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Ubiquitination
Added complexity in Ras and Rho family GTPase function
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The regulation of the small GTPases leading to their membrane
localization has long been attributed to processing of their
C-terminal CAAX box. As deregulation of many of these GTPases
have beenimplicated in cancerand otherdisorders, prenylation
and methylation of this CAAX box has been studied in depth
as a possibility for drug targeting, but unfortunately, to date no
drug has proved clinically beneficial. However, these GTPases
also undergo other modifications that may be important for
their regulation. Ubiquitination has long been demonstrated
to regulate the fate of numerous cellular proteins and recently
it has become apparent that many GTPases, along with their
GAPs, GEFs and GDlIs, undergo ubiquitination leading to a
variety of fates such as re-localization or degradation. In this
review we focus on the recent literature demonstrating that
the regulation of small GTPases by ubiquitination, either
directly or indirectly, plays a considerable role in controlling
their function and that targeting these modifications could be
important for disease treatment.

Introduction

Post-translational modifications, such as ubiquitination, phos-
phorylation and methylation have long been known to play
crucial roles in regulating the function of proteins by alter-
ing activity, localization or stability. The Ras superfamily of
GTPases undergo numerous modifications in their C-terminal
region, and more specifically through their CAAX motif (where
C is a Cysteine, A an aliphatic amino acid, and X any amino
acid) before they can be appropriately localized and activated."?
Briefly, these modifications occur in sequential order and include
(1) prenylation of the cysteine by a prenyltransferase, (2) cleavage
of the tripeptide AAX motif by Ras converting enzyme 1 (RCE1)
and (3) methylation of the now C-terminal cysteine by isopre-
nylcysteine carboxyl methyltransferase (ICMT). In addition,
some Ras family members undergo an additional lipid modifica-
tion termed either palmitoylation or S-acylation. These modifi-
cations result in a hydrophobic C-terminus, which anchors the
GTPase at the membrane, awaiting activation by a growth factor.
Some small GTPases, instead of possessing a CAAX motif, have
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a homologous C-terminal sequence (CC, CXC or CXXC) that
can be similarly modified by some of these enzymes, for instance
prenyltransferase.’

The highly regulated processing of GTPases suggests that
these numerous modifications are crucial for proper cellular func-
tion. Indeed, mutations can affect their localization or activation
state leading to a variety of disorders.*¢ For example, constitutive
activation of Ras and Rho family members has been implicated
in cancer and so targeting the enzymes involved in their process-
ing has become a potential target for therapeutic intervention.
Unfortunately, to date, inhibitors targeting the initial steps such
as prenylation have not been as successful as anticipated in the
clinic”® and so additional targets are now under investigation.

Perhaps not surprisingly, these proteins also undergo ubiq-
uitination, as discussed in detail below. Briefly, ubiquitin con-
jugation plays numerous intracellular roles such as localization,
protein interactions, signaling and degradation. Therefore,
targeting this process may represent an alternative approach.*’
Additionally, deubiquitinating enzymes (DUBs), which remove
ubiquitin from substrate proteins, may also be possible targets
for therapeutic intervention® and, although not yet at the clinical
stage, the development of DUB inhibitors is indeed underway.*
Directly targeting the proteasome in order to prevent protein
degradation has shown some promise,” although due to the broad
specificity ‘off-targets’ effects are likely. However manipulating
GTPase function by targeting ubiquitination specifically may
be a way around this and produce a source of new therapeutic
targets. Therefore, this review will focus on the roles of ubiqui-
tination on GTPases and their modifiers and the possible impli-
cations in drug targeting. It must be recognized however, that
many of the studies quoted have used biochemical and overex-
pression approaches and therefore any conclusions drawn regard-
ing a role for ubiquitin in controlling GTPase function needs to
be interpreted with caution.

Small GTPases

The activation and regulation of small GTPases have been exten-
sively reviewed elsewhere (for example see ref. 10) and alterations
in these GTPases often lead to disease. For instance, activating
mutations of the Ras isoforms are found in approximately 30%
of cancers making them among the most prevalent mutations,
though the isoform incidence associated with disease varies.'"'?

For example, K-Ras is mutated in 90% of pancreatic cancers,
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Figure 1. Ubiquitination and its roles in protein function. Free ubiquitin is conjugated onto a substrate as described in the text. A monoubiquitinated
protein can regulate receptor internalization, protein trafficking, DNA repair and transcriptional control. Polyubiquitinated proteins can undergo
proteasomal degradation, kinase activation, trafficking and cell cycle regulation.

while N-Ras mutations are found in 20% of melanomas.'"'"?

H-Ras mutations are less commonly observed in cancer, but
have been discovered in bladder cancer along with N-Ras muta-
tions."*'* However, germline mutations of H-Ras are associated
with inherited disorders such as Costello Syndrome and Noonan
Syndrome, and with mental retardation, cardiac problems and
musculoskeletal defects, and can increase cancer susceptibility in
these patients.” Although Rho mutations have not been detected
in cancer, enhanced expression has frequently been observed and
is often associated with metastatic disease.® The activity of these
GTPase is highly regulated through their interaction with their
numerous GAPs and so it is not surprising that dysregulated
RhoGAP expression of these has also been observed in tumors.'®
Therefore, detailed study of these GTPases and mechanisms that
govern their activation is critical to ascertain useful modalities for
therapeutic intervention.

Ubiquitination and Deubiquitination

Ubiquitination is a reversible multistep process catalyzed by a
number of enzymes, that entails the addition of a 79 amino acid
tag to a substrate and while frequently this labels for destruction,
it also may direct trafficking or alter function. Briefly, ubiqui-
tin is initially activated by an E1 ubiquitin-activating enzyme in
an energy dependent process requiring ATP and is subsequently
transferred to an E2 ubiquitin conjugating enzyme. Finally, the
ubiquitin is transferred to a lysine residue on the target protein with
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the assistance of a third enzyme termed the E3 ubiquitin ligase
(Fig. 1). In some cases longer ubiquitin chains can be assembled
by the recruitment of additional ligases known as E4s.' E3 ligases
can be subclassified into two main families: HECT (homologous
to E6-Ap C-terminal domain) and RING (really interesting new
gene) E3s. HECT family E3 ligases, which include the Nedd4
(neuronal precursor cell expressed developmentally downregu-
lated) ligases, interact directly with the ubiquitin attached to the
E2." RING E3s, on the other hand, are complexes that work by
positioning the substrate and E2 enzyme in near proximity so that
the E2 transfers the ubiquitin directly to the substrate.”” There are
seven lysines on ubiquitin (lysine 6, 11, 27, 29, 33, 48, 63) capable
of forming polyubiquitin chains, with Lys48 and Lys63 being the
best studied. Interestingly, lysine 48-linked polyubiquitination
often targets a protein to be degraded by the proteasome, as with
the NFkB regulating protein IkB."¥ Lys63 ubiquitination, on the
other hand, has multiple roles such as relocalization of proteins
like Ake," receptor internalization of EGFR? and the regulation
of DNA repair through PCNA or histone H2AX modification.”

Interestingly, nature has evolved many ubiquitin-like pro-
teins, such as Nedd8 and SUMOL, also capable of modifying
and altering protein function. For example, neddylation is a pro-
cess whereby the ubiquitin homolog Nedd8 is attached to a pro-
tein, specifically the Cullin family (Cull, Cul2, Cul3, Cul4 and
Cul5 in mammalian cells).?*? Cullins interact with either ring
finger proteins Rbx1/Rocl or Rbx2/Roc2 forming an E3 ligase
complex and targeting the substrate for proteasomal degradation.
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Additionally, sumoylation adds the 11 kda SUMO (small
ubiquitin-like modifier) protein to a substrate also utilizing
E3 ligases.”* Additionally, a similar protein in prokaryotes
termed pup has also been identified, which is specifically
conjugated to proteasomal substrates in mycobacteria.”
Thus ubiquitin and similar molecules are evolutionarily
critical regulating protein half-life and function.

The removal of ubiquitin by DUBs alters the fate of the
protein not only by rescuing it from degradation but also
by altering its function, trafficking or activity.”**” Although
almost 100 human DUBs have been identified, this is a lim-
ited number compared with both the number of E3 ligases
(>500) and ubiquitinated substrates suggesting that many of
these enzymes must have multiple substrates. These DUBs
can be divided into five main families based on their similar-
ity within the catalytic domain.?® Four of these classes are
cysteine proteases, which represent most of the DUBs iden-
tified: ubiquitin-C-terminal hydrolases (UCHs), ubiquitin-
specific processing proteases (USPs), ovarian tumor domain
ubiquitin-aldehyde binding protein (Otubain/OTU), and
the Machado-Joseph disease (M]D) families. The fifth class
contains a JAMM (Jab/Radl/MPN domain) motif and
these are metalloproteases.

As previously mentioned ubiquitination and deubiquiti-
nation play significant roles in regulating cellular processes,
such as proteasomal degradation, receptor internalization,
cell cycle regulation, transcriptional control, signaling and
trafficking (Fig. 1). One well studied example is the regula-
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Figure 2. Ubiquitination of Ras GTPase leads to endosomal internalization.
Following activation of H-Ras, Rabex-5 is ubiquitinated and Rab5 activated.
These proteins, along with Rin1, are involved in Ras ubiquitination. This
results in the formation of clathrin coated pits and the endocytosis of Ras
into early endosomes, sequestering the protein away from the plasma
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proteins (such as TRAF2/6, RIP1/2, MALT1, BCLIO0,
NEMO and RIG-IkB) are ubiquitinated leading to I ubig-
uitination, its proteasomal degradation and NFkB-translocation
to the nucleus.”” The deubiquitinating enzymes A20, Cezanne
and CYLD block this process by removing ubiquitin from the
upstream intermediates.’?' As another example, after activa-
tion, EGFR undergoes ubiquitination,* is internalized into early
endosomes and trafficked to the lysosome for degradation.” This
process has been shown to be regulated by two DUBs: AMSH
[associated molecule with Src homology 3 domain of STAM (sig-
nal-transducing adaptor molecule)] and USP8/UBPY. AMSH
removes ubiquitin from EGFR redirecting it to the multivesicu-
lar body (MVB) and onwards for lysosomal degradation, while
USP8 has been proposed to deubiquitinate the receptor at the lat-
ter stages of degradation.*® In addition, many DUBs are essential
for cell cycle progression: USP28 is involved in the DNA dam-
age checkpoint,” CYLD (cyclindromatosis) and USP17 regulate
G,/S progression.**?* Interestingly, USP17 is also required for cell
migration and its depletion disrupts Rho GTPase activation.”
Thus, ubiquitination and deubiquitination regulate numerous
cellular processes, and not surprisingly, as recent literature sug-
gests may play a critical role in GTPase function.

Ubiquitination of the Ras and Rho Families

Several members of the Ras family have recently been reported
to be modified by ubiquitin resulting in a change in their cellular
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localization and altered activity state(summarized in Table 1).
It is well documented that the Ras isoforms are localized to the
plasma membrane where they undergo activation via GDP/GTP
exchange leading to downstream signaling and proliferative gene
expression (reviewed in ref. 40). Recently Jura et al. demonstrated
that plasma membrane localized H-Ras and N-Ras underwent
lysine-63 linked ubiquitination independent of their activation
state and that this promoted their internalization into endo-
somes*! (Fig. 2). Additionally, the Rab5 GEF Rabex-5 was shown
to promote Ras ubiquitination in Drosophila and the resultant E3
ligase activity of Rabex-5 decreased the activation of downstream
effectors and thus suppressed oncogenic Ras transformation.**%
More recently, Rabex-5 has been identified in mammalian cells
and has a similar role: Rabex-5 ubiquitinates H-Ras leading to
its internalization into EEA1 positive early endosomes resulting
in the quenching of downstream signaling.** As Rabex-5 activity
would promote Rab5 mediated endocytosis at the plasma mem-
brane,® the internalization of H-Ras was perhaps not surprising.
They further demonstrated that the Rab5 GEF Rinl was required
for this modification. This built upon previous observations sug-
gesting that H-Ras stimulated Rinl activity and that this was
required for EGFR internalization.®® Thus the ubiquitination of
H-Ras may be required for its internalization in situations where
it is constitutively expressed. However, it is interesting to note
that although the activation of ubiquitinated Ras was shown to
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be decreased when internalized into endosomes, activation of
Ras has been observed previously in vesicles.”” As many of the
GEFs and effectors are location specific, this may account for the
decrease in activity in endosomes. Additionally, there are numer-
ous internalization pathways, and recently it was demonstrated
that H-Ras can be internalized via a clathrin-independent route,
whereas its main effector Raf-1 was localized to EEA1 posi-
tive early endosomes.® Interestingly, ubiquitinated H-Ras was
observed in early endosomes, where the effector Raf1 also resides,
without downstream activation, suggesting that the modification
may prevent interaction with effectors.

Additionally, H-Ras was also shown to be polyubiquitinated
in the presence of the SCF--TrCP E3 ligase complex with resul-
tant H-Ras proteasomal degradation and reduced proliferation.”
In a similar mechanism to H-Ras ubiquitination, P-catenin,
important for adheren junctions (epithelial cell-cell interactions)
and proliferation, also undergoes ubiquitination and proteasomal
degraded by SCF-B-TrCP.*° Thus, this E3 ligase appears to regu-
late cell growth by lowering both H-Ras and B-catenin levels.
Taken together, the data suggests that ubiquitination of H-Ras
can reduce its activity either by facilitating proteasomal degrada-
tion or endosomal sequestration. An interesting difference is that
the degradation is permanent while the endosomal track may
result in recycling back to the plasma membrane.

Although the other reports did not observe K-Ras ubiqui-
tination in their experimental setups, recently, K-Ras was also
demonstrated to be ubiquitinated, but in this case, the monou-
biquitination enhanced GDP to GTP conversion (from 4 to 24%
compared with non-ubiquitinated K-Ras) and downstream sig-
naling.”’ One major difference between the studies was the cell
types used and since K-Ras ubiquitination was not observed, it
is possible that CHOKI1 cells may lack the required E3 compo-
nents. Interestingly, although each Ras isoform can be ubiquiti-
nated at multiple lysine residues, in the case of both H-Ras and
K-Ras lysine 147 seems to be the preferred site for ubiquitin con-
jugation.? Furthermore mutation of this lysine in a xenograph
model that harbors oncogenic K-Ras resulted in reduced tumor
volume suggesting that blocking K-Ras ubiquitination, on this
specific residue, could be an important target to debilitate K-Ras
activity in tumors.”® Since constitutive ubiquitination would be
detrimental to the cell, these studies also imply that there is most
likely an endogenous DUB that would remove ubiquitin from
these proteins blocking downstream signaling responses and thus
providing a useful therapeutic target. Interestingly, the deubiqui-
tinating enzyme USP17 was demonstrated to removed ubiquitin
from RCEI1 (Ras converting enzyme 1), an enzyme involved in
Ras post-translational processing, blunting its activity and spe-
cifically decreasing H-Ras and N-Ras but not K-Ras membrane
localization.?”>? Although this was not direct removal of ubiqui-
tin from the GTPase, it does demonstrate that DUBs may play a
key role in regulating Ras activity.

Not surprisingly, other members of the Ras GTPase subfam-
ily are also modified by ubiquitination. Ras family members
Rapl and Rap2 play important roles in the maintenance of neu-
rite extension and their disregulation has been associated with
pathologies such as Parkinson, Alzheimer and autism.”*** In the
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unpolarized neuron, Rapl is localized to the tips of extending
neurites, where it can regulate their ability to extend. Following
a stimulus, the neuron becomes polarized, and in most of the
neurites, Rapl is ubiquitinated by the E3 ligase Smurf2 and the

5356 However,

subsequent degradation inhibits neurite extension.
in one of the neurites, Rapl remains activated and can facili-
tate microtubule extension and so this neurite becomes the
axon.’® In a similar manner, Rap2 is neddylated by the ubig-
uitin-like protein Nedd8, resulting in decreased Rap2 activity,
blunted downstream signaling and dendrite extension.’® Hence,
in neurons regulation of these GTPases by ubiquitination and
ubiquitin-like modifications are critical for maintenance of axo-
nogenesis. Therefore targeting Rap ubiquitination could be an
additional strategy for stimulating axon extension in disease such
as Parkinson where neurite retraction is common.”

Interestingly, the Smurf family of HECT E3 ligases have been
demonstrated to ubiquitinate many of the GTPases. As previously
mentioned, Smurf2 can ubiquitinate Rapl in neurons’® and the
related E3 ligase Smurf1 has been shown to be localized to cellu-
lar protrusions (filopodia and lamellipodia) along with the PARG
effector PKCzeta in migrating cells following Racl and Cdc42
activation.®® Inactive RhoA is ubiquitinated by this complex at
the leading edge resulting in RhoA degradation and decreased
motility, but Racl and Cdc42 ubiquitination by Smurf1 was not
observed.®”¢" This suggests that these cells would have increased
motility and may then contribute to diseases where migration
takes precedence such as metastasic disease or autoimmune con-
ditions like Rheumatoid Arthritis. However, in MDA-MB-231
breast cancer cells, TGFB induces Smurfl ubiquitination by
Smurf2 leading to Smurfl degradation and reduced migration
suggesting cell line specific roles.®?

Smurfl also ubiquitinates and degrades regulators of GTPase
function such as the Cdc42 GEF hPEM-2.% Additionally, treat-
ment with the CNF1 toxin and proteasomal inhibition was
demonstrated to increase RhoA, Rac and Cdc42 ubiquitination
in bladder cells.**® These differences may be cell line specific
since different GTPase ubiquitination levels displayed have been
reported since overexpressing Smurfl in cells with low endog-
enous levels of this E3 resulted in RhoA ubiquitination.®® Thus,
differential ubiquitination of these GTPase may be due to deficits
of the required E3 ligase.

Interestingly, the Smurf E3 ligases appear to play a role pri-
marily on those GTPases (RhoA and Rapl) that are involved in
integrin adhesion. This may be in part through actin binding
to the talin head domain (which is essential for integrin activa-
tion) resulting in a talin/Smurfl complex, degradation of the
talin head and consequently integrin stability.”” Therefore, the
Smurf family of E3 ligases play critical roles in the regulation
of GTPases by inhibiting their activation and facilitating their
degradation and further understanding regarding the specificity
of these Smurfs could pose as potential drug discovery targets.
Indeed, a number of groups have begun to explore this avenue
and are using high throughput assays to uncover other substrates
of Smurf1.%

RhoA can also be ubiquitinated and degraded by a num-
ber of other E3 ligases, besides Smurfl, that also drive its
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degradation. The Cullin-RING ubiquitin E3 ligase (CRLs)
complex (BACURDL1/2, the Cul-3 scaffold protein, Rbx1, E2
ligase) can target inactive RhoA to the proteasome and inhib-
iting this can blunt cell migration.®”’° In addition another
enzyme, the RING finger E3 ligase LNX (ligand of Numb pro-
tein X), initially identified as the E3 ligase for Numb, also asso-
ciates with RhoC.”! RhoC is normally found in the cytosol but
can co-localize with LNX in the nucleus resulting in decreased
AP-1 transcriptional activity.”! Although in this case RhoC ubiq-
uitination was not reported, the implication is that a number of
E3 ligases can target a single GTPase, perhaps each with distinct
functional outcomes. Additionally, as observed with the Ras
GTPases, there is likely also location dependent ubiquitination
for RhoA.

Understanding the influence of ubiquitin and ubiquitin-like
modifications of certain GTPases has revealed unexpected intri-
cacy. For instance, Racl can also be poly-ubiquitinated leading
to its degradation by the proteasome, but a splice variant of Racl
termed Raclb, is not ubiquitinated and therefore is more stable.”
As Raclb is constitutively active and is often highly expressed in
colorectal and breast tumors, this increased stability may facili-
tate increased tumorigenicity. However, the ubiquitination seems
to specifically target active GTP-bound Racl,”*”? suggesting that
in polar regions of the cell, containing pools of active and inactive
Racl, active Racl would be preferentially ubiquitin-conjugated
and thus reduced motility would ensue. Interestingly, although
ubiquitination of Racl results in its degradation and would there-
fore decrease migration, sumoylation of Racl may be necessary
for maintenance of Racl activation following HGF stimulation
and the subsequent formation of membrane ruffles.” Hence,
different modifications on the same protein can have opposing
effects adding to the emerging complexity.

Not surprisingly then, Racl was also demonstrated to co-
localize with the E3 ligase component cul-1 at the plasma mem-
brane where it complexes with RelB and p100 regulating NFxkB
signaling.” Interestingly, cul-1 also associates with RhoA, Rac2,
Rac3 and Cdc42 in the cell, and this interaction likely depends
on the subcellular localization, since cul-1 and active Rac3 asso-
ciate at the perinuclear region’® while the Racl/cul-1 complex
translocates to membrane ruffles.”” Therefore targeting cul-1,
and thereby inhibiting the activity of the E3 ligase complex,
could regulate a number of GTPases.

Rab GTPase Ubiquitination

The Rab family of small GTPases consists of over 60 members
that are predominantly involved in vesicular trafficking.”® They
are localized throughout the cell to distinct membrane compart-
ments where they regulate the transport of various cargo proteins
to and from the endoplasmic reticulum (ER), golgi apparatus,
early and late endosomes, lysosome and plasma membrane, as well
as many other cell type specific transport vesicles.”® They bind to
the membrane of their allotted compartment upon GTP bind-
ing and are involved in the formation and transport of a diverse
range of vesicles through their interactions with downstream
effector proteins.”® Ubiquitination can act as an important signal
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to trigger vesicular trafficking, particularly in regards to receptor
endocytosis, where ubiquitination can act as a signal for receptor
internalization and transport to the lysosome for degradation.”*
Indeed, the deubiquitinating enzymes USP8 and AMSH are
thought to be important regulators of receptor fate, in particu-
lar whether the receptor is sent to the lysosome for degradation
or recycled back to the plasma membrane.®* However, to date
there is no evidence that any of the Rabs are targeted for ubiq-
uitination, although, in Xenopus, the homolog of mammalian
Rab40 (XRab40) has been shown to act as part of an E3 ligase
when complexed with XElonginC and Xcul5 at the golgi.®* This
ligase regulates the ubiquitination and localization of the small
GTPase Rap2, which subsequently regulates the recruitment of
disheveled (Dsh) to the plasma membrane and the activation of
the non-canonical Wnt signaling pathway, all of which regulates
Xenopus gastrulation.®

Rab GTPase function, like that of other small GTPases, can
be regulated by many different proteins including GEF, GAP
and effector proteins and while the Rabs have not been shown
to be ubiquitinated, a number of these regulatory and effector
proteins have been shown to be regulated by ubiquitin (sum-
marized in Table 2). Rab5 is important for the formation and
regulation of early endosomes and can be recruited by a number
of different GEFs.*> One of these, Rabex-5, has been shown to
regulate the recruitment of Rab5 to the membrane either directly
or indirectly, through an interaction with the Rab5 effector
Rabaptin-5.% Interestingly, Rabex-5 possesses an A20-like zinc
finger (ZnF) domain that binds ubiquitin and recently it has
been demonstrated that the binding of this domain to ubiqui-
tin is important for the recruitment of Rabex-5 to endosomes,
and thus the activation and recruitment of Rab5.% In addition,
this A-20 like zinc finger domain also exhibits E3 ligase activity
and this has been shown to result in the self mono-ubiquitination
of Rabex-5.%¢ This mono-ubiquitination has been shown to be
associated with a cytosolic distribution of Rabex-5 and it has
been proposed that the mono-ubiquitination of Rabex-5 may
sequester it to the cytosol and that its removal may be required
to allow recruitment to the membrane through its binding to
ubiquitinated cargo. In addition, as mentioned above, Rabex-5
can promote H-Ras ubiquitination and blunt its activity through
endosomal sequestering.*>** The role Rab5 plays in this is as yet
unclear, but it is interesting to note that another Rab5 GEF, Rinl,
which can interact with activated Ras, is required for the endo-
somal localization of H-Ras suggesting this in some way involves
Rab5.# The yeast GEF Vps9p acts upon the yeast homolog of
Rab5 (Ypt21p) and has also been demonstrated to be mono-ubiq-
uitinated.®” Vps9p possesses a CUE domain, which is capable of
interacting with ubiquitin and is important for the endosomal
transport of at least a subset of proteins, suggesting that Vps9p
and Rabex-5 may be regulated in a similar fashion.

The Rab7 effector Rabring7 (BCA-2) has also been shown
to act as an E3 ligase through its RING domain, resulting in
self-ubiquitination, but not ubiquitination of Rab7. Rabring7
is also required for the ubiquitination of the EGF receptor and
its subsequent lysosomal degradation as an inactive mutant of
Rabring7 inhibits this process.®® Rabring7 has also been shown
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Table 1. Role of GTPase ubiquitination and ubiquitin-like modifications

GTPase Modification type/E3 ligase Function References
H-Ras/N-Ras Lysine-63 ubiquitination by E3 Rabex-5 Vesicular sequestration 41-44
H-Ras Polyubiquitination by SCF B-TrCp Degradation 49
K-Ras Monoubiquitination Increased signaling 51
Rap1 Ubn by Smurf1 in neurons Degradation; inhibits dendrite growth 55,56
Rap2 el ki in Teurns Decreased signag?(?\;li:hcreased dendrite 58
GDP RhoA AL el g el L0 BRCURD 2 Degradation; decreased motility 60-63, 66-68
Cul3/Rbx1
Cdc42/Rap1 E3 Smurf1 Cytoskeleton reorganization 64, 65
RhoC LNX E3 Decreased migration 71
GTP-Racl Polyubiquitination Degradation; decreased migration 72,73
Racl Sumolyation following HGF stimulation Inc., membrane ruffles 74
Table 2. Ubiquitin and ubiquitin-like modifications of Rab GTPases and associated proteins
Protein Ubiquitination role Possible function References
XRab40 Complexes with E3 ligase ElonginC/Xcul5 Wnt signaling and Xenopus gastrulation 82,83
Rabex-5 Possess E3 ZnF domain Self-ubiquitination and H-Ras ubiquitination 42-44, 85, 86
Rabring7 Possess E3 RING domain Self-ubiquitination and EGFR ubiquitination 88
Vps9p Possess E3 CUE domain Self-ubiquitination; endosomal transport 87
Table 3. Role of GAP, GEF and GDI Ubiquitination
GAP/GEF/GDI GTPase Function References
NF1 GAP RAS Neurite elongation 90
SPAR GAP Ras Actin polymerization, neuron growth 91,92
NCrasGEF Ras, Rap1 Increased cell proliferation and migration 93-97
hPEM-2 Cdc42 Actin polymerization and cell migration 63
FGD1/3 Cdc42 Cell migration and EGF signaling 98-100
RhoGDI RhoA Specifically inhibits RhoA activity 101, 102

to be involved in the internalization and trafficking of HIV-1
virions to the lysosome for degradation® suggesting this effector
is important for transport to the lysosome.

GAP, GEF and GDI Ubiquitination

Due to intrinsic slowness of GDP/GTP conversion, GTPases
requires the assistance of GEFs (guanine nucleotide exchange
factors) and GAPs (GTPase activating proteins) while some also
are regulated by GDIs (guanine nucleotide dissociation inhibi-
tors). Although some of the GTPases have not been demonstrated
to be ubiquitinated, they associate with ubiquitinated proteins
and/or complex with E3 ligases that influence downstream sig-
naling. In fact, GAPs, GEFs and RhoGDI are frequently tar-
gets of the ubiquitination machinery (Table 3). The RasGAPs,
Ira2 (yeast) and neurofibromin gene NF1 (human) have been
recently shown to be ubiquitinated.”® Interestingly, the authors
demonstrated that the GAP domain of NF1 is ubiquitinated by
ETEA/UBXDS leading to its degradation and blunting of the
ability of NF1 to regulate Ras. In neurons, the Rap GAP spine-
associated Rap GTPase (SPAR) is ubiquitinated by the E3 ligase
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complex SCF (B-TrCP) leading to its degradation and regulation
of actin polymerization and neuron growth.”? Additionally,
the Rac GAP al-Chimaerin also undergoes polyubiquitination
in neurons resulting in its degradation with resultant enhanced
Rac activation. Although the precise roles of these pathways are
unknown, the ubiquitination of these proteins may well play a
key role in axon generation and neural signaling.

As the abundance of GEFs far outweighs the number of
GAPs, it is then not surprisingly that the number of identified
ubiquitinated GEFs exceeds that of GAPs. Analogous with the
GTPases, ubiquitination can alter GEF function in numerous
ways. For instance, the Cyclic nucleotide Ras GEF (NCrasGEF)
can interact with both Ras and Rapl, is ubiquitinated and
proteasomally degraded thus enhancing cell proliferation.”**
NCrasGEF, also known as PDZ-GEF1/RA-GEF/nRapGEP,
has also been demonstrated to regulate integrin activation and
therefore cell migration,” and its murine knockout results in
reduced angiogenesis due to inappropriate activation of Rap1.”%%
Additionally, as discussed previously, the E3 ligase Smurfl can
ubiquitinate the Cdc42 GEF hPEM-2.% The Cdc42 GEFs
FGD1 and FGD3 also undergo ubiquitination by the SCF ligase
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complex (FWD1/B3-TrCP), but with dif-
ferent functions since FGDI1 stimulates,
while FGD3 inhibits cell migration.”>"
Moreover, EGF stimulation can translo-
cate FGDI1 but not FGD3 to the plasma
membrane, further suggesting that the
ubiquitin modification plays a substrate
specific role in the EGF signaling path-
way.'”” Hence, the ubiquitination of Ras
and Rho family GEFs and GAPs play a
critical role in regulating the activation of
GTPases, and since many of these GEFs
and GAPs can regulate multiple GTPases,
targeting one of these proteins may have
additional effects. For example, by inhib-
iting Smurfl, Cdc42, Racl and RhoA are
all affected, and therefore multiple down-
stream pathways are controlled. In fact an
informative review on the importance of
targeting these proteins has recently been
published in reference 103.

Even though the number of RhoGDIs
in the cell are few (only three have yet
been identified in mammalian cells)

Signalling R‘
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Figure 3. Possible Drug Targets of Ubiquitination/Deubiquitination. Regulation of GDP/GTP con-
version is controlled by numerous proteins as described in the text. Many of these proteins (GAPs,
GEFs and GDIs) undergo ubiquitination to direct their activity and that of the GTPases. Targeting
these processes at critical stages (indicated by Rx) could therefore regulate GTPase activation and

(reviewed in ref. 104), to date only one has izl dRseEse S,

been demonstrated to be ubiquitinated. In
a high throughput screen mining targets
of the E3 ligase GRAIL in T-cells, RhoGDI was ubiquitinated.'!
This resulted specifically in reduced RhoA activity but did not
affect Racl or Cdc42, despite the fact that RhoGDI is reported
to interact with these GTPases as well.'”” These observations
would be consistent with the hypothesis that targeting E3 ligases
to manipulate GTPase function could provide a degree of speci-
ficity that has been lacking hitherto.

Targeting Ubiquitination/deubiquitination

Although Ras and other GTPases are mutated in many common
cancers, GTPases are by no means the only proteins modified by
ubiquitin that are deregulated in cancer or other pathologies. But
development of novel drugs to control their ubiquitin-modified
activity has the potential to prove clinically beneficial. A previous
example, Bortezomib/Velcade that inhibits proteasome activity,
has been approved for the treatment of multiple myeloma and
is in clinical trials for other diseases such as non-small cell lung
cancer, androgen-independent prostate carcinoma and non-
Hodgkin’s lymphoma!?>1%
mutant cancers. One concern with this broad spectrum approach

and may also be useful in Ras or Rho

is the potential side effects, and so more specific targeting of
upstream proteins may prove a better option. E3 ligases are one
possibility. Indeed, inhibitors for the HECT E3 ligase HDM2,
key in p53 stability, have been identified.!”” Additionally, small
molecule inhibitors targeting DUBs are also under investigation.*
However, directly targeting the GTPases and their regulators,
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may prevent the side effects that have been observed with less
specific drugs, like Velcade, and recent studies have unearthed a
number of potential targets (Fig. 3).

Conclusions

Post-translational modifications of proteins such as GTPases
have been under investigation for drug targeting since these pro-
teins were first shown to play an important role in cancer and
to undergo processing of their C-terminal region. More recently
many functions of these proteins have been reported to be regu-
lated by ubiquitination. In addition to prenylation, methlyation
and palmitoylation, many members of the Ras superfamily as
well as proteins involved in their regulation, also undergo ubig-
uitination (Fig. 3). The role of this modification can be quite
distinct depending on the protein, E3 ligase involved, and the
activation status of the target. Elucidating the ubiquitin types
(mono vs. poly) and chains (K48 vs. K63, etc.) as well as all the
players involved, will help to determine the role this modification
has on GTPases. Additionally, little is known about which DUBs
are involved. As disregulation of these GTPases are often times
associated with disease and current modes of drug targeting have
been unsuccessful, finding an alternate avenue would be oppor-
tunistic. Targeting the ubiquitination/deubiquitination may be
an option. This is an exciting area with many potential drug tar-
gets, but clearly much further understanding is needed to address
the likely specificity of targeting GTPase activity in this way.
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