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The small Rho GTPases regulate important cellular processes that affect cancer metastasis, such as cell survival and
proliferation, actin dynamics, adhesion, migration, invasion and transcriptional activation. The Rho GTPases function as
molecular switches cycling between an active GTP-bound and inactive guanosine diphosphate (GDP)-bound
conformation. It is known that Rho GTPase activities are mainly regulated by guanine nucleotide exchange factors
(RhoGEFs), GTPase-activating proteins (RhoGAPs), GDP dissociation inhibitors (RhoGDIs) and guanine nucleotide
exchange modifiers (GEMs). These Rho GTPase regulators are often dysregulated in cancer; however, the underlying
mechanisms are not well understood. MicroRNAs (miRNAs), a large family of small non-coding RNAs that negatively
regulate protein-coding gene expression, have been shown to play important roles in cancer metastasis. Recent studies
showed that miRNAs are capable of directly targeting RhoGAPs, RhoGEFs, and RhoGDls, and regulate the activities of
Rho GTPases. This not only provides new evidence for the critical role of miRNA dysregulation in cancer metastasis, it
also reveals novel mechanisms for Rho GTPase regulation.
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| 1. Introduction

Cancer progression is highlighted by changes in cancer cells that promote aggressiveness allowing cells to acquire a
greater metastatic potential. Once cancer cells in the primary tumor gain the ability to invade the surrounding tissue,
motile cells pass through the basement membrane and the extracellular matrix (ECM) penetrating into the lymphatic or
vascular circulation. These motile cells travel through the circulatory system until they arrest at a different locations,
extravasate through the vascular basement membrane and the ECM into the new environment where they gain epithelial
characteristics and form a secondary or metastatic lesion. Because metastasis is the leading cause of mortality in cancer
patients, recent research has focused on identifying and understanding the underlying mechanisms that contribute to
metastasis. Numerous studies demonstrated that small Rho GTPases are key regulators of cell adhesion, migration and
invasion, thus playing crucial roles in cancer metastasis (for reviews see Q23 |t is well established that the activities of
small Rho GTPases are tightly regulated mainly by the following four groups of regulators: guanine nucleotide exchange
factors (GEFs), GTPase-activating proteins (GAPs), guanosine diphosphate (GDP) dissociation inhibitors (GDIs) and
guanine nucleotide exchange modifiers (GEMs) BIEIEIA However, much less is known about how the activities of smalll
Rho GTPase regulators are regulated.

Although elucidating the underlying mechanisms of cancer metastasis has been the focus for many years, the connection
between microRNAs (miRNAs), a family of small non-coding RNAs, and Rho GTPase regulators has only recently
become a focused topic in cancer metastasis studies. There is a growing body of evidence revealing the critical
involvement of miRNAs in the tight spatiotemporal regulation of actin-based physiology. Moreover, depending on the
specific context, miRNAs can have a tumor suppressive or oncogenic role in cancer. We understand that miRNAs can
directly regulate the expression of Rho GTPases and this was reviewed elsewhere . In this review, we focused on recent
exciting findings showing that miRNAs play important roles in regulating Rho GTPase regulators (RhoGEFs, RhoGAPs,
RhoGDIs), eventually affecting small Rho GTPase activities and cancer metastasis. A comprehensive list of the currently
validated miRNA-targeting of small Rho GTPase regulators is presented.

| 2. MicroRNA Biogenesis and Function

Although the basic features of microRNA biogenesis and its mechanism of action were established over a decade ago &
(L0 - sybsequent years have shown a vast accumulation of new information that has not only deciphered the
mechanistic details, but has also demonstrated that miRNAs are key regulatory hubs for cancer. Here, we provide only a
brief introduction to miRNA biogenesis and function for context as we discuss their direct role in modulating mechanisms
that contribute to cancer progression (we have previously reviewed miRNA biogenesis in more detail [12[13]14])



MicroRNAs (miRNAs or miRs), are a subclass of small (~21-23 nucleotides) non-coding RNA molecules that negatively
regulate protein-coding gene expression. In terms of biogenesis (Figure 1), a functionally mature miRNA is derived from
the cleavage of a double-stranded ~70 nt RNA hairpin precursor in the cytosol. These miRNA precursors are typically
located either within the introns of a host protein-coding gene or in intergenic regions, and are transcribed in the nucleus
by either RNA polymerase Il or lll. However, the cases in which miRNA precursors were found within the exons of
transcripts and in antisense transcripts have been reported 2518l Once excised from the precursor RNA hairpin, a mature
miRNA is then loaded into the RNA-induced silencing complex (RISC), where miRNAs are then able to negatively
regulate the expression of target genes. Functionally, miRNAs elicit this negative regulation typically by imperfect base
pairing with the 3’ untranslated region (3'UTR) of the target messenger RNA (mRNA) through the miRNA seed sequence.
The seed sequence is the second to eighth nucleotide at the 5 end of a mature miRNA. The binding of a miRNA to its
target mMRNAs can induce mRNA degradation, translational inhibition or direct cleavage, depending on the sequence
complementarity LAML8I19 The expression of mMIRNAs can be regulated through interactions with and the modifications of
their promoters. In addition to the promoter-mediated control of expression, miRNA function can be controlled through the
binding and sequestration of the mature miRNA in the cytosol by long non-coding RNAs (IncRNAs) as well as circular
ncRNAs (circRNAs), termed competing endogenous RNAs (ceRNAs) 29, Due to their direct role in regulating the gene
expression of most of the human genomel2l22l miRNAs are directly involved in almost all aspects of cellular functions.
Specifically, the cellular pathways that underlie cancer progression are regulated by either oncogenic or tumor
suppressive miRNAs 23], This suggests that miRNAs are central regulatory elements and represent a promising avenue
for therapeutic intervention.
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Figure 1. Canonical microRNA (miRNA) biogenesis pathway. Canonically, the miRNAs are transcribed in the nucleus via
their own promoters or their host gene promoters by RNA polymerase Il or Ill. This results in the formation of a primary
miRNA (pri-miRNA) transcript, which can range from hundreds to thousands of nucleotides long. After a polyadenylation
and capping event, pri-miRNAs undergo a microprocessing cleavage event by a ribonuclease (RNase) Ill type enzyme,
Drosha, and its binding partner DiGeorge syndrome critical region gene 8 (DGCRS8) resulting in a ~60-120 nucleotide-
long precursor miRNA transcript (pre-miRNA). Pre-miRNAs are then exported out of the nucleus by the karyopherin
exportin-5 to the cytoplasm, where the RNase Il enzyme, Dicer, processes the transcripts to form a miRNA duplex. The
unwinding of the miRNA duplex occurs and one strand is usually degraded (miRNA* (star) strand), while the other (mature
miRNA) is loaded into the RNA-induced silencing complex (RISC). The RISC probes for targets of the miRNA in the
genome. Once bound to a target mRNA, the RISC may induce a negative expression of the mRNA in three ways: 1)
MRNA destabilization and degradation, 2) mRNA translational inhibition, or 3) MRNA cleavage. The path at which the
mRNA is regulated depends upon multiple factors of the mature miRNA.

| 3. The Small Rho GTPases

Ras small GTPases are a superfamily of monomeric hydrolases that are found in all eukaryotic cells and function similarly
to the a-subunits of heterotrimeric G proteins. Small GTPases act as molecular switches to facilitate cell activities
including proliferation, morphology change, adhesion, migration, invasion and nuclear or vesicular transport, among
others. This molecular switching is driven by binding and hydrolyzing GTP, leading to the transition of small GTPases
between three conformational states; 1) the GDP-bound, 2) the GTP-bound and 3) the empty state that transiently exists
between the replacement of GDP with GTP in the guanine nucleotide binding site 24, The three main areas of the
GTPase that change between GTP- or GDP-bound states are referred to as the phosphate binding loop (P-loop), switch 1
(residues 3040, also known as the effector loop) and switch 2 (residues 60—76) [25l26] 3| of which reside within the GTP-
binding site of the GTPase. The GDP-bound state is generally considered inactive (“off”), while the GTP-bound form is the
active (“on”) form which allows GTPases to move to the cell membrane region and interact with downstream effectors.



The small Rho GTPase family is one of the five originally classified major subfamilies of the Ras small GTPase
superfamily 22, It consists of 20 small (190-250 residues) molecules which control the cytoskeleton and cell morphology
specifically by regulating actin dynamics (Table 1). They share ~30% sequence identity with the other Ras superfamily
proteins and between 40-95% sequence identity within the subfamily. In addition to containing sequence motifs common
to all Ras small GTPases, what structurally separates Rho small GTPases from other proteins in the Ras superfamily is
the insertion of 9-12 residues, after residue 122 located between the fifth B-strand and fourth a-helix within the GTPase
domain 28129 The majority of Rho GTPases undergo C-terminal post-translational modifications by isoprenoid lipids or
palmitate fatty acids BB which help localize their subcellular localization and association with membranes or
organelles. In addition to modifications to their C-terminal, Rho GTPases are also directly regulated by GTPase-activating
proteins (GAPs), guanine nucleotide exchange factors (GEFs), GDP dissociation inhibitors (GDIs) and guanine nucleotide
exchange modifiers (GEMs) discussed later in this review. Of the 20 members of the Rho GTPase subfamily (Table 1), the
best characterized Rho molecules are RhoA, Racl, and Cdc42. RhoA promotes actin—-myosin contractility and thus
controls stress fiber and focal adhesion formation and turnover. Racl drives actin polymerization for the formation of
membrane ruffling and lamellipodia, or the large projection at the leading edge of the migrating cell. Cdc42 regulates the
formation of filopodia, which are actin-rich, finger-like projections that exude from the lamellipodia at the leading edge of
the migrating cell.

Table 1. Mammalian Rho GTPases.

GTPase (Alias) Function Citation

Transduced signals to the actin cytoskeleton to initiate and maintain polarized

CDC42 . ) . . i . [32][33]
(CDCA42HS) growth and mitogen-activate protein morphogenesis; Responsible for the formation
S
of filopodia in actin-based cell migration.
Transduced signals to the actin cytoskeleton to regulate the multiple signaling
RAC1 pathways that control actin cytoskeleton organization, transcription and proliferation; (24]
Responsible for the formation of lamellipodia in actin-based cell migration.
Transducer that localized to the plasma membrane, where it worked with Racl to
RAC2 regulate diverse processes, such as secretion, phagocytosis and cell polarization; (35361

Expressed primarily in hematopoietic cell lineages.

RAC3 Involved in synaptic potentiation through regulating the actin cytoskeletal dynamics; [37][38]

Primarily expressed in the neurons of ganglia and the central nervous system.

Involved in the regulation of cell adhesion and migration; Responsible for providing
. contractile force in cell migration through the formation of stress fibers and focal (39]140]
adhesions; Localized to the cytoplasm and to a certain degree the plasma

membrane.

Transducer involved in actin organization, cell migration, membrane and endosome
RHOB trafficking, proliferation, DNA repair, and apoptosis; Thought to be an inhibitor of (41]
cancer progression; Localized to the endosomal membrane.

Function not well known, did not play a major role in the organization of actin
cytoskeleton dynamics; Not targetable by RhoGAPs, RhoGEFs, or RhoGDls;

RHOBTB1 ytosk y getable by _ [42]ia3)
Ubiquitously expressed, although high levels are found in skeletal muscle, placenta,

stomach, kidney, testis, adrenal gland and uterus.

Function not well known, did not play a major role in the organization of actin
RHOBTB2 cytoskeleton dynamics; Not targetable by RhoGAPs, RhoGEFs, or RhoGDls; (42](43]
Weakly expressed, although high levels were found in neural and cardiac tissues.



Function not well known, did not play a major role in the organization of actin
cytoskeleton dynamics; Not targetable by RhoGAPs, RhoGEFs, or RhoGDls;

RHOBTB3 o , , , [42]ia3]
Ubiquitously expressed, although high levels were found in placenta, testis,
pancreas, adrenal and salivary gland, and neural and cardiac tissues.
Responsible for actin cytoskeletal reorganization involved in promoting cell

RHOC migration, proliferation, EMT, invasion, angiogenesis and metastasis; Localized to [44]

the cytoplasm and with undefined perinuclear structures.

RHOD Controlled endocytic vesicle movement, Golgi homeostasis, and promoted actin [45]
stress fiber dissociation; Localized to the endosomal membrane.

Expressed ubiquitously; Inhibited contractility and the subsequent formation of actin
RHOE (RND3) stress fibers and focal adhesions; Drove cell rounding. GTPase-deficient, but (28]
constitutively bound to GTP in vivo.

RHOF (RIF) Expressed ubiquitously; Promoted the formation of filopodia. (28]
Localized to caveolar vesicles; May have played a role in the inflammator
RHOG Y play y 28]

response; Involved in lamellipodia and filopodia formation, and membrane ruffling.

Expressed primarily in hematopoietic cell lineages; GTPase-deficient;
RHOH (TTF) Overexpression inhibited RAC1, RHOA, and CDC42 signaling; Not targetable by (28]
RhoGAPs, RhoGEFs, or RhoGDls.

RHOJ (TCL) Localized to the endosomal membrane; Promoted the formation of filopodia; (28]
Contributed to the focal adhesion turnover.

Expressed primarily in testis, brain, and liver; GTPase-deficient; Involved in neurite [46]
RHON (RND2) .
outgrowth and cytokinesis.

Localized to the endosomal membrane; Promoted the formation of filopodia; 16
RHOQ (TC10) . . . 46l
Implicated in receptor trafficking.

Expressed primarily in adult brain and liver; Inhibited contractility and the
RHOS (RND1) subsequent formation of actin stress fibers and focal adhesions; Drove cell rounding; [46]
GTPase-deficient.

Critical for Wnt signaling; Worked together with RAC1; Stimulated cell cycle 28
RHOU (WRCH1) _ T _ (28]
progression; Promoted dissociation of stress fibers.

RHOV (WRCH2) Promoted the formation of filopodia; Promoted the dissociation of stress fibers. [28]146]

RhoGAPs: Rho GTPase-activating proteins, RhoGEFs: Rho guanine nucleotide exchange factors, RhoGDIs: Rho
guanosine diphosphate (GDP) dissociation inhibitors (GDIs).

| 4. Regulators of the Small Rho GTPases

The “on” and “off” states of the Rho GTPases can be accelerated by the interaction with certain regulators of G-protein
signaling (Figure 2) (&6l GTPase-activating proteins (GAPs) accelerate the Rho GTPases intrinsic phosphatase
capability, putting the GTPase into the “off’ state. Conversely, guanine nucleotide exchange factors (GEFs) activate Rho
GTPases by rapidly exchanging GDP with the GTP. GDP dissociation factors (GDIs) also act to put the Rho GTPases into



the “off” state by binding and sequestering Rho GTPases. Since the number of GAPs and GEFs outnumbers the number
of Rho GTPases by over 3 to 1, many of these GAPs, GEFs and GDIs target the same Rho GTPase. However, some of
these GAPs, GEFs and GDIs have been shown to be specific for a single Rho GTPase over the others. Moreover, these
regulators of small G-protein signaling have been shown to be regulated by the small Rho GTPases themselves.

Figure 2. GTPase-activating proteins (GAPs), guanine nucleotide exchange factors (GEFs) and guanosine diphosphate
(GDP) dissociation factors (GDIs) regulate small Rho GTPases. Small Rho GTPases are known as molecular switches
due to the fact they cycle between “on” (GTP-bound) and “off’ (GDP-bound) states. In the GTP-bound state, small Rho
GTPases are able to regulate intracellular signaling cascades by binding and activating effector molecules. This signaling
can be terminated by the intrinsic GTPase capability (GTP to GDP) of small Rho GTPases, which is enhanced by the
interaction with GTPase-activating proteins (GAPs). While in the GDP-bound state, Rho GTPases can also interact with
guanosine nucleotide dissociation inhibitors (GDIs), which sequester the small Rho GTPase and do not allow for the GDP
to be exchanged for GTP. In order for GDIs to release the small Rho GTPase, a release factor must be present.
Conversely, in the GDP-bound state, small Rho GTPases are unable to regulate downstream signaling, but can be
reactivated by exchanging GDP for GTP, facilitated by the interaction with a guanine nucleotide exchange factor (GEF).
Current literature has demonstrated that miRNAs can directly bind and downregulate the expression of RhoGAPs, GEFs,
and GDIs to regulate cancer progression.

4.1. GTPase-Activating Proteins (GAPs)

The Rho GTPase-activating proteins (RhoGAPS) are one of the major regulators of Rho GTPases found in all eukaryotes.
They are defined by the presence of a conserved 150 residue RhoGAP domain, which is distinct from GAPs for other
classes of GTPases. This domain consists of nine a helices and a conserved arginine residue in a loop structure 24, The
RhoGAP domain gives RhoGAPs their function because it is sufficient for the binding to GTP-bound Rho proteins as well
as accelerating their GTPase activity. Traditionally, GAPs were thought of as tumor suppressors. However, as some
recent work has demonstrated, the overexpression of RhoGAPs in some cancers 2811491501 and the interaction between
the Rho GTPases and RhoGAPs may be more complex and context-dependent than originally thought. Expanding this to
miRNAs, this would also suggest that miRNAs that directly target RhoGAPs also play a context-dependent role in cancer
progression.

4.2. Guanine Nucleotide Exchange Factors (GEFs)

Rho guanine nucleotide exchange factors (RhoGEFs) are directly responsible for the activation of Rho GTPases by
catalyzing the exchange of GDP for GTP. Some RhoGEFs display specificity toward a single Rho GTPase, while others
exhibit more promiscuity. As in the case of RhoGAPs, the highly controlled regulation of RhoGEF activity is paramount to
ensure that Rho GTPases are not always in the “on” state. This regulation and specificity of RhoGEFs is determined by
regulatory mechanisms such as posttranslational modifications, having differing sensitivities to lipids, direct binding to
surface receptors, and an association with specialized complexes BUB2E3] Based upon their functions, this would
suggest that aberrant RhoGEF regulation, such as increased gene expression or mutations causing constitutive
activation, is a main driver behind cancer progression. Indeed, RhoGEFs are positive regulators of cancer progression,
where their increased expression drives cancer cell migration, invasion, adhesion and metastasis. Therefore, this
suggests that miRNAs that directly target RhoGEFs function as tumor suppressors. However, this idea has been
challenged recently where a RhoGEF (ARHGEF10) was shown to function as a tumor suppressor in pancreatic ductal
adenocarcinoma 4],

There are two subfamilies of RhoGEFs: the diffuse B-cell lymphoma (Dbl) and dedicator of cytokinesis (DOCK) families.
The 73 members of the Dbl family (Table 2) share a ~200 residue catalytic Dbl homology (DH) domain immediately
preceding an adjacent regulatory ~100 residue pleckstrin homology (PH) domain 55, However, some family members
possess tandem DH and PH domains or completely lack a PH domain B8, They also differ significantly in the N- and C-
terminal sequences, which is used to regulate the intrinsic RhoGEF catalytic activity, localization, or complex association
as described above. Additionally, it should be noted that unlike humans, plants do not possess Dbl RhoGEFs 4.
Functionally, the DH domain of Dbl RhoGEFs is responsible for facilitating the exchange of GDP for GTP by stabilizing
switch 1, the remodeling of the alanine near the Mg2+ binding site in switch 2, and stabilizing the P-loop of the Rho
GTPase. Dbl RhoGEFs have been shown to act on RhoA, Racl, and Cdc42. Conversely, the DOCK RhoGEFS (Table 2)
are characterized by a conserved Dock-homology region-2 (DHR2) domain that serves as the catalytic domain and the
DHR1 domain that locates them to specific membranes. What makes these RhoGEFs unique is that the DHR2 domain



stabilizes the switch 1 of the Rho GTPase using interactions not seen in other typical RhoGEFs. DOCK proteins also
utilize a valine residue to help dissociate the bound GDP, but does not distort switch 2 of the GTPase like Dbl family
members . DOCK proteins are shown to act primarily as RhoGEFs for Racl and Cdc42, but not RhoA 28153,

4.3. GDP Dissociation Inhibitors (GDIs)

In addition to RhoGAPs and RhoGEFs, Rho GTPase GDP dissociation inhibitors (RhoGDIs) perform a unique function in
the regulation of Rho GTPases. Characterized by a conserved ~60 residue N-terminal domain, RhoGDIs prevent Rho
GTPases from activation and the subsequent interactions with downstream effectors through three different mechanisms:
1) binding and sequestering Rho GTPases in the inactive, GDP-bound form preventing activation by RhoGEFs. 2) binding
and sequestering Rho GTPases in the active, GTP-bound form preventing the hydrolysis of GTP by either the intrinsic or
the RhoGAP-stimulated GTPase activity, and 3) modulating the cycling of Rho GTPases between the cytosolic and
membrane localization BYEL These biochemical functions mean that RhoGDIs have dual roles in the cell; they form
soluble complexes with GDP-bound Rho GTPases in the cytosol, but also monitor Rho GTPases at the site of action on
membranes.

To elicit their effects, RhoGDlIs recognize the isoprenoid geranylgeranyl lipids at the C-terminus of the Rho GTPase [EJ[61],
Once bound to the Rho GTPase, the N-terminal domain of the RhoGDI interacts with the switch 1 and switch 2 of the Rho
GTPase, restricting the spatial flexibility needed to exchange GDP or hydrolyze GTP. In contrast to the large number of
RhoGAPs and RhoGEFs, only three RhoGDIs have been identified in mammals (Table 2). RhoGDla (also known as
RhoGDI1) is the most commonly found and ubiquitously expressed RhoGDI and it is able to form complexes with most
members of the Rho family 2. RhoGDIB (also known as RhoGDI2) is predominantly expressed in hematopoietic cells (€3]
(4] put its dysregulation is also found in certain cancer types [E8IE7E8] |t can interact with several Rho GTPases, but the
affinity for complexing is 10-20 fold lower than that of RhoGDIla 9. Lastly, RhoGDIy (also known as RhoGDI3) is
preferentially expressed in the brain, lung, kidney, testis and pancreas , and is targeted to the Golgi complex through its
N-terminal domain where it predominantly interacts with RhoB and RhoG . The dysregulation of the RhoGDIs is linked to
cancer cell migration, invasion, and metastasis L9l put the downstream effects of the altered RhoGDI expression
seems to be context and cancer-type dependent. Additionally, it has been shown that RhoGDI mRNA can interact with
regulators critical to the miRNA biogenesis, stability and activity /2, suggesting a more diverse role for RhoGDls in cancer
cells.

4.4. Guanine Nucleotide Exchange Modulators (GEMs)

In addition to GAPs, GEFs, and GDls, another family of GTPase regulators has recently been identified. The guanine
nucleotide exchange modulators (GEMSs) are unique because they function as both a GEF and a GDI depending on
context 2], The members of this family are characterized by a ~30 residue domain that directly binds to G proteins. GEMs
share little sequence homology between family members and act as central regulators to diverse G protein signaling
cascades. The prototypical GEM family member is Girdin (for Girder of actin 4, also known as GIV 22 HkRP1 [Z8] or
APE 1) which is a multi-domain cytosolic protein that was identified to regulate the actin cytoskeleton during cell
migration. Although it has been shown to drive actin cytoskeletal remodeling and bind to a-subunits of heterotrimeric G
proteins like other GTPase regulators, these studies were not performed using human Rho GTPases. Therefore, it is not
yet known if GEMs can directly modulate Rho GTPases activity.
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