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PERSPECTIVE

Formin’ bridges between microtubules 
and actin filaments in axonal growth 
cones

It is well established that guidance of axons during neuronal 
development is regulated by a variety of extracellular signals, 
governing cytoskeletal dynamics in growth cones. The actin 
and microtubule (MT) cytoskeleton have both been shown to 
play important roles. However, a growing body of work suggests 
that a critical issue is the proper coordination of changes within 
these two major cytoskeletal systems (reviewed in Cammara-
ta et al., 2016). Previous studies led to the identification of a 
number of proteins involved in actin-microtubule crosstalk in 
neurons, in particular, several MT plus-end tracking proteins or 
+TIPs were shown to be at work. In addition to the well-known 
+TIP proteins, members of the formin protein family were also 
identified as regulators of actin and MT dynamics, initially 
in non-neuronal cells (reviewed in Bartolini and Gundersen, 
2010) and more recently in neurons (Szikora et al., 2017). Most 
formins, belonging to the diaphanous related formin (DRF) 
subfamilies, share a conserved domain structure. They consist 
of the formin homology domains FH1 (required for profilin-ac-
tin interaction) and FH2 (required for actin assembly and pro-
tein dimerization), and a set of regulatory domains (GBD, DID, 
DD, DAD) (Figure 1A), which provide the means to control 
the spatial and temporal activity of the FH2 domain. Although 
formins were initially described as F-actin barbed end binding 
proteins, exhibiting an actin nucleation and elongation activity, 

subsequent work revealed that many formins have the potential 
to affect MT organization and/or dynamics in cellular systems, 
including neurons. Despite these advances, until recently, the 
contribution of formins to the government of neuronal ac-
tin-microtubule crosstalk remained largely elusive.

Capture and coalignment of growth cone MTs and filopodial 
actin bundles: Growth cone actin filaments and MTs are in a 
constant state of turnover, especially in the growth cone periph-
ery. Of the various changes, MT capture followed by coalign-
ment with filopodial actin bundles is thought to be a key feature 
of the growth cone cytoskeleton. According to the current view, 
co-aligned growing MTs transiently couple to the constant 
actin retrograde flow, removing them from the growth cone 
periphery during steady states. Whilst in the presence of attrac-
tive guidance cues, the on-axis pioneer MTs stabilize along the 
stalled filopodial actin bundles prior to growth cone turning/
advance (Figure 1B-B”). A recent study (Preciado López et al., 
2014) revealed that growing MTs with the appropriate plus end 
protein complex can selectively capture actin bundles while they 
cross-over individual actin filaments. They used an artificial 
protein (TipAct) which contains a series of actin-binding calpo-
nin homology domains and an SxIP motif to bind EB proteins. 
In the presence of EB proteins, TipAct is localized to the grow-
ing microtubule ends where it possesses a weak actin binding 
affinity, sufficient to confine its localization to actin rich regions, 
e.g., actin bundles. It was shown that actin bundles can capture 
and redirect growing MTs and they can even force MTs to grow 
along them in tight association in vitro. They demonstrated 
that the MT tip complex plays an essential role in the initial 
interaction; however, additional mutual lattice binders are prob-
ably necessary for a more stable co-alignment between actin 
filaments and MTs. By employing a sensibly designed synthetic 

Figure 1 Formin mediated actin-
microtubule interactions in the growth 
cone
(A) Domain structure and regulation of a 
typical Diaphanous-related formin (DRF). 
The domains abbreviated are as follows: 
GTPase binding domain (GBD), diapha-
nous inhibitory domain (DID), dimeriza-
tion domain (DD), coiled-coil region (CC), 
formin homology 1 (FH1) and 2 (FH2) 
domains, followed by the diaphanous 
auto-regulatory domain (DAD) and the 
C-terminal tail (CT). DRFs are regulated by 
auto-inhibition, where binding of the DAD 
to the DID domain keeps the molecule 
closed and inactive. Binding of an activated 
Rho GTPase to the GBD releases the DAD 
from DID, subsequently opening and ac-
tivating the protein. (B) Schematic model 
of the growth cone cytoskeleton. (B’, B”) 
Proposed functions of DAAM in neuronal 
growth cones: ① actin barbed-end binding, 
actin assembly, ② F-actin bundling, ③ 
F-actin and MT coalignment, ④ EB1 bind-
ing, ⑤ facilitated actin filament formation 
at the MT plus-ends through interactions 
with EB1.
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protein, these experiments helped to gain insight into the gen-
eral mechanism of actin-MT co-alignment. However, among 
other proteins, several formins were already identified with the 
ability to bind actin and MTs simultaneously. This raised the 
possibility that formins might mediate actin-MT interactions, 
including MT capture and co-alignment. Accordingly, INF2 
has been shown to co-aggregate MTs and actin filaments in vi-
tro (Gaillard et al., 2011), and furthermore mDia formins were 
found to be essential in cortical microtubule capture in breast 
carcinoma cells (Daou et al., 2014). In line with these findings, 
we recently demonstrated a role for Drosophila DAAM, a DRF 
type of formin, during the coordinated regulation of actin and 
MT cytoskeletons in primary neurons (Szikora et al., 2017). 
TIRFM and co-sedimentation experiments demonstrated that 
DAAM has the capacity to simultaneously bind and co-align 
the two cytoskeletal filaments in vitro. Moreover, we found that 
DAAM is localized along overlapping MTs and actin filaments 
in primary neurons. Also, the loss of DAAM effectively reduces 
the retrograde MT translocation frequency, but only weakly 
affects the retrograde actin flow. Together, these data strongly 
suggest that DAAM is involved in the coordination/co-align-
ment of the two cytoskeletal systems. Whether DAAM is pivotal 
in all neurons or if formins act redundantly in this system, re-
mains to be tested.

Molecular mechanisms of formin mediated actin-MT cross-
talk: Interestingly, the major MT interaction domain of formins 
appears to be the FH2 domain (also required for actin binding), 
although some formins contain an additional MT binding 
motif in their C-terminal tail (CT) region (also implicated in 
actin interactions). Thus, formins contain multiple actin and 
MT binding regions which place them into an ideal position to 
crosslink the actin and MT cytoskeleton directly. On the other 
hand, some formins were shown to bind or form complexes 
with MT binding proteins, such as +TIPs, providing a possi-
bility for indirect MT binding. Together, these findings raised 
numerous points that need to be resolved. With regard to MT 
binding domains, although not conserved in all formins, the 
case of the CT domain is clear in the sense that it is capable of 
ionic interactions with the acidic MT surface. By contrast, little 
is known about how the FH2 domain binds to MTs. Conserved 
amino acid residues in the FH2 domain do not appear to influ-
ence MT binding in vitro in mDia1, Capu or DAAM (Bartolini 
et al., 2008; Roth-Johnson et al., 2014; Szikora et al., 2017), 
and no other motifs are implicated in mediating interactions 
between MTs and formin FH2 domains. In the absence of avail-
able mutations that would selectively impair MT binding, it has 
not been possible to assess the in vivo relevance of direct MT 
binding. However, in order to clearly discriminate the actin- 
and MT-specific functions of formins, structural studies focus-
ing on mapping MT-binding surfaces of FH2 domains would 
be a particular interest of the field. Because the FH2 domain is 
involved in actin and MT binding as well, another critical ques-
tion is whether the binding of these two cytoskeletal elements is 
mutually exclusive/competitive or simultaneous. In some cases 
formins were shown to bind to MTs and actin via overlapping 
surfaces, therefore they compete for formin binding (Gaillard 
et al., 2011; Roth-Johnson et al., 2014). Whereas some formins 
promote the co-alignment of actin and MT filaments suggesting 
they interact with actin and MTs via different surfaces (Gaillard 
et al., 2011; Szikora et al., 2017). Thus, current data provide 
support for both scenarios, presumably suggesting a context/
formin dependent regulation. However, the in vivo significance 
of these interactions needs to be evaluated further.

Formin mediated regulation of MT dynamics in neurons: 
Stabilization of pioneer MTs in the growth cone periphery is 
thought to be a key step in axon guidance. Accordingly, orienta-
tion of the pioneer MTs in the growth cone seem to predict the 
direction of neurite turning. Furthermore, the localized appli-
cation of the MT stabilizing drug, taxol, is sufficient to induce 
growth cone turning. The dynamic instability of MTs is char-
acterized by the speed and proportion of growth and shrinkage 
rates of their growing ends. These events can be directly regu-
lated at growing ends by +TIPs or indirectly by lattice binders 
capable of stabilizing or destabilizing MT protofilaments. In 
vitro studies have shown that the main effect of formins on MT 
dynamics is to contribute to stabilization, most likely via side 
binding of the filaments. Some formins are capable of protecting 
preassembled MTs against depolymerization, or by inducing the 
formation of stable MTs or bundle MT filaments, which may 
also promote MT stabilization (Bartolini et al., 2008; Gaillard 
et al., 2011; Szikora et al., 2017). The side binding of formins 
seems to slightly reduce the MT growth rate and strongly 
reduce shrinkage. The increased lifetime could facilitate post-
translational modification (acetylation, detyrosination) of the 
MTs affecting the binding of MAPs, which in turn can regulate 
the dynamic instability of the MTs.  

An alternative mode of MT stabilization by formins would 
be through the +TIP complex. Notably, mDia1 and mDia2 
were shown to interact with EB1 and APC via their FH1-FH2 
region. The formation of this complex promotes MT stabiliza-
tion, which has an important role in cell migration (Wen et al., 
2004). Remarkably, mDia2 appears to promote MT stabilization 
independently of its actin assembly function (Bartolini et al., 
2008). Similar observations were made in Drosophila primary 
neurons, where we demonstrated that a significant portion of 
DAAM localizes to MT plus ends promoting MT stabilization 
(independent of its actin nucleation activity), and co-purifies 
with EB1 from S2 cell lysates (Szikora et al., 2017). Based on 
our unpublished data, MT stabilization is only achieved with 
truncated constructs relieved from auto-inhibition, whereas the 
full length form was inactive in this assay. These observations 
suggest that the auto-inhibitory interaction typical for the DRF 
family may not simply block actin nucleation, but also prevents 
certain types of MT interactions required for stabilization. If 
proven, this could represent a novel way to coordinate actin 
assembly and MT organization by activating a single formin 
type of protein. Significantly, the above mentioned +TIPs bind 
to the FH1-FH2 region of formins, although the exact binding 
sites and molecular hierarchy of the formin/+TIP complex for-
mation are not well defined yet. The involvement of the FH2 
domain, not only in actin and MT but also in +TIP binding, 
suggests the existence of a complex regulatory system. This 
system consists of formins and formin-interacting proteins that 
build an intricate system to regulate multiple aspects of MT dy-
namics and actin-MT crosstalk. In this regard, an important re-
cent study demonstrated that an mDia1/CLIP-170/EB1 module 
triggers an accelerated actin polymerization from MT plus ends 
(Henty-Ridilla et al., 2016). These authors also found CLIP-170 
increased the elongation rate of actin filaments assembled by 
other formins (mDia2, DAAM1, INF1 and INF2) suggesting a 
general regulatory function for CLIP-170 in formin-mediated 
actin polymerization. This discovery provides further proof for 
the versatile regulatory potential of formins coupled to +TIPs. 
Nevertheless, the exact composition, specificity and regulation 
of these complexes in neurons and other cell types remain to 
be determined. It would be important to see if the +TIP/formin 
interactions are tissue, cell type, developmental stage or context 
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dependent. Is there specificity of regulation at this level or is 
there the possibility of multiple, highly redundant interactions ?  

Guidance signaling: In order to find their correct target sites, 
neuronal growth cones need to navigate in a complex cellular 
environment exhibiting a large number of guidance cues. These 
cues control growth cone behavior orchestrated by coordinat-
ed remodeling of the actin and MT cytoskeleton. Given that 
formins coupled with +TIPs are important elements of connect-
ing the regulation of actin and MT dynamics in neurons, it’s es-
sential to understand the connection between this MT plus end 
cytoskeletal effector module and navigation systems. Previously 
we have shown that DAAM is regulated by Rac, downstream of 
the PCP navigation system in mushroom body neurons (Gom-
bos et al., 2015). However, the Rho GTPase family was linked 
to all other major axonal guidance systems as well, and addi-
tionally, it was implicated in +TIP regulation in several other 
cellular contexts (Fukata et al., 2002). Taking this together with 
the expression pattern of vertebrate DAAM orthologs, known 
to be abundant in the developing central nervous system (CNS), 
a Rho-DAAM/formin-(+)TIP pathway might serve as an evo-
lutionary conserved, critical component of actin-MT coordi-
nation downstream of axonal guidance signaling. Nevertheless, 
future studies are required to clarify the molecular mechanisms 
whereby Rho GTPases ensure a concerted regulation of a num-
ber of +TIPs and possibly a number of formins, under the con-
trol of guidance signaling.  

Conclusions: Formins, as well as +TIPs, were both known to 
be capable of mediating actin-MT interactions in various in 
vitro and cellular systems. Curiously, research during the past 
few years has established that despite their independent abil-
ities to link actin filaments to MTs, +TIPs often collaborate 
with formins to induce coordinated changes of the two major 
cytoskeletal systems. Thus, a +TIP/formin based module has 
emerged as a general mechanism of linking actin and MT dy-
namics, which is essential for several cellular processes such as 
migration, phagocytosis, neuronal dendritic branching and ax-
onal growth (Wen et al., 2004; Henty-Ridilla et al., 2016; Szikora 
et al., 2017). Due to the physiological importance of this mode 
of cytoskeleton regulation, particularly in the context of neuro-
nal growth and regeneration, further biochemical and most im-
portantly in vivo studies are required to understand how these 
cytoskeleton regulatory elements associate with each other and 
how upstream signals control their activity. 
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