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RhoG is a member of the Rho family 
of small GTPases sharing highest 

sequence similarity with Rac and Cdc42. 
Mig-2 and Mtl represent the functional 
equivalents of RhoG in Caenorhabditis 
elegans and Drosophila, respectively. 
RhoG has attracted great interest 
because it plays a central role in the regu-
lation of cytoskeletal reorganization in 
various physiological and pathophysi-
ological situations. For example, it is 
fundamental to phagocytotic processes, 
is able to regulate gene expression, cell 
survival and proliferation and is involved 
in cell migration and in the invasion of 
pathogenic bacteria. The activation of 
Rac1 via an ELMO/Dock180 module 
has been elaborated to be important for 
RhoG signaling. Although a stimulatory 
role for neurite outgrowth in the pheo-
chromocytoma PC12 cell line has been 
assigned to RhoG, the exact function of 
this GTPase for the development of the 
processes of primary neurons remains to 
be clarified. In this view, we discuss the 
impact of RhoG on axonal and dendritic 
differentiation, its role as a conductor of 
Rac1 and Cdc42 activity, and the func-
tional regulation of RhoG expression by 
the microRNA miR-124.

RhoG was originally discovered in a screen 
for coding sequences specifically accumu-
lated in the late G1 phase of the cell cycle.1 
Following research demonstrated that 
RhoG, in addition to be able to activate 
gene expression in lymphocytes, is critical 
for the regulation of the actin cytoskeleton 
in several organisms and cell types.2 A few 
examples of the latter function include 
the phagocytosis of apoptotic cells, the 
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trans-endothelial migration of leuco-
cytes, the T-cell receptor internalization 
and trogocytosis, the invasion of patho-
genic bacteria and the migration of cancer 
cells.3-8 Previous research on the function 
of RhoG in neuronal differentiation has 
been based primarily on experimental 
investigations using the pheochromo-
cytoma PC12 cell line: here RhoG was 
found to promote neurite outgrowth.9-11 
A major advance in the understanding 
of how RhoG mediates the regulation of 
cytoskeletal dynamics was the finding that 
RhoG can activate Rac1 via an ELMO/
Dock180 interaction.3,11 This ELMO/
Dock180/Rac1 signaling module has now 
been established to be crucial not only for 
RhoG-stimulated neurite outgrowth in 
PC12 cells, but also for phagocytosis as 
well as engulfment of apoptotic cells, and 
the invasion of pathogenic bacteria.

Our interest in RhoG was evoked 
when performing a screen for genes, whose 
expression are regulated by the nervous 
system-specific microRNA miR-124. In 
this screen, we focused on gene products 
that potentially could be involved in the 
establishment of neuronal process com-
plexity. Several algorithms from the pub-
lic domain predicted RhoG as a target for 
miR-124-regulated gene expression.12,13 
Actually, we could experimentally con-
firm that endogenously expressed miR-
124 regulates the expression of RhoG 
in primary hippocampal neurons.14 We 
then set out to elucidate the significance 
of RhoG for neuronal process differentia-
tion, and came up with a surprising result: 
RhoG, formerly described to stimulate 
neurite outgrowth in the PC12 cell line, 
inhibits axonal and dendritic branching in 
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with the downstream signaling mole-
cule ELMO, but very probably is able to 
bind guanine nucleotide exchange fac-
tors (GEFs) and that way compete with 
endogenous RhoG for activating GEFs. 
Here, RhoG-F37A operates in a domi-
nant-negative manner with respect to the 
RhoG/ELMO/Dock180/Rac1 signaling 
pathway. (2) Deduced from studies of 
a F37A mutant of Rac1, which is struc-
turally similar to RhoG, it is very likely 
that RhoG-F37A may be able to activate 
downstream signaling molecules different 
from the ELMO/Dock180/Rac1 module. 
In this case, overexpression of RhoG-
F37A functionally mimics an overexpres-
sion of RhoG. Therefore, in addition to 
the results obtained by Rac1 knockdown, 

demonstration that Rac1 is inhibitory 
to the establishment of axonal branch-
ing in hippocampal neurons. By epistasis 
analysis we further found that the inhibi-
tion of axonal branching elicited by the 
constitutively active RhoG-G12V can be 
revoked by the knockdown of endogenous 
Rac1 expression. In this way, our results 
point to the view that RhoG reduces 
axonal branching via ELMO/Dock180/
Rac1 signaling (Fig. 2). However, in con-
trast to stimulate axonal branching, Rac1 
knockdown reduced dendritic branching. 
Additionally, the RhoG-F37A mutant, 
shown to strongly increase axonal branch-
ing, also reduced dendritic branching. 
This mutant is notably because of two 
reasons: (1) RhoG-F37A cannot interact 

primary hippocampal neurons. Using the 
in utero electroporation technique (IUE), 
we confirmed the in vivo relevance of 
these results.14,15 At this point the vitally 
question regarding the signaling pathway 
of RhoG-mediated inhibition of axo-
nal and dendritic tree complexity arose. 
We tackled this question by proving the 
impact of the ELMO/Dock180/Rac1 
signaling pathway using three different 
dominant-negative constructs and two 
different specific knockdown constructs, 
all of which are well established from pre-
vious research (Fig. 1).11,16-18 The results 
clearly showed that the ELMO/Dock180/
Rac1 signaling pathway is functionally 
important to reduce axonal branching. 
To our best knowledge, this is the first 

Figure 1. Two signaling pathways involving either the ELMO/Dock180/Rac1 module or Cdc42 may be activated by RhoG to regulate cytoskeletal reor-
ganization in neuronal process differentiation. RhoG can activate Rac1 by ELMO/Dock180 signaling to regulate cytoskeletal organization (gray track). 
We used three dominant-negative constructs, RhoG-F37A, ELMO1-D625 and Rac1-T17N, to explore the relevance of ELMO/Dock180/Rac1 signaling 
for the regulation of axonal branching. RhoG-F37A harbors a mutation in the effector region which prevents binding to ELMO. ELMO1-D625 cannot 
bind to Dock180, and Rac1-T17N is an established dominant-negative construct for inhibiting Rac1 activity. In addition, the endogenous expression of 
Dock180 as well as Rac1 was reduced by specific shRNA-mediated knockdown of Dock180 and Rac1, respectively. RhoG may also signal via Cdc42 to 
regulate cytoskeletal organization (green track). To analyze the impact of Cdc42 for the regulation of dendritic branching, we reduced the endog-
enous expression of Cdc42 by a knockdown approach with a shRNA construct specific to Cdc42.
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(3) Our epistasis analysis support the view 
that RhoG, via different signaling path-
ways, conducts Rac1 and Cdc42 activity 
to inhibit axonal and dendritic branch-
ing. Interestingly, the results of our study 
suggest that RhoG-activating guanine 
nucleotide exchange factors (GEFs) are 
limiting for RhoG-driven activation of the 
ELMO/Dock180/Rac1 signaling module, 
at least during axogenesis. Therefore, a 
second major aim will be the identifica-
tion of the GEFs which activate RhoG 
to either drive ELMO/Dock180/Rac1 or 
Cdc42 signaling during axogenesis and 
dendritogenesis, respectively. (4) We per-
formed Sholl analysis for more precisely 
analyzing the impact of RhoG signaling 
on dendritic branching. The Sholl analysis 

fibroblasts Rac1 and Cdc42 activity is 
temporally and spatially less coupled to 
cell protrusion but, surprisingly, maintain 
a significant level of activation during the 
retraction phase.25 The authors’ interpre-
tation of these data are that the primary 
role of Rac1 and Cdc42 in this case may 
not be to initiate protrusion but rather to 
regulate adhesion dynamics. Thus, the 
spatiotemporal activation state and the 
strength of activation of RhoG, Rac1 
and Cdc42 may determine whether these 
GTPases stimulate or inhibit neuronal 
process formation. Consequently, a major 
future goal will be to elucidate the spatio-
temporal activation profile of RhoG and 
its downstream targets Rac1 and Cdc42 
during neuronal process formation.  

the diverging effects of the RhoG-F37A 
mutant on axonal vs. dendritic branch-
ing strongly imply that RhoG does not 
inhibit dendritic tree complexity through 
ELMO/Dock180/Rac1 signaling but, 
most likely, activates other downstream 
signaling molecules.14 Motivated by early 
data of Gauthier-Rouvière et al. indicat-
ing that RhoG can independently activate 
Rac1 and Cdc42, we then analyzed the 
relevance of Cdc42 for dendritic branch-
ing.14,19 The results of these experiments 
clearly demonstrated that knockdown of 
Cdc42 increases dendritic tree complex-
ity, and furthermore that knockdown of 
Cdc42 precludes the inhibition of den-
dritic branching by RhoG. Based on these 
results we propose that RhoG inhibits 
dendritic branching via Cdc42 signaling 
(Fig. 2).

Taken together, our data demonstrat-
ing that RhoG not only inhibits axonal 
branching via ELMO/Dock180/Rac1 sig-
naling, but also inhibits dendritic branch-
ing dependent on Cdc42 are somewhat 
surprising and probably stimulating for 
the following reasons: (1) Up to now, only 
promoting effects on neuronal process dif-
ferentiation have been attributed to RhoG 
as it was shown that RhoG stimulates neu-
rite outgrowth in PC12 cells and in supe-
rior cervical ganglion (SCG) neurons.9-11,20 
It may be that RhoG functions in a lin-
eage-specific manner as SCG neurons and 
PC12 cells both are derived from the sym-
pathoadrenal lineage.21,22 Here, it will be 
interesting to analyze neurite outgrowth 
of SCG neurons expressing reduced 
amounts of RhoG due to RhoG knock-
down. (2) According to current textbook 
knowledge, the main function of Rac1 
and Cdc42 is to promote cellular process 
development by stimulating lamellipodia 
and filopodia formation, respectively.23 
Here, our results clearly demonstrate that 
Rac1 acts inhibitory on axonal branching 
and that Cdc42 is inhibitory for dendritic 
branching. Other recent publications pres-
ent data demonstrating that Rac1 as well 
as Cdc42 can be inhibitory for process 
formation. For example, both dominant-
negative Cdc42 and Cdc42 knockout led 
to increased branching of the endfeet of 
radial glial cells.24 Additionally, using bio-
sensors for Rac1 and Cdc42 activity, it was 
recently shown that in mouse embryonic 

Figure 2. miR-124 reduces the expression of RhoG, which inhibits axonal and dendritic branching 
via ELMO/Dock180/Rac1 and Cdc42 signaling, respectively. RhoG stimulates Rac1 via the ELMO/
Dock180 module. This leads to an inhibition of axonal branching. The guanine nucleotide ex-
change factor (GEF), which activates RhoG in this case, is currently not known. This GEF, however, 
has a major role in the ELMO/Dock180/Rac1 signaling cascade for reducing axonal branching as 
it seems to be rate-limiting for cascade activation in neurons during times of axogenesis. In ad-
dition to inhibiting axonal branching, RhoG reduces dendritic tree complexity. This inhibition of 
dendritic branching is dependent on Cdc42 but not on ELMO/Dock180/Rac1 signaling. Currently, 
the signaling intermediates connecting RhoG and Cdc42 are unidentified. The 3'UTR of the RhoG 
gene comprises two binding sites for miR-124. This microRNA inhibits RhoG expression and, this 
way, promotes axonal and dendritic branching.
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expression of different gene products at 
the same time. miR-124, for example, in 
addition to be localized to the neuronal 
cell body, was also found in the synapto-
dendritic compartment.28,29 Interestingly, 
miR-124, shown by us to downregulate 
RhoG expression, was also described in 
a microarray analysis to upregulate the 
expression of its downstream effector 
Cdc42.30 In the same microarray analysis, 
also an increased amount of message cod-
ing for Trio, a potential RhoG GEF, was 
detected. Therefore, it is tempting to spec-
ulate that miR-124 (and this may apply 
for other microRNAs as well), by reduc-
ing or increasing gene expression of differ-
ent members of the same signaling cascade 
concurrently, may participate in the pre-
cise adjustment of the functional outcome 
of this signaling pathway. In summary, we 
suggest at least four levels of regulation of 
RhoG signaling in neurons: (1) general 
regulation of expression of members of 
RhoG signaling cascades (e.g., by tran-
scription factors); (2) spatiotemporally 
coordinated expression regulation of some 
of these members by miR-124; (3) regu-
lation of the amount of active RhoG by 
different GEFs; (4) spatiotemporally coor-
dinated activity of different RhoG effec-
tors, which may include the combinations 
of activities of different RhoG effectors at 
the same time.
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