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Formins are an important and evolutionarily well conserved
class of actin binding proteins with essential biological
functions. Although their molecular roles in actin regulation
have been clearly demonstrated in vitro, their functions at
the cellular or organism levels are still poorly understood. To
illustrate this problem, but also to demonstrate potential ways
forward, we focus here on the DAAM group of formins. In
vertebrates, DAAM group members have been demonstrated
tobeimportantregulators of cellularand tissue morphogenesis
but, as for all formins, the molecular mechanisms underlying
these morphogenetic functions remain to be uncovered. The
genome of the fruitfly Drosophila encodes a single DAAM
gene that is evolutionarily highly conserved. Recent work
on dDAAM has already provided a unique combination of
observations and experimental opportunities unrivalled by
any other Drosophila formin. These comprise in vitro actin
polymerisation assays, subcellular studies in culture and in
vivo, and a range of developmental phenotypes revealing a
role in tracheal morphogenesis, axonal growth and muscle
organization. At all these levels, future work on dDAAM
will capitalize on the power of fly genetics, raising unique
opportunities to advance our understanding of dDAAM at the
systems level, with obvious implications for other formins.

Formins are evolutionarily highly conserved actin assembly
factors with essential biological functions such as the regula-
tion of cell division, cell motility and cell adhesion. Metazoan
formins can be subdivided into seven clades: Diaphanous (DIA),
formins (FMN), formin homology domain containing proteins
(FHOD), delphilins, inverted formins (INF), formin-related
genes in leukocytes (FRL) and Dishevelled-associated activators
of morphogenesis (DAAM). All these metazoan formins share
at least two functional domains, the formin homology domains
1 and 2 (FH1, FH2)."? Of these, the FH2 domain is both nec-
essary and sufficient to nucleate actin in vitro. Although some
formins have been implicated in the regulation of microtubules,?
the best understood molecular function of formins is to promote
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the nucleation and elongation of unbranched actin filaments.*>
Accordingly, they play pivotal roles in the formation of various
actin-based cellular structures, such as stress fibers, filopodia, focal
adhesions and contractile rings.®” Their importance is further
illustrated by loss-of-function analysis in vivo, for example, knock-
out mice for mDial, FMNI1, FMN2 and Delphilin exhibit myelo-
proliferative defects, mild limb deformities, meiotic cell division
defects and enhanced synaptic plasticity, respectively.® However,
although the molecular functions of formins in actin regulation
are well established and their importance has been clearly dem-
onstrated at the cellular and organism level, it is largely unclear
through which molecular mechanisms and in which subcellular
contexts they contribute to cytoskeletal regulation in a particular
cell type or tissue.*® This is mainly due to the fact that much of our
present knowledge about formins is based on in vitro assays and
cellular studies relying on the overexpression of truncated protein
isoforms, but an in depth in vivo analysis at the subcellular level in
multicellular organisms is missing for most formins. Furthermore,
formins display a high degree of redundancy (15 formin genes in
mouse or human, 18-21 in fish), but our current understanding
of the functional differences between different formin members is
insufficient, not to mention the potential functional overlap with
other protein classes also involved in the regulation of actin assem-
bly. Hence, it follows that the lack of understanding at the cellular
level is even more pronounced at the complex level of whole tissues,
organs or organisms.

To gain a better understanding of formin functions, inter-
esting new opportunities have arisen during the last five years
through work in the fruitfly on the single Drosophila DAAM
ortholog, dDAAM. Only a few studies have been published on
dDAAM so far, but these investigations revealed a unique com-
bination of observations and experimental opportunities, with a
high potential for advancing our principal understanding of for-
min functions. To illustrate this point, we will review our current
knowledge on DAAM formins, focussing first on the vertebrate
Daam genes, then on the Drosophila gene, ZDAAM.

Vertebrate DAAM Family Members:
An Important Class of Formins

Members of the DAAM group of formins contain a GTPase
binding (GBD), a diaphanous inhibitory (DID), an N-terminal
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Figure 1. Properties and functions of Drosophila DAAM. (A) Mouse and Drosophila DAAM are of similar length and display the same functional do-
mains: GTPase binding (G), diaphanous inhibitory (DID), N-terminal dimerisation (DD), coiled-coil (CC), formin homology 1 and 2 (FH1, FH2), diapha-
nous autoregulatory domain (DAD); residues demarcating the functional domains are shown below. (B) In embryos, dDAAM is strongly expressed in
main (white curved arrow) and side branches (black curved arrow) of tracheal trees. (C) At high magnification, tracheae show parallel lines of F-actin
enrichment (magenta) that run across cellular junctions (green, stained for DE-Cadherin) in the main airways. (D) In tracheae of dDAAM loss-of-func-
tion mutant embryos, ordered F-actin patterns are abolished. (E) dDAAM is strongly expressed in the ladder-shaped neuropile within the embryonic
CNS (white curved arrow). (F) In wild-type embryos, the axonal marker BP102 labels the ladder-like arrangement of the neuropile. (G) In dDAAM loss-
of-function mutant embryos, the neuropile is severely disrupted indicating strong axonal growth defects. (H) In cultured primary embryonic neurons,
dDAAM displays a punctate pattern along the axon (black curved arrow), but also at the growth cone (white arrow head) and in filopodia (white
curved arrow). (I) In wild-type neurons, growth cones frequently display a hand-shaped broad appearance. (J) In dDAAM loss-of-function mutant
neurons, growth cones tend to be narrow and display significantly reduced numbers of filopodia. (K-M) Potential functions of dDAAM during filopodia
formation in Drosophila neurons. (K) dDAAM acts as an actin nucleator in parallel to Scar complex/Arp2/3 complex activity. (L) Like Enabled, dDAAM
promotes processive elongation of actin filaments, expected to collaborate with profilin and potentially antagonising the capping activities of the
CapA/B complex. (M) The ability to bind and bundle actin filaments in vitro? suggests potential roles for dDAAM in clustering of actin filament barbed
ends (together with Enabled; left) or the stabilisation of F-actin bundles (together with other bundlers, such as fascin; right).

dimerization (DD), a coiled-coil (CC), an FHI, an FH2 and studies between hDaam1, mDial and the yeast formin Bnilp
a diaphanous autoregulatory domain (DAD) (Fig. 1A), which revealed certain differences in the crystal structure of their FH2
makes them closest relatives of the DIA and the FRL groups domains, and a difference in their catalytic efficiencies has also
of formins.*® Despite of their overall similarity, comparative been reported.”'’ Furthermore, FH2 domains of some formins
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are better actin nucleation factors when combined with a DAD
domain, and hDaam! displayed the largest difference in this
assay among the four formins tested." These specific structural
and kinetic properties strongly suggest that even closely related
formins may divert in their catalytic and regulatory functions.
DAAM family members might therefore play unique cell bio-
logical roles which are not or only partly redundant with other
formins.

The genomes of the common vertebrate model organisms,
such as mouse, frog and chick, encode two DAAM family mem-
bers which are broadly expressed in highly dynamic spatiotem-
poral patterns throughout embryogenesis.'>!? Prominent tissues
of expression are the developing central nervous system (CNS),
somites, dermomyotomes and heart. Within the embryonic CNS,
the Daaml and Daam?2 genes typically display complementary
expression patterns including the brain, spinal cord and retina,'>'?
suggesting that they carry out cell-specific tasks instead of acting
redundantly in these contexts.

Work on DAAM in vertebrate tissue culture models revealed a
whole range of cellular functions that are consistent with the typi-
cal roles of formins in cytoskeletal regulation. Such roles of Daam1
include regulation of the shape and branching of porcine aortic
endothelial cells," contribution to RhoA-dependent actin assem-
bly in platelets,” inhibition of cell proliferation and migration in
endothelial cells,'® regulation of stress fiber formation and centro-
some re-orientation in COS-7 and U20S cells"” and microtubule
stabilisation in endothelial cells." Interestingly, some of these cel-
lular functions of DAAM:s display context-dependent variations.
For example, Daaml1 promotes stress fiber formation in COS-7
and U20S cells,”” but destabilizes stress fibers in endothelial cells.'®
In addition, Xenopus data argue for Daam being the activator of
RhoA," whereas studies in mammalian COS-7 cells and platelets
suggest that Daam1 is a direct effector of Rho GTPases.'*" In spite
of these apparent controversies, the roles in stress fiber formation,
centrosome orientation and microtubule stabilisation are novel
functions for this formin family, providing exciting new oppor-
tunities for understanding DAAM function at the cellular level.

In vivo analysis of the vertebrate DAAM proteins began with
the identification of the founding member of the DAAM subclass
as a Dishevelled (Dsh) binding protein that has been implicated in
non-canonical Wnt/Fz signalling during Xenopus gastrulation.’®
Injection of morpholinos or deletion constructs confirmed such
morphogenetic roles in convergent extension movements both in

19-21

frog"?! and zebrafish embryos.?” Protein localization studies with
a GFP-fused Daaml protein revealed a dynamic subcellular pat-
tern in zebrafish notochord cells including the plasma membrane,
cytoplasmic vesicles and F-actin rich cytoskeletal structures.?
Reported analyses in mouse are currently restricted to a hypo-
morphic Daaml mutant allele, which showed important roles in
heart morphogenesis.”> However, these mammalian studies have
failed so far to support roles for DAAMs in Fz/Dsh signalling, or
as an upstream regulator of RhoA. Complete loss-of-function anal-
yses in mice are therefore needed to clarify these potential roles.
In conclusion, an extensive body of work has been published
on vertebrate DAAM group members, clearly identifying them as
important regulators of cell and tissue morhogenesis. However,
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as for all other formins, the mechanism by which vertebrate
DAAMs perform these functions at cellular or organism levels
are poorly understood.

Drosophila DAAM: A Typical Formin
with Important in vivo Functions

The Drosophila genome encodes six formin genes, each repre-
senting one of the metazoan subclasses, except for the delphilin
family which is missing in flies.”? While some of them (i.e.,
diaphanous and the FMN family member cappuccino) have
been heavily studied in reference 8 and 24, dDAAM is so far
the only invertebrate formin (with the exception of a D. discoi-
deum formin) that has been investigated by detailed biophysical
assays in vitro.” These studies established that the FH2 domain
of dDAAM behaves as a “bona fide” formin in actin nucelation
and polymerization assays. Additionally, these data showed that
the FH1 domain of dDAAM interacts with profilin-actin dur-
ing processive actin assembly.” The functional importance of
this DAAM-profilin interaction has been further confirmed by
in vivo studies and in primary neuron cultures.?*?’ Interestingly,
dDAAM was also shown to bind to the sides of actin filaments
in vitro, which might suggest potential roles in actin filament
bundling in cellular contexts.”

In Drosophila embryos, diaphanous and dDAAM are the most
broadly expressed formins*® (Kalmdr T and Mihdly J, unpub-
lished results). Accordingly, ZDAAM has been shown to contrib-
ute to a range of developmental processes, none of which seems to
relate to non-canonical Wnt/Fz signalling so far. At the cellular
blastoderm stage the dDAAM protein displays a strong plasma
membrane accumulation, particularly in the apical zone (Kalmdr
T and Mihdly J, unpublished data). In agreement with this find-
ing, embryos lacking both maternally and zygotically derived
dDAAM fail to cellularise,” a phenotype that still awaits further
investigation. During later stages, #DAAM is highly expressed
in the cardioblasts and the dorsal vessel (Drosophila heart) and,
accordingly, heart tube morphogenesis is impaired in JDAAM
mutant embryos (Molndr I and Mihdly J, unpublished results).
The latter observation is consistent with findings in mDaaml
mutant mice,” suggesting that DAAM family formins play evo-
lutionarily conserved roles in this context.

Another prominent embryonic ZDAAM expression domain
is the tracheal system (Fig. 1B), a well patterned network of
tubular epidermal invaginations that serves as the respiratory
organ.” In agreement with this expression pattern, dDAAM
mutant larvae display severe tracheal cuticle defects with col-
lapsed and flattened tracheal tubes. In the tracheal system of
wild type embryos, actin cables run in parallel beneath the
apical surfaces of tracheal cells, perpendicular to the tube axis
(Fig. 1C).# In contrast, in ZDAAM mutant tracheal cells, api-
cal actin levels are lower than in wild-type, actin bundles are
much shorter and thinner and patterned actin organization
is almost completely lost® (Fig. 1D). These studies estab-
lished that the parallel running actin cables define the taenidial
fold pattern of the cuticle, an important architectural element
composed of extracellular matrix that maintains the tubular
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structure of tracheae. The loss of their organization is there-
fore the likely cause for tracheal collapse in DAAM mutant
larvae.”” Moreover, this analyses presented genetic evidences
that dDAAM is regulated by the RhoA small GTPase in the
tracheal system and cooperates with Src family kinases during
patterning of the tracheal cuticle. Given that RhoD and human
DIA2C regulate endosome dynamics through Src activation,®
and RhoB induced Dial activation has been implicated in the
regulation of endosome trafficking,” it seems possible that the
RhoA/dDAAM/Src module is not simply required to organize
apical actin bundles. For example, it could also regulate exo-
cytosis, thus orchestrating spatially patterned cuticle deposi-
tion during taenidial fold formation. Another intriguing aspect
of apical actin organization in the tracheal system concerns
the case of the main tracheal airways (white curved arrow in
Fig. 1B) where actin bundles are perfectly aligned across cell
boundaries (Fig. 1C). Since the dDAAM protein co-localizes
with apical actin cables at cell adherens junctions, beyond its sub-
cellular actin organizer function, dDAAM might play an impor-
tant role in a transcellular patterning phenomenon as well.”

Finally, DAAM is strongly expressed in the developing ner-
vous system and DAAM loss-of-function mutant embryos display
severe disruptions of axonal compartments in the CNS (called
neuropile; Fig. 1E-G). These defects include errors in midline
crossing and breaks in longitudinal and commissural tracts®
(Fig. 1G), but also axonal stall phenotypes of motoraxons.*
Axonal growth is a key event of nervous system development and
regeneration, depending on both the actin and microtubule cyto-
skeleton.”34 Consistently, a large number of actin regulators have
been shown to be essential for axonal growth and guidance in
many organisms including Drosophila.***¢ However, the findings
for dDAAM were the first to demonstrate a role for any formin
in axonal growth by true loss-of-function analysis.”” In addition,
dDAAM is described to be the only formin expressed at detect-
able levels in embryonic Drosophila neurons.?®* Unhindered
by redundant functions of different formins, these observations
offered new opportunities to address the function of formins in
the nervous system. Genetic interaction studies using the CNS
phenotypes as readouts have revealed so far functional links
between dDAAM and Rac GTPases (Racl, Rac2, Mtl), Enabled
(Ena), Drosophila profilin (Chickadee, Chic) and two compo-
nents of the Arp2/3 complex (Sop2, Arp66B),**¥ providing a
promising starting point to unravel the genetic networks within
which dDAAM operates in the nervous system. Interestingly,
RhoA failed to genetically interact with dDAAM in the nervous
system, tempting to speculate that dDAAM in neurons is acti-
vated through Rac GTPases rather than RhoA.

Refined Analyses of Drosophila DAAM
in Primary Neurons

Important progress has been made by extending the study of
dDAAM function to cultured embryonic primary neurons
(Fig. 1H-J). Unlike in vivo studies, primary neurons provide
refined subcellular readouts for cytoskeletal dynamics fully amena-
ble to Drosophila genetics.””® So far, loss of d DAAM function in
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primary neurons was found to cause strong phenotypes, including
reduction in filopodia numbers and filopodia length, an increase
in the rates of filopodial elongation and retraction and a signifi-
cant tendency to have longer axons.?*#”3? These findings delivered
potential subcellular explanations for the observed in vivo func-
tions of dDAAM in the CNS, as explained in greater detail else-
where in reference 27 and 32. Studies in these primary neurons
have also shown that Arp2/3 is the only other obvious nucleator
besides dDAAM: the combined loss of dDAAM and Arp2/3 func-
tions caused a complete absence of lamellipodia and filopodia and
a severe general depletion of F-actin.?* Consequently, F-actin net-
works in Arp2/3 deficient neurons are primarily formin-derived,
whereas dDAAM mutant neurons contain Arp2/3-derived net-
works. This constellation provides unique opportunities to com-
pare the functions of these two nucleators in isolation. So far,
experiments using this strategy have led to a model in which
formins and Arp2/3 contribute through one common mode to
filopodia formation,*® rather than through distinct molecular
mechanisms as suggested previously in reference 39. Such overlap-
ping roles of distinct nucleators are further supported by data from
Hela and mouse melanoma cells showing that Arp2/3 and the
formin mDia2 both contribute filaments to lamellipodial F-actin
networks.

The process of filopodia formation and dynamics in primary
Drosophila neurons provides a promising context in which to
study molecular mechanisms of dDAAM at the cellular level.
These mechanisms of dDAAM potentially involve nucleation,
processive elongation and F-actin bundling activities, most of
which are expected to operate in close coordination with other
factors, such as Arp2/3, Enabled, profilin, fascin or capping pro-
teins (summarised in Fig. 1IK-M). As mentioned before, some
of these factors have already been shown to form complexes with
dDAAM in vitro and/or to functionally interact with dDAAM
in the nervous system in vivo, providing a promising starting
point for studies in filopodia. Beyond their roles in actin regu-
lation, DAAMs, such as other formins, are also recognised for
their direct roles in microtubule regulation and stabilization,'
but the underlying mechanisms are poorly understood.®’ Since
the microtubule cytoskeleton of Drosophila primary neurons is

3241 this cellular system

also highly amenable to investigations,
has the potential to develop into a powerful experimental plat-

form to investigate the links between formins and microtubules.
Conclusions and Perspectives

Drosophila DAAM clearly has become a very promising par-
adigm for work on formins, amenable to genetic and experi-
mental approaches in well defined cellular contexts in vivo and
in culture. The data reported so far are promising and pro-
vide an impressive number of observations and experimental
approaches that can now be integrated and used to advance our
insights into dDAAM function at the systems level. Further
work will unravel the complex genetic networks that govern
dDAAM functions during axonal growth or other actin-based
cellular processes. Such knowledge will advance our princi-
pal understanding of cytoskeletal dynamics regulation at the

541



cellular level, which certainly is one of the major challenges of

modern cell biology.** As clearly shown for Drosophila growth
cones, the cytoskeletal regulators are evolutionarily well con-
served at the molecular and cellular levels.>** Therefore, work
on dDAAM will have implications beyond Drosophila and
provide explanations for the important roles that DAAM and
related formins play in mammals in neuronal and non-neuronal

contexts alike.
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