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MRAS is the closest relative to the classical RAS oncoproteins and shares most regulatory and
effector interactions. However, it also has unique functions, including its ability to function as
a phosphatase regulatory subunit when in complex with SHOC2 and protein phosphatase 1
(PP1). This phosphatase complex regulates a crucial step in the activation cycle of RAF kinases
and provides a key coordinate input required for efficient ERK pathway activation and trans-
formation by RAS. MRAS mutations rarely occur in cancer but deregulated expression may
play arole in tumorigenesis in some settings. Activating mutations in MRAS (as well as SHOC2
and PP1) do occur in the RASopathy Noonan syndrome, underscoring a key role for MRAS
within the RAS-ERK pathway. MRAS also has unique roles in cell migration and differentiation
and has properties consistent with a key role in the regulation of cell polarity. Further inves-
tigations should shed light on what remains a relatively understudied RAS family member.

The RRAS subgroup (RRAS, TC21/RRAS2,
and MRAS/RRAS3) of the RAS family
GTPases (RFGs) are the closest relatives to the
classical RAS oncogenes (H/N/KRAS, hereafter
referred to collectively as RAS). These GTPases
share many regulatory and effector proteins with
RAS as well as transforming abilities (Chan et al.
1994; Saez et al. 1994; Kimmelman et al. 1997;
Rodriguez-Viciana et al. 2006). Members of this
group have distinct functions, and MRAS has
been shown to play a number of roles in cellular
processes such as differentiation, cytoskeletal re-
modeling, and cell migration. Uniquely among
RFGs, MRAS is part of a phosphatase complex
that positively regulates RAF kinase activation
and is required to cooperate with RAS proteins
for efficient ERK pathway activation.

SEQUENCE FEATURES OF MRAS

The RRAS subgroup lies within a distinct
branch of the tree of all small GTPases with
classical RAS and ERAS (Fig. 1A). MRAS is
highly conserved between vertebrates and has
considerable similarity to the ras-2 gene in Cae-
norhabditis elegans (Fig. 1B). Interestingly, al-
though classical RAS orthologs exist in fly,
fish, and nematode, they are absent in ascidian,
which does have orthologs to MRAS and RRAS
(Fig. 1B). Therefore, MRAS evolved indepen-
dently of RRAS in metazoans and has been sug-
gested to compensate for the lack of classical
RAS in ascidian (Keduka et al. 2009).

The G domain of MRAS is similar in se-
quence to the classical RAS proteins (it shares
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Figure 1. MRAS phylogeny. (A) Phylogenetic relationship of human RAS family proteins. (B) Phylogenetic

analysis of RAS family proteins in human (Hs), zebrafish

(Dr), fruitfly (Dm), nematode (Ce), and ascidian Ciona

intestinalis (Ci). Sequence alignment was performed using MUSCLE (see ebi.ac.uk/Tools/msa/muscle) and tree

generation with iTOL (see itol.embl.de).

53% amino acid identity with KRAS), and like
RRAS and TC21, it has a short amino-terminal
extension. The terminal residue of MRAS is ly-
sine, which differs from the terminal residues of
RAS (Fig. 2A), and consequently rather than
being farnesylated, MRAS is predicted to be
posttranslationally modified instead by gera-
nylgeranylation (Zhang and Casey 1996). The
hypervariable region (HVR) of MRAS has sim-
ilarities to KRAS4B in that carboxy-terminal
cysteines capable of palmytoylation are absent
and instead a polybasic region is found (Fig.
2A). Like KRAS4B, MRAS is found in disor-
dered membrane domains rather than orga-
nized lipid rafts (Ehrhardt et al. 2002), which
suggests these proteins may signal in similar
pathways and/or be similarly regulated.

MRAS REGULATION AND CONTROL
OF DOWNSTREAM PATHWAYS

MRAS shares many regulatory proteins with
other RFGs; it can be activated by SOSI,
RASGRF1, RASGRP1, and RASGRP3 guanine
nucleotide exchange factors (GEFs) and inacti-
vated by p120 RASGAP, neurofibromin, and
GAPIm GTPase-activating proteins (GAPs)

(Mitin et al. 2005). Although some of these pro-
teins also regulate RRAS/TC21, full analysis of
this regulation links MRAS closely to classical
RAS in terms of GEF/GAP specificity (Ohba
et al. 2000). This implies that most physiological
signals that activate RAS will also activate MRAS
simultaneously and is consistent with MRAS
functioning together with RAS to provide coor-
dinate inputs for efficient RAF activation (see
below).

Given its sequence similarity and identical
effector domain (Fig. 2B), it is unsurprising that
MRAS can bind many of the same effectors as
RAS such as A-, B-, and CRAF, AFDN/AF6,
RASSF5, RalGEFs, and PI3K (Quilliam et al.
2001; Ortiz-Vega et al. 2002; Rodriguez-Vicia-
na et al. 2004). Through binding RGL2/RLE,
MRAS activates RAL and ELK1 in MCF-7 cells
in an ERK-independent manner (Ehrhardt et al.
2001; Castro et al. 2012). MRAS also controls
activation of RAP activity through binding
MR-GEF/RAPGEF5 (Rebhun et al. 2000) and
RA-GEF2/RAPGEF6 (Gao et al. 2001), the latter
being specifically linked to control of cell adhe-
sion through tumor necrosis factor (TNF)-o-
triggered integrin activation in haematopoietic
cells (Yoshikawa et al. 2007).

2 Cite this article as Cold Spring Harb Perspect Med 2018;8:a033621
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Figure 2. Comparison of MRAS amino acid sequence with other RAS family GTPases (RFGs). (A) Alignment of
RAS protein hypervariable regions with features shaded according to property. (B) Sequence alignment (of
Switch I and II containing regions) of MRAS with H/N/KRAS, RRAS, and TC21.

MRAS is a weak activator of the ERK path-
way compared with RAS (Kimmelman et al.
1997; Rodriguez-Viciana et al. 2004), which, at
least in part, could be attributed to the lower
affinity of MRAS for RAF compared with RAS.
One reason for this may be the differences in
sequence of MRAS, particularly in the Switch I
region (Fig. 2B). Both the GppNHp- and gua-
nosine diphosphate (GDP)-bound forms of
MRAS have an open Switch I conformation,
and mutation of these residues to those of
RAS result in a higher proportion of MRAS in
the closed state. In addition, these mutations
increase the affinity of MRAS for the RAS-bind-
ing domain (RBD) of RAF (Ye et al. 2005), which
implies that there are regions unique to MRAS
(with others yet to be identified) that govern its
affinity and specificity for various effectors.

MRAS REGULATION OF RAF ACTIVITY
THROUGH SHOC2/PROTEIN
PHOSPHATASE 1 (PP1)

In addition to sharing interactions with many of
RAS effectors, MRAS also has its own unique
effector interactions with RAPGEFs (Gao et al.
2001) as well as SHOC2 and PP1 (Rodriguez-
Viciana et al. 2006). SHOC2 is a ubiquitously
expressed protein comprised almost exclusively
of leucine rich repeats that was originally iden-

tified in C. elegans as a positive modulator of the
ERK pathway (Selfors et al. 1998; Sieburth et al.
1998). Active MRAS forms a ternary complex
with SHOC2 and PP1 to form a phosphatase
holoenzyme that specifically dephosphorylates a
conserved inhibitory site in RAF kinases (5259 in
CRAF, 365 in BRAF, and S214 in ARAF, hereby
referred to as S259) that functions as a 14-3-3
binding site and plays a key role in the RAF-acti-
vation cycle (Rodriguez-Viciana et al. 2006).
The consensus model of RAF activation
stipulates that RAF is maintained in an auto-
inhibited inactive state in the cytosol by an
intramolecular interaction between the amino-
terminal region and the catalytic domain, which
is in part mediated by a 14-3-3 dimer bound
to two phosphorylated residues (5259 and S621
in CRAF) (Fig. 3A) (Tzivion et al. 1998;
Matallanas et al. 2011; Lavoie and Therrien
2015). RAS-guanosine triphosphate (GTP)
binding to the RBD of RAF results in RAF
translocation to the plasma membrane in which
other activating steps then take place. Chief
among these is the dephoshphorylation of the
“S§2597 site, which leads to 14-3-3 displacement
from this site, destabilizes the closed conforma-
tion of RAF, allows the cysteine-rich domain
(CRD) to further anchor RAF to the membrane,
and facilitates RAF dimerization (Fig. 3B)
(Lavoie and Therrien 2015). The MRAS-

Cite this article as Cold Spring Harb Perspect Med 2018;8:a033621 3
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Figure 3. Coordinate inputs from RAS and MRAS-SHOC2-protein phosphatase 1 (PP1) are required for
effective RAF activation. (A) Under basal conditions, in which RAS and MRAS are guanosine diphosphate
(GDP)-bound and inactive, SHOC2 interacts with PP1 via SCRIB. BRAF and CRAF exist as autoinhibited
monomers, which are phosphorylated at $259. (B) After pathway stimulation by a mitogen such as epidermal
growth factor (EGF), guanosine triphosphate (GTP)-bound RAS recruits BRAF/CRAF to the membrane, and
SHOC?2 forms a complex with MRAS-GTP and PP1. Here, the complex dephosphorylates the S259/S365 site on
RAF and the 14-3-3 dimer can now mediate RAF dimerization (shown here as a heterodimer of BRAF and
CRAF). RBD, RAS-binding domain; CRD, cysteine-rich domain; BRS, BRAF-specific region.

SHOC2-PP1 complex functions as a key phos-
phatase promoting this dephosphorylation step,
which occurs preferentially on the RAF that
has been recruited to the plasma membrane
by RAS proteins (Fig. 3B) (Rodriguez-Viciana
et al. 2006).

PP1 is known to interact with hundreds of
regulatory proteins that confer substrate specif-
icity and unique properties to each resulting
holoenzyme. By analogy with other PP1 holo-
enzymes as well as the heterotrimeric PP2A
complex (Cho and Xu 2007; Shi 2009; Peti
et al. 2013), MRAS and SHOC?2 are predicted
to “remodel” the substrate recognition surface
within the complex, altering the physiochemical
landscape to create a surface specific for recog-

nition of P-S259 RAF but not other phosphor-
ylation sites, even on the same target (Rodri-
guez-Viciana et al. 2006).

A ROLE FOR MRAS IN POLARITY

Active MRAS can also associate with the polar-
ity protein SCRIB, although this interaction is
indirect and mediated by SHOC2 (Young et al.
2013). SCRIB is also a PP1-interacting protein
and MRAS has the potential to “rearrange” the
PP1 molecules within the SCRIB-SHOC2 com-
plex. In the absence of MRAS, SHOC2 has very
low affinity for PP1, and the PP1 in the complex
is bound to SCRIB (Fig. 3A). In the presence of
active MRAS, SHOC2 and PP1 form a ternary

4 Cite this article as Cold Spring Harb Perspect Med 2018;8:a033621
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complex with high affinity and the PP1 interac-
tion is now independent of SCRIB (Fig. 3B)
(Young et al. 2013).

Through its interaction with SHOC2, MRAS
is expected to recruit SCRIB and its associated
interactome to sites of activation (Richier et
al. 2010; Anastas et al. 2012; Young et al.
2013). SCRIB antagonizes SHOC2-mediated
RAF “S$259” dephosphorylation, at least partly,
through a mechanism involving competition for
PP1 molecules within the same macromolecular
complex. SCRIB recruitment, through its inter-
action with the PIX-GIT complex, SGEF, and
VANGL proteins, would also allow for the regu-
lation of RAC/CDC42, ARF, RHOG, and the
planar cell polarity pathways, respectively (Eller-
broek et al. 2004; Frank and Hansen 2008; Tada
and Kai 2012). Furthermore, MRAS impairs the
association of NOS1AP and the exchange factor
BPIX with the SHOC2-SCRIB complex and
thus has the ability to regulate the SCRIB inter-
actome. MRAS is also expected to recruit to
the same signaling platforms as other effectors,
such as RAPGEFs, RALGEFs, and PI3K, which
are also known to be involved in polarity adhe-
sion and migration (Kimmelman et al. 2000;
Ehrhardt et al. 2002; Rodriguez-Viciana et al.
2004). MRAS is therefore an excellent candi-
date to behave as a master regulator of polarity
(Fig. 4).

MRAS

AF6/AFDN, RAPGEF5/6 RALGEFS
RASSF5,

others

RAP RAL

\

A

MRAS

MRAS IN HUMAN DISEASE

Despite being the most closely related to RAS by
sequence similarity, and given its shared inter-
action with many of the same effector proteins
(as well as GAPs and GEFs), it is somewhat
surprising that activating mutations in MRAS
are rarely found in cancer, in clear contrast to
RAS genes (Catalog of Somatic Mutations in
Cancer [COSMIC]). Considering the key role
of the RAF-ERK pathway in mediating RAS on-
cogenic properties, MRAS’s lower affinity for
RAF and its considerably weaker activation of
the ERK pathway may at least partly account for
this observation. Additionally, it is also possible
that MRAS’s unique role in polarity may make
constitutive activation disfavored in some con-
texts (Young et al. 2013). However, MRAS up-
regulation may be linked to cancer in other ways.

MRAS expression is up-regulated in estro-
gen receptor (ER)-negative breast carcinomas
compared with ER-positive in three indepen-
dent studies (van de Vijver et al. 2002; Chin
etal. 2006; Hess et al. 2006), and overexpression
of constitutively active MRAS enables MCF-7
breast carcinoma cells to proliferate in the ab-
sence of estrogen (Castro et al. 2012). MRAS is
part of the epithelial-to-mesenchymal (EMT)
signature (Huang et al. 2012) and expression
of active mutants causes EMT and oncogenic

/LN

SHOCZ — > RAF

PP1 \

SCRIB MEK

JIN

RAC/CDC42 RHOG PCP ER

I

PISK

Polarity, migration, malignancy

Figure 4. MRAS regulates cell polarity and migration through coordination of multiple signaling pathways (see

text for details).
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transformation in mouse scp-2 cells. These cells
can grow in the absence of serum, lose contact
inhibition, gain the ability to grow in an anchor-
age-independent manner, and form tumors in
mice that have elevated levels of P-ERK and P-
AKT (Ward et al. 2004). Many of these MRAS-
induced characteristics are dependent on an He-
patocyte growth factor (HGF) autocrine mech-
anism (Zhang et al. 2004), which is interesting
given that invasive growth and metastasis of
mammary tumors correlates with HGF secre-
tion (which itself occurs in the majority of tu-
mors of that type) (Jeffers et al. 1996; Nagy et al.
1996).

The prominence of MRAS overexpression in
cancer may also be context specific. For exam-
ple, MRAS (along with MET) is overexpressed in
multiple tumor types in a cytokine-driven/sig-
nal transducers and activators of transcription
(STAT)3 activity-dependent manner (Yang et
al. 2005). The Cancer Genome Atlas (TCGA)
studies show that MRAS is amplified in 17% of
lung squamous cell carcinomas but very rarely
in lung adenocarcinoma (Fig. 5), which corre-
lates inversely with the frequency of RAS muta-

Lung adenocarcinoma (TCGA, provisional)
mras  1.3% [l

tions, which is high in adenocarcinomas but low
in squamous cell carcinomas (cBioportal) (Ce-
rami et al. 2012; Gao et al. 2013). MRAS was
also overexpressed and/or amplified in 11% of
ovarian serous cystadenocarcinoma and in 10%
of head and neck squamous cell carcinoma
(cBioportal). MRAS mutation frequency may
be linked to specific subsets of cancers, for exam-
ple, Borrmann type IV gastric cancer, which car-
ries particularly poor prognoses and has a higher
frequency of nonsynonymous MRAS mutations
(17%) compared with overall gastric cancers
(0.7% MRAS mutations) (Yasumoto et al. 2017).
However, functional assays are still required to
show that these mutations are activating.

Two mutations in MRAS (p.Gly23Val and
p-Thre68lle) (Fig. 6) have been identified in pa-
tients with Noonan syndrome ([NS] MIM
163950), a developmental disorder that is part
of the RASopathies family of related syndromes,
which are driven by mutations in components of
the RAS-ERK pathway. NS typically features fa-
cial dysmorphisms, slow growth rates, skeletal
anomalies, mental retardation, predisposition to
malignancies, and, often, cardiac defects. Of

kras  ae% | NNRRNNNNRNNNNND====z
HRAS 0.9%

NRAS 3% [
RRAS 0.4%

RRAS2 1.3% ]
Genetic alteration I Amplification

Lung squamous cell carcinoma (TCGA, provisional)

wras17% QNNRRRRNRRRRRRNRRRRRRRRRARNNEE

kmas o [l (1T
HRAS 4% a = [==:
NRAS 3% |

RRAS  1.1% |
RRAS2 3% |

Genetic alteration I Amplification I Deep deletion

= Missense mutation (putative passenger)

= Truncating mutation (putative passenger)

I Deep deletion = Missense mutation (putative driver) = Missense mutation (putative passenger)

= Missense mutation (putative driver)

Figure 5. cBioportal oncoprints depicting genetic alterations in the classical RAS and RRAS subgroups of the RAS

family of GTPases. TCGA, The Cancer Genome Atlas.
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Figure 6. Activating mutations in MRAS. (A) Position of Noonan syndrome mutations (upper) and activating
mutation equivalent to codon 61 in RAS (lower). (B) Structure of MRAS bound to guanosine diphosphate (GDP)
(green sticks) (PDB 1X1R). Switch I (orange), Switch II (red), and Mngr (pink sphere) are shown, as well as
positions of key residues Gly23 (blue), Thr68 (turquoise), and Glu71 (yellow).

the two MRAS mutation-positive patients so far
described, both had developmental delays, facial
dysmorphisms, and cardiac hypertrophy. Simi-
lar clinical phenotypes are observed in patients
with NS with loose anagen hair (NS-LAH) driv-
en by mutations in MRAS-binding partners—
SHOC2 and PP1 (Cordeddu et al. 2009; Gripp
et al. 2016). MRAS p.Gly23Val corresponds to
Gly13 of H/N/KRAS—a known oncogenic mu-
tation. G23V-MRAS is primarily GTP-bound
and activates ERK in cells (Higgins et al.
2017), and although not functionally tested as
yet, mutation of position T68 is predicted to be
activating given that it is within the Switch II
region and lies within the GTP/GDP binding
pocket (Fig. 6). Based on the observed pheno-
types and what is known about their role in ERK
pathway regulation, MRAS-driven NS is likely to
be functioning through SHOC2-PP1 complex
activity.

Gain-of-function CRAF mutations are also
found in NS and cluster around S259 to disrupt
14-3-3 binding (Pandit et al. 2007; Razzaque
et al. 2007; Kobayashi et al. 2010; Molzan et al.
2010), Of note, S259F as well as others in this
region (S257L, 261S, and V263A), have been
identified in cancer as well as NS. These results
underscore the important role of MRAS-
SHOC2-PP1 and RAF S$259 dephosphorylation
on RAS-ERK pathway activation.

Large-scale genome-wide association stud-
ies have identified the MRAS locus as a risk
factor in cardiovascular disease (Erdmann et
al. 2009; Schunkert et al. 2011; Liu et al. 2013).

Intriguingly, although MRAS is widely ex-
pressed, it has particularly high expression in
the heart (see biogps.org). Although a role for
MAP kinase pathways in the heart is known
(Rose et al. 2010), the precise role of MRAS
remains to be elucidated.

OTHER FUNCTIONS OF MRAS

MRAS signaling is linked to differentiation and
development in a variety of mammalian cell
types. It is activated by nerve growth factor
(NGF) and is required for ERK-dependent neu-
ronal differentiation of rat pheochromocytoma
PC12 cells (Kimmelman et al. 2002; Sun et al.
2006) and, in developing mouse bone, BMP2
treatment not only activates MRAS, but also in-
creases its expression levels. Active MRAS stim-
ulates transdifferentiation of C2C12 mouse
myoblasts into osteoblasts, and causes osteoblast
differentiation in a p38- and c-Jun amino-ter-
minal kinase (JNK)-dependent manner (Wata-
nabe-Takano et al. 2010). MRAS is up-regulated
during dendrite development and contributes to
dendrite growth via the ERK pathway. In these
cells, semaphorin-4D (or Sema4D, a repulsive
guidance molecule in the developing nervous
system) binds to its receptor PLEXIN-BI1, the
cytoplasmic domain of which acts as a GAP
on MRAS (and RRAS, but not TC21 or RAS).
When MRAS activity is suppressed in this way,
it results in growth cone collapse and remodel-
ing of dendrite morphology (Saito et al. 2009).
In the absence of Sema4D, active MRAS binds to

Cite this article as Cold Spring Harb Perspect Med 2018;8:a033621 7
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an effector, LPD (lamellopodin), and recruits it
to the membrane of growing dendrites where it
participates in actin cytoskeleton remodeling via
Ena/VASP proteins (Tasaka et al. 2012). How-
ever, other studies have suggested that sempa-
horins function as GAPs for RAPs not MRAS
(Wang et al. 2012).

These ties to differentiation have also
been studied in mouse embryonic stem cells
(mESCs). Of all the Ras family members, Mras
is the only gene whose expression is limited to
undifferentiated mESCs. Before differentiation,
expression is controlled by the cytokine LIF,
and, as such, Mras is described as a marker of
stemness (Mathieu et al. 2013). Persistent Mras
down-regulation by removal of LIF affects the
normal balance of expression of core pluripo-
tency markers such as OCT4 and CAECAM]1,
and overexpression of MRAS leads to sustained
expression of OCT4 and NANOG. In Xenopus,
Mras is expressed throughout the embryo,
maintaining pluripotency until the blastula
stage and, as in mice, it is required for neuronal
differentiation, which indicates that this protein
has conserved functions across vertebrates (Ma-
thieu et al. 2013).

At the organismal level, Mras null mice were
initially described as phenotypically normal
(Nunez Rodriguez et al. 2006), but further stud-
ies since then link Mras to the control of normal
urinary function (Ehrhardt et al. 2015b) and
normal olfactory and/or social processes in
adult male mice because Mras ™'~ males are phe-
notypically more aggressive and show increased
sexual behavior (Ehrhardt et al. 2015a).

CONCLUDING REMARKS

Although MRAS mutations are rarely found in
cancer, it is likely that dysregulation of MRAS at
the expression level may be a contributing factor
to tumorigenesis in some contexts. Considering
this and the studies of MRAS in cell-fate deter-
mination and stemness, understanding how
MRAS expression is regulated in different cell
types is of interest. The recent identification of
activating mutations in MRAS in NS (as well as
SHOC2 and PPPICB) highlights a key role for
the MRAS-SHOC2-PP1 complex in the regu-

lation of the ERK pathway. MRAS has the ability
to regulate multiple signaling pathways, includ-
ing many that directly or indirectly regulate oth-
er GTPases of the RAS superfamily, and that
suggests a role for MRAS as a master regulator
of polarity. More comprehensive biochemical
and structural studies will deepen our under-
standing of how MRAS-specific signaling con-
tributes to cell behavior and will help to explain
the phenotypes observed at the organismal level
in which MRAS function is modified.
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