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Abstract

Oncogenic Ras proteins rely on a series of key effector pathways to drive the physiological
changes that lead to tumorigenic growth. Of these effector pathways, the RalGEF pathway, which
activates the two Ras-related GTPases RalA and RalB, remains the most poorly understood. This
review will focus on key developments in our understanding of Ral biology, and will speculate on
how aberrant activation of the multiple diverse Ral effector proteins might collectively contribute
to oncogenic transformation and other aspects of tumor progression.
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Introduction

The discovery, in the mid 1980s, that tumors often contained transforming alleles of one of
the three Ras genes (HRAS KRAS, NRAS) led a number of groups to seek to identify novel
small GTPases related to Ras. Using an oligonucleotide probe corresponding to a highly
conserved region of the Ras proteins to screen a simian cDNA library, Pierre Chardin and
Armand Tavitian discovered an open reading frame that shared a high degree of homology
with the three Ras genes and named it Ral (Ras-like) [1]. Using the simian cDNA sequence
to probe a human pheochromocytoma cDNA library, they then isolated the human Ral
cDNA and an additional cDNA with which it shared a high degree of homology
(approximately 85% identity at the amino acid level) [2]. These two human Ral proteins
were named RalA and RalB. Rals are activated by a family of at least six guanine nucleotide
exchange factors (RalGEFs) that include RalGDS, RGL, RGL2/RIf, RGL3, RalGPS1 and
RalGPS2 and inactivated by two GTPase activating proteins, RalIGAP1 and RalGAP2 [3,4].
Interest in Ral signaling spiked in the mid 1990s when several groups discovered through
yeast 2-hybrid screens that four of the RalGEFs (RalGDS, RGL, RGL2 and RGL3) interact
directly with the effector binding region of GTP-bound Ras, and thus potentially mediate
some of the pro-tumorigenic signaling in cancers harboring mutations in one of the three
Ras genes [5-9]. This interest was tempered in subsequent years however as experiments,
performed mostly in murine fibroblasts, showed that Ral played a distinct, but mostly
complementary, role in oncogenic Ras-driven cellular transformation, and that most of the
heavy lifting was done by the Raf-driven MAP kinase pathway [10,11]. The discovery of
tumor-associated mutations in the MAP kinase pathway itself, notably of BRaf, as well as
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mutations affecting the phosphatidylinositol 3-kinase (PI3K) pathway, another identified
Ras effector pathway, lent further support for the primacy of the MAP kinase and PI3K
pathways in mediating the oncogenic effects of mutant Ras [12,13].

The attitude towards Ral started to change with a series of studies showing that unlike rodent
cells, RalGEFs and Ral play a dominant role in Ras-mediated transformation of several
different immortalized human cell lines [14-16]. Using effector domain mutants of Ras that
differentially engage downstream effector pathways, it was shown that expression of the
E37G mutant of activated Ras®12Y, which binds to RalGEFs, but not Raf or PI3K, was able
to promote the anchorage-independent growth of immortalized human fibroblasts, epithelial
cells and astrocytes. The T35S and Y40C mutants, on the other hand, which exclusively
engage the MAP Kinase and PI3K pathways, respectively, were unable to promote
anchorage-independent growth [14]. These data were in contrast to similar experiments
performed in immortalized murine cells, in which the RasG12V. T35S mutant was consistently
able to induce more colonies than either of the other two effector domain mutants.
Additionally, a membrane targeted RalGEF (RIf fused to the C-terminal CAAX region of
Ras) was able to transform human cells, and inhibition of Ral, using a dominant negative
RalAS28N mutant, blocked both Ras®12Y and RasC12V.E37G.mediated transformation [14].
Subsequent studies showed that RalA, but not RalB, played a dominant role in this RalGEF-
mediated transformation, as knockdown of RalA, but not RalB, inhibited Ras®12V or
RalGEF-induced anchorage independent growth [15,16], and expression of a constitutively
active RalA, but not RalB, could weakly transform immortalized human epithelial cells [15].
RalB, on the other hand, was shown to be more important for cell survival and motility, as
transformed cell lines, but not non-tumorigenic lines, underwent apoptotic cell death upon
knockdown of RalB [16], and knockdown of RalB inhibited transwell migration of cultured
human bladder cancer cells [17]. These results were consistent with the finding that while
knockdown of RalA, but not RalB, blocked tumor initiation in a panel of pancreatic cancer
cell lines, knockdown of RalB inhibited invasion and metastasis of these lines in a tail-vein
injection assay [18].

Given the popularity and relative success of targeting the MAP kinase and PI3K pathway to
treat human tumors, these studies sparked a flurry of interest in Ral signaling in a variety of
different tumor types in an effort to determine whether this pathway might also present a
viable therapeutic opportunity for cancers, especially those in which the prevalence of Ras
mutations was high [3]. As a result of these efforts, Ral has been shown to play an important
role in a number of different tumor types, including mutant Ras-associated tumors such as
pancreatic [15,18,19], colorectal [20], lung [21], melanoma [22,23] and squamous cell
carcinoma [24] as well as a number of tumors not typically associated with Ras mutations,
such as bladder [25,26] and prostate [27]. While Ral mutations are not commonly found in
these tumors, higher than normal Ral activity has been shown to result from a number of
different mechanisms, including the loss of microRNA mediated inhibition [28], increased
GEF expression [29], and decreased GAP activity [30]. The level of Ral activity, as
measured by comparison to a transcriptional signature of Ral-dependent genes, correlates
positively with a number of poor prognostic factors, including disease stage, progression to
muscle invasion and survival in bladder cancer, and seminal vesicle invasion and androgen-
independent progression in prostate cancer [31]. Collectively, these studies highlight the
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need to better understand how RalA and RalB signal to their downstream effectors to
promote tumorigenic processes and to continue to lift the RalGEF-Ral pathway out of the
shadow of the more intensely-studied and better-understood MAP kinase and PI13K
pathways.

RalA and RalB exhibit both distinct and redundant roles in tumorigenesis

Despite their overall amino acid identity of 80% [2], including 100% identity in the effector-
binding region, human RalA and RalB exhibit distinct functions in both normal and
pathological biology [17,18,32,33]. This somewhat contrasts the recently reported RalA and
RalB knockout mice [34]. The RalA and RalB knockouts did show phenotypic differences,
notably in their effects on neuronal development, but while knockout of both RalA and RalB
inhibited Ras-driven tumorigenesis, expression of either RalA or RalB was sufficient to
support tumorigenesis in an inducible model of non-small cell lung carcinoma [34]. Studies
performed on human cells on the other hand have consistently shown that inhibition of RalA
alone, but not RalB, is sufficient to inhibit tumor initiation [15,16,18,35], while inhibition of
RalB inhibits invasion and metastasis [16—18,36]. While the reasons for this apparent
discrepancy in tumorigenic function remain unclear, two models seem most likely. First, that
knockout of both proteins [34], or of an upstream GEF [37], is required to inhibit
tumorigenesis in mouse models may indicate a functional overlap between rodent RalA and
RalB that has been lost in the human proteins. Another possibility is that the same level of
functional divergence exists between rodent and human RalA and RalB, but that MAP
kinase signaling or some other tumorigenic pathway is sufficient to overcome the loss of
RalA in the transformation of rodent, but not human cells. Further experiments will be
required to distinguish between these or other possibilities, but until then, we should take
caution when interpreting the function of Ral proteins in any one system and be aware of the
limitations of both human cell culture and mouse models of tumorigenesis.

The differences in biological function between RalA and RalB have been mapped to the C-
terminal 30 amino acid hypervariable region of the two proteins, as engineering a RalB—
RalA fusion protein with the C-terminal 30 amino acids of RalA fused to the N-terminal
portion of RalB imparts RalA tumorigenic potential [15] and polarized delivery of
membrane proteins [32] on RalB. The importance of this C-terminal region highlights the
importance of subcellular localization in determining Ral effector usage and function, as this
region determines the membranes in the cell with which Ral associates. Both RalA and RalB
are geranylgeranylated and associate with membranes through insertion of this 20-carbon
lipid into the membrane in addition to interactions between the negatively charged
phospholipids and the Lysine and Arginine-rich C-terminal polybasic region [38]. The
hypervariable domain is the region of greatest divergence between RalA and RalB, and
includes a number of sites of post-translational modification that have been shown to
influence Ral subcellular localization and function. RalA is phosphorylated on Serine 194 by
the kinase Aurora A [39], and this phosphorylation has been shown to relocalize RalA to
internal membranes [40], including the mitochondria, where RalA promotes mitochondrial
fission during mitosis [41]. RalA is also phosphorylated on Serine 183, potentially by the
kinase PKA [25], and both Serines can be dephosphorylated by the AB subunit of the
phosphatase PP2A [35]. Mutational analysis of these Serines has indicated that they play a
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critical role not only in RalA localization but also in tumorigenic function [35,40]. RalB is
phosphorylated on Serine 198 by the kinase PKC, and like phosphorylation of RalA, this
modification promotes internalization of the protein and is important for its tumorigenic
function [25]. How phosphorylation of RalA and RalB changes their subcellular localization
has not been formally tested, but it has been proposed for other small GTPases that the
addition of a negatively charged phosphate group sufficiently neutralizes the charge of the
polybasic region, causing its disassociation from the plasma membrane and allowing it to
relocalize to other membranes [42]. In addition to phosphorylation, RalA, but not RalB, has
recently been shown to be modified by nondegradative ubiquitination and this modification,
like phosphorylation, affects RalA subcellular localization, promoting its association with
lipid rafts [43]. Ultimately, these differences in post-translational modification promote
distinct subcellular distributions for RalA and RalB, allowing these two proteins to use the
same set of effectors to promote different biological outcomes.

Ral effectors

The increasingly important role that RalA and RalB play in tumorigenesis underscores the
importance of understanding how and when Ral signals to its effector proteins, how this
signaling impacts basic cellular processes and which of these effector interactions are the
most important for tumorigenesis. The first effector to be identified for Ral was RalBP1
(also known as RLIP76 or RIP1) [44-46]. A clear understanding of RalBP1 function has
been hampered by the sheer number of activities and interacting partners associated with it
since its discovery. One notable feature initially identified for RalBP1 was GAP activity
towards the Rho family GTPases Racl and Cdc42, thus giving RalBP1 the potential to
impact actin dynamics and the formation of filopodia and membrane ruffling. In addition to
this enzymatic activity, RalBP1 also regulates a number of different endocytic pathways,
including receptor-mediated endocytosis of proteins such as the epidermal growth factor
receptor, insulin receptor and transferrin receptor, through its interactions with POB1, Repsl
and AP2 [47-50]. RalBP1 has been identified as a non-ABC transporter of either
unconjugated or glutathione-conjugated electrophilic compounds and thus may be involved
in the resistance to small molecule chemotherapeutic drugs such as doxorubicin [51]. This
activity requires two ATP binding sites present in the RalBP1 N-terminus. RalBP1 has been
shown to promote invadopodia formation downstream of RalB in a GAP-independent
fashion [52]. Finally, RalBP1 has been shown to induce mitochondrial fission by promoting
the Cyclin B/CDK1-dependent phosphorylation of the GTPase Drpl and facilitating the
recruitment of Drpl to mitochondrial membranes [41].

With all of these disparate roles, teasing apart the contribution of the Ral-RalBP1
interaction to tumorigenesis has been difficult. Xenograft studies have shown RalBP1 to
play an important role in a number of tumor types, including pancreatic [53], prostate [54],
colorectal [55], bladder [54] and glioblastoma [56], among others. Hopefully, by identifying
new mutants that separate the different functions of RalBP1, in the future we will be able to
determine the extent to which each of these functions contributes to tumorigenesis.

Aside from RalBP1, Sec5 and Exo084 are the most well-understood Ral effector proteins.
These two proteins are subunits of the octomeric exocyst complex, which is involved in the
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targeted delivery of secretory vesicles to specific membrane compartments, such as the
basolateral surface of polarized epithelial cells [57,58]. Ral regulates exocyst function at the
level of localization by directly targeting Sec5 and Exo084 to specific membrane domains
[59]. This regulation ultimately contributes to several complex cellular processes including
polarized membrane trafficking [32], cytokinesis [60], tight junction formation [61], and
tumor cell invasion [59]. Interestingly, exclusive interactions between RalB and Sec5 and
between RalB and Exo84 have been shown to play additional roles, independent of the full
octameric exocyst complex. RalB-Sec5 recruits and activates the atypical 1xB kinase TBK1
to promote cell survival [36]. Normally activated as a part of the innate immune response to
certain viruses, TBK1 activation can be coopted by tumor cells to avoid oncogene-induced
apoptosis and its activation by RalB may explain, at least in part, the critical role RalB, but
not RalA, plays in protection against apoptosis [33,36]. Interestingly, a separate RalB—
Ex084 complex promotes autophagosome assembly under starvation conditions through the
recruitment of ULK1 and Beclin1-VPS34 [62]. As autophagy is known to be important for
Ras-driven tumorigenesis [63,64], this function of RalB may also contribute to its
tumorigenic function.

Certain functions of RalA and RalB, such as their roles in radioresistance [65], are mediated
through their interactions with neither RalBP1 nor the Exocyst components, suggesting that
additional effectors of Ral contribute to their tumorigenic properties. Several such effectors
have been identified, as well as proteins that bind to Ral in a GTP-independent fashion, but
their roles in mediating Ral signaling have not been extensively explored. These proteins
include the actin-crosslinking protein filamin [66], the transcription factor ZONAB [67] and
the important signaling molecules phospholipase D [68] and phospholipase C delta 1 [69],
among others. Further characterization of these interactions will be necessary to determine
whether and how they contribute to the pro-tumorigenic functions of RalA and RalB. This
characterization of Ral-effector interactions will be greatly aided by additional structural
studies of RalA and RalB with and without bound effector proteins [70,71]. These studies
should identify key residues and ultimately allow for the generation of effector domain
mutants such as the ones that have been so useful for the dissection of the Ras effector
pathways [72,73].

Conclusions

While the complexities of how RalA and RalB coordinate their interactions with multiple
diverse effector proteins and how the spatio-temporal regulation of these interactions
contributes to the process of tumorigenesis remain unclear, a number of unifying themes
have begun to emerge that may guide the research moving forward. One commonality is that
both RalBP1 and the exocyst act as meeting sites on which a diverse set of protein
complexes assemble. A large protein with a number of protein-protein interaction domains,
RalBP1 has been shown to act as a bridge between CyclinB/Cdk1 and at least two of its
substrates, Drpl [41] and Epsin [74], and also promotes the assembly of the endocytic
machinery [48,50]. Similarly, Exo84 brings together the core components for
autophagosome assembly [62] while Exo84 and Sec5 promote assembly of the multi-subunit
exocyst [57,58]. RalA and RalB, through their interactions with these effectors, are able to
couple the assembly of these complexes with their delivery to specific subcellular locations
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using the very specific and regulatable targeting information encoded in their hypervariable
C-termini, such as the delivery of phosphorylated Drpl to mitochondria, or the delivery of
secretory vesicles to the basolateral surface of epithelial cells. This dual functionality of Ral
proteins and their effectors, the ability to assemble large protein machines and then deliver
them to specific locations, is ideal for the type of complex, membrane-altering events that
require a relatively large level of spatially-targeted biophysical engineering and with which
Ral proteins are often involved. These events include targeted exocytosis, receptor-mediated
endocytosis, the formation of filopodia and membrane ruffles, the formation of
autophagosomes, the fission of mitochondria and the division of the cell through
cytokinesis.

As these and other themes come into better focus, we will hopefully begin to form a more
complete picture of how activation of RalA and RalB collectively contribute to the

tumorigenic phenotype. Hanahan and Weinberg have famously identified 10 hallmarks of
human cancer [75], dysregulated processes required for tumors to progress. To understand

Ral function in human tumors it will be useful to put the aberrant activation of Ral in tumor
cells, and the aberrant engagement of these effector pathways, in the context of these
processes (Fig. 1). Ultimately, with better tools, including new tumor models and better
separation-of-function mutants, we will able to parse out the contributions each of the
diverse Ral pathways to tumorigenesis and hopefully use this information to develop novel
treatments for Ras-driven cancers.
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Fig. 1.

Potential role of RalA, RalB and their effectors on tumorigenesis. When activated, RalA and
RalB engage a diverse set of effector proteins that are involved in a variety of biological
processes. Disruption, or inappropriate activation of these processes has the potential to
impact a number of the hallmarks of cancer proposed by Hanahan and Weinberg [62].
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