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REVIEW

Regulation and functions of the RhoA regulatory guanine nucleotide exchange 
factor GEF-H1
Emily Joo and Michael F Olson

Department of Chemistry and Biology, Ryerson University, Toronto, ON, Canada

ABSTRACT
Since the discovery by Madaule and Axel in 1985 of the first Ras homologue (Rho) protein in 
Aplysia and its human orthologue RhoB, membership in the Rho GTPase family has grown to 20 
proteins, with representatives in all eukaryotic species. These GTPases are molecular switches that 
cycle between active (GTP bound) and inactivate (GDP bound) states. The exchange of GDP for 
GTP on Rho GTPases is facilitated by guanine exchange factors (GEFs). Approximately 80 Rho GEFs 
have been identified to date, and only a few GEFs associate with microtubules. The guanine 
nucleotide exchange factor H1, GEF-H1, is a unique GEF that associates with microtubules and is 
regulated by the polymerization state of microtubule networks. This review summarizes the 
regulation and functions of GEF-H1 and discusses the roles of GEF-H1 in human diseases.
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Introduction

The Rho GTPase family is part of the Ras superfamily 
of small GTPases [1], which function as binary switches 
regulated by bound guanine nucleotides [2,3]. GTP 
binding activates Rho proteins and initiates signalling 
cascades that regulate cellular activities including gene 
expression, cytoskeletal organization, cell motility, 
immune responses, vesicle trafficking, and cancer 
metastasis [4,5]. Because Rho GTPases influence 
a large number of biological processes, it is particularly 
important that their activation and inactivation are 
tightly regulated [6,7] Figure 1. The switching between 
on and off states of typical Rho GTPases (e.g. RhoA, 
Rac1, and Cdc42) first involves guanine nucleotide 
exchange factors (GEFs) that promote the release of 
GDP from the nucleotide-binding pocket and subse-
quent binding of GTP to induce conformational 
changes that put the protein into an active state [8]. 
Switching Rho proteins off is catalysed by GTPase- 
activating proteins (GAPs) which provide an ‘arginine 
finger’ that co-ordinates a water molecule for hydrolysis 
of GTP to GDP, resulting in the reversion of the Rho 
protein to an inactive conformation [8].

Guanine nucleotide exchange factor H1

More than 80 Rho GEFs have been identified to date, 
and these GEFs can be broadly divided into two groups 
based on their functional domains [9]. Approximately 

70 Rho GEFs have sequential diffuse B cell lymphoma 
(Dbl) Homology (DH) and Pleckstrin Homology (PH) 
domains that act in concert to mediate nucleotide 
exchange, and the remaining Rho GEFs have the 
Dedicator of Cytokinesis (DOCK) domain that pro-
vides this catalytic function [8–11].

Guanine nucleotide exchange factor H1 (GEF-H1), 
encoded by ARHGEF2 gene, is a member of the larger 
group of DH/PH containing GEFs [9]. The mouse 
orthologue of GEF-H1, Lfc, was first identified in 
a screen that aimed to discover novel proteins capable 
of oncogenic transformation of mouse fibroblasts [12], 
and the human homologue GEF-H1 was subsequently 
discovered [13]. ARHGEF2 is evolutionarily conserved 
throughout the Euteleostomi clade that includes ~90% 
of all living vertebrates, with homologues found in 
mammals, birds, fish and reptiles. In-depth sequence 
and phylogenetic analysis revealed that the closest 
related proteins to GEF-H1 are AKAP13, ARHGEF18 
and ARHGEF28, based on the similarities between their 
tandem DH/PH domains and conservation of 
a similarly positioned protein kinase C conserved 
region 1 (C1) domain in GEF-H1, AKAP13 and 
ARHGEF28 [14]. There are at least 3 splice isoforms 
of GEF-H1 [15], but the majority of published GEF-H1 
studies use the isoform that can bind to microtubules 
[16]. It is clear that GEF-H1 and Lfc displace bound 
GDP and enhance binding of GTP on recombinant 
RhoA [13,16,17], with no effect on CDC42 or Ras 
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[13,16–18]. However, more studies are needed to 
unequivocally conclude whether GEF-H1 has meaning-
ful exchange activity towards Rac1. First, the mouse 
homologue of GEF-H1, Lfc, binds Rac1 but does not 
displace bound GDP or promote GTP binding [17]. 
Furthermore, while Lfc preferentially binds to nucleo-
tide-free RhoA, it does not show specificity towards 
nucleotide-free Rac1, but rather binds equally well to 
nucleotide-free, GDP or GTP-bound Rac1 [17]. 
Moreover, although studies indicate a binding pocket 
on Rac1 for a number of GEF protein fragments (e.g. 
TrioN, GEF-H1 and Tiam1) and GEF-H1 can displace 
bound GDP from Rac1 [13,19], no studies have demon-
strated changes in the association rate of GTP on 
recombinant Rac1. Nonetheless, based on the several 
cellular studies, the specificity of GEF-H1 towards Rac1 
merits further investigation. It has been reported that 
there was an increase in Rac1 signalling activity and 
subsequent induction of lamellipodia when GEF-H1 

was overexpressed in NIH 3T3 mouse fibroblasts [20], 
while another report indicated potential GEF-H1 
dependent sequential activation of Rac1 and RhoA 
[21]. However, it is difficult to distinguish between 
direct versus indirect effects on Rac1 activation from 
cell-based over-expression and knockdown studies. 
Additionally, there may be cell or species-specific fac-
tors, such as the participation of GEF-H1 in multimo-
lecular signalling complexes, that influence the ability 
of GEF-H1 to regulate Rac1.

RhoA activates several downstream effectors, but 
arguably some of the most important are the Rho- 
associated coiled-coil containing protein kinases 1 and 
2 (ROCK1 and ROCK2) that phosphorylate the myosin 
regulatory light chains (MLC), leading to activation of 
myosin complexes and the generation of actomyosin 
contractile force [22]. A unique aspect of GEF-H1 is its 
ability to associate with microtubules [23]. Additional 
domains in GEF-H1 are a C1 domain that contains 
a zinc-finger motif resembling the diacylglycerol- 
binding site found in protein kinase C at the 
N-terminus and a coiled-coil domain at the 
C-terminus Figure 2. Initial findings suggested that 
GEF-H1 mediates a crosstalk between microtubules 
and the actin cytoskeleton [24,25]. However, further 
investigation into the protein indicated that GEF-H1 
participates in far more processes than first appreciated, 
and its mode of regulation is more complex than initi-
ally thought. This review will survey the regulation and 
function of GEF-H1 and explore some potential bene-
fits of studying GEF-H1.

Regulation of GEF-H1

The actions of GEFs and GAPs on their target proteins are 
tightly regulated and GEF-H1 is no exception. The pri-
mary mechanism cells use to keep GEF-H1 under control 
is by regulating its access to the downstream effector 
RhoA or by altering its activity via protein phosphoryla-
tion. GEF-H1 can directly localize on microtubules 
through its N- and C-termini [16] and through its PH 
domain Figure 224. GEF-H1 can also bind to other pro-
teins, such as the dynein motor light-chain Tctex-1 [26], 
to facilitate its association with microtubules Figure 2. 
Furthermore, FAM123A which interacts with the micro-
tubule end-binding 1 and 3 proteins (EB1 and EB3), also 
binds to GEF-H1 and inhibits its GEF activity on RhoA 
[27]. Microtubule depolymerization induced by pharma-
cological agents such as nocodazole or vincristine [16,28], 
bacterial infection (as detected by lipopolysaccharide 
(LPS) binding to cell surface receptors) [29], activation 
of the STAT3 transcription factor [30], or depletion of 
microtubule stabilizers such as Calmodulin Regulated 

GEF-H1

ROCK 1/2

MYPT1 MLC LIMK

Cell Migration via
Cytoskeleton Regulation

RhoA
GDP

(inactive)

RhoA
GTP

(ACTIVE)

Actomyosin
Contration

Stress Fiber 
Assembly

Figure 1. Effects of GEF-H1 activation. The activity of Rho 
GTPases is determined by bound guanine nucleotides. When 
GEF-H1 facilitates the exchange of GDP for GTP on RhoA, RhoA 
is activated and signals this changed activation state via its 
downstream effectors. Of the RhoA effectors, Rho-associated 
coiled-coil containing protein kinases 1 and 2 (ROCK1 and 
ROCK2) are amongst the most important as they regulate the 
organization of the actin cytoskeleton and influence cellular 
processes (e.g. cell migration) that are mediated by actin cytos-
keleton dynamics. Abbreviations: MYPT1, myosin phosphatase 
target subunit 1; MLC, myosin light chain; LIMK, LIM kinase.
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Spectrin Associated Protein Family Member 3 
(CAMSAP3) [31] result in the release of GEF-H1 from 
microtubules or microtubule-binding proteins, allowing 
nucleotide exchange on its target RhoA. Depletion of EB1 
also altered microtubule dynamics and affected GEF-H1 
localization, suggesting that the GEF-H1 activity would 
also be increased [32]. Supporting the importance of 
microtubule association in the regulation of GEF-H1 
activity, a point mutation in the N-terminal zinc-finger 
domain (C53R) completely abolished co-localization of 
GEF-H1 and microtubules, resulting in GEF-H1 hyper- 

activation [33]. Thus, GEF-H1 sequestration on micro-
tubules prevents the physical interaction with RhoA and 
subsequent RhoA activation.

In polarized epithelial cells, GEF-H1 is sequestered 
to apical junctions (AJ) by binding to the AJ structural 
proteins cingulin or paracingulin [34,35]. Another 
method to limit GEF-H1 function was identified when 
cells prevented from generating sphingolipids de novo; 
depletion of sphingolipids inhibited force-induced 
GEF-H1 activation by disrupting the shuttling of GEF- 
H1 between cytoplasm and membrane [36]. Taken 

Figure 2. Regulation of GEF-H1. GEF-H1 has a C1 domain that contains a zinc-finger motif near the N terminus, and is followed by 
Pleckstrin homology (PH), Dbl-homology domain (DH), and coiled-coil domains. GEF-H1 can bind to microtubules directly via its N- 
and C-termini, as well as via its PH domain. Alternatively, the dynein light- chain Tctex-1 can mediate the association of GEF-H1 with 
microtubules by directly binding to dynein intermediate chain (DIC)-dynein heavy chain (DHC) complexes. GEF-H1 can be activated 
when microtubules depolymerize or when GEF-H1 dissociates from Tctex-1 as a result of GPCR activation. Upon ligand binding, Gα 
subunits directly bind to GEF-H1 and dissociate GEF-H1 from Tctex-1, while Gβγ subunits interact with Tctex-1 to disrupt its 
association with DIC. Adapted from [23,26].
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together, controlling the localization and/or dynamics 
of GEF-H1 movement is one strategy used by cells to 
limit GEF-H1 actions on its downstream effector RhoA.

Additionally, GEF-H1 phosphorylation at several 
sites influences its GEF activity and/or binding to part-
nering proteins. For example, GEF-H1 phosphorylation 
at Threonine 678 (T678) by the Ras/MAPK effectors 
ERK1/2 activates GEF-H1 [37,38]. Specifically, LLC- 
PK1 porcine kidney proximal tubule cells that have 
activated GEF-H1 through ERK1/2 mediated T678 
phosphorylation in response to pro-inflammatory cyto-
kine Tumour necrosis factor (TNF)-α stimulation also 
had elevated phosphorylated MLC, indicating that 
GEF-H1 activation by ERK1/2 also activated the RhoA- 
ROCK-myosin pathway [38]. However, ERK1/2 can 
also inhibit GEF-H1 by binding and phosphorylating 
Serine 959 (S959) [39]. Although it is not clear whether 
both sites have equivalent tendencies to be phosphory-
lated by ERK1/2, GEF-H1 inhibition via S959 phos-
phorylation is also mediated by additional kinases 
such as Aurora B and partitioning-defective 1b 
(Par1b), suggesting the importance of S959 in inhibi-
tion of GEF-H1 activity [25,40] Figure 3.

Another important GEF-H1 phosphorylation site is 
Serine 885 (S885). Phosphorylation of S885 by p21- 
activated kinase 1 (PAK1) created a binding site for 
14–3–3 that may influence localization to microtubules 
[33]. Interestingly, protein kinase A (PKA) can also 
phosphorylate S885 on Lfc, the mouse homologue of 
GEF-H1, in an A-kinase anchoring protein (AKAP) 
dependent manner [41]. The authors also found that 
14–3–3 protein and Tctex-1 bind to the S885 phos-
phorylated GEF-H1 in a competitive manner, and that 
Tctex-1 is responsible for GEF-H1 localization onto 
microtubule networks [26,41]. Lfc binding to Tctex-1 
inhibited the GEF activity in a microtubule-dependent 
manner, suggesting that the mechanism of inhibition is 
likely by sequestering Lfc onto microtubules [26]. 
Interestingly, Serine 151 (S151) phosphorylation by 
MARK3 disrupts the GEF-H1-Tctex-1 protein complex 
[42] Figure 3. Thus, GEF-H1 can either directly bind 

microtubules, or GEF-H1 binding to microtubules can 
be mediated by Tctex-1 and is regulated by phosphor-
ylation at various sites.

The involvement of Tctex-1 in GEF-H1 localization 
to microtubules revealed a microtubule- 
depolymerization-independent mechanism of GEF-H1 
activation. Meiri et al [43] found that G-protein- 
coupled receptor (GPCR) associated trimeric GTPases 
can selectively dissociate GEF-H1 from microtubules 
without disassembling microtubule networks by a two- 
pronged mechanism. GPCR activation upon binding of 
ligands such as lysophosphatidic acid (LPA) or throm-
bin, dissociated the trimeric GTPases into Gα12/13 that 
directly bound and detached GEF-H1 from Tctex-1, 
and Gβγ dimers that bound to Tctex-1 to disrupt its 
interaction with dynein intermediate chains. Thus, 
GEF-H1 disengaged from microtubule networks with-
out microtubule filament depolymerization Figure 2. 
Surprisingly, dissociation from microtubules was insuf-
ficient to fully activate GEF-H1 and required depho-
sphorylated of S885 by the PP2A phosphatase [43], 
demonstrating the intricacy of GEF-H1 activation. 
Supporting a role of PP2A in GEF-H1 regulation, 
depletion of the scaffold protein RASSF1A resulted in 
inhibition of PP2A function and GEF-H1 inactiva-
tion [44].

Intriguingly, vimentin depletion increased GEF-H1 
Serine 886 (S886; equivalent to S885) phosphorylation 
and concomitantly increased RhoA-Rock-myosin activ-
ity [45]. The authors examined GEF activity of phos-
phomimetic S886D or phosphorylation-deficient S886A 
GEF-H1 mutants using cell-based biochemical activa-
tion assays and concluded that the phosphomimetic 
mutant more efficiently promoted guanine nucleotide 
exchange and increased RhoA and myosin activities 
[45]. This seemingly conflicting finding illustrates the 
complexity of GEF-H1 regulation. First, S885 phos-
phorylation can be achieved by PAK1 [33], PKA [41], 
p21-activated-kinase 4 (PAK4) [15], Aurora A [25] and 
PAR1b [40] Figure 3. However, many more GEF-H1 
phosphorylations have been documented. For example, 

DH PHC1N CCoiled-coil

S151
(MARK3)

T678
(Erk1/2)

S885

S959
(Cdk1, Erk1/2)

(Pak1, PKA, AurA)

Figure 3. Phosphorylation sites on GEF-H1. A number of sites on GEF-H1 are phosphorylated by various kinases. Some of the 
more well-characterized phosphorylation sites are listed along with the kinases responsible for phosphorylating the sites. 
Abbreviations: AurA, Aurora kinase A; Cdk1, cyclin-dependent kinase 1; Erk1/2, extracellular-signal-regulated kinase 1/2; MARK 3, 
MAP/microtubule affinity-regulated kinase 3; Pak1, p21-activated kinase 1; PKA, protein kinase A. Image is not drawn to scale.

4 E. JOO AND M. F. OLSON



Serine 122 was phosphorylated by cyclin-dependent 
kinase-like 5 [46], Threonine 103 by Calmodulin- 
dependent protein kinase I [47], Serine 143 by PAK4 
[15], and Serine 143, Serine 172, and Serine 186 by 
PAR1b [48], yet their roles in regulating GEF function 
and/or binding to other proteins/structures are not 
fully understood. Thus, it is unclear whether vimentin 
depletion might have resulted in additional GEF-H1 
post-translational modifications along with S886 phos-
phorylation. Importantly, GEF-H1 activity seems to be 
tightly regulated in space and time to precisely execute 
specific responses in cells: when GEF-H1 activity was 
imaged with microtubule dynamics in real time, inac-
tive GEF-H1 localized to microtubules [49]. Upon 
microtubule depolymerization, active GEF-H1 dis-
played a ~ 5 µm wide peripheral zone that was followed 
by a narrow active GEF-H1 zone located ~0–2 µm from 
the leading edge [49]. The authors found that the 
strength of GEF-H1 activation was coupled to micro-
tubule dynamics and Src-mediated activation via phos-
phorylation of Tyrosine 198 [49]. Taken together, more 
studies are needed to fully understand the molecular 
mechanism of GEF-H1 regulation, and how the various 
phosphorylation events act in concert to influence 
GEF-H1 localization and activity.

GEF-H1 in cell migration and cytoskeletal 
organization

Cell migration is a complex process that requires precise 
coordination of many molecular machines. Different 
modes of cell migration have been observed; however, 
all modes rely on a combination of dynamic regulation 
of the actin cytoskeleton and microtubule network, and 
the ability of cells to adhere to their surroundings [50–53]. 
Mesenchymal cell motility is marked by dependence on 
cell adhesion and actin polymerization to drive cell pro-
trusions, while rounded or ‘amoeboid’ cell migration is 
less dependent on adhesion and uses actomyosin contrac-
tion as a source of physical force to power cell movement 
[51,53]. Because most cells in vivo move in 3-dimentional 
spaces in response to differing migratory cues, many cells 
have the ability to switch from one mode to another to 
facilitate migration to different sites. This plasticity of cell 
migration plays a critical role during development and 
cancer metastasis [51,53].

In mesenchymal cell migration, in which cells firmly 
attach to extracellular matrices (ECM) via integrin-based 
focal adhesions, Rho GTPases play pivotal roles. Rac1 and 
Cdc42 trigger rapid polymerization of actin monomers 
into ruffling structures called lamellipodia, which are labile 
and must be stabilized by focal adhesions that are gov-
erned by RhoA and microtubules [54,55]. RhoA has an 

additional role by increasing actomyosin contractility at 
the trailing edge of migrating cells through its downstream 
effectors, ROCK1 and ROCK2, which phosphorylate 
MLC of myosin protein complexes. Thus, for migration 
to occur successfully, precise activation of Rac1, Cdc42 
and RhoA is required to properly form the leading edge 
that is followed by trailing edge contraction [54,55]. 
Having the ability to interact with multiple mechanisms 
that govern cell migration, GEF-H1 appears to be a perfect 
candidate to execute precise spatio-temporal co- 
ordination of microtubule organization, actomyosin con-
traction, and focal adhesion during cellular locomotion.

Non-mesenchymal motile cells, such as leukocytes, 
tend to migrate using weaker adhesions and rely more 
on actomyosin contraction to quickly translocate to sites 
of injury [51,53]. Under static conditions, GEF-H1 appears 
to be dispensable for neutrophil migration, but is essential 
when shear stress is applied [26]. Under shear stress, 
activated GEF-H1 concentrated at the uropod of migrating 
neutrophils, where increased activation of non-muscle 
myosin was observed [56]. Interestingly, GEF-H1 also 
localized to uropod of migrating T-cells, where RhoA 
was active [57]. The classic characteristics of uropods are 
low adhesion and high actomyosin contractility, which is 
important for efficient neutrophil migration [58]. 
However, under shear stress, neutrophils many require 
stronger attachments to their surroundings to withstand 
the increased forces. Expectedly, GEF-H1 is found at focal 
adhesions and podosome complexes [59], where it was 
determined to be an important regulator of focal adhesion 
complexes and their ability to respond to differing forces 
and tension from the microenvironment [60,61]. Thus, 
similar to mesenchymal cells that are attached strongly to 
their surroundings, neutrophils may need GEF-H1 to 
facilitate strong attachment to their surroundings under 
conditions of increased tension [62].

A role of GEF-H1 in regulating the switch between the 
varying modes of migration was suggested when the 
autophagy protein 5 (Atg5) was knocked out in mouse 
embryonic fibroblasts (MEFs) [63]. Atg5 knockout MEFs 
had higher levels of GEF-H1 and active RhoA that resulted 
in a greater tendency to undergo amoeboid migration 
compared to wild type MEFs [63]. Thus, it would be of 
interest to determine how differing levels of GEF-H1 
influence the ability of cells to regulate their choice of 
migratory mode in different microenvironmental contexts.

GEF-H1 in gene regulation and cancer 
progression

Rho GTPase mutations are not frequent causative fac-
tors in oncogenesis in comparison to other oncogenes 
such as the Ras GTPases. However, there is crosstalk 
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between Ras and Rho GTPases [64], and RhoA partici-
pates in Ras-mediated cellular transformation [65,66], 
consistent with the concept that Rho GTPases contri-
bute to oncogene signalling networks. Importantly, the 
mouse GEF-H1 orthologue, Lfc, was initially identified 
in an oncogenic transformation screen [12] and its GEF 
activity is responsible for the ability of zonular occlu-
dens 1-associated nucleic-acid-binding protein 
(ZONAB) to increase expression of cyclin D1, a key 
regulator of cell-cycle progression, via RhoA activation 
[67]. Furthermore, microtubule depolymerization was 
found to signal through the GEF-H1-RhoA-ROCK 
pathway to promote ERK-mediated cell survival and 
proliferation [68]. Thus, GEF-H1 activation of RhoA 
appears to be intrinsic to its oncogenic abilities. 
However, an additional mechanism was discovered by 
which GEF-H1 activates the Ras/MAPK cell survival 
pathway independent of its GEF activity by bringing 
together the Kinase Suppressor of RAS (KSR-1) scaffold 
protein and the B subunit of PP2A to maintain KSR-1 
in its active, dephosphorylated form [69]. KSR-1 is 
a molecular platform that amplifies the intensity and 
duration of Ras/Raf/MEK/ERK signalling proximal to 
the plasma membrane through its interactions with the 
core kinase components of the ERK cascade, which 
requires Serine 392 dephosphorylation by PP2A to 
release KSR1 from 14–3–3 binding and cytoplasmic 
localization [70]. The authors also showed that the 
GEF-H1 gene, ARHGEF2, is a transcriptional target of 
the Ras/Raf/MEK/ERK pathway, and that more than 
40% of Ras/BRAF mutant cell lines were dependent on 
GEF-H1 for their transformed growth phenotype [69]. 
Thus, GEF-H1 may play a critically important GEF- 
independent role to spatially and temporally regulate 
Ras-mediated tumorigenesis.

The GEF activity of GEF-H1 appears to be impor-
tant for other contributors to cancer progression. For 
example, in retinal pigment epithelium (RPE) cells, 
transforming growth factor (TGF)-β induced cell 
migration and α-smooth muscle actin (αSMA) expres-
sion by activating GEF-H1-RhoA signalling[71]. In 
hepatocellular carcinoma (HCC), GEF-H1 expression 
was significantly elevated and contributed to the high 
rate of cell motility by activating the RhoA-ROCK- 
MLC pathway [72]. Given that increased cell migration 
and αSMA expression have been associated with cancer 
progression and metastasis [73,74], this raises the pos-
sibility that increased GEF-H1 activation could pro-
mote cancer metastasis. Supporting this notion, HCC 
patients with elevated GEF-H1 levels have poor prog-
nosis and survival rates [72]. However, the induction of 
epithelial-mesenchymal transition (EMT), a hallmark 
of cancer metastasis, in NMuMG mouse mammary 

cells by TGF-β required downregulation of the GEF- 
H1-RhoA pathway through proteasomal degradation of 
GEF-H1 [75]. The seemingly differing requirements for 
TGF-β regulation of GEF-H1 could be explained by the 
dual roles of TGF-β in epithelial detachment and EMT: 
epithelial cells must deactivate RhoA to dissociate but 
activate RhoA to induce cell migration [76–78]. GEF- 
H1 downregulation in NMuMG cells was also found to 
phenocopy the TGF-β-induced changes in elasticity 
and stiffness responses to force applied on integrin 
adhesions [75]. Since uncontrolled EMT, changes in 
cell elasticity, and altered responses to the application 
of force are associated with cancer metastasis 
[73,74,79], it is reasonable to surmise that GEF-H1 
actively participates in several steps involved with can-
cer metastasis. Interestingly, GEF-H1 levels governed 
polyploidization in megakaryocytes: GEF-H1 must be 
downregulated for successful completion to the first 
endomitotic cycle [80], suggesting that uncontrolled 
GEF-H1 activity can lead to abnormal cell division 
and aneuploidy. Furthermore, in HeLa cells, either 
depletion of GEF-H1 or overexpression of activated 
GEF-H1 disrupted normal cytokinesis and increased 
number of multinucleated cells [25]. Taken together, 
precise spatio-temporal activation of GEF-H1 appears 
to be important in a variety of cellular processes such 
that GEF-H1 deregulation can promote cancer 
progression.

The tumour microenvironment plays a prominent 
role in determining the progression and metastatic 
ability of cancers [73,74,79,81]. Although the exact 
composition of the cancer microenvironment may 
vary, extracellular matrix proteins and additional 
macromolecules (e.g., growth factors) are important 
components. Interestingly, cancer cells that metasta-
sized to the brain have elevated GEF-H1 activity in 
response to heparanase, an enzyme that participates in 
ECM degradation and remodelling. Specifically, 
increased invasion and/or proliferation of medulloblas-
toma cells, brain-metastasized melanoma cells, and 
brain-metastasized breast cancer cells were correlated 
with GEF-H1-RhoA activation [82–84]. Additionally, 
in brain-metastasized breast cancer cells, heparanase 
treatment-induced GEF-H1-RhoA dependent changes 
in cytoskeleton dynamics [84]. Thus, these studies 
merit further investigation to understand how signals 
emanating from pro-metastatic changes in the ECM are 
relayed through the GEF-H1-Rho-ROCK pathway.

An intriguing finding indicated that GEF-H1 nega-
tively regulates the rate of podosome assembly in NIH 
3T3 fibroblasts [85], while another study suggested that 
GEF-H1 plays a protective role in the microtubule- 
induced disassembly of podosomes and suppressive 
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role in the assembly of focal adhesion-like structures 
[61]. The seemingly opposite roles of GEF-H1 in podo-
somes and focal adhesion-like structures might have 
been observed because these experiments are static 
snapshots of dynamic GEF-H1 functions, since GEF- 
H1 contributes to both the assembly and disassembly of 
podosomes and focal adhesion-like structures at differ-
ent points in their life cycles. Examining the dynamic 
changes in podosome assembly and disassembly in real 
time with spatio-temporally regulated GEF-H1 might 
resolve these differences.

To date, activating mutations or deletions of GEF- 
H1 do not appear to be significant cancer drivers. 
However, studies using model systems and genetic 
analyses of human cancers suggest that there is 
a strong correlation between the level of ARHGEF2 
expression with cancer progression and the develop-
ment of drug resistance. Specifically, oncogenic p53 
mutations increased ARHGEF2 transcription, while 
GEF-H1 knockdown decreased the proliferation gains 
resulting from the p53 mutations [86]. Furthermore, 
patients diagnosed with HCC often have the interstitial 
chromosome 1q21-q22 region amplified, with GEF-H1 
being the most highly amplified gene from this region 
[87]. Analysis of HCC cohorts indicated that GEF-H1 
upregulation strongly correlated with increased micro-
vascular invasion, advanced-stage tumours, shorter dis-
ease-free, and overall survival of patients [87]. Further 
supporting the importance of GEF-H1 in cancer pro-
gression, GEF-H1 expression was upregulated in colon 
cancer tissue microarrays and high GEF-H1 expression 
was correlated with increased metastasis and shorter 

overall survival [88]. Moreover, elevated expression of 
GEF-H1 and the related Rho GEF ECT2 induced mega-
karyocytic leukaemia in mouse models [80], while post- 
transcriptional GEF-H1 downregulation by miR-194 
decreased RhoA signalling activity and tumour-node- 
metastasis stages of melanoma [89]. In addition, H-Ras 
or K-Ras transformed cells have increased GEF-H1 
levels, and K-Ras addiction and desensitization towards 
MEK inhibitors are mediated by upregulation of GEF- 
H1 expression and activity [90,91]. Analysis of TCGA 
datasets using cBioPortal revealed ARHGEF2 amplifica-
tions in several cancer types, with liver cancer having 
the most frequent occurrence of amplifications and 
greater than 5% occurrence of amplifications in 5 addi-
tional types Figure 4a. In the case of uterine corpus 
endometrial carcinoma Figure 4b, ARHGEF2 amplifica-
tion is associated with significantly reduced overall 
survival (logrank test p-value = 2.87 X 10−5). Taken 
together, there is a strong correlative evidence that 
increased GEF-H1 expression shortens overall survival 
and results in drug-resistant cancers.

Interestingly, there are different splice variants of 
GEF-H1 and Lfc, its mouse homologue, that could 
produce different GEF activity [12,92,93]. For example, 
at least three Lfc splice variants have been identified, 
one lacking the C-terminus relative to the full length 
protein [12,15]. Furthermore, in the monocytic leukae-
mia cell line U978, GEF-H1 was cloned with an 
N-terminal deletion [93]. Either N- or C-terminal trun-
cations of GEF-H1 would result in constitutive activa-
tion as suggested by biochemical data [16]. Although it 
is unclear whether these truncated forms are found 

a b

Figure 4. GEF-H1 amplification in cancers. A. Analysis of ARHGEF2 copy number variations in the TCGA PanCancer Atlas set of 32 
studies [139] using cBioPortal [140] revealed 6 cancer types with > 5% frequency of gene amplification. B. For uterine corpus 
endometrial carcinoma, ARHGEF2 amplification in 40 out of 529 patients (7.6%) was associated with significantly reduced overall 
survival (p < 0.0001, Mantel-Cox test).
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naturally in human cancers, fusion of ARHGEF2 
(encoding GEF-H1) and NTRK1 (encoding neuro-
trophic tyrosine kinase, receptor, type 1) has been 
detected and is associated with a high-grade glioneur-
onal tumour[94]. Thus, further investigation is merited 
to fully understand the role of different splice variants/ 
isoforms in cancer initiation and progression.

GEF-H1 in infection and epithelial cell 
permeability

Multicellular organisms have distinct-polarized epithe-
lial and endothelial cell monolayers to selectively trans-
port molecules between two very different 
environments, while guarding against harmful infec-
tious pathogens. Host organisms have developed elabo-
rate defence mechanisms to fight off intruding 
pathogens; for example, in vertebrates, innate, adaptive 
and cell-autonomous immune responses are used to 
detect pathogens and to protect against these infectious 
invaders [95]. Host cells use specialized sensing pro-
teins such as Toll-like receptors (TLRs), retinoic acid- 
inducible gene I (RIG-I) like receptors (RLRs), and 
nucleotide-binding and oligomerization domain- 
containing proteins (NODs) as well as its own cytoske-
letal systems to identify pathogens [96–100]. Once 
pathogen-derived ligands are sensed, downstream sig-
nalling cascades are activated to respond and fight off 
the infectious agents. However, some pathogens have 
evolved to hijack various host mechanisms, including 
the host cytoskeleton, to facilitate their internalization, 
replication, immune evasion, and dissemination [99]. 
In animal model systems, GEF-H1 appears to partici-
pate in the immune response in a multi-faceted man-
ner: (i) GEF-H1 binds to cingulin [35], a structural 
protein in tight junctions between adjacent epithelial 
cells, leading to disassembly of apical junction com-
plexes [101,102]; (ii) GEF-H1 regulates epithelial and 
endothelial cell permeability or barrier function 
[18,38,103]; and (iii) GEF-H1 facilitates antigen presen-
tation and detection [104,105].

GEF-H1 was also identified as a component of 
microtubule-dependent sensing of intracellular viral 
nucleic acid [105]. When a virus infects its host, the 
innate immune system detects the foreign virus and 
increases the expression of type I interferons and 
pro-inflammatory cytokines by activating interferon 
regulatory factor (IRFs) and nuclear factor kappa-light- 
chain-enhancer of activated B cells (NFκB) pathways 
[95]. While single-stranded viral RNAs are detected by 
TLRs on endosomes, double-stranded viral RNAs that 
are generated as replication intermediates can be 
detected by TLRs and RLRs [106,107]. Intriguingly, 

GEF-H1 is essential for the signalling of RLR family 
members RIG-I and Mda5 that enables macrophage- 
mediated defence against viral infection [105]. 
Specifically, GEF-H1 activated TANK-binding kinase 
1 (TBK1) and IκB kinase (IKKε) to induce IRF3 phos-
phorylation, leading to increased Ifnb1 gene expression. 
Consistent with these observations, GEF-H1 deletion 
increased susceptibility to infection with influenza 
A virus, epithelial damage, and alveolitis [105]. 
Further investigation identified GEF-H1 as being criti-
cal for activation of IKKε-IRF5 by microbial muramyl- 
dipeptides (MDP) [108], suggesting that there may be 
more structural motifs that require GEF-H1 to trigger 
immune response.

On the other hand, some bacteria such as Shigella 
flexneri and enteropathogenic Escherichia coli (EPEC) 
hijack host cytoskeletal systems to invade and destroy 
apical junctions [99,109]. Emerging evidence reveals 
that GEF-H1 plays a critical role in the ability of these 
pathogens to rearrange the actin cytoskeleton. For 
example, S. flexneri infection requires GEF-H1 to inter-
act with NOD1 and activate the RhoA-ROCK pathway 
[110], while EPEC and Vibrio parahaemolyticus infec-
tion activate RhoA-ROCK pathway to induce abnormal 
stress fibres in host cells [111,112]. In addition, GEF- 
H1 is required for the activation of NFκB in response to 
S. flexneri and LPS containing gram-negative bacteria 
[110,113]. Experiments using human endothelial cells 
indicated that LPS can rapidly upregulate GEF-H1 
expression, which was responsible for massive inflam-
mation that can lead to sepsis [114]. Interestingly, the 
hyper-distention-induced inflammatory response was 
exacerbated by GEF-H1 and lung cells grown on stiffer 
surfaces increased GEF-H1 expression, suggesting 
a positive feedback between stiffness and GEF-H1 
expression and function that would result in increased 
inflammation [115,116]. Taken together, these data 
suggest that GEF-H1 is a key regulator of epithelial 
and endothelial barrier function to prevent infections. 
However, GEF-H1 may be hijacked by pathogens to 
modify the organization and structure of the host 
cytoskeleton to promote their survival and growth.

Epithelial cells, as well as endothelial cells, are con-
nected to adjacent cells in monolayers via inter-cellular 
junctions such as tight and adherens junctions (also 
referred to as apical junction complexes) to establish 
and maintain their semi-permeable properties. Thus, 
disruption or injury to junctions can disrupt the barrier 
function of these monolayers. The role of GEF-H1 in 
epithelial cell barrier function was first observed when 
either overexpression or depletion of GEF-H1 in 
MDCK cells increased paracellular permeability [18]. 
In addition, injury induction of TNFα expression, or 
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large and sustained depolarization of the plasma mem-
brane increased GEF-H1-RhoA-ROCK activity, which 
was associated with increased paracellular permeability 
[38,117,118]. Interestingly, TNFα can downregulate the 
tight junctional protein claudin-2, which normally sup-
press the function of GEF-H1 [119], suggesting 
a potential signalling cascade involving TNFα and GEF- 
H1. Furthermore, immunosuppressant drugs such as 
cyclosporin A and sirolimus that are known to cause 
nephrotoxicity were less deleterious when GEF-H1 was 
depleted [120]. Thus, GEF-H1 appears to be the major 
regulator of the RhoA-ROCK pathway that controls 
epithelial barrier function.

A similar regulation of cell permeability by GEF-H1 
was observed in endothelial cells. However, here it 
appears that GEF-H1 activity is tightly linked with 
microtubule dynamics. GEF-H1 associates with cingu-
lin and localizes to tight junctions under normal con-
ditions, but GEF-H1 is released to the cytoplasm in 
responses to external stimuli [29,35,103,121]. For 
instance, an increase in thrombin after an injury, bac-
terial-induced oxidative stress, and hyper-distention by 
mechanical ventilation all induced microtubule depoly-
merization and GEF-H1 upregulation [29,103,121]. 
Consistent with these results, pharmacological agents 
that stabilize microtubule networks during/after inju-
ries, such as atrial natriuretic peptide (ANP), reversed 
the increased paracellular permeability [122,123]. 
Although direct tests were not carried out in epithelial 
cells, it is expected that different trauma and injury to 
epithelial cells would also lead to changes to microtu-
bule networks. Altogether, a large body of data suggests 
that GEF-H1 plays an important regulator in epithelial 
and endothelial cell permeability.

GEF-H1 in vesicle trafficking

The Rab and Ral small GTPase families play key roles 
in vesicle trafficking, with the molecular mechanisms 
used by Rabs to control vesicle movement and incor-
poration being considerably better characterized [124–-
124–126]. However, the role of the Rho GTPases in 
vesicle trafficking is more elusive. It is generally con-
sidered that Rho proteins are indirectly involved 
through their roles in regulating the formation of cross- 
linked actin fibres that physically prevent vesicles from 
binding to the plasma membrane. Recent reports, how-
ever, suggest that Rho proteins may be more directly 
involved in vesicle trafficking than previously thought. 
Pathak et al [127]. discovered a mechanism Rho 
GTPases may use to precisely coordinate the movement 
of vesicles spatially and temporally. The authors found 
that activated RalA facilitates the interaction of GEF- 

H1 with Sec5, a component of the exocyst complex, 
which then activates RhoA to promote exocytosis. 
Similar interactions were suggested for TGF-β- 
induced dissemination of A549 human alveolar basal 
epithelial adenocarcinoma cells: disruption of the GEF- 
H1-Sec5 interaction decreased TGF-β-induced cell dis-
semination, reduced RhoA activation, and lowered the 
capacity of cells to generate traction force [128]. In 
B lymphocytes, GEF-H1 associated with another mem-
ber of the exocyst complex, Exo70, to facilitate exocyst 
complex assembly [129]. Thus, these results strongly 
suggest an important role for GEF-H1 in vesicle traf-
ficking. Future research will decipher more details 
about how GEF-H1 controls exocyst complex assembly 
and whether the RalA-GEF-H1 induced activation of 
RhoA also results in the activation of RhoA-ROCK- 
MLC pathway. Eisler et al [130]. found that GEF-H1- 
mediated activation of RhoA was needed to activate 
protein kinase D (PKD) through phospholipase Cε 
(PLCε). The GEF-H1-RhoA-PLCε activated PKD was 
necessary to deliver Rab6 to focal adhesions. Thus, 
GEF-H1-mediated activation of RhoA can promote 
assembly of exocyst complexes to facilitate exocytosis 
through its effector ROCK or by directing Rab6 to focal 
adhesions through its effector PLCε [127,130]. Further 
studies should reveal how RhoA coordinates these mul-
tiple processes.

GEF-H1 in neurodevelopment

The Rho GTPases are intimately involved in the devel-
opment and maintenance of the brain. As a RhoGEF, 
GEF-H1 plays an important role in a number of neu-
rological processes. First, Lfc, the mouse homologue of 
GEF-H1, was found to be highly concentrated in post-
synaptic densities and to regulate synaptic transmission 
by controlling the length, size, and density of dendritic 
spines via activating the RhoA-ROCK pathway 
[131,132]. The number and structure of dendritic 
spines (e.g. shape, size and density of spines) determine 
synaptic plasticity and synaptic transmission in activity- 
dependent manners [133]. Second, GEF-H1 partici-
pates in the expansion and differentiation of neural 
precursor cells into neurons by dictating the position 
of the cleavage plane in radial precursor cells by orches-
trating the orientation of mitotic spindles [134]. During 
cerebral cortex development, neuroepithelial cells in the 
embryonic forebrain must undergo highly regulated 
cycles of cell division and migration that ultimately 
give rise to neurons in the cortex [135]. Normally, 
neuroepithelial stem cells first give rise to radial pre-
cursor cells, which then differentiate further by under-
going vertical cell division, an indication of 
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asymmetrical division [135]. Depletion of GEF-H1 at 
the embryonic stage 13/14 resulted in apical cell divi-
sion with a vertical plane, which is a strong indication 
of symmetric division [134]. Furthermore, in an animal 
model system to study the effect of cerebral ischaemia, 
GEF-H1 activity and expression levels appeared to be 
altered, which then affected recovering synaptic plasti-
city [136]. Lastly, a frameshift mutation in the 
ARHGEF2 was reported to be associated with mid- 
hindbrain malformation, mild microcephaly, and intel-
lectual disability [137]. Taken together, these data pro-
vide compelling evidence that GEF-H1 plays an 
important role in neurological development and main-
tenance. Further studies would be required to under-
stand the exact role of GEF-H1 in neurodevelopment 
and whether GEF-H1 could serve as a drug target to 
treat patients with brain injury.

Conclusions

GEF-H1 is one of the Dbl Homology GEFs that can 
coordinate the crosstalk between two major cytoskeletal 
systems in cells and thereby affect numerous cellular 
processes during development and in pathogenesis. 
Thus, it is not surprising that the regulation of GEF- 
H1 is tightly controlled in space and time. To achieve 
this, cells deploy multiple strategies to control GEF-H1 
activity: multiple kinases phosphorylate GEF-H1 at sev-
eral different sites, yet the role of each phosphorylation 
site is not fully understood. Furthermore, GEF-H1 has 
more phosphorylations and other post-translational 
modifications such as acetylation, methylation, and 
ubiquitylation that have been detected (https://www. 
phosphosite.org) but which remain uncharacterized. 
To fully understand the regulation of GEF-H1, the 
role of each modification needs to be examined, indi-
vidually and collectively. Intriguingly, GEF-H1 has 
been identified in various screens as a binding partner, 
but reverse assays have not been reported that aimed to 
identify a full range of proteins that might be associat-
ing with and/or regulating GEF-H1. Although GEF-H1 
knockout mice have been generated by different labora-
tories and, outside of a role for GEF-H1 in immune 
cells [56,105,138], the role of GEF-H1 in mouse cancer 
models has not been characterized. Given that GEF-H1 
is up-regulated in various cancers, such as hepatocellu-
lar carcinoma and endometrial cancer, GEF-H1 may 
serve as a novel target to develop better cancer treat-
ments, for example by disrupting the GEF-H1 interac-
tion with RhoA. However, a more complete 
understanding of GEF-H1 regulation and function 
would first be needed.
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