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Abstract 

The Ras family of proteins, composed of H, N, and KRas, function as small 

GTPases that act as “molecular switches” relaying signals from the cell membrane to the 

rest of the cell in a highly regulated manner.  However, Ras signaling is aberrantly 

activated in a majority of human cancers either through an activating mutation or by 

activation or overexpression of upstream or downstream elements in the Ras pathway, 

endowing cells with many tumorigenic phenotypes.  Ras is known to promote 

tumorigenesis through activation of cell intrinsic signaling including the Raf, PI3K, and 

RalGEF pathways.  In regards to the latter, RalGEFs activate two other small GTPases, 

RalA and RalB.  The role of these two proteins in Ras-mediated cancer was poorly 

understood.  I thus assessed the requirement of RalA and RalB in tumor metastasis 

discovering that both proteins promote this critical step in cancer. 

Ras does not, however, function solely by intrinsic cell signaling.  Indeed, it was 

recently shown that oncogenic Ras signaling induces secretion of cytokines, a category 

of small molecules involved in cell to cell communication and inflammatory response.  

Moreover, the release of these cytokines was shown to promote tumorigenesis in an 

extrinsic fashion by increasing tumor vasculature, or angiogenesis.  I noted that one of 

these cytokines hCXCL-8 (IL-8) belonged to the ELR+ CXC family of cytokines, 

suggesting that the entire family of ELR+ CXC cytokines may promote Ras driven 
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tumorigenesis.  Indeed, I found that expression of oncogenic Ras led to secretion of all 

ELR+ CXC chemokines in oncogenic Ras driven tumor cell lines, a mouse tumor, a 

human tumor, and were sometimes elevated in the serum of pancreatic cancer patients, 

the cancer most associated with oncogenic Ras mutations.  Moreover, knockdown of one 

of these chemokines, hCXCL-1, in pancreatic cancer cells or genetic ablation of the 

receptor for these cytokines in mice, reduced Ras driven tumorigenesis.  Taken together, 

these results suggest that oncogenic Ras also promotes tumorigenesis through a cell 

extrinsic pathway by secretion of ELR+ CXC chemokines.   
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1. Introduction 

1.1 Ras Pathway: Cell Intrinsic Pathways in Tumorigenesis 

As delineated by Hanahan and Weinberg (2000), human tumors arise from 

changes in cancer cells that alter the cancer cells themselves (cell intrinsic changes) and 

in the case of solid tumors, the tumor microenvironment (cell extrinsic changes).  In 

regards to the first, cancer cells differ from their normal counterparts insofar as cancer 

cells divide indefinitely (immortal), and are both resistant to cell death (apoptosis) and 

anti growth signals as well as able to proliferate in the absence of growth factors.  In 

regards to the second, cancer cells also promote the formation of vasculature 

(angiogenesis) and can spread to other tissues (metastasis).  Consistent with this idea, 

different cancers often share the same molecular changes.  Specifically, most cancers 

activate the enzyme telomerase, which endows cells with an immortal lifespan.  These 

changes are outlined in Figure 1. 
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Figure 

1:Characteristics of a Cancer Cell 

Common characteristics of human solid tumors as proposed by Hanahan and Weinberg.  

(Hanahan and Weinberg 2000).  Adapted with permission from the publisher.  

 

p53 and Rb tumor suppressor pathways are commonly mutated in cancer, which 

is known to render cells resistant to anti-growth signals (Fynan and Reiss 1993; Harris 

1996).  Oncogenes, such as the small GTPase Ras and the transcription factor c-Myc, are 

commonly mutated or activated in human cancer, driving cell proliferation (Hanahan 

and Weinberg 2000).     

In fact, a variety of normal human cells can be transformed into a tumorigenic 

state by expression of hTERT to immortalize cells, SV40 large T antigen which inhibits 
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p53 and Rb thereby inhibiting the apoptotic response and SV40 small t antigen known to 

ultimately activate c-Myc that in conjunction with activated RasG12V allows cells to grow 

in the absence of growth factor stimulation (Hahn, Counter et al. 1999).  Of these four 

aforementioned proteins required to convert normal cells to a tumorigenic state, I 

focused on one, namely, the mammalian Ras family of small guanosine triphosphatases 

(GTPases) consists of three members, HRas, NRas, and KRas, that normally transmit 

signals from cell surface receptors to the interior of the cell.  Stimulation of cell surface 

receptors, such as receptor tyrosine kinases (RTKs) leads to the activation of guanine 

exchange factors (GEFs), which, in turn, convert Ras from an inactive GDP-bound state 

to an active GTP-bound state.  In this active state, Ras adopts a conformation that 

permits families of effector proteins, such as phosphoinositide 3-kinases (PI3K), Rafs, 

and Ral guanine exchange factors (RalGEFs), to bind Ras, leading to their activation and 

propagation of signaling.  Activation of Ras is terminated by GTPase-activating proteins 

(GAPs) that stimulate the GTPase activity of Ras, promoting hydrolysis of GTP and 

returning Ras to its inactive GDP-bound state (Downward 2003).  This is schematically 

depicted in Figure 2.   
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Figure 2: Ras signaling 

Activation of RTK by agonist eventually leads to the activation of RasGEFs, releasing 

GDP from Ras and therby permitting the binding of GTP.  GAPs trigger the hydrolysis 

of GTP back to the inactive GDP-bound form to terminate this signal. GTP-bound Ras 

binds to a number of downstream effector molecules to stimulate intracellular signaling 

of several pathways. Those with established roles in Ras oncogenesis include the Raf 

serine/threonine kinases, the PI3K lipid kinases, and Ral GEFs, . Activation of these 

pathways and others has been shown to cause changes in many mechanisms leading to 

transformation, invasion and metastasis (Downward 2003). Adapted with permission 

from the publisher. 
 

 

In most cancers, Ras is inappropriately activated.  In fact, 20–30% of all tumors 

harbor oncogenic point mutations in Ras (at Gly12, Gly13, or Gln61) that impair intrinsic 

and GAP-stimulated GTP hydrolysis, leaving oncogenic Ras in a constitutively active, 

oncogenic GTP-bound state (Bos 1989).  In pancreatic cancer, up to 90% of tumors 

contain an activating mutation in KRAS (Bos 1989).  If Ras itself is not mutated, often Ras 
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signaling pathway components are inappropriately activated or repressed to promote 

Ras signaling.  Specifically, upstream cell surface receptors that activate Ras, such as 

epidermal growth factor receptor (EGFR) and the closely related HER2/NEU, are often 

amplified or mutated to remain active, resulting in chronic Ras activation (Downward 

2003).  In fewer cases, there is a loss of a RasGAP, keeping Ras in an active, GTP-bound 

state (Downward 2003).  Additionally, downstream activating mutations in Raf and 

PI3K or loss of the lipid phosphatase PTEN leads to activation of individual Ras effector 

pathways (Downward 2003).  Thus, the Ras pathway is inappropriately activated in 

most cancers.  Common mutations in the Ras pathway are summarized in Table 1.   
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Table 1: Activation of Ras signaling pathways in different tumors 

EGFR, epidermal-growth-factor receptor; PI3K, phosphatidylinositol 3-kinase.  H, K, 

and N refer to HRas, KRas, and NRas, respectively (Downward 2003).  Used with 

permission from the publisher.   
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Extensive data demonstrates that constitutive activation of Ras promotes tumor 

phenotypes.  Gain-of-function oncogenic mutations to Ras commonly detected in many 

human cancers endow Ras with the ability to promote cell proliferation, cell survival, 

cell migration, tumor growth, and metastasis in cell culture and animal models (Shields, 

Pruitt et al. 2000).  In contrast, extinguishing oncogenic Ras expression in established 

tumors leads to tumor regression (Chin, Tam et al. 1999; Fisher, Wellen et al. 2001; 

Felsher 2004; Lim and Counter 2005).   

Once activated, Ras interacts with and activates a number of downstream 

effectors.  The three most commonly studied effector pathways are the Raf, 

phosphoinositide-3-kinase (PI3K), and Ral-GEF pathways.  In regards to the first, the Raf 

family of serine threonine kinases, composed of Raf-1, A-Raf, and B-Raf signal through 

direct phosphorylation of the MEK kinases, MEK-1 and MEK-2, and subsequent 

activation of the ERK kinases, ERK-1 and ERK-2 (Downward 2003).  Studies in NIH-3T3 

cells first demonstrated the importance of the Raf-MEK-ERK pathway in Ras 

tumorigenesis, showing that expression of Raf activating mutants transformed these 

cells in culture as reviewed by Shields, Pruitt et. al. (2000).  Furthermore, introduction of 

a dominant negative Raf in Ras transformed NIH-3T3 cells was sufficient to inhibit Ras 

driven transformation (Friday and Adjei 2005).  In agreement with a critical role of Raf 

in cancer, either Ras or BRaf are mutated in malignant melanoma (DeLuca, Srinivas et al. 

2008).   
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The family of PI3Ks is subdivided into three groups, Class I (A and B), II, and III, 

with class IA PI3K’s activated by GTP-bound Ras.  Class IA PI3Ks are composed of an 85 

Kd (p85) regulatory subunit and a 110 Kd (p110) catalytic subunit and can be directly 

activated by Ras by recruitment to the cell membrane through the direct binding of p110 

(Engelman, Luo et al. 2006), thereby permitting PI3K to phosphorylate 

phosphatidylinositol-4,5-bisphosphate (PIP2) to generate phosphatidylinositol-3,4,5-

triphosphate (PIP3).  Accumulation of PIP3 on the plasma membrane leads to 

recruitment of both AKT and PDK-1.  PDK-1 phosphorylates the kinase AKT, leading to 

AKT activation.  Activated AKT then phosphorylates a variety of proteins. Activation of 

the PI3K pathway, including AKT activation, is typically thought of as anti-apoptotic, 

endowing the cell with the ability to survive through adverse conditions which 

commonly occur in a tumor setting (Downward 2003; Luo, Manning et al. 2003).  In 

human cancer PI3K has been shown to be activated upon expression of oncogenic Ras, 

and moreover, mutating the Ras binding domain of p110 greatly reduces oncogenic Ras 

driven tumorigenesis in mice.  Indeed, the PI3K pathway is typically aberrantly 

activated in human tumors through a variety of mechanisms including Ras point 

mutations, RTK overexpression, deletion of PTEN, a phosphatase which 

dephosphorylates PIP3, and even expression of an activated form of PI3K (Downward 

2003).   



 

  9 

Lastly, Ral-GEFs act by activating the Ral family of small GTPases, RalA and 

RalB, converting them from an inactive GDP-bound state to an active GTP-bound state 

(Downward 2003; Feig 2003).  Once activated, Rals recruit downstream effectors, namely 

RalBP1, Exo-84 and Sec5.  Ral activation has been shown to increase cell motility, and 

anchorage independent growth (Downward 2003; Feig 2003).  Though RalA and RalB 

are highly homologous, it appears that they perform different functions in the context of 

human tumors.  Research from our lab has demonstrated that RalA but not RalB 

activation leads to transformation of human cells (Hamad, Elconin et al. 2002; Lim, 

Baines et al. 2005; Lim, O'Hayer et al. 2006).  RalA is also more commonly activated in 

human pancreatic cell lines and tumors compared to PI3K and Raf (Lim, O'Hayer et al. 

2006).  Moreover, ablation of RalA decreases tumor growth in both genetically defined 

human cells as well as pancreatic cancer cell lines, a cancer noted for its high rate of Ras 

mutation (Lim, Baines et al. 2005; Lim, O'Hayer et al. 2006).  Others have shown that 

RalB activation endows cells with the ability to evade apoptosis, and increases motility 

(Chien and White 2003; Oxford, Owens et al. 2005; Rosse, Hatzoglou et al. 2006).  

Because of the roles of RalA in tumor growth and RalB in inhibition of apoptosis and cell 

migration, I examined the roles of these two proteins in tumor metastasis in Chapter 5. 
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1.2 Ras Pathway: Cell Extrinsic Pathways in Tumorigenesis 

1.2.1 Overview of Ras Extrinsic Pathways  

Activation of Ras induces an autocrine signal in tumor cells that promotes many 

tumor cell phenotypes, but it is now appreciated that Ras activation in tumor cells also 

leads to paracrine signaling to the tumor microenvironment (Downward 2003).  The 

tumor microenvironment plays a critical role in tumorigenesis (Coussens and Werb 

2002; Bergers and Benjamin 2003; Mueller and Fusenig 2004).  Modification of the tumor 

stroma, which is composed of fibroblasts, immune and inflammatory cells, adipocytes, 

and endothelial cells, is important for tumor growth and development (Coussens and 

Werb 2002; Bergers and Benjamin 2003; Mueller and Fusenig 2004).  During tumor 

initiation, paracrine signaling from cancer cells modulates the surrounding stroma to 

establish a microenvironment conducive for tumor growth (Mueller and Fusenig 2004).  

Important modulations of the stroma include activation of fibroblasts and recruitment of 

inflammatory cells, which secrete proteases that release growth factors sequestered in 

the extracellular matrix (Coussens and Werb 2002; Mueller and Fusenig 2004).  The 

recruitment of endothelial cells for the formation of a vascular system, which provides 

oxygen and nutrients to the tumor cells, is also an important step in the establishment of 

a microenvironment (Bergers and Benjamin 2003).  Infiltrating inflammatory cells in the 
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tumor stroma also sustain and promote neovascularization (Coussens, Raymond et al. 

1999).  An increasing number of examples demonstrate that activation of Ras in tumor 

cells positively acts to foster changes in the tumor microenvironment.  For example, 

oncogenic Ras has been shown to promote tumor cell invasion, in part due to the 

induction of matrix metalloproteinases that degrade the extracellular matrix, allowing 

tumor cells to escape and metastasize (Hernandez-Alcoceba, del Peso et al. 2000).  

Oncogenic Ras has also been linked to the induction of tumor angiogenesis.  Loss of 

oncogenic Ras expression in tumor cells results in apoptosis of cells expressing CD31, a 

marker for endothelial cells, and a subsequent collapse in tumor vasculature and 

regression of the tumor, strongly suggesting that oncogenic Ras paracrine signaling 

promotes survival of endothelial cells (Tang, Kim et al. 2005).  

 

1.2.2 Ras Signaling Requirements in Established Tumors  

Primary tumor growth can be delineated into two distinct phases, tumor 

initiation and tumor maintenance.  In the initiation stage of tumor development, tumor 

cells must use cell intrinsic pathways to initiate cell proliferation.  However, once the 

tumor microenvironment is established, cells of the microenvironment can positively 

impact tumor growth, potentially limiting the necessity of cell intrinsic pathways.  

Indeed, fibroblasts from tumors mixed with tumorigenic cells are able to increase tumor 

cell growth (Yang, Rosen et al. 2006).  Mast cells recruited to the site of tumor formation 
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release matrix metalloproteinases (MMP’s), freeing growth factors trapped in the 

extracellular matrix (ECM) further increasing tumor cell growth and progression of the 

tumor (Coussens, Raymond et al. 1999).  Even the physiology of the tumor 

microenvironment can foster tumor growth.  For example, the hypoxic (low oxygen) 

tumor microenvironment leads to activation of the transcription factor HIF-1α and in 

turn transcription of growth factors, survival factors, and pro-angiogenic proteins all of 

which foster increased tumor growth (Harris 2002).     

To determine the requirements of Ras signaling in tumor initiation versus 

maintenance, an oncogenic form of Ras (RasG12V) was created as the fusion protein ER-

RasG12V, such that the fusion protein could be inducibly stabilized by the addition of 4-

hydroxytamoxifen (4-OHT).  Human embryonic kidney (HEK)-HT cells expressing ER-

RasG12V fusion protein and activated versions of Raf, PI3K or Rals were then injected into 

mice treated with 4-OHT to stabilize the ER-Ras12V protein and initiate tumors.  Once 

tumors were established, 4-OHT was removed leaving only the activated version of each 

of the downstream effectors expressed.  Upon removal of 4-OHT and subsequent 

degredation of ER-RasG12V, it was shown that HEK-HT cells expressing activated PI3K 

continued to grow.  These results are shown in Figure 3. On the other hand, all Ras 

effector pathways were required to initiate tumor growth (Lim and Counter 2005).  

Taken together, these results suggest that after oncogenic Ras initiates tumor growth, the 
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tumor microenvironment can sustain tumor growth in a paracrine fashion provided that 

the PI3K pathway remains activated in a cell intrinsic fashion. 

 

 

 

Figure 3: Ras signaling is reduced to PI3K activation in tumor maintenance 

Average and standard deviation of tumor volume (mm3) from groups of four mice 

versus time (days) injected with ER:Ras12V-TtH cells expressing vector (white diamonds), 

Rlf-CAAX (black circles), p110-CAAX (red squares), or ΔRaf22W (black triangles) after 

4-OHT treatments were halted (arrow) once tumors were established, or ER:Ras12V-TtH 

cells expressing p110-CAAX in the absence of 4-OHT throughout the entire experiment 

(white squares) (Lim and Counter 2005).  Figure adapted with permission from the 

publisher. 
 

1.2.3 Ras and Cytokines 

One difference between tumor initiation, in which all Ras signaling is required, 

and tumor maintenance, in which only cell intrinsic activation of PI3K is required, is that 
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in the latter scenario, tumors are vascularized.  We thus hypothesized that oncogenic 

Ras may induce secretion of proteins from cancer cells that induce angiogenesis, and 

further, that establishment of tumor vasculature reduces the dependency on oncogenic 

Ras signaling by providing growth promoting and survival factors. 

  In order to determine what pro-angiogenic molecules are secreted by Ras 

expressing cells we compared the levels of such proteins using angiogenesis antibody 

arrays.  Media was collected from Ras expressing cells and compared to cells expressing 

activated PI3K for the presence of cytokines and chemokines.  From this experiment, it 

was found that Ras increases the levels of ELR+ CXC chemokines (Ancrile, Lim et al. 

2007), a class of cytokines which is discussed further in Chapters 3 and 4.   

Cytokines are small secreted proteins that act in a paracrine manner to facilitate 

the interaction and communication among cells, often eliciting an immune response.  

Recent studies have shown that Ras upregulation of cytokines by Ras promotes 

tumorigenesis.  Sparmann and Bar-Sagi reported that activation of a tetracycline-

inducible oncogenic HRAS transgene in HeLa cells led to elevated mRNA and secreted 

protein levels of hCXCL-8 (Sparmann and Bar-Sagi 2004).  Overexpression of oncogenic 

HRas similarly increased expression and secretion of hCXCL-8 in lung carcinoma (H125) 

and breast epithelial (MCF10A) cell lines, suggesting that this effect was not specific to 

one cell type.  Increased hCXCL-8 expression was critical for Ras driven tumor growth 

in the HeLa cells, as antibody-mediated neutralization of hCXCL-8 activity reduced 
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subcutaneous tumor growth in immunocompromised mice.  Mechanistically, the tumor-

promoting activity of secreted hCXCL-8 was attributed to enhancing angiogenesis 

through paracrine signaling.  Specifically, the tested HeLa cells lacked expression of the 

hCXCL-8 receptors CXCR-1 and CXCR-2.  Inhibition of hCXCL-8 by injection of the 

neutralizing antibody also decreased the number of inflammatory cells within the 

tumor.  Consistent with the link between inflammatory cells and angiogenesis, 

inhibition of hCXCL-8 halved the number of endothelial cells in early stage tumors.  In 

addition, end stage tumors were clearly necrotic, consistent with the diminished tumor 

vasculature.  Taken together, these data suggest that oncogenic HRas induced hCXCL-8 

expression in HeLa cells promoted an inflammatory response and tumor angiogenesis.  

It is worth noting that hCXCL-8 concentrations are elevated in the serum of cancer 

patients, including those with pancreatic, lung, melanoma, breast, prostate, and ovarian 

cancers (Wigmore, Fearon et al. 2002; Kozlowski, Zakrzewska et al. 2003; Benoy, Salgado 

et al. 2004; Brennecke, Deichmann et al. 2005; Lokshin, Winans et al. 2006; Tas, 

Duranyildiz et al. 2006; Lambeck, Crijns et al. 2007).  Moreover, in breast cancer, 

elevated levels of circulating hCXCL-8 correlate with advanced disease and diminished 

survival rate (Benoy, Salgado et al. 2004). 

To further elaborate the role of Ras-induced hCXCL-8 secretion in tumorigenesis, 

Wislez et al. utilized transgenic mice that have an oncogenic KRAS allele and 

consequently develop alveolar neoplastic lesions (Wislez, Fujimoto et al. 2006).  In this 
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model of lung cancer, mice that bear the oncogenic KRAS allele express elevated levels 

of two functional homologs of hCXCL-8 [i.e., macrophage inflammatory protein 2 (MIP-

2) and keratinocyte chemoattractant (KC)] relative to their wild-type littermates.  

Moreover, antibody which inhibits binding to the CXCR2 receptor by hCXCL-8 

homologs significantly reduced the number of lung lesions and malignancies.  

Conversely, when isolated and grown in vitro, adenocarcinoma cells derived from the 

engineered mice were unaffected by the CXCR2-neutralizing antibody.  The growth 

medium collected from these cells, however, elicited a positive response from alveolar 

inflammatory cells in a cell migration assay, which was inhibited by the CXCR2-

neutralizing antibody.  Finally, progression of lung tumorigenesis in vivo correlated with 

the recruitment of CXCR2-expressing neutrophils and endothelial cells.  Overall, these 

findings support a model whereby oncogenic KRAS–mediated secretion of CXCL-8 acts 

in a paracrine fashion to promote tumorigenesis as depicted in Figure 4.   
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Figure 4: Oncogenic Ras-stimulated paracrine signaling promotes tumor growth 

Oncogenic Ras (Ras-GTP) promotes the transcription of cytokine genes (double helix), 

leading to elevated levels of secreted cytokines (blue spheres) that act to modulate the 

immune system (yellow cells), promote angiogenesis (purple capillaries), and activate 

tumor stroma (brown cells) (Ancrile, O'Hayer et al. 2008).  Used with permission of the 

publisher.  

 

Ancrile et. al. examined the role of IL-6, another cytokine,  in oncogenic Ras 

mediated cancer (Ancrile, Lim et al. 2007).  These studies were prompted by the 
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observation that IL-6 levels are elevated in the serum of patients diagnosed with cancers 

[pancreatic, lung, colorectal, melanoma, breast, prostate, and ovarian (Trikha, 

Corringham et al. 2003)] that are associated either with mutations in Ras or with 

mutations that affect Ras signaling (Bos 1989).  Moreover, IL-6 affects cancer phenotypes 

in several ways, including effects on cell survival, tumor angiogenesis, and perhaps 

tumor metastasis, often contributing to poor outcome and disease progression (Cohen, 

Nahari et al. 1996; Jee, Shen et al. 2001; Shariat, Andrews et al. 2001; Wei, Kuo et al. 2003; 

Huang, Wu et al. 2004; Loeffler, Fayard et al. 2005; Nilsson, Langley et al. 2005).  It was 

found that non-tumorigenic cells from a variety of different cell types became 

tumorigenic and secreted IL-6 upon expression of oncogenic Ras, suggesting that IL-6 

induction correlated with the tumorigenic activity of oncogenic Ras.  Conversely, 

shRNA mediated knockdown of IL-6 or injection of IL-6 neutralizing antibodies reduced 

the tumorigenic growth of Ras-transformed cells, as did knockdown of IL-6 in pancreatic 

cancer cell lines. Moreover, IL-6-/- mice were significantly more resistant to the 

carcinogenic induction of skin papillomas that are typically characterized by oncogenic 

Ras mutations.  Mechanistically, oncogenic Ras induced secretion of IL-6 appeared to 

promote tumor growth via paracrine signaling.  First, cells in which IL-6 shRNA 

inhibited tumor growth lacked detectable IL-6 receptor.  Second, shRNA-mediated 

reduction of IL-6 in these Ras transformed cells did not inhibit their growth in tissue 

culture. Third, immunohistochemical analysis of tumors resulting from Ras transformed 
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HEK cells showed that knockdown of IL-6 reduced the number of endothelial cells in 

the tumor.  

 

1.2.4 CXC chemokines 

Antibody arrays, treated with media isolated from Ras-expressing cells indicated  

that Ras activation led to an upregulation in ELR+ CXC chemokines (hCXCL-1, hCXCL-

5, and hCXCL-8) which will be discussed in detail in Chapters 3 and 4 (Lim thesis).  

Chemokines are a subset of cytokines which typically illicit an immune response 

through the recruitment of innate immune cells, by a chemotactic mechanism, to the 

location of their secretion.  They are classified into CC, CXC, CX3C, or C families 

depending on the presence of and distance between the first two cysteines.   CXC 

chemokines can be further classified into ELR+ or ELR- CXC chemokines by the 

presence or absence of a Glu-Leu-Arg motif directly preceeding the CXC motif.  Of the 

15 CXC chemokines, 7 are ELR+, including hCXCL-1, hCXCL-2, hCXCL-3, hCXCL-5, 

hCXCL-6, hCXCL-7 and hCXCL-8.  The ELR motif is required for binding to the cognate 

receptors CXCR-1 and CXCR-2, members of the seven transmembrane G-protein 

coupled receptor (GPCR) family (Clark-Lewis, Schumacher et al. 1991).  While all ELR+ 

CXC chemokines are able to bind CXCR-2 with high affinity, only hCXCL-6 and hCXCL-

8 can bind CXCR-1 (Loetscher, Seitz et al. 1994; Ahuja and Murphy 1996; Wolf, Delgado 

et al. 1998; Wuyts, Proost et al. 1998).   
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ELR+ CXC chemokines are pro-angiogenic, fostering neovascularization in a 

variety of environments and circumstances through pleiotropic effects (Ahuja and 

Murphy 1996).  hCXCL-8 has been shown to directly recruit endothelial cells as well as 

foster tube formation and inhibit apoptosis in the cells which make up vasculature (Li, 

Dubey et al. 2003).  Direct recruitment of CXCR-2 expressing endothelial cells is only one 

of the mechanisms by which ELR+ CXC chemokines promote angiogenesis.   ELR+ CXC 

chemokines recruit innate immune cells which express CXCR-1 and CXCR-2 including 

polymorphonuclear (PMN) leukocytes, macrophages, and mast cells to the site of ELR+ 

CXC secretion (Ahuja and Murphy 1996; Coussens, Raymond et al. 1999; Patterson, 

Schmutz et al. 2002).  Inflammation, as mediated by their recruitment, has been shown 

to promote angiogenesis in both normal and pathogenic circumstances (Coussens, 

Raymond et al. 1999; Coussens and Werb 2002; Mueller and Fusenig 2004; Nozawa, 

Chiu et al. 2006).  Inflammatory cells recruited to the site of inflammation are able to 

secrete VEGF as well as MMPs and other pro-angiogenic cytokines into the 

inflammatory milieu (Coussens and Werb 2002).  Collectively, these observations 

suggest a positive role in tumor growth for the ELR+ CXC chemokine family.   

The ELR+ CXC chemokine family has been linked to tumorigenesis.  hCXCL-8 

has been shown to be upregulated in cancers arising in the ovary, prostate, skin, lung, 

pancreas, and kidney (Fregene, Khanuja et al. 1993; Scheibenbogen, Mohler et al. 1995; 

Arenberg, Kunkel et al. 1996; Bostwick and Iczkowski 1998; Mestas, Burdick et al. 2005).  
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Furthermore, as stated earlier, murine orthologues of hCXCL-8 are upregulated in a Ras 

driven model of lung tumorigenesis (Wislez, Fujimoto et al. 2006).  Other ELR+ CXC 

chemokines have been linked to tumorigenesis as well.  hCXCL-5 is upregulated in non 

small cell lung carcinoma (NSCLC) and its depletion led to decreased tumor growth, 

vascularity and metastases in a murine model of NSCLC (Arenberg, Keane et al. 1998).  

hCXCL-1, hCXCL-3, and hCXCL-5 were also shown to be upregulated in patients with 

renal cell carcinoma (RCC) (Mestas, Burdick et al. 2005).  The presence of ELR+ CXC 

chemokines in patients with different tumors, as well as murine cancer suggest 

involvement of this family of chemokines in tumorigenesis. 

All of the roles described for ELR+ CXC chemokines have focused on paracrine 

mechanisms of action, however, the ELR+ CXC’s were first found by their ability to 

directly increase the tumorigenic capacity of melanoma cells (Richmond and Thomas 

1986; Bordoni, Fine et al. 1990).  Indeed, hCXCL-1, hCXCL-2, and hCXCL-3 expression in 

melanoma cells leads to an increase in colony forming activity (Owen, Strieter et al. 

1997).  Furthermore, ELR+ CXC chemokines have been implicated in increasing 

tumorigenic potential through an autocrine mechanism in NSCLC, head and neck and 

pancreatic tumors (Olbina, Cieslak et al. 1996; Richards, Eisma et al. 1997; Takamori, 

Oades et al. 2000).   

In this thesis, I demonstrate that hCXCL-1 as well as the entire family of ELR+ 

CXC chemokines are upregulated in response to Ras activation.  Moreover, I show that 
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these molecules are required factors for Ras tumorigenic potential.  Because of these 

findings, I propose that inhibiting ELR+ CXC chemokines may be a new avenue for 

inhibition of Ras-induced tumorigenesis. 

1.4 Summary 

In this thesis, I investigate both intrinsic and extrinsic pathways affecting Ras 

tumorigenesis.  In Chapter 3, I demonstrate that hCXCL-1, which I show is upregulated 

by oncogenic Ras, plays an integral role in Ras-tumorigenesis.  I also demonstrate that 

this role is at least partially mediated by autocrine signaling.  Finally, I show that 

hCXCL-1 depletion diminishes tumorigenic potential in pancreatic cell lines.  

In Chapter 4, I demonstrate that oncogenic Ras upregulates the ELR+ CXC 

chemokine family, and that this upregulation is shown at the level of mRNA transcript.  

I will further show that CXCR-2, the receptor common to all ELR+ CXC members is 

required in a murine model of spontaneous tumor formation.  Lastly, I provide evidence 

demonstrating that hCXCL-1 and hCXCL-7 are upregulated in the serum of pancreatic 

adenocarcinoma patients. 

In Chapter 5, I show that RalA and RalB are requisite components of genetically 

engineered and pancreatic cancer cell line metastasis as assessed by tail vein injections. 
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2. Materials and Methods 

2.1 hCXCL-1 in Ras-induced Tumorigenesis 

2.1.1 Retroviral vectors 

pBabepuro, pBabepuro-HRasG12V, and pBabepure-ER-HRasG12V have been 

previously described (Lim and Counter 2005).  hCXCL-1 shRNA-1, shRNA-2 oligos 

corresponding to the sequence are as follows:  

hCXCL-1 shRNA-1  

5’ GCATCGCTTAGGAGGAAGTCTT3’  

hCXCL-1 shRNA-2  

5’ GCACACTGTCCTATTATA 3’.   

These oligos were ligated into pSUPER-RETRO-PURO-TETO 

2.1.2 Cell lines 

Human embryonic kidney cells (HEK), BJ fibroblasts (BJ), and human skeletal 

muscle myoblasts (HSMM) expressing the SV40 early region (ER) and hTERT were 

previously described (Hahn, Counter et al. 1999; Hamad, Elconin et al. 2002; Lim and 

Counter 2005; Linardic, Downie et al. 2005).  These cells were stably infected with a 

retrovirus derived from pBabepuro-HRasG12V, or, as a control pBabepuro generating 

polyclonal populations using a previously described protocol (O'Hayer K and Counter 
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2005).  ER-RasG12V HEK cells also expressed p110-CAAX for unrelated reasons.  BXPC-3, 

ASPC-1, Capan-1, Panc-1, and SW1990 cell lines were obtained from ATCC. 

2.1.3 RT–PCR 

Total RNA was isolated and reverse transcribed with oligo dT primer, then 

amplified using the following specific primers  

GAPDH  

5’ GAGAGACCCTCACTGCTG 3’ and 

5’ GATGGTACATGACAAGGTGC 3’  

CXCR-2   

5’ CTCCAATAACAGCAGGTCAC 3’ and 

5’ GGCTCAGCAGGAATACCA 3’   

Cycle number varied depending on cell line and transcript 

2.1.4 ELISA 

Cells were plated at 80% confluency.  Twenty-four hours later, cells were serum 

starved for 48 h.  Cells were collected and analyzed in duplicate with a human CXCL-1 

ELISA Kit (R&D Systems).  Results are reported as means ± standard error.  

2.1.5 Cell Proliferation 

Cells were seeded at variable densities in triplicate in 12 wells of a 96 well plate 

and allowed to grow for 4 days.  At the end of 4 days, 50µl of a 5 mg/ml 3-(4,5-Dimethyl-
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2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Sigma) was added to each well 

and 3.5 hours later media was aspirated and cells triturated with 200µl DMSO.  

Absorbance was read at 540nm.   

 

2.1.6 Tumor Growth 

1x107 cells in PBS were injected into the flanks of SCID-Beige mice as previously 

described (O'Hayer K and Counter 2005). 

 

2.1.7 Immunohistochemistry 

Excised tumors were fixed in formalin and sectioned. H&E staining, Ki67 ( Ki-67 

Ab, Zymed), CD31 (α-PECAM-1 Ab; Santa Cruz Biotechnology) immunohistochemistry, 

and TUNEL assay (Apoptag Plus Peroxidase Apoptosis Detection Kit; Chemicon) were 

performed using standard protocols.  
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2.2 The Role of ELR+ CXC Chemokines in Ras-induced 
Tumorigenesis 

  

2.2.1 Plasmids 

pBabepuro, pBabebleo and pBabepuro-HRasG12V were previously described (Lim 

and Counter 2005).  pBabebleo-FLAG-NRasG12V was generated by amplifying NRas from 

a pCDNA plasmid containing the NRas cDNA with the following primers  

5’ cgGGATCCGCCACCATGGACTACAAAGACGATGAC 

GACAAGACTGAGTACAAACTG 3’ and 

5’ gaattccTTACATCACCACACATGG 3’  

and inserting the fragment into pBabebleo with BamHI and EcoRI.  pBabeneo-FLAG-

KRasG12V was generated by PCR amplification of a KRasG12V cDNA with the following 

primers  

5’ cgGGATCCGCCACCATGGACTACAAAGACGATGACGACAAGACTGA 

ATATAAACTTGTG 3’ and 

5’ acgcGTCGACTTACATAATTACACACTTTGTCTT 3’  

and inserted into the BamHI and SalI sites of pBabepuro to generate pBabepuro-FLAG-

KRasG12V.  FLAG-KRasG12V was then subcloned into the BamHI and SalI sites of 

pBabepuro to generate pBabeneo-FLAG-KRasG12V. 
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2.2.2 Cell Lines 

HEK-HT, HEK-HT HRasG12V, BJ-HT, BJ-HT HRasG12V, HSMM-HT, and HSMM-

HT HRasG12V cell lines were previously described (Hahn, Counter et al. 1999; Hamad, 

Elconin et al. 2002; Linardic, Downie et al. 2005).  HEK-HT cells were stably infected 

with a retrovirus derived from pBabebleo or pBabebleo NRasG12V as previously 

described (O'Hayer K and Counter 2005) or transiently transfected with pBabeneo or 

pBabeneo-KRasG12V, generating the cells HEK-HT-vector or HEK-HT-NRasG12V and HEK-

HT-vector or HEK-HT-KRasG12V, respectively.  

2.2.3 Immunoblot 

Flag-HRasG12V, β-actin, and Flag-NRasG12V were detected by immunoblot with the 

antibodies α-Pan-Ras (Oncogene), α-actin C-2 (Santa Cruz Biotechnology), and α-Flag 

(Sigma) antibodies, respectively. 

2.2.4 RT-PCR 

Total RNA isolated from HEK-HT, BJ-HT, and HSMM-HT was reverse 

transcribed using an oligo-dT primer and amplified with the gene specific primer pairs 

hCXCL-1 

5’-ACCTCCTCGCCAGCTCTT  and 

5’-CTTCAGGAACAGCCACCAG  

hCXCL-2 
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5’-AGCTCTCCTCCTCGACA and 

5’-CTTCAGGAACAGCCACCAA  

hCXCL-3 

5’-AAGTGTGAATGTAAGGTCCCC  and 

5’-CTTTCCAGCTGTCCCTAGAA  

hCXCL-5 

5’-GAGAGCTGCGTTGCGTTTG and 

5’-TTTCCTTGTTTCCACCGTCCA  

hCXCL-6 

5’-CGCTGGTCCTGTCTCTGCT and  

5’-GTTTTTCTTGTTTCCACTGTCC  

hCXCL-7 

5’-ACCATGAGCCTCAGACTTGATACC and 

5’-TTAATCAGCAGATTCATCACCTGCC  

hCXCL-8 

5’-TTGCCAAGGAGTGCTAAAGAAC and 

5’-GTCACTTCTACGGTCATTTG  

GAPDH 

5’-GAGAGACCCTCACTGCTG and 

5’-GATGGTACATGACAAGGTGC  
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Ectopic K-Ras 

5’-TGTGGTAGTTGAGCTGGTG and 

5’-TGACCTGCTGTGTCGAGAAT  

 

Total RNA isolated from DMBA/TPA induced tumors, normal B6 mouse skin, or 

frozen human tissues reverse transcribed with oligo dT and subsequently amplified 

with the following gene specific primer pairs.  

mCXCL-1 

5’-GCTGGGATTCACCTCAAGAA and 

5’-TCTCCGTTACTTGGGGACAC  

mCXCL-2 

5’-AAGTTTGCCTTGACCCTGAA and 

5’-AGGCACATCAGGTACGATCC  

mCXCL-3 

5’-ATCCAGAGCTTGACGGTGAC and 

5’-GGATGGATCGCTTTTCTCTG  

mCXCL-6 

5’-TGCCCCTTCCTCAGTCATAG and 

5’-GTGCATTCCGCTTAGCTTTC  

mCXCL-7 
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5’-GCGCTGCAGATGTACGAATA and 

5’-AGGAAAATGGTTTGGCACAG  

Beta-2-Microglobulin (B2M) 

5’-TGGTCTTTCTGGTGCTTGTCTCAC and 

5’-ATTTCAATGTGAGGCGGGTGGAAC  

 

 Number of PCR cycles (94°C for 30 sec, 55°C for 60 sec, 72°C for 90 sec) varied from 20 

to 35 depending on cell line and transcript. 

2.2.5 Antibody Array 

Cells were seeded at 80% confluency in 6 cm tissue culture dishes, serum 

starved, and 48 hours later, media was removed.  Debris was removed by centrifugation, 

and diluted 1:1 (HEK) 1:3 (BJ) or not diluted (HSMM) in sample diluent provided by the 

manufacturer.  Custom Quantikine Antibody Array slides (Raybio) were first air dried 

for 1 hour and then blocked with 150µl blocking buffer for 2 hours.  Slides were then 

incubated with 100µL sample for 2 hours.  Slides were washed with 200µl wash buffer I 

5 times ensuring that none of the spots were disturbed and then probed with 100µl 

secondary antibody for 1 hour.  Slides were then washed 5 times with wash buffer I.  

The slides were next probed with 80µl conjugate for 30 minutes followed by 4 washes 

with wash buffer I.  The casing was then removed from the slide and the slide was 

placed in a 50ml conical tube.  The slide was washed once with 40ml wash buffer I for 15 
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minutes under constant agitation followed by one wash for 15 minutes in wash buffer II.  

The slides were dried and read by a GenePix scanner and data was analyzed with the 

software provided by the manufacturer (Raybio).  Human serum samples were tested 

undiluted as above.  Results were normalized per mg of total protein.  All incubations 

were performed at room temperature. 

2.2.6 DMBA/TPA Carcinogenesis 

The backs of 24 (12 male, 12 female) wild type [IL-8rb+/+] Balb/c mice and 14 (7 

male, 7 female) knockout [IL-8rb-/-] Balb/c mice in which both alleles of the IL-8rb (CXCR-

2) were disrupted [C.129S2(B6)-Il8rbtm1Mwm/J] were topically treated with 150µl of 

125µg/ml DMBA (Sigma) in DMSO.  One week later, the same region was topically 

treated twice weekly with 150µL of 1x10-4M TPA (Sigma) in DMSO for 20 weeks.  Tumor 

number and size were recorded weekly.  All procedures were done under a protocol 

approved by the DUMC Institutional Animal Care and Use Committee.  

2.2.7 Tumor and Normal Human Specimens 

Flash frozen tissue samples were provided devoid of all identifying information 

under a DUMC approved IRB protocol. 
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2.3 The Role of RalA and RalB in Ras mediated metastasis 

2.3.1 Metastasis assay by tail-vein injection 

106 cells of the indicated lines were resuspended in 200 µl of sterile PBS and 

injected via tail vein into four mice.  Mice were monitored periodically for signs of 

weight loss, hair loss, respiratory distress, and general malaise.  Upon detection of any 

of these parameters in a single mouse of a treatment group, all mice were euthanized 

and necropsied.  In mice injected with HEK-HT-RasG12V, AsPc-1, or CFPAC-1 derived 

cell lines this occurred at 32 days, 28 days or 95 days post injection, respectively.  A 

student t-test was used to assess the significance of tumor burden in lung fields between 

mice injected with experiment compared to control cells. 

All procedures were done under a protocol approved by the DUMC Institutional 

Animal Care and Use Committee.  
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3. hCXCL-1 in Ras-induced Tumorigenesis  

3.1 Introduction 

Pancreatic cancer is one of the most deadly and aggressive malignancies; patients 

diagnosed with advanced disease have a median survival of 3-4 months.  Although 

pancreatic cancer makes up only 2% of new cancer diagnoses, pancreatic cancer deaths 

account for 6% of total cancer mortalities, further demonstrating the severity of 

diagnosis (Jemal, Siegel et al. 2007).  Standard treatment combines surgery, radiation, 

and chemotherapy, typically gemcitabine, a regimen which has not markedly changed 

in 10 years (King 1996).  Due to the inadequate treatment options for pancreatic cancer 

patients, it is important to dissect the pathways that drive pancreatic adenocarcinoma 

for the development of new drug targets to combat the disease.  

The Ras protein family, including H, N, and KRas proteins, function as molecular 

GDP/GTP switches, relaying signals received at the cell membrane to the rest of the cell 

(Downward 2003).  Upon activation, Ras is GTP bound and recruits downstream 

effectors including Rafs, phosphatidyl inositol-3-kinases (PI3Ks), and Rals to the plasma 

membrane.  From there, signals are transmitted downstream and lead to divergent 

effects (Downward 2003).  KRAS mutations are nearly ubiquitous in pancreatic 

adenocarcinoma, with a KRAS mutation rate of approximately 90% (Bos 1989).  

Mutations at Gly12, Gly13, and Gln61 lead to a constitutively active, GTP bound, 

oncogenic form of Ras.  Ras activating mutations directly lead to the properties of a 
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tumorigenic cell, including increased proliferation, ability to evade apoptosis, and 

increased migration (Downward 2003). Ras and downstream mediators of Ras signaling 

have thus been investigated as anti-cancer targets (Friday and Adjei 2005). 

Activation of Ras induces an autocrine signal in tumor cells that promotes many 

tumor cell phenotypes, but it is now appreciated that Ras activation in tumor cells also 

leads to paracrine signaling to the tumor microenvironment (Downward 2003). For 

example, recent studies have shown that Ras activation leads to secretion of cytokines.  

Cytokines are small molecules which function to foster communication between cells, 

often resulting in an immune response.  Specifically, Ras has been shown to upregulate 

the secretion of VEGF, hCXCL-8 and IL-6, all members of different classes of cytokines 

(Okada, Rak et al. 1998; Liu, Yang et al. 2004; Sparmann and Bar-Sagi 2004; Ancrile, Lim 

et al. 2007).  The upregulation of hCXCL-8, and IL-6 has been shown to lead to an 

increase in angiogenesis in tumor models.  Furthermore, these two cytokines have been 

shown to be required for proper Ras induced tumor formation, as shRNA knockdown or 

neutralizing antibodies to hCXCL-8 and IL-6 leads to diminished tumorigenic capacity 

(Sparmann and Bar-Sagi 2004; Ancrile, Lim et al. 2007).  Moreover, in a clinical setting, 

hCXCL-8 and IL-6 are upregulated in the serum of pancreatic adenocarcinoma patients 

(Wigmore, Fearon et al. 2002; Ebrahimi, Tucker et al. 2004).  These studies lend credence 

to the hypothesis that Ras driven tumorigenesis can be inhibited by targeting secreted 

proteins which are released upon Ras activation. 
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hCXCL-1, along with hCXCL-8, is a member of the ELR+ CXC class of 

chemokines, a highly homologous subset of the cytokine family.  ELR+ CXC chemokines 

contain the canonical Cys-X-Cys (CXC) motif immediately preceded by a Glu-Leu-Arg 

(ELR) motif which allows the proteins to bind and activate the CXCR-1 and CXCR-2 

receptors (Clark-Lewis, Schumacher et al. 1991).  This class of chemokines is involved in 

immune response, recruiting neutrophils, macrophages and mast cells through 

activation of the CXCR-1 and CXCR-2 receptors, to the site of inflammation (Clark-

Lewis, Schumacher et al. 1991; Hebert, Vitangcol et al. 1991; Strieter, Polverini et al. 

1995).  Along with the paracrine responses, hCXCL-1 has been shown to exert an 

autocrine growth effect on melanoma cancer cell lines (Richmond and Thomas 1986; 

Bordoni, Fine et al. 1990).  Interestingly, hCXCL-1 has been found to be secreted at high 

levels in a pancreatic cancer cell line driven by KRAS mutations (Takamori, Oades et al. 

2000).  Because hCXCL-1 is highly homologous to hCXCL-8, is upregulated in concert 

with hCXCL-8 (Yang, Eckmann et al. 1997), and is upregulated in a KRAS mutated cell 

line, we hypothesized that Ras may also upregulate the secretion of hCXCL-1.   

 In this study, we demonstrate that Ras upregulates hCXCL-1 and in a 

xenograft model, and that hCXCL-1 is required for Ras induced tumorigenesis.  Finally, 

I show that hCXCL-1 is required for pancreatic cancer tumorigenesis and as such may be 

a target for therapeutic inhibition for pancreatic adenocarcinoma. 
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3.2 Results 

3.2.1 Oncogenic Ras upregulates hCXCL-1 

Because Ras upregulates hCXCL-8 and the ELR+ CXC chemokines can be 

upregulated together (Yang, Eckmann et al. 1997), I assayed whether oncogenic HRas 

(HRasG12V) induces secretion of hCXCL-1.  Specifically, normal human embryonic kidney 

(HEK) cells expressing the SV40 early region (ER) which encodes the T/t antigens, and 

hTERT, the catalytic subunit of telomerase, were engineered to express a 4-

hydroxytamoxifen (4-OHT) inducible ER:RasG12V fusion protein. Addition of 4-OHT and 

subsequent ER:RasG12V stabilization, is known to endow these cells with tumorigenic 

potential (Hahn, Counter et al. 1999; Hamad, Elconin et al. 2002).  Thus, conditioned 

media from the non-tumorigenic uninduced and tumorigenic 4-OHT induced cell lines 

was collected and assayed by ELISA for the presence of secreted hCXCL-1 Figure 5A.  I 

demonstrate that ER:RasG12V stabilization increased secreted levels of hCXCL-1 as 

assayed by ELISA by 20-fold.  

Since Ras expression has disparate effects depending on cell type, I tested whether 

hCXCL-1 levels also increased in HEK cells, BJ fibroblasts, and human skeletal muscle 

myoblasts (HSMM) expressing the SV40 ER and hTERT, in the presence of oncogenic 

HRas, which is known to promote a tumorigenic phenotype in these cells (Hahn, 

Counter et al. 1999; Hamad, Elconin et al. 2002; Linardic, Downie et al. 2005).  

Conditioned media was thus collected from all three cell types expressing either 
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HRasG12V or a control vector and assayed by ELISA for the presence of secreted hCXCL-1 

Figure 5B.  It was found that RasG12V induced dramatic increases of hCXCL-1 in all cell 

lines measured, demonstrating that Ras upregulation of hCXCL-1 is not cell type 

specific.  
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Figure 5: Ras upregulates hCXCL-1 which is required for Ras-induced tumorigenesis 

(A)  Inducible oncogenic Ras expression leads to an increase in CXCL-1 expression. 

Serum starved HEK cells expressing hTERT, SV40-ER, and ER:RasG12V are treated with 

DMSO or 4-OHT to induce stabilization of ER:RasG12V.  Conditioned media was collected 

and assayed by ELISA for hCXCL-1.  

(B)  Oncogenic Ras induces hCXCL-1 expression in a cell type independent manner. 

HEK, BJ, and HSMM cells expressing hTERT, SV40-ER, and vector control or HRasG12V 

were serum starved, and conditioned media was collected and assayed by ELISA of 

hCXCL-1 expression.  

(C)  shRNA knockdown of hCXCL-1. TtH cells expressing oncogenic HRasG12V were 

infected with retroviral constructs encoding shRNA directed against hCXCL-1. Cells 

were serum starved and conditioned media was collected and assayed by ELISA for 

hCXCL-1.  

(D)  hCXCL-1 is required for Ras induced tumor growth. Vector control and hCXCL-1 

shRNA expressing knockdown TtH cells were injected into the flanks of SCID-Beige 

mice. Tumor growth was measured over time.  

(E)  Graphical representation of tumor growth. Tumor growth was plotted as a function 

of tumor volume versus time. Vector (black), hCXCL-1 shRNA-1(red), and hCXCL-1 

shRNA-2 (blue).  All panels are representative of at least 3 independent experiments. 
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3.2.2 hCXCL-1 is required for Ras-induced tumorigenesis 

Since hCXCL-1 was found to be upregulated by HRasG12V, and a related family 

member hCXCL-8 is required for Ras-induced tumorigenesis (Sparmann and Bar-Sagi 

2004), shRNA constructs targeting hCXCL-1 were generated to test whether hCXCL-1 

was also required for Ras-induced tumorigenesis.  TtH HRasG12V cells expressing SV40 

ER, hTERT and HRasG12V were infected with virus encoding scramble control, hCXCL-1 

shRNA-1, or hCXCL-1 shRNA-2.  These constructs were shown to knock down the 

levels of secreted hCXCL-1 in TtH-HRasG12V by approximately 90% Figure 5C.  These 

cells were suspended in PBS and injected into the flanks of SCID-beige mice. hCXCL-1 

shRNA1 and hCXCL-1 shRNA-2 inhibited HRasG12V induced tumorigenesis by 65% and 

85%, respectively Figure 5D and 5E.   

In order to determine how hCXCL-1 shRNA inhibited tumor growth, tumors 

were extracted and stained for Ki-67, TUNEL, and CD-31 to assess cell proliferation, 

apoptosis, and tumor vasculature, respectively.  It was shown by Ki-67 staining that 

scramble control cells proliferate at a significantly higher rate (176 cells per field in 

vector control versus 144 cells per field, p<.005) than do hCXCL-1 shRNA cells Figure 

6A and 6B.  Furthermore, TUNEL staining indicated a higher level of apoptosis in 

hCXCL-1 shRNA cells (67 cells per field versus 29 cells per field in vector control, 

p<1x10-6) Figure 6A and 6B.  Lastly, CD-31 staining was found to show a slightly higher 
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amount of vasculature in the hCXCL-1 shRNA tumors than in the scramble control 

tumors (62 cells per field versus 42 cells per field in vector control, p<.005) Figure 6A 

and 6B.  It was not determined whether these endothelial cells are mature, functional 

cells as assessed by alkaline phosphatase staining.  These data indicate that hCXCL-1 

expression endows Ras-induced tumors with a proliferative advantage over their 

hCXCL-1 shRNA-depleted counterparts.   
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Figure 6: hCXCL-1 imparts a growth advantage on genetically engineered tumors 

(A)  Immunohistological analysis of tumors derived from TtH cells expressing hTERT, 

SV40-ER, HRasG12V, and either vector control (black bars) or hCXCL-1 shRNA-1 (red 

bars).  Tumors were extracted, fixed, and stained with markers for Ki-67, TUNEL, and 

CD-31. 10 random fields from each of 2 tumors per group were analyzed for positively 

stained cells.   

(B)  Graphical  representation of immunohistochemistry. P-values were determined for 

each stain at *<.01 and **<1x10-6.   

 

3.2.3 hCXCL-1 acts in an autocrine manner 

Tumors arising from TtH-HRasG12V cells expressing hCXCL-1 shRNA showed a 

decrease in proliferation and an increase in apoptosis.  To address whether hCXCL-1 
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acts in an autocrine or paracrine manner in the context of these tumors, TtH cells were 

analyzed for the presence of CXCR-2, the receptor for hCXCL-1, by RT-PCR Figure 7A.  

RT-PCR analysis showed that CXCR-2 is expressed in TtH cells, although to a lower 

extent than in BXPC-3 cells, a pancreatic cancer cell line known to overexpress CXCR-2.   

Since TtH cells were shown to express CXCR-2 and tumor studies indicated 

hCXCL-1 depleted cells had a growth defect in tumor studies, MTT assays were 

performed on scramble and hCXCL-1 shRNA-1 in TtH cells to determine growth rate 

Figure 7B.  hCXCL-1 depleted cells showed growth rate inhibition, indicating that 

hCXCL-1 acts at least partially in an autocrine manner to increase growth rate.  This 

does not exclude other mechanisms of action of hCXCL-1, which could include 

paracrine and endocrine responses. 
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Figure 7: hCXCL-1 acts in an autocrine manner to enhance cell growth 

(A)  TtH cells express CXCR-2. TtH cells were serum starved and collected for RT-PCR 

analysis of CXCR-2 expression. Expression of CXCR-2 in TtH cells was compared to 

CXCR-2 expression in BXPC-3 cells, a pancreatic cancer cell type known to overexpress 

CXCR-2.  GAPDH was used as a loading control.  Data is representative of 3 

independent experiments. 

(B)  hCXCL-1 shRNA-1 cells show a decrease in cell growth rate. TtH cells expressing 

vector control (black bar) or hCXCL-1 shRNA-1 (red bar) were plated at different 

densities and allowed to grow for 4 days. MTT assays were then performed to quantify 

cell growth rate.  Data is an average of 3 independent experiments.   

 

3.2.4 hCXCL-1 knockdown inhibits pancreatic cancer cell line growth 

Pancreatic cancer is noted for its high rate of Ras mutation, approximately 90% 

(Bos 1989).  It is also resistant to traditional chemotherapy and radiation.  Because 

hCXCL-1 has been shown to be important for oncogenic Ras-mediated tumorigenesis I 

addressed whether hCXCL-1 was also required for tumorigenic growth in pancreatic 

cancer cell lines.  To this end, four cell lines with known KRAS mutations, namely 

ASPC-1, Capan-1, Panc-1 and SW1990 (Lim, O'Hayer et al. 2006) were stably infected 
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with the shRNA-1 construct against hCXCL-1.  In the cases of Capan-1 and Panc-1, the 

cells had to be infected with both a pSuperRetro-puro and a pSuperRetro-neo version of 

shRNA-1 to knockdown hCXCL-1 Figure 8A.  The hCXCL-1 knockdown pancreatic 

cancer cell lines as well as a scramble control were then injected into the flanks of SCID-

Beige mice to test for tumor growth Figure 8B and 8C.  It was found that ASPC-1, Panc-

1, and SW1990 displayed decreased ability to form tumors insofaras final tumor mass 

used as a measurement due to the irregular shape and difficulty in measuring the 

tumors in vivo was reduced by 38% (p=.06), 53% (p=.12) and 50% (p=.06), respectively.  

Capan-1 cells grew equally well with scramble control and hCXCL-1 shRNA.  It should 

be noted, however, that Capan-1 cell normally secrete >10 fold more hCXCL-1 than any 

other cell line (data not shown) and consequently the levels of hCXCL-1 in shRNA 

treated cells, despite being reduced were still greater than the other three control 

pancreatic cell lines.  Nevertheless, as hCXCL-1 shRNA inhibited pancreatic cancer cell 

line growth in three of the four cell lines, hCXCL-1 may serve as a potential therapeutic 

target for therapeutic inhibition. 
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Figure 8: hCXCL-1 shRNA inhibits pancreatic cancer cell line growth 

(A) shRNA knockdown of hCXCL-1 in pancreatic cancer cell lines. The indicated 

pancreatic cancer cell lines were infected with retrovirus encoding scramble sequence 

(black bar) or hCXCL-1 shRNA-1(red bar). Cells were serum starved and conditioned 

media was tested by ELISA for the presence of hCXCL-1.  

(B)  Photographs of tumors arising from four mice injected with the indicated cells.   

(C)  Graphical representation of final tumor mass in grams of the injected cells.  Tumors 

were weighed at the end of the experiment due to irregular borders and difficulty in 

measuring in vivo tumor volume.  All data are averages of 4 tumors per group. 
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3.3 Discussion 

Ras mutations drive a wide variety of cancers and are found in nearly 30% of all 

human tumors (Bos 1989).  Furthermore, KRAS mutations are a nearly ubiquitous 

characteristic of pancreatic cancer (Bos 1989).  Here I show that oncogenic Ras increases 

secreted hCXCL-1 in a cell type independent manner, and moreover, shRNA 

knockdown of hCXCL-1 reduced tumor size in genetically engineered oncogenic Ras 

expressing TtH cells as well as Aspc-1, Panc-1 and SW1990 pancreatic cell lines.  

Immunohistological analysis of the tumors revealed that cells with reduced levels of 

hCXCL-1 show an increase in apoptosis as well as a decrease in cell proliferation.  This 

data is consistent with a prior finding in ovarian cancer cells, which showed that 

hCXCL-1 has a cell autonomous effect on proliferation and apoptosis (Yang, Rosen et al. 

2006).   

Clinically, the most intriguing pieces of data come from my studies 

demonstrating an effect of hCXCL-1 status on the growth of pancreatic cancer cell lines.  

In three of four cell lines, knockdown of hCXCL-1 showed a demonstrable decrease on 

pancreatic cancer cell line growth.  These data provides evidence that hCXCL-1 may be a 

possible target against pancreatic adenocarcinoma.  Since cytokines such as hCXCL-1 are 

bioavailable, they are putative targets for neutralizing antibody therapy (Adams and 

Weiner 2005).   
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In order to best target hCXCL-1, it will be important to determine the 

mechanisms of action.  Our results (Figure 7) as well as others (Yang, Rosen et al. 2006) 

demonstrate that hCXCL-1 can act in an autocrine manner to increase cell proliferation 

and decrease apoptosis, giving cells expressing CXCR-2 a growth advantage (Yang, 

Rosen et al. 2006).  It has been shown that hCXCL-1 can also alter stromal fibroblasts 

converting them from tumor inhibitory to tumor promoting stromal cell (Yang, Rosen et 

al. 2006).  Furthermore, hCXCL-8, a highly homologous member of the ELR+ CXC 

chemokine family, has been shown to induce an inflammatory response as well as 

initiate angiogenesis (Sparmann and Bar-Sagi 2004).  Thus, it will be important to dissect 

the pleiotropic effects of CXC chemokines, including hCXCL-1, in order to best 

understand how they function in Ras mediated tumorigenesis.   

It appears that the canonical pathways of Ras signaling do not encompass the full 

effects of Ras activation on tumorigenesis.  Although Raf, PI3K, and mTOR inhibitors 

have shown some efficacy in clinical settings, cell extrinsic Ras effects may also be 

important in Ras tumorigenesis (Friday and Adjei 2005).  By studying the effects of Ras 

activation on secretion of molecules, new drug targets may be identified.  This study 

demonstrates that hCXCL-1 is one such possible target.  
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4. A Role for ELR+ CXC Chemokines in Ras-Induced 

Tumorigenesis 

 

4.1 Summary 

One of the three Ras small GTPases genes HRAS, NRAS, or KRAS acquire an 

oncogenic mutation rendering the encoded protein constitutively active in one third of 

all human cancers, and as high as 90% of pancreatic cancers, thereby promoting 

tumorigenesis (Bos 1989; Downward 2003).  It has recently come to light that one 

consequence of oncogenic Ras signaling is secretion of cytokines IL6, hCXCL-1 and 

hCXCL-8 (Liu, Yang et al. 2004; Sparmann and Bar-Sagi 2004; Ancrile, Lim et al. 2007).  

As the latter two belong to the ELR+ CXC chemokine family, we investigated whether 

the entire family of ELR+ CXC chemokines plays a role in oncogenic Ras-mediated 

tumorigenesis.  We now demonstrate that oncogenic versions of all three Ras family 

members induce the expression and secretion of the family of ELR+ CXC chemokines in 

different tumorigenic human cells as wells as tumor specimens.  Moreover, genetic 

ablation of the common receptor for these chemokines, CXCR-2, was found to reduce 

oncogenic Ras-driven tumorigenesis in mice.  Taken together, we suggest that oncogenic 

Ras induces the secretion of the ELR+ CXC chemokine family to promote tumorigenesis.  
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This chemokine signature may identify the presence of oncogenic Ras activation in 

cancer and possibly serve as targets for oncogenic Ras-driven tumor cells. 

 

4.2 Results and Discussion 

4.2.1 Induction of ELR+ CXC chemokines by oncogenic Ras 

Ectopic expression of oncogenic Ras in various cell types was recently shown to 

increase expression of the cytokines VEGF, IL-6, hCXCL-1, or hCXCL-8, and moreover, 

that inhibition of expression of these cytokines by shRNA or neutralizing antibodies 

reduced angiogenesis and/or tumor growth (Okada, Rak et al. 1998; Liu, Yang et al. 

2004; Sparmann and Bar-Sagi 2004; Ancrile, Lim et al. 2007).  Of interest, the cytokines 

hCXCL-1 and hCXCL-8 belong to the ELR+ CXC family of chemokines, comprised of 

CXCL-1 (GRO-α), -2 (GRO-β), -3 (GRO-γ), -5 (ENA-78), -6 (GCP-2), -7 (NAP-2) and -8 

(IL-8) in humans, or mCXCL-1, -2, -3, -5, and -6 in mice.  These chemokines are 

characterized by a canonical Cys-X-Cys (CXC) motif preceded by a Glu-Leu-Arg (ELR) 

sequence, which promotes an interaction and subsequent activation of the hCXCR-2 

receptor (Clark-Lewis, Schumacher et al. 1991).  Additional sequences also allow 

hCXCL-6 and hCXCL-8 to bind and activate the hCXCR-1 receptor in an ELR dependent 

fashion (Loetscher, Seitz et al. 1994; Ahuja and Murphy 1996; Wolf, Delgado et al. 1998; 

Wuyts, Proost et al. 1998) as shown in Table 2.   
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  Human ELR+ CXCs   Mouse ELR+ CXCs   

Receptor hCXCR-1 hCXCR-2 mCXCR-1 mCXCR-2 

Ligands hCXCL-6 hCXCL-1 mCXCL-6 mCXCL-1 

  hCXCL-8 hCXCL-2  mCXCL-2 

   hCXCL-3  mCXCL-3 

   hCXCL-5  mCXCL-5 

   hCXCL-6  mCXCL-6 

   hCXCL-7  mCXCL-7 

    hCXCL-8     

 

Table 2: ELR+ CXC chemokine receptors and their cognate ligands 

 

Activation of these receptors in immune cells leads to a chemotactic response, 

recruiting activated cells to the site of chemokine secretion and eliciting a localized 

immune response (Clark-Lewis, Schumacher et al. 1991; Hebert, Vitangcol et al. 1991; 

Strieter, Polverini et al. 1995), which could facilitate angiogenesis (Coussens, Raymond 

et al. 1999; Coussens and Werb 2002; Mueller and Fusenig 2004; Nozawa, Chiu et al. 

2006).  Furthermore, CXCR-1 and CXCR-2 receptors are found on endothelial cells and 

activation of these receptors has been shown to inhibit apoptosis, induce migration and 

tube formation in endothelial cells, processes linked to angiogenesis (Li, Dubey et al. 

2003).  The ability of ELR+ CXC chemokines and their activated receptors to promote 

angiogenesis, and at least in the case of hCXCL-1 and hCXCL-8, to foster oncogenic Ras-

driven tumorigenesis, prompted us to investigate the involvement of the entire family of 

ELR+ CXC chemokines in oncogenic Ras-driven tumorigenesis.  

Human embryonic kidney cells expressing the early region (ER) of SV40 and 

hTERT, the catalytic subunit of telomerase, (HEK-HT cells) are driven to a tumorigenic 
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state upon expression of oncogenic HRas (HRasG12V).  Because of an absolute 

requirement for oncogenic Ras for tumorigenesis and the defined genetic background of 

these cells (Hahn, Counter et al. 1999; Hamad, Elconin et al. 2002), we tested whether the 

mRNA and secreted protein levels of the human ELR+ CXC chemokine family (hCXCL-

1, -2, -3, -5, -6, -7 and -8) were elevated in HEK-HT cells stably infected with a retrovirus 

encoding HRasG12V or no transgene.  Appropriate HRasG12V expression was validated by 

immunoblot Figure 9A, and chemokine mRNA and secreted protein levels assessed by 

RT-PCR and antibody array, respectively.  Consistent with previous observations 

(Sparmann and Bar-Sagi 2004; Yang, Rosen et al. 2006), HRasG12V increased the mRNA 

and secreted protein levels of hCXCL-1 and hCXCL-8, and as shown here, also the 

remaining five chemokines Figure 9B and 9C.   

To test whether the concerted expression of the ELR+ CXC chemokine family by 

oncogenic HRas was independent of cell type, we compared the mRNA and secreted 

protein levels of CXCL ELR+ chemokines in human skeletal muscle myoblasts (HSMM-

HT) and BJ fibroblasts (BJ-HT) similarly expressing SV40 ER and hTERT in the absence 

or presence of HRasG12V Figure 9A.  Again, both these cell types are dependent upon 

oncogenic HRas for tumor growth (Hahn, Counter et al. 1999; Hamad, Elconin et al. 

2002; Linardic, Downie et al. 2005), providing a means to compare chemokine level with 

Ras-mediated tumor potential.  RT-PCR and antibody array analysis revealed that, with 

the possible exception of hCXCL-7 in BJ-HT cells, all seven chemokines were elevated 
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upon expression of HRasG12V in both cell types Figure 9B and 9C.  Thus, oncogenic HRas 

induces secretion of the ELR+ CXC family of chemokines independent of cell type. 

 

 

 

Figure 9: Ras induces expression and secretion of ELR+ CXC chemokines 

(A) Immunoblot using a pan-Ras demonstrating HRas expression in HEK, BJ, and           

HSMM cells expressing hTERT and SV40-ER and HRasG12V.  Actin serves as a loading 

control.  Data is representative of 3 independent experiments. 

(B) RT-PCR analysis the family of ELR+ CXC chemokines in HEK, HSMM, and BJ cells 

in the absence and presence of HRasG12V. GAPDH serves as a loading control.  Data is 

representative of 3 independent experiments 

(C) Antibody array demonstrating secretion of ELR+ CXC chemokines in vector control 

(black bar) or HRasG12V expressing (red bar) HEK, HSMM, and BJ cells. Levels were 

normalized to total protein and depicted as a percentage of Ras expressing cells.   

All RT-PCR data is representative of at least 3 independent experiments.  Antibody 

Array is an average of 4 measurements in 1 experiment. 
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4.2.2 Induction of ELR+ CXC chemokines by all three Ras family 
members 

 

Oncogenic mutations to HRAS are typically detected in 10% of the relatively rare 

tumors of the bladder (Bos 1989).  NRAS is more commonly mutated, found in 

approximately 30% of AML tumors (Bos 1989).  However, by far most tumors are 

associated with oncogenic KRAS mutations (Bos 1989).  We thus tested whether 

oncogenic NRas and KRas would similarly induce expression of the ELR+ CXC 

chemokine family.  To this end, HEK-HT cells were stably infected with a retrovirus 

derived from or transfected with a vector encoding NRasG12V, KRasG12V, or as a control, 

no transgene, after which appropriate expression of ectopic oncogenic Ras was verified 

Figure 10A and 10B and chemokine levels assessed by RT-PCR.  As in the case of 

oncogenic HRas, oncogenic KRas induced expression of all seven ELR+ CXC 

chemokines.  NRas induced expression of all ELR+ CXC chemokines with the exception 

of hCXCL-5 and hCXCL-6 Figure 10C.  Thus, the oncogenic version of all three Ras 

family members increases the levels of ELR+ CXC chemokines. 
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Figure 10: Upregulation of ELR+ CXC chemokines by NRas and KRas 

(A) NRas is ectopically expressed in HEK-HT cells, as assessed by immunoblot. 

Actin serves as a loading control. 

(B) KRas is ectopically expressed in HEK-HT cells, as assessed by RT-PCR. 

GAPDH serves as a loading control. 

(C) RT-PCR analysis of ELR+ CXC chemokines in NRas and KRas expressing 

HEK-HT cells. GAPDH serves as a loading control. 

All data are representative of at least 3 independent experiments. 

 

 

4.2.3 ELR+ CXC chemokines are up-regulated in tumors 

Given the limitations of studying cell lines as a model of cancer (Sharpless and 

Depinho 2006), we next determined whether ELR+ CXC expression was elevated during 

carcinogen-induced tumorigenesis in mice, as such a model reflects the spontaneous 

nature of cancer in an in vivo environment.  Specifically, premalignant papillomas 

characterized by oncogenic HRAS mutations (Quintanilla, Brown et al. 1986) occur 

spontaneously in mice treated topically with 7,12 dimethylbenzanthracene (DMBA) 
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followed by repeated application of 12-O-tetradecanoylphorbol-13-acetate (TPA).  Thus, 

the mRNA levels assessed by RT-PCR of mCXCL-1, -2, -3, -5, and -6 (corresponding to 

the seven aforementioned human ELR+ CXC chemokines) were compared between the 

skin of an untreated mouse and the carcinogen induced tumor of a mouse treated with 

DMBA/TPA.  We found that the level of each of these ELR+ CXC chemokines was 

elevated in the DMBA/TPA induced skin tumor as compared to normal mouse skin 

Figure 11A.  We next validated these results by comparing the levels of the ELR+ CXC 

chemokines in a matched pair of normal versus tumor tissue from a patient diagnosed 

with pancreatic adenocarcinoma, given that this is the cancer most commonly associated 

with oncogenic Ras mutations (Bos 1989). RT-PCR analysis revealed that of these 

chemokines, hCXCL-1, -2, -6, -7, and -8 mRNA levels were elevated in the pancreatic 

adenocarcinoma tumor sample Figure 11B.  Thus, independent models of Ras 

tumorigenesis demonstrate an increase in the level of ELR+ CXC chemokines. 
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Figure 11: Upregulation of ELR+ CXC chemokines in oncogenic Ras driven mouse and 

human tumors. 

(A) RT-PCR of the indicated ELR+ CXC chemokines from RNA isolated from a 

DMBA/TPA induced tumor (T) versus normal mouse skin (N). B2M served as a loading 

control. 

(B) RT-PCR of the indicated ELR+ CXC chemokines from a matched pair of normal (N) 

and tumor (T) tissue removed from a patient diagnosed with pancreatic cancer. 

All data are representative of at least 3 independent experiments on the same tumors. 

 

4.2.4 CXCR-2-/- mice are resistant to oncogenic Ras-induced tumors  

The one common feature among all ELR+ CXC chemokines is that they bind to 

and activate the CXCR-2 receptor (Ahuja and Murphy 1996; Wuyts, Proost et al. 1998).  

As such, we reasoned that disruption of this receptor would be a means to test whether 

the concerted increase in ELR+ CXC chemokines by oncogenic Ras was necessary for 

oncogenic Ras-driven tumorigenesis.  CXCR-2-/- mice were thus tested for resistance to 

DMBA/TPA induced tumors, again because this model recapitulates the spontaneous 

nature of cancer, and tumors arising in this system typically harbor oncogenic Ras 

mutations (Quintanilla, Brown et al. 1986).  mCXCR-2+/+ and mCXCR-2-/- mice were 

treated topically with DMBA, followed by TPA and tumor number and size were 
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monitored over time.  We found that there was a delay in the onset of tumors, as the 

point when 50% of mice exhibited tumors occurred at week 12 in control mice, but 16.5 

in the mCXCR-2-/- mice Figure 12A and 12B.  There was also a decrease in the number of 

mice with tumors; specifically, control mice all formed tumors by week 18.5 whereas at 

the termination of the experiment almost a quarter of the mCXCR-2-/- mice still were 

tumor free Figure 12A and 12B.  Lastly, control mCXCR-2+/+ mice formed more tumors 

per mouse, having an average of 7.7 tumors/mouse compared to 2.9 for the mCXCR-2-/- 

mice at the termination of the experiment Figure 12A and 12C.  In agreement, a 

mCXCR-2 neutralizing antibody has also been shown to decrease the size of KRasG12D-

driven murine lung tumors (Wislez, Fujimoto et al. 2006).  Thus, the common receptor 

for ELR+ CXC chemokines, mCXCR-2, is integrally involved in a spontaneous Ras-

driven tumorigenesis.  
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Figure 12: mCXCR2-/- mice are resistant to DMBA/TPA induced tumorigenesis 

(A-C) Representative mice at the termination of experiment [A], number of mice with 

tumors [B] or number of tumors per mouse [C] versus time in weeks of 24 mCXCR-2 +/+ 

(�) and 14 mCXCR-2 -/-(�) mice treated topically with DMBA followed by TPA.  Arrow = 

tumor.  

 

4.2.5 Elevated serum levels of CXCL-1 and CXCL-7 in pancreatic 
cancer patients 

 

Lastly, we tested whether the elevation of ELR+ CXC chemokines observed in 

tumorigenic cells of multiple models of oncogenic Ras tumorigenesis could be detected 

in a more clinically available tissue, namely serum.  We again chose pancreatic cancer 

for this analysis, since KRAS is mutated in >90% of all pancreatic adenocarcinoma (Bos 

1989).  Serum isolated from 20 patients diagnosed with pancreatic adenocarcinoma 

versus 19 age and sex matched normal donors was assayed by antibody array for the 
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presence of ELR+ CXC chemokines hCXCL-1, -5, -6, -7 and -8.  Although only hCXCL-1 

and hCXCL-7 levels were statistically higher in pancreatic cancer patients, the highest 

levels of chemokines were detected exclusively in cancer patients, suggesting the 

possibility of a more broad increase in ELR+ CXC chemokines in a subset of pancreatic 

cancer patients Figure 13. 

 

Figure 13: hCXCL-1 and hCXCL-7 are upregulated in pancreatic adenocarcinoma 

serum 

Serum concentrations of the indicated ELR+ CXC chemokines as assessed by antibody 

array. Samples from age and sex matched normal donors (�) and patients diagnosed 

with pancreatic adenocarcinoma ( )  Blue bar: mean. * p<.05 ** p<1x10-5.  All data are 

averages of 4 measurements in 1 experiment. 
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4.3 Conclusions 

We demonstrate that expression of any of the three oncogenic Ras proteins, and 

in different tumorigenic cells and tumor tissues, there is an increase of ELR+ CXC 

chemokines, and that genetic ablation of the common receptor for these chemokines, 

CXCR-2, reduces oncogenic Ras-driven tumorigenesis in mice.  We thus suggest that 

oncogenic Ras induces the secretion of the ELR+ CXC chemokine family to promote 

tumorigenesis.  This could have two impacts.  First, such a secreted protein signature 

induced by oncogenic Ras may serve as a noninvasive means of detecting oncogenic 

Ras-driven malignancies, such as pancreatic cancer.  Indeed, we and others (Wigmore, 

Fearon et al. 2002; Ebrahimi, Tucker et al. 2004) detect elevated levels of hCXCL-1, 

hCXCL-7, and hCXCL-8 in serum of pancreatic cancer patients.  Second, although Ras is 

one of the most widely activated proto-oncogenes in human cancer (Bos 1989), and 

inhibition of oncogenic Ras expression is well known to cause tumor regression (Chin, 

Tam et al. 1999; Fisher, Wellen et al. 2001; Felsher 2004; Lim and Counter 2005), Ras has 

proven refractory to pharmacologic inhibition as a means to treat oncogenic Ras-driven 

cancers (Friday and Adjei 2005).  However, chemokines are much more druggable 

proteins; being secreted, these proteins are both readily bioavailable and targeted by 

neutralizing antibodies (Trikha, Corringham et al. 2003; Adams and Weiner 2005).  

Indeed, neutralizing antibodies to CXCL-8 have been demonstrated to reduce tumor 

growth of HeLa cells over-expressing HRasG12V (Sparmann and Bar-Sagi 2004).  As such, 
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the induction of ELR+ CXC chemokines by oncogenic Ras may potentially have 

diagnostic, prognostic, and perhaps even therapeutic value. 
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5. The Role of RalA and RalB in Ras Mediated Metastasis 

5.1 Introduction 

Activating mutations of KRAS are a hallmark of pancreatic cancer, found in as 

many as 30% of early-staged, dysplastic pancreatic lesions and approximately 90% of all 

advanced or metastatic tumors (Hruban, van Mansfeld et al. 1993; Klimstra and 

Longnecker 1994).  KRAS encodes a GDP/GTP-regulated binary on-off relay switch that 

is associated with the inner face of the plasma membrane.  Ras functions as a molecular 

transmitter that relays the signal from extracellular stimulus-activated cell surface 

receptors to diverse cytoplasmic signaling networks (Shields, Pruitt et al. 2000).  

Mutations in the KRAS gene leave the protein in a stimulus-independent, constitutively 

active GTP-bound state, causing persistent deregulated signaling, leading to cellular 

transformation (Bos 1989). 

The best characterized downstream Ras effectors are the Raf family of 

serine/threonine kinases that activate MEK and the ERK mitogen-activated protein 

kinase (MAPK) pathway.  The importance of this pathway in Ras-mediated oncogenesis 

is supported by mutational activation of BRaf in human cancers (Davies, Bignell et al. 

2002).  However, BRaf mutations are not found in pancreatic cancers, suggesting that 

other effector pathways may be critical for Ras-mediated pancreatic cancer growth 

(Ishimura, Yamasawa et al. 2003).  Consistent with this possibility, we and others found 
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that robust ERK activation is not consistently detected in pancreatic cancers (Yip-

Schneider, Lin et al. 1999; Lim, Baines et al. 2005).  Similarly, we found that activation of 

the Akt serine/threonine kinase, a key downstream target of the second major class of 

Ras effectors, the phosphatidylinositol 3-kinases (PI3Ks), was activated infrequently in 

pancreatic cancers (Lim, Baines et al. 2005).  Furthermore, mutational activation of PI3K 

is also not commonly seen in this cancer (Samuels, Wang et al. 2004).  Thus, other 

effectors may be more critical for Ras-mediated development and growth of pancreatic 

cancers. 

Recent studies support an important role for the Ral guanine nucleotide 

exchange factors (RalGEFs) as key effectors of Ras-mediated growth transformation of 

human cells.  RalGEFs serve as activators of the highly homologous Ras-like RalA and 

RalB small GTPases (Shields, Pruitt et al. 2000).  Although earlier studies of Ras 

transformation of rodent fibroblasts indicated RalGEFs are not particularly transforming 

on their own but could co-operate with the MAPK pathway to promote transformation 

(White, Vale et al. 1996), RalGEF-Ral activation was recently found to be necessary and 

sufficient for Ras transformation of a variety of human cell types (Hamad, Elconin et al. 

2002; Rangarajan, Hong et al. 2004).  However, despite the fact that RalA and RalB share 

85% amino acid sequence identity, with 100% sequence identity in sequences important 

for effector binding (Chardin and Tavitian 1989), inhibition of RalA, but not RalB 

expression retarded the anchorage-independent soft agar of immortalized and SV40 T/t-
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Ag expressing human embryonic kidney (HEK) epithelial cells expressing oncogenic H-

Ras and three pancreatic cancer cell lines, suggesting that RalA may carry the brunt of 

the oncogenic Ras signal transmitted by RalGEFs (Lim, Baines et al. 2005).  Moreover, 

inhibition of RalA, but not RalB, also retarded the tumorigenic growth of the 

transformed HEK cells, fibrosarcoma, bladder and colon cancer cell lines (Lim, Baines et 

al. 2005).  This suggests the intriguing possibility that RalA, as opposed to RalB, may 

play a critical role in tumor initiation in oncogenic Ras driven cancers such as pancreatic. 

Other studies also suggest functional divergence of RalA and RalB.  First, in 

vesicle transport, a constitutively activated version of RalA, but not RalB, promoted 

basolateral delivery of secretory vesicles in MDCK dog cells (Shipitsin and Feig 2004). 

Second, in cell viability.  Transient transfection with short interfering RNA (siRNA) 

against RalB, but not RalA, activated programmed cell death in some (Chien and White 

2003), but perhaps not all (Lim, Baines et al. 2005; Oxford, Owens et al. 2005) human 

tumor cell lines when seeded in suspension, but not when adherent.  Third, in cell 

proliferation.  Transient siRNA against RalA, but not RalB, decreased DNA synthesis of 

suspended cells (Chien and White 2003).  Fourth, in cell migration.  Transient siRNA 

suppression of RalB, but not RalA, reduced UMUC-3 bladder and DU145 prostate 

carcinoma cell transwell migration in vitro and normal rat kidney migration on plastic 

(Oxford, Owens et al. 2005; Rosse, Hatzoglou et al. 2006).  Conversely, ectopic 

expression of constitutively active RalA inhibited migration, whereas expression of 
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constitutively active RalB stimulated migration of the UMAC-3 and DU145 cancer cells 

(Oxford, Owens et al. 2005). As RalA and RalB may serve distinct functions in cell 

survival and migration, we determined if these two highly related GTPases contribute to 

distinct facets of the malignant growth properties of pancreatic carcinoma cells. 

 

5.2 Results 

All experiments were performed in cooperation with Dr. Stacey Adam.  Dr. 

Kian-Huat Lim created the cell lines.  Dr. Stacey Adam and I performed mouse 

injections, monitored mice and isolated tumors.  Dr. DiSean Kendall performed the 

pathology portion of the experiments. 

5.2.1 RalA and RalB are both required for metastatic growth of 
RasG12V transformed human cancer cells in vivo. 

Since cell migration, invasion, and survival in suspension are all important 

components of tumor cell metastasis (Chambers, Groom et al. 2002), we speculated that 

RalB might be important for pancreatic cancer cell metastasis.  In support of this 

possibility, expression of an activated RalGEF protein was shown to increase the 

metastatic growth of RasG12V-transformed murine fibroblasts or spontaneously 

transformed hamster fibroblasts cells when injected into the tail vein (Ward, Wang et al. 

2001; Tchevkina, Agapova et al. 2005). 
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 To investigate the separate roles of RalA and RalB in metastasis we first 

determined if knock down of RalA or RalB altered the metastatic potential of T/t-Ag + 

hTERT expressing human embryonic kidney (HEK) cells transformed by oncogenic 

HRas, given that these cells have proven to be a reliable and genetically malleable model 

of Ras-driven tumorigenesis (Hahn, Counter et al. 1999).  These cells stably expressing 

an shRNA against RalA, RalB, or a scramble sequence as negative control (Lim, Baines et 

al. 2005) were injected into tail veins of four immunocompromised mice each.  The mice 

were monitored regularly until any of the three groups of mice manifested signs of 

respiratory distress or significant cachexia, at which point all mice were sacrificed and 

their internal organs were examined for evidence of metastasis. 

Mice injected with scramble control-treated cells developed respiratory distress 

and cachexia at day 32, clear indications of metastasis.  Upon necropsy, the mice were 

found to have severe destruction and replacement of both lungs by tumor tissue Figure 

14A.  When examined under dissection microscopy, the lung parenchyma of mice 

injected with scramble control cells were almost completely occupied with metastatic 

nodules Figure 14C.  Histological analysis of ten randomly chosen fields revealed that, 

on average, half the lung was occluded with tumor Figure 14C. 

As would be expected since RalA is needed to establish tumors, at the time 

control mice exhibited physiological signs of metastasis, mice injected with RalA knock 

down cells showed normal appearance and behavior.  Upon gross examination of the 
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lungs of these animals, metastatic nodules were found to be significantly less in number 

and also much smaller in size compared to control animals Figure 14A.  Histologically, 

there was more than a two-fold decrease in tumor occlusion in the lung compared to 

scramble control cells (Figure 14B,C, 49% versus 18%, p=0.046). 

Perhaps the most interesting observation was that despite loss of RalB expression 

having no effect on tumor growth of cells injected subcutaneously (Lim, Baines et al. 

2005), the very same cells injected in the tail vein were nearly incapable of metastatic 

tumor growth.  Specifically, like RalA knock down cells, mice injected with RalB knock 

down cells showed normal appearance and behavior at the time control mice exhibited 

physiological signs of metastasis.  This was born out at the organ level, as mice injected 

with cells stably expressing RalB shRNA did not show any macroscopically visible 

metastatic nodules in the lungs Figure 14A.  Histological examination of the lungs did 

reveal some fields with tumor nodules, but this was almost 20-fold less frequent than 

control mice (Figure 14B,C, 3% versus 49%, p=0.005) and six-fold lower than mice 

injected with RalA knock down cells (3% versus 18%, p=0.017).  Thus, in sharp contrast 

to subcutaneous tumor growth of transformed HEK cells, where RalB is dispensable, 

RalB is critical for metastatic tumor growth of the same cell line when injected 

intravenously.  These results suggest that instead of initiating tumorigenic growth, RalB 

may play an essential role for tumor cells to survive in the bloodstream or to extravagate 

into remote sites during metastasis.  
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Figure 14: RalA and RalB are required for the metastatic growth of genetically 

engineered Ras-transformed human cells 

(A) Representative pictures of lung metastases resulting from intravenous injection of 

the HEK-HT-RasG12V cells stably expressing either a Ral scramble sequence, RalA-shRNA 

or RalB-shRNA, before (upper panels) and after (bottom panels) excision of the lungs 

from the mice. The arrows indicate the metastatic tumors, which appeared relatively 

pale compared to normal lung parenchyma. 

(B) Representative histological sections with H&E staining of the lungs from mice 

injected with the indicated cells. N: normal lung tissue; T: metastatic tumors 

(C) Average percentage of lung field occupied by metastatic tumors in mice injected 

with the indicated cell lines. Each bar represents the mean percentage occupied by 

tumor tissue plus standard deviation of ten randomly chosen microscopic fields in two 

lungs per group. 
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5.2.2 RalA and RalB are required for metastatic growth of two 
pancreatic cancer cell lines in vivo 

 

To address the role of RalA and RalB in a model more reflective of human cancer 

we repeated these experiments using human pancreatic cancer cell lines.  Unlike 

subcutaneous tumor growth, most of the tested pancreatic lines tested did not grow, or 

did not reproducibly grow in a metastatic fashion, at least during the period of 

observation (up to four months, data not shown).  Hence, we had to limit our analysis to 

two different metastatic human pancreatic cancer cell lines, Aspc-1 and CFPac-1, which 

were derived from cancerous ascites or liver metastasis (Chen, Horoszewicz et al. 1982; 

Schoumacher, Ram et al. 1990), respectively, and could form tumors when injected into 

the tail vein of mice. 

Aspc-1 scramble control tumor cells readily formed tumor nodules in the lungs 

of mice after four weeks Figure 15A.  Histological analysis of the lungs revealed 

metastatic nodules overtaking, on average, 82% or the normal lung tissue Figure 15B,C.  

Knock down of RalA or RalB (data not shown) blunted this effect, with a noted decrease 

in macroscopic nodules and metastatic tumor growth in the lungs compared to control 

mice (Figure 15A-C, 60% versus 82%, p=0.079; 47% versus 82%, p=0.010, respectively).  

Similarly, knock down of either RalA or RalB in CFPac-1 cells visibly reduced the tumor 

burden in the lungs when these cells were injected intravenously Figure 15D-E, 
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although this was not statistically significant (p= 0.237 and 0.126, respectively).  

However, these cells also metastasized to the adrenal glands, and in this organ the 

reduction of tumor metastasis when RalB, but not RalA, was knocked down was almost 

40-fold compared to the scramble control cells (Figure 15G-I 2% versus 78%, p=0.010).  

Histologically, scramble control and RalA knock down CFPac-1 cells almost completely 

destroyed and replaced the normal architecture of the adrenal glands, whereas the 

adrenal glands of mice injected with RalB shRNA expressing cells looked completely 

normal, as shown by the preservation of the three cortical zones and the medulla Figure 

15H.  Cells would have to transverse through the systemic circulation after the lungs to 

reach the adrenal glands, and hence we speculate that the difference of metastatic 

potential of RalB knock down cells between the lungs and adrenal glands may reflect the 

longer period of time in the blood stream.  We concluded that both RalA and RalB are 

required for tumor metastasis of these two cell lines when assessed by tail vein injection, 

but that RalB may play a more important role than RalA in this process. 
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Figure 15: RalA and RalB are required for metastatic growth of pancreatic cancer cell 

lines 
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Figure 15: RalA and RalB are required for metastatic growth of pancreatic cancer cell 

lines 

Intravenous injection of four mice each with either AsPc-1 cells (A-C) or CFPac-1 cells 

(D-I), yielded metastatic tumors visible on the lungs (arrows, A,D) or in representative 

histological sections stained with H& E (B,E, N: normal lung tissue; T: metastatic 

tumors). CFPAC-1 cells also metastasized to the adrenal glands, as observed in the 

excised gland (G) and histological sections (H). Average percentage of lung (C,F) or 

adrenal gland (I) field occupied by metastatic tumors in mice implanted with the 

indicated cell lines. Each bar represents the mean percentage occupied by tumor tissue 

plus standard deviation of ten randomly chosen microscopic fields in 2 tumor per 

group. 
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5.3 Discussion 

Recent studies in a mouse model (Gonzalez-Garcia, Pritchard et al. 2005) and cell 

culture (Hamad, Elconin et al. 2002; Rangarajan, Hong et al. 2004) implicate the 

importance of the RalGEF-Ral effector pathway in mediating Ras oncogenesis.  RalGEFs 

activate two highly related targets, RalA and RalB.  Although RalA and RalB share 

significant sequence (85%) and biochemical identity, and interact with common 

effectors, there is growing evidence for their distinct roles in promoting Ras-mediated 

malignant transformation.  However, a rigorous evaluation of RalA and RalB function in 

RAS mutation-positive human cancers has not been done.  Since 90% of pancreatic 

cancers harbor oncogenic mutations in the RAS gene, and mutant Ras protein is critical 

for the transformed and tumorigenic growth of this cancer type, we chose to determine 

if RalA and RalB serve redundant or distinct roles in Ras-mediated oncogenesis.  Our 

results support unique roles for otherwise highly related Ral GTPases in very distinct 

stages of tumor progression and growth. 

 While our observations support multiple functions for RalB to facilitate the 

spectrum of cellular changes needed for metastatic growth, this is not to say that RalA 

plays no role in metastasis.  Knock down of RalA could suppress cell migration in vitro, 

and as one would expect since RalA is required for tumor initiation, knock down of 

RalA also impeded tumor metastasis, although to a lesser extent than RalB.  Thus, while 
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both RalA and RalB contribute to malignant processes, they may contribute to distinct 

facets and serve nonredundant functions in pancreatic tumor cell invasion and 

metastasis. 

This division of labor presumably reflects different pathways engaged by these 

two nearly identical small GTPases.  How this occurs is still unknown as both proteins 

bind to similar effectors (Feig 2003), but three models are envisioned.  First, RalA and 

RalB have different subcellular localizations (Shipitsin and Feig 2004; Lim, Baines et al. 

2005), and hence engagement of effectors in different subdivisions of the cell may 

underlie their different effects on tumorigenesis.  Evidence for this possibility is 

supported by recent observations that spatial differences in Ras localization results in 

utilization of distinct effectors (Shipitsin and Feig 2004; Lim, Baines et al. 2005) and a 

differential association of RalA and RalB with endomembranes, specifically endosomes, 

has been described (Shipitsin and Feig 2004).  Second, RalA and RalB may bind effectors 

with different affinities.  In this case however, it is still unclear as to the extent varied 

affinities for effectors may have on Ral signaling.  While RalA was found to display 

greater binding affinity for the exocyst complex (Shipitsin and Feig 2004), RalB has been 

argued to preferentially utilize the exocyst to promote cell motility (Rosse, Hatzoglou et 

al. 2006).  Third, although RalA and RalB share complete sequence identity in the 

effector domain and switch I, and II sequences, (residues 36-56 and 70-87, respectively) 

they do diverge in sequences immediately upstream of switch II (residues 91-153; 48% 
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identity) (Shipitsin and Feig 2004).  Thus, it remains possible that RalA and RalB may 

utilize distinct effectors that account for their divergent roles in malignant growth. 

In summary, our study establishes the important contribution of aberrant Ral 

GTPase activation in multiple facets of Ras mutation-positive pancreatic tumor cell 

growth.  Furthermore, we found that RalA and RalB activation contribute to very 

distinct facets of tumor cell progression and growth.  Thus, consistent with the dynamic 

nature of cancer and the clear involvement of Ras at many different stages of cancer, it 

appears that Ral GTPases are needed through different stages of cancer progression.  

Targeting the distinct functions of Ral GTPases could thus hold promise as a strategy to 

treat pancreatic cancers 
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6. Future Directions 

6.1 The Importance of Individual ELR+ CXC Chemokines in Ras-
induced Tumorigenesis 

 

In Chapter 3 I have shown that hCXCL-1 is upregulated in response to oncogenic 

Ras expression and that this upregulation is necessary for oncogenic Ras-induced tumor 

growth.  In Chapter 4, I further demonstrated that oncogenic Ras activation leads to 

upregulation of the entire family of ELR+ CXC chemokines.  By using a CXCR-2-/- mouse 

model, I found that ELR+ CXC chemokines, as a family, are necessary for spontaneous 

Ras-induced tumor formation, demonstrating a role for the family of ELR+ CXC 

chemokines in Ras-induced tumorigenesis.  I did not, however, determine which of the 

ELR+ CXC chemokines contribute to this tumorigenic potential.  While this family is 

highly homologous and all members are able to activate the CXCR-2 receptor, there are 

reasons to believe that not all ELR+ CXC chemokines will contribute to Ras-induced 

tumorigenesis to the same extent.  First, hCXCL-6 and hCXCL-8 can bind and activate 

the CXCR-1 receptor as well, although the functional consequence of CXCR-1 versus 

CXCR-2 receptor activation has not yet been fully elucidated.  Activation of CXCR-1 has 

been shown to activate phospholipase D (PLD) as well as induce a respiratory burst 

critical to neutrophil function, neither of which CXCR-2 is able to mediate (L'Heureux, 

Bourgoin et al. 1995; Jones, Wolf et al. 1996).  Secondly, although the ELR+ CXC 
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chemokines share a high degree of homology with one another, they bind different 

residues on CXCR-2 which could potentially lead to different conformations of the 

receptor-ligand complex (Ahuja, Lee et al. 1996; Katancik, Sharma et al. 2000). Thirdly, 

hCXCL-8 will induce attenuation of neutrophil recruitment at very high levels, however, 

hCXCL-7 lacks this effect and will continuously recruit neutrophils to a sight of 

inflammation (Ben-Baruch, Grimm et al. 1997).  Next, in a model of bacterial infection of 

colon epithelial cells, hCXCL-1, hCXCL3, and hCXCL-8 were rapidly expressed within 3 

hours, whereas hCXCL-5 was not maximally expressed until 6-10 hours and was present 

for a much longer period of time (Yang, Eckmann et al. 1997).  This indicates that there 

may be different roles for the ELR+ CXC chemokines in the normal role of neutrophil 

recruitment upon bacterial infection.  Finally, shRNA inhibition of either hCXCL-1 or 

CXCL-8 have been shown to inhibit Ras induced tumorigenesis indicating that these 

chemokines are not redundant (Sparmann and Bar-Sagi 2004; Yang, Rosen et al. 2006).   

Because of the differences inherent in the ELR+ CXC chemokine family members, 

it is necessary to determine which of the family members contribute to Ras-induced 

tumorigenesis.  This could better determine which of the ELR+ CXC chemokines to 

target for therapeutic inhibition.  In order to achieve this goal, I propose a simple 

knockdown strategy, which requires creation of shRNA’s for each of the ELR+ CXC 

chemokines.  I chose this method due to the past success of using shRNA’s to deplete 

cytokines and determining their role in Ras-induced tumorigenesis as shown here in 
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Chapter 3 and by others (Yang, Rosen et al. 2006; Ancrile, Lim et al. 2007).  Once 

shRNA’s are generated which adequately knock down the ELR+ CXC chemokines, these 

shRNA constructs can be infected into genetically engineered HEK cells expressing 

hTERT and SV40 ER as well as HRasG!2V.  Once these knockdown cells are created, they 

could be injected into the flanks of SCID-Beige mice in order to determine the efficacy of 

tumor inhibition of each of the shRNA constructs.  Moreover, because ELR+ CXC 

chemokines may act through different mechanisms, especially those which are able to 

bind and activate hCXCL-1 as well as hCXCR-2, ELR+ CXC chemokines could be 

knocked down in tandem to determine if there is a combination of cytokine inhibition 

which will inhibit Ras-induced tumorigenesis.  These studies could determine which of 

the ELR+ CXC chemokines may be the best therapeutic target for Ras-induced tumors. 

Once the shRNA studies have been completed and the importance of each of the 

ELR+ CXC chemokines has been determined, I propose that neutralizing antibodies 

could be used to inhibit relevant ELR+ CXC chemokines.  Antibody inhibition is a more 

clinically relevant model and could be used to determine whether inhibition of ELR+ 

CXC’s is a viable method to target Ras-induced tumorigenesis.  Genetically engineered 

HEK-HT cells expressing HRasG12V would be injected into the flanks of SCID-Beige mice.  

Twice weekly injections of the relevant neutralizing antibody would then be 

administered intratumorally, a treatment regimen which has shown prior success 

(Sparmann and Bar-Sagi 2004; Ancrile, Lim et al. 2007).  Should any of the combinations 
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of ELR+ CXC shRNA’s prove successful in the first experiment, antibody cocktails for 

the relevant combinations could also be tested in this experiment.   

These two comprehensive experiments determine which of the ELR+ CXC 

chemokines are most relevant in Ras-induced tumorigenesis.  Furthermore, they could 

demonstrate whether ELR+ CXC chemokines will be effective targets for Ras-mediated 

tumorigenesis inhibition. 

 

6.2 The Role of ELR- CXC Chemokines in Ras-mediated 
Tumorigenesis 

  

CXC chemokines are subclassified into two groups, ELR+ or ELR-, depending on 

the presence of a Glu-Leu-Arg sequence directly preceeding the canonical CXC stretch 

which defines the CXC chemokines.  I have shown in Chapters 3 and 4 that ELR+ CXC 

chemokines, proteins which are generally thought to be pro-angiogenic and therefore 

pro-tumorigenic, are upregulated in response to oncogenic Ras.  Once we demonstrated 

that the ELR+ CXC chemokines were upregulated, I further explored the effect of 

activated Ras on the ELR- CXC chemokine family which is comprised by hCXCL-4, 

hCXCL-9, hCXCL-10, hCXCL-11, hCXCL-12, hCXCL13, hCXCL14 and hCXCL-16.  These 

proteins lack the Glu-Leu-Arg sequence which defines the ELR+ CXC chemokines, and 

are therefore unable to bind the hCXCR-1 and hCXCR-2 receptors (Vandercappellen, 

Van Damme et al. 2008).  Their expression, with the exception of hCXCL-12, is thought 
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to be anti-angiogenic or angiostatic, inhibiting the ability of ELR+ CXC chemokines 

expressed at the same time to recruit new vasculature to the area (Vandercappellen, Van 

Damme et al. 2008).  As such, I hypothesized that since Ras upregulates the ELR+ CXC 

chemokines and the ELR- CXC chemokines are able to inhibit the activity of the ELR+ 

CXC chemokines, that Ras may simultaneously downregulate the ELR- CXC 

chemokines.  In order to test the hypothesis, I used RT-PCR to measure the amount of 

ELR- CXC chemokine expression in HEK cells expressing vector control or HRas12V.  It 

was shown that hCXCL-13, hCXCL-14 and hCXCL-16 are downregulated in response to 

oncogenic Ras as shown in Figure 16.   

 

Figure 16: Ras downregulates ELR- CXC chemokines 

HEK cells engineered to express hTERT, SV40 ER, and either vector control or HRasG12V 

were analyzed for ELR- CXC chemokine expression by RT-PCR.  It was shown that these 

three ELR- CXC chemokines are downregulated in HRasG12V expressing HEK cells. 

 

hCXCL-13, also known as BLC, is a potent B-cell chemoattractant which acts 

through its cognate receptor CXCR-5 (Vandercappellen, Van Damme et al. 2008).  It has 
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also been shown to bind and activate the anti-angiogenic receptor CXCR-3 (Jenh, Cox et 

al. 2001).  Upregulation of hCXCL-13 has been found in B-cell chronic leukemia and has 

been posited as a marker for angio-immunoblastic lymphoma (Vandercappellen, Van 

Damme et al. 2008).  Overall, however, very little is known about hCXCL-13.  

hCXCL-14, also known as BRAK, is a chemokine almost ubiquitously expressed 

in normal tissue, however absent in most cancer cell lines (Hromas, Broxmeyer et al. 

1999; Frederick, Henderson et al. 2000).  There is no known receptor for hCXCL-14, 

however, in rat corneal pocket assays, it has been shown to strongly inhibit angiogenesis 

(Shellenberger, Wang et al. 2004).   Moreover, hCXCL-14 is strongly chemotactic for 

monocytes, dendritic cells, and activated NK cells, indicating that these cells express the 

orphan receptor (Shellenberger, Wang et al. 2004; Starnes, Rasila et al. 2006). 

hCXCL-16, commonly called SR-PSOX, is a transmembrane chemokine which 

can be cleaved by ADAM-10 to act in a paracrine manner (Gough, Garton et al. 2004).  It 

is a chemotactic for CD4+ and CD8+ cells, however, its role in cancer is not well studied.  

It has been shown that hCXCL-16 inhibits the growth of carcinoma cells although, 

paradoxically, it is almost ubiquitously expressed in cancer cell lines (Meijer, Ogink et al. 

2008).  Its role in angiogenesis is as yet unknown. 

Based on our data, it appears that Ras, in combination with upregulating the 

ELR+ CXC chemokines also downregulates some of the ELR- CXC chemokines.  This has 

obvious relevance to Ras-induced tumorigenesis, as expression of these proteins would 
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lead to a less pro-angiogenic environment and inhibit tumor growth.  To further study 

the effect of downregulation of ELR- CXC chemokines, I propose to use an opposite 

approach to the ELR+ CXC chemokine experiments, namely, overexpression studies.   

First, it must be confirmed in our engineered cancer cell line panel that these 3 

ELR- CXC chemokines are downregulated in response to oncogenic Ras.  Once this is 

demonstrated, we will determine whether overexpressing ELR- CXC chemokines in 

oncogenic Ras-expressing HEK-HT cells inhibits their ability to form tumors in a 

xenograft model.   

Once the importance of ELR- CXC chemokines in Ras-driven tumorigenesis is 

discerned, we could perform mechanistic studies to determine the mechanism by which 

they act.  First, it will be necessary to determine if HEK cells express the relevant 

receptors for the chemokines by RT-PCR and flow cytometry to determine if the 

chemokines are able to affect the cells in an autonomous manner.  Second, cell based 

experiments such as growth curve assays, including treatment with the relevant 

cytokines, and soft agar assays will be performed to determine if the cytokines cause any 

growth changes in oncogenic Ras transformed HEK cells.  Finally, we could assay Ras-

driven cancer cell lines from lineages known to normally express the relevant 

chemokine for the expression of that chemokine.  Should it be found that the chemokine 

is downregulated in comparison to the normal cell lineage, we could restore expression 
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by retroviral expression and determine whether this restoration inhibits tumor growth 

in a xenograft model.   

These set of experiments would determine a role for these cytokines in Ras-

induced tumorigenesis.  Ras induced cytokine and chemokine upregulation has been 

posited here and by others to be an important factor in Ras-induced tumorigenesis (Liu, 

Yang et al. 2004; Sparmann and Bar-Sagi 2004; Yang, Rosen et al. 2006; Ancrile, Lim et al. 

2007).  Ras has, however, never been shown to downregulate chemokine expression to 

evade either immune response or to enhance angiogenesis.  This study would test 

whether this is yet another mechanism Ras utilizes to enhance tumorigenesis.  

 

6.3 The Role of CXCR-2 in an Orthotopic Model of Ras 
Tumorigenesis 

 

In Chapters 3 and 4 I demonstrated that ELR+ CXC chemokines are upregulated 

by Ras and that this upregulation is important in Ras-mediated tumorigenesis.  

Moreover, I and others have demonstrated that ELR+ CXC chemokines are upregulated 

in the serum of pancreatic cancer patients, a cancer driven by Ras-mutation (Ebrahimi, 

Tucker et al. 2004).  To this end, I have also demonstrated that hCXCL-1 inhibition is 

effective in slowing the growth of pancreatic cancer cell lines in a xenograft model of 

tumorigenesis.  Correlative serum data and xenograft models have their drawbacks, 

however.   While a correlation between high ELR+ CXC chemokine levels and presence 
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of pancreatic adenocarcinoma provides evidence for a role in pancreatic cancer, it does 

not delineate what role the ELR+ CXC chemokines play in the tumorigenic process.  

Furthermore, xenograft models are performed in SCID-Beige mice lacking functional 

immune systems and, as such, do not accurately reflect the entire patho-physioloigcal 

process.  Therefore, I propose using an orthotopic oncogenic KRas driven model of 

pancreatic tumorigenesis to explore the role of CXCR-2 and by extension the ELR+ CXC 

chemokines in the tumorigenic process. 

Genetically engineered mice which carry a heterozygous allele of lox-stop-lox 

(LSL) KRasG12D/+ (Jackson, Willis et al. 2001), where the lox-stop-lox prohibits expression 

of the mutant KRAS allele, can be crossed with a mouse which drives the expression of 

Cre recombinase from a pancreatic specific promoter yielding mice which express 

KRasG12D in a pancreatic specific manner (Hingorani, Petricoin et al. 2003).  These mice 

form pancreatic lesions, similar to human pancreatic intraepithelial neoplasias (PanIN) 

which spontaneously progress to metastatic adenocarcinoma at a low frequency 

(Hingorani, Petricoin et al. 2003).   

In order to determine how CXCR-2 functions in this mouse model of pancreatic 

cancer, a homozygous CXCR-2-/- (Cacalano, Lee et al. 1994) mice could be crossed with 

the KRASG12D mutant mice to generate KRASG12D;CXCR-2-/-.  In order to do this we could 

first cross the LSL-KRASG12D/+ mice with CXCR-2-/- mice to generate LSL-

KRASG12D/+;CXCR-2 +/-  mice at a ratio of 1:4 Figure 17A.  Simultaneously, we could cross 
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CXCR-2-/- mice with PDX-1-Cre mice to generate PDX-1-Cre;CXCR-2+/- at a ratio of 1:2 

Figure 17A.  In the second step of the breeding scheme, KRASG12D;CXCR-2+/- mice could 

be backcrossed to generate KRASG12D;CXCR-2-/- mice at a ratio of 1:4 Figure 17B.  PDX-1-

Cre; CXCR-2+/- could also be backcrossed to generate PDX-1-Cre;CXCR-2-/- mice at a ratio 

of 1:4 Figure 17B.   

In the final step of breeding, KRASG12D/+;CXCR-2-/- mice could be crossed with 

PDX-1-Cre;CXCR-2-/- mice to generate PDX-1-Cre;KRasG12D/+;CXCR2-/- mice at a ratio of 1:4 

Figure 17C.   In these mice the Cre recombinase could excise the LSL cassette allowing 

for expression of KRASG12D in a stochastic pattern in the pancreas.  These mice would 

also lack CXCR-2 receptor allowing us to determine the role of CXCR-2 in the formation 

of PanIN lesions and by extension pancreatic adenocarcinoma initiation and 

progression.  As a control, we would use PDX-1-Cre;KRasG12D/+;CXCR2+/+ mice using the 

same breeding scheme as above for the CXCR-2-/- mice.  Mice would then be sacrificed at 

2.25, 4.5, 9, 12, and 18 months to determine the amount of PanIN formation in each 

cohort. 
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Figure 17: Mouse breeding strategy for CXCR-2-/- pancreatic cancer model 

 

In Chapters 3 and 4 I have demonstrated that ELR+ CXC chemokines are 

required for proper Ras-induced tumorigenesis.  Because of this, I hypothesize that the 

loss of CXCR-2 in this mouse model of pancreatic cancer will inhibit PanIN formation, 

however there are two possible outcomes to this experiment.  First, loss of CXCR-2 

would either extend the latency of PanIN formation, decrease the numbers of PanIN 

lesions or both.  The other possible outcome is that loss of CXCR-2 would not affect 

PanIN formation in any manner. 

Should PanIN formation be delayed or inhibited, it would indicate that CXCR-2 

is an integral part of Ras-induced pancreatic tumorigenesis.  Our data strongly supports 

this hypothesis, as inhibition of CXCL-1 was efficient at inhibiting pancreatic cell line 
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growth and CXCR-2-/- mice formed fewer spontaneous tumors in a DMBA/TPA model of 

carcinogenesis.  If PanIN formation is delayed, we could use this model to determine a 

role for CXCR-2 in Ras-induced tumorigenesis.  In our previous studies using 

DMBA/TPA, we could not stain the tumors for the presence of immune cells, 

neovascularization, and cell growth, however, due to the presence of excessive keratin 

pearls which characterize the DMBA/TPA induced skin tumors.  This system would 

allow for us to perform these critical immunohistochemical analyses in a spontaneous 

tumor setting. 

The other possibility is that PanIN formation would not be inhibited by the loss 

of CXCR-2.  This could mean one of two things.  First, it is possible that CXCR-2 and its 

ligands the ELR+ CXC chemokines are not important for Ras-induced pancreatic 

tumorigenesis.   As stated earlier, our data does not support this hypothesis; however, 

there is a second possible explanation.  The second possibility is that ELR+ CXC 

chemokine signaling is not completely abolished in this system.  Only CXCR-2 is 

knocked out of this model, leaving CXCR-1 signaling intact.  mCXCL-6 is able to bind 

and activate CXCR-1 and as such could enable Ras-induced tumorigenesis (Fan, Patera 

et al. 2007).  The discovery of mCXCR-1 was not made until quite recently and as such 

there is as yet, no knock out mouse (Fan, Patera et al. 2007).  Should a knock out mouse 

become available, it would be of interest to test a double CXCR-1-/- and CXCR-2-/- knock 
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out mouse to completely eliminate ELR+ CXC signaling in the PDX-1-Cre; KRasG12D 

model of pancreatic cancer. 
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7. Conclusions 

Ras oncogenes act in a cell intrinsic fashion to increase cell proliferation, inhibit 

apoptosis, and endow the cell with a variety of tumorigenic characteristics.  Recently, 

however, it is becoming clear that Ras also serves to act in cell extrinsic mechanism, 

namely upregulation of cytokines and chemokines, to increase tumorigenicity.  My 

projects, delineated in this thesis, delved into both cell intrinsic and cell extrinsic  

mechanisms and have provided new targets for Ras-driven tumorigenesis therapy. 

7.1 Cell Extrinsic Pathways in Ras Tumorigenesis 

Earlier studies in our lab defined the required signaling pathways in the 

maintenance phase of Ras tumorigenesis was reduced to activation of PI3K (Lim and 

Counter 2005).  Because of this finding, we hypothesized that during tumor initiation, 

Ras induced secretion of proteins which led to the establishment of a tumor vasculature, 

an early event in tumorigenesis.  To this end, we utilized an angiogenesis antibody array 

to determine which of the tested cytokines were upregulated in response to oncogenic 

Ras.  It was shown that oncogenic Ras upregulates a number of cytokines including the 

ELR+ CXC chemokines, hCXCL-1, hCXCL-5, and hCXCL-8.   

In Chapter 3, I demonstrated a role for hCXCL-1 in Ras-induced tumorigenesis.  

Our studies show that hCXCL-1 is upregulated in response to Ras activation in a panel 

of genetically engineered cell lines.  We then tested the importance of hCXCL-1 in Ras-
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tumorigenesis in a xenograft mouse model utilizing genetically engineered Ras-

expressing HEK cells and determined that hCXCL-1 was required for proper Ras-

induced tumorigenic potential.  I also found that hCXCL-1 acts in an autocrine manner 

to enhance cell growth and, in vivo, to reduce the amount of apoptosis in tumor cells.  

Finally, I demonstrated in pancreatic cancer cell lines driven by Ras mutation, that 

hCXCL-1 was required for full tumorigenic potential, leading to the possibility of 

hCXCL-1 as a therapeutic for pancreatic cancer. 

In Chapter 4, I extended the findings from the angiogenesis array which showed 

upregulation of the ELR+ CXC chemokines, hCXCL-1, hCXCL-5 and hCXCL-7 in 

response to Ras activation.  I hypothesized that the entire family of ELR+ CXC 

chemokines would be upregulated by Ras, and using RT-PCR and quantitative antibody 

arrays, I proved that this was, in fact, the case for all Ras isoforms.  Once it was 

established that Ras upregulated the ELR+ CXC chemokines, I used a CXCR-2-/- 

knockout mouse model to examine the role of ELR+ CXC chemokines in a spontaneous 

model of Ras-induced tumorigenesis.  I demonstrated that the ELR+ CXC chemokine 

receptor, CXCR-2, is required for proper tumor formation in the DMBA/TPA model of 

Ras-driven chemical carcinogenesis.  Finally, to explore a clinically relevant aspect of 

Ras tumorigenesis, I assayed the serum of pancreatic cancer patients for the presence of 

increased levels of ELR+ CXC chemokines.  I found that hCXCL-1 and hCXCL-7 were 

statistically upregulated in this cohort and further that a higher level of all ELR+ CXC 
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chemokines was found in the pancreatic adenocarcinoma patients as compared to the 

normal serum controls.  Overall, this study demonstrates that ELR+ CXC chemokines 

play an integral role in Ras-induced tumorigenesis.   

ELR+ CXC chemokines have been reported to act through a variety of mechanisms.  

I and others have shown that hCXCL-1 can have autocrine growth effects on the cell 

which secretes hCXCL-1 (Richmond and Thomas 1986; Bordoni, Fine et al. 1990; Owen, 

Strieter et al. 1997; Yang, Rosen et al. 2006).  hCXCL-1 has also been shown to alter 

tumor stroma by inducing fibroblasts to senesce, altering them from a growth inhibitory 

stromal component to a pro-tumorigenic one (Yang, Rosen et al. 2006).  hCXCL-8, 

however, has been shown to elicit an immune response which has been shown to 

increase angiogenesis in a developing tumor (Coussens, Raymond et al. 1999; Sparmann 

and Bar-Sagi 2004).  Furthermore, it has been demonstrated that hCXCL-8 can recruit, 

stabilize and inihibit apoptosis in endothelial cells, indicating a direct involvement with 

tumor vasculature (Li, Dubey et al. 2003).  As such, it appears that these molecules act in 

a pleiotropic manner to promote tumorigenesis, however, the relative importance of 

each is unknown.  One manner in which we can answer this question is to generate 

conditional knockouts of the CXCR-1 and CXCR-2 receptors in mice.  These alleles 

would be flanked by lox sequences, enabling tissue specific knockouts of the relevant 

receptors.  Once these are made, they can be crossed with Cre mice specific for 

pancreatic epithelial cells (PDK-1) (Hingorani, Petricoin et al. 2003), endothelial cells 
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(Tie-1) (Gustafsson, Brakebusch et al. 2001), granulocytes (lysozyme) (Clausen, 

Burkhardt et al. 1999), or fibroblasts (fibroblast specific protein-1) (Bhowmick, Chytil et 

al. 2004) and the resultant mice crossed into the KRas driven pancreatic cancer model.  

Using this method, we can determine which of the many mechanisms the ELR+ CXC 

chemokines use are most important for Ras-induced tumorigenesis.  

Overall, this study elucidates new chemokines upregulated by Ras which are 

important in Ras-induced tumorigenesis.  Because of their success in cell culture and 

animal model experiments, these molecules offer a new avenue to inhibit Ras in a 

clinical environment, and as such should be pursued as possible cancer therapeutics.   

 

7.2 Cell Intrinsic Pathways in Ras Tumorigenesis 

Our lab first demonstrated a role for the RalGEF pathway in Ras-induced human 

tumorigenesis (Hamad, Elconin et al. 2002).  RalGEF activation leads to an increase in 

GTP binding by the Ral family of small G-proteins, RalA and RalB (Shields, Pruitt et al. 

2000).  Past studies demonstrated that Ral activation leads to an increase in anchorage 

dependent growth in genetically engineered HEK cells, and inhibition of RalA decreased 

tumor growth of a panel of engineered and pancreatic cell lines, indicating the 

importance of RalA in tumorigenesis (Lim, Baines et al. 2005).  Other studies hinted at a 

role for RalB in Ras-induced tumorigenesis as well.  Inhibition of RalB in prostate and 

bladder cells decreased transwell migration and overexpression of an activated form of 
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RalB increased the migration of 2 separate cell types (Oxford, Owens et al. 2005; Rosse, 

Hatzoglou et al. 2006).  Because of these findings, we hypothesized a role for Rals in Ras-

induced metastasis.  Using a tail vein injection model, we demonstrated that inhibition 

of both RalA and to a greater extent RalB is sufficient to inhibit Ras-driven genetically 

engineered HEK cell and pancreatic cancer cell line metastasis.  These data provide a 

specific role for RalB in Ras-mediated tumorigenesis, namely, that it is important for  

metastatic potential.    

 

7.3 Targeting Oncogenic-Ras in the Clinic 

Multiple models demonstrate that the inhibition of chronic Ras activation greatly 

impedes the growth of tumors that arise either from activating mutations in Ras or 

illegitimate activation of cell surface receptors.  Translating these observations to the 

clinic, however, has been difficult.  For example, oncogenic activity of Ras is dependent 

on the posttranslational addition of lipid moieties (Konstantinopoulos, Karamouzis et al. 

2007), yet small-molecule inhibitors that specifically interfere with farnesyl transferase, 

the enzyme that adds one such lipid moiety, have failed to counteract oncogenic Ras and 

thereby provide anti-tumor activity.  Moreover, these enzyme inhibitors fail to prevent 

KRas and NRas membrane targeting, because both of these Ras family members can 

acquire an alternative membrane-anchoring lipid moiety through the activity of 

geranylgeranyl transferase (Whyte, Kirschmeier et al. 1997).  Unfortunately, the use of 
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inhibitors against geranylgeranyl transferase or both geranylgeranyl and farnesyl trans-

ferases is hampered in the clinic by toxicity (Friday and Adjei 2005). 

Given the difficulty of directly inhibiting Ras, the inhibition of signals 

downstream of Ras has been pursued.  The RAF inhibitor BAY 43-9006 has some efficacy 

in colon, breast, and non-small cell lung carcinomas (Friday and Adjei 2005), and small-

molecule inhibitors of MEK1 and MEK2, downstream targets of RAF, have yielded 

positive results in the clinic in the treatment of renal cell carcinoma (Friday and Adjei 

2005).  Inhibition of the PI3K pathway by mTOR inhibitors has also yielded limited 

results (Friday and Adjei 2005).  These data indicate that the concept of targeting Ras 

downstream signaling components has merit as a means to inhibit the growth of Ras-

driven tumors.  Therefore, the development of anti-Ras targets are of great therapeutic 

interest, either by inhibiting molecules that are bioavailable or targeting different 

components of the Ras signaling pathway.   

 

7.3.1 Cytokines as Targets of Ras Oncogenesis 

Because their secretion is induced by oncogenic Ras, cytokines represent an 

attractive target for the development of therapeutics that might interfere with Ras 

signaling.  As discussed in previous chapters, IL-6, hCXCL1, hCXCL-5, hCXCL-8, as well 

as other cytokines, are elevated in the serum of patients diagnosed with cancers 

characterized by oncogenic Ras mutations (Wigmore et al. 2002; Kozlowski et al. 2003; 
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Pfitzenmaier et al. 2003; Trikha et al. 2003; Benoy et al. 2004; Lehrer et al. 2004; 

Brennecke et al. 2005; Lokshin et al. 2006; Tas et al. 2006; Lambeck et al. 2007).  

Moreover, oncogenic Ras–mediated tumorigenesis is significantly abated in the presence 

of neutralizing antibodies against such cytokines and by shRNA knockdown or ablation 

of cytokine-encoding genes (Sparmann and Bar-Sagi 2004; Wislez, Fujimoto et al. 2006; 

Yang, Rosen et al. 2006; Ancrile, Lim et al. 2007). 

The targeting of cytokines may provide several clinical advantages.  The 

inhibition of cytokines may be tolerated in patients, at least in the case of IL-6, as genetic 

ablation of IL-6 in mice is not lethal (Kopf, Baumann et al. 1994).  In addition, cytokines 

are located in the interstitial space are thus more bioavailable than intracellular targets.  

Indeed, antibodies that are already available or readily generated can be used to inhibit 

cytokine function, and antibody therapy is generally well tolerated in patients (Imai and 

Takaoka 2006), and preliminary studies already demonstrate anti-tumor activity of 

neutralizing antibodies against hCXCL-8 and IL-6 (Sparmann and Bar-Sagi 2004; 

Ancrile, Lim et al. 2007).  

Humanized antibodies against cytokines like the ELR+ CXC chemokines and IL-6 

may have utility in the treatment of Ras-driven cancers.  In the case of the ELR+ CXC 

chemokines, it should be noted that inhibition of the CXCR-1 and CXCR-2 receptors by 

neutralizing antibody could inhibit the class of ELR+ CXC chemokines and should be 

pursued in tandem with the individual ELR+ CXC chemokine humanized antibodies.  
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Indeed, inhibition of proteins by humanized antibodies has proven successful in the 

clinic, as exemplified by bevacizumab (Avastin®) as well as a variety of other anti-VEGF 

drugs (Ho and Kuo 2007).  Several completed and ongoing clinical trials have 

investigated the ability of monoclonal antibodies to inhibit IL-6 and thereby function as 

cancer therapeutics.  Multiple myeloma in particular depends upon IL-6 and has been 

the subject of relevant antibody-based therapy (Trikha, Corringham et al. 2003), and 

additional trials are focusing on the treatment of prostate cancer with anti-IL-6 

monoclonal antibody (Health 2007; Health 2007; Health 2007).  Combination antibody 

therapy which inhibits multiple Ras-induced cytokines should also be attempted as it is 

likely that inhibition of only one may not be sufficient for full anti-tumorigenic effect. 

This avenue of discovery is not without downfalls, however.  First, the 

development of humanized monoclonal antibodies is not a simple process.  Antibodies 

must first be raised against the relevant proteins, in this case the ELR+ CXC chemokines 

as well as IL-6.  Once the antibodies are derived, the recognition sequence must be 

ligated into a sequence which encodes for a human antibody.  The recombinant protein 

can then be created in human tissue culture.  Although this process has become more 

common, the technical difficulties as well as the time needed to generate the antibodies 

leads to a high cost to develop antibodies.  This in turn, leads to a high cost to the 

consumer of humanized monoclonal antibodies in a therapeutic setting.   
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Though there are pitfalls to this line of inquiry, I believe that the potential benefit 

of generating these antibodies outweighs the limitations outlined above.  First, as I have 

stated earlier, inhibition of these proteins may provide new avenues for the treatment of 

pancreatic cancer, a disease without a viable treatment regimen.  Secondly, these 

proteins are involved in a number of other pathological processes which could be 

targeted in the clinic.  Lastly, once they are created, they can be used in the lab as tools to 

dissect IL-6 and ELR+ CXC signaling in cancer and other pathophysiological conditions.   

  The discovery that oncogenic Ras increases the secretion of cytokines that are 

important for tumor growth will indeed provide impetus for a number of strategies to 

target a central pathway that is activated in the vast majority of cancers.  I believe that 

the development of humanized monoclonal antibodies towards the ELR+ CXC 

chemokines as well as IL-6 will a successful opening foray into this new avenue of anti-

Ras therapeutics. 
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