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Ral (RAS-Like) GTPases, RalA and RalB, were originally identified based on 

sequence similarity to Ras and are directly activated via the Ras effector family Ral 

guanine nucleotide exchange factors (RalGEFs). Previous studies have demonstrated that 

RalA and RalB collaborate to maintain tumorigenicity through regulating both 

proliferation and survival. Remarkably, RalB is specifically required for survival in Ras-

dependent tumor cells rather than normal cells, while RalA is required for anchorage-

independent proliferation but dispensable for survival. However, the spectrum of cancer 

cell lineages dependent upon Ral functions for tumor formation is currently unknown. 

We examined whether Ral pathway activation is required for proliferation of cancer cells 
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with activated Ras, Raf, or PI3K. Our data indicate that the Ral pathway is aberrantly 

activated and required for maintaining tumorigenicity of cancers that are driven by 

oncogenes other than Ras. In order to begin to understand how the Ral pathway may be 

chronically engaged in diverse oncogenic backgrounds, we further examined the 

expression of RalGEFs in a variety of cells derived from different tissue origin. Our 

results showed a divergent and complex distribution of RalGEFs among different cell 

types. In addition, through examination of historical tumor resequenceing efforts, we 

found several somatic mutations in RalGEFs, including RalGDS and RGL1. Through 

biochemical and cell biological studies, we find that the RGL1 mutations identified in 

human breast cancers are gain-of -function mutations, and found the mutations contribute 

to tumor cell survival through RalB pathway. Furthermore, we showed that chronic 

activation of RGL1 is sufficient to transform immortalized human mammary epithelial 

cells. Together, our data suggest RGL1 is a bona fide oncogene. These studies broaden 

our knowledge about RalGEF-Ral contributions in tumorigenicity, and provide a 

potential target for cancer therapeutic interventions.  

   

 

 

 

 

 

 

 

vii 



 

TABLE OF CONTENTS 

TITLE-FLY .......................................................................................................................  i 

DEDICATION...................................................................................................................  ii 

ACKNOWLEDGEMENTS.............................................................................................. iii 

TITLE PAGE....................................................................................................................  iv 

COPY RIGHT....................................................................................................................  v 

ABSTRACT......................................................................................................................  vi 

TABLE OF CONTENTS................................................................................................ viii 

PRIOR PUBLICATIONS..................................................................................................  x 

LIST OF FIGURES ..........................................................................................................  xi 

LIST OF ABREVIATIONS ............................................................................................xiii 

CHAPTER ONE: INTRODUCTION................................................................................. 1 

 Cancer and Oncogenes .............................................................................................. 1  

 Ras oncogene and effector pathways ....................................................................... 2 

  Raf-MEK-ERK pathway ........................................................................................ 4 

  PI3K and RalGEFS pathway ................................................................................ 5 

 RalGEF family ........................................................................................................... 8 

      RalGTPase and signaling pathways ......................................................................  11 

             RalBP1 ................................................................................................................ 14 

             Exocyst ................................................................................................................ 14 

             Filamin ................................................................................................................ 15 

             ZONAB ................................................................................................................ 15 

PLD1 ................................................................................................................... 16 

viii 



 

Objectives ................................................................................................................. 17 

CHAPTER TWO:  RAL ACTIVATION IS REQUIRED FOR ANCHORAGE 
 
INDEPENDENT PROLIFERATION IN BROAD SPECTRUM OF CANCERS……...18  

 
Introduction .............................................................................................................. 18 

Results ....................................................................................................................... 19 

Discussion .................................................................................................................. 23 

Materials and Methods ............................................................................................ 25 

CHAPTER THREE: THE RALGEFS PROFILE IN DIVERSE CELL TYPES………..29 
 

Introduction .............................................................................................................. 29 

Results ....................................................................................................................... 30 

Discussion .................................................................................................................. 34 

Materials and Methods ............................................................................................ 36 

CHAPTER FOUR: THE NOVEL ONCOPROTEIN RGL1…………………………….39 
 

Introduction .............................................................................................................. 39 

Results ....................................................................................................................... 40 

Discussion .................................................................................................................. 55 

      Materials and Methods............................................................................................. 57  

CHAPTER FIVE: CONCLUSIONS AND DISCUSSION .............................................  65 

Conclusions ............................................................................................................... 65 

Discussion .................................................................................................................. 67 

 

 

 

ix 



 

PRIOR PUBLICATIONS 

Kim SC, Sprung R, Chen Y, Xu Y, Ball H, Pei J, Cheng T, Kho Y, Xiao H, Xiao L, 
Grishin NV, White M, Yang XJ, Zhao Y. Substrate and functional diversity of lysine 
acetylation revealed by a proteomics survey. Mol Cell. 2006 Aug;23(4):607-18. 
 

Cheng T, Ou Y and White M. Evaluation of chronic RalGTPases activation as a core 
specifier of oncogenic transformation. In progress.  
 

Komurov, K., Cheng, T., Rosenblatt, K., and White, M. A. 2008.  Integrating functional 
genomics, proteomics and computational analysis for the characterization of cellular 
signaling networks.  In preparation.

x 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16916647&ordinalpos=20&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16916647&ordinalpos=20&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


 

LIST OF FIGURES 

FIGURE 1.1: The Ras GTPase cycle ................................................................................. 3 

FIGURE 1.2: Ras signaling networks ................................................................................ 4 

FIGURE 1.3: RalGEF family ............................................................................................. 9 

FIGURE 1.4: The possible mechanism of different RalGEFs activation. ....................... 10 

FIGURE 1.5: The RalGTPase. ......................................................................................... 12 

FIGURE 2.1: Ral is required for anchorage-independent proliferation of broad-spectrum         

                       of cancer cells ............................................................................................ 20 

FIGURE 2.2: Ral activation is maintained in cancer cells but not normal cells upon  

                       suspension ................................................................................................. 21 

FIGURE 2.3: Ras activation is uncoupled from Raf-MEK-ERK and PI3K activation  

                       upon suspension ........................................................................................ 22 

FIGURE 3.1: Ral guanidyl exchange factors (RalGEFs) mRNA expression profile in  

                       various cell lines ........................................................................................ 31 

FIGURE 3.2: Ral A, RalB, RalGDS and RGL1 mRNA expression in 14 pairs of normal  

                       and tumorous kidney tissue from patients ................................................. 34 

FIGURE 4.1: RGL1 is required for survival of HCC1395 but not for related cancer cells  

                       lacking RGL1 mutation ............................................................................. 41 

FIGURE 4.2: RGL1 is required for maintaining RalA and RalB activation in HCC1395,  

                       but only required for maintaining RalA activation in SW620 ................... 43 

FIGURE 4.3: RalGDS is required for maintaining RalA activation in HCC1395, but only  

                       required for survival................................................................................... 44 

FIGURE 4.4: RGL1 mutants drive more RalB activation than wild type RGL1 ............ 45 

xi 



 

xii 

FIGURE 4.5: RGL1 mutants have reduced homo- or hetero-dimerization, and decreased  

                       association with oncogenic Ras ................................................................ 47 

FIGURE 4.6: A proposed model for molecular mechanism of RGL1 acitivation ........... 49 

FIGURE 4.7: The infection efficacy of HME-hTERT cells by RGL1 expressing  

                       retroviruses ................................................................................................ 50 

FIGURE 4.8: RGL1 expression is sufficient to transform HME-hTERT cells ............... 51 

FIGURE 4.9: HRas, RGL1 and RalB pathway are both required for survival  

                      of HME-HRas ............................................................................................. 52 

FIGURE 4.10: None of RalGEFs mRNA expression is elevating in KRas transformed  

                         HBECs .................................................................................................... 53 

FIGURE 4.11: The purified RGL1 rabbit polyclonal antibody can recognize endogenous  

                         RGL1 in HME-HRas cell line ................................................................. 54 

 

 



 

LIST OF DEFINITIONS 

AF-6 – ALL1 fused gene from chromosome 6 

AKT – v-akt murine thymoma viral oncogene homolog 1 

AP-1 – activator protein 1 

ARF – ADP ribosylation factor  
 
ATF-2 – activating transcription factor 2 
 
BCAR3 – breast cancer anti-estrogen resistance 3 
 
BrdU – 5-Bromo-2’-deoxy-uridine 
 
CREB – cAMP responsive element binding protein 1 
 
DAPI – 4’,6’-diamidino-2-phenylindole  
 
EGF – epidermal growth factor  
 
EGFR – epidermal growth factor receptor  
 
Elk-1 – member of ETS oncogene family 
 
ERK – extra-cellular signal-regulated kinases  
 
EWS – Ewing sarcoma  
 
FACS – fluorescence-activated cell sorting 
 
FOS – v-fos FBJ murine osteosarcoma viral oncogene homolog 
 
FOXO1 – forkhead box O transcription factor 1 
 
GAP – GTPase activating protein 
 
GDP – guanosine 5’-diphosphate 
 
GEF – guanine nucleotide exchange factor 
 
GFP – green fluorescence protein 
 
GSK3β – synthase kinase-3β  
 
GTP – guanosine 5’-triphosphate 
 
Grb2 – growth factor receptor bound protein 2 
 
HA – hemaglutinin 

xiii 



 

 
HBEC – human bronchial epithelial cells  
 
HMEC – human mammary epithelial cells  
 
hTERT – human telomerase reverse transcriptase 
 
JIP1 – JNK interacting protein 1 
 
JNK – Jun NH2-terminal kinase  
 
MAPK – mitogen-activated protein kinase 
 
MEK – mitogen-activated protein kinase kinase 
 
Nck – non-catalytic region of tyrosine kinase adaptor protein 1 
 
NF1 – neurofibromin 
 
NF-kB – nuclear factor of kB  
 
PDK1 – Phosphoinositide dependent kinase 1 
 
PI3K – phosphatidylinositol 3-kinase  
 
PIP2 – phosphatidylinositol biphosphate 

 
PIP3 – phosphatidylinositol triphosphate 
 
PH – pleckstrin homology 
 
PLD – phospholipase D 
 
PTEN – phosphatase and tensin homolog deleted on chromosome ten 
 
qPCR – quantitative real-time PCR 

RasGRP/RasGRF – Ras guanyl nucleotide-releasing proteins/factors 
 
RalBP1 – Ral binding protein 1 
 
RalGDS – ral guanine nucleotide dissociation stimulator 
 
RalGPS – Ral GEF with PH domain and SH3 binding motif 
 
RAD/RID – Ras association domain/Ras interacting domain 
 
RASSF – Ras association (RalGDS/AF-6) domain family member 
  
RBD – Ral-binding domain  
 

xiv 



 

RasGEF_N/REM – RasGEF N-terminal domain/Ras exchanger motif  
 
RGL –ral guanine nucleotide dissociation stimulator-like 
 
Rgr – RalGDS related protein 
 
RNAi – RNA interference 
 
siRNA – short interfering RNA 
 
SCF

βTrCP 
– ubiquitin protein ligase complex SCFs (SKP1-cullin-F-box)  

                   beta-transducin repeat containing 
 
SH3 – Src homology 3 domain 
 
SOS – son of sevenless 
 
STAT3 – signal transducers and activators of transcription 3  
 
ZO-1 – tight junction protein 1 (zona occludens 1) 

ZONAB – ZO-1-associated nucleic acid binding protein

xv 



 

CHAPTER ONE 
 
 

INTRODUCTION 

Cancer and oncogenes  

The homeostasis of cells reflects a dynamic balance of proliferation, 

differentiation and apoptosis. Cancers, however, arise from aberrant growth of cells that 

escape from the surveillance system. The possible causes and mechanisms of cancers 

have raised much debate and controversy, but finally converge to one widely accepted 

principle: the process of carcinogenesis is extremely complicated. The accumulated 

efforts from 70s to present have revealed that the development of cancer is a multistep 

process of acquired capability, including reduced dependency on exogenous growth 

stimuli, desensitized to growth inhibition, escape from apoptosis, infinite replication, 

vasculaturization, and finally invasion of adjacent tissue for metastasis (Hanahan and 

Weinberg 2000).  

The onset of cancer requires mutations in genes controlling cell proliferation and 

survival. The mutated genes were soon identified as oncogenes, tumor-suppressor genes, 

and genes responsible for maintaining genome stability.   Oncogenes encode proteins that 

control proliferation, cell survival or both. They can be activated by structure alteration 

resulting from mutation, truncation or gene fusion, e.g. B-Raf (Davies et al. 2002), EGFR 

(Arteaga 2002) and EWS gene in Ewing sarcoma (Riggi and Stamenkovic 2007). 

Activation of oncogenes can also occur by gene amplification, e.g. Myc, cyclin D1 and 

Ras (Hardisson 2003; Jilong Yang 2008) are frequently amplified in lung cancers, 

gastrointestinal cancers and head and neck cancers. However, while oncoproteins like 
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Myc or Ras accelerate cell proliferation, they simultaneously trigger or sensitize cells to 

apoptosis (Lowe 1999; Sherr 2001). This leads to the hypothesis that apoptosis might be 

a built-in failsafe mechanism to prevent inappropriate cell expansion (Evan and 

Littlewood 1998). Among these intricate regulations governing human tumorigenesis, it 

was further proposed by Douglas Green and Gerard Evan that “deregulation of cell 

proliferation together with suppression in apoptosis, create a platform that is both 

necessary and can be sufficient for cancers to arise” (Green and Evan 2002).     

Ras oncoprotein and effector pathways  

The first human oncogene was isolated from bladder carcinoma (Goldfarb et al. 

1982; Pulciani 1982; Shih and Weinberg 1982) and identified as homologue of Harvey 

sarcoma virus ras gene (H-Ras) (Parada et al. 1982). Soon after that, K-Ras and N-Ras 

were found from lung carcinomas, neuroblastoma and leukaemia cell lines (Der et al. 

1982; Hall et al. 1983). Sequence analysis revealed that the oncogenic alleles result from 

point mutations that affect the reading frame of various ras oncogenes (often causing 

substitutions in residue 12, 13,or 61) (Reddy et al. 1982; Taparowsky 1982). To date, 

activated ras is associated with around 30% of human cancers; moreover, the specific 

association between the various ras oncogenes and particular types of cancers were 

found. For instance, H-Ras mutations were predominantly found in bladder cancers while 

K-Ras mutations were frequent in pancreatic, colon and lung cancers and N-Ras 

mutations were linked primarily to lymphoid malignancy and melanomas (Karnoub and 

Weinberg 2008).  

The activation of Ras proteins contributes to not only oncogenic transformation 

but also normal cell proliferation and differentiation.  Ras proteins are members of the 
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superfamily of low molecular mass GTPases, which possess an intrinsic GTP hydrolysis 

activity. However, their activity is mainly regulated by GTPase-activating proteins 

(GAPs), which accelerate the GTP hydrolysis to a GDP-bound form (inactive state); and 

guanine nucleotide exchange factors (GEFs), which release the bound GDP allowing 

GTP binding (to an active state, figure 1.1). The activated mutations of Ras proteins 

mimic the GTP-bound form of Ras (Tong 1989) resulting in sustained stimulation of Ras 

pathway that promote cell proliferation and survival. Additionally, post-translational lipid 

modifications acting on the C-terminal CAAX motif of Ras was also found to be another 

key determinant for its activation (Hancock et al. 1990). This lipid processing is required 

for Ras compartmentalization by anchoring Ras proteins to the proper membranes (Chiu 

2002; Matallanas 2006).  

 

Fig. 1.1 The Ras GTPase cycle. The on-off cycle of Ras GTPase is tightly controlled by 
GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs). 
GAPs, such as p120GAP or neurofibromin (NF1); GEFs, such as son of sevenless (SOS) 
and Ras guanyl nucleotide-releasing proteins/factors (RasGRPs and RasGRFs) .  
 

The downstream effector signaling of Ras mediating oncogenic transformation 

are most well known as the following (also see figure 1.2): 
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Fig. 1.2 Ras signaling networks. Ras proteins function as nucleotide driven switches 
that relay extracellular cues to cytoplasmic signaling cascades. 
 
Raf-MEK-ERK pathway 

Raf1 Ser/Thr kinase was the first identified bona fide mammalian Ras effector. It 

is also the most intensively studied. Raf can be activated by Ras through direct binding of 

its N-terminal regulatory domain and subsequently relocated to the plasma membrane for 

further phosphorylations (Zhang 1993; Marais et al. 1995). The interaction with Ras and 

the activating phosphorylations relieves the auto-inhibitory conformation of Raf (Chong 

and Guan 2003; Tran et al. 2005), whereupon activated Raf phosphorylates and activates 

mitogen-activated protein kinase kinase 1and 2 (MEK1 and MEK2). MEKs are dual-

specific kinases that relay the signals from Raf by further phosphorylating and activating 

mitogen-activated protein kinases (MAPKs)/extracellular signal-regulated kinases 1 and 

2 (ERK1 and ERK2). ERKs can activate numerous cytoplasmic and nuclear targets by 

phosphorylation, including kinases, cytoskeletal proteins and transcription factors such as 

myc, Elk-1, Fos and AP-1. These downstream signals are usually responsible for multiple 

cellular events. For example, the 90 KDa ribosomal S6 kinase (p90Rsk) can be 
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phosphorylated by ERK and subsequently activates transcription factor CREB, which 

plays a pivotal role in cell proliferation, survival and development. Cyclin D1 expression 

is also triggered by ERK, which in turn promotes the cell cycle progression from G1 to S 

phase (McCubrey et al. 2007). The Raf-MEK-ERK signaling cascade has been shown to 

be both sufficient and necessary for Ras-induced transformation of murine cells 

(Khosravi-Far et al. 1995; White 1995). However, the requirement of Ras for Raf is 

overcome by targeting Raf to the plasma membrane (Leevers et al. 1994); furthermore, 

the subsequent identification of Raf mutations, in non-overlapping frequencies with Ras 

mutations in cancers (Rajagopalan 2002), highlight the Raf-MEK-ERK signaling in 

oncogenesis.  

PI3K and RalGEFs pathway 

The p110 catalytic subunit of class I phosphoinositide 3-kinases (PI3Ks) and the 

guanine nucleotide-exchange factors for Ras-like (RalA and RalB) small GTPases 

(RalGEFs) were soon identified as Ras effectors after Raf (Rodriguez-Viciana 1994; 

Spaargaren and Bischoff 1994). Class I PI3Ks are dimeric enzymes composed of a 

catalytic (p110) and a regulatory (p85 or p101) subunit. Activated Ras directly binds to 

the catalytic subunit of PI3Ks and recruits it to plasma membrane, where activated PI3Ks 

convert phosphatidylinositol 4,5 biphosphate (PIP2) into phosphatidylinositol 3,4,5 

triphosphate (PIP3), a crucial secondary messenger that controls cell survival, motility 

and morphology by recruiting proteins containing pleckstrin homology (PH) domains to 

cellular membranes (Zhao and Vogt 2008). Among these downstream proteins, the 

serine/threonine kinase AKT/protein kinase B is the most extensively studied which plays 

an essential role in preventing apoptosis and growth inhibition by regulation of 
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cytoplasmic and nuclear components ,such as glycogen synthase kinase-3β (GSK3β) and 

forkhead box O transcription factor 1 (FOXO1) (Zhao and Vogt 2008). As with Raf, 

PI3K activity was also shown to be required for Ras transformation of murine cells 

(Rodriguez-Viciana 1997). Importantly, cells also possess an intrinsic antagonistic 

mechanism to prevent over activation of PI3K pathway by converting PIP3 to PIP2, which 

is conducted by the phosphatase PTEN (phosphatase and tensin homolog deleted on 

chromosome ten), a tumor suppressor. Activation of PI3Ks by mutations or gene 

amplification and the mutations of PTEN results in enhanced PI3Ks signaling, which is 

associated with oncogenic transformation and cancers (Yuan and Cantley 2008; Zhao and 

Vogt 2008). 

The RalGEFs are specific guanine nucleotide exchange factors for Ral GTPase 

(Albright et al. 1993; Kikuchi et al. 1994), they were first identified as Ras effectors by 

yeast two hybrid screening (Hofer et al. 1994; Kikuchi et al. 1994). Early studies showed 

that the main function of RalGEFs is to activate the downstream substrates RalA and 

RalB upon Ras activation, which also participate in Ras-mediating transformation. 

However, activation of RalGEFs alone is not sufficient to transform murine fibroblasts 

(Urano et al. 1996; White et al. 1996), suggesting this pathway only plays an auxiliary 

role in oncogenesis. Intriguingly, more recent studies in human cancers indicate 

contradictory observations. First, the Chris Counter group showed that activation of 

RalGEF pathway alone, but not PI3Ks or Raf pathways, was sufficient for Ras 

transformation of human cells (Hamad 2002). Later on, Chris Marshall group found that 

RalGDS (a member of RalGEFs) is required for Ras-dependent carcinogenesis in vivo 

(Gonzalez-Garcia 2005). Additionally, the finding from our lab suggests that RalA and 
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RalB have distinct function in tumor formation (Chien and White 2003). Together, 

emphasize the importance of RalGEFs in oncogenesis.    

Beside the above-mentioned, Ras also plays diverse roles in regulating normal 

cell functions through some less characterized effectors, such as AF-6 and RASSF 

proteins (Kuriyama 1996; Vavvas et al. 1998). AF-6 contains microtubule- and actin-

binding motifs, which suggests that Ras can modulate cytoskeleton in response to 

exogenous stimuli (Ponting and Benjamin 1996). Lately, AF-6 was found to associate 

with profilin (Boettner et al. 2000). In addition, overexpression of AF-6 inhibits RAP1-

induced cell adhesion (Zhang et al. 2005). Together, these results suggest that Ras can 

utilize AF-6 to regulate not only normal function but also promote metastasis. RASSF 

proteins were reported as potential tumor suppressors (Vos 2003; Vos et al. 2003); 

indeed, it was found that RASSF1A is epigenetically inactivated at high frequency in a 

variety of solid tumors (Dammann et al. 2000; Agathanggelou et al. 2001). In addition, 

RASSF1A knockout mice are more susceptible to spontaneous and induced 

tumorigenesis (Tommasi et al. 2005). However, the detailed mechanism of RASSF 

proteins as tumor suppressors has not been fully understood. Recent studies found that re-

introduction of RASSF1A expression causes growth arrest in lung and breast tumor-

derived epithelial cells (Shivakumar et al. 2002). Mechanistically, RASFF1A associates 

with EWS (Ewing Sarcoma breakpoint protein) resulting in inhibition of cyclin D1 

accumulation; meanwhile, it is also required to restrict SCFβTrCP activity to allow G/S 

phase transition. The paradox observation implies that the function of RASSF1A may be 

context dependent (Whitehurst et al. 2008).    
 

RalGEF family 
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Among the three well-known effector pathways of Ras, the RalGEFs pathway is 

the latest identified and also the least studied. However, the significant contribution of 

RalGEFs pathway to human oncogenesis has caught more and more attentions. The first 

identified member of RalGEF family is RalGDS (Ral guanine dissociation stimulator) 

(Albright et al. 1993); shortly, others were found and designated as RGL1 (RalGDS like-

1), RGL2/RAB2L/Rlf, and RGL3 (Kikuchi et al. 1994; Peterson et al. 1996; Shao and 

Andres 2000). They all possess a RasGEF catalytic domain in the center, a RasGEF N-

terminal domain (RasGEF_N, or Ras exchanger motif, REM) at N-terminus, and a Ras 

association domain (RAD, or Ras interacting domain, RID) at C-terminus (Figure 1.3). 

The RAD binds to active Ras resulting in recruitment of RalGDS to the plasma 

membrane, which has been shown to be required for Ras-dependent Ral activation 

(Matsubara et al. 1999). However, activation of PKC suppresses Ras-mediated RalGDS 

activation without affecting their protein interaction, suggesting that Ras binding may not 

be sufficient to fully activate RalGEFs (Rusanescu et al. 2001). Indeed, later studies 

showed that 3-phosphoinositide-dependent protein kinase-1 (PDK1) binds to the N-

terminal REM domain of RalGDS in a kinase independent way, and mediates growth 

factor-induced RalGEF activation (Tian et al. 2002) (also see figure 1.4 (a)). This specific 

RalGEF activation is at least responsible for the EGF-induced membrane protrusion 

through activating Ral (Yoshizaki et al. 2007); furthermore, RalGDS also reciprocally 

activates AKT under EGF and insulin stimulation through the RalGDS-PDK1 and 

RalGDS-JIP1 (JNK interacting protein 1)-AKT complexes (Hao et al. 2008).   

 



9 

 
Fig. 1.3 RalGEF family. 
 

Not long ago, an additional family of RalGEFs was identified by sequence 

homology searching for Ras family GEFs, including RalGEF2/RalGPS1 (RalGEFs with 

PH domain and SH3 binding motif) and RalGPS2 (de Bruyn et al. 2000; Rebhun et al. 

2000). The unique features of these RalGPS include a PXXP central motif, and a 

pleckstrin homology (PH) domain instead of a RA domain in the C-terminus, which 

recognizes PIP3 and PI3,4P2 and causes translocation of RalGPS from cytoplasm to 

membranes. Though this membrane targeting is essential for GEF activity, administration 

of insulin or the PI3K inhibitor LY294002 did not change RalGPS1 activity toward Ral 

in murine fibroblasts or human embryonic kidney cells respectively, suggesting RalGPS1 

activity is not induced by the PI3Ks. Thus, the PH domain may serve to constitutively 

anchor RalGPS1 to membranes (de Bruyn et al. 2000; Rebhun et al. 2000). However, a 

recent study using murine RalGPS2 expressed in human embryonic kidney cells found 

that Ral activity was dampened by wortmannin treatment, arguing with the previous 

finding (Ceriani et al. 2007). On the other hand, the PXXP motif of RalGPS1 was shown 

to associate with the SH3 domain containing proteins Grb2 and Nck in vivo. Importantly, 
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overexpression of Grb2 enhanced Ral activation through RalGPS1-ΔPH, but not full 

length RalGPS1 (Rebhun et al. 2000), indicating either the PH domain of RalGPS1 

serves as an auto-inhibitory domain, or there exists some mechanisms which leads to the 

translocation and activation of RalGPS1. Interestingly, a series of observations from two 

less specific GEFs: RGL4/Rgr (RalGDS-related) and BCAR3 (breast cancer anti-

estrogen resistance 3, also named AND-34), suggest the possible mechanism for 

RalGEFs activation. Both Rgr and BCAR3 possess RasGEF domain but lacking of REM 

and RA domain (D'Adamo et al. 1997; Gotoh et al. 2000), which result in constitutive 

activation of Ral and other small GTPase like Ras or Rac (Hernandez-Munoz et al. 2000; 

Cai et al. 2003). This observation indicates the auto-inhibitory interaction may come 

from the association of either N-terminal REM or C-terminal RA or PH domain with 

central GEF catalytic domain (figure 1.4). Nevertheless, how RalGPS are activated and 

what are the physiological insults for them will require further investigation.   

 

Fig. 1.4 The possible mechanism of different RalGEFs activation. (a) The possible 
regulatory mechanism for RalGDS and RalGDS like RalGEF family, and for RalGPS 
family (b).   
 

 



11 

RalGTPase and signaling pathways 

Ral (Ras-like) protein is a member of the Ras family of small GTPases, which 

function through cycling between active GTP-bound and inactive GDP-bound 

conformations. There are two Ral genes in humans, RalA and RalB, which encoded 

proteins sharing 82% sequence identity (Figure 1.5). Ral proteins function as a crucial 

node in regulatory networks that selectively couple numerous extracellular and 

intracellular cues to appropriate cellular responses, including proliferation, migration, 

vesicle trafficking, gene transcription and survival. For instance, oxidative stress induces 

Ral activation, which results in phosphorylation and activation of JNK (Jun NH2-terminal 

kinase) and JNK-mediated phosphorylation of FOXO4 (Forkhead transcription factors 

box 04) on Thr477 and Thr451. Phosphorylation of both residues is critical for FOXO4 

transcriptional activity (Essers et al. 2004). Ral was also found to activate c-Src upon 

EGF stimuli, which further phosphorylates and activates STAT3 (signal transducers and 

activators of transcription 3) in PC12 cells (Goi et al. 2000), or activates p38 to transmit a 

signal to ATF2 (activating transcription factor 2) by phosphorylation on Thr69 in A14 

fibroblasts (Ouwens et al. 2002). Additionally, there are some evidences suggesting that 

Ral contributes to cell proliferation through regulating NF-kB activation and subsequent 

cyclin D1 accumulation (Henry et al. 2000). Together, these data suggest that Ral is a 

biological switch that couples diverse stimuli to appropriate cellular responses.  
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Fig. 1.5 The Ral GTPase. (a) RalA and RalB amino acid alignment. The alignment was 
performed using AlignX from VectorNTI software (Invitrogen). Identical amino acid are 
shown in yellow shadow, similar amino acid are shown in green shadow. (b) RalA 
domain structure and its regulatory network. 
   

A growing body of literature suggests that RalGEF-Ral pathway is more 

important in Ras-dependent oncogenesis in human cancer than other Ras effector 

pathways (Hamad et al. 2002; Rangarajan et al. 2004; Lim et al. 2005; Lim et al. 2006; 

Omidvar et al. 2006; Falsetti et al. 2007; Sablina et al. 2007). Remarkably, regardless of 

the high similarity between RalA and RalB, they seem to function differently. Studies 

employing transient or stable RNA interference of RalA or RalB expression implied that 

RalA is dispensable for proliferation or survival of normal or tumorigenic cells under 

adherent conditions, but is required for the anchorage-independent proliferation of cancer 

cell lines (Chien and White 2003; Lim et al. 2005; Lim et al. 2006; Falsetti et al. 2007); 
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whereas RalB is required for the survival of a variety of tumor-derived cell lines but not 

non-cancerous proliferating epithelial cells (Chien and White 2003; Falsetti et al. 2007). 

Moreover, RalB is also implied in regulating cell migration and cell invasion (Oxford et 

al. 2005; Lim et al. 2006; de Gorter et al. 2008).  

The regulation of Ral GTPase and the biological outcomes can be addressed from 

various aspects; from upstream RalGEFs to Ral proteins itself, and finally to downstream 

signaling pathways. Several Post-translational modifications of Ral proteins have been 

reported to correlate with their functions, including prenylation and phosphorylation. 

Both RalA and RalB possess C-terminal CAAX motif and are geranylgeranylated 

(Kinsella et al. 1991), which is required for their proper localization and interaction with 

the effector RalBP1 (will discuss in next page) and calmodulin (Matsubara et al. 1997; 

Sidhu et al. 2005). A recent study also showed that treatment of human pancreatic cancer 

with geranylgeranyltransferase I inhibitors (GGTIs) led to similar phenotype as depletion 

of RalA and RalB (Falsetti et al. 2007). RalA but not RalB has been found to be 

phosphorylated at Ser11, Ser183 by unknown kinase (Sablina et al. 2007), and Ser194 by 

Aurora-A (Wu et al. 2005). The phosphorylation on Ser183 and Ser194 of RalA were 

further confirmed to act in concert with PP2A-Aβ in regulation of tumor progression 

(Sablina et al. 2007). 

 The occupation of small GTPases is to activate downstream signaling pathway 

through specific effectors that associate with GTP-bound status. Several Ral effectors 

were identified in cells, including Ral-binding protein 1 (RalBP1, also known as 

RLIP76), exocyst subunit Sec5 and Exo84, filamin, and ZO-1-associated nucleic acid-
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binding protein (ZONAB). In addition, there also GTP-independent Ral binding proteins 

that  may conduct downstream signals, including PLD1, PLC-δ1 and calmodulin. 

RalBP1  

RalBP1 was identified as a Ral GTP-dependent interacting protein (Cantor et al. 

1995; Jullien-Flores et al. 1995; Park and Weinberg 1995) and mutation of the Ral 

effector domain impairs its interaction with RalBP1 suggest that RalBP1 is an effector 

protein of Ral (Hinoi et al., 1996). Although the function is presently unclear, it contains 

a GTPase activating (GAP) domain against Rac/CDC42 in its central region. Recent 

studies imply that both Ral and RalBP1 are involved in regulating receptor endocytosis 

(Nakashima et al., 1999; Jullien-Flores et al., 2000).  

Exocyst 

The exocyst is a conserved multi-protein complex originally identified in the 

budding yeast Saccharomyces cerevisiae (TerBush et al. 1996). It is composed of eight 

subunits including Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84 (Lipschutz 

and Mostov 2002). The mammalian exocyst is localized to the areas of active exocytosis, 

such as growth cones of neurons and the junctions of polarized epithelial cells (Novick 

and Guo 2002). The observations that Ral is required for the exocyst complex assembly 

and regulates exocyst-dependent basolateral membrane protein targeting suggest that the 

exocyst can function as an effector of Ral proteins (Moskalenko et al. 2002; Moskalenko 

et al. 2003). Ral proteins are enriched in secretory granules and synaptic vesicles, and 

expression of dominant negative Ral mutant in mouse central nervous system suppresses 

refilling of the readily releasable pool of synaptic vesicles (Polzin et al. 2002). This result 
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may reflect the regulation of the vesicle tethering function of the exocyst by Ral GTPases 

in the physiological condition (Novick and Guo 2002). 

Filamin 

Filamin is an actin-binding protein that polymerizes the actin cytoskeleton 

(Stossel et al. 2001). One study has suggested that filamin can associate with RalA in a 

GTP-dependent manner (Ohta et al. 1999). Notably, expression of the constitutively 

active RalA mutant induces filopodia formation in Swiss 3T3 cells, but not in filamin-

deficient cells (Ohta et al. 1999). In fact, several observations have suggested the 

activation of RalA in regulating cytoskeletal reorganization and cell motility (Gildea et 

al. 2002; Takaya et al. 2004). It remains to be determined whether filamin is involved in 

mediating these cellular processes in response to RalA activation.  

ZONAB 

The Y-box transcription factor ZONAB is a tight junction-associated protein that 

binds to SH3 domain of ZO-1 (Balda and Matter 2000) and regulates cell proliferation at 

the G1/S phase transition by shuttling between nucleus and plasma membrane (Balda et 

al. 2003). At low cell density, ZONAB localizes to the nucleus and regulates the 

expression of genes with inverted CCAAT boxes such as the proto-oncogene ErbB-2, 

proliferating cell nuclear antigen (PCNA) and cyclin D1; while at high cell density, the 

formation of tight junctions between neighboring epithelial cells allows ZO-1 to recruit 

ZONAB to the plasma membrane, thus constraining its transcriptional regulation (Balda 

and Matter 2000; Sourisseau et al. 2006). ZONAB was identified as a Ral effector in a 

cell density-dependent manner in canine kidney epithelial cells (Frankel et al. 2005). The 

RalA–ZONAB interaction occurs at high cell density resulting in a relief of 
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transcriptional repression of a ZONAB-regulated promoter. Additionally, expression of 

oncogenic Ras alleviates transcriptional repression by ZONAB in a RalA-dependent 

manner (Frankel et al. 2005). These studies present ZONAB as a key component that 

couples cell density to proliferation control, as well as provide a possible mechanism for 

Ral pathway contributions in Ras-mediated transformation. 

PLD1 

Phospholipase D enzymes (PLDs) hydrolyze phosphatidylcholine to choline and 

phosphatidic acid (PA), a potent lipid second messenger implicated in numerous 

physiological processes such as vesicle budding and transport (Jenkins and Frohman 

2005). One of the two mammalian PLD proteins, PLD1, was found constitutively 

associated with the N-terminal 11 amino acid of Ral. Expression of constitutively active 

Ral mutant potentates Ras- and EGF-induced PLD1 activation (Jiang et al. 1995), one of 

the possible mechanisms is through cooperation with another small GTPase, ADP 

ribosylation factor (ARF), to activate PLD1 (Kim et al. 1998). Conversely, though there 

is no evidence supporting direct interaction between PLD2 and Ral, one study showed 

that Ral, together with RalGDS and PLD2 are constitutively associated with class 1 

mGluRs (metabotropic glutamate receptors) and regulate constitutive mGluRs 

endocytosis (Bhattacharya et al. 2004). Additionally, later studies also implied that 

activation of PLD1 may contribute to Ras and Ral-mediated cell proliferation and 

transformation (Lu et al. 2000; Xu et al. 2003). For example, expression of either Ral or 

PLD1 in EGF receptor (EGFR) over-expressing rat 3Y1 fibroblasts increases their 

colony-forming efficiency in the absence of EGF stimulation (Lu et al. 2000). Moreover, 

PLD1 activity is elevated in H-Ras transformed NIH 3T3 cells, presumably results from 
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synergistic action of RalA and ARF6 (Xu et al. 2003). These results implicate that the 

regulation of PLD1 activity by Ral may be responsible for a part of Ras-mediated 

transformation.  

Objectives 

Previous studies have focused on the role of Ral activation in Ras-mediated 

transformation; however, how Ral activation contributes to tumorigenesis in diverse 

genetic backgrounds remains to be answered. In this study, we examine the contribution 

of Ral activation to oncogenic transformation in the context of diverse oncogenic 

backgrounds, and evaluate RalGEF family members as candidate human oncogenes.  

 

 

  

   

 

 

 



 

 CHAPTER TWO 
 
 

RAL ACTIVATION IS REQUIRED FOR ANCHORAGE INDEPENDENT 

PROLIFERATION DRIVEN BY DIVERSE ONCOGENIC STIMULI   

 
Introduction 

Ral (Ras-like) GTPases were originally identified on the basis of their sequence 

similarity to the Ras family of small GTPases (Chardin and Tavitian 1986). Two Ral 

genes, RalA and RalB, are ubiquitously expressed in human tissues, with protein 

products sharing 82% identity. The role of Ral proteins in cell regulation was highlighted 

by the observation that Ral proteins lay on a Ras effector pathway. Ral GTPases are 

activated in response to numerous mitogenic regulatory cascades, and Ral activation has 

been implicated as a key contributing factor to Ras-induced oncogenic transformation  

(Feig et al. 1996; White et al. 1996; Reuther and Der 2000). Although the detailed 

mechanism of Ral contribution to cell proliferation and transformation is not fully 

understood, accumulating evidence suggests that RalA may be dispensable for 

proliferation of human epithelial cells and tumor-derived cell lines in adherent culture, 

but required for anchorage-independent proliferation of transformed cells (Chien and 

White 2003; Lim et al. 2005; Lim et al. 2006; Sablina et al. 2007). In contrast, RalB is 

required for survival of transformed cells (Chien and White 2003; Falsetti et al. 2007). 

Additionally, RalA and RalB seem to play antagonistic roles in the regulation of cell 

survival and transformation (Lim et al. 2005; Oxford et al. 2005; Lim et al. 2006). Here, 

we found that Ral activation is required for maintaining anchorage-independent 

proliferation in a broad-spectrum of cancer cell lines, regardless of their diverse genetic 
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backgrounds. Notably, we find that Ral activity is maintained or elevated in suspension 

cultures of all the cancer cells we examined, including those without oncogenic Ras 

activation, but not in the immortalized human epithelial cells. We also showed that both 

Raf-MEK-ERK and PI3K pathway are down-regulated upon suspension even though 

their Ras activity still maintained. Together, our data suggest that when cancer cells 

encounter matrix dissociation challenge (a necessary process for metastasis), they 

maintain RalGEF-Ral pathway activity to support tumorigenicity.   

Results 

Previous work has shown that inhibition of Ral function by expression of a 

minimal Ral-binding domain to block Ral-effector interactions impairs anchorage-

independent proliferation of several tumor cell lines, such as H1299 and SW480 (Chien 

and White 2003). We wondered whether this requirement also exists in cancer cell lines 

carrying oncogenic Raf mutation or with chronic PI3K activations. We first examined 

Ral contribution to proliferation of these cell lines in adherent culture using the same 

strategy. Expression of the minimal Ral-binding domain of RalBP1 (RBD), a candidate 

Ral effector, inhibits Ral function in cells presumably through inhibition of association of 

endogenous Ral effectors with activated RalA and RalB (Jullien-Flores et al. 2000; De 

Ruiter et al. 2001; Rosario et al. 2001; Moskalenko et al. 2002). As shown in figure 

2.1A, RLIP-RBD expression can obstruct proliferation of most cell lines in adherent 

culture, except HeLa and DU145. However, the proliferative capacity of RLIP-RBD 

expressing cells was drastically impaired in all cell lines under suspension condition 

(figure 2.1B). 
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Fig. 2.1 Ral is required for anchorage-independent proliferation of broad-spectrum 
of cancer cells. (A) The indicated cell lines were transiently transfected with myc-RLIP-
RBD or GFP. 56 hours following transfection, cells were incubated in BrdU (30μM) for 
an additional 16 hours in adherent (attached) culture. (B) The indicated cell lines were 
transiently transfected with myc-RLIP-RBD or GFP. 48 hours following transfection, 
cells were suspended for an additional 24 hours. BrdU were added 8 hours after 
suspension and incubate for an additional 16 hours. The percentage of RBD expressing 
cells that incorporated BrdU is shown. Over 100 transfected cells were analyzed for each 
experimental group. Bars represent standard error from the mean for three independent 
experiments.  
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The similar results were also observed by using Sec5-RBD, the minimal Ral-binding 

domain of another Ral effector Sec5 (data not shown), indicating this effect is Ral 

specific. The BrdU negative RBD-expressing cells showed no signs of blebbing, or 

pyknotic nuclei suggesting that the proliferative defect was a consequence of cell cycle 

arrest rather than apoptosis. 

Since cancer cells can proliferate in an anchorage-independent manner, we then 

examined whether Ral pathway is activated in suspension culture.  Interestingly, we 

found both RalA and RalB activity are elevated or maintained in cancer cells upon 

suspension, whereas in immortalized epithelial cells, the activity of RalA and RalB are 

suppressed (figure 2.2, MCF10A and HME).  This observation correlates with the 

proliferative capacity of cancer cells and immortalized normal epithelial cells in 

suspension cultures, implicating Ral function in supporting matrix-independent 

proliferation.   

Fig. 2.2 Ral activation is maintained in cancer cells but not normal cells upon 
suspension. The indicated cells were plated on plastic (Att) or suspension (Susp) for 24 
hours and subjected to Ral activation assay, using GST-Sec5-RBD to immobilize 
endogenous GTP-bound form of Ral. The whole cell lysates and GTP-bound form Ral 
were resolved and analyzed by SDS-PAGE using isoform specific antibody.   
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To our surprise, the Raf-MEK-ERK and PI3K pathway were maintained in cancer cells 

under suspension condition, even in those that have chronic Ras, Raf, or PI3K activation 

(figure 2.3A, HME-HRas, SK-MEL-28 and PC3, respectively). We then directly tested 

Ras activity in those cells, as shown in figure 2.3B. Ras activity was  maintained in those 

cells in which Raf-MEK-ERK and PI3K pathway activation was repressed. These results 

suggest that in the absence of matrix association, Raf and PI3K effector pathways are 

uncoupled from Ras. Whether the maintenance of Ral activation is resulting from Ras or 

other stimuli or both remains to be determined.      

 

BB

 

Fig. 2.3 Ras activation is uncoupled from Raf-MEK-ERK and PI3K activation upon 
suspension. (A) The whole cell lysates from indicated cells were acquired from figure 
2.2. The Raf-MEK-ERK and PI3K activation were analyzed by using phospho-ERK1/2 
and phosphor-AKT antibody as described.  β-actin was used as loading control. (B) The 
indicated cells were plated on plastic (Att) or suspension (Susp) for 24 hours and 
subjected to Ras activation assay, using GST-Raf-1-RBD to immobilize endogenous 
GTP-bound form of Ras. The whole cell lysates and GTP-bound form Ras were resolved 
and analyzed by SDS-PAGE. 
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Discussion 

The RalGEF-Ral pathway has been shown to play a pivotal role in human 

oncogenesis (Chien and White 2003; Rangarajan et al. 2004; Lim et al. 2006; Bodemann 

and White 2008). In this study, we found that Ral activity is elevated or maintained in 

cancer cells but not normal cells in the absence of matrix association; moreover, 

inhibition of Ral activation by expressing a minimal effector Ral-binding domain 

diminished matrix-independent proliferation of cancer cells with diverse genetic 

backgrounds. We also found that cancer cells with no activated Ras mutation may still 

employ wild type Ras to support proliferation in suspension culture, and this event is 

uncoupled from Raf-MEK-ERK and PI3K pathway activation. These data suggest that 

RalGEF-Ral pathway is crucial for cancer cells to proliferate under absence of 

extracellular matrix (ECM), and this process could be mediated via Ras-dependent or -

independent regulation.   

The evasion from tethered surrounding tissue and maintenance of matrix-

independent proliferation is a hallmark of aggressive tumors (Hanahan and Weinberg 

2000). Activation of Ral has been shown to be a common prerequisite for tumorigenic 

transformation of various human primary cells (Rangarajan et al. 2004). Notably, 

inhibition of RalA reduced tumorigenic growth of Ras transformed human kidney 

epithelial cells and pancreatic cancer lines (Lim et al. 2005; Lim et al. 2006; Sablina et 

al. 2007). In addition, loss of RalA in metastastatic prostate cancer cells (PC3) inhibits 

bone metastasis but did not affect subcutaneous tumor growth (Yin et al. 2007). Whereas 

inhibition of RalB showed disparate influence on tumor progression, including survival 

of cancer cells, migration and metastasis (Chien and White 2003; Oxford et al. 2005; 
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Chien et al. 2006; Lim et al. 2006; Rosse et al. 2006; Falsetti et al. 2007; Yin et al. 

2007). Here, we found that inhibition of Ral activation restrained anchorage-independent 

proliferation of cancer cells with diverse genetic backgrounds, including oncogenic Raf 

mutation (SK-MEL-28), tumor suppressor PTEN deletion (PC3) and KRas 

mutation(SW480,SW620). This suggests Ral activation is also required for tumorigenic 

growth of cancer cells derived from oncogenic lesions other than Ras. We also noticed 

that in adherent culture, proliferation of some cancer cells and two human immortalized 

epithelial cells was suppressed when Ral activation is obstructed. Interestingly, we saw a 

high frequency of morphological changes with long dendrite or binucleated in those non-

cancerous epithelial cells which Ral activation is repressed; whereas in cancer cells, no 

obvious changes were found. The former is consistant with previous studies which found 

Ral is required for the completion of cytokinesis (Chien et al. 2006; Cascone et al. 2008); 

while the latter remains unclear. It has been shown that Ral activation attenuates DNA 

damage induced inactivation of cyclinB1/Cdc2 and G2 cell cycle arrest, which may 

contribute to genetic instability of cancer cells (Agapova et al. 2004). Therefore, 

inhibition of Ral may reverse the tolerance of genetic instability and causes cell arrest.         

Elevated Ral activation upon suspension in cancer cells but not non-cancerous 

epithelial cells correlates with their ability to proliferate in a matrix-independent fashion 

(data not shown). As opposed to Ral, Raf-MEK-ERK and PI3K activation were unable to 

sustain in suspension even in those cancer cells with chronic Ras, Raf or PI3K activation 

(figure 2.3). These results are in agreement with previous reports, which persistent 

activation of ERK and Akt was not consistently seen in pancreatic tumors from patient 

despite of oncogenic KRas expression, while RalA and RalB are consistently activated 
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(Yip-Schneider et al. 1999; Lim et al. 2006). This suggests that upon suspension, Ras 

signaling is uncoupled from Raf-MEK-ERK and PI3K pathways. Furthermore, the 

sustained activation of RalA and RalB in prostate cancer cells (DU145, with normal 

expression of PTEN, and PC3, PTEN null cell line) and melanoma cells (SK-MEL-28, 

which harbors BRafV599E homozygous mutation, and C8161, with wild type NRas and 

BRaf) suggests that there are stimuli other than Ras that can directly activate RalGEF-Ral 

pathway in suspension. Indeed, several stimuli has been shown to activate Ral in a Ras-

independent manner, such as EGF, LPA and calcium (Hofer et al. 1998). Recent studies 

also showed that Akt-PDK1 complex can mediate growth factor induced Ral activation 

(Yoshizaki et al. 2007). Our data imply that the RalGEF-Ral pathway maybe universally 

employed by broad-spectrum of cancers in supporting tumorigenic growth, and targeting 

RalGEF-Ral pathway in cancer therapy could be an effective approach.    

Materials and Methods 

Cell culture 

HeLa and MCF-7 cells were maintained in Dulbecco's modified Eagle's medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals). 

DU145, PC3, SK-MEL-28, and C8161 cells were maintained in RPMI 1640 

medium (Invitrogen) supplemented with 10% fetal bovine serum. SW480 and 

SW620 were grown in 1x L-15 medium (Cellgro) supplemented with 10% fetal 

bovine serum. HME50-hTERT (HME) cells, a human diploid mammary epithelial 

cell line immortalized by hTERT expression (a gift from J. Shay, UT Southwestern 

Medical Center) and HRasV12 transformed HME50-hTERT (HME-HRas), were grown 
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in MEGM mammary epithelial cell growth medium (Cambrex Bio Science Walkersville, 

Inc.) supplemented with 0.4% bovine pituitary extract, human epidermal growth factor 

(hEGF) 5 ng/ml, insulin 5 mg/ml, hydrocortisone 0.5 mg/ml, gentamicin 0.5 ml/l. 

Reagents and antibodies

psGFP, pRK5myc-RLIP76-RBD, pGEX5X3-Sec5-RBD and pGEX4T-Raf1-RBD 

are as previously described (Moskalenko et al. 2002; Chien et al. 2006).  The 

following primary antibodies were used: mouse monoclonal anti-RalA (BD, 

Transduction Laboratories); mouse monoclonal anti-RalB (a gift from Larry Feig, Tufts 

University School of Medicine, Boston, MA); mouse monoclonal anti-phospho-ERK1/2 

(T202/Y204), rabbit polyclonal anti-phospho-AKT(S473)(Cell Signaling); mouse 

monoclonal anti-BrdU (BD Biosciences); rabbit polyclonal anti-Myc A14 (Santa Cruz 

Biotechnology); and mouse monoclonal anti-β-actin (Sigma-Aldrich). The following 

secondary antibodies were used for either immunofluorescence or immunoblotting: Alexa 

fluor 594 goat anti-mouse IgG (H+L), Alexa fluor 488 goat anti-rabbit IgG (H+L) 

(Molecular probe, Eugene, OR); peroxidase-conjugated goat anti-mouse IgG (H+L) and 

peroxidase-conjugated goat anti-rabbit IgG (H+L) (Jackson Immunoresearch, West 

Groves, PA). 

Transfection  

Before transfection, cells were seeded into 12 well cluster plates with (for attachment 

condition) or without (for suspension condition) coverslips to ~50% confluence on next 

day. Plasmids were transfected using Fugene HD transfection reagent (Roche Applied 
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Science) according to the manufacturer's instructions. For HME cells, ExGen 500 

tranfection reagent (Fermentas Inc.) was used instead of Fugene HD.  

Proliferation assay 

48 hours post-transfection, the cells for suspension condition were replated onto 1% 

agarose-coated plates while the cells for attachment condition were also fed with fresh 

medium. Bromodeoxyuridine (BrdU) was then added 8hr later to a final concentration of 

30µM. Following additional 14-16 hour incubation, cells were fixed with 3.7% 

formaldehyde, permeabilized with CSK extraction buffer (50 mM NaCl, 300 mM 

Sucrose, 10 mM Pipes, pH6.8, 3 mM MgCl2, 0.5% (v/v) Triton X-100) for 5 min, and 

then treated with 2 M HCl for 10 min. Cells were then blocked with blocking solution 

(10% goat serum, 1% BSA, 50mM NH4Cl in PBS) for 1 hr. BrdU incorporation was 

visualized with mouse monoclonal anti-BrdU and Alexa fluor 594-conjugated anti-mouse 

IgG. Expression of the Myc-tagged Ral-binding domain was visualized with rabbit anti-

Myc (A14) polyclonal antibodies and Alexa fluor 488-conjugated anti-rabbit IgG.  

Expression, purification of GST fusion proteins 

Overnight cultures of E. coli transformed with recombinant pGEX plasmids were diluted 

1:50 in LB with ampicillin and incubated with shaking at 37℃ until the OD600 reached 

0.6. Protein expression was then induced with 0.5 mM isopropyl-β-D-

thioglactopyranoside (IPTG) for 4 hr. Bacteria pellet was collected by centrifugation at 

3000 rpm for 10 min at 4℃, resuspended in 1:25 (v/v) cold lysis buffer (20 mM Tris, pH 

8.0, 1% Triton X-100, 500 mM NaCl, 1mM EDTA, 0.1mg/ml lysozyme with Complete 

proteinase inhibitor tablet (Roche) ), and incubate with rocking in 4℃ for 30 min .The 
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bacteria suspension was then sonicated on ice with 90% power (Vibra Cells, Sonics and 

Materials Inc.) for 8 times, 15 sec each. The lysate was clarified by centrifugation at 10K 

g for 20 min at 4℃ and subjected to incubate with glutathione-Sepharose beads (GE 

Healthcare Life Sciences) at 4℃ for overnight. The beads were then washed 4-5 times 

with washing buffer (20 mM Tris, pH 8.0, 50 mM NaCl, 1mM EDTA, 1mM DTT, 20% 

glycerol with proteinase inhibitor), aliquoted and stored at -20℃.  

 

Ral and Ras activation assay 

The cells for suspension condition were replated into Ultra-low attachment surface plates 

(Corning, Lowell, MA), while the cells for attachment condition was fed with fresh 

medium 24hr before assay. Cells were lysed with lysis buffer (50 mM Tris, pH 7.5, 1% 

Triton X-100, 200 mM NaCl, 10 mM MgCl2, 0.5mM DTT, 10% glycerol with Complete 

proteinase inhibitor and PhosSTOP Phosphatase inhibitor cocktail tablet (Roche)) for 5 

min at 4℃ with rocking. The lysates were then clarified by centrifugation at 13K rpm, 5 

min at 4℃ and measured protein concentration by Precision Red Advanced Protein 

Assay Reagent (Cytoskeleton, Inc.). The lysates were incubated with GST-Sec5 RBD or 

GST-Raf1-RBD immobilized on glutathione-Sepharose beads for 45-60 min at 4℃ and 

washed 3 times with lysis buffer prior to SDS-PAGE analysis.  

 



 

CHAPTER THREE 
 
 

THE RALGEFS PROFILE IN DIVERSE CELL TYPES 

 
Introduction 

The RalGEFs are specific guanine nucleotide exchange factors for Ral GTPase , 

which bind to nucleotide-free Ral and facilitate the GTP loading (Pan and Wessling-

Resnick 1998). The first identified member is RalGDS (Ral guanine dissociation 

stimulator), by yeast two hybrid screening for Ras effectors (Albright et al. 1993; 

Kikuchi et al. 1994). Shortly, others were found and designated as RGL1 (RalGDS like-

1), RGL2/RAB2L/Rlf, and RGL3 (Kikuchi et al. 1994; Peterson et al. 1996; Shao and 

Andres 2000). They all possess a RasGEF catalytic domain in the center, a RasGEF N-

terminal domain (RasGEF_N, or Ras exchanger motif, REM) at the N-terminus, and a 

Ras association domain (RAD, or Ras interacting domain, RID) at the C-terminus (Figure 

1.3). Lately, an additional family of RalGEFs was identified by sequence homology 

searching for Ras family GEFs, including RalGEF2/RalGPS1 (RalGEFs with PH domain 

and SH3 binding motif) and RalGPS2 (de Bruyn et al. 2000; Rebhun et al. 2000). The 

unique features of these RalGPS include a PXXP central motif, and a pleckstrin 

homology (PH) domain instead of a RA domain in the C-terminus, which recognizes PIP3 

and PI3,4P2 and causes translocation of RalGPS from cytoplasm to membranes. The 

contribution of RalGEFs in tumor progression attributes to the activation of its substrates-

RalA and RalB. Little is known about endogenous RalGEFs function in human cells; 

from their expression level to their specificity. Here, we employed an unbiased, 

quantitative measurement of endogenous RalGEFs mRNA expression in a wide range of 
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cancer and non-cancerous cell lines. Surprisingly, our survey showed a diverse 

expression pattern of RalGEFs in various cell lines; unlike RalA and RalB, which are 

abundantly and ubiquitously expressed. Remarkably, we found that in 14 pairs of normal 

and tumor kidney tissues from patients, RalGDS expression is significantly elevated. Our 

results suggest that there might be a variety of preferential usage of RalGEFs to activate 

Ral pathway in cell lines derived from different tissues; in addition, the elevated RalGDS 

expression in kidney tumor indicates that RalGEFs family may directly associate with 

tumor progression. 

Results 

  In order to understand the functions of endogenous RalGEFs in human 

oncogenesis, we asked whether they are expressed differently in cancer cells versus non-

cancerous cells. Since effective RalGEFs antibodies are not currently available, we 

applied quantitative real-time PCR (qPCR) to detect the mRNA expression in 20 cell 

lines derived from cervix, kidney, skin, pancreas, colon, breast, prostate, bronchia and 

lung (figure 3.1). Surprisingly, RalGEFs expression levels are very different. For 

example, RGL2 and RalGPS2 are abundantly and evenly expressed in all cell lines (cyclo 

number to threshold (CT) around 20-24), whereas RalGDS, RGL1, RGL3 and RalGPS1 

expressions are less abundant and much more diverse (CT various from 25 to less than 

34). Additionally, we found that RGL3 expression is exclusively silent in breast derived 

cell lines, regardless of their tumorigenicity; while RalGDS is profoundly expressed in 

293T and Lncap. Moreover, in an oncogenic HRas transformed HME-hTERT cell line, 

RGL1 expression level is 68.4 fold higher than the parental HME-hTERT line, whereas  
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Fig. 3.1 Ral guanidyl exchange factors (RalGEFs) mRNA expression profile in 
various cell lines. The relative mRNA levels of RalGEFs in 20 cell lines derived from 
cervix (HeLa), kidney (293T), skin (A431, SKM28, C8161, MNT-1), pancreas 
(miapaca2), colon (SW480, SW620), breast (HCC1395, MCF7, MCF10A, HME, HME-
HRas), prostate (DU145, PC3, Lncap), bronchia (HBEC) and lung  (H1975, HCC827). 
All values are expressed relative to cyclophilin, and arithmetically adjusted to the 
medium-expressing sample as a unit of 1. Values represent the means and SD of two 
independent samples for each cell line. Note that as these data are portrayed, comparisons 
can only be made between different cell lines for a single GEF, not between various 
GEFs. Setting arbitrary cut-offs at CT < 25 (abundant); 25 < CT < 30 (moderate); CT > 35 
(non detectable (ND)). 
 

expression of other RalGEFs are quite comparable. This result suggests that cells derived 

from different origin may use different RalGEFs to activate Ral pathway.  

The RalGEF-Ral pathway is known to be exploited during Ras-mediating 

tumorigenesis; however, how the RalGEF-Ral pathway contributes to oncogenesis in 

general remains unclear. Previously, we have shown that Ral activation is required for 

tumorigenic growth in a broad-spectrum of cancer cells. Here, we acquired mRNA from 

14 pairs of normal and tumorous human kidney tissue from patients through cancer 

center, which have been analyzed by microarray. Interestingly, RalA, RalB, and several 

RalGEFs members are significantly elevated in tumorous but not normal samples. We 

therefore validated the gene expression of RalA, RalB, RalGDS and RGL1 in those 

samples, as shown in figure 3.2 (according to our pre-test result from two pairs of 

samples, no obvious difference in expression of RGL2, RGL3, RalGPS1, and RalGPS2. 

So we only measure RalGDS and RGL1 here.). We find that RalGDS mRNA expression 

is significantly elevated in tumorous tissues suggesting that RalGEFs expression may 

correlate with kidney cancer.    
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Fig. 3.2 Ral A, RalB, RalGDS and RGL1 mRNA expression in 14 pairs of normal 
and tumorous kidney tissue from patients. The relative mRNA expression levels of 
RalA (blue diamond), RalB (pink square), RalGDS (orange triangle), and RGL1 (light 
blue circle) were measured by qPCR. Each pair represents normal (blue) and tumorous 
(red) tissue obtained from the same individual (numerical labeled). All values are 
expressed relative to β-actin, and arithmetically adjusted to the normal tissue of each pair 
as a unit of 1. Statistical significance was evaluated by Student’s t test (*P<0.01).  
 

Discussion 

Despite observations that the RalGEF-Ral pathway can impact human 

oncogenesis and tumor progression, little is known about how RalGEFs are regulated. 

Recent studies revealed that RalGEFs could activate the Ral pathway downstream of a 

Ras-independent mechanism. For example, RalGDS can be activated by PDK1 through 

physical interaction with its N-terminal REM domain (Tian et al. 2002; Yoshizaki et al. 

2007); furthermore, it can also response to calcium presumably through association with 

calmodulin (Rondaij et al. 2008), a major calcium response sensor (Crivici and Ikura 
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1995), and activate Ral. Importantly, the identification of another RalGEF family lacking 

of RA domain (de Bruyn et al. 2000; Rebhun et al. 2000) further indicates that the 

RalGEF-Ral pathway in human oncogenesis may not only contribute to Ras associated 

tumors but also to a broader variety of cancers. 

Here we employed a sensitive, quantitative way to detect endogenous RalGEFs 

expression in various cell lines. Our results pointed out several interesting observations: 

first, RalGEF family member expression is not ubiquitous like RalA and RalB, indicating 

the usage of any distinct RalGEF to activate Ral may vary depending on cellular origins. 

RGL3 expression is non-detectable in all breast derived cell lines tested, while RalGDS is 

significantly up-regulated in 293T and Lncap (figure 3.1). Second, in the oncogenic HRas 

transformed human mammary epithelial cells, RGL1 is selectively up-regulated 

compared to other RalGEFs, suggesting that RGL1 expression may be regulated by 

activated HRas (further examination of this hypothesis is described in next chapter). 

Third, RGL2 and RalGPS2 are abundantly and more evenly expressed in all the cell lines 

we examined, suggesting their role in regulating Ral might be more static. Since the Ral 

pathway is also involved in maintaining normal cellular function like endocytosis and 

exocytosis (Nakashima et al. 1999; Feig 2003; Camonis and White 2005; van Dam and 

Robinson 2006; Li et al. 2007), which occur constantly in cells, it is possible that RGL2 

and RalGPS2 are exploited for the maintenance of these routine events. Furthermore, our 

results showed that RalGDS but not RGL1 is significantly up-regulated in human kidney 

tumors (12 out of 14 samples).  

Together, our studies suggest that RalGEFs may be selectively utilized for 

different cellular events and for different cell types. The further investigation of 
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endogenous RalGEFs function could help in understanding the Ral pathway contribution 

in not only normal cell functions but also oncogenic transformation. 

Materials and Methods 

Cell culture  

HeLa, A431, miapaca2, MCF-7 and MNT-1 cells were maintained in Dulbecco's 

modified Eagle's medium(DMEM) supplemented with 10% fetal bovine serum (FBS) 

(Atlanta Biologicals).293T cells were grown in Dulbecco's modified Eagle's medium 

(DMEM) without sodium pyruvate supplemented with 10% fetal bovine serum. 

HCC1395, DU145, PC3, Lncap, SK-MEL-28, C8161, H1975, and HCC827 cells were 

maintained in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine 

serum. SW480 and SW620 were grown in 1x L-15 medium (Cellgro) supplemented with 

10% fetal bovine serum. MCF10A, HME, and HME-HRas cells were grown in MEGM 

mammary epithelial cell growth medium (Cambrex Bio Science Walkersville, Inc.) 

supplemented with 0.4% bovine pituitary extract, human epidermal growth factor (hEGF) 

5 ng/ml, insulin 5 μg/ml, hydrocortisone 0.5 μg/ml, gentamicin 0.5 ml/l. HBEC cells, a 

human bronchial epithelial cell line immortalized by hTERT expression (a gift from J. 

Shay, UT Southwestern Medical Center), were grown in defined Keratinocyte-SFM 

medium (GIBCO) supplemented with human epidermal growth factor (hEGF) 5 ng/ml 

and bovine pituitary extract 50 μg/ml . 

RNA measurement and real-time PCR 

RNA from cultured cells was isolated using High Pure RNA Isolation Kit (Roche 

Applied Science) following the manufacturer’s user manual. 4 μg of total RNA was 
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treated with RNase-free DNase (Roche), then reverse-transcribed with oligo-dT primer 

using SuperScript II (Invitrogen). Quantitative real-time PCR (qPCR) was performed 

using an Applied Biosystem Prism 7900HT sequence detection system and SYBR-green 

chemistry(Sood et al. 2000). Gene-specific primers were designed using using the on-line 

program D-LUX™ Designer Software from Invitrogen, and validated by analysis of 

template titration and dissociation curves. Primer sequences are provided as below: 

   Gene Name Accession 
Number 

Sequence of Primers (5’ to 3’) 

hRGL1 NM_015149.3 F: ATTGAGAAGTGGATCAACATCG 
R: AAACGATGGCCCTCAAGGAG 

hRGL2 NM_004761.2 F: AGGCTCCAAGTGTCATCAGTCG 
R: AGCAGTAGAGGACCTTCGCCG 

hRGL3 NM_001035223.1    
 

F: TGTGCTGGGTTCCGTGCT 
R: GGGTTAGATTGCAGGGCG 

hRalGDS NM_006266.2          
 

F: GTTTCCAGGGACAGTTTCCG 
R: CAGCTCCCGGCTCAATGAGTA  

hRalGPS1 NM_014636.1          
 

F: CCTGTCCTGACACATCTGTTGC 
R: GTAGGTGCCTTGCTTTCTCCG 

hRalGPS2 NM_018037.1 F: GGTTACACCAGAAGAATATGCG 
R: CCATCCACAACTTGAAAGCTCA 

hRalA 
 

NM_005402.2          
 

F: TGTACGATGAGTTTGTGGAGGA 
R: CCATCTAGCACTACCTTCTTCCG 

hRalB 
 

NM_002881.2         
 

F: AGGCCAGGAGTAAAGCCG 
R: TCAAAGAACACCTTGTCCACGTT 

hβ-Actin 
 

NM_001101             
 

F: GCACCCAGCACAATGAAGAT 
R: GCCGATCCACACGGAGTAC 

hcyclophilin B NM_000942 F: TGCCATCGCCAAGGAGTAG 
R: TGCACAGACGGTCACTCAAA 

 

10 μl qPCR reactions contained 62.5 ng of reverse-transcribed RNA, each primer (150 

nM) and 5 μl of 2X SYBR Green PCR master mix (Applied Biosystems). Multiple 

housekeeping genes were evaluated in each assay to insure that their RNA levels were 

invariant under the experimental conditions of each study. Results of qPCR were 

evaluated by the comparative Ct method (user bulletin No.2, Perkin Elmer Life Sciences) 
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using cyclophilin as the invariant control gene.  For RalA, RalB, RalGDS, RGL1 profiles 

in 14 human kidney tumor and normal tissue pairs (cDNA samples were gift from James 

Brugarolas, UT Southwestern Medical Center), 10 μl qPCR reactions contained 3.8 ng of 

cDNA, each primer (150 nM) and 5 μl of 2X SYBR Green PCR master mix (Applied 

Biosystems). Results of qPCR were evaluated by the comparative Ct method using β-

Actin as the invariant control gene. 

 



 

CHAPTER FOUR 
 
 

THE NOVEL ONCOPROTEIN RGL1 

 
Introduction 

Previous studies have shown the RalGEF-Ral pathway plays a pivotal role in 

Ras-mediated transformation (Hamad et al. 2002; Rangarajan et al. 2004; Gonzalez-

Garcia et al. 2005; Yin et al. 2007), in addition, our studies also showed that RalGEF-Ral 

pathway is also required for tumorigenic growth of cancer cells derived from oncogenic 

lesions other than Ras. However, unlike Ras, which was found mutated in around 30% of 

all human cancers, RalGEF members or Ral proteins themselves were not found mutated 

in tumors until recently (Sjoblom et al. 2006; Ding et al. 2008). Through examination of 

historical data sets, we found that mutations in RGL1 and RalGDS had been identified in 

3 out of 11 breast and 11 colon cancers respectively by sequencing human protein coding 

genes (13,023 genes) (Sjoblom et al. 2006); whereas RalA and RalB were  found mutated 

in lung carcinomas (Ding et al. 2008). Remarkably, the loci of point mutations in 

RalGEFs or Ral proteins were in those regions that potentially related to their functions. 

The mutation in RalGDS (1/11 incidence) occurred in GEF (R496L) domain, while 

mutations in RGL1 (2/11 incidence) happened in Ras exchanger motif (Y209S) and Ras 

association domain (V734M); moreover, mutations in RalA (G59W) and RalB (G23V) 

were found in the switch I, II region. The later mutation mimics the classic gain-of-

function Ras mutations found in over 30% of human tumors.  These observations 

potentially highlight a key role of RalGEF-Ral pathway in human tumorigenesis.  

39 
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Here, we examined the potential role of RGL1 as a proto-oncoprotein. We found 

that depletion of RGL1 by siRNA decreased the GTP-bound form RalA and RalB, and 

induced programmed cell death in HCC1395 (with heterozygous Y209S mutation of 

RGL1) but not in other cell lines (with wild type RGL1). Over expression of tagged 

RGL1 activated both RalA and RalB, but the mutant form of RGL1 drives more RalB 

activation compared to wild type, while RalA activation remains the same. These results 

suggest that Y209S mutation of RGL1 is a gain of function mutation, and provide 

survival signal through activation of RalB. Significantly, we found that expression of 

RGL1 alone is sufficient to transform human telomerase-immortalized mammary 

epithelial cells, indicating RGL1 may be a bona fide oncogene. Lastly, we showed that 

unlike wild type RGL1, both RGL1 mutants failed to dimerize and associate with 

oncogenic Ras, indicating the mechanism of hyper-active RGL1 mutants may result from 

relief of auto-inhibition by conformational changes. 

Results 

The identification of RalGEFs mutations in human cancers implied a direct 

association of RalGEF-Ral pathway activation and cancer. Interestingly, Ras mutations 

were not found in those cancer cell lines or xenografts in which RalGDS or RGL1 

mutations were found (Sjoblom et al. 2006). To test whether RGL1 is a potential 

oncoprotein, we first verified the genomic mutation is indeed resulting in a mutated 

mRNA product (figure 4.1A). The PCR products from genomic DNA or mRNA showed 

double peak at the depicted position (the mutation sites on RGL1 is Y209S (c.626A>C) 

in the breast cancer cell line HCC1395 and V734M (c.2200G>A) in xenografts BB12T), 

indicating a heterozygous mutation in genome and a mixture of wild type and mutant 
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mRNA product. We then examined if RGL1 is required for survival or proliferation of 

HCC1395. The RNAi-mediated RGL1 depletion in HCC1395 caused the appearance of 

condensed pyknotic nuclei and hypodiploid apoptotic bodies and correlates with the 

accumulation of cleaved PARP, indicating that the inhibition of  

 

Fig. 4.1 RGL1 is required for survival of HCC1395 but not for related cancer cells 
lacking RGL1 mutation. (A) Electropherograms of the DNA and mRNA sequences of 
HCC1395 cell line. (B) HCC1395 cells were transiently transfected with non-targeting 
control siRNA pool or RGL1 siRNA pool for 48 hours in adherent and subjected to 
suspension culture for another 24 hours. The cells were directly lysed in Laemmili 
sample buffer following by SDS-PAGE analysis. The presence of cleaved poly 
(adenosine diphosphate-ribose) polymerase (Δ-PARP) indicates of relative caspase 
activity. Total ERK is shown as loading control. An aliquot of cells was stained with 
propidium iodide and followed by microscopic examination for pyknotic nuclei and flow 
cytometry for DNA content analysis. Apoptotic cells appear as a population with sub-G1 
signal intensities as a consequence of DNA fragmentation. RGL1 knockdown efficiency 
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was validated by qPCR. (C) HCC1395 cells were transient transfected with siRNA as 
indicated. For adherent culture, 56 hours post-transfection, cells were incubated in BrdU 
(30μM) for an additional 16 hours. For suspension culture, 48 hours following 
transfection, cells were suspended for an additional 24 hours. BrdU were added 8 hours 
after suspension and incubate for an additional 16 hours. The percentage of RBD 
expressing cells that incorporated BrdU is shown. Over 100 transfected cells were 
analyzed for each experimental group. (D) MCF7, SW480 and Sw620 cells were 
transient transfected with siRNA as indicated and followed by similar procedures as (A), 
except the cells were cultured in adherent for 72 hours before subjected to suspension.   
 
RGL1 engages programmed cell death. This phenotype is even more prominent in 

suspension culture (figure 4.1B). Interestingly, we did not see any change in proliferation 

upon depletion of RGL1, whether in adherent or suspension culture (figure 4.1C). The 

inhibition of RGL1 phenotypically mimics the inhibition of RalB but not RalA (Chien 

and White 2003; Chien et al. 2006; Falsetti et al. 2007), suggesting RGL1 may 

selectively activate RalB in HCC1395. Since the RGL1 siRNA oligos knockdown both 

wild type and Y209S mutant RGL1, it is possible that either wild type or Y209S mutant 

are required for survival of HCC1395. Therefore, we picked MCF7, SW480, and SW620 

cell lines in which RGL1 expression varies from low (close to HCC1395 expression, 

figure 3.1) to high to examine whether RGL1 depletion will cause apoptosis in those cell 

lines (figure 4.1D). Equivalent efficiencies of RGL1 depletion RGL1 in these lines did 

not result in any obvious cell death. This suggests that the Y209S mutant but not wild 

type RGL1 provides the survival signal to HCC1395. As RGL1 depletion in HCC1395 

phenotypically mimics RalB depletion, we then examined the direct effect on Ral 

activation. As shown is figure 4.2A, inhibiting RGL1 expression results in reduction of 

the GTP-bound form of both RalA and RalB, indicating the endogenous RGL1 drives 

both RalA and RalB activation in HCC1395. In contrast, we only observed a decreased 

RalA activation in SW620 and no obvious changes in RalA or RalB activation in MCF7 
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Fig. 4.2 RGL1 is required for maintaining RalA and RalB activation in HCC1395, 
but only required for maintaining RalA activation in SW620. (A) HCC1395 cells 
were transiently transfected with indicated siRNA for 48 hours followed by suspension 
culture and serum starved for another 24 hours. The cells were then subjected to Ral 
activation assay as described before. The whole cell lysates and GTP-bound form Ral 
were resolved and analyzed by SDS-PAGE using isoform specific antibody, total ERK is 
shown as loading control. RGL1 knockdown efficiency was validated by qPCR.  (B) 
MCF7, SW480 and SW620 cells were transfected with indicated siRNA and followed 
similar process as (A), except the cells were cultured in adherent for 72 hours before 
subjected to suspension. 
 
and SW480. These data together suggest that the wild type RGL1 drives RalA activation 

whereas the Y209S mutant drives RalB activation, though the selective activation of Ral 

family members by RGL1 may be cell context dependent. 

We wondered if the cell death phenotype upon loss of RGL1 in HCC1395 is 

indeed RGL1 specific (i.e. the effect is caused by RGL1 but not other RalGEFs). We 

therefore examined the effect of two other RalGEF members on cell survival as well as 

Ral activation. As shown in figure 4.3, inhibiting of RalGDS expression by siRNA causes 

decrease in RalA activation but not RalB; while inhibiting RalGPS1 shows no apparent 

effect on both in HCC1395. Notably, unlike the result we found with RGL1 depletion, 
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none of them are required for survival in HCC1395 as shown by cleaved PARP. This 

result strengthens our hypothesis which Y209S mutant RGL1 activates the RalB pathway 

to support HCC1395 survival in a gain of function manner.     

 

Fig. 4.3 RalGDS is required for maintaining RalA activation in HCC1395, but only 
required for survival. (A) HCC1395 cells were transiently transfected with indicated 
siRNA for 48 hours followed by suspension culture and serum starved for another 24 
hours. The cells were then subjected to Ral activation assay as described before. The 
whole cell lysates and GTP-bound form Ral were resolved and analyzed by SDS-PAGE 
using isoform specific antibody. The presence of Δ-PARP indicates of relative caspase 
activity, total ERK is shown as loading control. RalGDS and RalGPS1 knockdown 
efficiency was validated by qPCR. 
 
By loss of function studies, we identified the Y209S mutant RGL1 as a crucial protein for 

survival by activating RalB pathway. To further characterize this mutant, we examined 

the GEF activity of wild type and Y209S mutant by overexpression in HeLa and 293T 

cells. We found that both wild type and Y209S mutant can activate RalA and RalB; 

remarkably, the Y209S mutant drives more RalB activation than wild type  
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Fig. 4.4 RGL1 mutants drive more RalB activation than wild type RGL1. (A) HeLa 
cells were transfected with indicated constructs for 48 hours following by serum 
starvation for an additional 24 hours, and subjected to Ral activation assay as described 
before. The whole cell lysates and GTP-bound form Ral were resolved and analyzed by 
SDS-PAGE for the indicated proteins. (B) 293Tcells were transfected with indicated 
constructs for 24 and subjected to Ral activation assay as described in (A). (C) 293Tcells 
transfected with indicated constructs for 48 hours following by serum starvation for an 
additional 24 hours, and subjected to Ral activation assay as described in (A). A 
quantification chart was shown, the SEM were from two independent experiments.  
  
(figure 4.4A, comparison between equal-amount of wild type and Y209S mutant 

expressions, e.g. lane 2 and 4, lane 3 and 5.), while RalA activation remains the same.   

Besides, the activation of RalB driven by Y209S mutant reached plateau earlier than 

driven by wild type RGL1 (figure 4.4A and data not shown). Interestingly, two isoform 

 



46 

of human RGL1 has been reported; one is specifically expressed in brain (full-lentgh, 

FL), whereas another is ubiquitous expressed through all tissues (Sood et al. 2000). The 

brain specific isoform has a substitution of 45 amino acids for the first 9 amino acids of 

the ubiquitous isoform, and so far, it still unclear whether this altered N-terminus of brain 

isoform alters the function of RGL1 or simply reflects usage of a brain specific promoter 

that coincidentally use a different initiation codon. In addition, there is no evidence that 

cancer cells preferentially express either isoform. To test which isoform is expressed by 

HCC1395, we designed isoform specific primer and analyzed by qPCR (data not shown). 

In HCC1395, both isoforms are expressed at relative equal levels. To examine whether 

the brain isoform also has the same specificity toward RalB, we made the full-length 

RGL1 constructs (both wild type and Y209S mutants) and tested their GEF activity as 

shown in figure 4.4B. The full-length RGL1 proteins behave similarly as the ubiquitous 

isoform, except the expression of full-length Y209S mutant is fewer in compare to 

Y209S mutant of ubiquitous isoform. Our results suggest that both RGL1 isoform 

function similarly in terms of their GEF activity and specificity.  

Another RGL1 mutant found in breast tumor tissue (BB12T) with a heterozygous 

point mutation results in amino acid change in 734 from valine to methionine (V734M). 

To test whether this mutant also has elevated activity toward RalB, we carried out the 

same experiment to examine wild type and two RGL1 mutants at the same time (figure 

4.4C). When expression levels of wild type and mutants are comparable, both mutants 

show higher activity with RalB. This result implies that both RGL1 mutants are gain of 

function mutants. However, what is the molecular mechanism of that remains unknown.   
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Fig. 4.5 RGL1 mutants have reduced homo- or hetero-dimerization, and decreased 
association with oncogenic Ras. (A) 293T cells were co-transfected with indicated 
constructs for 24 hours and subjected to immunoprecipitation (IP) with anti-myc 
antibody. The whole cell lysates and IP were resolved and analyzed by SDS-PAGE for 
the indicated proteins. (B) 293T cells were co-transfected with indicated constructs for 48 
hours and subjected to GST pulldown with glutathione sepharose. The whole cell lysates 
and pulldown were resolved and analyzed by SDS-PAGE for the indicated proteins. (C) 
A proposed model for RGL1 dimerization. (D) 293T cells were co-transfected with 
indicated constructs for 24 hours and subjected to immunoprecipitation (IP) with anti-HA 
antibody. The whole cell lysates and IP were resolved and analyzed by SDS-PAGE for 
the indicated proteins. 
 

The studies of RalGDS and a less specific RalGEF member-Rgr revealed one 

possible mechanism of RalGEF activation is through release of an auto-inhibitory 

conformation by removing the N-terminal REM domain or C-terminal RA domain 

(Leonardi et al. 2002). To test whether the RGL1 mutants may be activated through that 

mechanism, we examined the ability of RGL1 in dimerization.  As shown in figure 4.5A 

and B, wild type RGL1 dimerization is stronger with itself than either mutant, while both 

mutants have weaker dimerization with wild type and barely form homo-dimers. This 

was seen by expressing either full-length isoform (Myc-FL-RGL1) or ubiquitous isoform 

(Flag-RGL1 or GST-RGL1). A note has been taken that when we performed reciprocal 

immunoprecipitation or pulldown of wild type and mutants (figure 4.5A, lane5 and 7; 

figure 4.5B, lane5 and 7, lane 6 and 10)), the stoichiometry of the pulldown RGL1 is not 

1:1 ratio. We reason that might result from oligomerization of wild type as shown in 

figure 4.5C. Another possible mechanism for RGL1 activation is through association 

with activated Ras via its C-terminal RA domain. We therefore examined if RGL1 

mutant can interact with oncogenic Ras by co-transfection of HRasV12 construct with 

either wild type or mutants RGL1 (Figure 4.5D). We found that neither mutant has the 

same strong interaction as wild type, indicating the mutants are likely less responsive to 
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oncogenic Ras stimulation. Together, our data suggest that the molecular mechanism for 

hyperactive RGL1 mutants is through mutational inactivation of auto-inhibitory 

associations; moreover, this active conformational status of RGL1 mutants can lead to a 

Ras-independent hyper-activation of Ral pathway (figure 4.7). However, how their Ral 

family specificity is achieved remains an enigma.            

 
 

Fig. 4.6 A proposed model for molecular mechanism of RGL1 acitivation. In the cell 
lines without RGL1 mutation, the wild type RGL1 forms homo-dimer, and restricts 
downstream Ral activation. Upon receiving activated Ras signal, RGL1 switches to 
“open” conformation through interaction with Ras and further conducts the signal to 
RalA and RalB. In the case of RGL1 mutant expressing breast cancer cells (wither 
HCC1395 or BB12T), the mutants already in a less restrained status (by auto-inhibitory 
relief), which can active Ral pathway without Ras activation.   
 

Previous studies have shown that persistent RalGEF-Ral activation is sufficient 

to transform immortalized human kidney epithelial cells (by hTERT and both small and 

large T antigen) (Hamad et al. 2002). Here, we found the RGL1 mutations identified in 
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human breast cancers are gain of function mutations, which amplify RalB activation for 

supporting cancer cell survival. Furthermore, both mutations are uncoupled from Ras 

activation and found in cancer cells that have no Ras mutation. Together, these 

observations suggest that RGL1 may be a potential oncogene. To examine that, we 

performed transformation assay by introducing tagged RGL1 wild type or mutant 

proteins into HME-hTERT cells mediated via retroviruses infection, and subsequently 

seeded them in semisolid agar to measure anchorage-independent growth. The infection 

efficacy were above 90%, as visualized by mRFP control (figure 4.7), and the RGL1 

expression were lower but more even distributed than liposome based transfection (figure 

4.7, lower panel and data not shown). Remarkably, expression of either wild type or 

mutant RGL1 is sufficient to transform HME-hTERT cells, as well as to deflect anoikis  

 
 
Fig. 4.7 The infection efficacy of HME-hTERT cells by RGL1 expressing 
retroviruses. The HME-hTERT cells were infected with replication-defective 
retroviruses expressing indicated constructs for 4 days, and fixed for immuno-
fluorescence (no staining for pBabe-mRFP). pBabe-mRFP was used as a quality control 
of infection. The corresponding protein expressions were shown by western blot, using α-
tubulin as loading control.    
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Fig. 4.8 RGL1 expression is sufficient to transform HME-hTERT cells. HEM-hTERT 
cells expressing indicated constructs for 3 days were seeded (2×104) in quadruplicates in 
semisolid agar. Representative photographs of anchorage-independent growth were taken 
3 weeks later. Bars represent the means and SD of quadruplicates; the corresponding 
expression of RGL1 wild-type and mutants when seeded in soft agar were analysis by 
western blot using β-actin as loading control.   
 
(figure 4.8 and data not shown).These data together suggest RGL1 may be a bona fide 

oncogene. Additionally, we noticed that in an oncogenic HRas transformed human 

immortalized mammary cells (HME-HRas), RGL1 mRNA expression level is 68.4 fold 

increased in comparison to the parental cells (HME). This correlates with our hypothesis 

that RGL1 may be an oncogene and support tumorigenesis. To test that, we examined 

whether RGL1 is required for HME-HRas survival, as shown in figure 4.9. The inhibition 

of RGL1 expression phenotypically mimics HRas and RalB depletion but not RalA, 

resulting in apoptosis of HME-HRas cells. Furthermore, inhibition of Sec5, a know RalB 

effector that mediated survival of cancer cells (Chien et al. 2006), also led to apoptosis of 

HME-HRas. This result suggests that the survival signal in HME-HRas is supported by 

HRas-RGL1-RalB-Sec5 signaling cascade.  
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Fig. 4.9 HRas, RGL1 and RalB pathway are both required for survival of HME-
HRas. (A) HME-HRas cells were transiently transfected with indicated siRNA. 72 hours 
post-tranfection, whole cell lysates were analyzed by SDS-PAGE for the indicated 
proteins. RNAi efficacy was validated by western blot or qPCR. (B) HME-HRas cells 
were transiently transfected with indicated siRNA. 72 hours later, cells were fixed and 
stained with DAPI to visualize chromatin structure.  
 

It is known that Ral activation is relatively elevated in tumorigenic cells than 

related non-tumorigenic cells (Chien et al. 2006; Lim et al. 2006), however, how Ral is 

activated remains unclear. Here, our results suggest one possible mechanism is through 

up-regulating RalGEFs, which in this case is RGL1. We further examine if the elevated 

RGL1 expression results from oncogenic HRas expression. We did not observe any 

significant changes in RGL1 expression either by depleting HRas in HME-HRas cells or 
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by overexpression of HRasV12 in HME or HeLa cells (data not shown); indicating 

oncogenic HRas does not regulate RGL1 mRNA expression directly, or at least, it is not 

an acute response. We then speculate that chronic activation of oncogenic Ras may lead 

to or select for up-regulation of RalGEFs. By comparison between two sets of 

immortalized human bronchial epithelial cells with its corresponding tumorigenic lines 

(HBEC3KT vs. HBEC3KT-KRas; HBEC15KT53 vs. HBEC15KT53-KRas), we did not 

see any apparent alteration in RalGEFs expression upon KRas expression (figure 4.10).  

 
Fig. 4.10 None of RalGEFs mRNA expression is elevating in KRas transformed 
HBECs. The relative mRNA levels of RalGEFs in HBEC3KTs and HBEC15KT53s. RL: 
retrovirus transduced low KRas expression, LacZ: lentivirus transduced lacZ expression, 
KRas: lentivirus transduced KRas expression. All values are expressed relative to 
cyclophilin, and arithmetically adjusted to the medium-expressing sample as a unit of 1. 
Values represent the means and SD of three independent samples for each cell line. Note 
that as these data are portrayed, comparisons can only be made between different cell 
lines for a single GEF, not between various GEFs. Setting arbitrary cut-offs at CT < 25 
(abundant); 25 < CT < 30 (moderate); CT > 35 (non detectable (ND)). 
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This finding disagrees with our previous observation in HME and HME-HRas pair, 

suggesting the elevated RGL1 expression may result from clonal selection. Perhaps 

mammary epithelial cells require up-regulation of RGL1-RalB survival signaling to 

tolerate oncogenic HRas; while bronchial epithelial cells it may employ other pathways 

to support tumorigenic growth.  

In order to further understand the RGL1 function in complex regulatory networks, we 

generated RGL1 antibody and tested the specificity by depletion of endogenous RGL1 in 

HME-HRas cells (figure 4.11). The antibody recognizes a specific band around 90 KDa, 

which disappears in RGL1 siRNA sample, indicating this antibody can recognize 

endogenous RGL1. In addition, the efficacy of RGL1 siRNA validated by mRNA level 

correlates with the protein level at 72 or 96 hours post-transfection, indicating the protein 

expression level can be reflected by the mRNA level. The antibody could serve as a 

useful tool for future studies.     

 
 

                     
Fig. 4.11 The purified RGL1 rabbit polyclonal antibody can recognize endogenous 
RGL1 in HME-HRas cell line. HME-HRas cells were transiently transfected with 
indicated siRNA. 72 or 96 hours post-transfection, whole cell lysates were analyzed by 
SDS-PAGE with purified rabbit polyclonal anti-RGL1 antibody. Arrow head indicates 
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the endogenous RGL1 band, knockdown efficiency were also validated by qPCR (79% 
and 84% of knockdown, respectively).  
 
Discussion 

The necessity and sufficiency of RalGEF-Ral pathway in Ras-dependent 

transformation has been recognized and well accepted (Hamad et al. 2002; Rangarajan et 

al. 2004; Bodemann and White 2008); however, unlike Ras or other Ras effector 

pathways, the mutations of RalGEFs or Ral are rarely characterized until recently 

(Sjoblom et al. 2006; Ding et al. 2008). Here, we have validated the RGL1 mutation in 

breast cancel cell line HCC1395 is a gain of function mutation which provides survival 

signal through RalB activation. We examined another mutation identified in breast tumor 

tissue under culture conditions and found it to activate RalB as well. Notably, in an 

oncogenic HRas transformed mammary cell line (HME-HRas), RGL1 mRNA expression 

is specifically elevated. By loss of function studies we showed that HRas-RGL1-RalB 

pathway is required for survival of HME-HRas. Remarkably, chronic activation of RGL1 

alone is sufficient to transform immortalized human mammary cells. Together, our 

results suggest that RGL1 is a bona fide oncogene and may contribute to tumorigenesis in 

breast cancer. 

Despite RalGEFs contribution to diverse cellular functions through Ral 

activation, little is known about how their specificity toward Ral family members is 

achieved. A recent study showed that different RalGEFs may have distinct specificity 

toward RalA or RalB. During cytokinesis process in HeLa cells, depletion of RalGDS or 

RalGPS2 phenocopied depletion of RalA, while depletion of RGL1 or RalGPS1 

phenocopied depletion of RalB (Cascone et al. 2008). Our results are consistent with 
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their finding, in which depletion of RalGDS phenotypically mimics depletion of RalA, 

whereas RGL1 phenotypically mimics depletion of RalB in HCC1395; moreover, we saw 

that the increase in GTP-bound RalB is more prominent than GTP-bound RalA under low 

RGL1 expression level in HeLa and 293T (data not shown), indicating RGL1 has some 

specificity toward RalB. However, the specificity may be cell context dependent since we 

observed decreased RalA activity in SW620 and no changes in RalA or RalB activity in 

MCF7 and SW480 upon depletion of RGL1 (figure4.2). It is also possible that we did not 

deplete RGL1 enough to see that phenotype since we used siRNA to transiently 

knockdown RGL1 but not a knockout.       

Here, we showed that both RGL1 mutants are hyper-active in activating RalB 

which results in amplification of survival signaling and leads to oncogene-driven 

addiction to the RGL1-RalB pathway. Although we can not test that hypothesis in breast 

tumor tissue (because of accessibility), our observations in HCC1395 and an 

epigenetically transformed human mammary cell line (HME-HRas) support our model. 

Furthermore, we found that both RGL1 mutants reduce association with oncogenic HRas, 

indicating their hyper-active status is Ras independent; additionally, the mutants fail to 

dimerize suggesting the less restrained conformation. These data are not only consistent 

with previous findings in SOS1 (RasGEF) and Rgr (Leonardi et al. 2002; Martello and 

Pellicer 2006; Tartaglia et al. 2007), but also strengthen our proposed model which 

RGL1 mutations are gain of functions.  

The most important evaluation of candidate oncogene is to test their capacity in 

driving tumorigenic growth. RalGEF-Ral pathway has been showed to be either 

necessary or sufficient to transform normal cells in conjunction with various genetic 
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elements (Hamad et al. 2002; Lim et al. 2005; Sablina et al. 2007). Most of the time, it 

was under the condition together with Ras, small and large T antigen in immortalized 

human kidney embryonic epithelial cells.  Here, we showed that chronic activation of 

RGL1 (either wild type or mutants) is sufficient to transform immortalized human 

mammary cells (HME-hTERT), indicating RGL1 may be a bona fide oncogene. Though 

it might be only oncogenic in mammary cells, since the specified requirements for 

transformation of cells derived from different tissue origin may apply (Rangarajan et al. 

2004). This remains to be tested. Our studies reveal the crucial role of the RalGEF-Ral 

pathway in human breast cancers and provide an example for oncogenic transformation 

mediated by Ras-independent Ral pathway activation. 

Materials and Methods 

Cell culture  

HeLa and MCF-7 cells were maintained in Dulbecco's modified Eagle's medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals).293T 

cells were grown in Dulbecco's modified Eagle's medium (DMEM) without sodium 

pyruvate supplemented with 10% fetal bovine serum. HCC1395 cells were maintained in 

RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum. SW480 

and SW620 were grown in 1x L-15 medium (Cellgro) supplemented with 10% fetal 

bovine serum. HME and HME-HRas cells were grown in MEGM mammary epithelial 

cell growth medium (Cambrex Bio Science Walkersville, Inc.) supplemented with 0.4% 

bovine pituitary extract, human epidermal growth factor (hEGF) 5 ng/ml, insulin 5 μg/ml, 

hydrocortisone 0.5 μg/ml, gentamicin 0.5 ml/l. HBEC3KT and HBEC15KT53 cells are 

human bronchial epithelial cell line immortalized by hTERT and CDK4 expression 
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(HBEC15KT53: with p53 knockdown. A gift from John Minna, UT Southwestern 

Medical Center), were grown in defined Keratinocyte-SFM medium (GIBCO) 

supplemented with human epidermal growth factor (hEGF) 5 ng/ml and bovine pituitary 

extract 50 μg/ml . 

Reagents and antibodies 

The following primary antibodies were used: mouse monoclonal anti-RalA, mouse 

monoclonal anti-cleaved PARP (Asp214), and mouse monoclonal anti-BrdU (BD 

Biosciences); mouse monoclonal anti-RalB (a gift from Larry Feig, Tufts University 

School of Medicine, Boston, MA); rabbit polyclonal anti-ERK1/2, mouse monoclonal 

anti-GST (26H1), and rabbit monoclonal anti-Myc (71D10) (Cell Signaling); rabbit 

polyclonal anti-Flag (Sigma-Aldrich); rabbit polyclonal anti-HA (Y11), mouse 

monoclonal anti-Myc (9E10), mouse monoclonal anti-Myc (9E10) agarose, and mouse 

monoclonal anti-HA (F7) agarose (Santa Cruz Biotechnology). The following secondary 

antibodies were used for either immunofluorescence or immunoblotting: Alexa fluor 594 

goat anti-mouse IgG (H+L), Alexa fluor 594 goat anti-rabbit IgG (H+L), and Alexa fluor 

488 goat anti-rabbit IgG (H+L) (Molecular probe, Eugene, OR); peroxidase-conjugated 

goat anti-mouse IgG (H+L) and peroxidase-conjugated goat anti-rabbit IgG (H+L) 

(Jackson Immunoresearch, West Groves, PA). 

Plasmids construction 

The coding region of full-length human RGL1 transcripts (NM_015149.3) (Sood et 

al. 2000) were PCR amplified from HME-HRas cDNA together with pV3-Flag-

RGL1 ,a shorter form of RGL1 transcripts (AF186779.1, constructs were made with 
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sequence of  identical region of both isoform, a gift from Jacques Camonis, Institute 

Curie, Paris, France) using the following primers, which were designed to incorporate 

BamHI  and XbaI site and cloned into pRK5-myc vector: 

Forward (BamHI site): 5’- CGCGGATCCATGGAGGTGA AACCTGTGGG-3’, 

Reverse (XbaI site): 5’- TGCTCTAGATCAGAGGGTGATTTTGC-3’. 

The full-length pRK5-myc-RGL1-Y209S mutant was made by using primer-specific 

mutagenesis with following primers: Forward: 5’- CTGCTGGATTCTCTCACACGGA-

3’, Reverse: 5’- TCCGTGTGAGAGAATCCAGCAG-3’. Retroviral plasmid pBabe-

puro-mRFP was made by PCR amplification monomeric red fluorescence protein from 

pCMV-mRFP-LC3 (a gift from Tamotsu Yoshimori, Osaka University, Japan) with 

following primers: Forward (BamHI site): 5’- CGCGGATCCATGGCCTCCTCCG-3’, 

Reverse (EcoRI site): 5’-CCCGAATTCTTAGGCGCCGGTGG-3’, and cloned into 

BamHI-EcoRI site. pBabe-puro-Flag-RGL1-WT and mutants were made (thanks Yi-

Hung Ou, a great graduate student in White lab) by PCR amplification from pV3-Flag-

RGL1 constructs using following primers: Forward (BamHI site): 5’- CGCGGATCC 

GCCACCATGGATTAC-3’, Reverse (SalI-XhoI site): 5’- TTTGTCGACCTCGAGT 

CAGAGGGTGATTTTGCTGTGT-3’, and cloned into BamHI-SalI site (SalI site is 

abolished after ligation). The fidelity of all PCR-generated constructs was confirmed by 

DNA sequencing.  

DNA and siRNA Transfection  

For DNA transfection, cells were seeded into 6 well cluster plates or 60 mm dishes to 

~50% confluence on next day. Plasmids were transfected using Fugene HD transfection 

reagent (Roche Applied Science) according to the manufacturer's instructions. For siRNA 

 



60 

transfection, HCC1395 were reverse transfected (Whitehurst and White 2006) with 

100nM siRNA by using oligofectamine (Invitrogen); MCF-7, SW620, SW480 were 

reverse transfected with 100nM siRNA by using DharmaFECT1 (Thermo Fisher 

Scientific Inc.); HME-HRas were transfected with 100nM siRNA by using 

DharmaFECT1. siRNA were designed by standard methods and use the following sense 

sequences to target genes of interests: Non-targeting control I, 5’-AUGAACGUG 

AAUUGCUCAAUU-3’, Non-targeting control II, 5’- ACUCUAUCGCCAGCGUGA 

CUU-3’, luciferase (as control), 5’- CUUACGCUGAGUACUUCGAdTdT-3’, hRalA 5’- 

AGCUAAUGUUGACAAGGUAdTdT-3’, hRalB 5’- GAAGAAGUUCAGAUAGA 

UAdTdT-3’. For RalGDS, RGL1, and RalGPS1 silencing, the SMARTpool 

(siGENOME) were obtained from Dharmacon (Thermo Fisher Scientific Inc.). 

Virus production and Infection 

Amphotropic retroviruses were produced by transfection of the 293FT cells (a gift from 

William Hahn, Dana-Farber Cancer Institute, Boston, Massachusetts) with pBabe-puro 

constructs as described above and pCL-Ampho (Imgenex, San Diego, Calif.), a vector 

encoding a replication-defective helper virus, by Fegene HD (Roche Applied Science). 

The virus supernatant was collected at 24-48 hr post-transfection, and used to infect HME  

cells with 8μg/ml polybrene. Lentivirus were produced by transfection of 293FT cells 

with pLKO.1 lentiviral shRNA constructs generated by TRC (Root et al. 2006), 

pCMVΔR8.91 (a packaging plasmid containing gag, pol and rev genes), and pMD2.G 

(VSV-G expressing plasmid) by Fugene HD. The virus supernatant was collected at 24-

48 hr post-transfection, and used to infect HCC1395 and HME-HRas cells with 8μg/ml 

polybrene.   

 

http://www.thermofisher.com/
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RGL1 Antibody production and purification 

The recombinant antigens: GST-RGL1-full-lehgth and GST-RGL1-88-505 recombinant 

proteins (pGEX-2T-RGL1 constructs were gift from Akira Kikuchi, Hiroshima 

University School of Medicine, Tokyo, Japan) were expressed in E. coli. Briefly, the 

transformed E. coli were initially grown at 37 °C to an absorbance of 0.5~0.6 (optical 

density at 600 nm) and subsequently transferred to 20 °C for induction with isopropyl-β-

D-thioglactopyranoside (IPTG) 0.2mM for 20 hr. The bacteria pellet was then 

resuspended in lysis buffer (20 mM Tris, pH 8.0, 1% Triton X-100, 500 mM NaCl, 1mM 

EDTA with Complete proteinase inhibitor tablet (Roche)) and passed through 

EmulsiFlex-05 high pressure cell homogenizer (Avestin) 5-6 times to crack the cells. The 

supernatant were clarified by centrifugation at 10K g for 30 min at 4 °C and subjected to 

incubate with glutathione-Sepharose beads (GE Healthcare Life Sciences) at 4℃ for 

overnight. The purified GST-RGL1 proteins were then eluted by adding 50mM 

glutathion (in 50mM Tris-HCl, pH 8.0). Two rabbit polyclonal antibody were generated 

(Invitrogen) according to manufactory premium protocol. The crude sera were affinity 

purified by western strip technique, and tested by RGL1 knockdown cell lysates. 

RNA measurement and real-time PCR 

RNA from cultured cells was isolated using High Pure RNA Isolation Kit (Roche 

Applied Science) following the manufacturer’s user manual. 1-2 μg of total RNA was 

reverse-transcribed with oligo-dT primer or random hexamers using SuperScript II 

(Invitrogen). Quantitative real-time PCR (qPCR) was performed using an Applied 

Biosystem Prism 7900HT sequence detection system and SYBR-green chemistry. Gene-
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specific primers were designed using using the on-line program D-LUX™ Designer 

Software from Invitrogen, and validated by analysis of template titration and dissociation 

curves. Primer sequences are provided as below: 

   Gene Name Accession 
Number 

Sequence of Primers (5’ to 3’) 

hRGL1 NM_015149.3 F: ATTGAGAAGTGGATCAACATCG 
R: AAACGATGGCCCTCAAGGAG 

hRGL1 short 
form 

AF186779 F: ACATTGCGTTGGCCTCCG 
R: GGTGACATGGTAAACAGCTCCTTC 

hRGL1 full-
length 

AF186780 F: GCATCGTTCTAATTGCCG 
R: CTCAGGAACGCAGCCTCTAGC 

hRalGDS NM_006266.2          
 

F: GTTTCCAGGGACAGTTTCCG 
R: CAGCTCCCGGCTCAATGAGTA  

hRalGPS1 NM_014636.1          
 

F: CCTGTCCTGACACATCTGTTGC 
R: GTAGGTGCCTTGCTTTCTCCG 

hβ-Actin 
 

NM_001101             
 

F: GCACCCAGCACAATGAAGAT 
R: GCCGATCCACACGGAGTAC 

hcyclophilin B NM_000942 F: TGCCATCGCCAAGGAGTAG 
R: TGCACAGACGGTCACTCAAA 

 

Results of qPCR were evaluated by the comparative Ct method (user bulletin No.2, 

Perkin Elmer Life Sciences) using cyclophilin or β-Actin as the invariant control gene.

Apoptosis assays  

Apoptosis was quantitatively evaluated by flow cytometry or counting pyknotic nuclei 

under microscopy. Cells were collected, fixed with 70% ethanol at 4°C for 30 min, and 

stained with propidium iodide at 37°C for 30 minutes. Approximately 10,000 events were 

collected for each assay, and analyzed using Cell Quest software (Becton Dickinson). 

Immunofluorescence  

Cells were rinse with PBS and fixed in 3.7% formaldehyde at room temperature for 30 

minutes. After fixation, cells were permeabilized for 5 min in CSK extraction buffer (50 

mM NaCl, 300 mM Sucrose, 10 mM Pipes, pH6.8, 3 mM MgCl2, 0.5% (v/v) Triton X-
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100) and blocked in blocking solution (10% goat serum, 1% BSA, 50mM NH4Cl in PBS) 

for 1 hr. Cells were then stained with primary and secondary antibodies for 1 hr at room 

temperature for each procedure and mounted on VECTASHIELD mounting medium 

(Vector Laboratories, Inc.).   

Immunoprecipitation 

293T cells were lysed with lysis buffer (1% NP-40, 20mM Tris-HCl, pH7.5, 0.5% 

sodium deoxycholate, 10mM MgCl2, 2mM EGTA, 10% Glycerol, 137mM NaCl, 1mM 

DTT with Complete proteinase inhibitor and PhosSTOP Phosphatase inhibitor cocktail 

tablet (Roche)) for 20min and clarified by centrifugation at 13K rpm for 5 min at 4˚C.The 

supernatant was collected and incubated with antibody-conjugated agarose or 

glutathione-Sepharose beads (GE Healthcare Life Sciences)  for 3 hr then washed 

before subjected to SDS-PAGE analysis. Monoclonal anti-HA (F7) antibody-conjugated 

agarose (Sigma) and monoclonal anti-Myc (9E10) antibody-conjugated agarose (Santa 

Cruz Biotechnology) were used for immunoprecipitation.   

Proliferation assay 

48 hours post-transfection, the cells for suspension condition were replated onto 1% 

agarose-coated plates while the cells for attachment condition were also fed with fresh 

medium. Bromodeoxyuridine (BrdU) was then added 8hr later to a final concentration of 

30µM. Following additional 14-16 hour incubation, cells were fixed with 3.7% 

formaldehyde, permeabilized with CSK extraction buffer (50 mM NaCl, 300 mM 

Sucrose, 10 mM Pipes, pH6.8, 3 mM MgCl2, 0.5% (v/v) Triton X-100) for 5 min, and 

then treated with 2 M HCl for 10 min. Cells were then blocked with blocking solution 

(10% goat serum, 1% BSA, 50mM NH4Cl in PBS) for 1 hr. BrdU incorporation was 
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visualized with mouse monoclonal anti-BrdU and Alexa fluor 594-conjugated anti-mouse 

IgG.  

Ral activation assay 

48 hr or 72hr post transfection, cells were serum starved for 24hr prior assay. Cells were 

lysed with lysis buffer (50 mM Tris, pH 7.5, 1% Triton X-100, 200 mM NaCl, 10 mM 

MgCl2, 0.5mM DTT, 10% glycerol with Complete proteinase inhibitor and PhosSTOP 

Phosphatase inhibitor cocktail tablet (Roche)) for 5 min at 4℃ with rocking. The lysates 

were then clarified by centrifugation at 13K rpm, 5 min at 4℃ and measured protein 

concentration by Precision Red Advanced Protein Assay Reagent (Cytoskeleton, Inc.). 

The lysates were incubated with GST-Sec5 RBD immobilized on glutathione-Sepharose 

beads for 45-60 min at 4℃ and washed 3 times with lysis buffer prior to SDS-PAGE 

analysis. 

Soft agar assay 

Growth of cells in soft agar was determined by plating 2 x 104 cells in 12 well cluster 

plate in quadruplicates in 0.33% SeaKem GTG agar (Cambrex Bio Science Rockland, 

Inc., Rockland, ME). Colonies were took picture 3 weeks later, and stained with 0.05% 

crystal violet (in 20% Methanol) for 30 minutes and counted under dissecting 

microscopy. 

 

 



 

CHAPTER FIVE 
 
 

CONCLUSIONS AND DISCUSSION  

Conclusions 

Our initial study revealed the crucial role of Ral activation in supporting 

tumorigenic growth of Ras-dependent and –independent cancer cells. We showed that 

inhibition of Ral activation impairs anchorage-independent proliferation of cancer cells 

with diverse genetic backgrounds. Meanwhile, Ral activation is elevated or maintained in 

cancer cells but not normal cells in the absence of matrix association, which correlates 

with their ability to proliferate in matrix-independent manner. In addition, only Ral 

activation is concordant with the proliferation status of cancer cells and normal cells upon 

suspension, whereas ERK and AKT signals were both reduced. These data suggest that 

the aberrant proliferation of cancer cells under matrix disassociation is supported by 

RalGEF-Ral pathway regardless of oncogenic Ras activation.   

In the second part of our studies, we questioned how RalGEFs distribute in a 

wide range of cancerous and non-cancerous cells in order to better understand how Ral is 

regulated better. We applied quantitative real-time PCR to acquire RalGEFs expression 

profiles. Surprisingly, the RalGEFs distribution is much more complex than we expected. 

RGL2 and RalGPS2 are abundantly and ubiquitously expressed in every cell line we 

examined, while RalGDS, RGL1, RGL3 and RalGPS2 display more distinct distribution. 

This study implied that cells derived from different origin may engage different RalGEFs 

(or combination) to activate Ral and execute various functions. Additionally, we found 

that RalGDS mRNA expression is significantly elevated in tumorous tissue by analysis of 
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Ral and RalGEFs in 14 pairs of normal versus tumor kidney tissues, suggesting the 

existence of direct correlation between RalGEFs expression and cancers. 

Lastly, we validated mutations found in one of the RalGEFs⎯RGL1, in human 

tumors, as gain of function mutations, and our results suggest RGL1 as a novel oncogene 

that can transform an immortalized human mammary cell line. Two mutations were 

found in RGL1 from sequencing human protein coding genes of 11 breast cancers; one 

was found in the N-terminal Ras exchange motif (Y209S) from HCC1395 breast cancer 

cell line, another was found in C-terminal Ras association domain (V734M) from BB12T 

breast tumor tissue. We showed that RGL1 is required for survival of HCC1395 but not 

other related cancer cell lines which do not harbor RGL1 mutation. RGL1 depletion in 

HCC1395 results in reduced RalA and RalB activation, while RGL1 depletion only 

decreases RalA activation in SW620 and has no effect in SW480 and MCF7. Epigenetic 

overexpression of RGL1 wild type or mutants activate both RalA and RalB, surprisingly, 

RGL1 mutants drive more RalB activation compare to wild type, while RalA activation 

remains equivalent to wild-type. Together, these data suggest that RGL1 mutations are 

gain of function mutations and provide survival signal through RalB activation in 

HCC1395. The molecular mechanism of the hyper-active RGL1 mutants may result from 

relief of auto-inhibition, since we observed that RGL1 mutants were impaired in 

dimerization as well as association with activated Ras. The discordant observations in Ral 

activation between different cell lines upon RGL1 depletion implies that the usage and 

specificity of RalGEFs in Ral activation may differ from cell line to cell line.  

Additionally, we found that oncogenic HRas transformed human mammary 

epithelial cell line (HME-HRas) has an elevated RGL1 expression status compare to its 
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parental line (HME); depletion of RGL1 leads to apoptosis of HME-HRas, which 

phenotypically mimics depletion of HRas and RalB. This result suggests an oncogenic 

addiction of HRas-RGL1-RalB pathway in HME-HRas. Furthermore, we showed that 

chronic activation of RGL1 is sufficient to transform immortalized human mammary 

epithelial cells. Together, our studies identified RGL1 as the first bona fide oncogene 

found in RalGEFs family which may relate to breast cancer.    

Discussion    

The RalGEF-Ral pathway has been shown to make enormous contributions to 

tumorigenesis and metastasis (Joffe and Adam 2001; Gonzalez-Garcia et al. 2005; Lim et 

al. 2005; Chien et al. 2006; Lim et al. 2006; Smith et al. 2006; Sablina et al. 2007; Yin et 

al. 2007); however, most efforts were done from the viewpoint of Ras-mediated 

oncogenesis. Our previous observations and recent studies reveal the possibility that 

RalGEF-Ral pathway activation may also contribute to Ras-independent transformation. 

It was known that PDK1 physically interacts with N-terminus of RalGDS and enhances 

its activity upon EGF stimulation (Tian et al. 2002); moreover, a PDK1-AKT complex 

mediates EGF-induced membrane protrusion through activating Ral (Yoshizaki et al. 

2007). These findings suggest that the PI3K effector pathway can facilitate RalGEF-Ral 

pathway activation. Additionally, the finding of another RalGEF family with PXXP motif 

and PH domain instead of RA domain (de Bruyn et al. 2000; Rebhun et al. 2000), 

provide direct evidence that Ras is not the only activator for RalGEF-Ral activation. As 

shown by our results, we found that Ral activation is required for tumorigenic growth in 

suspension culture of a variety of cancer cells with diverse genetic backgrounds, 

including oncogenic KRas, HRas, BRaf and chronic PI3K expression. Importantly, we 

 



68 

found that among the three well-known effector pathways mediating transformation, only 

Ral activation is consistent with the tumorigenic growth, indicating upon suspension, the 

Raf-MEK-ERK or PI3K pathway is uncoupled from proliferation signals. This is 

consistent with previous studies (Lim et al. 2005; Lim et al. 2006), and suggests 

approaches targeting RalGEF-Ral pathway in cancer therapy may be more effective.           

The mechanisms of how RalGEFs get activated remain poorly understood. Most 

research has used overexpression, which sometimes overwhelms biological systems and 

obscures the nature of RalGEF functions. Owing to poor antibody availability, we 

examined the RalGEFs mRNA expression in a wide panel of cell lines. Surprisingly, the 

RalGEFs expression is divergent and complicated, unlike RalGTPase which are 

ubiquitously expressed. This implies that the RalGEF crew may be selectively engaged in 

cells derived from different tissue origin. The redundancy and specificity of RalGEFs are 

other issues waiting to be answered; however, that may also be cell type dependent. A 

recent study in collaboration with our group, using loss of function methods revealed the 

specificity of RalGEFs during cytokinesis. Their data suggested that RalGDS and 

RalGPS2 specifically activate RalA while RGL1 and RalGPS1 activate RalB during 

cytokinesis (Cascone et al. 2008),and it was the first time that RalGEFs distinct 

specificity was shown. It still requires antibody development and further studies to get a 

better understanding in RalGEFs diversity and specificity. 

In the last part of our study, we validated gain of function mutations of RGL1 

which amplify survival signaling through RalB activation to support tumor cell survival. 

A possible mechanism of the hyper-active RGL1 mutations is through relief of auto-

inhibitory interactions by reducing the N-terminus or C-terminus constraints. Similar 
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observations were also reported in Rgr and SOS1, which are another RalGDS related 

GEF and RasGEF respectively. Though Rgr also activates Ral, because the specificity of 

Rgr is not restricted to Ral (Rgr also activates Ras), we did not include it as a RalGEF in 

our study. The Rgr was originally identified as an oncogene in rabbit squamous cell 

carcinoma (D'Adamo et al. 1997), lately, a human orthologue was also found (Leonardi 

et al. 2002). Interestingly, this group found mutant Rgr transcripts from lymphoid 

malignant cell lines and tissues were truncated and oncogenic. The truncated transcripts 

only contain the C-terminal GEF domain indicating the N-terminus may serve as a self-

inhibitory domain. Meanwhile, SOS1, a RasGEF was also found mutated in patients with 

Noonan syndrome (a developmental disorder characterized by short stature, facial 

dysmorphia, congenital heart defects and skeletal anomalies). The mutation clusters were 

scattering mostly on the N-terminus PH and REM domain, resulting in hyper-active Ras 

(Tartaglia et al. 2007). Together with our studies, this highlights aberrant guanine 

nucleotide exchange factors as another pathological cause of human disease.      

Our study broadens knowledge of the participation of the RalGEF-Ral pathway 

in tumorigenicity. Further investigation will focus on finding the specificity of individual 

RalGEFs and the related cellular functions and will hopefully help us understand the 

whole picture of the RalGTPase contributions in tumorigenesis.      
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