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The contributions that the R-Ras subfamily [R-Ras, R-Ras2/teratocarcinoma 21 (TC21), and M-Ras] of
small GTP-binding proteins make to normal and aberrant cellular functions have historically been
poorly understood. However, this has begun to change with the realization that all three R-Ras
subfamily members are occasionally mutated in Noonan syndrome (NS), a RASopathy characterized by
the development of hematopoietic neoplasms and abnormalities affecting the immune, cardiovascular,
and nervous systems. Consistent with the abnormalities seen in NS, a host of new studies have
implicated R-Ras proteins in physiological and pathologic changes in cellular morphology, adhesion,
and migration in the cardiovascular, immune, and nervous systems. These changes include regulating
the migration and homing of mature and immature immune cells, vascular stabilization, clotting, and
axonal and dendritic outgrowth during nervous system development. Dysregulated R-Ras signaling has
also been linked to the pathogenesis of cardiovascular disease, intellectual disabilities, and human
cancers. This review discusses the structure and regulation of R-Ras proteins and our current under-
standing of the signaling pathways that they regulate. It explores the phenotype of NS patients and
their implications for the R-Ras subfamily functions. Next, it covers recent discoveries regarding
physiological and pathologic R-Ras functions in key organ systems. Finally, it discusses how R-Ras
signaling is dysregulated in cancers and mechanisms by which this may promote neoplasia.
(Am J Pathol 2021, 191: 1499e1510; https://doi.org/10.1016/j.ajpath.2021.05.008)
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The Ras superfamily of small GTP-binding proteins includes
>100 proteins that regulate diverse cellular functions, such as
proliferation, survival, cytoskeletal dynamics, and molecular
and vesicular transport.1 To date, the classic Ras proteins
[Harvey Ras viral oncogene homolog (H-Ras), Kirsten Ras
viral oncogene homolog (K-Ras), and neuroblastoma Ras (N-
Ras] have been most extensively studied. Like other family
members, classic Ras proteins play essential roles in intra-
cellular signaling, promoting proliferation, survival, migra-
tion, and/or differentiation, and, when inappropriately
activated, pathophysiology. Classic Ras proteins function as
molecular switches that are activated when guanine nucleo-
tide exchange factors (GEFs), which are themselves activated
by stimuli such as growth factor signaling,2e4 interact with
Ras and induce conformational changes that promote GDP
release and subsequent GTP binding. The duration of Ras
activation is, in turn, limited by GTPase-activating proteins
(GAPs), which stimulate an intrinsic GTPase activity in Ras,
stigative Pathology. Published by Elsevier Inc
triggering GTP hydrolysis and inactivation.2 Unfortunately,
these finely balanced regulatory systems are often disrupted
in human cancers,5 by either the overexpression of classic Ras
isoforms or activating mutations in genes encoding these
proteins, resulting in prolonged Ras-mediated signaling.
Classic Ras proteins can also be inappropriately activated by
loss-of-function mutations in Ras GAP genes such asNF1, as
seen in the hereditary tumor susceptibility syndrome neuro-
fibromatosis type 1 and in several tumor types that occur
sporadically in the general population.
. All rights reserved.
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The closest relatives of the classic Ras proteins are
members of the R-Ras subfamily (the R in R-Ras denotes
related). In contrast to classic Ras proteins, the physiological
and pathologic functions of the R-Ras subfamily are poorly
understood. However, in recent years, these proteins have
drawn increasing attention, and it is becoming clear that
they also regulate key functions, including changes in cell
morphology, adhesion, and migration. This review focuses
on the physiological and pathologic consequences of the
activation of R-Ras subfamily proteins. It first briefly con-
siders the structure and regulation of R-Ras subfamily
proteins and our current understanding of the signaling
cascades they regulate; for additional details, please refer to
some excellent reviews that provide more in-depth infor-
mation.6,7 Next, the consequences of mutations in R-Ras
genes in specific variants of Noonan syndrome (NS) and the
early insights they provide regarding the function(s) of R-
Ras subfamily members are discussed. Finally, the review
discusses our current understanding of the role that R-Ras
subfamily proteins play in cardiovascular disease, immune
system function, nervous system development, and the
pathogenesis of human cancers, all of which are states that
are highly dependent on changes in cellular morphology,
adhesion, and migration.
Figure 1 AeC: Shared domains of Ras proteins (A) and sequence alignment sh
(B) with annotations for conserved signaling domains and known downstream effe
Purple bars under the alignment indicate the sites of the G1 box (amino acids 36 to
G2 box (a single amino acid: 61, 46, and 45 in R-Ras1, R-Ras2, and M-Ras, respecti
Ras2, and M-Ras, respectively), the G4 box (amino acids 142 to 145, 127 to 130, a
(amino acids 172 to 174, 157 to 159, and 156 to 158 in R-Ras1, R-Ras2, and M-
switch region I (amino acids 59 to 66, 44 to 51, and 43 to 50 in R-Ras1, R-Ras2, an
in R-Ras1, R-Ras2, and M-Ras, respectively). The green bar indicates the distinct a
their distinct carboxy termini. Asterisks indicate regions that are required for the
relationships between R-Ras and classic Ras members, with distance signifying div
sequence identity between members, summarized using black bar height below the
phylogenetic tree were generated using MegaAlign Pro 15 (DNAStar, Madison, W
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Structure and Regulation of the R-Ras
Subfamily and Signaling Cascades Controlled by
R-Ras Proteins

The R-Ras subfamily of small GTP-binding proteins has
three members: R-Ras, R-Ras2/TC21, and M-Ras. These
three proteins have approximately 55% sequence similarity
with the classic Ras subfamily8,9 (Figure 1, A and B). R-Ras
was discovered in 1987, when a human genomic library was
screened under low stringency hybridization conditions with
an H-Ras probe. In 1990, R-Ras2 was cloned first from a
human teratocarcinoma cell line using degenerate oligonu-
cleotides recognizing a region conserved in Ras proteins and
subsequently from an ovarian carcinoma cDNA library.10

Seven years later, M-Ras (muscle Ras viral oncogene ho-
molog) was identified and cloned from the skeletal muscle
cell line C2 and human embryonic lung fibroblasts using
probes derived from R-Ras and R-Ras2 sequences.8 Cluster
analyses comparing the sequences of the R-Ras subfamily
proteins with the classic Ras subfamily demonstrate that the
R-Ras proteins are distinct from the classic Ras proteins and
cluster with one another (Figure 1C). This largely reflects
differences in the N- and C-terminal regions of R-Ras and
owing R-Ras and classic Ras protein sequences colored by amino acid class
ctors [Raf, phosphatidylinositol 3-kinase (PI3K), Rac, and Rho; C]. A and B:
43, 21 to 28, and 20 to 27 in R-Ras1, R-Ras2, and M-Ras, respectively), the

vely), the G3 box (amino acids 83 to 86, 68 to 71, and 67 to 70 in R-Ras1, R-
nd 126 to 129 in R-Ras1, R-Ras2, and M-Ras, respectively), and the G5 box
Ras, respectively). Yellow bars beneath the alignment indicate the sites of
d M-Ras, respectively) and II (amino acids 85 to 103, 70 to 88, and 69 to 87
mino termini of R-Ras subfamily proteins, whereas the orange bar indicates
activation of downstream signaling proteins (C). D: Cluster analysis showing
ergence. E: R-Ras subfamily protein sequence alignment, showing levels of
alignment, with higher bars signifying more conservation. Alignments and

I). FliI, Flightless 1; FLNa, Filamin A.
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R-Ras Proteins in Migration
classic Ras proteins. Each R-Ras subfamily member has
unique N-terminal regions absent in classic Ras proteins, and
their C-terminal hypervariable regions also differ from those
found in classic Ras proteins (Figure 1, A, D, and E).11

The latter regions affect the distinct localization of different
R-Ras proteins, which, in turn, affects their cellular func-
tions.11,12 The C-terminal region also plays a key role in the
activation of downstream signaling pathways. As evidence of
this, proteins in which the C-terminus of H-Ras and R-Ras
was replaced with an R-Ras or H-Ras tail, respectively,
functioned most like their tail donor11; R-Ras also has a
proline PXXP motif in its C-terminus that is a putative Src
homology 3 binding motif. In contrast to the
N- and C-terminal variable regions, the effector domains of
classic and R-Ras proteins are highly similar.

The canonical R-Ras, R-Ras2, and M-Ras proproteins
have similar sizes (218, 204, and 208 amino acids, respec-
tively). Following translation, three amino acid residues at
the carboxy terminus of these proteins are cleaved from the
proprotein, and the protein is modified by the addition of
lipid molecules to the new carboxy terminal amino acid. The
particular lipid that is added differs among these proteins.
R-Ras is geranylgeranylated and palmitoylated, whereas
M-Ras is geranylgeranylated. R-Ras2, like the classic Ras
proteins, is palmitoylated and farnesylated, which poten-
tially explains why R-Ras2 localizes to the same lipid do-
mains as classic Ras proteins and, unlike R-Ras, strongly
activates extracellular signal-regulated kinase signaling.
Addition of these lipid moieties allows the mature R-Ras
protein to become membrane-associated, which is essential
for their function. In contrast, the differences in the lip-
idation of R-Ras and H-Ras result in distinct localization of
these proteins, which may explain why they have opposite
effects in cells (see below).

To date, most studies have focused on the function of the
mature lipidated forms of R-Ras, R-Ras2, and M-Ras.
However, although R-Ras is represented by a single iso-
form, this is not true of R-Ras2 and M-Ras. Because of the
production of alternatively spliced transcripts, three R-Ras2
isoforms exist, including the canonical form noted above
and two other isoforms with shortened N-termini. Likewise,
the gene encoding M-Ras produces six variant mRNA
transcripts that encode either the canonical protein or a
variant protein with a shortened N-terminus. The functions
of the R-Ras2 and M-Ras protein variants with shortened N-
termini are at present poorly understood. With the exception
of their N- and C-terminal regions, the structure of the ca-
nonical isoforms of R-Ras, R-Ras2, and M-Ras are similar.
All three R-Ras proteins contain conserved regions that
form a GTP-binding pocket. Although in proximity in the
mature folded protein, the amino acid residues that form this
pocket are dispersed along the linear sequence of the pro-
tein, being divided into five segments known as the G1, G2,
G3, G4, and G5 boxes (Figure 1, A, B, and D). Two other
highly conserved regions that partially overlap with the G2
and G3 boxes are also present in all three R-Ras subfamily
The American Journal of Pathology - ajp.amjpathol.org
members. These segments, which are known as switch do-
mains I and II, are essential for the transition between the
activated and inactivated conformations of R-Ras proteins.
According to the loaded spring hypothesis, the
g-phosphate of GTP forms hydrogen bonds with invariant
threonine and glycine residues in switch regions I and II,
respectively. This hydrogen bonding restrains the movement
of switch regions I and II, thereby locking the Ras protein
into the active conformation. Cleavage of the GTP
g-phosphate and the resulting loss of these hydrogen bonds
allow the protein to relax into the inactive GDP-bound
conformation. Of note, switch region I is also essential for
the activation of Raf and phosphatidylinositol 3-kinase
(PI3K). The more variable amino and carboxy terminal re-
gions also play an important role in signal transduction. The
amino terminus of R-Ras is required for the activation of
Rac,13 which is essential for cell migration, whereas the
carboxy terminus of R-Ras targets the protein to focal ad-
hesions14 and facilitates RhoA activation that induces
changes in migration and morphology.15

A host of activating GEFs and inactivating GAPs regulate
the activity of R-Ras subfamily proteins. Given the
sequence similarities between classic Ras and R-Ras sub-
family proteins, it is not surprising that some of these GEFs
and GAPs regulate the activity of proteins in both Ras
subfamilies, whereas others specifically control R-Ras pro-
teins. For instance, 10 known GEFs can activate H-Ras and/
or R-Ras (Figure 2A). These GEFs include two that solely
activate H-Ras [Son of Sevenless (SOS) 1 and Ras guanyl
nucleotide-releasing protein 1 (RasGRP1)], three that only
activate R-Ras [breast cancer antiestrogen resistance 3
(BCAR3), Crk SH3-binding guanine nucleotide-releasing
protein (C3G), and RasGRP2], and five that are capable of
activating both H-Ras and R-Ras [SOS2, Ras guanine
nucleotide releasing factor (RasGRF1), RasGRF2,
RasGRP3, and RasGRP4].2 However, there are some dif-
ferences between the GEFs that activate R-Ras and the
GEFs that activate other proteins of the R-Ras subfamily.
For instance, R-Ras is the only member of the R-Ras sub-
family that does not interact with SOS1, an important
regulator of classic Ras proteins.2 On the other hand, the
regulation of M-Ras is more aligned with classic Ras pro-
teins, with Sos1 and Sos2 both being capable of activating
M-Ras.2 As with the GEFs, R-Ras proteins are regulated by
a unique profile of GAPs; some of these GAPs are also
capable of inactivating H-Ras [eg, neurofibromin 1 (NF1)],
whereas others specifically target R-Ras (eg, R-RasGAP)
(Figure 2B).2,16 As with the GEFs, though, there are some
differences as to which GAPs inactivate different
R-Ras subfamily members. For example, R-RasGAP in-
activates R-Ras and R-Ras2 but not M-Ras.2 Given the large
number of proteins involved, it is likely that our current
understanding of the regulation of R-Ras subfamily proteins
by GEFs and GAPs is still incomplete.

R-Ras proteins share identical effector domains, yet they
are able to activate redundant and distinct cytoplasmic
1501
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Figure 2 Venn diagrams of guanine nucleotide exchange factors (GEFs; A) and GTPase-activating proteins (GAPs; B) that regulate the R-Ras subfamily
member R-Ras1 and the classic Ras protein H-Ras. Common regulators are shown in the overlapping center (purple), and differential regulators are shown in
separate red (R-Ras) and blue (H-Ras) regions of each Venn diagram.2 SOS, Son of Sevenless.
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signaling proteins, diversifying their physiological effects
(Figure 1B). For instance, M-Ras is the only R-Ras sub-
family member that activates suppressor, homolog, of clear
2 (SHOC2), which, through protein phosphatase 1c (PP1c),
can activate cellular Raf proto-oncogene (CRAF), albeit
weakly. It has also been suggested that M-Ras cooperates
with proteins in the classic Ras subfamily to activate the
mitogen-activated protein kinase (MAPK) signaling
pathway, thereby promoting proliferation and trans-
formation of cells.2,8,17 R-Ras2, like classic Ras proteins,
can strongly activate extracellular signal-regulated kinase
and the MAPK pathway. Conversely, R-Ras has a predi-
lection to function through the PI3K pathway, with a
notably lower affinity for Raf relative to the classic Ras
proteins.16e19

One of the unique functions attributed to the R-Ras sub-
family is R-Ras’s inside-out activation of integrins, in which
intracellular signaling generates a balance between adhesion
and migration. However, the mechanism(s) by which R-Ras
activates integrins is unclear, and a direct interaction between
R-Ras and integrins has not yet been demonstrated. We do
know that family with sequence similarity 38, member A
(FAM38A) activates R-Ras, which leads to b1 integrin acti-
vation and increased adhesiveness.20 Plexin-B1 regulates R-
Ras via its GAP domain, suppressing extracellular
matrixedependent R-Ras activation and b1 integrin activa-
tion in vitro, leading to decreased cell migration.21 Direct
phosphorylation of Tyr66 within R-Ras’ effector domain by
EphB2 or Src also blocks R-Ras activation of integrins,
decreasing adhesion.22,23 This aligns with previous work
showing that activated R-Ras promotes adhesion via integrin
activity, whereas dominant negative R-Ras [R-Ras(43N)]
suppresses adhesion.24,25 This is in contrast with H-Ras,
which suppresses integrin activation.12,26

The C-terminus of R-Ras also plays an important role in
integrin activation. Unlike other Ras proteins, R-Ras has a
proline-rich region containing an Src homology 3 binding
domain at its C-terminus. A study using H-Ras/R-Ras chi-
meras showed that this hypervariable C-terminus is critical
for integrin activation and R-Ras membrane target-
ing.11,14,27 The C-terminal has also proven vital to actin and
integrin regulation, via binding to Flightless 1 or Filamin
1502
A.28e30 R-Ras must be active for this binding, and its
C-terminal proline-rich region Src homology 3 domain must
be intact for cytoskeletal rearrangement, including forma-
tion of cellular extensions involved in migration.29,30

Interestingly, the unique N-terminus of R-Ras is not
necessary for interactions with integrins or focal adhesions
but is necessary for interaction with Rac. Removal of the N-
terminus results in less Rac activation and cell proliferation,
but more integrin activation and cell migration, suggesting
that the N-terminus may have a negative effect on migra-
tion.14 The variable roles of the R-Ras N- and C-terminal
regions suggest that R-Ras regulation of integrin signaling is
complex and likely reflects a balance between the pro-
adhesive and promigratory effects of different R-Ras
domains.
Given the significance of classic Ras proteins in human

diseases, it is reasonable to predict that perturbation of
R-Ras subfamily signaling will interfere with normal
cellular function. However, because R-Ras subfamily pro-
teins activate signaling cascades that only partially overlap
with those activated by classic Ras proteins, alterations in
R-Ras activation is expected to produce abnormalities
distinct from classic Ras. This is borne out by the abnor-
malities observed in subtypes of a genetic disease known as
Noonan syndrome. Intriguingly, these observations align
with recent findings about the role of R-Ras proteins in the
pathogenesis of other human diseases commonly encoun-
tered in the general population.

R-Ras Subfamily Functions in Human
Physiology and Disease

Noonan Syndrome

The consequences of R-Ras subfamily mutations are illus-
trated by specific subtypes of NS, a multisystem disease that
is classified as a RASopathy. Mutations in R-Ras,31

R-Ras2 [Noonan syndrome 12; Online Mendelian Inheri-
tance in Man (OMIM, https://www.omim.org) number
618614], and M-Ras (Noonan syndrome 11; OMIM
number 618499), although extremely rare, are found in
patients with NS comorbidities, such as hypertrophic
ajp.amjpathol.org - The American Journal of Pathology
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cardiomyopathy, congenital heart defects, juvenile
myelomonocytic leukemia, and acute myelogenous
leukemia. Genetically, the mutations causing NS are
classified as gain of function and are inherited in an
autosomal-dominant manner or occur de novo. The cyto-
plasmic signaling cascades that are activated downstream of
mutated R-Ras proteins and drive the abnormalities
encountered in NS are incompletely understood. However,
the pathogenesis of these abnormalities is consistently
dependent on AKT activation and, in a more stimulus-
dependent manner, MAPK signaling.32e37 Mutation of R-
Ras subfamily members are responsible for relatively few
NS cases, with the PTPN11 (Noonan syndrome 1; OMIM
number 163950) and SOS1 (Noonan syndrome 4; OMIM
number 610733) genes being more commonly mutated.
However, M-Ras is activated by mutated Sos1, which raises
the question of whether M-Ras is indirectly involved in the
pathogenesis of Noonan syndrome 4.33,34,37

Other phenotypic findings in NS are extremely variable,
but may include visual, auditory, and cognitive defects,
facial dimorphisms, skeletal malformations, defective
growth, short stature, and increased cancer susceptibility.33

Specific M-Ras and R-Ras2 mutants, recently identified
and validated using zebrafish models, are linked with a
stronger craniofacial phenotype, including macrocephaly,
suggesting central nervous system (CNS) involvement.32,35

Clinical findings in patients with mutations in M-Ras also
include cardiovascular and hematologic defects, such as
bleeding disorders, congenital heart disease, pulmonary
valve stenosis, and hypertrophic cardiomyopathy.37 Taken
together, clinical manifestations of NS associated with
R-Ras subfamily mutations suggest these proteins play
important roles in the cardiovascular, immune, and nervous
systems.

Cardiovascular System

R-Ras subfamily signaling also contributes to pathology in
the cardiovascular system. Multiple genome-wide associa-
tion studies have identified single-nucleotide poly-
morphisms (SNPs) in the MRAS locus that are associated
with either increased risk for the development of coronary
artery disease or protective effects against coronary artery
disease.38e40 Interestingly, these observations may be
ancestry-specific, as studies focused solely on Han Chinese
found that the effect of these MRAS SNPs on the develop-
ment of coronary artery disease was statistically insignifi-
cant.41,42 However, caution is merited, as Lu et al42 found a
much smaller frequency of the previously identified SNPs in
the Han Chinese population studied and cautioned that the
resulting potentially lower power might fail to capture a
significant association. Nonetheless, a similar study in a
Czech population found that MRAS SNP variants were not
associated with acute coronary syndrome or cardiovascular
disease mortality, supporting the idea that the associations
observed in initial studies are ancestry-dependent.43 Further
The American Journal of Pathology - ajp.amjpathol.org
study of these associations in additional populations is
merited.

Genome-wide association study analyses have also linked
MRAS SNPs with dyslipidemia, an important risk factor for
coronary artery disease. Alshahid et al40 examined a wider
array of associations, linking MRAS variants to obesity,
hypercholesterolemia, and hypertriglyceridemia, which was
associated with increased levels of both low-density lipo-
protein and high-density lipoprotein. In contrast, studies by
Freyer et al44 showed no difference in atherosclerotic plaque
formation in genetically engineered mice with an MRAS
knockout,40 raising the question of whether the human
MRAS SNP variants noted above have gain-of-function ef-
fects. Genome-wide association studies examining the
impact of M-Ras on cerebral ischemic infarcts found no
linkage to increased risk of infarction in Han Chinese pa-
tients. However, these same studies found some MRAS SNP
variants were associated with risk for increased cerebral
infarct area.39 Together, these associations suggest MRAS
has a complicated relationship to the pathology of athero-
sclerotic disease and ischemic infarcts that may prove
challenging to decipher.

In contrast, R-Ras is clearly functionally linked to
vascular stability. R-Ras is a negative regulator of vascular
proliferation and is down-regulated in regenerating ves-
sels.45 R-Ras is instead most highly expressed in mature,
quiescent vasculature, specifically in fully differentiated
vascular smooth muscle cells in arterioles and arteries and
endothelial cells in capillaries.46 Down-regulation of R-Ras
activity by p120RasGAP, independent of classic Ras
signaling, is essential for sprouting, angiogenesis, vascular
regeneration, and wound healing.45 R-Ras plays a role
in vivo during endothelial tubulogenesis, inducing lumen
formation via Akt activation as opposed to H-Ras’s known
effects on limiting endothelial proliferation during tubulo-
genesis.47 This suggests a unique role for the R-RaseAkt
axis in ensuring vessel patency. R-Ras, together with
vascular endothelial growth factor, stabilizes microtubules
during lumenogenesis, allowing proper blood flow and
perfusion through regenerating capillaries.47 Activated R-
Ras also attenuates vascular endothelial growth factor
signaling by blocking internalization of stimulated vascular
endothelial growth factor receptors. This receptor blockade
prevents new vessel sprouting, but interestingly, does not
trigger the destruction of recently formed vessels, such as is
typically observed with total vascular endothelial growth
factor blockade, suggesting that a divergent regulatory
signaling cascade is in play.48,49

In addition to its effects on tubulogenesis, R-Ras plays a
positive role in maintaining the functionality of normal mature
vasculature. Blood vessels that lack R-Ras have impaired
endothelial barrier function, leading to edema from leaked
proteins and reduced perfusion efficacy.50,51 This vessel
leakiness is partially caused by semaphorin-induced disas-
sembly of adhesive structures and decreased vascular endo-
thelial cadherin (VE-cadherin) accumulation at endothelial
1503
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adherens junctions. This reflects the fact that R-Rasemediated
phosphorylation of VE-cadherin at Ser665 regulates the
internalization of VE-cadherin. R-Ras also enhances pericyte-
endothelial cell interactions, so R-Ras knockout results in a
weakening of these interactions and a loss of small vessel
integrity.48 Conversely, gain-of-function R-Ras mutants
enhance endothelial barrier function and increased pericyte
coverage, which blocks plasma leakage and provides
improved perfusion.52Recentwork shows that regulation ofR-
Ras in vasculature involves dynamic depalmitoylation by acyl-
protein thioesterase 1 (APT-1), which halts membrane traf-
ficking and disrupts adherens junctions; dysregulation of R-
Ras palmitoylation results in unstable vasculature seen in hy-
perglycemia in type II diabetes mellitus models in vivo.53

These effects have also been observed in the context of
angiogenesis in malignant tumors. R-Ras critically regulates
tumor vascularization and perfusion, as Rras-null animals
show higher tumor vascularity than controls.46 Overall, R-Ras
provides a delicate balance, inhibiting pathologic angiogenesis
while maintaining mature vessel function.

R-Ras2 also regulates the integrity of the vascular system in
humans and mice via its action in platelets. R-Ras2 regulates
platelet activation and aggregation as well as thrombus for-
mation and stability in response to stimulation by glycoprotein
VI-FcRgamma (GPVI-FcRg), which potentially functions
through integrins.54 Rras2-deficient platelets form unstable
thrombi in response to endothelial injury and are over three
times more likely to embolize than controls, leading to
increased severity of stroke and atherosclerosis.54

Immune System Function and Dysfunction

A growing body of evidence indicates R-Ras subfamily
members play multiple important roles in immune system
function. Lymphocytes (T and B cells) and monocytes pro-
duced in the bone marrow are strategically transported in the
blood to sites of maturation for specific defenses or directly to
sites of infection to mount an innate immune response.
Knockout of Rras2 leads to lymphopenia in mice, and
knockout of any of the three R-Ras subfamily members re-
sults in a decrease in effector T and/or B cells. Innate immune
responses involving macrophages and their precursor
monocytes are also altered, which may affect pathologic
processes, such as the formation of atherosclerotic pla-
ques.44,55 In one study, Apoe knockout mice, which form
atherosclerotic plaques when fed a high-fat diet, were
compared with Apoe/MRAS dual-knockout mice to see how
plaque formationwas affected.40 Interestingly, although there
was not a difference in plaque size, there were significantly
fewer macrophages infiltrating the plaque, suggesting that
MRAS knockout reduces themigration, adhesion, invasion, or
absolute number of macrophages.40 Studies assessing how
macrophage functionality is affected by M-Ras activation
showed that M-Ras is concentrated in the early-forming
phagosome membrane in vitro and that macrophages
expressing active or inactive M-Ras mutants show enhanced
1504
or inhibited phagosome formation and uptake, respec-
tively.44,56 Phagosome formation, macrophages’ key method
of neutralizing foreign invaders, is spatiotemporally regulated
via the actin cytoskeleton, consistent with the proposed role
of the R-Ras subfamily in regulating cytoskeletal remodel-
ing.56 This likely also explains why MRAS loss alters the
number of macrophages in atherosclerotic plaques as M-Ras
is essential for monocyte binding to and interaction with
endothelial cells.44,57 Monocyte infiltration of the vessel wall
is a triggering event for plaque formation and is followed by
the transformation ofmonocytes into lipid-rich foam cells that
both sequester oxidized lipoproteins and recruit other in-
flammatory cells. Purified hematopoietic stem cells trans-
duced with a constitutively active M-Ras G22V mutant grow
in the absence of growth factors and form immortalized cells
that quickly differentiate first into adherent cells, resembling
macrophages, and then almost exclusively into mast cells.58

This suggests that M-Ras can promote hematopoietic trans-
formation. Hematopoietic stem cells transduced with the
G22V M-Ras mutant transplanted into micelead to the
development of mastocytosis and mast-cell leukemia with
splenomegaly and hepatomegaly.58

Dendritic cells, another element of the mononuclear
phagocytic system that bridges the innate and adaptive im-
mune systems, are also significantly affected by R-Ras
loss.59 The dendritic cells of Rras-null mice have signifi-
cantly impaired function, with decreased ability to prime
allogenic and antigen-specific T cells by forming stable
immunologic synapses.59 Splenic dendritic cells lacking R-
Ras have 73% less effective priming of T cells in response
to antigen exposure, leading to significantly reduced T-cell
proliferation (62% to 89% lower in Rras knockout mice
than controls).59 This may reflect the diminished ability of
Rras-null dendritic cells to spread and interact with fibro-
nectin, associated changes in morphology, defects in ve-
sicular trafficking, or lower expression of major
histocompatibility complex class II, CD86, and toll-like
receptor 4 (which are necessary for maturation and activa-
tion in response to antigen stimulation).59 Mice in which T-
cell proliferation or maturation is impaired by Rras loss
have inefficient immune system responses, leaving them
immunocompromised and less able to fight off infection.
A lack of R-Ras and R-Ras2 cripples adaptive immune re-

sponses. Rras-null mice have a 30% to 40% reduction in the
total number of T cells in their spleen and lymph nodes. As
noted above,Rras2-null mice are lymphopenic, indicating that
proliferation and/or survival of lymphocytes is
impaired.55,60,61 Interestingly, the attenuation of lymphocyte
proliferation can be reversed with cytokine stimulation in
Rras-null mice but not in Rras2-null mice, and those that
survive show limited functionality and decreased surface
expression of L-selectin/CD62L. Some of these effects are
related to constitutive interactions between R-Ras2 and T-cell
receptors, which support the survival and maintenance of
matureT cells by consistently transmitting low-grade signaling
that is impaired with the loss of R-Ras2.55,60 T-cell receptor
ajp.amjpathol.org - The American Journal of Pathology
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activation and internalization is critical for the phagocytosis of
larger particles, including the uptake of major histocompati-
bility complexeassociated antigen from antigen-presenting
cells.61 These processes rely on a delicate balance of R-Ras2
activation. Introduction of constitutively active G23V or
inactive G28N mutants, despite their antipodal actions, both
cause decreased T-cell receptor internalization, although only
the active G23V mutant causes widespread lamellipodia for-
mation and membrane protrusions, suggesting an effect on
cytoskeletal remodeling.61 This remodeling is also essential for
migration and homing of T cells, as demonstrated by the fact
that Rras-null mice have a large reduction in the number of T
cells trafficked to lymph nodes, resulting in less prominent T-
cell regions in the paracortex.60 A recent study by Sawada
et al62 indicated that T-cell priming may be affected by R-Ras
trafficking in endothelial cells, which provides an intriguing
link between the action of this protein in the vascular and
immune systems. Using an endothelial cellespecific R-Ras
knockout mouse model, they demonstrated a loss of
inflammation-induced T-cell diapedesis and homing to lymph
nodes, decreasing their priming by dendritic cells and hinder-
ing anti-tumor activity against implanted melanomas.62 Inter-
estingly, hematopoietic progenitors have a comparable defect
in homing after entering the peripheral blood circulation yet
have increased mobilization away from the bone marrow
following Rras loss, indicating that cell typeespecific down-
stream signaling leads to unique biological effects on cell
movement and migration.63

The proliferation and development of B cells, the antibody-
producing cells of the adaptive immune system, are greatly
affected by the loss of Rras2 and, to a lesser degree, by Rras
loss. Although Rras-null mice develop nearly normal numbers
of B cells, Rras2-null mice have markedly decreased B-cell
populations and lower PI3K signaling downstream of B-cell
receptors.55,64 This leads to diminished generation and
expansion of germinal centers within the lymph nodes of
Rras2-null mice and decreased adaptive immunity.60,64 Inter-
estingly, Rras2-null mice also have dysfunctional mitochon-
drial transcription andmitochondrial DNA replication of genes
needed for aerobic glucose metabolism in B cells, which likely
impairs cellularmetabolism.64 Like other immune cells, loss of
Rras2 or MRAS causes defects in B-cell adhesion and migra-
tion, leading to decreased homing of B cells to lymph
nodes.40,63 Rras2-null B cells are also functionally limited in
their ability to produce antibodies in response to T-dependent
antigens, but not T-independent antigens, suggesting that
dysfunctional lymphocyte interactions lead to specific
immunodeficiencies.60,64

The complex role of R-Ras subfamily proteins in immune
function is also demonstrable in models of autoimmune dis-
ease. Autoimmune encephalomyelitis is greatly attenuated in
Rras-nullmice, although, curiously, this knockout is correlated
with a significant increase, rather than a decrease, in the pro-
liferation of natural regulatory T cells.65 In this case, the
expression and activation of R-Ras inhibits autoimmunity, due
to positively regulating regulatory T-cell development.65
The American Journal of Pathology - ajp.amjpathol.org
Overall, the actions of the R-Ras subfamily are complex and
widespread in the immune system, and both losses and gains of
function can lead to pathology.

Nervous System Development and Function

In vitro studies suggest that neurons in the CNS are reliant
on R-Ras subfamily signaling for the regulation of axonal
and dendritic outgrowth and pruning. The brain, especially
during development, is a hotspot for M-Ras expression,
although all R-Ras subfamily members are expressed in the
CNS. Loss of R-Ras or M-Ras leads to abnormal differen-
tiation and impedes neurite formation in nerve growth
factorestimulated PC12 cells, a commonly used model of
neuronal differentation.66,67 M-Ras and R-Ras2 activate
both PI3K and MAPK signaling in PC12 cells; despite
sharing identical effector sites, R-Ras binds and activates
PI3K in these cells but does not activate MAPK, like R-
Ras2 and M-Ras.24,67,68

Plexin B1, the receptor for semaphorin 4D, regulates both
R-Ras and M-Ras to exert tight control of directional
movement and outgrowth of neurites from CNS neurons
in vitro.69e72 These studies show that activation and inhi-
bition of R-Ras yields a dynamic balance necessary for
axonal development, remodeling, growth, and pruning in
cultured neurons.72 Binding of semaphorin 4D to plexin B1
results in R-Ras inhibition that allows neurite retraction and
growth cone collapse in vitro. Although R-Ras appears to
influence axonal formation and growth via the regulation of
a dynamic balance of activation and suppression, M-Ras
expression is up-regulated at a later stage of neural devel-
opment and regulates dendrite formation.69 Suppression of
M-Ras activity by semaphorin 4D or direct knockdown of
M-Ras results in abnormal dendrite morphology, prevention
of dendrite outgrowth, and blockade of the normal reduction
of F-actin in distal dendrites.69,71 Conversely, constitutively
active mutant M-Ras enhances dendrite outgrowth and
branching.69,70,73 In contrast to these in vitro findings,
however, Worzfeld et al74 found that neither R-Ras nor M-
Ras was a key player in plexin B’s neurodevelopmental
effects in vivo. These observations indicate that the in vitro
results described above must be further assessed in vivo.

The R-Ras subfamily also exerts effects on CNS glia
in vitro and in vivo. R-Ras and R-Ras2 are necessary for
oligodendrocyte differentiation in vivo and in vitro as well
as myelination, which is essential for saltatory conduction.75

Knockdown of Rras or Rras2 increases the percentage of
immature oligodendrocytes and decreases the total number
of oligodendrocytes in white matter tracts. Simultaneous
loss of Rras and Rras2 results in an even greater reduction
in oligodendrocytes and an even higher proportion of
immature glia. In comparison to Rras�/� and Rras2�/�

mice, R-Ras�/�;R-Ras2�/� animals show severe hypo-
myelination, indicating that R-Ras and R-Ras2 coopera-
tively promote oligodendrocyte maturation and
myelination.75
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Table 1 R-Ras in Cancer

Cancer type R-Ras1 R-Ras2 M-Ras Reference

Breast �/þ � � 19,68,80e84
CNS � � 85,86
Skin � 28,87
Ovarian �/þ 88
Endometrial � 89
Cervical � 90
Prostate � 79
Oral � 91
Esophagus � 92
Stomach � � � 8
Liver � 93
Renal � 94
Heme/lymph � � 58,95
Osteosarcoma/sarcoma � 78
Head and neck � 96

Empty cells indicate that an effect has not yet been identified.
þ, Tumor suppressive; �, tumor promoting.
CNS, central nervous system.

Figure 3 Summary of the signaling pathways that have regulatory in-
teractions with R-Ras subfamily members. The colors of the lines con-
necting R-Ras proteins with other signaling molecules indicate interactions
medicated by R-Ras1 (blue), R-Ras2 (green), or M-Ras (red). Arrowheads
on the lines indicate that the interactions are activating, whereas circles
on the ends of the lines indicate that the interactions are inhibitory. ERK,
extracellular signal-regulated kinase; MEK, MAPK/ERK kinase; PI3K,
phosphatidylinositol-3 kinase.

Weber and Carroll
R-Ras subfamily proteins also regulate the migration of
Schwann cells, the myelinating glia of the peripheral ner-
vous system. This was shown using Schwann cells from
genetically engineered mice with ablation of the Nf1 locus.
Schwann cells express both R-Ras and R-Ras2.76 Relative
to wild-type Schwann cells derived from mouse embryos,
Nf1þ/� and Nf1�/� Schwann cells show twofold and four-
fold higher migration, respectively. These promigratory ef-
fects appear to be mediated by R-Ras2, as an activated R-
Ras2 mutant, but not an activated R-Ras mutant, increases
migration, whereas dominant negative R-Ras, which in-
hibits R-Ras and R-Ras2, inhibits migration. Inhibitors of
either the PI3K or the MAPK pathways also inhibited
migration, indicating that these R-Ras2eregulated pathways
are essential for migration. In contrast, Keely et al68 used a
similar approach to implicate both R-Ras and R-Ras2 in the
migration of breast epithelial cells and argued that the
migration of these cells is mediated via integrin regulation.
These observations suggest that the role of R-Ras and R-
Ras2 in cellular migration differs, depending on the cellular
context. The observation that Nf1 loss enhances the effect of
R-Ras2 activation also raises the question of whether the
activation of R-Ras subfamily members in NF1-null neo-
plasms contributes to the pathogenesis of these tumors.

Cancer

The transforming ability of R-Ras proteins has been studied
since their discovery. In terms of proliferation, R-Ras2 has
the most potent effects, enhancing proliferation to a degree
comparable to that observed with classic Ras proteins.67,77

In cancer, R-Ras subfamily members have been implicated
in anchorage-independent growth, increased invasiveness,
stimulation of angiogenesis, and amplified tumorigenicity
in vivo.46,52,67,78 The effects are context-specific, with
1506
R-Ras subfamily hyperactivation promoting migration and
invasion in some tumor types, while inhibiting it via adhe-
sion in others.28,68,79 In contrast to classic Ras proteins,
mutations of genes encoding R-Ras subfamily members are
rarely documented in human cancers. Instead, over-
expression of R-Ras, R-Ras2, and/or M-Ras is more com-
mon in various cancer types55,64,80 (Table 180e96). Many
cancers that overexpress members of the R-Ras family are
highly aggressive and frequently metastasize; given the ef-
fects of R-Ras proteins on proliferation, migration, and in-
vasion, it is reasonable to postulate that overexpression of
R-Ras proteins contributes to metastasis and/or invasion.
Regarding human cancers, neurofibromin, the protein
encoded by the NF1 locus, acts as a GAP for both classic
Ras and R-Ras proteins. Consequently, NF1 loss potentially
results in hyperactivation of R-Ras subfamily proteins,
which may contribute to tumorigenesis. However, this
possibility has not yet been carefully examined in NF1-null
neoplasms.
Breast cancer provides a good example of the potential

role of different R-Ras proteins in neoplasia, although it
must be cautioned that most of these studies have relied on
cell culture models. All three R-Ras family members have
been studied in the context of breast cancers.68,80,83,84

Compared with estrogen receptorepositive breast can-
cers, estrogen receptorenegative breast carcinomas show
up-regulation of M-Ras expression. Introduction of a
constitutively active M-Ras mutant into MCF7 cells results
in proliferation that is no longer estrogen-dependent,
indicating that increased M-Ras signaling renders these
cells hormone-independent.80,81 In addition, mouse mam-
mary epithelial cells expressing an activated M-Ras mutant
grow in an anchorage-independent manner in the absence
of serum and are capable of epithelial-mesenchymal
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transition in vitro.97 Constitutively active R-Ras and R-
Ras2 also enhance cell protrusions and migration of
cultured breast cancer cells in vitro; knockdown with
siRNAs confirmed that endogenous R-Ras is required for
these effects.19,27,68

Although all R-Ras family members influence cancer cell
movement, they may do so by different mechanisms. Luo
et al93 showed that R-Ras2 promotes migration and metastasis
in hepatocellular carcinoma by decreasing and increasing the
expression of E- and N-cadherin, respectively. The introduc-
tion of activated M-Ras mutants (G22V or Q71L) into mam-
mary epithelial cells similarly triggers down-regulation of
E-cadherin, which promotes cellular movement.97 R-Ras ap-
pears to uniquely regulate cell adhesion and migration via
direct plexin B interactions, filamin-A binding, and integrin
transport and regulation; this contrasts with R-Ras2 and
M-Ras, which instead function through cadherins and other
signaling pathways.24,28,98 It must be pointed out that R-Ras
actions are dependent on cellular context. R-Ras2 functions
much like classic Ras in some cases, acting as a driver of tumor
progression; in breast cancer, it plays a role in both tumori-
genesis and metastasis.82 Conversely, some investigators have
reported that R-Ras has tumor suppressor-like activities
(reduced proliferation and migration) in MCF7 cells and is
linked to progression-free survival in patients.99,100

R-Ras subfamily proteins can both directly promote the
transformation of hematopoietic elements, and in non-
hematologic neoplasms, indirectly promote tumorigenesis
by altering the microenvironment. R-Ras proteins have been
implicated in the pathogenesis of mast cell leukemia58 and
chronic myelogenous leukemia95 (Table 1). R-Ras hyper-
activation or overexpression can also hinder the normal
function of lymphocytes targeting tumors, thereby indirectly
promoting tumor growth. As evidence of this, loss of R-Ras
or R-Ras2 results in the production of dendritic cells unable
to present tumor antigens to activate an immune response
and anti-tumor T cells that cannot proliferate or home to the
tumor site; both of these events result in tumor growth that
is unchecked by the immune system.55,59,60

The vascular system is also intrinsically linked to cancer
progression and metastasis. As noted above, Rras-deficient
mice have leaky vessels with impaired adherens junctions,
allowing the escape of proteins and fluid from the blood supply
and easier passage of tumor cells into the bloodstream. This
results in a microenvironment that is conducive to the high
energy demands of a rapidly growing tumor and increased
tumor cell exit from a primary tumor that facilitates metas-
tasis.52,101 Consistent with this, melanoma cells subcutane-
ously xenografted into Rras-null B6;129Sv mice grow faster
and achieve greater tumor volumes than are seen when the
same tumor cells are xenografted into wild-type B6;129Sv
mice.52 The R-Ras subfamily potentially exerts numerous
direct and indirect effects that can impact intratumoral angio-
genesis and metastasis. Given the importance that adhesion
and migration have for the sprouting, growth, and homing of
new vascular elements, these R-Ras subfamily functions are
The American Journal of Pathology - ajp.amjpathol.org
likely important for the expansion of vascular trees within
growing neoplasms.
Summary

A dynamic balance between adhesion and movement is
essential for cellular functions, such as extension of the
axonal and dendritic trees of neurons, the migration of other
types of neoplastic and nonneoplastic cells, and metastasis. It
is increasingly apparent that proteins in the R-Ras subfamily
are key mediators of these processes. We are also beginning
to understand the partners that they utilize to modulate these
physiological functions (Figure 3). These partner proteins
include several that have long been implicated in cellular
migration and morphologic changes, such as the MAPK and
AKT signaling cascades. Other small GTP-binding proteins,
such as RhoA and Rac, are also key modulators of these
processes. However, more recently, the function of other
molecules, such as E- and N-cadherin, key integrins, and the
semaphorin/plexin signaling complex has been linked to R-
Ras proteins and cellular migration. Much remains to be
discovered about other signaling pathways that are regulated
by R-Ras proteins, the nuances by which R-Ras subfamily
members regulate their associated signaling partners, and
how these nuances translate into physiological and pathologic
changes. Delving further into the similarities and differences
between members of the R-Ras subfamily will be essential
for discerning the mechanisms by which these proteins
contribute to pathology and developing effective new thera-
pies targeting R-Raseregulated signaling pathways.
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