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ABSTRACT

Much of our current knowledge of Rho GTPase networks and the regulation by Rho guanine
exchange factors (Rho GEFs) and Rho GTPase activating proteins (Rho GAPs) is based on
population-based techniques. Over the last decades, technologies that enable single cell analysis
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with high spatial and temporal resolution have revealed that Rho GTPase activity in cells is
regulated on second timescales and at submicrometer length scales. Therefore, perturbation
methods with matching spatial and temporal resolution are crucial to further our understanding of
Rho GTPase signaling. Here, we give a brief overview of the components of Rho GTPase signaling
networks and review a range of existing perturbation strategies that target a specific component of
the Rho GTPase signaling module. The advantages and limitations of each perturbation method are
discussed. Several recommendations are formulated to guide future studies aimed at addressing

spatiotemporal aspects of Rho GEF and Rho GTPase signaling.

Rho GTPases

Rho GTPases are master regulators of the cytoskeleton,
influencing cell migration, neuronal development and
trafficking.' They function as molecular switches that
transition between active GTP- and inactive GDP loaded
forms. This cycling is regulated by guanine exchange fac-
tors (GEF) and GTPase activating proteins (GAP) pro-
teins,? respectively. Inactive, GDP-bound Rho GTPases
are bound to Rho GDP dissociation inhibitors (Rho
GDI) and sequestered in the cytoplasm. GTP-loaded
Rho GTPases activate downstream effectors to control
specific cytoskeletal outputs.’

The human Rho GTPase family consists of ~20 genes,
which can be subdivided in 8 subfamilies.* An immense
amount of experimental work has been conducted on the
well-characterized and evolutionary conserved subfami-
lies of Rac, RhoA and Cdc42, and the identification of
their specific functions in terms of cell and molecular biol-
ogy has gone through several phases of understanding.

After initial experiments with Racl, RhoA and Cdc42
dominant negative (DN), and constitutively active variants
(CA), a picture arose that active Racl caused lamellipodia

formation and plasma membrane ruffling, RhoA caused
formation of stress fibers and focal adhesion complexes
and Cdc42 was responsible for filopodia formation at the
leading edge.” It was also shown that Racl and Cdc42
caused neurite outgrowth and growth cone expansion,
while RhoA impaired these processes and even caused neu-
rite retraction.® Initially, in terms of cell motility, it was
found that Racl activity was highest at the leading edge of
migrating cells, inducing actin polymerization and adhe-
sion complex formation, leading to membrane protrusions
and cell movement,” while inhibition of Racl impaired cell
migration in several cell types.” Cdc42 was shown to be
involved in cell polarity based on observations in macro-
phages that lost their directed movement when lacking
Cdc42 while RhoA was thought to be responsible for acto-
myosin mediated retraction at the back of cells and thought
to be excluded from the leading edge.'

Although it still holds true that overexpression or con-
stitutive activation of these subfamilies of Rho GTPases
can lead to this kind of ‘classic’ phenotypes in cells, we
now know that the regulation and activation of these sig-
naling molecules is organized at a much more detailed
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spatiotemporal level® The development and constant
improvement of Forster Resonance Energy Transfer
(FRET) based biosensors for the Rho GTPases”'° has
allowed us to inspect Rho GTPase function in living cells
with great spatiotemporal detail. With the use of these
techniques, all 3 main Rho GTPase subfamilies have
been shown to be activated at the leading edge during
distinct phases of plasma membrane protrusion and
retraction'' and to have very distinct spatiotemporal
activation patterns both at the leading edge and the tail
during cell migration in motile fibroblasts.'>'> Moreover,
specific spatiotemporal activity patterns have been
observed during neural growth cone protrusion and
relapse,” macropinocytosis,'* invadopodia (dis)assem-
bly,"*"* and oocyte wound repair.'*"”

The precise molecules and mechanisms involved in
the regulation of local Rho GTPase activation and deacti-
vation cycles,'® as well as the interplay between Rho
GTPases during complex cell behavior, is a topic of
intense ongoing research.'**

Regulation of Rho GTPase activation

Rho GEFs catalyze the release of GDP from Rho
GTPases, thereby converting Rho GTPases into the
active, GTP-bound state. There are more than 80 differ-
ent Rho GEFs found in mammals, which means that
they outnumber the Rho GTPases they target by 4 to 1.
As Rho GEFs control the activation of Rho GTPase tar-
gets, which are involved in virtually every physiologic
process in the human body, their specific deregulation or
mutants are often linked to developmental problems,
cancer progression and several other pathologies.”!

Rho GEFs are divided in 2 unrelated families; they
either contain a ~200 amino acid (aa) Dbl-homology
domain (DH)** or a ~400 aa Dock homology region
(DHR).” The largest and best studied Rho GEF family is
the Dbl-homology superfamily (at least 70 members),
characterized by one or more DH domains, which are
almost always accompanied by a C-terminal ~100 aa
long Pleckstrin Homology (PH) domain. It is well estab-
lished that the DH domain interacts directly with the
Rho GTPase and is responsible for the catalytic activity
that accelerates the release of GDP. Since the concentra-
tion of GTP is higher than GDP in cells, this results in
loading of the Rho GTPase with GTP. The role of the
PH domain seems to be less well-defined for this family
of Rho GEFs, and their conformation and structural
interaction with the DH domain can differ significantly
between different Rho GEFs.*> Some PH domains are
thought to participate in Rho GTPase binding and possi-
bly assist in the nucleotide exchange reaction. The PH
domain may also have a role as plasma membrane (PM)
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anchor or mediator of allosteric control of GEF activity
through its interactions with phospholipids. Further-
more, PH domains have been postulated to function as
docking sites for other proteins associated with Rho
GTPase signaling cascades.”

The question why there are so many GEFs compared
with their Rho GTPase targets has not yet been answered
with satisfaction. However there are several possible
explanations suggested for this interesting phenomenon.

First of all, there is some evidence for the tissue or
even cell-specific expression of certain Rho GEFs, for
example certain Trio isoforms in the brain.** Moreover
it is possible that certain Rho GEFs are only expressed
during particular stages in development, e.g. during the
extensive cell migration and neurite network develop-
ment in embryogenesis, where they perform specific
tasks at specific time points. Knockout studies have
shown that several Rho GEFs for RhoA are essential for
development, and that their function cannot be compen-
sated for by any of the other RhoA specific Rho GEFs.*!

Second, almost all Rho GEFs contain additional
domains outside their characteristic DH-PH cassette(s).
These domains, identified by sequence homology, vary
in their functionality and include domains with catalytic
activity (Ras GEF / kinase / phosphatase), subcellular
localization signals, or modules for protein-protein or
protein-membrane interactions.”> These additional
domains are likely to contain signaling modules that
define context dependent local activity profiles for each
Rho GEF in time and space, giving each individual Rho
GEF unique signaling properties. A related third option
is the possibility that some of these additional domains
provide a scaffold function, which sequesters Rho
GTPases into specific protein complexes or signaling
hubs.

Spatiotemporal aspects of Rho GTPase signaling
networks

Rho GTPases regulate complex cellular behavior such as
cell migration, neuronal outgrowth and cell polarity,
which requires spatial and temporal confinement of sig-
naling networks in cells. Complex cell behavior can only
occur when concentrations of signaling proteins are not
homogeneous. Moreover, these local gradients must be
timed correctly with internal (e.g., cell cycle status) and
external signals (e.g., matrix stiffness, chemical cues) to
produce relevant cell behavior.

The importance of endomembranes in the generation
of activity gradients or local signals, with a special role for
the plasma membrane and the vesicular system as integra-
tors of extracellular and intracellular signals, is increasingly
recognized.”>*® By localizing proteins on the plasma
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membrane, the concentration of those molecules is
increased up to a 1000-fold due to their spatial confine-
ment in an approximate 2D environment.”” This local
concentration effect, which increases the number of active
complexes, enables the plasma membrane environment to
(temporarily) enhance signaling efficiency. All Rho
GTPases contain prenylated CAAX boxes in their C-ter-
minal hypervariable regions, usually in combination with
other membrane targeting signals.® Upon activation they
are relocalized to the plasma membrane and other endo-
membranes where they can exert effects on downstream
targets. This highly localized and well-defined Rho
GTPase activity is orchestrated by Rho GEFs and Rho
GAPs. Rho GEFs and Rho GAPs are often large, multido-
main proteins, offering a vast number of possibilities to
control their location and activity. By positioning the Rho
GEF or Rho GAP near a membrane, scaffold or other cel-
lular structure that is sampled by Rho GTPases, the activ-
ity of the Rho GTPase can be effectively increased or
decreased respectively. The timing of the activity can be
controlled by phosphorylation, allosteric activation or
interaction with accessory proteins.®

A clear example of exquisite spatiotemporal control
over Rho GTPase activity is provided by p63RhoGEF.
The location of the p63RhoGEF is controlled by lipi-
dation of the N-terminus, targeting p63RhoGEF to
the plasma membrane. The timing of p63RhoGEF
activity is controlled via allosteric activation by a het-
erotrimeric G-protein (Gaq). Together, these 2 regula-
tory mechanisms control the location of p63RhoGEF
at a micrometer length scale (plasma membrane) and
timing of Rho GEF activity at a seconds timescale
(heterotrimeric G-protein activation), enabling exqui-
site control of RhoA activity in cells.”

To advance our knowledge about the complex Rho
GEF/Rho GTPase signaling networks that fluctuate in
activity over minutes and micrometers, there is a need
for technology that perturbs and measures these net-
works at the right timescales. Currently there are several
molecular  perturbation techniques available to

investigate Rho GTPase signaling networks, which we
will review below.

Molecular perturbation technologies

Our current knowledge of Rho GTPases and their
regulation by Rho GEFs and Rho GAPs is the result
of different experimental approaches from a variety of
fields, including genetics, biochemistry, structural
biology and cell biology. In cell biology, several
molecular perturbation technologies are available that
specifically abolish or generate the activity of a single
component of the Rho GTPase signaling module.
These technologies are used to understand the role of
a specific Rho GTPase in a cellular process. Here, we
will discuss several perturbation technologies (sum-
marized in Table 1) and we will highlight the benefits
and limitations of each strategy. We will evaluate
which of the techniques are suitable for disentangling
spatiotemporal aspects of Rho GTPase signaling and
provide recommendations for future experiments.

Micro-injection of constitutive active and dominant
negative Rho GTPase variants

A series of seminal publications led by Alan Hall used
purified proteins that were introduced into mammalian
cells.’®"* First, Rho GTPases that were mutated to either
prevent GTPase activity (constitutive active, CA) or GTP
binding (dominant negative, DN) were purified from
bacteria. Next, the proteins were injected into single
Swiss 3T3 fibroblasts and the response of the cells was
evaluated by observing their morphology and cytoskele-
ton by actin staining. Strikingly, several minutes after
microinjection, the cells showed distinct changes in
shape and cytoskeletal organization. These key studies
led to the model that RhoA activity was responsible for
stress fiber and focal adhesion formation, Racl activity
induced pinocytosis and plasma membrane ruffles and
Cdc42 activity was involved in the formation of

Table 1. Summary of strategies for the perturbation of Rho GEF and Rho GTPase activities in living cells.

Perturbation Subcellular
strategy Time scale resolution? Advantage Limitation
Knock-down (RNAI) Days No Useful in screening Adaptation, False negatives in case of redundancy
Knock-out Days No True null Adaptation, False negatives in case of redundancy
Overexpression Days Yes Simplicity Adaptation
Inhibitor Minutes-hours No Simplicity Side-effects
Adaptation

Microinjection Minutes No Single cell kinetics Labor intensive
Heterodimerization— Seconds Yes Compatible with (FRET) imaging Irreversible, Side-effects of rapamycin

Rapamycin (CID)
Heterodimerization- Seconds Yes Reversible Low-throughput

Light mediated (LID) Non-invasive




filopodia. There are several important lessons that can be
learned from these studies. The 3 Rho GTPases Rho,
Racl and Cdc42 each have a very characteristic effect on
cell morphology. These responses have similarities to the
effect of adding growth hormones (EGF, PDGF) and
serum (or components thereof, e.g., LPA). The cellular
response to the microinjected Rho GTPase is rapid and
can be observed after 5-15 minutes. Finally, single cell
observations are necessary to appreciate the cellular
response to the activated Rho GTPases.

Overexpression of Rho GTPases

Subsequent studies that addressed the effect of Rho
GTPases often use CA and DN Rho GTPase variants.”
To circumvent the labor-intensive protein purification
and microinjection, the Rho GTPases are encoded by
cDNA on a plasmid, which is introduced in cells by
transfection. The host cells produce the protein, and
evaluation is performed after sufficient time has passed
(typically an overnight incubation) for protein expres-
sion to take place. Unlike microinjection, this approach
does not reveal the cellular response to an acute effect
of the Rho GTPase, since the Rho GTPase is slowly pro-
duced over time. In fact, compensatory mechanisms
may be triggered when the Rho GTPase is synthesized
and the cells may adapt to its presence. For instance, it
has been shown that overexpressed Rho GTPase per-
turbs the levels of endogenous Rho GTPases due to
competition for a limited and shared pool of Rho
GDIs.** Therefore, experiments that use overexpression
of CA or DN Rho GTPase variants should be inter-
preted with care. As an alternative, constitutive active
Rho GEFs can be used. These will activate endogenous
Rho GTPases, without affecting the Rho GTPase/Rho
GDI balance. It should be noted that Rho GEFs can be
identified that are specific for a certain subfamily (e.g.,
Cdc42 versus Racl) but not for specific isoforms>” (e.g.,
RhoA vs. RhoB). Additionally, cellular adaptation to
the ectopically expressed Rho GEF may still occur, for
example by compensatory expression of additional Rho
GAPs over time.

Knock-down and knockout approaches

The advent of RNAi has spurred a sizeable amount of
studies that use this technique to knock down a specific
Rho GTPase or Rho GEF*® or perform large scale screen-
ing studies.”””® The RNAi (or siRNA/shRNA) methodol-
ogy promotes the degradation of mRNA in the host cell,
which in turn will reduce protein levels. The efficiency of
this method depends on protein stability and will be
more successful for proteins that have a high turnover
due to rapid degradation. On the other hand, genetic
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knockouts (by gene-targeting or genome editing) will
result in complete absence of the protein. Historically,
cells were isolated from knockout animals to study the
effects of Rho GTPases.**” Nowadays, gene-editing tech-
niques, particularly the generation of indels by CRISPR/
Cas9, is a straightforward way to generate knockout of
Rho GTPases directly in the cell type of interest.

A recent study highlights the striking adaptation-
based difference in signaling outcome between a short-
term RNAi knockout and a long-term genetic knockout
of the Racl/Cdc42 GEF Dock6.” Short-term RNAi
mediated depletion of Docké triggered actin cytoskeleton
collapse and cell rounding during interphase, while long-
term genetic knockout approaches did not show obvious
actin defects and cells were spread out well during
interphase.

Even though siRNA is a powerful tool to perform ini-
tial large-scale screenings based on phenotype, acute per-
turbation is impossible. Therefore, adaptation may occur
and similar concerns exist as for plasmid based overex-
pression studies.

Drugs

Small molecule based drugs represent an important class
of reagents that can be used to study protein function.
Moreover, these compounds can potentially be used in
the clinic to treat diseases. Thus far, several drugs have
been reported that target Rho GTPases (e.g., statins*',
A16*%), Rho GEFs (e.g. ITX3%, Y16*) or the interaction
interface between Rho GTPases and Rho GEFs (e.g.,
Rhosin,*> NSC23766*). The kinetics of the response to
the drug depends on the properties of the drug (solubil-
ity, cell permeability, stability) and its mechanism of
action. Optimal drug effects require the optimization of
the dose and the incubation time. Once optimized, drugs
can be used to perturb signaling at minutes to hours
timescales.

A general concern with drugs is their specificity.
A clear-cut example is provided by statins. Statins reduce
the membrane affinity of Rho GTPases by inhibiting pre-
nylation, but they act on any prenyated protein, e.g.,
Gy.*” Another issue is that each Rho GTPase has numer-
ous roles in cell functioning. Hence, even specific inhibi-
tion of a Rho GTPase will affect many cellular processes.
To increase the specificity of drug action for a specific
cellular process, it has been suggested to target the Rho
GEF-Rho GTPase interface.*®

Small molecule induced activation

Chemical-induced dimerization (CID) is a powerful
system to control protein location. Currently, the most
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popular system is based on the high affinity interaction
between rapamycin and 2 of its naturally occurring bind-
ing proteins, the rapamycin binding domain of mTOR
(FRB) and FK506 binding protein 12 (FKBP12). Rapa-
mycin induces heterodimerization of FRB and FKBP12
within seconds. To circumvent side-effects due to bind-
ing of rapamycin to mTOR, rapamycin analogs have

The FRB domain is frequently used as ‘anchor’ for the
dimerization system and fused to a protein or amino
acid sequence that targets it to a specific location in the
cell, e.g., the plasma membrane, the Golgi apparatus or
mitochondria.”®>" The FKBP12 domain can be fused to
a protein of interest. The subsequent addition of rapamy-
cin can then be used to gain spatiotemporal control over

been generated that cannot bind mTOR.* the subcellular location of FKBP12-bound protein during

extracellular enviroment extracellular enviroment

SRR 3‘5‘5‘533‘53‘5“*“;’}3};3‘,:‘1;;‘;
AR ety

'm'm's33333'533'5*«;;?;:::‘5::;
iiﬂ.«f.i&i&t«‘.ixmmmuu

@0

cytosol

Q
L]

B FRB-anchor POI (+rapamycin)
]
c
=
0
£
[}
=
©
S
8
(a8
g . ..
©
©
Q
Q
©
©
©
U]
= 1 .k,
_g :. -' ‘!f_
_g E¥ ".'; ’,f‘} ;
o] ey
=] § > o i
= 4 EP

Figure 1. Basic principles of the rapamycin hetero-dimerization system. (A) The rapamycin system consists of 2 small protein domains,
FRB and FKBP12, which dimerize upon addition of the small molecule rapamycin. In this example the FRB domain is fused to a plasma
membrane targeting sequence. The FKBP12 molecule is fused to a protein of interest (POI), which binds FRB when rapamycin is added,
thereby recruiting it to the plasma membrane. (B) The POI (in this case a red fluorescent protein (RFP) was fused to FKBP12) can be tar-
geted to several subcellular locations; e.g., the plasma membrane (top), the Golgi apparatus (middle) and mitochondria (bottom). Left
column depicts the location of the FRB anchor (cyan), right columns show the POI before and after addition of rapamycin to the sample
(orange). Marten Postma generously provided the LUTs used in (B).



live cell imaging experiments (Fig. 1 and supplemental
movie 1).

It has been shown that recruiting a Rho GTPase or
Rho GEF from the cytosol to the plasma membrane is
sufficient to induce profound cell shape changes.” A fol-
low-up study revealed that recruiting a Rho GEF to the
plasma membrane increases RhoA activity, but that relo-
cating the same GEF to either mitochondria or the Golgi
apparatus did not alter RhoA activity.”" Thus, demon-
strating that activation of a Rho GTPase depends on the
subcellular location of the GEF.

One of the challenges is to switch from a low activity
state, i.e. cytosolic location, to a fully active state. To
achieve this the basal activity of the non-localized Rho
GTPase or Rho GEF should be low. Basal activity may be
reduced by tethering the protein domain to a subcellular
compartment where it is not active.”> Although the CID
method is often used to induce activation of signaling it
can also be used to inactivate proteins.”* The recruitment
of GAP activity, thus far not demonstrated, may be used
to inactivate Rho GTPase signaling at specific locations.

To further improve this system, caged (locally induc-
ible), light-inducible and reversible variants of the rapa-
mycin system are currently in development.*’ Several
alternative CID systems exist that use other small mole-
cules.”® A dimerization system based on the small mole-
cule MeNV-HaXS was recently described.”® This CID
system is based on the dimerization between a SNAP
and a Halo-tag by MeNV-HaXS$, which can be reversed
by the blue-light mediated photo cleavage of the dimer-
izer. Another reversible CID system reports the use of
trimethoprim (TMR)-based ligands to induce the dimer-
ization between an E. coli dihydrofolate reductase
(eDHFR) anchored to an organelle of interest and pro-
tein of interest fused to a mutated version of FKBP
(FKBP’).”” In this system a synthetic ligand of FKBP’
(SLF’) -TMR is used to induce dimerization, while regu-
lar TMR can act as a competitor for eDHFR, effectively
releasing the FKBP’-bound protein of interest. Because
FKBP’ can still bind rapamycin, this system can be used
orthogonally with a rapamycin based FRB anchor, pro-
viding means to translocate a protein of interest twice
within a living cell.

Light-induced activation

One of the first examples of light-induced Rho GTPase
activity is the engineering of a photoactivatable Racl.”®
A photosensitive protein domain sterically hinders Racl
activity by blocking its interaction with effectors. Upon
absorption of light by the photosensitive Light Oxygen
Voltage-sensing (LOV) domain, its interaction with
Racl is reduced and Racl activity toward effectors is

SMALL GTPASES 183

increased. A more generalizable strategy was recently
reported and applied to both Rho GTPases and Rho
GEFs.”

Another flexible strategy, similar to CID, is to use light-
induced dimerization (LID), similar to the chemical
induced dimerization. Several light-induced dimerization
systems have been reported®” with different characteristics.
Some aspects to consider when using these systems are (i)
reversibility, (ii) requirement for addition of co-factor and
(iii) activation spectrum (the optimal wavelength to acti-
vate the system). These systems have in common that
activity can be controlled with high spatial resolution. By
guiding the light to a small region in a cell, effects of local
activity can be evaluated. Several of these systems have
been used to demonstrate that light-induced recruitment
of a Rho GEF can be used to induce local cell shape
changes."*

Conclusion and recommendations

Of all the perturbation techniques discussed here, only
microinjection, CID and LID enable acute perturbation.
Since microinjection is labor-intensive and relatively
invasive we do not consider it further. Both CID and
LID allow acute perturbation with high subcellular reso-
lution. In case of CID this is achieved by placing the
anchor at specific membranes or structures. This can
also be done for LID, but local activation with this sys-
tem can also be achieved by pointing the activating light
at specific cellular locations. The Rho GTPase signaling
network in cells is tightly regulated by Rho GEF and Rho
GAP activity on a timescale of seconds and micro-
meters,>*> and CID and LID are the only methods that
can perturb the signaling network on both this time and
length scale in single cells (Table 1). The read-out from
the other perturbation techniques will suffer from adap-
tation of the cell based on both biochemical and mechan-
ical feedback.®* It was recently shown that the long-term
(genomically altered) perturbation of a Rho GEF results
in completely different signaling response compared
with short-term perturbations (overnight).40 We believe
the same will hold true on the scale of minutes to hours.

One of the challenges is to combine local activation
with a quantitative read-out of the cellular response.
Shape changes can be quantified®' and may be informa-
tive to study effects of local Rho GTPase activity on cell
morphology. More detailed information can be obtained
by using specific probes that report on local effects of sig-
naling proteins or the cytoskeleton. For instance, fluores-
cent protein fusions with actin probes can be paired with
any of the described systems. Similarly, the location and
dynamics of myosin II, microtubules or focal adhesion
proteins can be followed over time.
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Powerful and direct read-outs can be acquired by
using FRET based sensors, providing quantitative infor-
mation with high spatial and temporal resolution.''
Since most high-contrast based FRET sensors are based
on CFP-YFP pairs, light based systems that use blue light
are not compatible. However, FRET based reporters can
be paired with the rapamycin system or light-based sys-
tems that use red light. An alternative solution is to
develop red-shifted FRET pairs that do not require blue
light for imaging.

To conclude, there are several systems for the local
and acute (in)activation of Rho GTPases signaling.
These systems match the second timescales and
micrometer length-scales at which Rho GTPase activ-
ity is controlled in cells. Therefore, these perturbation
strategies provide a powerful toolkit to examine
effects of local signaling by Rho GTPases in a wide
variety of processes. Nature will undoubtedly continue
to surprise us, and other genetically encoded modules
that enable ways to activate local activities are antici-
pated. We are convinced that the combination of
acute local perturbation and single cell analysis will
greatly improve our understanding of Rho GTPase
signaling.
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