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ABSTRACT

Actin-based protrusions are at the base of many fundamental cellular
processes, such as cell adhesion, migration and intercellular
communication. In recent decades, the discovery of new types of
actin-based protrusions with unique functions has enriched our
comprehension of cellular processes. However, as the repertoire of
protrusions continues to expand, the rationale behind the classification
of newly identified and previously known structures becomes unclear.
Although current nomenclature allows good categorization of
protrusions based on their functions, it struggles to distinguish them
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when it comes to structure, composition or formation mechanisms. In
this Cell Science at a Glance article, we discuss the different types of
actin-based protrusions, focusing on filopodia, cytonemes and
tunneling nanotubes, to help better distinguish and categorize them
based on their structural and functional differences and similarities.
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Introduction

Owing to their central role in a wide variety of cellular functions, such
as cell migration, environment sensing and cell—cell signaling, actin-
based protrusions are of great interest to researchers in many fields.
Filopodia were the first thin actin-based protrusion described in the late
19th century by Ramon y Cajal, who observed membrane extensions
spanning along the growth cones of commissural neurons in fixed
chicken embryos (Cajal, 1890). Filopodia were then later described in
1961 in live sea-urchin larva cells (Gustafson and Wolpert, 1961).
Before the development of the current terminology, the generic term
filopodia encompassed every thin actin-based protrusion observed.
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Following the discovery of unique structures or functions in different
models, new names appeared to categorize them. As such, the term
‘cytoneme’ was introduced in 1999 (Ramirez-Weber and Kornberg,
1999) to discriminate long specialized filopodia in Drosophila wing
imaginal disc that mediate cell-cell signaling. Later, the term
‘tunneling nanotube’ (TNT) was coined in 2004 to describe long
intercellular connections observed between PC12 neuronal cells that
were open-ended at both ends, enabling cytoplasmic continuity
between cells and organelle transfer, unlike any other protrusions
known to date (see poster) (Rustom et al., 2004).

Since then, the classification of these three structures has been
primarily based on their distinct functions: filopodia participate in
probing of the environment and cell migration, cytonemes allow
ligand—receptor interactions and TNTs are able to transfer intracellular
material between cells (Casas-Tintd and Portela, 2019; Mattila and
Lappalainen, 2008; Rustom et al., 2004). However, the field is lacking
specific markers that can molecularly discriminate between them.
Although it has been shown that certain factors are located in each
protrusion type, these are not specific and are often also found in other
protrusions (see poster). There is also heterogeneity in the
composition of each of these structures, complicating their
categorization; for example, the first report of TNTs outlined them
as tubulin-devoid structures open-ended at both ends. Nonetheless,
further studies have shown that, in other cell types, they can also
contain tubulin (Onfelt et al., 2006), or can be closed-ended with gap
junctions at their tips (Wang et al., 2010). Similarly, cytonemes were
initially described as straight actin-based signaling filopodia in
Drosophila, but were later observed in vertebrates and have been
shown to have more complex curved geometries and contain tubulin
in some models (Hall et al., 2021; Sagar et al., 2015; Wood et al.,
2021). Moreover, recent reports have shown that cytonemes can not
only allow ligand-receptor interactions but also transport ligand-
containing vesicles or functional ligand—receptor complexes from
donor cell to acceptor cell (Hall et al., 2021; Zhang et al., 2022
preprint), a type of transfer originally thought to be specific to TNTs.
Although some actin-based protrusions (such as microvilli,
stereocilia, neurites and tumor microtubes) can be identified and
distinguished more easily due to unique structures or cell-type
specificities (see Box 1), the architectures of filopodia, cytonemes and
TNTs appear to be heterogeneous across different model systems.
Furthermore, their functions can overlap, making it difficult to
categorize them. Thus, with the uncovering of many new functions
and types of protrusions, some clarification of their definitions is
required. In this Cell Science at a Glance article, we focus on
filopodia, cytonemes and TNTs, aiming to describe these three types
of protrusions on the basis of the most recent and compelling data
about their structure(s) and function(s). We also highlight the
molecular machinery involved in their formation and discuss both
common and distinct features between them.

Filopodia

Filopodia can be found in the majority of eukaryotic cells and are the
most studied actin-based protrusions. They contain 10 to 30 actin
filaments cross-linked by actin-bundlers, such as fascin or villin
proteins, and rarely exceed 10 um of length, with a diameter
typically ranging from 100 to 300 nm (Jacquemet et al., 2015;
Leijnse et al., 2022).

Filopodia exert a sensory function by probing the environment
for the detection of soluble factors or sensing extracellular matrix
(ECM) composition and rigidity via membrane receptors, such as
activated integrins (Albuschies and Vogel, 2013; Heckman and
Plummer, 2013; Miihkinen et al., 2021). In response, they can

induce remodeling of the microenvironment of the cell through the
secretion of proteases near the base of the filopodial shaft or via
myosin-driven force generation (Kim et al., 2015; Leijnse et al.,
2022). Filopodia also play central roles in adhesion, cell migration,
wound healing and dendritic spine formation. They are also
upregulated in many cancer types, where they favor metastasis, as
well as proliferation and survival (reviewed in Jacquemet et al.,
2015; Mattila and Lappalainen, 2008).

Several formation mechanisms have been identified for filopodial
protrusions. Firstly, concomitant bundling of the lamellipodial
branched actin network by fascin into short embedded structures
referred to as microspikes (Svitkina et al., 2003) and clustering of the
Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family
of actin-polymerizing proteins at the barbed end of microspikes.
These compete with actin cappers and enable linear actin
polymerization (Bear et al., 2002; Damiano-Guercio et al., 2020).
Secondly, de novo actin nucleation and elongation by formins
(Breitsprecher and Goode, 2013; Schirenbeck et al., 2005). Finally,
via activation of the Rho GTPase Cdc42, which in turn recruits the
IBAR protein IRSp53 (also known as BAIAP2) to the membrane in
complex with the actin bundler and capper epidermal growth factor
receptor pathway substrate 8 (Eps8), leading to VASP recruitment
and processive actin growth (Disanza et al., 2013, 2006).
Interestingly, these formation mechanisms seem to co-exist within
the cell, with different regulatory mechanisms. Pathways favoring
the lamellipodial formation, characteristic of motile cells, promote
microspike formation, yet do not prevent filopodia from forming
outside of the lamellipodial sheet. These filopodia remain following
CRISPR/Cas9-mediated deletion of members of the Ena/VASP
family (Evl, VASP and Mena), which, opposingly, abolishes
microspike formation (Damiano-Guercio et al., 2020). Of particular
interest, isoforms of tropomyosin, which are dimeric fibrous
proteins stabilizing F-actin, have recently been suggested to
differentially segregate to actin filaments, conferring distinct
functionalities by enabling or preventing the attachment of
specific myosin motors or actin-severing factors (Gateva et al.,
2017; Reindl et al., 2022).

Furthermore, filopodia are characterized by an important
heterogeneity of the tip complex, even between protrusions of an
individual cell, which has not been associated with functional
differences (Jacquemet et al., 2019). Such heterogeneity of the
protein enrichments at the filopodial tips was revealed in tracheal
cells of Drosophila embryos (Dobramysl et al., 2021). In addition,
those authors used a cell-free model system producing filopodia-like
structures to demonstrate that different pairs of proteins exhibited
strong intra-tip complex correlations, such as Ena—VASP with
transducer of Cdc42-dependent actin assembly protein (TOCA-1;
also known as FNBP1L)—diaphanous 3 (Diaph3) and VASP—Cdc42-
GTP with neuronal Wiskott—Aldrich syndrome protein (N-WASP;
also known as WASL)-Cdc42-GTP. Overall, they observed a
positive correlation between most proteins at the tip, leading them to
the proposal of a stochastic model for filopodial formation, where
the cooperative assembly of proteins at the tip into heterogeneous
complexes can converge into the formation of structurally similar
protrusions (Dobramysl et al., 2021).

Cytonemes

Cytonemes were first characterized as thin and long actin-based
membranous protrusions in Drosophila wing imaginal disc
(Ramirez-Weber and Kornberg, 1999). They could be up to
700 pm long with a diameter below 0.2 um and were suggested to
contain actin, but not tubulin. These protrusions were uniformly
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Box 1. Cell-type-specific actin-based protrusions

Although filopodia, cytonemes and TNTs show overlapping
morphologies, other actin-based protrusions are more easily identified
by their characteristics and/or cell type specificity. For example, neurites
are small processes, specific to neuronal cells, that develop into
dendrites and axons (Sainath and Gallo, 2015). Unlike dendrites,
axons are tubulin positive and can be myelinated, yet both are
specialized in conducting action potentials within the neuronal
network. Also tubulin-positive are tumor microtubes (TMs), specific to
cancerous glial cells, which can reach hundreds of microns in length and
persist for hundreds of days (see poster) (Osswald et al., 2015). Two
subtypes of TMs have been described — interconnecting TMs that enable
Ca?* coupling through gap junctions, and non-connecting TMs
promoting cancer cell invasion (Wang et al., 2022).

Microvilli were initially described in the Ascaris intestinal brush border
by electron microscopy (Bretschneider, 1954). Intestinal microvilli are
found on the apical side of enterocytes and have a very specific
morphology, with tight regulation of length and filamentous (F)-actin
content, a consistent set of actin cross-linking proteins (fimbrin, villi, and
espin family proteins) and cadherin-enriched tip links (Sauvanet et al.,
2015). Also found on the apical side of cells, stereocilia are
mechanosensory organelles of the auditory and vestibular hair cells,
which have specific stair-like morphology and unique actin turnover (see
poster) (Lin etal., 2005). Despite unique features of microvilli, description
of similar structures in other cell types, such as trophoblast and immune
cells (Booth and Vanderpuye, 1983; Polliack et al., 1973), raises the
question of how strict the classification should be. For example, placental
trophoblast microvilli are more dynamic and variable in length than
intestinal microvilli and contain fimbrin and a-actinin but no villin
(reviewed in Sauvanet et al., 2015). Likewise, recent reviews suggest
categorizing stereocilia as a subtype of microvilli, even though they were
initially described as different structures (Sauvanet et al., 2015;
Sharkova et al., 2023).

oriented from lateral flanks towards the disc midline, where the
morphogen signaling protein Decapentaplegic (Dpp) is expressed,
which suggested that cytonemes were formed in response to a
chemoattractant and could play a role in morphogen distribution
(Ramirez-Weber and Kornberg, 1999).

Indeed, cytonemes were further shown to participate in signal
transduction for Dpp and other morphogens, including fibroblast
growth factor (FGF), epidermal growth factor (EGF), Wingless
(Wg), Hedgehog (Hh) and Delta—Notch pathways in Drosophila
(Roy and Kornberg, 2015). In vertebrates, this has also been shown
for Wnt and its receptor frizzled 7, Sonic hedgehog (Shh) and bone
morphogenetic protein 7 (BMP7) (Sagar et al., 2015; Sanders et al.,
2013; Schlueter and Mikawa, 2018; Stanganello et al., 2015).
During embryogenesis, cytonemes play an important role in tissue
patterning by enabling morphogen transfer, and are especially
crucial for gradient formation of membrane-bound morphogens,
such as Wnt, Shh or Delta—Notch, that cannot be effectively
distributed by passive diffusion (Sanders et al., 2013; Stanganello
and Scholpp, 2016). Apart from embryogenesis, cytonemes have
also been implicated in tumor progression by promoting
proliferative signaling, including signaling mediated by Delta—
Notch, Dpp and Wnt (Boukhatmi et al., 2020; Fereres et al., 2019;
Routledge et al., 2022).

Different mechanisms of cytoneme-based communication have
been reported: (1) ligand-bearing cytonemes extending towards
receptor-expressing cells; (2) cytonemes expressing receptors and
contacting ligand-producing cells; and (3) both producing and
receiving cells extending cytonemes that connect tip-to-tip
(Gonzalez-Méndez et al.,, 2019). Moreover, cells can extend
several types of cytonemes, each type segregating different

receptors and oriented towards corresponding ligand-producing
cells (Roy et al., 2011). This feature can be used to define specific
subtypes of cytonemes by the presence of certain ligands and/or
receptors, such as Wnt8-positive cytonemes or Wnt3-positive
cytonemes (Routledge et al., 2022; Stanganello and Scholpp, 2016).
Ligands can be transferred via cytonemes in membrane receptor-
bound forms or associated with vesicles in multivesicular bodies
within cytonemes. Myosin X is suggested to be implicated in CD9/
CD81-positive vesicle transfer, being the only motor protein shown
to play a role in cytoneme function (Hall et al., 2021). In the receiving
cells, ligands can induce specific receptor activation or can be
transferred to the receiving cell in the complex with the receptor
(Gonzalez-Méndez et al., 2019; Zhang et al., 2022 preprint).
Several mechanisms regulating cytoneme formation have been
described. In Drosophila, FGF activates two targets: Cut, which
responds to low levels of FGF and suppresses protrusion formation,
and Pointed, which responds to high levels of FGF and enhances
cytoneme formation. Consequently, receiving cells respond to
higher levels of FGF by inducing receptor-bearing cytonemes and
further signaling, or to lower levels of FGF by suppressing signaling
(Du et al., 2018). In mouse mesenchymal cells, FGF was shown to
induce cytoneme formation through the activation of the small
GTPase RhoD and the formin mDia3C, promoting actin polymerization
in an N-WASP-independent manner (Koizumi et al., 2012). In
zebrafish, Wnt8a has been shown to induce its own propagation via
cytonemes; in producing cells, Wnt8a binds receptor tyrosine
kinase like orphan receptor 2 (Ror2) and activates the Wnt/planar
cell polarity (PCP) pathway and Cdc42 to induce protrusion
formation, whereas in receiving cells it activates the canonical Wnt/
B-catenin pathway (Mattes et al., 2018). Vangl2, a member of the
PCP pathway and a downstream effector of Ror2, has also been
shown to be involved in Wnt8a-containing cytoneme formation in
zebrafish (Brunt et al., 2021). Zebrafish Wnt8a-bearing cytonemes
also harbor filopodia-inducing proteins such as Myosin X, Cdc42,
IRSp53, N-WASP and TOCALI (see poster) (Stanganello et al.,
2015). Similarly, flotillin-2, which is known to promote filopodial
formation in various contexts, has been shown to synergistically
enhance Wnt cytoneme formation when associated with Ror2 and
thus to promote Wnt/PCP signaling (Routledge et al., 2022). In
Drosophila, cytonemes are affected by the perturbation of
expression of actin-binding formins, adhesion molecules,
dynamin (Roy et al., 2014), integrins and PCP pathway
components (Huang and Kornberg, 2016). Interestingly, Huang
and Kornberg suggested an indirect effect of PCP signaling on
cytonemes through the extracellular matrix components glypican
and laminin (Huang and Kornberg, 2016). Recent studies have
confirmed that glypicans, cell membrane-anchored proteoglycans,
can regulate cytoneme orientation (Aguirre-Tamaral et al., 2022; Hu
et al., 2021). Likewise, the distribution of adhesion protein
Interference hedgehog (Thog) and the glypicans Dally and Dally-
like-protein (Dlp) is sufficient to predict Hh cytoneme orientation in
the Drosophila wing imaginal disc (Aguirre-Tamaral et al., 2022).
In HEK cells, the stem cell marker leucine-rich repeat-containing G-
protein coupled receptor 5 (Lrp5) can induce cytoneme-like
protrusions bearing myosin X, VASP and fascin proteins.
Interestingly, Lgr5-induced cytonemes in this system seemed to
emerge from underlying lamellipodia, similar to what is seen for
canonical filopodia (Snyder et al., 2015). Overall, the vast majority
of proteins shown to be involved in the formation of cytonemes have
also been shown to play roles in filopodial formation, while some
additional regulatory mechanisms were only identified in functional
cytonemes (e.g. implication of glypicans in cytoneme orientation).
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However, it is important to note that these mechanisms can only be
suggested to be cytoneme-specific before assessing their absence in
other protrusion subtypes.

Tunneling nanotubes

TNTs are the latest addition to actin-based protrusions. First
described in rat PCI2 cells (Rustom et al.,, 2004), they allow
intercellular communication by connecting cells via an open-ended
tube, conferring them the unique property of transferring material
(ions, RNAs, proteins, vesicles and organelles) via both active and
passive transport (Rustom et al., 2004). In 2D culture, they are found
to be non-adherent to the substrate. TNTs have a diameter comparable
to previously described actin-based protrusions (50-900 nm) but are
capable of reaching far longer distances than canonical filopodia, up
to several hundreds of micrometers depending on the cell type.
Indeed, TNTs have been found in many cell lines (Cordero Cervantes
and Zurzolo, 2021) and can also form between cells of different
lineages. For example, these structures have been observed between
macrophages and breast tumor cells, where they mediate transfer of
Dil-stained vesicles and promote tumor invasion in an EGF-
dependent pathway (Hanna et al., 2019). TNTs have also been
observed between neuronal and glial cells, where they mediate
transfer of o-synuclein aggregates (a pathological hallmark of
Parkinson’s disease) primarily from neurons to microglia, as well
as mitochondria from microglia to neurons. These observations hint
towards a TNT-mediated protective role of microglia towards neurons
in neurodegenerative diseases (Chakraborty et al., 2023).

TNTs have been shown to be upregulated in pro-inflammatory
conditions, suggesting that these structures have a role in the
maintenance of homeostasis and control of inflammation (Omsland
et al., 2017). In cancer cells, they enable resistance to cytotoxic
treatments, such as radio and chemotherapy, through mitochondria
exchange with the surrounding cells (Burt et al., 2019; Pasquier
et al., 2013). TNTs also promote the transfer and spreading of
various pathogens (e.g. viruses) or aggregated proteins found in
neurodegenerative diseases (Chakraborty et al., 2023; Eugenin
et al., 2009; Pepe et al., 2022; Victoria and Zurzolo, 2017). Several
subtypes of TNTs have been described; in addition to actin, they can
contain tubulin and/or, to a lesser extent, intermediate filaments
(IFs) (Resnik et al., 2019). Interestingly, IFs have not been described
in filopodia or cytonemes. The different cytoskeletal composition of
TNTs appears to be cell type dependent and is thought to regulate
their stability and enable different molecular motors to transport
cargoes (Onfelt et al., 2006). Importantly, both microtubule-positive
and microtubule-negative TNTs have been reported to actively
transfer material in different cell types (Onfelt et al., 2006; Rustom
et al., 2004; Sartori-Rupp et al., 2019), but so far, only two actin-
dependent motor proteins have been reported to be involved in
TNT-mediated transfer — myosin X and myosin 1D (Duan et al.,
2023; Gousset et al., 2013). Finally, ‘closed-ended TNTs’ have also
been described, presenting gap junctions at their tips, allowing
electrical coupling between cells through Ca®" signaling in the
mouse retina (Alarcon-Martinez et al., 2020).

As is the case for cytonemes, the structures of TNTs and filopodia
are remarkably similar. In fact, one of the challenges of the field is
the absence of known specific markers for TNTs. The molecular
actors that have been shown to be involved in their formation [Msec
(also known as TNFAIP2), LST1, Cdc42, Eps8, Rab35, Myol0,
IRSp53, FAK (also known as PTK2), CD9 and CD81; see poster]
are known to promote filopodial formation (Dagar et al., 2021;
Hanna et al., 2017; Henderson et al., 2022 preprint; Ljubojevic
etal., 2021; Notario Manzano et al., 2022 preprint; Saenz-de-Santa-

Maria et al., 2017). Thus, it remains uncertain whether TNTs
differentiate from filopodial protrusions, similar to what has been
hypothesized for cytonemes, or whether they are initiated by distinct
signaling mechanisms and molecular actors. Cryo-correlative light
and electron microscopy (cryo-CLEM) in murine neuronal cells has
revealed a highly similar arrangement of F-actin within filopodia
and TNTs, suggesting similar scaffolding proteins, but actin filaments
in filopodia were found to be more discontinuous when compared to
the ones in TNTs (Sartori-Rupp et al., 2019). This could imply that
different processive actin polymerizers are involved early during
formation of these structures, or that F-actin is differentially
protected from actin-severing factors in TNTs compared to
filopodia. Another interesting observation is that TNTs seen in
confocal microscopy as single protrusions consist of bundles of
thinner protrusions (averaging 123 nm in diameter) called
individual TNTs (iTNTs) and are linked to each other by N-
cadherin, unlike adherent filopodia for which such bundles could
not be observed (Sartori-Rupp et al., 2019).

Several mechanisms have been proposed for TNT formation: cell
dislodgement, with the separation of two cells from one another
enabling the extension of a membrane tube in which actin
polymerizes, and protrusion elongation, where a cell extends a
long protrusion towards a neighbor cell before fusion occurs.
Recently, another mechanism involving tip-to-tip connections has
been proposed for the formation of close-ended TNTSs, which allows
bi-directional ionic transfer between cells, similar to what is
observed for some cytonemes (Chang et al., 2022).

Conclusions and challenges

The expanding field of actin-based protrusions faces new limitations
we need to overcome with the development of novel approaches.
Some of the limitations are technical, such as the fact that cytonemes
and TNTs are fragile structures damaged by classical fixation
protocols, which has led to the publication of new optimized
protocols (Abounit et al., 2015; Hall et al., 2022; Rogers and Scholpp,
2021). The low frequency of transfer via these structures also makes it
difficult to reconcile live imaging and quantitative approaches. Other
limitations are more theoretical; because of the central role filopodia
play in many different cellular processes, their study can be
challenging owing to the complexity of pathways regulating their
formation, and the broad consequences perturbing their initiation or
maturation can have for the cells. Despite the description of unique
functional roles, studies on TNTs and cytonemes are facing the same
issue due to the high redundancy of actors involved in the formation
of these structures and the absence of specific markers to distinguish
them (Korenkova et al., 2020).

A third type of limitation is more difficult to address and relates to
the expectations of the field. Inherited approaches typically aim to
differentiate subtypes of protrusions with the description of specific
molecular pathways leading to the formation of defined structures
with expected functions. The discovery of unique functions for
TNTs and cytonemes started a race to uncover the molecular
specificity behind their formation. This hypothesis can certainly not
be rejected, especially with the growing pool of evidence suggesting
tropomyosin isoforms give different functions and identities to actin
filaments that were previously indistinguishable (Gateva et al.,
2017; Reindl et al., 2022). However, another model could emerge to
tackle this question, in which molecular specificity is not mandatory
for functionally distinct protrusions to form. Increasing evidence
suggests that different structures can converge into having similar
functions, and that local protein enrichment can drastically affect
functionality of structures (Dobramysl et al., 2021; Jacquemet et al.,
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2019). More generally, we observe that intracellular processes
stochastically emerge from a multiplicity of actors with high
redundancy, enabling flexibility in the complexes that can form and
favoring robustness of the cellular machinery. Growing evidence
now hints towards a new vision of subcellular protrusions, where the
association of probabilistic events leads to the creation of a wide
range of structures with various probabilities of functions. This
exciting hypothesis might help us to better understand how the cell
regulates the formation of this diversity of protrusions with such a
wide variety of functions that continue to be uncovered.
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