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ho GTPases undergo ubiquitylation
nd degradation via the ubiquitin-
proteasome pathway. We now report in
the November issue of Developmental
Cell that the E3 ubiquitin-ligase HACE1
catalyzes the ubiquitylation of GTP-
bound Racl. Depletion of HACE1 leads
to an increase of Racl activity. We have
proposed that HACE1 limits Racl activ-
ity in cells, a regulation that is usurped
by some pathogenic bacteria for efficient
invasion of host cell monolayers. We here
review these findings in parallel with the
regulation of RhoA by the ubiquitin and
proteasome system (UPS) and discuss
the impact of these regulations on the
capacity of Rho GTPases to signal.

Introduction

Protein degradation represents the most
reliable way to dampen the amplitude
and duration of signal transduction
pathways.! For instance, protein degra-
dation by ubiquitin-mediated targeting
to the proteasomal machinery plays a
crucial role in cell signaling, notably in
pathways that control actin cytoskeleton
dynamics®® and during host pathogen
interactions.* The ubiquitylation reac-
tion consists of the covalent attachment
of ubiquitin, an 8-kDa polypeptide,
to lysine residues on the target.! This
involves a cascade of transfer reactions
ubiquitin-carrier  proteins.
Among these factors, the E3 ubiquitin-
ligases confer the specificity to the reac-
tion by binding distinctively a panel of
target proteins.! Additional molecules of
ubiquitin can be subsequently attached

between

to one of the seven lysines of the previ-
ously cross-linked ubiquitin molecule,
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leading to the formation of various
types of poly-ubiquitin chains, notably
Lysine-48 (K48)-poly-ubiquitylation
for substrate targeting to proteasomal
destruction. Posttranslational modifica-
tions of proteins by mono- or multi- and
poly-ubiquitylation form a repertoire of
modifications allowing specific interac-
tions with multiple families of ubiquitin-
binding domain containing proteins.’
This system of regulation is completed by
the action of de-ubiquitylating enzymes.®
Ubiquitylation is now viewed as a system
of molecular barcodes controlling protein
sorting at the membrane, as well as local
and/or temporal activation of proteins
and protein inhibition by degradation.>’
It is now firmly established that ubiqui-
tylation of small GTPases, notably that
of Rho proteins, controls their capacity
to signal. Determination of the cellular
actors responsible for ubiquitylation of
Rho proteins has started to unveil some
functions and the importance of this type
of posttranslational modification with
regard to the canonical GTPase-based
spatio-temporal regulation (Fig. 1).

Rho GTPases have a crucial role in
controlling virtually all actin-dependent
cellular processes.*” The importance of
this family of proteins is further estab-
lished by links unveiled between their
dysregulation and several human diseases
such as inflammatory and neurological
disorders, as well as cancer.!”'? Moreover,
this class of proteins is the target of potent
virulence factors of highly pathogenic bac-
teria responsible for infectious diseases of
major public health threat and cost, such
as Clostridium difficile responsible for anti-
biotic-induced diarrhea and pseudomem-
branous colitis, as well as uropathogenic
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Figure 1. Rho protein ubiquitylation. (A) HACE1 HECT-domain containing protein E3 ubiquitin-
ligase binds preferentially to the GTP-bound form of Rac1, and to a ubiquitin conjugated to an E2
enzyme. Ubiquitin molecules are next transferred to a conserved cysteine residue (C876 of HACET)
of the HECT-domain prior to conjugation on Rac1 to form K48-poly-ubiquitin chain, a signal for
targeting to the proteasomal machinery. (B) RhoA is a target of Smurf1 HECT-domain contain-

ing E3 ubiquitin-ligase. (C) The GDP-bound form of RhoA is recognized by a multi-subunit E3
ubiquitin-ligase homologous to SCF (for Skp1-Cullin-1 and RING-finger), which contains Cullin-3,
as scaffold protein, and the BTB-domain containing protein BACURD for specific binding to RhoA.
This allows a direct conjugation of ubiquitin to RhoA for subsequent proteasomal destruction.

Escherichia coli (UPEC) a leading cause of
urinary tract infection and sepsis.!>!"

The crucial function of Rho pro-
teins is achieved through their ability to
orchestrate the timely local organiza-
tion of complex arrays of protein-protein
interactions.® Most Rho proteins bind
guanosine-5-diphosphate  (GDP) and
guanosine-5'"-triphosphate (GTP) guanine
nucleotides, as well as hydrolyze GTP into
GDP.5 Several residues, including the
glutamine-61 of Racl (Q63 in RhoA),
are essential for hydrolysis of the gamma-
phosphate of GTP. Transitions between
guanine nucleotide-bound forms of Rho
proteins produce conformational changes
in two flexible regions referred to as the
switch I and II regions. Binding to GTP
allows the switch I region to bind to and
activate downstream effector proteins.

Transition between both GTP/GDP
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forms of Rho is catalyzed by a large num-
ber of proteins containing GEF (Guanine
nucleotide exchange factors) or GAP
(GTPase activating protein) domains.’
Most of these regulatory proteins contain
additional functional domains and thus
most likely act as regulatory-effectors.
Finally, the targeting of Rho proteins to
cellular membranes for their activation is
regulated by guanine nucleotide dissocia-
tion inhibitor (GDI) factors, which retain
the GDP-bound GTPase in the cytosol.'®
Together, this complex GTPase-based spa-
tiotemporal regulation of small GTPases
satisfactorily accounts for their ability to
signal. Nevertheless, studies have clearly
established that Rho proteins are also sub-
jected to several posttranslational modi-
fications such as ubiquitylation.” This
now raises the question of the implication
of these additional modes of regulation
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in the control of the activity of small
GTPases and their possible diversion in
human pathologies.

Ubiquitin-modification
of Rho Proteins
and Proteasomal Degradation

It is now recognized that in addition to
the C-terminal prenylation of Rho pro-
teins for anchoring at the membrane, the
activity of Rho GTPases in cells is also
modulated by several posttranslational
modifications such as ubiquitylation,
sumoylation, serotonylation and phos-
phorylation.” A microbial centric view
indicates that bacteria have recognized
for a long time the benefit of modifying
small Rho GTPases by posttranslational
reactions in order to corrupt host innate
responses and successfully invade their
host.'>'® These modifications target either
the switch-I or -II domain of Rho proteins
to block or activate their downstream
signaling, respectively.’” The Cytotoxic
Necrotizing Factor-1 (CNF1) toxin, for
example, is a paradigmatic toxin target-
ing Rho proteins for activation." This
toxin is synthesized by a large number of
uropathogenic Escherichia coli, a pathogen
responsible for urinary tract infections
and sepsis.""” CNF1 activates Rho pro-
teins by modification of the glutamine 61
of Racl (Q63 for RhoA). Indeed, CNF1
catalyzes the deamidation of this gluta-
mine residue into a glutamic acid.?**' This
type of modification impairs the intrinsic
and GAP-stimulated GTPase activity of
Racl.?? Consequently, Racl remains in an
activated GTP-bound form. Two reports
in 2002 have demonstrated that once Racl
is activated, it is ubiquitylated for targeting
to proteasomal degradation.** Indeed,
the persistent activation of Racl, resulting
from mutations in position Q61 as well as
Gl12, sensitizes this GTPase to K48-poly-
ubiquitylation, thereby reducing its stabil-
ity. Sensitization of Racl to ubiquitylation
also occurs upon its activation by the GEF
domain of Dbl, or following stimulation
of the HGF (Hepatocyte Growth Factor)
receptor.>** We have established a direct
correlation between the strength of acti-
vation of Racl (Racl-WT < E61 < V12 <
L61) and its ubiquitylation efficiency.**
Poly-ubiquitylation of Racl occurs at
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cellular membranes and requires func-
tional caveolin-1.2>%¢ Based on these data
it was assumed that activation of Racl at
the membrane sensitizes this GTPase to
ubiquitin-mediated proteasomal degrada-
tion. Complementary to these findings
it was suggested that RhoA and CDC42
are also targeted to UPS once they are
activated.?

Ubiquitylation of RhoA
for Local Inhibition

A major turn in deciphering the function
of Rho GTPase regulation by UPS came
from the discovery that RhoA is a substrate
of the C2-WW-HECT domains contain-
ing Smurfl E3 ubiquitin-ligase, a regula-
tor of the TGFp signaling.? This study
established that the Racl and CDC42-
effector complex PAR6/PKCzeta controls
the local recruitment of Smurfl in cell
protrusions for targeting of RhoA to UPS.
Smurfl binds to the nucleotide-free form
of RhoA, known to interact with GEF
for GTP loading. Based on these find-
ings, it was assumed that UPS-mediated
degradation of RhoA occurs prior to its
activation (GTP loading) by GEFs in
order to prevent the inhibitory effect that
RhoA signaling would have on the forma-
tion of membrane protrusions induced
by Racl and CDC42. Complementary
to these findings, it was later shown that
Smurfl also controls the degradation of
RhoA for disruption of tight junctions
during epithelial-to-mesenchymal transi-
tion (EMT) promoted by TGFB in mam-
mary gland epithelial cells.?” Stimulation
of TGFR receprors induces a recruitment
of PARG and its phosphorylation by the
TGEP receptor-2 subunit. This allows the
recruitment of Smurfl and consequently
the poly-ubiquitylation of RhoA at two
acceptor lysines located at the N-terminal
part of RhoA. These studies concluded
that UPS-mediated degradation of RhoA
by Smurf1 likely triggers its local inacti-
vation. Thus in this case, the degradation
of RhoA seems to substitute for or act in
concert with GAP regulators to provide a
tight spatial regulation of Rho signaling.
Still, the localization of Rho ubiquity-
lation remains to be monitored. Smurfl
also participates to the degradation of the
cellular pool of RhoA once activated by
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CNF1.?® Thus, Smurf1 likely participates
in the downregulation of RhoA prior to
and after its sustained activation. More
recently, it was shown that the E3 ubiqui-
tin-ligase activity of Smurfl is stimulated
by release of an autoinhibition between
Smurfl-homodimers  achieved  upon
APC/Cdhl interaction.? This interaction
is independent of APC/Cdhl E3 ubiqui-
tin-ligase activity, which in other respects
plays a key role in mitotic exit and G1/S
transition. Consistent with above find-
ings, forced expression of Cdhl, together
with RhoA, leads to a poly-ubiquitylation
and downregulation of RhoA.?

Ubiquitin-mediated Control
of Rac1 and RhoA Stability
and Activity

We had previously established that ubiqui-
tin-mediated degradation of RhoA or Racl
is specifically impaired or inefficient in dif-
ferent immortalized and cancer cell lines,
suggesting that several enzymes specifi-
cally target Rho protein members to ubig-
uitin-mediated proteasomal degradation.”®
Consistent with these findings, Smurfl
targets RhoA but not Racl or CDC42.
By conducting a RNAi-based screen of
the subgroup of E3 ubiquitin-ligase con-
taining Homologous to E6-associated
protein  C-Terminus (HECT)-domains,
we were able to unveil the key function
of HACEI in the degradation of Racl.*’
This established Racl as a first target of
HACE1 E3 ubiquitin-ligase activity, a
likely important finding considering the
protective role of HACEI in tumorigen-
esis. In humans, the epigenetic silencing of
hacel has been linked to Wilm’s tumors.”!
Genetic inactivation of hacel in mice
induces the development of spontaneous,
late-onset cancer of a large variety of ori-
gin.* HACEI tumor suppressor activity
has been linked to its E3 ubiquitin-ligase
activity, responsible for indirect degrada-
tion of Cyclin-D1 in response to cell stress
in order to control anchorage-dependent
growth and cell cycle progression.” Thus,
it is interesting to speculate that the tight
control of cell cycle requires Racl regula-
tion by HACEL, considering for instance
that Racl controls cyclin-D1 levels for
anchorage-dependent cell cycle progres-
sion.*? In our recent study, we showed that
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HACEL depletion had no effect on RhoA
or CDC42 stability. In vitro and in vivo
studies show a 2-fold preferential bind-
ing of HACEl to GTP-bound Racl.?®
This suggests that Racl binds directly to
HACEI] once it is activated. Biochemical
assays conducted in vitro suggest a strong
specificity of the ubiquitin-ligase activity
of HACEI toward the active GTP-bound
form of Racl.* Collectively, these findings
suggest that the binding of Racl-GTP to
HACE! stimulates its ubiquitin-ligase
activity. Functional studies have also
allowed us to determine that HACEI acts
by reducing cellular levels of active Racl.
Both activation and degradation of Racl
confer advantages to pathogenic bacteria.
Proteasomal degradation, by limiting the
cellular level of activation of Racl, allows
efficient disruption of intercellular junc-
tions, triggers a polarization of epithelial
cells that adopt a migratory phenotype
as well as confers epithelial cells efficient
phagocytic properties.”> Bacteria likely
benefit from these regulations to breach
cellular barriers and penetrate into cells
to form intracellular bacterial colonies.
Consistent with these previous findings,
both Racl and HACEIL appear to be
required for efficient bacterial internaliza-
tion into endothelial cell monolayers.*
Racl degradation may also potentially
limit the inflammation resulting from its
activation by CNF1, a host response detri-
mental to bacterial infection.?*%

RhoA shows a high turnover, as com-
pared to Racl which is a stable protein.*
The multi-subunit E3  Cullin,-RING
ubiquitin-ligase  (C,RL), homologous
to SCF (Skpl-Cullin-1-F-box protein
complex), in association with the BTB-
containing substrate binding factor
BACURD forms a complex identified as
the machinery controlling the degradation
of GDP-bound RhoA* (Fig. 1). CRLs are
activated and sorted outside the nucleus
upon cross-linking of NEDD8 ubiquitin-
like molecule to the cullin subunits.?”3®
NEDDS is targeted for inactivation by
several bacterial toxins, notably Cif of
enteropathogenic E. coli* As a conse-
quence, the resulting default in CRLs
activation leads to a massive increase of
cellular levels of RhoA, but not RhoB,
RhoC or Racl, and subsequently to forma-
tion of thick actin cables.* Moreover the
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RNAi-mediated depletion of BACURD
produces an increase of cellular levels of
RhoA and actin cable formation.?® These
findings suggest that in cultured cells the
levels of active RhoA/Racl are limited by
the amount of total GTPases available
as substrate for relatively constant GEF/
GAP-regulated cycles of GTP loading and
hydrolysis.

Racl is likely a target of more than one
E3 ubiquitin-ligase, as shown for RhoA.
A recent study shows that Racl binds and
is poly-ubiquitylated on its lysine-147 by
the Ring-domain containing inhibitors of
apoptosis proteins (IAPs) E3 ubiquitin-
ligases, c-IAP1 and XIAP.*’ The binding
of these IAPs to Racl is nucleotide-inde-
pendent. Downregulation of ¢-IAP1 or
XIAP leads to an increase of Racl level
and activity in cells, promoting cell elon-
gation and migration.

Other Potential Functions of Rho
Protein Ubiquitylation

One interesting question is whether ubig-
uitylation might confer new biochemical
properties to Racl. A two-hybrid screen in
yeast for ub-Racl chimera interacting pro-
teins allowed us to isolate Tollip (Toll and
IL1-Receptor interacting protein).*! Tollip
comprises an ubiquitin binding domain
and a TBD-domain for interaction with
the clathrin-interacting protein Tom1.%
Tollip, Tom1 and clathrin localize at the
site of internalized bacteria.? These fac-
tors are required for efficient bacterial
entry into cells intoxicated by CNF1, or
expressing active Racl, via a 3-1 integrin
pathway.! Both Racl and ubiquitylated-
Racl bind to Tollip.* These findings raise
the interesting question of whether the
ubiquitylation of Racl might modulate
Tollip interactions. For example, it has
been reported that ubiquitin and Tollip
bind to an overlapping region of the GAT-
domain of Toml in a mutually exclusive
manner.”? The lysine 147 of Racl is most
likely the acceptor site of ubiquitin.®® This
lysine is located in the vicinity of a poly-
basic stretch of amino-acids residues at
the C-terminal part of Racl. This region
is crucial for binding to several regula-
tory proteins as well as for the proper
localization of Racl at the membrane. In
line with this, it has been suggested that
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ubiquitylation might be involved in Racl
dynamics in peripheral membrane ruffles
and sorting of Racl in endocytic vesi-
cles.?*#* Further work will likely decipher
the importance of Racl ubiquitylation
not only as a restrictive regulation of its
signaling, but also as a mean to modulate
its interactions with effectors and with the
membrane.
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