Academy of 
Sciences of the United States of America. 2010;107:10920-5. 

 



	  

	   20	  

 

 

 

 

 

 

 

 

  

 

 

Chapter 2: KRas induces a Src/PEAK1/ErbB2 kinase amplification loop that 

drives metastatic growth and therapy resistance in pancreatic cancer 
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2.1 Introduction  

 It is well understood that the deregulation of kinases and proteins 

associated with the cytoskeleton can lead to the progression of cancer (13, 25). 

Tyrosine kinases are important candidates as biomarkers and therapeutic 

targets because they induce specific phosphorylation signatures and their 

catalytic activity and downstream signals can be inhibited by small 

molecules (13) Therefore, we sought to determine if the newly discovered non-

receptor tyrosine kinase, PEAK1, which was enriched in the pseudopodium, 

played a role in cancer progression. When overexpressed, PEAK1 leads into an 

increase in the number and size of the colonies in the soft agar and when 

knocked down reduces tumor growth in nude mice (12). These findings indicated 

that PEAK1 is necessary for tumor growth in vivo. Because these findings are 

promising in regards to PEAK1 as a necessary regulator of tumor progression, in 

this chapter, my colleagues and I sought to further characterize the role of 

PEAK1 in the progression of human malignancies and determine if it could be a 

promising target for therapeutic intervention. To this end, we chose to focus our 

subsequent analyses on pancreatic ductal adenocarcinomas (PDAC). 

 PDAC is the fourth leading cause of cancer-related death. Newly 

diagnosed patients with PDACs have a median survival of less than 1 year and a 

5-year survival rate of 3% to 5% (1, 2). While oncogenic KRas is the initiating 

mutation in nearly all PDACs, the development of effective therapies targeting 
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this GTPase or downstream effectors has shown little promise in fighting this 

disease to date (1-3). Therefore, functional biomarkers that can identify early 

onset of PDAC and that may be viable therapeutic targets are highly sought after 

(1, 2).  

 In addition to activating mutations in the KRas oncogene, more than 60% 

of PDACs have elevated Src activity (4) and overexpress ErbB2 (3). Thus, 

therapeutic targeting of Src or ErbB2 may be promising for the majority of 

patients. However, there have been a limited number of studies testing this 

hypothesis, and these have not been conclusive (4-9). This may be due to the 

combined effects of multiple oncogenic pathways contributing to disease 

progression in PDAC, or there may be unidentified molecular regulators that 

induce therapy-resistant phenotypes (10, 11). 

 Having recently identified PEAK1 as a catalytically active non-

receptor tyrosine kinase that associates with the cytoskeleton and 

regulates cell migration and proliferation (12), the goal of this current study 

was to assess the role of PEAK1 expression as a diagnostic/prognostic 

biomarker and potential therapeutic target in human malignancies. In this 

regard, we show that PEAK1 upregulation occurs in multiple human 

malignancies (including PDAC), PEAK1 is necessary for PDAC growth and 

metastasis in vivo, KRas induces PEAK1-dependent Src/PEAK1/ErbB2 

signaling, and that PEAK1 is an oncogenic rheostat, which balances Src 
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activity to promote PDAC therapy resistance. 

 

2.2 Results 

 

PEAK1 is overexpressed in multiple human malignancies, is an early 

biomarker for PDAC development and progression, and is necessary for 

tumor formation and metastasis in vivo 

 

 Because it is not known whether oncogenic transformation regulates 

PEAK1 expression or whether PEAK1 contributes widely to human malignancies, 

we first sought to determine the expression profile of PEAK1 in various human 

cancers in comparison with normal tissues (Figure 2.1A). PEAK1 expression is 

significantly upregulated in multiple human tumors in comparison with normal 

tissues and shows a strong correlation with various subcategories of these 

cancers that are associated with poor disease prognosis (Table 2.1). No 

significant changes in PEAK1 mRNA levels were observed between normal and 

malignant tissues for bladder, head and neck, lung, sarcoma, and melanoma 

tumors. Because the mortality and incidence for PDAC are almost equal due to 

few diagnostic biomarkers and therapeutic targets, we focused our subsequent 

PEAK1 expression analyses on this disease. 

 We examined changes in PEAK1 protein levels in human PDAC patient 
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tissue arrays. PEAK1 protein expression was increased in PDAC tissues in 

comparison with normal tissues and correlated with grade (Figure 2.1B). This 

data strongly suggested that PEAK1 might regulate pancreatic cancer growth. 

Therefore, I next investigated whether altering PEAK1 expression could interfere 

with PDAC tumor formation and metastasis in vivo. In these studies, FG cells 

were measured for their ability to form tumors and metastasize with a preclinical 

orthotopic implantation mouse model of PDACs (Figure 2.4A; refs. 17, 20). 

PEAK1 knockdown significantly reduced tumor formation (Figure 2.4B and 2.10, 

A and B), whereas PEAK1 overexpression caused a significant increase in 

tumorigenesis in vivo (Figure 2.10C-E). Furthermore, PEAK1 knockdown 

suppressed metastasis to multiple sites and increased animal survival compared 

with animals implanted with control cells expressing PEAK1 (Figures 2.4C and D 

and 2.10F). Notably, the median survival of control animals was 64 days, 

whereas median survival of the PEAK1-depleted group was 97 days (P = 0.0022; 

Figure 2.4D). In support of these data, depletion of PEAK1 in HPNE-KRasG12D 

cells abrogated liver and brain metastasis (Figure 2.4E and 2.10G) in the chicken 

embryo (21). These data are also consistent with our observations that PEAK1 

levels are significantly increased in the highly metastatic FGM cell line derived 

from FG cells (Figure 2.10H) and in metastatic foci originating from human PDAC 

and other cancers in comparison with the primary tumor of origin (Figure 2.4F 

and 2.10I and Table 2.1; ref. 22). My colleagues also examined changes in 

PEAK1 protein levels in a murine model of KRas-induced PanIN (PDX-1-
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Cre:LSL-KRASG12D; ref. 15). PEAK1 protein expression was elevated in PanIN 

lesions (Figure 2.1C and Table 2.1), showing that PEAK1 represents an early 

biomarker for pancreatic ductal neoplasia (1, 18). Together, these data show an 

essential role for PEAK1 during PDAC growth and metastasis in vivo. 

 

KRas induces Src-dependent PEAK1 expression in PDAC and other human 

malignancies 

 

 While the above findings suggest that PEAK1 is deregulated during 

oncogenic reprogramming, the mechanism driving PEAK1 upregulation remains 

unclear. Because PanIN and PDAC progression are nearly always associated 

with activating mutations in the KRas oncogene and because PEAK1 is 

upregulated in PanIN tissues from PDX-1-Cre:LSL-KRASG12D mice, we tested 

whether PEAK1 expression correlated with oncogenic Ras mutations in human 

cancers. RT-PCR, qPCR, and immunohistochemical analyses of normal 

pancreas and oncogenic KRas-positive PDAC tissues collected from patients 

BK-13 and BK-14 after surgical resection showed that PEAK1 is overexpressed 

in PDAC tissue in conjunction with the presence of the G12D oncogenic KRas 

mutant (Figure 2.2A and B and 2.8A). Furthermore, human cancers positive for 

oncogenic KRas or NRas mutations (Figure 2.2C) or HRas-transformed breast 

epithelial cells (Table 2.1) showed a significant increase in PEAK1 expression. In 

agreement with these data, introduction of constitutively active KRasG12D into 
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human pancreatic nestin-expressing (HPNE; refs.11, 19) cells or KRas 

knockdown in established PDAC cell lines robustly increased or decreased, 

respectively, PEAK1 protein and mRNA levels (Figures 2.2 D and 2.8B). 

 My colleagues and I subsequently sought to identify the pathway 

downstream of KRas that induces PEAK1 expression. Pharmacologic inhibition 

of phosphoinositide 3-kinase (PI3K), mitogen-activated protein (MAP)/ERK 

kinase (MEK), or Src in HPNE-KRas and PANC1 cells revealed that PEAK1 

expression is dependent upon Src-mediated transcriptional regulation (Figures 

2.2E and 2.8C, D and F). Importantly, suppression of Src kinase in these cells via 

RNA interference (RNAi) also reduced PEAK1 expression (Figure 2.8E). Taken 

together, these findings show that PEAK1 protein expression is positively 

regulated by KRas/Src signaling in human malignancies and human PDAC 

primary samples and cell lines. 

 

PEAK1 is necessary for KRas-induced anchorage-dependent and –

independent expansion of pancreatic cancer cells  

 

 Consistent with the role of KRas in driving PEAK1 expression, PEAK1 was 

necessary and sufficient for KRas-induced anchorage-dependent expansion in 

HPNE cells (Figures 2.3A and B and 2.9A and B). Importantly, overexpression of 

wild-type PEAK1 or a C-terminal truncation mutant (C1) containing the kinase 

domain was sufficient to induce HPNE cell expansion under anchorage-
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dependent conditions. Mutational inactivation of the ATP-binding site abrogated 

this effect, showing that PEAK1 kinase activity (12) is critical for its effect in these 

assays (Figures 2.3C and 2.9C). Conversely, depletion of KRas or PEAK1 from 

FG and PANC1 PDAC cell lines (Figures 2.2D and 2.9A) inhibited anchorage-

dependent cell expansion (Figure 2.3D). In addition, we discovered that PEAK1 

is essential for KRas-induced formation and expansion of 3D tumorspheres 

(Figures 2.3E and 2.9D), which is an in vitro measure of tumor-initiating potential 

(16). We further analyzed the ability of PEAK1 overexpression and knockdown to 

modulate HPNE cell transformation, as analyzed by anchorage-independent 

growth in soft agar. As shown in figure 2.3F, HPNE-KRas cells overexpressing 

PEAK1 formed more colonies in soft agar, and these colonies were also larger. 

PEAK1 knockdown significantly reduced the ability of HPNE-KRas cells to grow 

under these conditions. Importantly, this effect was rescued by overexpressing 

PEAK1. 

 

Suppression of ErbB2 in PDAC cells drives PEAK1-dependent tumor 

formation in vivo 

 

 Similar to PEAK1, both ErbB2 and Src are upregulated in human PDAC 

downstream of oncogenic KRas (Figures 2.5A and B and 2.11A-E; refs. 23-25). 

While Src is known to cooperate with KRas during pancreatic neoplasia (4), the 

role of ErbB2 in PDAC remains unclear (1, 2). For these reasons, we initially 
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sought to determine whether there was a functional relationship between the 

coinduction of PEAK1 and ErbB2 tyrosine kinases in PDACs. Surprisingly, 

silencing ErbB2 (Figure 2.11F) in FG cells significantly increased orthotopic 

tumor formation in mice (Figures 2.5C and 2.11G). Notably, this response was 

associated with increased PEAK1 expression in vivo (Figure 2.5D) and in vitro 

(Figures 2.5E and 2.11H), suggesting that PEAK1 upregulation compensated for 

the loss of ErbB2 to drive tumor formation. Indeed, silencing PEAK1 in ErbB2-

depleted FG cells fully abrogated tumor formation beyond that of PEAK1 

knockdown alone (Figures 2.5C-E and 2.11G and H). These findings are also 

consistent with our data showing that PEAK1 overexpression in FG cells 

increases tumor formation (Figure 2.10C-E). These data show that ErbB2 

suppression in PDAC cells potentiates tumor formation by upregulating PEAK1 

protein levels. Interestingly, overexpression of a constitutively active form of 

ErbB2 (NeuT) in FG cells did not alter PEAK1 expression or the tumorigenic 

potential of these cells in vivo (Figure 2.11I-L). This result suggests that ErbB2 is 

a permissive factor in PDACs and that oncogenic programs active in this disease 

are selectively sensitive to decreased ErbB2 levels. 

 

PEAK1 modulates Src and ErbB2 kinase activities and complex assembly 

 

 PEAK1 knockdown inhibited ErbB2 kinase activity as indicated by 

decreased phosphorylation of Y1248 and Y877 (Figures 2.5E and 2.11H; refs. 26, 
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27). ErbB2-Y877 is a reported Src substrate site that potentiates ErbB2 

autophosphorylation on other tyrosine residues such as Y1248 and enhances its 

transforming potential (26). Therefore, these findings suggest that PEAK1 can 

regulate Src activity toward ErbB2 to modulate its kinase activity. In this regard, 

PEAK1 knockdown potently inhibited Src kinase activity and the assembly of an 

active Src/ErbB2 kinase complex (Figures 2.5E and F and 2.11H). Furthermore, 

active Src and ErbB2 co-precipitated with PEAK1 from PDAC cell lysates 

indicating that all 3 proteins participate in a molecular complex (Figures 2.5F and 

2.11M). Because KRas induces PEAK1 expression in a Src-dependent manner 

(Figures 2.2E and 2.8C-F), we further hypothesized that PEAK1 upregulation 

following ErbB2 depletion may also occur via an Src-dependent mechanism. 

Pharmacologic or RNAi inhibition of Src in FG cells with and without ErbB2 

suppressed PEAK1 expression at both the transcript and protein levels (Figure 

2.5G and H). Taken together, our findings show that KRas activation induces the 

upregulation of Src, PEAK1, and ErbB2 to form a feed-forward, self-sustaining 

tyrosine kinase amplification loop that promotes PDAC growth and metastasis. 

 

Src/PEAK1/ErbB2 signaling drives trastuzumab and gemcitabine 

resistance in pancreatic cancer cells 

 

 Because Src and ErbB2 inhibitors are currently in clinical trials for 

pancreatic cancer and we have shown that inhibition of Src activity and ErbB2 



	  

	  

30	  

expression modulate PEAK1 protein levels, my colleagues and I sought to 

determine whether Src (dasatinib) or ErbB2 (trastuzumab) inhibition might elicit 

compensatory expression of PEAK1, Src, and/or ErbB2 genes. Importantly, 

inhibition of PEAK1 expression did not induce compensatory transcription of Src 

or ErbB2 (Figure 2.6A). In contrast, whereas dasatinib inhibited PEAK1 

expression, it significantly increased transcription of both ErbB2 and Src (Figure 

2.6A, middle and right). This compensatory upregulation of ErbB2 in response to 

dasatinib may have important clinical implications. However, I show here that 

increased ErbB2 activity above endogenous levels in PDAC cells does not 

promote increased tumor growth (Figure 2.11I-L). Therefore, as dasatinib 

potently blocks both Src activity and PEAK1 expression, even in the context of 

upregulated ErbB2, it is likely that this therapeutic approach will provide some 

benefit to patients (4, 9). On the other hand, directly inhibiting ErbB2 expression 

and function with trastuzumab alone may not be a viable therapeutic option 

because it induced PEAK1 expression (Figure 2.6A, left, and 2.6B), which in turn, 

can drive Src activity and PDAC growth (Figures 2.5C-E, 2.6B, and 2.11G and H). 

Taken together, these data suggest that targeting PEAK1 may be a preferred 

method for treating PDAC as it minimizes compensatory signaling through Src 

and ErbB2 kinases. 

 The above results do suggest that dual inhibition of both ErbB2 and 

PEAK1 may further overcome trastuzumab resistance in PDAC preclinical and 

clinical studies. Trastuzumab (Herceptin, Genentech Inc.) acts to cause 
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internalization, degradation, and inactivation of the ErbB2 receptor (28) and is 

currently being evaluated in combination with gemcitabine, which is the standard 

chemotherapy given to patients with PDAC. However, studies to date suggest 

that trastuzumab offers little benefit alone or in combination with gemcitabine (2, 

6, 7, 29). These data, combined with the fact that PEAK1 is upregulated in 

trastuzumab-resistant PDAC cell lines and patients with amplified ErbB2 levels 

(Figure 2.12A and B), led us to investigate whether the ineffectiveness of 

trastuzumab-based therapies could be because of a PEAK1/Src compensation 

mechanism following ErbB2 suppression. Consistent with shRNA knockdown of 

ErbB2 in FG cells, trastuzumab treatment of PANC1 cells (a trastuzumab-

resistant line; ref. 6) reduced ErbB2 expression significantly and increased 

PEAK1 expression, Src activity, and robust Y877 phosphorylation of the residual 

ErbB2 protein (Figure 2.6B). PEAK1 knockdown abrogated this effect (Figure 

2.6B) and greatly sensitized these cells to trastuzumab (Figure 2.6C). While 

overexpression of PEAK1 in HPNE-KRas cells did not significantly change their 

response to trastuzumab, PEAK1 knockdown enabled trastuzumab to elicit 

growth-inhibitory effects under anchorage-dependent conditions (Figure 2.6D). 

Rescuing PEAK1 expression in the HPNE-KRas cells reversed this effect, 

causing these cells to regain their trastuzumab-resistant phenotype (Figure 2.6D). 

Furthermore, PEAK1 knockdown reduced the IC50 values of trastuzumab (Figure 

2.6E) and a commercially available ErbB2-targeting antibody (Figure 2.12C) by 

approximately 100- and 10-fold, respectively, whereas PEAK1 overexpression in 
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FG cells made them nonresponsive to trastuzumab in vitro (Figure 2.12D). These 

findings support a mechanism by which elevated PEAK1/Src signaling 

compensates for loss of ErbB2 function in PDAC and, therefore, contributes to 

resistance of ErbB2-targeted therapies. 

 As mentioned earlier, the standard therapy regimen for patients with 

metastatic pancreatic cancer is gemcitabine. However, most patients with 

advanced metastatic disease show little response to this treatment (1, 30). 

Because Src activity has recently been identified as a contributing factor to 

gemcitabine resistance in pancreatic cancer (9) and we show that Src inhibition 

with dasatinib sensitized FG cells to gemcitabine (Figure 2.12E), I reasoned that 

PEAK1 suppression may also sensitize PDAC cells to growth inhibition by 

gemcitabine treatment. In this regard, shPEAK1 FG cells were 10 times more 

sensitive to gemcitabine treatment in vitro than in control cells (Figure 2.6F). In 

agreement with these data, previous studies have shown a significant increase in 

PEAK1 expression in patients with lung cancer who are resistant to gemcitabine 

treatment (Figure 2.12F and Table 2.1). Taken together with our earlier results 

showing that PEAK1 mediates the formation and function of a triple-kinase 

complex between Src, PEAK1, and ErbB2 to promote PDAC progression, these 

findings suggest that the development of combination therapies that include 

PEAK1 inhibition or suppression may provide maximum benefit for patients. 

 

2.3 Discussion 
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 We originally identified PEAK1 as a tyrosine phosphorylated protein 

enriched in the pseudopodium of migrating cells (12, 31). PEAK1 localizes to 

integrin-mediated focal adhesions and actin stress fibers, where it regulates the 

cytoskeleton and shape changes necessary for cell migration. Here, we report 

that PEAK1 also regulates cancer cell growth and progression. Although it is not 

yet known how PEAK1 regulates cancer growth and cancer cell motility, PEAK1 

can receive input signals from integrin adhesions and growth factor receptors, 

which send vital proliferation, survival, and motility information from the 

surrounding extracellular environment to the cell's interior (32-34). In this regard, 

we have previously shown that growth factors promote PEAK1 tyrosine 

phosphorylation in a Src-dependent manner (12, 31). Also, PEAK1 

overexpression in cancer cells is sufficient to promote extracellular signal–

regulated kinase (ERK) activation and phosphorylation of the focal adhesion 

proteins p130CAS and Paxillin (12, 31). Together, these findings suggest that 

PEAK1 is an important cytoskeletal regulator that controls cancer cell growth and 

migration. 

 PEAK1 is upregulated in many solid tumors and blood-born cancers 

(Figure 2.1A and Table 2.1). This suggests that PEAK1 plays fundamental roles 

in tumor progression downstream of the diverse oncogenic insults found in 

human malignancies. While the precise role of PEAK1 in these malignancies 

needs to be defined further, my colleagues and I show here that in PDACs, 

activating mutations in the KRas oncogene drive the aberrant upregulation of 
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PEAK1 via Src-dependent transcriptional regulation. This can affect cancer 

progression in 2 ways. First, PEAK1 upregulation increases Src kinase activity 

above that already induced by KRas activation (Figures 2.5E and 2.11H). PEAK1 

has a highly conserved Src consensus phosphorylation site and Src SH2–binding 

domain at Y665. Thus, it is possible that KRas drives the initial Src activity that 

promotes both increased PEAK1 protein expression and the phosphorylation of 

Y665. We suspect that this increases Src binding to PEAK1-Y665 via its SH2 

domain, which in turn stabilizes Src in the open kinase-active conformation, and 

further promotes tumorigenesis (ref. 35; Figure 2.13). 

 Second, PEAK1 mediates Src/ErbB2 binding and ErbB2 phosphorylation 

at Y877 (Figures 2.5E and F and 2.11H and M). Phosphorylation of ErbB2-Y877 

is Src-dependent and can enhance the oncogenic potential of ErbB2 (26). 

Therefore, it is possible that enhanced ErbB2 activation, by PEAK1/Src signaling, 

can also contribute to cancer growth and progression (Figure 2.13). If this is the 

case, depletion of ErbB2 should reduce tumorigenesis. Surprisingly though, 

depletion of ErbB2 protein from PDAC cells enhanced tumorigenesis in a 

PEAK1/Src-dependent fashion (Figures 2.5C-E and 2.11G and H). Furthermore, 

overexpression of the constitutively active NeuT receptor did not modulate 

PEAK1 expression or increase tumor growth (Figure 2.11I-L). This suggests that 

elevating ErbB2 activation above endogenous levels in pancreatic cancer cells 

does not further contribute to tumor growth and that ErbB2 overexpression is 

permissive during later stages of PDACs (36). Interestingly, it has been 
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previously reported that oncogenes known to contribute to tumorigenesis in some 

tumor types have no phenotype when overexpressed in other cancers (37, 38). 

Furthermore, it will be important that future studies investigate the role of ErbB2 

during early pancreatic neoplasia. One explanation of these results is that the 

loss of ErbB2 protein from the PEAK1/Src kinase complex makes this active 

complex available to target new substrates (such as other growth factor receptors 

or intracellular effector molecules) that can also drive cancer. Alternatively, ErbB2 

inactivation could inhibit an unidentified negative feedback pathway that normally 

permits or holds PEAK1/Src activity in check within tumor cells. In this regard, we 

show that ErbB2 suppression via RNAi or trastuzumab increases PEAK1 

expression and Src signaling, leading to sustained phosphorylation of the 

residual ErbB2 protein (Figures 2.5E-H, 2.6A, and 2.11H). Yet, it is still possible 

that other feedback mechanisms are in action, and the specific protumorigenic 

mechanism(s) of PEAK1/Src hyperactivation downstream of ErbB2 inactivation 

as well as the role of PEAK1 in other cancers need to be further elucidated. In 

any case, our findings clearly show that PEAK1 is necessary for PDAC 

progression whether or not ErbB2 is present. 

 Because our data suggest that ErbB2 plays a permissive, oncogene-

sensing role in PDAC, our findings that trastuzumab resistance results from 

compensatory PEAK1/Src signaling have important implications for this disease. 

The therapeutic effectiveness of trastuzumab is currently being tested in human 

PDAC clinical trials in combination with gemcitabine (2, 6, 7, 29). However, the 
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majority of patients show no benefit from trastuzumab treatment. Thus, our 

finding that PEAK1/Src signaling can compensate for the loss of ErbB2 activity 

may provide a plausible explanation for the poor clinical response to trastuzumab 

and are in agreement with previous studies. In our studies, trastuzumab initiated 

compensatory PEAK1-dependent signaling (Figures 2.6A-E and 2.12A-D). Thus, 

PEAK1 may be a preferred target against which novel therapies can be 

developed for patients with PDACs, either alone or in combination with existing 

therapies. Finally, PEAK1 inhibition sensitized PDAC cells to gemcitabine 

treatment (Figure 2.6F). Because gemcitabine represents the standard of care for 

patients with PDAC, therapeutic interventions that target PEAK1 may improve 

patient outcome in combination with gemcitabine therapy. 

In summary, KRas-induced PEAK1 mediates pancreatic cancer growth, 

metastasis, and therapy resistance via activation of Src kinase. While many 

factors contribute to the pathogenesis of PDACs, a detailed understanding of the 

molecular components, such as PEAK1, that can drive cancer progression, 

metastasis, and therapy resistance may lead to new avenues for disease 

diagnosis and treatment. 

 

2.4 Materials and Methods 

Cell lines, DNA/lentiviral constructs, and reagents 

FG cells were a kind gift from Dr. David Cheresh, while HEK293T and 
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PANC1 cells were acquired from ATCC and cultured according to ATCC 

protocols in complete Dulbecco's Modified Eagles Medium (DMEM) containing 

10% FBS and penicillin/streptomycin. Parental HPNE and HPNE-KRASG12D cells 

were a kind gift from Drs. James Freeman and Michel Ouellette and were 

cultured as previously described (39). All cell lines were obtained after 

authentication from the provider and were utilized in our experiments at low 

passage numbers (i.e., less than passage #6). Lentiviral constructs were 

combined with packaging DNA in HEK293T cells, virus was concentrated and 

then used to transduce cells. shCntrl and shPEAK1 (FG12 vector) constructs 

have been previously published (12). The shPEAK1 [3’ untranslated region 

(UTR)] and shErbB2 (pLK0.1 vector) constructs were purchased from Open 

Biosystems/The RNAi Consortium (Thermo Scientific). Control, PEAK1, and 

ErbB2 shRNA sequences and details about lentiviral production are given in the 

Supplementary Materials and Methods. Short hairpin RNA (shRNA)/siRNA pools 

(containing at least 4 unique siRNA sequences each) against KRas (Santa Cruz 

Biotechnology, shRNA lentivirus particles) and Src (Dharmacon, siRNA transient 

transfection) were purchased along with the appropriate nontargeting control 

siRNAs. GFP-vector, GFP-PEAK1, and GFP-PEAK1 mutants have been 

previously described (12). For stable over- expression of PEAK1 and 30UTR 

shRNA rescue experiments, human PEAK1 was subcloned into the pCSC-SP-

PW-GFP lentiviral vector (Addgene) with EcoRI and KpnI sites and transduced 

cells were sorted for GFP. Empty vector and NeuT constructs (pBabe-puro 
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vector) have been previously described and were used with the appropriate 

packaging DNAs to generate retroviral particles for cell transduction (14). 

Trastuzumab was provided by Genentech under MTA agreement #210708. 

shCntrl and KRas shRNA (pool) lentiviral particles and mouse anti-KRas were 

purchased from Santa Cruz Biotechnology. siCntrl and Src siRNA (pool) 

olionucleotides were purchased from Darmacon. Rabbit polyclonal anti-PEAK1 

was purchased from Millipore Corporation. Mouse monoclonal anti-PEAK1 was 

purchased from Santa Cruz Biotechnology. Anti-ErbB2 (29D8) and anti-Src 

(36D10) antibodies were rabbit monoclonal and were purchased from Cell 

Signaling, Inc. Anti-αTubulin was purchased from Sigma-Aldrich. CyQuant Direct 

Cell Proliferation Assay Kit was purchased from Invitrogen. Soft-Agar 

Transformation Assay Kit was purchased from Cell Bio Labs, Inc. Protein A-

Agarose beads were purchased from Cal Biochem and M2Flag-Agarose beads 

were purchased from Sigma. Control rabbit IgG was purchased from Abcam. 

Flag-ErbB2 was subcloned into pCDNA3.1+Hygro using BamHI and EcoRI sites. 

Gemcitabine was provided by the UCSD 1Moores Cancer Center. LY, PD and 

Dasatinib pharmacological inhibitors were purchased from LC Laboratories. 

HER2-neutralizing antibody was purchased from R&D Systems (40).  

shRNA Constructs  

Control/Scramble: 5'-GGCATTACAGTATCGATCAGA-3' 

shPEAK1-1: 5'-CGCTTCAGTCGCAGCAGCATTGTCCTTAC-3'  

shPEAK1-2: 5'-ATAGGGAGGGTGGGATCAGTCTTGAGGAC-3'  
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shPEAK1-3’UTR: 5’-CGCTGTAATCCCAACACTTT-3’  

shErbB2-4: 5'-CAGCTCTTTGAGGACAACTAT-3' 

shKRas(pool): proprietary pool of at least four unique sequences purchased from 

Santa Cruz Biotechnology, Inc. siSrc (pool): proprietary pool of at least four 

unique sequences purchased from Darmacon, Inc. 

 

Oncomine analysis 

Normalized PEAK1, Src, or ErbB2 expression data and P values were 

downloaded from Oncomine (Compendia Bioscience). Citations for individual 

studies are included in the Supplementary Data. Heatmaps were generated by 

Excel. Gene expression levels were plotted with Tukey or average ±SEM 

analyses for each patient group. Citations for individual studies (41-94) 

 

Immunohistochemistry 

Human pancreatic cancer tissue array was purchased from US Biomax, 

Inc. PDX-1-Cre:LSL-KRASG12D mouse pancreas sections were kindly provided by 

A.M. Lowy. Samples from patients BK-13 and BK-14 were collected and 

processed as described later in accordance with UCSD (La Jolla, CA) 

Institutional Review Board (IRB) #071136X. PEAK1 protein expression was 

determined with the standard avidin-biotin immunoperoxidase procedures, 

sodium citrate antigen retrieval methods, and the VECTASTAIN Elite ABC Kit 

from Vector Laboratories according to the manufacturer's protocol. Mouse 
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monoclonal anti-SGK269 and rabbit polyclonal anti-PEAK1 were purchased from 

Santa Cruz Biotechnology and Millipore, respectively, and used at a 1:200 

dilution. Anti- ErbB2 (29D8) and anti-Src (36D10) antibodies were purchased 

from Cell Signaling and used according to manufacturer's recommendations. 

Images were collected with a Leica DM2500 microscope. 

 

Mouse strains 

The PDX-1-Cre:LSL-KRASG12D transgenic murine model was previously 

described (15). 

 

Patient sample collection and preparation 

In accordance with IRB #071136X (M. Bouvet), fresh tumor specimens 

from patients undergoing routine cancer surgery were collected in cold RPMI for 

subsequent PCR and immunohistochemical preparation and analysis. All patient 

identification information was removed and all samples were made anonymous. 

Patients signed an informed consent document before their operative procedure, 

which acknowledged that a portion of the resected tissue would be used for 

research.  

 

RT-PCR and quantitative PCR 

Trizol was purchased from Invitrogen. mRNA was purified using Qiagen 

reagents and cDNA was synthesized using iScript from BioRad. All PCR 
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reactions were carried out using the Promega GoTaq Flexi DNA Polymerase kit 

and dNTPs. Bands were visualized and imaged on 2% agarose using a BioRad 

gel imager. Average ΔΔCT values from independent qPCR experiments were 

used to calculate average relative quantification units and plotted as fold change 

relative to the appropriate control, which equals 1. 

PCR Primers. 

PEAK1- TGCTGCACCTACCCAACCCCT/ GGGAGTCTGTAGTGGCAAAAGCCA 

ERBB2- CTCTCCATGGCTGGCCCCATCC/ CTAGGTCGGAGCTGCCCCTGTA 

SRC- GGCCCTGCACAGGTCCCATTGG/ CAGTCTGCTCTTCACACAGCAGCC 

KRasG12D- CTTGCTAGGATCCTGCTGAAAATGACTGAATATA/ 

GCTAGGATCCGTATGCCTTAAGAAAAAAGTACAA  

NeuT- CGGCCGGAAGAGGACTTGTGC/ ACGCCCTCTACAGTTGCAAT 

POLR2A- ATGACTGTGACGGAGGGTGGCA/ 

GCCAGGACACTCTGTCATGTTTCCT  

All qPCR data were processed with the relative quantification method and plotted 

as average fold change (±SEM, unless otherwise indicated) in relation to normal 

tissue, appropriate untreated, vehicle-treated, or shRNA controls. 

 

CyQUANT direct cell proliferation assay 

Analysis of cell growth was conducted according to manufacturer's 

protocol (Invitrogen). Briefly, cells were plated in triplicate into 96-well plates at a 

density of 200 to 500 cells per well in complete media. Twenty-four hours later, 
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cell media were changed to 2% serum-containing media and left untreated or 

treated with indicated reagents. Viable cell number was measured on days 3 or 8 

based upon CyQuant Green fluorescence emission at 525 nm. 

 

Three-dimensional spheroid assay 

Analysis of three-dimensional (3D) tumorsphere growth was conducted as 

previously described (16). Briefly, cells were plated into Dulbecco's Modified 

Eagle's Medium (DMEM): F12 (1:1) containing B27 supplement, 10 mg/mL basic 

fibroblast growth factor, 10 mg/mL EGF, and 4 mg/mL heparin sulfate. Cells were 

grown for 14 to 21 days and spheroids were imaged with a wide-field light 

microscope. 

 

Soft agar transformation experiments 

Analysis of anchorage-independent cell growth was con- ducted according 

to the manufacturers' protocol (Cell Biolabs). Briefly, 96-well plates were 

prepared with 50 mL per well surface layers consisting of 0.6% agar 

resuspended in cell culture media. An additional 75 mL per well of 0.33% agar 

cell culture media containing 5,000 cells was then added to each well, followed 

by the addition of 50 mL of cell culture media. Bright- field microscope images 

were collected at x10 magnification with a Nikon TE instrument and colonies 

were resuspended and quantified with Cell Biolabs' CyQuant Green fluorescent 

dye at 525 nm. 
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Orthotopic implantation experiments 

Protocols were followed as previously described (17). Orthotopic 

implantation was performed with the animals (nu/nu mice) anesthetized by 

intramuscular injection of a 100mg/kg ketamine/10 mg/kg xylazine cocktail. A 

small incision was made in the left lateral flank through the skin and peritoneum. 

1x106 FG pancreatic adenocarcinoma cells were injected into the tail of the 

pancreas in a total volume of 10 μL of RPMI using a Hamilton syringe (Sigma-

Aldrich). The pancreas was returned to the abdomen, and the peritoneum and 

skin were closed using 6-0 Polysorb surgical suture. Mice were imaged one time 

each week for six weeks following tumor cell implantation using the Olympus 

OV100 Small Animal Imaging System (Olympus Corp). Mice were anesthetized 

by inhalation of 2.5% isoflurane with 1% oxygen during the imaging session. Both 

ventral and lateral images were acquired in brightfield and RFP fluorescent 

channels. Tumor margins were determined by ImageJ software from 

monochrome fluorescence images using automated thresholds based on pixel 

intensity. The OV100 is calibrated by the manufacturer to display a scale bar on 

acquired images that was then used to measure lengths and calculate the cross-

sectional tumor areas using ImageJ software. Following euthanasia, intravital 

images were obtained of exposed abdominal and thoracic organs and the 

primary tumor was excised and weighed. The location and number of metastases 

and micrometastases were assessed by a single observer at individual anatomic 

sites distant from the pancreas, including the liver, portal lymph node, small 
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bowel mesentary, diaphragm, peritoneum, and genitourinary system. The 

following semiquantitative scale was used: 1+, few microscopic lesions identified 

with fluorescence imaging only; 2+, extensive lesions visible using fluorescence 

imaging and/or few macroscopic lesions visible in brightfield; 3+, moderate 

macroscopically visable lesions; 4+, extensive macroscopically visible lesions. 

Metastatic load (ML) for each tissue was calculated and plotted for each animal 

group. Statistics were calculated using a student's t test or One-Way ANOVA 

using Prism software (GraphPad). For survival analysis, animal health was 

assessed 3 times per week and animals were sacrificed when they reached a 

pre- defined state of premorbidity (i.e., >3 cm tumor diameter and one of the 

following: impaired movement, cachexia, or observable ascites accumulation; or 

impaired movement, cachexia, and observable ascites accumulation). Kaplan–

Meier curves were plotted for each animal group, and statistical analysis was 

conducted with Prism software (GraphPad). 

 

Chicken embryo metastasis assay 

Fertilized chicken eggs were purchased from McIntire Poultry and 

incubated for 14 days (37°C, 100% humidity). A 1-cm2 square window was 

created in the eggshell to expose the underlying vasculature. Tumor cells were 

suspended in sterile PBS at a concentration of 3X106/mL and 3X105 tumor cells 

were injected into one of the chorioallantoic membrane (CAM) veins. After 

incubating embryos for another 48 hours, Rhodamine-lectin (Vector Biolabs, 100 
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mL per chick, 0.5mg/mL) was injected into the CAM vein. Following appropriate 

euthanizing procedures, the chicken brain and liver were removed and imaged 

with either a Leica MZFLIII microscope1.25) or a Nikon c1-si confocal 

microscope (X10–60). 

 

Immunoprecipitation and Western blotting 

All immunoprecipitations and Western blotting were conducted as 

previously described (12). 

 

Confocal microscopy 

Confocal imaging was performed on cells plated onto fibronectin-coated 

(5μg/mL) glass cover slides following 4% PFA fixation, 1% TX-100 membrane 

permeablization, and immunostaining for endogenous proteins using indicated 

antibodies at a 1:400 dilution. Z- stacks were acquired with a Nikon C1 confocal 

microscope (~20 optical sections per stack at a step size of 0.25 μm, 60X oil 

objective). Linescan analysis for confocal images was performed using 

monochrome images and MetaMorph software (Molecular Devices). 

 

Statistical analysis 

All quantified data were plotted and analyzed in GraphPad Prism 5.0 with 

ANOVA, Student t test, nonlinear regression analysis, or Kaplan–Meier curve 

analysis. Data are representative of at least 3 independent experiments 
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and are reported as replicate averages ± SEM, unless otherwise indicated. 

*, **, or *** represent P values < 0.05, 0.01, or 0.001, respectively, unless 

otherwise noted.  
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2.5 Figures 

 
Figure 2.1 PEAK1 is overexpressed in multiple human malignancies and is an early 
biomarker for PDAC development and progression. A, heatmap of fold change in PEAK1 
expression in tumor samples. Data are publicly available on Oncomine. B, 
immunohistochemistry of PEAK1 in human PDACs or normal pancreatic tissue sections 
(left). Arrowheads indicate normal ductal epithelium. Scale bar, 50 μm. Quantitative 
analysis of immunohistochemical staining for 7 normal, 9 grade I, 15 grade II, and 16 
grade III human samples by blind scoring on a scale of 0–3 (right). C, 
immunohistochemistry of PEAK1 in normal PDX-1-Cre control mice (ac, acinar cells; is, 
islet) and PanIN 1A/B and 2 from 6 month-old PDX-1-Cre:LSL-KRASG12D mice. 
Arrowheads indicate normal ductal epithelium or PanIN lesions. Scale bar, 50 μm. *, **, 
and *** represent P values of < 0.05, 0.01, and 0.001, respectively, as determined by a 
one-way ANOVA. IHC, immunohistochemical. 
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Figure 2.2 KRas induces Src-dependent PEAK1 expression in PDAC and other human 
malignancies. A, qPCR analyses of PEAK1 in oncogenic KRas-containing PDAC tissues 
collected from patients BK-13 and BK-14 relative to normal pancreas tissue from the 
same patients. Error bars, SD over 3 analyses. B, hematoxylin and eosin (H&E) staining 
and PEAK1 immunohistochemistry of tissues from patients BK-13 and BK-14. C, 
heatmap of fold change in PEAK1 expression in tumor samples with and without 
oncogenic Ras mutations. Data are publicly available on Oncomine. D, Western blot 
(WB) analysis for PEAK1 and KRas in HPNE (11, 19) or PDAC cell lines (FG and 
PANC1). E, quantification of protein (left) and mRNA (right) levels of PEAK1 following 
administration of indicated pathway inhibitors in HPNE-KRas and PANC1 cells, relative 
to dimethyl sulfoxide (DMSO) vehicle control. 
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Figure 2.3 PEAK1 is necessary for KRas-induced anchorage-dependent and 
independent growth of pancreatic cancer cells. Analysis of viable cell number in HPNE 
or HPNE-KRas cells containing control or PEAK1 shRNAs (A); HPNE-KRas cells 
containing control or a 3′UTR-targeting PEAK1 shRNA with or without PEAK1 (B); or 
HPNE cells transiently transfected with, GFP, GFP-PEAK1, GFP-C1, or GFP-ΔATP 
constructs (C). D, analysis of viable cell number in PDAC cell lines (FG and PANC1) 
containing control, PEAK1, or KRas shRNAs. E, quantified 3D spheroid suspension 
growth of HPNE-KRas (insets are representative images for each group) containing 
control or PEAK1 shRNAs. Scale bar, 200 μm. F, quantified soft agar growth of HPNE-
KRas cells containing control or a 3′UTR-targeting PEAK1 shRNA with or without 
overexpressed PEAK1 (insets are representative images for each group). Scale bar, 
100 μm. *, **, and *** represent P values of < 0.05, 0.01, and 0.001, respectively, as 
determined by a one- or two-way ANOVA. rfu, relative fluorescence units. 
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Figure 2.4 PEAK1 is necessary for tumor formation, progression, and metastasis in vivo. 
A, schematic of orthotopic implantation model of pancreatic cancer and experimental 
design. B, parental, shCntrl, or shPEAK1 FG cells were orthotopically implanted into the 
pancreata of athymic mice (n =11 per group) and imaged over 6 weeks to assess tumor 
growth. C, normalized metastatic load was calculated as described in Supplementary 
Materials and Methods and plotted for indicated tissues after harvesting and 
fluorescence imaging analysis. D, Kaplan–Meier curves were generated to analyze 
statistical significance of animal survival. E, PEAK1-mediated metastasis was further 
assessed by injecting HPNE-KRas shCntrl or shPEAK1 cells into the chicken CAM veins. 
The liver was removed and imaged 48 hours later with wide-field (top) and confocal 
(bottom) microscopy to quantify cell metastasis (right). Images are representative of 5 
chickens in each group. Scale bar, 2 mm (top) and 200 μm (bottom). F, Tukey plot of 
normalized PEAK1 gene expression (downloaded from Oncomine) in primary tumor 
samples in comparison with lymph node (LN) and liver metastases from patients with 
PDAC. *, **, and *** represent P values of < 0.05, 0.01, and 0.001, respectively, as 
determined by one-way ANOVA or Student t test (F). 
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Figure 2.5 PEAK1 compensates for ErbB2 loss in vivo via Src signaling. A, heatmap 
and average PEAK1, ErbB2, and Src expression patterns in PDAC and normal 
pancreatic tissue. Data are publicly available on Oncomine, and citations are included in 
Supplementary Data. B, qPCR analysis of indicated genes in PDAC tissue from patients 
BK-13 and BK-14 in relation to normal pancreas tissue from the same patient. Error bars 
represent SD over 3 analyses. C, average pancreatic tumor mass was measured 6 
weeks after orthotopic implantation of FG cells, containing the indicated shRNAs into 
athymic mice. D, Western blot analysis of PEAK1 and ErbB2 protein levels from 
representative tumor lysates. E, Western blot analysis of indicated proteins and 
phosphoproteins from FG cells containing the indicated shRNAs. F, 
coimmunoprecipitation and Western blot analysis of an endogenous, active 
Src/PEAK1/ErbB2 signaling complex from FG cells transduced with shCntrl or shPEAK1 
constructs. G, Western blot and RT-PCR analyses of PEAK1 levels in FG shCntrl and 
shErbB2 cells following dasatinib inhibition of Src kinase. H, quantification of indicated 
protein or phosphoprotein levels in shCntrl and shErbB2 lysates from FG cells transiently 
transfected with siCntrl or siSrc (pool) oligonucleotides. *, **, and *** represent P values 
of < 0.05, 0.01, and 0.001, respectively, as determined by a one-way ANOVA or Student 
t test (A). 
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Figure 2.6 Src/PEAK1/ErbB2 signaling drives trastuzumab (Tzb) and gemcitabine 
resistance in pancreatic cancer cells. A, qPCR analysis of PEAK1 (left), ErbB2 (middle), 
and Src (right) in indicated cells lines following Src, ErbB2, or PEAK1 inhibition relative 
to the appropriate vehicle-treated or shRNA controls. Western blot analysis (B) for 
indicated proteins in or viable cell number analysis (C) of PANC1 cells containing shCntrl 
or shPEAK1 constructs following 72-hour treatment with 1 μg/mL trastuzumab or left 
untreated. D, analysis of viable cell number in HPNE-KRas cells containing control or a 
3′UTR-targeting PEAK1 shRNA, with or without PEAK1 treated with 1 μg/mL 
trastuzumab or left untreated. Dose–response analyses of trastuzumab (E) and 
gemcitabine (F) effects on FG shCntrl or shPEAK1 cell number. *, P value of < 0.05, 
respectively, as determined by a two-way ANOVA. rfu, relative fluorescence units. 
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Figure 2.7 Molecular model for PEAK1-driven tumorigenic Src/ErbB2 signaling 
downstream of oncogenic KRas. Oncogenic KRas induces a triple-kinase amplification 
loop between Src, PEAK1, and ErbB2 in which PEAK1 mediates Src-induced ErbB2 
phosphorylation and Src maintains PEAK1 expression in the presence of oncogenic 
KRas alone or when ErbB2 is suppressed (via RNAi or trastuzumab) in combination with 
oncogenic KRas. PEAK1 functions in a positive feedback loop to increase Src activation 
and maintain oncogenic signaling. Adapted from SABiosciences pathway maps. 
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Figure 2.8 (A) RT-PCR for oncogenic KRas (G12D mutation), and PEAK1 mRNA levels 
in normal pancreas and PDAC tissue from patient BK-13. (B) qPCR for PEAK1 and 
KRas in HPNE (39, 95) or PDAC cell lines (FG and PANC1). (C) Western blot analysis 
of PEAK1 expression in HPNE-KRas and PANC1 cells treated with DMSO vehicle, PI3K 
(LY294002), MEK (PD98059) or Src (dasatinib) inhibitors. (D) RT-PCR analysis of 
PEAK1 mRNA levels following Src inhibition with dasatinib in HPNE-KRas and PANC1 
cells. (E) Western blot analysis of indicated proteins following transient transfection of 
HPNE-KRas and PANC1 cells with a control or Src-specific siRNA pool. (F) Western blot 
analysis of indicated phosphoproteins and proteins in PANC1 cells following treatment 
with DMSO vehicle, PI3K (LY294002), MEK (PD98059) or Src (dasatinib) inhibitors. 
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Figure 2.9 (A) Western blot analysis of PEAK1 and KRas in HPNE-KRas, FG and 
PANC1 cells following lentiviral transduction of control or PEAK1 shRNAs. (B) Western 
blot analysis of PEAK1 in HPNE-KRas cells transduced with a control or 3’UTR-specific 
PEAK1 shRNAs and empty vector or PEAK1 constructs. (C) Bright-field/fluorescent 
images representing transient expression of PEAK1 constructs in HPNE cells. Scale bar 
represents 50 μm. (D) Quantified 3D spheroid suspension growth of FG or PANC1 
PDAC cells containing control, PEAK1 or KRas shRNAs. *** indicates a p-value of 
<0.001 as calculated by a one-way analysis of variance test. 
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Figure 2.10 (A) Representative images from mice orthotopically implanted with parental 
FG cells or those transduced with indicated shRNAs. Scale bar represents 10 mm. (B) 
Immunohistochemistry of PEAK1 in orthotopic pancreas tumors from FG cells containing 
a control or PEAK1-specific shRNA. Scale bar represents 50 μm. (C-E) Tumor mass (C), 
soft agar growth (D) and PEAK1 protein/mRNA levels from tumor samples (E) were 
quantified 3 weeks after orthotopic tumor implantation of FG cells transduced with an 
empty vector or PEAK1-containing vector (n=11 per group). (F) The metastatic grading 
scheme is illustrated using a red fluorescence-brightfield image overlay from a 
representative animal in the shCntrl group. Grade 4 metastases were identified in the 
portal lymph node (arrow head #3), small bowel mesentery (arrow head #5), and 
diaphragm (arrow head #1). Grade 2 metastases were identified in the liver parenchyma 
(arrow head #4) and spleen (arrow head #2). For orientation, arrows #1-9 refer to 
reproductive system, lung, diaphragm, kidney, liver, spleen, stomach, small bowel, and 
adrenal gland, respectively. (G) HPNE-KRas shCntrl or shPEAK1 cells injected into the 
CAM veins and imaged in the brain after 48 hours using widefield and confocal 
microscopy. Image analysis was performed with Imaris software. Scale bars represent 2 
mm (top) and 200 μm (bottom). (H) Western blot and RT-PCR analysis of PEAK1 
expression in FG and FGM (a migratory variant of FG cells). (I) Representative 
immunohistochemistry images for PEAK1 in primary tumor (top) and a mesentery 
metastasis (bottom) from mice orthotopically implanted with FG shCntrl cells. Scale bar 
represents 100μm. *, ** and *** represent p-values of <0.05, 0.01 and 0.001, 
respectively, as calculated by a student’s T-test. 
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Figure 2.11 (A) Pearson correlation co-efficient analysis (r-value, left; p-value, right) for 
PEAK1, ErbB2 and Src mRNA levels in PDAC patient samples. Data are publicly 
available on Oncomine, and citations are included as supplemental data. (B) RT-PCR 
analysis of oncogenic KRas (G12D mutation), PEAK1, ErbB2, Src and POLR2A mRNA 
levels in normal and PDAC tissue from patient BK-13. (C) Immunohistochemistry for 
ErbB2 and Src in normal and PDAC tissue from patients BK-13 and BK-14. (D) Western 
blot analysis of PEAK1 and ErbB2 in parental or oncogenic KRas-transformed HPNE 
cells. (E) Western blot analysis of PEAK1 and ErbB2 following KRas knockdown in FG 
and PANC1 cells. (F) Western blot analysis for effect of 5 distinct ErbB2 shRNAs on 
transient Flag-tagged ErbB2 expression in 293T cells. (G) Representative images from 
11 mice in each group that were orthotopically implanted with FG cells containing the 
indicated shRNAs. Scale bar represents 10mm. (H) Quantification of indicated proteins 
and phosphoproteins from FG cells containing the indicated shRNAs. (I) Western blot 
analysis for indicated proteins in FG cell lysates transduced with control or PEAK1-
specific shRNAs and further transduced with empty vector (pBabe-puro) or NeuT 
(pBabe-puro). (J) Tumor mass was quantified 6 weeks after orthotopic tumor 
implantation of FG cells containing the indicated constructs. (K) qPCR (plotted as ΔCt 
values) for PEAK1 and NeuT in orthotopic tumor samples. (L) Representative images 
from 11 mice in each group that were orthotopically implanted with FG cells containing 
the indicated shRNAs and overexpression constructs. Scale bar represents 10mm. (M) 
Confocal images of FG cells fixed in 4% PFA and stained for ErbB2 (red - 561 nm) and 
PEAK1 (green - 488 nm) using the appropriate Alexa-fluor conjugated secondary 
antibodies. Linescan quantification was performed using Metamorph software. Scale bar 
equals 10 μm. ** represents a p-value of <0.01 as calculated by a one-way analysis of 
variance.
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Figure 2.12 (A) Analysis of PEAK1 expression levels (Oncomine) in four pancreatic 
cancer cell lines with increasing levels of trastuzumab resistance. (B) PEAK1 gene 
expression levels in pancreatic cancer patients (Oncomine) with increasing amplification 
levels of ErbB2. (C) Dose- response analysis of anti-ErbB2 on FG shCntrl or shPEAK1 
viable cell number at 8 days. (D) Analysis of viable cell number in FG vector or FG 
PEAK1 cells following trastuzumab treatment or being left untreated. (E) Dose-response 
analysis of gemcitabine in the presence or absence of the Src inhibitor dasatinib. (F) 
Analysis of PEAK1 expression (Oncomine) in lung cancer patients in relation to 
gemcitabine response. 
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Table 2.1 Summary of Oncomine Data for PEAK1 in Human Malignancies 
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Chapter 3: Dynamic Phosphorylation of Tyrosine-665 in Pseudopodium-

Enriched Atypical Kinase 1 (PEAK1) is Essential for the Regulation of Cell 

Migration and Focal Adhesion Turnover 
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3.1 Introduction  

PEAK1 associates with the actin cytoskeleton and FAs in migrating cells 

and promotes the elongation of developing FAs (17). Additionally, as described in 

Chapter 2, PEAK1 regulates cancer cell migration and metastasis.  However, the 

mechanism by which PEAK1 promotes cell migration remains incompletely 

understood. PEAK1 is phosphorylated by SFKs downstream of the EGF receptor 

and integrins, suggesting that PEAK1 function may be regulated by SFK 

signaling (17, 19). In this chapter, my colleagues and I examined the regulation of 

FA dynamics and cell motility by PEAK1 to better understand the function of 

PEAK1 in cell migration and cancer progression.  

Cell migration is a tightly regulated process comprising a concerted 

sequence of steps that include leading edge protrusion, adhesion to the 

extracellular matrix (ECM), translocation of the cell body in the direction of 

migration, and finally, release of the ECM at the rear of the cell (1, 2). Each of 

these steps is dependent upon several critical signaling events, protein-protein 

interactions, and spatiotemporal regulation of integral components of the 

migration machinery. The process by which cells adhere to and then detach from 

the ECM is closely coupled to the ability of the cell to effectively migrate, and 

therefore has been of great interest in the cell migration field. However, the 

pathways involved in the regulation of cell migration are still incompletely 

understood.  
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In the migrating cell, actin-rich protrusions extend from the cell body in 

multiple directions. These protrusions frequently ruffle backward towards the cell; 

however, in the direction of cell migration, protrusions are stabilized by the 

formation of integrin-dependent focal adhesions (FAs) (3, 4). FAs anchor the cell 

to the ECM and provide traction for cell migration (5). As the cell moves forward, 

FAs are modified and must eventually disassemble to facilitate continued cell 

migration (3). 

Assembly, maturation, and disassembly of FAs are controlled by protein 

kinases and phosphatases that target FA components (6-9). Src Family Kinases 

(SFKs) play a critical role in the regulation of FA dynamics and cell migration (10, 

11). SFKs that are recruited to FAs phosphorylate multiple FA-associated 

proteins, including focal adhesion kinase (FAK), paxillin, and p130CAS (12-14). 

These phosphorylation events lead to activation of the GTPase Rac1, which 

promotes lamellipodium protrusion, FA formation, and cell migration (15, 16). 

Here, I describe the newly discovered migration-associated protein PEAK1 in the 

regulation of FA dynamics and cell motility. 

 

3.2 Results 

 

PEAK1 Regulates FA Dynamics  

 

We demonstrated previously that PEAK1 gene-silencing in MDA-MB-435 
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cells inhibits the ability of these cells to establish xenografts in mice (14). We also 

showed that PEAK1 over-expression promotes cell migration in vitro (17). In this 

study, first I examined random cell migration by video imaging HT1080 

fibrosarcoma cells in which PEAK1 was silenced by transduction with lentivirus 

encoding either of two short hairpin RNAs (shRNAs). I have shown that PEAK1 

was silenced by 40-50% when I used shRNA targeting the coding region of 

PEAK1 (sh#2) or the 3’UTR region of PEAK1 (sh#3). Although incomplete, 

PEAK1 gene silencing was associated with a significant decrease in random cell 

migration. Representative migration maps are shown in Figure 3.1, B-D, and 

summarized results are presented in Figure 3.1E. 

Next, we tested whether PEAK1 regulates FA dynamics. Cells in which 

PEAK1 was silenced with sh#2 or sh#3 demonstrated a decrease in FA lifetime 

(Figure 3.1F), accompanied by a decrease in assembly time (Figure 3.1 G) and 

an increase in disassembly time (Figure 3.1H), as determined by monitoring 

mCherry-paxillin fluorescence by TIRF time-lapse microscopy. These results, 

which are summarized in Table 3.1, suggest that PEAK1 stabilizes FAs overall, 

while extending the time during which FAs enlarge (t1/2 assembly) but, at the 

same time, promoting more rapid FA disassembly. 

 

Regulation of FA Dynamics by PEAK1 Is Controlled by PEAK1 

Phosphorylation  
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We and others have shown that PEAK1 phosphorylation is significantly 

increased by Src in cancer cells (17, 19). In PEAK1, Tyr-665 is an SH2-binding 

site and predicted SFK target (17, 22, 23). As such, Tyr-665 is thought to be an 

important site for the control of PEAK1 function; therefore, I mutated Tyr-665 to 

further evaluate the function of PEAK1 in FA dynamics and cell migration. Figure 

3.2A shows that fusion proteins of GFP with wild- type (WT) PEAK1 and PEAK1 

in which Tyr-665 is mutated to E (Y665E) or F (Y665F) were expressed at 

comparable levels in HT1080 cells; however, endogenous PEAK1 is expressed 

in relatively low levels in these cells compared to the exogenously expressed 

form of the protein. Because we previously reported that PEAK1 localizes with 

the actin cytoskeleton and with FAs (17), my colleagues and I tested whether 

mutation of Tyr-665 alters the subcellular localization of PEAK1. Time-lapse TIRF 

microscopy imaging of mCherry-actin and PEAK1 showed that Y665E mutation 

had no effect on PEAK1 localization with actin (Figure 3.2B). By contrast, Y665E 

demonstrated a substantial decrease in co-localization with mCherry-paxillin in 

FAs (Figure 3.2C). 

Figure 3.2D and Table 3.1 show that expression of WT PEAK1 

significantly increased FA lifetime; however, Y665E failed to lengthen the FA 

lifetime. Similarly, Y665E failed to reproduce the increase in t1/2 FA assembly 

(Figure 3.2E) and the decrease in t1/2 disassembly (Figure 3.2F) that were 

observed in cells transfected with WT PEAK1. Mutation of Y to E typically 

produces a model of constitutive phosphorylation (24-27). Our results with Y665E 
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suggest that constitutive phosphorylation of PEAK1 at Tyr-665 is inactivating. 

Because Y665E failed to regulate FA dynamics, we hypothesized that 

Y665E would also fail to promote cell migration. To test this hypothesis, first I 

examined random cell migration. As shown in representative cell migration maps 

in Figure 3.3A and in the results summary (Figure 3.3B), PEAK1 over-expression 

increased random cell migration (compared with EV) whereas Y665E actually 

decreased random cell migration. In Transwell migration assays, once again WT 

PEAK1 promoted cell migration and Y665E failed to reproduce the effects of the 

wild-type protein (Figure 3.3C). Thus, the ability of PEAK1 to regulate FA 

dynamics correlates with its ability to regulate cell migration. 

To block Tyr-665 phosphorylation, I mutated this amino acid to F (Y665F). 

Y665F demonstrated unchanged localization with mCherry-actin, compared with 

WT PEAK1 (Figure 3.4A). Y665F also demonstrated unchanged co-localization 

with mCherry-paxillin, compared with WT PEAK1 (Figure 3.4B). However, like the 

phosphomimetic form of the kinase, Y665F was ineffective in its ability to regulate 

FA dynamics. Y665F significantly decreased FA lifetime, compared with those 

measured in cells transfected with EV (Figure 3.4C). Y665F failed to lengthen FA 

assembly time similarly to WT PEAK1 (Figure 3.4D). However, Y665F did 

shorten the disassembly time (Figure 3.4E). 

In addition to our analysis of PEAK1-mediated FA dynamics using paxillin 

as an FA marker, we also analyzed WT and mutant PEAK1 dynamics in these 

cells. These data, summarized in Table 3.1, indicate that WT or mutant PEAK1 
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dynamics, including total  lifetime, t 1/2  of  assembly, and  t 1/2  of  disassembly, 

closely mirror those of paxillin under identical conditions. However, WT PEAK1 

entered adhesions, on average, more than a minute after adhesions were 

detectable by paxillin fluorescence. By contrast, Y665F entered FAs almost 

simultaneously with the initial detection of paxillin fluorescence (Table 3.1). 

These results indicate that modifying Y665 so that it cannot be phosphorylated or 

so that it mimics a constitutively phosphorylated state alters the activity of PEAK1 

in the regulation of FA dynamics. 

Because Y665F expression affected PEAK1-mediated FA dynamics, I 

next sought to examine the effects of blocking Tyr-665 phosphorylation on 

PEAK1-mediated cell migration. Representative cell migration maps and a 

summary of results comparing random migration of WT PEAK1 and Y665F are 

shown in Fig. 3.5, A and B, respectively. Like the phosphomimetic mutant, Y665F 

failed to promote random cell migration. These results were confirmed using the 

Transwell model system, in which I also found that Y665F failed to promote cell 

migration like WT PEAK1 (Figure 3.5C). 

Invasion through Matrigel in vitro depends not only on the ability of the cell 

to migrate but also on its ability to remodel extracellular matrix (6). Because 

Matrigel invasion is frequently studied as a model of in vivo cancer cell invasion, 

we applied this model to study our mutated forms of PEAK1. Figure 3.6 shows 

that PEAK1 over-expression in HT1080 cells increased invasion through Matrigel 

by greater than 3-fold. By contrast, Y665E and Y665F failed to promote invasion. 
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These results are consistent with our cell migration data and suggest that the 

effects of PEAK1 on FA maturation may regulate not only cell migration but also 

invasion. 

 

PEAK1 Functions with SFKs to Regulate Cell Migration  

 

We hypothesized that SFKs work in concert with protein phosphatases to 

mediate the dynamic phosphorylation of PEAK1 at Tyr-665, which appears to be 

necessary for cell migration and invasion. Figure 3.7A shows the results of an 

immunoblot in which I validated an anti-PEAK1 Tyr(P)-665 specific antibody that 

recognizes WT PEAK1 but not the Y665F mutant. To test our hypothesis that 

SFKs mediate PEAK1 Y665 phosphorylation, we used SYF-/- MEFs, which are 

mouse embryonic fibroblasts that lack the SFKs: Src, Yes, and Fyn. Figure 3.7B 

shows the results of an immunoprecipitation experiment in which GFP-tagged 

PEAK1 was transiently expressed in WT or SYF-/- MEFs, immunoprecipitated, 

and immunoblotted for PEAK1 Tyr(P)-665. These results show that, in the 

presence of SFKs,  Tyr(P)-665   is  increased  substantially,  compared  with  the  

negligible  level observed in SYF-/- MEFs that lack SFKs. To further test the 

dependence of PEAK1 on SFK- mediated regulation, we transfected HT1080 

cells with an siRNA pool that targeted human c- Src  specifically. Figure 3.7C 

shows an immunoblotting experiment in which we used an antibody that 

specifically recognizes c-Src. In cells that over-express WT PEAK1 and in control 
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cells, the siRNA decreased c-Src. Figure 3.7D shows the results of Transwell 

migration experiments using HT1080 cells under these conditions. In cells that 

were transfected with control, non-targeting siRNA, PEAK1 promoted cell 

migration, as was anticipated. However, in cells in which c-Src was silenced, the 

pro- migratory activity of PEAK1 was neutralized. These results suggest that c-

Src plays an instrumental role in regulating PEAK1 and its ability to control cell 

migration. 

In HT1080 cells that were treated with the c- Src inhibitor, PP2, and in 

cells that were transfected with c-Src-specific siRNA, co-localization of GFP-

PEAK1 with mCherry-paxillin was inhibited (Figure 3.8A and B). In addition, the 

effects of PEAK1 over-expression on FA lifetime (Figure 3.8C), assembly time 

(Figure 3.8D) and disassembly time (Figure 3.8E) were neutralized in cells 

transfected with c-Src-specific siRNA. c-Src gene-silencing independently 

regulated FA turnover parameters, such as the disassembly time, as anticipated 

(11). In cells in which c-Src was silenced, PEAK1 over-expression decreased FA 

lifetime, as opposed to increasing lifetime. However, the pattern of PEAK1 effects 

on FA dynamics, resulting in increased cell migration, was clearly disrupted in c-

Src gene-silenced cells, explaining the results presented in Figure 3.7. 

 

3.3 Discussion 

 

Previous work has shown that PEAK1 regulates cell migration and cancer 
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metastasis (17, 18, 28); however, the underlying mechanisms are currently not 

known. Here, I report that PEAK1 regulates cell migration by modulating FA 

dynamics. I found that PEAK1 expression increases cell migration and is 

dependent upon phosphoregulation of PEAK1 at Tyr-665 and Src activity. This is 

consistent with our analysis of PEAK1-mediated FA dynamics that indicate 

PEAK1 promotes prolonged FA assembly coupled with rapid disassembly. 

Inhibiting (Y665F) or mimicking (Y665E) Tyr-665 phosphorylation disrupted cell 

migration and perturbed the underlying FA dynamics, yielding decreased FA 

lifetimes and FA assembly; Y665E was unable to facilitate rapid disassembly. In 

addition, we showed that regulation of Tyr-665 is necessary for PEAK1-mediated 

Matrigel invasion. Src knockdown alone impaired migration and impaired FA 

disassembly, as is consistent with previous reports (11). In cells depleted of Src, 

PEAK1 expression was unable to promote migration beyond that seen in controls, 

and PEAK1-mediated FA dynamics were significantly hindered; both PEAK1- 

mediated FA assembly and disassembly were altered in the absence of Src. This 

is supported by reports that PEAK1 phosphorylation is increased by SFKs in 

cancer cell lines (19, 29). Src is predicted by mass spectrometric profiling to 

regulate Tyr-665 phosphorylation (17, 22, 23), and our data support the 

hypothesis that Src regulates PEAK1 through modulation of Tyr-665 to control FA 

dynamics and therefore, cell migration. 

Lamellipodia are stabilized by the formation of new FAs at the leading 

edge. Currently, approximately 180 identified proteins comprise the adhesome 
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including paxillin, Src, FAK, and α-actinin (30, 31). Paxillin enters FAs early in 

assembly and is well established as an FA marker (11, 20, 32, 33). As assembly 

progresses, scaffolds such as α-actinin incorporate, marking FA maturation (11). 

FA dynamics are controlled in part by post-translational modification and 

conformational changes (34, 35). For example, Src-mediated phosphorylation 

triggers paxillin-promoted disassembly (32, 36, 37), which allows release of the 

ECM as new FAs form at the leading edge (11). We found that PEAK1 enters 

FAs after both paxillin (Table 3.1) and α-actinin (data not shown), and persists in 

adhesions after paxillin is gone, suggesting PEAK1 functions more in the later 

stages of FA development and turnover than in FA initiation (11, 38). These 

findings are consistent with PEAK1 increasing FA length (17) and promoting 

longer FA lifetimes (Figures 3.1F and 3.2D and Table 3.1), yielding increased cell 

migration. 

Although the exact mechanism by which PEAK1 regulates FA maturation 

and dynamics is unknown, our combined mutational and functional FA dynamics, 

migration, and invasion studies clearly identify Tyr-665 as a critical amino acid 

that regulates the timing of entry and function of PEAK1 at FAs. My colleagues 

and I have provided evidence that these events are likely regulated by the 

phosphorylation state of Tyr-665. Phosphomimetic Tyr-665 disrupts FA 

disassembly to the same extent as shRNA-mediated knockdown of PEAK1 

(Figures 3.1H and 3.2F and Table 3.1). Our data indicate phosphorylation of this 

site inhibits PEAK1-mediated FA dynamics and PEAK1 localization. We showed 
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that the dephosphorylated mutant, Y665F, impaired FA dynamics and failed to 

promote cell migration (Figures 3.4, C-E, and 3.5, A-C) and invasion (Figure 3.6). 

Like WT PEAK1, Y665F promotes rapid FA disassembly. Unlike WTPEAK1, 

Y665F enters FAs simultaneously with paxillin (Table 3.1), and fails to stabilize 

growing FAs; together, yielding shorter FA lifetimes and impaired migration. 

However, Y665F is able to localize robustly to FAs, while the phosphomimetic 

Y665E localizes poorly to FAs (Figures 3.2C and 3.4B). Further, disassembly in 

Y665E-expressing cells is dramatically impaired compared to cells expressing 

WT PEAK1 or Y665F. From these studies, we conclude that dephosphorylation 

of Tyr-665 facilitates the translocation of PEAK1 to FAs while phosphorylation of 

this site impairs it. Together these data suggest that tightly regulated cycles of 

PEAK1-Tyr-665 phosphorylation and dephosphorylation are necessary for proper 

FA turnover, cell migration, and invasion. 

The tyrosine kinase(s) directly responsible for Tyr-665 phosphorylation 

has not been positively identified; however, Src is a likely candidate. In fact, 

informatics indicate Tyr-665 is a highly conserved Src consensus 

phosphorylation site within a Src SH2 binding motif (TTSVISHTYEEIETESK) (17, 

22, 23) and SFKs increase PEAK1 phosphorylation in a number of cancer cell 

lines (19, 29). Consistent with these findings, we have shown that SFK 

expression dramatically increases Tyr-665 phosphorylation in MEF cells (Figure 

3.7B). Also, our data show that Src tightly regulates the spatiotemporal dynamics 

of PEAK1. Inhibition of Src clearly disrupted PEAK1 localization in migrating cells 
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(Figures 3.8, A and B) and substantially muted the effect of PEAK1 on FA 

dynamics (Figure 3.8, C-E). FA lifetimes were cut short, entry into new FAs was 

delayed, developing FAs were not stabilized, and FA disassembly was disrupted, 

despite WT PEAK1 over-expression. These data show that Src is required for 

PEAK1 function within FAs. Src regulates FAs, controlling their assembly, 

maturation, and disassembly (14) by affecting the spatiotemporal localization and 

activity of effectors like paxillin. Consistent with our findings, the inhibition or 

absence of SFKs is associated with hampered cell migration and specifically, 

with defects in FA disassembly and rear detachment (11). Notably, like Src, 

PEAK1 is especially important for promoting FA disassembly. We found that 

PEAK1 expression was unable to rescue cell migration defects in Src-depleted 

cells (Figure 3.7D), and similarly, PEAK1 was unable to promote FA assembly 

and rapid disassembly in the absence of Src (Figures 3.8, D and E, and Table 

3.1). As with Src or PEAK1 inhibition, perturbation of Tyr-665 phosphorylation 

impedes cell migration, and de-phosphorylation (Y665F) affects FA assembly to 

the same extent as Src or PEAK1 gene silencing (Table 3.1). Phosphomimetic 

Y665E prevents normal FA disassembly, similar to the slow disassembly seen 

with the inhibition of PEAK1 or Src. Although one may expect the 

phosphomimetic mutant to be constitutively active, we have shown that it is not. 

This suggests that regulation of Tyr-665 must be tightly controlled to promote 

PEAK1 function, and supports our findings indicating the phosphorylation state of 

Tyr-665 plays an important role in PEAK1 localization to FAs. Together, these 
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data support the hypothesis that Src controls PEAK1-mediated cell migration and 

invasion through FA modulation by dynamic phosphoregulation of Tyr-665. 

This discovery that PEAK1 and Src work cooperatively to promote cell 

migration and invasion have important implications for cancer metastasis. The 

central role of Src in pancreatic ductal adenocarcinoma (PDAC) metastasis and 

progression is well documented (39). PEAK1 is also over-expressed in a variety 

of cancers, including PDAC, in which it associates with a Src/ErbB2 complex to 

promote cancer progression and metastasis (18). ErbB2-mediated Src activity 

increases cancer cell migration and invasion (40), and our previous study 

showed that PEAK1 mediates the formation of an active Src/ErbB2 complex that 

drives anchorage-independent growth and carcinogenesis (18). 

PEAK1/Src/ErbB2 function in a feed-forward loop; however, the mechanism 

through which this kinase complex promotes migration remains unknown. 

Downstream of ErbB2, Src-mediated FAK regulation controls FA formation and 

promotes invasion, and FAK co-localizes with ErbB2 in FAs at the leading edge 

(40, 41). PEAK1 may promote a Src/ErbB2 interaction necessary for downstream 

signaling to FAK in FAs; however, further studies are needed to examine this 

possibility. Our findings are consistent with the idea that PEAK1 and Src work 

closely together to modulate cell migration and cancer progression by modulating 

FA dynamics. Disrupting PEAK1/Src activities could be a fruitful avenue for 

therapeutic cancer treatment and could lead to new avenues for the detection 

and diagnosis of metastatic disease. 
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3.4 Materials and Methods 

 

Reagents and Antibodies  

Fibronectin (Fn), vitronectin, PP2, and dimethyl sulfoxide (DMSO) were 

purchased from Sigma (St. Louis, MO). Lipofectamine 2000 was purchased from 

Invitrogen (Carlsbad, CA). Dulbecco’s Modified Eagle Medium (DMEM) was 

purchased from GIBCO® (Carlsbad, CA). Matrigel and Transwell dishes were 

purchased from BD Biosciences (San Jose, CA). 35-mm glass-bottom dishes 

were purchased from MatTek Corp. (Ashland, MA). 

Total ERK, PEAK1, and PEAK1 Tyr(P)-665 anti- bodies were purchased 

from Millipore (Temecula, CA). Src-specific (36D10) and α-tubulin (DM1A) 

antibodies were purchased from Sigma (St. Louis, MO). GFP (ab290) antibody 

was purchased from abcam (Cambridge, MA). Protein G-Sepharose beads, 

HRP-conjugated donkey anti-rabbit and sheep anti-mouse secondary antibodies 

were from GE Healthcare Bioscience (Uppsala, NY). 

 

Cell Culture  

Cells were cultured at 37°C with 5% CO in DMEM supplemented with 10% 

FBS, 1% sodium pyruvate, 1% L-glutamine/gentamycin, and 1% penicillin and 

streptomycin. For transfection, 4 x 105 cells per well were plated in 6-well plates 

and incubated overnight at 37°C. Cells were transfected in antibiotic-free, 
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complete DMEM using Lipofectamine 2000 according to the manufacturer’s 

instructions. HT1080 cells stably expressing shCntrl, shPEAK1 #2 (sh#2), or 

sh3’UTR (sh#3) were generated through lentiviral transduction. 

 

DNA constructs and Stable Cell Lines 

Constructs encoding mCherry-paxillin and mCherry-actin were kind gifts 

from Steve Hanks (Vanderbilt University, Nashville, TN). GFP (EV) and GFP-

PEAK1 (WT PEAK1) are previously described (14), as are shPEAK1 #2 (sh#2) 

and shCntrl (17). shPEAK1 3’UTR (sh#3) (18) was purchased from Open 

Biosystems/The RNA Consortium (Thermo Scientific). HT1080 cells stably 

expressing shCntrl, sh#2, or sh#3 were generated by lentiviral transduction and 

positively expressing cells were isolated with puromycin selection or FACS. 

Human c-Src- specific ON-TARGET plus siRNA SMART pool was from Thermo 

Scientific (San Diego, CA). PEAK1, with point mutations, was generated using 

the Quickchange® II XL Site-Directed Mutagenesis Kit, according to the 

manufacturer’s instructions (Stratagene). Human PEAK1 cDNA in the GFP-

TriEx4 vector was used as a template for mutagenesis. The following primers 

were used to generate:  

PEAK1-Y665F_sense: 5'-ccacaagtgtaataagccatacttttgaagaaatagaaacagaaagc 

aaagtgcc-3';  

PEAK1-Y665F_antisense: 5'-ggcactttgctttctgtttctatttcttcaaaagtatggcttattacacttgt 

gg-3';  
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PEAK1-Y665E_sense: 5'-ccacaagtgtaataagccatactgaggaagaaatagaaacagaaa 

gcaaagtgcc-3';  

PEAK1-Y665E_antisense: 5'-gcactttgctttctgtttctatttcttcctcagtatggcttattacacttgtgg-

3'. 

 

qPCR, Immunoblots, and Immunoprecipitation Assays  

Total RNA from HT1080 shCntrl, sh#2, and sh#3 stable cell lines was 

extracted using the RNA EasyKit from Macherey-Nagel (Bethlehem, PA) and 

reverse-transcribed using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). 

qPCR reactions were performed using TaqmanFast Universal PCR Mastermix 2x, 

Taqman PEAK1 and HPRT (hypoxanthine phosphoribosyltransferase 1, used as 

a control) primer probes, and the Step One Plus Real-Time PCR system 

instrument (Applied Biosystems, Foster City, CA). 

Immunoblotting was performed using PVDF membranes and 8% SDS-

PAGE gels. Membranes were blocked in 1% BSA or 5% non-fat milk. Cell 

extracts were harvested for immunoprecipitation assays using RIPA buffer with 

protease and phosphatase inhibitors added. Protein concentrations were 

normalized to 1 mg/ml. Cell extracts were pre-cleared with a 10% slurry of protein 

G beads in RIPA buffer. Pre-cleared extracts were incubated with 1 μg/ml anti-

GFP antibody (ab290) overnight at 4°C and proteins were pulled down with 10% 

protein G slurry in prepared RIPA at 4°C for 1 hr. 
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Microscopy  

Total  internal reflection fluorescence (TIRF), epifluorescence, and phase 

contrast imaging were performed using a Nikon Eclipse Ti inverted microscope 

(www.Nikon USA.com) running Nikon Elements software and equipped with an in 

vivoTM climate-controlled chamber and a Nikon electronic programmable stage 

and Perfect Focus. This microscope is also outfitted with 488- and 561-nm solid 

state laser lines and an Andor iXonEM+ camera for TIRF, and Plan Fluor 10x 

(N.A. 0.30) and APO TIRF 60x oil immersion (N.A.1.45) objectives. Phase 

contrast and epifluorescence images were collected with a Hamamatsu Orca 

CCD camera. 

 

Adhesion and Migration Assays  

HT1080 cells co-expressing GFP-tagged PEAK1 (GFP- PEAK1, WT 

PEAK1), GFP-tagged PEAK1 Y665 mutants (Y665E or -F), or GFP (EV, empty 

vector) and mCherry-paxillin, or with siRNA, as indicated, were plated at low 

density on glass-bottom dishes coated with Fn for 1 h at 37° C or at 4° C 

overnight and allowed to attach in complete DMEM at 37° C. The cultures were 

washed briefly with sterile PBS and incubated in serum-free medium along with 

drugs or vehicle, as indicated, for 1-2 h. Immediately before filming, the medium 

was replaced with phenol red-free complete DMEM containing 40 μM PP2 or 

vehicle (DMSO), as indicated. Time-lapse TIRF images were collected in both 

the red and green channels using Nikon Elements software at 60x every 30 s for 
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1 h, and the images were analyzed using Metamorph software. FA lifetime was 

determined by calculating the time that passed between the first appearance of 

mCherry- paxillin in a developing adhesion and the last frame in which that same 

tagged molecule was visible. PEAK1 (WT or point mutants, as indicated) in FAs 

was similarly assessed. Lag time was calculated by subtracting the amount of 

time that elapsed between the first appearance of mCherry-paxillin and the first 

appearance of GFP-tagged PEAK1 or PEAK1 mutants in developing adhesions. 

Adhesion assembly and disassembly were analyzed as previously described 

(11,20). Briefly, the background subtracted fluorescence intensity of individual 

adhesions was tracked over time for at least 15 individual adhesions in a 

minimum of 5 cells per condition as they assembled or disassembled, and these 

values were used to generate a t1/2 value (half-life) for FA assembly or 

disassembly. 

Random migration of 5 x 104 cells plated in fibronectin coated 6-well plates 

was assessed using Metamorph software. Images were captured using a 10x 

phase contrast objective. Time-lapse images were collected every 5 min for at 

least 10 h for each condition. Transwell and Matrigel invasion assays were 

performed as previously described (21). 

 

Statistical Analysis  

All data represent mean +/- standard error. p values were determined by 

GraphPad, using the Student’s t Test function. 
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3.5 Figures 

 
 
Figure 3.1 Endogenous PEAK1 gene silencing impairs cell migration and FA dynamics. 
A.) PEAK1-specific shRNA significantly decreases endogenous PEAK1 mRNA levels in 
HT1080 cells, as determined by qPCR. B.) Representative tracings every 5 min for 10 
hrs of 3 shCntrl cells; C.) sh#2 cells; or D.) sh#3 cells migrating on Fn. Distances in μm. 
E.) Quantification of random migration represented in Fig.1B-D. n = 18-20 cells per 
condition. F.) Inhibition of endogenous PEAK1 decreases FA lifetimes and G.) t1/2 
assembly but H.) increases the t1/2 disassembly of mCherry-Paxillin compared to 
shCntrl cells. n = 15-22 individual adhesions per analysis from ≥ 5 cells per condition. 
Data represent mean +/-SEM. * p < 0.05, ** p < 0.005, *** p < 0.0001.



93            

	   	  
	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Phosphoregulation of Y665 controls PEAK1 localization to FAs and FA 
dynamics.  A.) Immunoblot showing PEAK1 expression in HT1080 cells transiently 
expressing EV or tagged WT PEAK1, Y665E, or Y665F constructs. A short exposure 
time (top) reveals exogenous expression of WT or mutant PEAK1 constructs, but 
endogenous PEAK1 is not visible. A longer exposure (middle) was necessary to detect 
endogenous PEAK1. Tubulin (bottom) was used as a loading control. B.) TIRF images of 
GFP-tagged WT PEAK1 or Y665E and mCherry-Actin localization in HT1080 cells. C.) 
TIRF images of GFP-tagged WT PEAK1 or Y665E and mCherry-Paxillin localization in 
HT1080 cells. D.) Expression of WT PEAK1 but not Y665E increases paxillin lifetime in 
FAs. n = 15-21 individual adhesions from ≥ 5 cells per condition. E.) WT PEAK1 but not 
Y665E increases the t1/2 of paxillin assembly compared to EV controls. n = 15-19 
individual adhesions from ≥ 5 cells per condition. F.) WT PEAK1 expression decreases 
the t1/2 of paxillin disassembly, but Y665E increases the t1/2 of paxillin disassembly 
compared to EV control. n = 16-19 individual adhesions from ≥ 5 cells per condition. 
Data represent mean +/-SEM. * p < 0.05, ** p < 0.005, *** p < 0.001. F.) HT1080 cells 
were co-transfected with GFP-tagged WT PEAK1, Y665E, or Y665F and mCherry- Actin, 
then plated on Fn-coated glass-bottom dishes. TIRF images; scale bars = 10μm in full 
images and 5μm in enlargements, respectively. 
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Figure 3.3 The phosphorylation state of Y665 regulates PEAK1-mediated migration. A.) 
Representative tracings of 3 randomly migrating HT1080 cells per condition (EV, WT 
PEAK1, andY665E) every 10 min for 10 hrs. Distance in μm. B.) Quantification of data 
represented in A. n = 15-16. C.) WT PEAK1 expression increases migration in a 
Transwell compared to EV control cells. Y665E expression abrogates this effect. n = 15-
20. Data represent mean +/-SEM. * p < 0.05, ** p <0.005, *** p < 0.001.   
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Figure 3.4 PEAK1 Y665 phosphorylation is required to regulate PEAK1 localization and 
FA dynamics in HT1080 cells. A.) TIRF images of GFP-tagged WT PEAK1 or Y665F and 
mCherry- Actin localization in HT1080 cells. B.) TIRF images of GFP-tagged WT PEAK1 
or Y665F and mCherry-Paxillin localization in HT1080 cells. Scale bars = 10μm in full 
images and 5μm in enlargements, respectively. C.) Expression of WT PEAK1 increases 
paxillin lifetime in FAs, but Y665F decreases it compared to EV. D.) WT PEAK1 but not 
Y665F increases the t1/2 of Paxillin assembly compared to EV controls. n = 15-18 
individual adhesions from ≥ 5 cells per condition. E.) WT PEAK1 and Y665F expression 
both decrease the t1/2 of paxillin disassembly compared to EV control. n = 16-19 
individual adhesions from ≥ 5 cells per condition. Data represent mean +/-SEM. Control 
data representing EV and WT PEAK1 in D, E, and F are the same as those represented 
in Figure 2. * p < 0.05, ** p < 0.005, *** p < 0.0001. 
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Figure 3.5 PEAK1 Y665 phosphoregulation is required to regulate cell migration. A.) 
Representative tracings of 3 randomly migrating cells per condition (EV, WT PEAK1, and 
Y665F) every 10 min for 10 hrs. Distance in μm. B.) Quantification of data represented in 
A. Control data representing EV and WT PEAK1 in B and C are the same as those 
represented in Figure 3. n = 15-16 cells per condition. Data represent mean +/-SEM. * p 
< 0.05, ** p < 0.005, *** p < 0.0001.        

 

 

 

 

 



	   	   	   	  	  	  	  	  	  	  	  	  

	   	  
	  

98 

         

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.6 Phosphoregulation of Y665 controls PEAK1-mediated invasion. WT PEAK1 
promotes Matrigel invasion by HT1080 cells compared to EV controls, but Y665F fails to 
promote invasion and Y665E inhibits invasion to below basal levels. n = 36 fields 
quantified per condition. Data represents mean +/-SEM. * p < 0.05, ** p < 0.005. 
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Figure 3.7 SFKs promote Y665 phosphorylation and are required for PEAK1-mediated 
migration. A.) Anti-PEAK1 p-Y665 phosphospecific antibody specifically recognizes WT 
PEAK1, but not Y665F in HEK293 cells transiently expressing GFP-tagged WT PEAK1 
or GFP-tagged Y665F. Following p-Y665 analysis, this immunoblot was reprobed for 
GFP as a loading control. B.) WT PEAK1 is robustly phosphorylated at Y665 in WT MEF 
cells, but this is abrogated in SYF-/- MEFs, which lack the SFKs Src, Yes, and Fyn. Total 
cell extracts were probed for GFP as a loading control. C.) Transient siSrc expression 
decreased endogenous Src expression in HT1080 cells compared to non-specific siCntrl 
in cells co-expressing EV or WT PEAK1. ERK is a loading control. D.) WT PEAK1 
expression increased Transwell migration, but is dependent on Src expression. n= 24-36 
fields quantified per condition. Data represent mean +/-SEM. * p < 0.05, ** p < 0.005, *** 
p < 0.001.         
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Figure 3.8 Src activity is required for PEAK1 localization to FAs and PEAK1-mediated 
adhesion effects in HT1080 cells. A.) WT PEAK1 fails to localize to nascent adhesions at 
the leading edge of HT1080 cells in which Src activity is inhibited by PP2, compared to 
those treated with DMSO only. B.) WT PEAK1 localizes to FAs at the leading edge of 
HT1080 cells co-expressing siCntrl, but fails to localize in those co-expressing siSrc. 
TIRF images; scale bars = 10μm in full images and 5μm in enlargements, respectively. 
C.) In siCntrl-expressing cells, co-expression of WT PEAK1 increases paxillin lifetime in 
FAs compared to siCntrl cells co-expressing EV. In siSrc-expressing cells, coexpression 
of WT PEAK1 decreases paxillin lifetime in FAs compared to siSrc + EV co-expression. 
D.) WT PEAK1 fails to affect adhesion assembly when co-expressed with siSrc. E.) WT 
PEAK1 expression has no effect on FA disassembly in siSrc-expressing cells. Data 
represent mean +/-SEM. * p < 0.05, ** p < 0.005, *** p < 0.001.    
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Table 3.1 PEAK1-mediated FA Dynamics in HT1080 Cells. HT1080 Cells expressing 
the indicated constructs were imaged by TIRF time-lapse microscopy. Individual 
adhesions were analyzed to determine PEAK1 and paxillin lifetimes, lag time between 
the first appearance of paxillin and PEAK1 or PEAK1 mutants in individual adhesions, 
and t1/2 of assembly and disassembly for both paxillin and PEAK1, as described in the 
experimental procedures. PEAK1 and PEAK1 mutant constructs are GFP-tagged. At 
least 15 individual adhesions from a minimum of 5 cells per condition are represented. 
NA means not applicable. 
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Chapter 4: The C-terminal Proline-rich Region of Pseudopodium Enriched 
Atypical Kinase 1 (PEAK1) regulates cancer cell viability and migration 
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4.1 Introduction 

 As stated previously, the non-receptor tyrosine kinase PEAK1 is critical for 

cancer cell migration. In Chapter 3, I showed that cell migration is controlled by 

the ability of PEAK1 to regulate FA dynamics. This regulation was controlled by 

the phosphorylation status of Y665, which is a predicted Src binding and 

phosphorylation site. Although this is a critical site for PEAK1 regulation of 

migration, there are other regions in PEAK1 that should be carefully scrutinized 

for their role in PEAK1-mediated processes.  In addition to the Y665 site, PEAK1 

also contains several other structural domains important for protein-protein 

interactions and has been shown to bind to key signaling molecules, such as Raf, 

CAS, Crk and Grb2 (1)(3). Amongst these important protein-protein interaction 

sites is the C-terminal proline-rich domain that is predicted to bind to Crk (1). 

Proline-rich regions represent an important group of protein-protein 

domain interactions and play a significant role in the assembly of protein or 

molecular complexes that mediate biological functions (4)(5). These proline-rich 

regions bind to SH3 and WW domains in other proteins to facilitate cellular 

signaling	   (6). SH3 domains are commonly found in proteins that regulate cell 

adhesion and migration, such as Crk, Src, and p130CAS (7)(8). PEAK1 contains 

a C-terminal proline-rich region (aa 1146-1160) that is predicted to bind to class II 

SH3 domains, which may include binding to crucial signaling proteins involved in 

cancer progression and this site could be a possible target for future cancer 
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therapeutic reagents (5)(9). To further elucidate the mechanism through which 

PEAK1 regulates cell viability, apoptosis and migration, in this chapter, I sought 

to uncover the role of PEAK1’s proline-rich region in these cellular processes. 

Our results indicate that this proline-rich region is important for cell viability and 

can sensitize cancer cells to apoptosis following DNA damage. I also show that 

this region is necessary for PEAK1-induced cell migration and proper focal 

adhesion dynamics. 

 

4.2 Results 

The C-terminal proline-rich region of PEAK1 regulates cancer cell viability  

 

 We previously demonstrated that PEAK1 is necessary for KRas-induced 

growth of pancreatic cancer cells	  (2). We also showed that the overexpression of 

wild-type PEAK1 or its C-terminal truncation mutant was sufficient to induce 

pancreatic cancer cell expansion. In this study, I examined the role of PEAK1 C-

terminal amino acid sequence motifs that were predicted to play a role in the 

ability of PEAK1 to enhance cancer cell viability. I chose to focus our study on the 

C-terminal proline-rich region (NASQPTPPPLPKKMI) of PEAK1, which is 

predicted to bind to class II SH3 domains as determined by Scansite protein 

sequence analysis software	   (16-18). To this purpose, I mutated three proline 

residues within this site to alanine (P1152, P1153 and P1154) and created what I 
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termed the C-terminal proline-rich region mutant or 3PA (Figure 1A).   

 To test the role of the C-terminal proline-rich region in cancer cell viability 

and proliferation, I first transiently transfected Panc-1 human pancreatic 

adenocarcinoma (PDAC) cells and HT1080 human fibrosarcoma cells with empty 

vector (GFP-Vector), GFP-tagged wild-type PEAK1 (GFP-PEAK1), or GFP-

tagged 3PA mutant PEAK1 (GFP-PEAK1-3PA) (Figure 1B) and conducted a cell 

viability test. In both cancer cell lines, the exogenous expression of wild-type 

PEAK1 was sufficient to induce cancer cell expansion (Figure 1C). This effect 

was abrogated by 3PA mutation of the C-terminal proline-rich region, showing 

that the ability of PEAK1 to bind class II SH3 domain containing proteins is 

critical for the effect of PEAK1 in cancer cell viability.  

 

Mutation of the C-terminal proline-rich region of PEAK1 sensitizes cancer 

cells to DNA damage-induced apoptosis  

 

  The above results strongly suggest that the C-terminal proline-rich region 

of PEAK1 might regulate apoptosis due to a decrease in the viability of the 

cancer cells when this site is mutated. Therefore, next I investigated whether 

mutating the C-terminal proline-rich region could sensitize cancer cells to DNA 

damage-induced apoptosis. To this purpose, Panc-1 and HT1080 cells were 

transfected with GFP-Vector, GFP-PEAK1, or GFP-PEAK1-3PA and treated with 
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camptothecin, a known inducer of apoptosis by DNA damage	   (19). The 

percentage of early apoptotic cells, indicated by high APC-Annexin V and low 

7AAD staining, was determined using FACS analysis as previously described 

(20)(21). Our data suggested that overexpression of the 3PA mutant caused the 

cancer cells to become sensitive to DNA damage-induced apoptosis compared to 

cells expressing wild-type PEAK1 (Figure 1D). Interestingly, the overexpression 

of wild-type PEAK1 did not show a protective advantage against apoptosis as 

compared to the vector control, which may be due, in part, to the short timeframe 

of treatment with camptothecin. These data indicate that the C-terminal proline-

rich region of PEAK1 is important for cancer cell evasion of DNA-damaging 

induced apoptosis. 

 

The C-terminal proline-rich region regulates PEAK1-induced cell migration 

   

 Proline-rich regions and their cognate SH3 binding partners are critically 

important for proper cell migration (22)(23). In previous studies, we have 

demonstrated that overexpression of PEAK1 promotes cell migration and that 

gene silencing of endogenous PEAK1 abrogates this effect (1)(11). To further 

elucidate the function of PEAK1 in cancer cell migration, I investigated the role of 

the C-terminal proline-rich region in PEAK1-induced cancer cell migration. First, I 

examined random migration of Panc-1 and HT1080 cells expressing GFP-Vector, 
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GFP-PEAK1, or GFP-PEAK1-3PA using video imaging and cell tracking software. 

Exogenous expression of wild-type PEAK1 increases the random migration of 

cancer cells and this effect is significantly abrogated when the C-terminal proline-

rich region is mutated. Representative migration maps are shown in Figure 2A 

and C. As indicated by the random migration data, the rate of migration and cell 

persistence parameters increase when PEAK1 is overexpressed. Exogenous 

expression of the 3PA mutant abrogates this effect (Figure 2B, D and E). I further 

confirmed these data using Transwell migration assays in which I found that 

overexpression of wild-type PEAK1 increased cell migration but the mutation of 

the C-terminal proline-rich region failed to do so (Figure 2F and G). The adhesion 

of the cells to the fibronectin-coated transwell did not have an effect on Panc1 or 

HT1080 cell migration (Figure 2F and G). Together, these data indicate that the 

C-terminal proline-rich region of PEAK1 is necessary for PEAK1-induced cancer 

cell random migration. 

 Cancer cell invasion is not only defined by the migration of the cell but also 

the capability of the cell to modify the extracellular matrix. Matrigel is often used 

to study both in vitro and in vivo cancer cell invasion	   (24); therefore, I used 

Matrigel to study the impact of the 3PA mutant on PEAK1-mediated invasion. 

Figure 3 shows that overexpression of wild-type PEAK1 in both Panc1 and 

HT1080 cells increased invasion through Matrigel compared to the vector control. 

By contrast, the 3PA mutant failed to promote cancer cell invasion. This data 
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suggests that the C-terminal proline-rich region of PEAK1 is not only critical for 

migration but also for cancer cell invasion. 

 

The C-terminal proline-rich region of PEAK1 regulates focal adhesion 

dynamics  

 

  Previously we have shown that PEAK1 regulates focal adhesion 

dynamics and this regulation is due, in part, to the phosphorylation status of 

PEAK1 at Y665	   (11). We have also demonstrated that PEAK1 co-localizes with 

the focal adhesion marker paxillin, promotes a longer focal adhesion assembly 

phase, and increases the rate of focal adhesion disassembly (1)(11). Because 

the 3PA mutation abolished PEAK1-induced cancer cell migration and efficient 

regulation of focal adhesion dynamics is critical for proper cell migration, I sought 

to determine the role of the C-terminal proline-rich region in PEAK1 actin 

localization and PEAK1-mediated focal adhesion dynamics. First, I assessed the 

ability of the C-terminal proline-rich region to regulate PEAK1 localization to the 

actin cytoskeleton. Using TIRF microscopy on HT1080 cells overexpressing 

mCherry-actin and GFP-PEAK1-3PA, I have shown that the presence of the 3PA 

mutation did not have an effect on PEAK1 localization with actin (Figure 4). One 

the other hand, time-lapse TIRF microscopy of HT1080 cells overexpressing 

mCherry-paxillin and GFP-PEAK1-3PA showed that the 3PA mutation negatively 
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affects the incorporation of PEAK1 into focal adhesions (Figure 5). These data 

suggest the C-terminal proline-rich region of PEAK1 is important for PEAK1 

integration into the focal adhesion, possibly facilitating important protein-protein 

interactions with one or more SH3 domain-containing focal adhesion components. 

 Because the 3PA mutant PEAK1 failed to co-localize as effectively as 

wild-type PEAK1 to focal adhesions, we next tested whether this proline-rich 

mutation has an effect on focal adhesion dynamics. By monitoring mCherry-

paxillin fluorescence by TIRF time-lapse microscopy, we determined that HT1080 

cells expressing the 3PA mutant had a significantly decreased focal adhesion 

lifetime (Figure 6A). This was accompanied by a decrease in the focal adhesion 

assembly time (t1/2 assembly) or the time during which the focal adhesion 

enlarges and matures (Figure 6B). The decrease in focal adhesion lifetime and 

assembly time caused by the expression seen in the 3PA-expressing cells is very 

similar to that previously seen in HT1080 cells in which PEAK1 expression has 

been silenced	   (11). PEAK1-mediated focal adhesion disassembly was not 

affected by the 3PA mutation, suggesting a role for this region in regulating 

earlier events in the focal adhesion turnover cycle (Figure 7C).  The inability of 

the C-terminal proline-rich mutant PEAK1 to localize efficiently at the focal 

adhesions and the effects that the mutant has on the dynamics of the focal 

adhesions suggests that the mutant cannot stabilize the adhesion to allow for the 

longer assembly time as compared to wild-type PEAK1. 
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4.3 Discussion 

 Our previous work identified a novel pseudopodium-enriched tyrosine 

kinase, PEAK1, which localizes to focal adhesions and is necessary for the 

regulation of cell migration and metastasis (1)(2)(11)(25); however, the 

underlying mechanisms of PEAK1-induced cancer cell viability and migration are 

still poorly understood. The transduction of signals from the extracellular milieu to 

intracellular substrates, such as PEAK1, is crucial for regulating cellular 

processes. PEAK1 is capable of receiving signals through growth factor 

stimulation and cell adhesion	  (10). The ability of PEAK1 to bind to other signaling 

molecules is important for its ability to regulate cellular events. Here I report that 

the C-terminal proline-rich region of PEAK1 regulates cancer cell viability, 

migration, and focal adhesion dynamics.  

 Mutation of the C-terminal proline-rich region decreased cancer cell 

viability and sensitized cells to DNA damage-induced apoptosis (Figure 1). In 

addition, I showed that mutation of this critical site significantly decreased 

PEAK1-induced cell migration and invasion and the incorporation of PEAK1 into 

focal adhesions, affecting focal adhesion dynamics (Figures 2, 3, 5, and 6). 

These data support the hypothesis that a proline-rich region in PEAK1 predicted 

to facilitate SH3-mediated protein-protein interactions is crucial for PEAK1 

function.  
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 The C-terminal proline-rich region of PEAK1 is predicted to bind to class II 

SH3 domains. SH3 domains play important roles in a variety of biological events, 

including regulation of tyrosine kinases by protein-protein interactions, the 

assembly of macromolecular complexes and the spatiotemporal regulation of 

signaling molecules within the cell	   (15). These proline-rich/SH3 complexes are 

specific and reversible, which is necessary for dissolution of the signal once the 

stimulus has been removed	   (4). More importantly, the C-terminal proline-rich 

region of PEAK1 is predicted with high confidence to bind to the CT10 regulator 

of kinase (Crk) adaptor protein and we have shown previously that Crk co-

precipitates with either full-length PEAK1 or the C-terminal truncated form of 

PEAK1	  (1). 

 The Crk family of adaptor proteins is ubiquitously expressed, required for 

development, and mediate the formation of signaling complexes upon 

extracellular stimuli, including integrin and growth factor signaling	   (26). These 

adaptor proteins contain an SH2 domain and, depending on the splice variant, 

one or two SH3 domains (27)(28).  Through these domains, the Crk adaptor 

proteins work as molecular shuttles between tyrosine kinases and their 

substrates regulating cell adhesion, migration, and proliferation. Crk also 

associated with aggressive and invasive human cancer and has been shown to 

be up-regulated in lung and breast carcinomas (29)(30). Crk is also forms a 

complex with p130CAS at focal adhesions, which leads to DOCK180/Rac1 
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activation and, therefore, cell spreading and migration	   (31-34).  The ability of 

PEAK1 to bind to Crk and regulate its subcellular localization, or vice versa, could 

have extremely important implications on biological processes, including cell 

survival and migration.  

  The requirement of the PEAK1 proline-rich region for PEAK1-Crk complex 

formation or formation of complexes with other critical SH3 binding partners 

would help explain the role and mechanism of PEAK1 in cell migration and 

metastasis. Overall, our data emphasize the role of proline-rich/SH3 mediated 

adaptor signaling in PEAK1-mediated functions.  Further characterization of the 

relationship between PEAK1 and Crk could be a productive avenue for future 

research. The design of inhibitors targeting these protein-protein interaction sites 

have been of great pharmacological interest, and the protein complex mediated 

by the C-terminal proline-rich region of PEAK1 could be a successful therapeutic 

target for cancer treatment	  (35-37). 

 

4.4 Materials and Methods 

 

Reagents and antibodies  

Dulbecco’s Modified Eagle Medium (DMEM) was purchased from 

GIBCO® (11965-092). Transwell dishes were purchased from BD Biosciences 

(354578). 35-mm glass-bottom dishes were purchased from MatTek Corp. 
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(P35G-1.0-20-C). 

Total PEAK1 antibody was purchased from EMD/Millipore (09-274). GAPDH 

(ab22555) and GFP (ab290) antibodies were purchased from abcam.  

 

DNA constructs 

pTriEx4-GFP (Vector) and pTriEx4-GFP-PEAK1 (WT PEAK1) are 

previously described	   (1). PEAK1 point mutations were generated using the 

mutagenesis service of GenScript. Human PEAK1 cDNA in the GFP-TriEx4 

vector was used as a template for mutagenesis. The following primers were used 

to generate the 3PA mutation:  

PEAK1-3PA_sense:  

5’-CCCAACCTACAGCAGCCGCACTGCCAAAGAAGATGATCATAAG-3’ 

PEAK1-3PA_antisense:  

5’-TTCTTTGGCAGTGCGGCTGCTGTAGGTTGGGAAGCATTGGGTG-3’ 

 

Cell Culture 

Panc-1 and HT1080 cells were acquired from ATCC and cultured in 5% 

CO2 at 37°C in DMEM containing 10% FBS, 1% sodium pyruvate, 1% L-

glutamine/gentamycin and 1% penicillin/streptomycin (complete medium). For 

transfection, 1 x 106 cells were plated in 10cm dishes and incubated overnight at 

37°C. The cells were transfected the next day using PEI (polyethylenimine) 
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suspended in sterile water and mixed with the plasmid DNA in minimal media. 

The PEI/DNA mixture was then added to the cells plated with complete media. 

 

CyQUANT direct cell proliferation assay  

Analysis of cell viability was conducted according to the manufacturer's 

protocol (Life Technologies, C35011). Briefly, cells were plated in triplicate into 

96-well plates at a density of 500 cells per well in complete media. Viable cell 

number was measured on day 4 based upon CyQuant Green fluorescence 

emission at 525 nm.  

 

Camptothecin treatment and AnnexinV staining for early apoptosis    

  Camptothecin was purchased from Sigma (9911) and resuspended in 

DMSO. Analysis of apoptosis was conducted using the AnnexinV-APC Apoptosis 

Detection Kit from eBioscience (88-8007-72) according to the manufacturer’s 

protocol. Briefly, transiently transfected cells were treated with 6µM camptothecin 

for 3 hours to induce apoptosis. After treatment, all cells were harvested and 

washed with PBS and Binding Buffer. The cells were then labeled with AnnexinV-

APC for 15 minutes and washed and resuspended in Binding Buffer. 7AAD cell 

viability staining solution was purchased from eBioscience (00-6993-50) was 

added to the resuspended cells to check for viability. 
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FACS for AnnexinV staining  

Stained cells were examined using a FACSCanto II flow cytometer (BD 

Biosciences).  The FlowJo analysis software was used to analyze the percentage 

of cells undergoing apoptosis. 

 

Western blotting and immunoprecipitation assays  

 Immunoblotting was performed using PVDF membranes and 4-12% Bis-Tris 

Nupage gels from Life Technologies (NP0335). Membranes were blocked with 

5% non-fat milk.  

 

Microscopy  

Total internal reflection fluorescence (TIRF), epifluorescence, and phase 

contrast imaging were performed using a Nikon Eclipse Ti inverted microscope 

equipped with a climate-controlled chamber, equipped with 488- and 561-nm 

solid-state laser lines and an Andor iXonEM+ camera. Objectives used were: APO 

TIRF 60x oil immersion (N.A.1.45), Plan Fluor 10x (N.A. 0.30) and Plan Fluor 20x 

(N.A. 0.45). Phase contrast images were collected with a Hamamatsu Orca CCD 

camera. 

 

Migration and Focal Adhesion Dynamics Assays  

HT1080 and Panc1 cells expressing GFP-tagged PEAK1 or GFP-tagged 
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PEAK1 mutant (3PA) and mCherry-paxillin were plated on glass-bottom dishes 

coated with human fibronectin for 1 hour at 37° C and allowed to attach in 

complete DMEM. The cultures were washed with sterile PBS and incubated in 

serum-free medium for 1-2 hours. Before filming, the medium was replaced with 

phenol red-free complete DMEM. TIRF images were collected and focal 

adhesion lifetime was determined as previously described (11). Adhesion 

assembly and disassembly were analyzed as previously described (12)(13).  

Random migration of 5 x 104 cells plated in 6-well plates coated with 

human fibronectin was analyzed using Metamorph software. Images were 

captured using a 10x phase contrast objective. Time-lapse images were collected 

every 10 minutes for at least 18 hours for each condition. Transwell assays were 

performed as previously described	   (14). Invasion assays were performed as 

previously described	  (11). 

 

Statistical Analysis  

All quantified data were plotted and analyzed in GraphPad Prism 5.0 with 

Student t-test or One-way ANOVA with Tukey Post-hoc test. Data are 

representative of at least 3 independent experiments and are represented as 

replicate means ± SEM. *, **, or *** are p values < 0.05, 0.01, or 0.001, 

respectively. 
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4.5 Figures 

 
 

 

Figure 4.1 Mutation of the C-terminal proline-rich region of PEAK1 impairs cancer 
cell growth and sensitizes cells to DNA damage-induced apoptosis. (A) Schematic 
of PEAK1 showing the predicted actin targeting region, the kinase domain, and the C-
terminal proline-rich region with the 3PA mutation. (B) Western blot analysis of the 
expression of GFP-tagged wild-type and 3PA mutant PEAK1 in Panc1 and HT1080 cells. 
GAPDH was used as a loading control.  (C) Analysis of cell viability of Panc1 and 
HT1080 cells that contain transiently transfected GFP-Vector, GFP-PEAK1, or GFP-
PEAK1-3PA. (D) FACS analysis of GFP expressing Panc1 and HT1080 cells using APC-
AnnexinV and 7AAD staining solution. Quantification of early apoptotic cells 
characterized by high APC-AnnexinV and low 7AAD staining. * and ** represent p values 
of <0.05 and <0.01, respectively, as determined by one-way ANOVA with a Tukey post 
hoc test. rfu, relative fluorescent units 
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Figure 4.2 The C-terminal proline-rich region of PEAK1 is necessary for PEAK1-
induced cancer cell migration. Representative tracks of images taken every 10 
minutes for 18 hours of four migrating Panc1 (A) and HT1080 (C) cells per condition 
(GFP-Vector, GFP-PEAK1, or GFP-PEAK1-3PA). Distance is in micrometers. B, D, 
quantification of the rate of migration of the cells from (A) and (C), respectively. n = 15-
20 cells. (E) Quantification of persistence of cells from (A) and (C) n = 15 cells. Mutation 
of the C-terminal proline-rich region decreases migration in a Transwell assay as 
compared to wild-type PEAK1 in (F) Panc1 and (G) HT1080 cells. n =24-27 fields per 
condition. Adhesion controls for (F) and (G) are shown to the right of the graph. *, **, and 
*** represent p values of <0.05, <0.01, <0.001, respectively, as determined by one-way 
ANOVA with a Tukey post hoc test.   
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Figure 4.3 The C-terminal proline-rich region of PEAK1 controls PEAK1-mediated 
invasion. Wild-type PEAK1 promotes Panc1 (A) and HT1080 (B) cell invasion through 
Matrigel compared to the GFP vector control, but the 3PA mutant fails to promote 
invasion. n = 25-27 fields per condition. *** represents a p value of <0.001 as determined 
by one-way ANOVA with a Tukey post hoc test. 
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Figure 4.4 The 3PA mutation does not effect PEAK1 localization to the actin 
cytoskeleton. (A) TIRF images of GFP-PEAK1 (top) and GFP-PEAK1-3PA (bottom) co-
expressed with mCherry-actin showing focal adhesion localization in HT1080 cells. (B) 
Quantification of Pearson’s correlation coefficient. n = 5 cells. Scale bars, 10 µm in full 
images and 5 µm in enlargements, respectively. 

 

 

 

 

 



	   	   	   	  	  	  	  	  	  	  	  	  

	  
	  

126 

 
 
Figure 4.5 The C-terminal proline-rich region of PEAK1 controls PEAK1 
localization to focal adhesions. (A) TIRF images of GFP-PEAK1 (top) and GFP-
PEAK1-3PA (bottom) co-expressed with mCherry-paxillin showing focal adhesion 
localization in HT1080 cells. (B) Quantification of Pearson’s correlation coefficient. n = 5 
cells. Scale bars, 10 µm in full images and 5 µm in enlargements, respectively. 
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Figure 4.6 Mutation of the C-terminal proline-rich region of PEAK1 impairs focal 
adhesion dynamics. (A) expression of the 3PA mutant decreases paxillin lifetime in 
focal adhesions as compared to wild-type PEAK1. n = 15-20 individual adhesions from 5 
cells. (B) overexpression of wild-type but not the 3PA mutant increases the t1/2 of paxillin 
assembly. n = 15-20 individual adhesions from 5 cells per condition. (C) the 3PA 
mutation has no effect on the focal adhesion assembly rate. n = 15-18 individual 
adhesions from 5 different cells per condition. *** represents a p value of <0.001 as 
determined by Student’s t-test. 
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Chapter 5: Conclusion and Future Perspectives 
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5.1 Summary 

 

Pseudopodium-enriched atypical kinase one (PEAK1) was discovered in 

our lab by quantitative mass spectrometry analysis using phosphotyrosine 

immunoaffinity enrichment and Multi-dimensional Protein Identification 

Technology (MudPIT) of the fractionation of the pseudopodia from the cell body 

(1). The domain structure of PEAK1 contains a kinase domain and sites for ERK 

binding, Src phosphorylation, actin targeting, and Crk binding. We further 

characterized PEAK1 to operate within the Src/CAS/Crk/Paxillin signaling 

pathway. Additionally, PEAK1 undergoes Src-dependent tyrosine 

phosphorylation in response to EGF ligands or extracellular-matrix (ECM) 

proteins, increases fibronectin-induced Paxillin, ERK, and CAS phosphorylation, 

binds to Raf, CAS, and Crk, and co-localizes with the actin cytoskeleton and focal 

adhesions. Finally, we previously demonstrated that PEAK1 promotes oncogenic 

growth of cancer cells in vivo. This data led us to hypothesize that PEAK1 may 

play a central role in cancer progression. 

 To assess the role of PEAK1 in cancer progression, we first studied 

human colon and pancreatic cancer tissue and found that PEAK1 is up-regulated 

in colon and pancreatic cancer patients. Due to the low survival rate of patients 

diagnosed with pancreatic cancer and the desperate need for biomarkers and 

therapeutics for this disease, we chose to focus on pancreatic ductal 

adenocarcinomas (PDAC) for our studies. Abnormal activity and dysregulation of 
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growth factor receptors and their downstream signaling pathways play a key role 

in tumor development and cancer progression. The ErbB family of receptor 

tyrosine kinases is one such group of growth factor-induced receptors whose 

overexpression or aberrant activation leads to the modulation of proliferation, 

adhesion, survival, polarity and migration (2). ErbB2 overexpression and/or 

dysregulation has been detected in a variety of human cancers and usually 

correlates with a poor prognosis as well as resistance to cytotoxic therapies (3). 

In PDAC, KRAS activating mutations and HER2 overexpression contribute to a 

poor clinical prognosis, increased aggressiveness, and therapy resistance (4). 

Though ErbB2 has been extensively studied in breast cancer, its function in 

pancreatic cancer is not known. My colleagues and I have shown that knockdown 

of ErbB2 caused an increase in tumor formation in the orthotopic mouse model of 

pancreatic cancer, which leads to increased PEAK1 expression suggesting that 

PEAK1 compensates for the loss of ErbB2 (5). Notably, the knockdown of both 

PEAK1 and ErbB2 abrogated tumor formation beyond that of PEAK1 knockdown 

alone. I also have shown that Src and ErbB2 co-precipitate with PEAK1 in PDAC 

lysate, which indicates that they form a molecular complex, but the mechanism 

for driving this association and the subsequent phosphorylation events is not 

known. Depletion of PEAK1 perturbed the PEAK1/Src/ErbB2 complex and 

inhibited ErbB2 kinase activity as indicated by decreased phosphorylation of 

ErbB2 at Y1248 and Y877. Therefore, these data suggest that PEAK1 can 

regulate Src-induced activity towards ErbB2 and that PEAK1 is involved in 
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cancer cell migration and metastasis.  Notably, shRNA or trastuzumab 

suppression of HER2 increases PEAK1 expression to promote pancreatic cancer 

growth in vivo and therapy resistance in vitro. These data implicate PEAK1 as a 

diagnostic marker, critical signaling hub, and therapeutic target in KRAS- and 

HER2-mediated cancers. 

 In order to understand the mechanisms governing PEAK1-induced cancer 

cell viability and migration, I mutated key amino acid residues predicted to bind to 

critical signaling proteins in PEAK1 and assessed the effect of these mutations in 

regulating PEAK1-mediated events. Previously, my colleagues and I have shown 

that PEAK1 localizes to focal adhesions and plays an important role in focal 

adhesion dynamics and overexpression leads to an increase in focal adhesion 

length. These results suggest that PEAK1 plays a role in regulating focal 

adhesion maturation. A critical group of signaling molecules in the regulation of 

focal adhesions and cell migration is the Src family kinases (6). Src is recruited to 

focal adhesions and subsequently phosphorylates other focal adhesion-

associated proteins including focal adhesion kinase (FAK) and p130CAS (7), 

which leads to the activation of the Rac1 GTPase. The activation of Rac1 

promotes focal adhesion formation and cell migration (8) (9). Tyrosine 665 in 

PEAK1 is predicted to be phosphorylated by and bind to Src. This led us to 

hypothesize that tyrosine 665 is a critical site for PEAK1 function in focal 

adhesion dynamics and cell migration. I, therefore, mutated this site to 

phenylalanine (Y665F) to block phosphorylation and to glutamine (Y665E), which 
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mimics constitutive phosphorylation, and assessed the ability of cancer cells to 

form focal adhesions and migrate on an extracellular matrix. 

 The Y665E mutation showed decreased co-localization with the focal 

adhesion marker paxillin as compared to wild type PEAK1. This mutation also 

failed to lengthen focal adhesion lifetime and assembly and decrease the time of 

disassembly (10). On the other hand, the Y665F mutation localized to mCherry-

paxillin similar to wild type PEAK1, however, like the phosphomimetic mutant, it 

failed regulate focal adhesion dynamics. These data suggest that the 

phosphorylation status of tyrosine 665 in PEAK1 can alter the regulation of focal 

adhesion dynamics by PEAK1. 

 Because the Y665F and Y665E mutations affected PEAK1-mediated focal 

adhesion dynamics, I next examined the effect of these mutations on cell 

migration and invasion. Expression of wild type PEAK1 is known to increase cell 

migration, but overexpression of either the phosphomimetic or phosphorylation 

deficient mutant failed to promote random cell migration. Similar to their effect on 

cell migration, mutation of the phosphoregulation of tyrosine 665 also failed to 

promote cancer cell invasion through Matrigel as compared to wild type PEAK1. 

Finally, we have shown that Src plays a key role in regulating PEAK1 and its 

ability to control focal adhesion dynamics and cell migration. 

Similar to Src, other proteins important for proper cell migration are 

predicted to bind to PEAK1. Proline-rich/SH3 interactions play a significant role in 

the assembly of molecular complexes that mediate biological functions (11). 



	   	   	   	  	  	  	  	  	  	  	  	  

	  
	  

137 

PEAK1 contains a C-terminal proline-rich region that is predicted to bind crucial 

signaling proteins and could be a possible target for future cancer therapeutic 

reagents. To further elucidate the mechanism through which PEAK1 regulates 

cancer cell viability and migration, I mutated the proline-rich site, termed 3PA, to 

assess the role of this region in these cellular processes. Our results indicate that 

this proline-rich region is important for cell viability and can sensitize cancer cells 

to apoptosis following DNA damage. In addition, I showed that mutation of this 

site significantly decreased PEAK1-induced cell migration and the incorporation 

of PEAK1 into focal adhesions, which affected focal adhesion dynamics. These 

data indicate that the proline-rich region in PEAK1 predicted to enable SH3-

mediated protein-protein interactions is essential for PEAK1 function.  

 

5.2 Conclusions  

 

 Cycles of leading edge protrusion, formation of new contacts with the 

extracellular matrix (ECM), and retraction of the trailing edge drive cellular motility. 

It is necessary to understand the fundamental regulation of cell migration, a 

process that determines the development of metastatic, disseminated cancer. 

The characterization of the core events that cause the spread of cancer cells is a 

key step to designing future therapies that directly target metastasis, but the 

spatial and temporal signaling events that mediate the formation of cellular 

polarity and FA turnover are quite complex and remain poorly understood. 
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PEAK1 was discovered through proteomic profiling of the pseudopodia of a 

migrating cell. It was hypothesized that understanding the regulation of the 

pseudopodia could lead to better understanding of cell migration and invasion 

during cancer progression. Because PEAK1 was differentially expressed 

between the pseudopodium and cell body, we sought to further characterize this 

novel non-receptor tyrosine kinase. Through our studies we determined that 

PEAK1 plays an integral role in regulating cell migration and tumor progression. 

The promotion of cell migration and tumorigenesis can be caused by an up-

regulation of activated Src, which is possibly stabilized by binding to tyrosine 665 

in PEAK1, an participates in a positive feedback loop that can lead to an increase 

in PEAK1 translation and further increase Src activity levels.  

In PDAC, my colleagues and I have shown that PEAK1 participates in a 

triple kinase activation loop with ErbB2 and Src (5). Though ErbB2 is known to 

play a critical role in other cancers (12), in PDAC, we discovered that knockdown 

actually led to an increase in tumorigenesis that results in increased PEAK1 and 

Src expression. This suggests that the PEAK1/Src complex can bypass the 

necessity for ErbB2 and may possibly become available for new substrates 

whose activation also leads to cancer progression. This brings up an important 

point about the possibility of PEAK1 being a target for future PDAC therapeutics. 

Currently, ErbB2 inhibitors, such as trastuzumab, in combination with 

gemcitabine, standard therapy for PDAC, are being tested in clinical trials for 

PDAC (13). As our data suggests, the inhibition of ErbB2 with trastuzumab could 
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possibly be deleterious to the patients receiving this therapy. We hypothesize 

that PEAK1 is an ideal target for novel PDAC therapies alone or in combination 

with current regimens.  

Further evidence showing that PEAK1 and Src cooperate to promote 

cancer cell migration and invasion has important implications for cancer 

progression. Though we have shown that PEAK1/Src/ErbB2 function in a feed-

forward loop, the mechanism is not known. FAK, focal adhesion kinase, co-

localizes with ErbB2 in focal adhesions and is known to be regulated, in part, by 

Src (2) (14). The Src/ErbB2 complex promoted by PEAK1 may contribute to FAK 

activation and subsequent focal adhesion formation and cell motility. Also, the 

ability of PEAK1 to regulate this complex with FAK, could further activate Src 

through FAK activation in this feed-forward loop. 

Finally, I have shown that the C-terminal proline-rich region of PEAK1 

regulates cancer cell viability and migration. This region is predicted to bind to the 

adaptor protein Crk. Crk adaptor protein signaling leads to increased migration 

and cancer progression (15) (16). This adaptor protein exerts these effects by 

binding to various effector proteins, including p130CAS, paxillin, and DOCK180 

(17, 18). It has been shown that Crk binds to activated EGF receptors, which are 

key regulators of cancer development and dissemination (19, 20). The binding of 

Crk to the C-terminal proline-rich region of PEAK1 may be critical for PEAK1-

mediated cancer cell viability and migration.  
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As a mechanism for PEAK1-medicated cellular events, I propose two 

different pathways that involve PEAK1 facilitating cancer cell proliferation and 

migration: The first pathway consists of activation of ErbB2 through binding to 

another growth factor receptor that has a bound cognate ligand, such as ErbB1 

with bound EGF. The heterodimerization of these receptors may then lead to 

downstream signaling that consists of Crk binding to an activated PEAK1/Src 

complex. Specifically, Crk/PEAK1/Src complex translocates to the ErbB2 

receptor where Src can then phosphorylate ErbB2 at Y877 and increase 

autophosphorylation at Y1248. Activated Crk next dissociates from the 

ErbB2/PEAK1/Src/Crk complex and associates with other effector proteins such 

as p130CAS. A Crk/p130CAS complex induces Rac1 activation at the membrane 

leading to the formation of membrane ruffles. Additionally, activation of the ErbB2 

receptor by PEAK1/Src/Crk complex may also lead to downstream initiation of 

the Ras effector pathway, which further promotes cancer cell viability and 

proliferation. Here, PEAK1 mediates Src-induced ErbB2 phosphorylation and Src 

then maintains PEAK1 expression.  Moreover, PEAK1 can function in a positive 

feedback loop to increase Src activation and maintain signaling.  

The adaptor protein Crk is also an important focal adhesion-associated 

molecule that regulates cell-matrix adhesion and actin dynamics (21-24). 

Therefore, I hypothesize that in a second pathway Crk acts as a shuttle to deliver 

the PEAK1/Src complex to focal adhesions. Here Src may become 

phosphorylated by FAK and, in turn, phosphorylates p130CAS. Next, Crk 
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dissociates from the PEAK1/Src/Crk complex at the focal adhesion and binds 

with p130CAS or, alternatively, p130CAS will complex with PEAK1/Src/Crk.. 

p130CAS association with PEAK1/Src complex would lead to downstream 

signaling that regulates proper focal adhesion maturation and disassembly, the 

process that ultimately underpins cancer cell migration and metastasis (Figure 

5.1). Significantly, there may be considerable crosstalk between these two 

pathways because growth factor receptors and integrins are known cooperate to 

facilitate downstream signaling. Together these pathways will promote both 

cancer cell proliferation and migration, ultimately increasing cancer cell 

metastatic potential. 

 

5.3 Future Directions 

 

 The characterization of PEAK1 and its role in tumor progression is 

currently being elucidated. Many questions remain about the role of PEAK1 in 

cancer cell proliferation, migration and metastasis as well as it role in normal 

tissue and organ development. Chapter 2 discussed the role of PEAK1 in driving 

metastatic growth and therapeutic resistance in PDAC, but the mechanism 

governing these PEAK1-associated processes was unknown. Chapter 3 and 4 

provided significant insight into the mechanism governing PEAK1’s regulation of 

cell migration and focal adhesion dynamics, but substantial work is still needed to 

understand PEAK1’s role in disease progression. We have shown that Src and 
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possibly Crk, through binding to the C-terminal proline-rich region of PEAK1, are 

important for the function of PEAK1 in focal adhesion dynamics and cell 

migration, but more studies are needed to elucidate the exact role these 

interactions play in PEAK1-mediated cancer cell migration and metastasis.  

 First, it will be important to test if Crk plays a role in PEAK1-mediated 

processes. I have shown that the 3PA mutation in PEAK1 decreases cancer cell 

viability and migration and disrupts focal adhesion dynamics, but the molecular 

signaling mechanisms are unknown. Interestingly, the C-terminal proline-rich 

region of PEAK1 is predicted to bind to the Crk adaptor protein. Our preliminary 

data indicates that mutation of this site disrupts PEAK1 binding with Crk. 

Therefore, it will be important to assess the role of Crk knockdown in PEAK1-

associated events.  The Y665 and 3PA mutants I created, which regulate the 

binding and activity of Src and conceivably Crk, respectively, will be tested in an 

in vivo tumor progression model, such as the orthotopic implantation model of 

PDAC.  This data will indicate the necessity of the scaffolding function of PEAK1 

in regulating tumor formation and metastasis.  

 With a better understanding of the molecular mechanisms regulating 

PEAK1-mediated processes, the next step is to inhibit PEAK1 and verify these 

inhibitors, such as small molecule inhibitors, both in vitro and in vivo . Small 

molecule inhibitors are powerful tools that are commonly used to assess the 

biological effects of disrupting signaling mediated by tyrosine kinases and 

adaptor proteins.  Inhibitors to PEAK1 may be discovered through large screens 
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or designed to target specific regions of PEAK1, such as the C-terminal proline-

rich region or the kinase domain. These inhibitors will first be tested in vitro and if 

successful in abrogating the affect of PEAK1 on cellular events, will be evaluated 

in in vivo models of cancer, such as mouse orthotopic implantation. Finally, upon 

successful completion of the in vivo studies, PEAK1 inhibitors can be assessed 

in human clinical trials.  

 Most of our current understanding of PEAK1’s function is in relation to 

cancer cell migration and tumor progression. We know very little about the role of 

PEAK1 in normal tissue and organ development. Cell migration is critical for 

developmental processes. Knockout of proteins known to be involved in cell 

migration, such as Crk and FAK, has shown that these proteins are important in 

development (25) (26). These knockout mice often die during the prenatal and 

perinatal stages of embryonic development and show major defects in cardiac 

and cranial development (27). Currently, our lab is finalizing the generation a of 

Cre-conditional PEAK1 knockout mouse. Using this tool, we will be able to 

assess the viability of whole organism PEAK1 knockout and any phenotypic 

abnormalities that are associated with deletion of PEAK1. We will also utilize the 

knockout mouse by crossing it with the Pdx-1-Cre:LSL-KRASG12D mouse, which 

will lead to a PEAK1 knockout mouse with a pancreatic specific KRASG12D 

knockin. The Pdx-1-Cre:LSL-KRASG12D mice slowly develop pancreatic neoplasia 

due to the expression of oncogenic KRas. I hypothesize that the Pdx-1-Cre:LSL-

KRASG12D  mice with PEAK1 knockout will exhibit limited progression of PDAC.  
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 The mouse is not the only valuable in vivo tool for assessing the role of 

PEAK1 in development and disease. Zebrafish are now widely used to study 

many aspects of human disease. This model is easy to manipulate and less time 

consuming than studies using mouse models. Currently, our lab has generated 

PEAK1 knockdown zebrafish using morphilinos. This model has shown a 

significant impairment in the angiogenesis of the intersegmental vessels of the 

zebrafish, suggesting PEAK1 may play a role in developmental angiogenesis. 

This finding may further implicate PEAK1 in tumor-initiated blood vessel 

formation, but further studies are needed to assess PEAK1’s role in cancer 

angiogenesis. 

 Overall, PEAK1 has been implicated as a diagnostic marker and 

therapeutic target in KRAS- and HER2-mediated cancers. It is notable that most 

of the data from our current studies on PEAK1 in cancer progression is in 

pancreatic cancer cells and mouse models. This being said, it is crucial to now 

evaluate the role of PEAK1 in other cancers. In Chapter 2, we showed that 

PEAK1 was upregulated in many blood and solid tumor malignancies. Also, 

recent work by the Daly group (28) showed a role for PEAK1 in triple negative 

breast cancers. Using this data, we should further characterize the ability of 

PEAK1 to regulate tumor progression and metastases in these different cancers.  

In the future, PEAK1 inhibitors could be first-line therapies for many cancers. It is 

my hope that the work completed in this dissertation will lead to better 
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diagnostics and therapeutics for many types of cancer and to an overall increase 

of patient survival.   
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5.4 Figures 

 

Figure 5.1 Proposed model for the role of PEAK1-induced pancreatic cancer cell 
migration and metastasis. 
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