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Ras-related C3 botulinum toxin substrate 1 (Rac1) is a member of the family of the typical Rho guanosine

triphosphate phosphohydrolases (GTPases), which are known for their role in several cellular processes such as

cytoskeleton organization, gene expression regulation, and cell migration. The small GTPases of the Rho family

regulate many aspects of actin dynamics, but are functionally connected to many other cellular processes. Rac1, a

member of this family, besides its known function in the regulation of actin cytoskeleton, plays a key role in the

production of reactive oxygen species, in gene transcription, in DNA repair, and also has been proven to have

specific roles in neurons. 

Rac1  GTPase  Rab proteins

1. Rac1 and Rabs: Interactions and Regulations of Their
Functions

Physical interactions between Rac1 and members of the Rab family have been reported . In fact, Rac1 binds

strongly to Rab7a wt and to the Rab7a Q67L constitutively-active mutant, but very weakly to the Rab7a T22N

dominant negative mutant, indicating that Rac1 binds preferentially to the GTP-bound form of Rab7a .

Interestingly, the GTP-bound form of Rac1 affects Rab7a activity also through one of its effectors, called Armus,

which is a Rab7a GAP . Furthermore, it has also been proven that Rab7a is able to regulate Rac1 activity,

although the molecular mechanism is not known yet . These data suggest that the coordination between Rac1

and Rab proteins is accomplished at different levels in order to control finely their functions.

Furthermore, Rab23 has been proven to affect Rac1 by regulating a Rac1 GEF, Tiam1 . Indeed, GTP-bound

Rab23 interacts with β1 integrin, which then recruits Tiam1 and activates Rac1 . Binding of Rab23 to Tiam1 is

dependent on the presence of β1 integrin . Furthermore, Rab5 activity is regulated by Rac1 through a GEF . In

fact, active Rac1 interacts with alsin, a Rab5 GEF, and a Rac1 effector and activates the Rab GTPase . All

together, these data demonstrate that one important level of regulation is based on modulating the activity of

GTPase modulators such as GEFs and GAPs.

So far, only a few direct interactions between Rac1 and Rab proteins and/or their regulators have been discovered,

but clearly, this could be a general mechanism for their coordination responsible for cellular altered functions and

possibly diseases.
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2. Rac1 in Cancer: Role of Rac1 and Rabs in Cell Migration
and Metastasis

Cancer is a complex group of diseases characterized by uncontrolled cell growth. Excess of Rac1 activity has been

linked to several cancer types such as breast cancer, colorectal cancer, gastric cancer, prostate cancer, and

cervical cancer . In particular, Rac1 is involved in several phases of cancer development, as it can

promote cancer initiation, cancer progression, and metastases through its role in gene transcription, cell cycle

progression, neovascularization, cell adhesion, migration, and invasion . Moreover, mutations of Rac1

could determine a pathological state as Rac1 stimulates macropinocytosis, a fluid-phase endocytosis driven by

actin-based protrusion of the plasma membrane . Macropinocytosis relies on large organelles called

macropinosomes that allow internalization of extracellular material that it is subsequently used by cancer cells to

increase their metabolism, therefore contributing to the growth of the tumor .

The most important feature of cancer, negatively related to rate of survival, is the ability of cancer cells to spread to

other parts of the body through a process called metastasis, which is characterized by cell migration and invasion.

Cell migration is a process that consists of the formation of cell protrusions such as lamellipodia and filopodia and

new adhesion sites at the front of the cell (leading edge), contraction of the cell body, and detachment of adhesions

at the rear . Several studies have demonstrated that Rac1 is involved in the regulation of cell migration and

invasion and that Rab proteins can collaborate in this process .

Among Rab proteins, Rab5a is responsible for the regulation of the trafficking between the plasma membrane and

early endosomes . However, Rab5a is required also for the activation of Rac1 and, in turn, for the regulation

of the actin cytoskeletal organization  (Figure 1a). In particular, Rab5a is able to regulate the formation of

integrin and adhesion complexes and, in turn, controls Rac1 activity and the organization of actin structures .

Therefore, Rab5a silencing reduces the number and size of protrusions and decreases cancer cell motility and

invasion, which is important for metastasis and tumor spread . Another isoform of Rab5, Rab5c, has been linked

to the regulation of Rac1 activity dependent on EGF and therefore to cell migration . Similar to Rab5a, Rab5c

depletion determines the presence of fewer focal adhesion foci, less membrane ruffles, and less cell migration .

In fact, Rab5c is responsible for recruiting Rac1 at the plasma membrane, where it promotes the formation of

lamellipodia . In line with this, Rab5c silencing affects the abundance of Rac1 in the membrane fraction when

compared to control cells . Moreover, upon stimulation with EGF, Rab5c-depleted cells show less

phosphorylated, active, AKT and, in turn, PI3 kinases . This leads to a reduction of EGF-stimulated Rac1 activity

in Rab5c-depleted cells compared to control cells, although lower Rac1 activity has been detected also at steady

state upon Rab5c silencing  (Figure 1c).
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Figure 1. Schematic model that depicts the coordination of Rab proteins and Rac1 in cell migration. Different

pathways are indicated with letters. (a) Rab5a regulates the internalization and recycling of integrins from the rear

edge to the leading edge. This regulation is important for the formation of new adhesions at the front of the cell, for

Rac1 activation, and for actin filament (in red) reorganization. (b) Rab11 interacts with E-cadherin and recruits and

activates Rac1 at the plasma membrane. In hypoxia, αvβ3 integrin and PI3K are activated through the action of

Rab11, leading to Rac1 activation and cell migration. (c) Cell stimulation with EGF and its binding to EGFR

modulates activity of PI3K and AKT in a Rab5c-mediated manner. This in turn leads to increased Rac1 activity,

membrane ruffles, and cell migration. (d) Wnt5a signaling induces the activation of Dvl2, which binds to Rab35

activating it. Active Rab35 increases Rac1 activity and therefore cell migration. (e) Rab8 activation induces Rac1

activation mediated by a Rac1 GEF called Tiam1, regulating cortical actin polymerization and focal adhesion

reorganization. Furthermore, active Rab23 interacts with Tiam1, through its interaction with β1 integrin, regulating

Rac1 activity and cell migration. (f) Rab7a regulates cell migration by modulating Rac1 activity, β1 integrin, and

myosin X transport at the leading edge and the regulation of vimentin filament organization (in orange). Moreover,

Rac1 regulates Rab7a activity and in turn E-cadherin degradation in lysosomes, and therefore cell-cell contacts.

Interestingly, also the interplay between Rac1 and Rab7a, which is localized mainly to late endosomes and

regulates the late steps of endocytosis , has an important role in cell migration and metastasis .[31][32][33] [1][2][3]
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Indeed, Rab7a interacts with Rac1 , and they can affect each other’s activation state . Depletion of Rab7a

induces a lower activation of Rac1, which in coordination with other effects on the activation of β1 integrin,

organization of vimentin filament, and trafficking of myosin X, determines a negative effect on migration, formation

of protrusions, adhesion, and spreading , similarly to Rab5a and Rab5c (Figure 1f). On the contrary, Rac1

activation determines a lower amount of active Rab7a by acting on Rac1-effector armus, which is a bona fide GAP

for Rab7a .

The coordination of Rac1 and Rab7a in epithelial cells is important for cell-cell adhesion and for collective cell

migration, epithelial-mesenchymal transition (EMT), and metastasis. Integrated signaling among Arf6, Rac1, and

Rab7a is necessary for regulating E-cadherin degradation, which in turn, leads to the loss of cell-cell contacts .

Arf6 is able to activate both Rac1 and Rab7a, leading to internalization of E-cadherin, which becomes mainly

perinuclear. Nevertheless, active Rac1 is able to regulate Rab7a’s activation state through its effector armus, which

inhibits Rab7a, blocking E-cadherin degradation in lysosomes . Modulation of E-cadherin surface levels is

fundamental for cell adhesion of epithelia both in health and disease, affecting epithelial morphogenesis and

differentiation, but also acquisition of mesenchymal characteristics. Epithelial cancer cells can detach from the

close layer of cells, undergo EMT, and spread in other tissues, becoming a metastatic cell. Interestingly,

upregulation of Rab7a and armus-related proteins has been reported in several epithelial tumors . In line

with the effect of active Rac1 on the activation state of Rab7a, less Rab7a is pulled down by RILP, a GTP-Rab7a

interactor , when Rac1 is activated . Researchers recently proved that also RILP is able to regulate cell

adhesion and migration . Although Rab5a, Rab5c, or Rab7a silencing showed a reduction in cell migration 

, RILP depletion determined an increase in cell motility and speed . Interestingly, RILP-depleted cells showed

the ability to migrate as single cells , prompting the evaluation of E-cadherin turnover in these cells, in order to

elucidate the mechanisms behind the regulation of cell migration and adhesion mediated by Rab7a and RILP.

Another connection between Rac1 and Rab GTPases in the regulation of cell migration is the one discovered

between Rab8 and Rac1 . Rab8 is important in membrane transport to the plasma membrane, but it also

regulates the organization of the actin cytoskeleton and the size and distribution of focal adhesions during cell

migration . Interestingly, the Rab8-dependent regulation of the actin cytoskeleton organization is

mediated by Rac1. In fact, expression of a constitutively-active mutant of Rab8 induced an increase of Rac1

activity, probably due to the redistribution of Tiam1, a Rac1 GEF, to the plasma membrane (Figure 1e). This

coordination regulates cell protrusions and contributes to the loss of focal adhesions . Surprisingly, Tiam1-

dependent activation has been observed also in Rab5-positive endosomes for the regulation of actin

polymerization in dorsal ruffles . However, specific recruitment of Rab8 to the protrusive edge is necessary to

ensure persistent migration, and it could be mediated by the Rab8 GEF Rabin8, a Rab11 effector responsible for

the apical exocytosis during lumen formation mediated by Rab8 . Similar to Rab8, also Rab11 is able to

interplay with Rac1 and regulate cell migration . Rab11 regulates transport from recycling endosomes to the

plasma membrane, and it has been associated, together with Rac1, to colorectal carcinoma and cervical cancer,

where it regulates tumor progression and metastasis through two different processes, collective cell migration and

hypoxia . Collective cell migration has been reported to occur during invasion in malignancy. Indeed,

expression of Rab11 and its interactor E-cadherin have been associated with poor survival in patients affected by
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colorectal cancer . Moreover, by interacting with the adhesion molecule E-cadherin, Rab11 is able to promote

cell-cell contacts and increase Rac1 activity and expression of the matrix metalloproteinase-2. All these effects

contribute to the increased collective cell migration, Rab11-dependent collective cell invasion and anchorage-

independent cell growth . Therefore, Rab11 activity could be important in the early stages of colorectal cancer.

A condition that stimulates cancer invasion and migration is hypoxia. Hypoxia can occur in many solid tumors

where there is poor vascularization. Therefore, hypoxia functions as selective pressure for the survival of the most

aggressive and metastatic cells and could promote tumor cell invasion and lead to poor prognosis and low survival

rate for the patient. Rab11 has been recently associated with hypoxia-stimulated invasion and migration of cervical

cancer cells . In fact, Rab11 stimulates αvβ3 integrin and the activation of FAK and PI3K through their

phosphorylation under hypoxia, which then affect the expression and localization of Rac1. Indeed, when Rab11 is

present, Rac1 is more expressed in hypoxia, and it is distributed also in plasma membrane and cytoplasm, besides

the nucleus, where it normally localizes during normoxia . Therefore, Rab11 plays an important role in

coordination with Rac1 for the regulation of cell migration and development of metastasis through its action in

hypoxia and collective cell migration  (Figure 1b).

Another Rab GTPase, called Rab23, is important during mouse development, and it has been associated with

several types of cancer. Interestingly, Rab23 was found to be over-expressed in squamous cell carcinoma cells,

and it was demonstrated that active Rab23 interacts with β1 integrin and, through it, with Tiam1, which mediates

Rac1 activation and cell migration and invasion  (Figure 1e). Moreover, Rab23 was found absent in normal

astrocytes, while it was expressed in almost 50% of astrocytoma-affected patients, showing a correlation with a

higher stage of cancer progression . Thus, it was demonstrated that Rab23 modulates Rac1 activity and, in turn,

cell proliferation, colony formation, migration, and invasion .

A strong connection between Rab35 protein and Rac1 has been proven . In fact, Wnt5a, which is normally

involved in cell growth, proliferation, differentiation, motility, and survival, activates Disheveled 2 (Dvl2) by

phosphorylating it, and Dvl2 then interacts with Rab35. Subsequently, Rab35 activates Rac1, which, in turn,

promotes cell migration of breast cancer cells  (Figure 1d).

All together, the studies conducted on the coordination of Rac1 and Rab proteins in several processes occurring

during cancer development, progression, and metastasis show how interconnected the roles of these proteins are

(Figure 1). Interestingly, research on the use of Rac1 inhibitors in the case of common and/or aggressive tumors

showed that Rac1 could be a good target for counteracting cancer progression 78
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