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Abstract

Axon and dendrite development require the cooperation of actin and microtubule cytoskele-
tons. Microtubules form a well-organized network to direct polarized trafficking and support
neuronal processes formation with distinct actin structures. However, it is largely unknown
how cytoskeleton regulators differentially regulate microtubule organization in axon and
dendrite development. Here, we characterize the role of actin regulators in axon and den-
drite development and show that the RacGEF TIAM-1 regulates dendritic patterns through
its N-terminal domains and suppresses axon growth through its C-terminal domains. TIAM-
1 maintains plus-end-out microtubule orientation in posterior dendrites and prevents the
accumulation of microtubules in the axon. In somatodendritic regions, TIAM-1 interacts with
UNC-119 and stabilizes the organization between actin filaments and microtubules. UNC-
119 s required for TIAM-1 to control axon growth, and its expression levels determine axon
length. Taken together, TIAM-1 regulates neuronal microtubule organization and patterns
axon and dendrite development respectively through its different domains.

Author summary

In neurons, microtubules form an acentrosomal organization to support polarized traf-
ficking and development of neuronal processes. While dendritic branches and the axon
grow differentially, it is largely unknown how microtubules organize with actin architec-
tures to promote distinct axon and dendrite development. In this work, we show that a
multi-domain RacGEF protein TTAM-1 controls dendrite patterning by its N-terminal
domains and suppresses axon development by its C-terminal GEF domains. TTAM-1 is
required for maintaining microtubule polarity in dendritic regions and suppressing accu-
mulation of axonal cargos and microtubules. In somatodendritic regions, TTAM-1 binds
UNC-119 and maintains the organization between actin and microtubule. TTAM-1 pre-
vents axonal distribution of UNC-119 and thus controls axon development. This work
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demonstrates how dendritic and axonal microtubule organizations are differentially con-
trolled by TIAM-1.

Introduction

In neurons, actin filaments and microtubules (MTs) are fundamental frameworks for move-
ment, subcellular compartmentalization, and outgrowth of neurites such as dendrites and
axons [1]. Axonal outgrowth is influenced by many layers of regulation, including the produc-
tion of membrane and cytoplasmic components such as vesicles and cytoskeletons, the trans-
port of these membrane components and cytoskeletons, and the dynamics of the growth cone
responding to local chemical cues and adhesion choices [2,3]. In the growth cone, actin fila-
ments form filopodia and lamellipodia in the peripheral region surrounding the central micro-
tubule bundles [4-6]. Actin and microtubule dynamics as well as the interplay between these
two cytoskeletons are essential for growth cone behaviors [1,7-9].

The regulation of MT dynamics and stability drive early neurite formation and influence
neuronal polarity [8,10]. Polarized MT configuration is the basis for motor-mediated traffick-
ing of axon and dendrite specific cargos [11]. As main tracks for motors, microtubules orient
uniformly in plus-end-out direction in axons and often in minus-end-out direction in den-
drites of invertebrates but exhibit mixed polarity in vertebrate dendrites [12]. Other than ori-
entation, MTs are diversified by different compositions of tubulin isotypes and post-
translational modifications such as tyrosination, polyglutamylation, or acetylation which affect
the interaction between motors and MTs [13]. However, how these different MTs assemble
into a well-organized network in neurons remains largely unknown.

MT-interacting proteins and motors maintain MT organization in neurons [14,15]. The
minus-end-directed motor dynein keeps uniform MT polarity in axons by removing minus-
end-out MTs in Drosophila [16,17]. The plus-end-directed motor Kinesin-1 mediates the
transport of dendritic growth cone microtubule-organizing center (MTOC) and regulates den-
dritic MT orientation in C. elegans [18,19], while other kinesin motors like mitotic Kinesin-6
and -12 as well as Kinesin-2 also regulate MT orientation in dendrites [20-22]. A MT-interact-
ing protein TRIM46 is required to construct the uniform axonal MT bundles in mammalian
neurons [23]. Recently, we find that MT bundles are organized by UNC-33/CRMP to form a
high-order spindle-like network in the cell body with extensions to axons and dendrites in
worm neurons for efficient mitochondrial transport [24]. UNC-33 interacts with UNC-119
and UNC-44/ankyrin to form a membrane-associated complex that anchors MTs to the cortex
[25].

Actin filaments cooperate with MTs in many aspects of neuronal development and consti-
tute various specific axonal and dendritic structures [1]. Other than being the primary compo-
nent in growth cones that are important for axon and dendrite growth, actin filaments form
repetitive rings with intercalating spectrin as cortical lattices preferentially in the axonal cortex
[26-28]. These periodic actin structures are essential for maintaining axonal microtubule bun-
dles and supporting the neurite shape [29]. In soma and dendritic regions, actin filaments are
organized as longitudinal fibers, actin patches, mobile actin blobs, and branched networks in
terminal branches and dendritic spines [30-32]. Actin filaments are regulated by protein fac-
tors, including nucleating complexes (Arp2/3, WASP, WAVE, Formin), polymerization fac-
tors (Profilin, Formin), depolymerization factor (Cofilin/ADF), and Rho family GTPases [33].
These factors regulate the formation of different actin-based structures [29,34,35]. They partic-
ipate in neurite outgrowth [36-39], neuronal polarity establishment [39-41], and dendritic
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spine development [36,42,43]. However, specific roles of these actin regulators between axon
and dendrite development remain to be characterized.

In this study, we characterize the roles of actin regulators in the polarized development of
axon and dendrite, including ACT-3 (Actin), PEN-1 (Profilin), UNC-60 (Cofilin/ADEF),
FHOD-1 (Formin), WASP, WAVE, MIG-2 (RhoG), and TIAM-1 (RacGEF). We find that
UNC-60 (Cofilin/ADF) dedicatedly suppresses axon growth, and WAVE specifically promotes
dendritic arbor growth but not axon growth. Among these regulators, interestingly, TIAM-1
supports dendrite growth while suppresses axon growth. In previous studies, TTAM-1 was
reported to regulate neuronal protrusion and dendrite arborization [44,45]. Although TIAM-1
is a GEF factor, its GEF activity is not required for normal dendritic development [46]. Instead,
arecent study showed the GEF activity of TTAM-1 is required for dendritic regeneration after
laser ablation [47]. Here, we further show that TTAM-1 patterns neuronal development
through its different domains: N-terminal EVHI domain, middle PDZ domain, C-terminal
GEF domain. Its N-terminal EVH1 domain regulates high-order dendritic branches; its mid-
dle PDZ domain is required for primary dendrite development; its C-terminal GEF domain
controls axon outgrowth. TIAM-1 interacts with UNC-119 and regulates neuronal actin and
microtubule organization. TTAM-1 restricts axonal distribution of UNC-119, which is neces-
sary for controlling axonal outgrowth.

Results

Actin regulators have distinctive roles in axonal growth and dendritic
morphogenesis

To identify specific regulators for axonal or dendritic development, we examined the mor-
phogenesis of sensory PVD neurons in putative null mutant alleles of actin regulators,
including mig-2(mu28) [48], unc-60(sul58) [49], wve-1(0k3308) [50], pfn-1(0k808), fhod-1
(tm2363) [51], wsp-1(gm324) [52], and tiam-1(ok772) [46]. A PVD neuron extends an ante-
rior primary dendrite toward the head, a posterior primary dendrite toward the tail, and an
axon that innervates the ventral nerve cord. Primary dendrites develop menorah-like side
branches (high-order dendrites) to cover the worm body (Fig 1A and 1B). Both axonal and
dendritic processes showed excessive growth in act-3 (actin) gain-of-function allele s¢15
(Fig 1C and 1H-1I), suggesting that actin supports both axonal and dendritic growth. The
RhoG putative null mutant mig-2(mu28) showed significantly reduced growth of both axo-
nal and dendritic processes (Fig 1D and 1H-11), indicating that it is also essential for both
axonal and dendritic growth.

However, mutants of wsp-1 (WASP) and pfn-1 (Profilin) showed no significant change in
axonal and dendritic growth (S1 Fig). The fhod-1 (Formin) mutant had a mild defect (10%
decrease) in dendritic growth (S1 Fig). In contrast, the unc-60 (Cofilin/ADF) mutant (su158)
displayed axonal overgrowth (with 29% increase) but no increase in total dendrite length (Fig
1E and 1H-1I). Interestingly, wve-1 (WAVE) mutant (0k3308) showed 32% decrease of total
dendritic length but no obvious change in axonal growth (Fig 1F and 1H-1I). Therefore, while
actin supports both axonal and dendritic processes, specific actin regulators could preferen-
tially promote axonal growth or dendritic arbor development. Different from dedicated axonal
or dendritic regulators, we found that the RacGEF TIAM-1 regulates dendritic development
and axonal growth in an opposite manner; the tiam-1 (0k772) mutant showed significant axo-
nal outgrowth with about a two-fold increase in length but severely defective dendritic devel-
opment (Fig 1G-1I). This interesting bimodal phenotype suggests that TTAM-1 likely
regulates axonal and dendritic development through different mechanisms.
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Fig 1. Actin regulators have distinct roles in axonal and dendritic morphogenesis. (A) Diagram of PVD neuron
morphology. (B-G) PVD neuron expressing myr:mCherry under Pdes-2 promoter (ntulsl) in wild-type (B), act-3
(st15) (C), mig-2(mu28) (D), unc-60(sul58) (E), wve-1(0k3308) (F), and tiam-1(ok772) (G). Brackets indicate the axons
and asterisks indicate the cell body. Scale bar, 20 pm. All worm images were oriented with the anterior toward left and
the ventral toward down in this and the following Figures. (H and I) Quantification of total dendritic length (H) and
axonal length (I) relative to the body length in wild type and indicated mutants. Error bar represents SEM. n = 10.
One-way ANOVA test. n.s., not significant, “P<0.05, **P<0.01, ***P<0.001, compared to wild type.

https://doi.org/10.1371/journal.pgen.1010454.9001
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Different regions of TTAM-1 regulate the development of distinct neuronal
subcompartments

Based on sequence analysis of cDNA clones, tiam-1 has three transcripts, tiam-1a, tiam-1b,
and tiam-1c [44] (Fig 2A). We edited C7 codon of tiam-1a into a stop codon to generate the
ntu22 mutant allele by CRISPR-Cas9. Furthermore, we generated the ntu14 mutant allele by
editing both the C7 codon of tiam-1a and the W7 codon of tiam-1b into stop codons (Fig 2A).
ntu22 showed a reduction of high-order dendritic branches but no defects in either axonal
growth or primary dendrite development (S2A and S2G-S2I Fig), indicating the role of tiam-
la in regulating high-order dendrite development. In the ntu14 mutant, not only high-order
dendrite formation was severely disrupted, but also the length of primary dendrite reduced,
suggesting that tiam-1b is further required for primary dendrite development (S2B and S2G-
S2I Fig). Since the mutant phenotype of ntul4 has no significant difference to the putative null
allele 0k772 that has a deletion that disrupts all three transcripts [44], tiam-1a and tiam-1b
could be the main transcripts responsible for PVD development.

To study the functions of different domains, we generated extrachromosomal arrays of
three transgenes that express TTAM-1A, TIAM-1B, or TIAM-1GC, respectively and assayed
their activities in 0k772 mutant (Fig 2A). The full-length form TIAM-1A contains an N-termi-
nal EVH1 domain, a middle region containing a PDZ domain, and a C-terminal DHPH GEF
domain. Compared to TTAM-1A, the TTAM-1B lacks the N-terminal EVH1 domain, and
TIAM-1C further loses a part of the middle region, containing a truncated PDZ domain and a
DHPH GEF domain at the C-terminal region (Fig 2A). While TIAM-1A expression effectively
restored both axonal and dendritic growth defects, TTAM-1B expression did not rescue distal
high-order dendrite morphogenesis defects, indicating the function of the EVH1 domain in
high-order dendrite development (Fig 2B-2C and 2F-2H). In contrast, TTAM-1C expression
did not rescue dendritic growth defects but significantly suppressed the axonal overgrowth
defect (Fig 2D and 2F-2H). These results suggested that each region of TTAM-1 may be
responsible for the development of different neuronal subcompartments; the EVH1 domain is
required for the development of high-order dendrites, the PDZ-domain-containing middle
region is necessary for primary dendrite development (comparing TTAM-1B with TTAM-1C),
and the C-terminal region with the DHPH domain is required for axonal growth (Fig 2I). To
test whether axonal growth and dendritic development are respectively controlled by different
regions of TTAM-1, we expressed the C-terminal truncated form TIAM-1N539 in 0k772.
Indeed, the expression of TTAM-1N539 restored dendritic development but failed to rescue
the axonal outgrowth defect (Fig 2E-2H).

We further introduced different isoforms into tiam-1 mutant by the single-copy insertion
technique that integrates transgene into the same locus of the chromosome to ensure consis-
tent expression of isoforms [53]. These single-copy transgenic strains showed a stronger but
similar rescuing effect to extrachromosomal arrays (S2C-S2I Fig). Notably, while TTAM-
IN539 and TIAM-1C restored dendrite and axon development respectively, TTAM-1A was
significantly more effective, suggesting that although different domains of TTAM-1 are
required for regulating different sub-neuronal compartments, they perform better when they
work together.

TIAM-1 regulates polarized microtubule organization

Since polarized cytoskeleton organization and transport system are required for axonal and
dendritic development [11], we examined whether TTAM-1 regulates the specific development
of cytoskeleton structures to affect the polarized deployment of vesicular organelles such as
synaptic vesicles and mitochondria in axonal and dendritic differentiation. We labeled
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Fig 2. Different TTAM-1 protein regions regulate the development of PVD subcompartments. (A) Schematic diagram of
three tiam-1 cDNAs showing exons (black boxes), introns (lines), 5" and 3’ untranslated regions (UTRs) (white boxes), SL1
trans-spliced leader sequence, and mutation sites of three tiam-1 alleles (0k772 and two CRISPR/Cas9 engineered alleles, ntui4,
and ntu22). Functional domains of TIAM-1 isoforms are illustrated. (B-E) tiam-1(0k772) mutant PVD neuron with the
expression of Ex[Pdes-2::TIAM-1A] (B), Ex[Pdes-2::TIAM-1B] (C), Ex[Pdes-2::TIAM-1C] (D), and Ex[Pdes-2::TIAM-1N539] (E)
transgenes. PVD morphology is labeled by myr::mCherry (ntulsl). Scale bar, 20 um. (F-H) Quantification of the relative
primary dendritic length (F), high-order dendritic length (G), and axonal length (H) in tiam-1(0k772) mutant expressing
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different transgenes. One-way ANOVA. Error bar represents SEM. n = 10. n.s., not significant, *P<0.05, **P<0.01, ***P<0.001,
compared to wild type or tiam-1(ok772). (I) Proposed model for the function of different TTAM-1 domains in PVD neuron
development: While the C-terminal DHPH domain is required for the axonal growth (the pink region), the middle PDZ
domain is necessary for the growth of primary and proximal high-order dendrites (the green region). The N-terminal EVH1
domain is essential for the growth of distal high-order dendrites (the blue region). EVH1 and PDZ domains potentially enhance
the C-terminal domain activity in suppressing axonal growth, and similarly the C-terminal domain potentially enhances the
activity of EVHI and PDZ domains in promoting dendritic development (grey arrows).

https://doi.org/10.1371/journal.pgen.1010454.9002

synaptic vesicles and mitochondria by RAB-3::GFP and TOMM-20::GFP, respectively [54,55].
We found a significant 1.7 times increase of synaptic vesicle clusters in the axon of tiam-1
(0k772) mutant compared to wild type (S3A, S3B, and S3E Fig). Meanwhile, the axonal mito-
chondrial number also increased more than two-fold in tiam-1 (0k772) when total mitochon-
drial number in all neurites remained the same as wild type (S3C-S3D and S3F-S3G Fig).
Since the axon is relatively longer in tiam-1 mutant, the density of synaptic vesicles and mito-
chondria in the axon showed no significant difference to wild type (S3H-S3I Fig).

Given that synaptic vesicles and mitochondria are cargos of kinesin motors, we examined
the distribution of the plus-end motor UNC-116 (Kinesin-1) and UNC-104 (Kinesin-3),
which are required for the transport of mitochondria and synaptic vesicles, respectively
[24,56-58]. In PVD neurons, the anterior dendrite possesses MTs in minus-end-out orienta-
tion, while MTs are plus-end-out in the posterior dendrite and the axon [59]. These plus-end
motors UNC-116 and UNC-104 localized to the axonal tips and the terminals of posterior den-
dritic branches of wild type (arrowheads in Figs 3A and S3]). In tiam-1(0k772), their signals
were severely diminished in the posterior dendrite but accumulated in the axon (Figs 3B-3C
and S3]-S3L). These results indicated that the tiam-1(0ok772) mutation disrupts the plus-end
motor-mediated transport system in the dendrite but enhances it in the axon.

We next examined the microtubule polarity by tracing the movement of the microtubule
plus-tip marker EBP-2::GFP. We found that the loss of TTAM-1 has no effect on the direction
of EBP-2 comets in the anterior primary dendrite and axon, but the EBP-2 puncta running
into the axon significantly increased, suggesting that there are more growing microtubules in
the axon in tiam-1(ok772) mutant (Fig 3E-3H). Interestingly, in tiam-1(ok772) mutant, most
of the EBP-2 comets ran in a reversed direction compared to wild type in the posterior den-
drite (Fig 3D-3E, 3] and S1 and S2 Videos), suggesting that microtubule orientation is
reversed in the posterior dendrite of tiam-1(ok772) mutant. Taken together, these results sup-
port the idea that TTAM-1 is required for organizing polarized microtubules to direct plus-end
motors and their cargos.

TIAM-1 colocalizes with MT and actin bundles

Proper MT organization requires interacting proteins to tether and stabilize MTs to the cell
membrane or cortical actin filaments [60,61]. In order to understand how TIAM-1 regulate
MT organization, we constructed and expressed a GFP-tagged full-length TIAM-1A to exam-
ine its subcellular localization. We found that TTAM-1A::GFP specifically localizes to the
somatodendritic compartment with punctate patterns in the primary and high-order dendrites
but does not localize to the axon (Fig 4A). We also labeled TTAM-1B and TIAM-1C as well as
TIAM-1N539 with GFP to examine their localization in tiam-1 mutant PVD neuron. Different
from the punctate TTAM-1A::GFP, TTAM-1B::GFP was diffuse and mainly localized in pri-
mary dendrites, the cell body, and the axon (S4A and S4B Fig). TTAM-1C::GFP was enriched
in the cell body with a small amount diffuse in neurites (S4C Fig). TTAM-1N539::GFP was
punctate and specifically in dendrites similar to TTAM-1A::GFP, suggesting that the formation
of dendritic-specific puncta largely depends on the EVH1 domain (S4D Fig).
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Fig 3. TIAM-1 is required for developing the organized microtubules in PVD neuron. (A and B) PVD neurons
expressing UNC-116::GFP and myr:mCherry (ntuls2) of wild type (A) and tiam-1(ok772) (B), with schematic
diagrams of phenotypes. Arrowheads indicate UNC-116::GFP signal. Scale bar, 20 um. (C) Quantification of axonal
UNC-116::GFP intensity. Student’s t-test. Error bar represents SEM. n = 10. n.s., not significant, ***P<0.001,
compared to wild type. (D and E) Top: PVD neurons expressing the microtubule plus-end marker EBP-2::GFP
(hrtSi5) of wild type (D) and tiam-1(ok772) (E). Bottom: The corresponding kymographs. Right: schematic diagrams
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of phenotypes. CB, cell body. Scale bar, 5 um. (F-I) Quantification of the percentage of retrograde EBP-2 growth events
in anterior dendrites (F), the percentage of anterograde EBP-2 growth events in axons (G), the number of axonal
EBP-2 growth events (H), and the percentage of retrograde EBP-2 growth events in posterior dendrites (I). Student’s
t-test. Error bar represents SEM. n = 10. n.s., not significant, “P<0.05, **P<0.01, ***P<0.001, compared to wild type.

https://doi.org/10.1371/journal.pgen.1010454.g003

We further examined the localization of TTAM-1A::GFP puncta with MT (labeled by RFP::
TBA-1) and actin filaments (labeled by RFP::UtrCH). Compared to GFP control, a much
higher percentage of TTAM-1A::GFP is colocalized with either TBA-1 or UtrCH, suggesting
that rather than exhibit random distribution, TTAM-1A::GFP has a better colocalization with
MT and actin filaments (Fig 4B—4E). In high-order dendritic regions, TTAM-1A::GFP puncta
localized in the MT-rich region basal to actin-rich branches (S5A and S5B Fig). To further
examine the relationship between TIAM-1 and cytoskeleton, we genetically disrupted the actin
structure by using act-4/Actin mutant allele dz222, which was reported to reduce dendritic
arborization and UtrCH intensity in PVD neurons [46]. In act-4(dz222) mutants, while the
cortical actin bundles were disrupted, we found decreased TTAM-1A::GFP in the cell cortex
and aggregated TTAM-1A::GFP signals with remaining actin structures (S5C Fig). With 3D
surface reconstruction of the cell surface and TTAM-1A puncta, the distance between TIAM-1
and the cell surface was significantly increased in act-4(dz222) mutants (S5D Fig). These
results suggest that TTAM-1 localization requires appropriate actin organization.

A recent study has shown that UNC-119 is required for anchoring MT to the cell cortex
[25]. We further examined the relative localization pattern of TTAM-1 and UNC-119. Interest-
ingly, we found UNC-119 was highly colocalized with TTAM-1A::GFP in dendritic branches
(Fig 4F and 4G). According to these observations, it is likely that TTAM-1 is associated with
UNC-119.

TIAM-1 is essential for the organization of actin filaments and MTs

In wild-type PVD neurons, MTs labeled by RFP::TBA-1 were enriched in primary dendrites
and the axon with a distribution pattern not overlapping with actin filaments labeled by GFP::
UtrCH, which mainly distributed in high-order dendrites (Fig 5A). In tiam-1 mutant, the dis-
tribution of MTs were reduced in primary dendrites and strongly enhanced in the axon (Fig
5B and 5C). Strikingly, actin filaments highly accumulated in the primary dendrites and the
axon in tiam-1 mutant (Figs 5B, 5D and S6A). These ectopic actin filaments abnormally inter-
mingled with MTs in primary dendrites (Fig 5B’). In contrast, wild-type cortical actin fila-
ments surround MTs in primary dendrites (Fig 5A”). In wild-type cell body, MTs form a
regular organization between the nucleus and cortical actin filaments (Fig 5A”), but, in tiam-1
mutant, MTs detached from the cortex with irregular turns and circles (Figs 5B” and S6B).
Taken together, these results suggested that TTAM-1 is required for the proper distribution of
actin filaments and the organization of the cytoskeletons in PVD neuron.

TIAM-1 interacts with UNC-119 and regulates its distribution

Since UNC-119 is required for microtubule organization [25], we wonder whether TTAM-1
regulates UNC-119 localization. In tiam-1 mutant, the distribution of UNC-119 significantly
increased in axonal regions compared to wild type (Fig 6A-6C). As UNC-119, the axonal
intensity of UNC-33 also increased in tiam-1 mutant (Fig 6D-6F). While the depletion of
TIAM-1 caused the increased axonal distribution of UNC-119, we next wondered whether
overexpression of TTAM-1 also affects its localization pattern. Interestingly, overexpression of
TIAM-1A::GFP with UNC-119:mCherry caused both UNC-119:mCherry and TIAM-1A::
GFP to form larger puncta in distal dendritic region (Fig 6G-6I), suggesting that TTAM-1 and
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Fig 4. TIAM-1 is localized to microtubules and actin filaments. (A) Images of PVD neuron expressing TTAM-1A::GFP and
myr:mCherry (ntuEx278). TIAM-1A:GFP is specifically localized in dendrites (arrowheads), but not present in the axon
(brackets). Scale bar, 20 um. (B and D) PVD neuron cell body expressing the MT marker RFP::TBA-1 (B) or the F-actin marker
RFP::UtrCH (D) in worms with TTAM-1A::GFP (top) or GFP control (bottom). Arrowheads indicate TTAM-1A::GFP signal.
The 3D surface reconstructions are generated by Imaris software (top right). Scale bar, 5 um or 0.3 um (magnified images). (C
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and E) Quantification of the percentage of GFP intensity colocalized with RFP::TBA-1 (C) or RFP::UtrCH (E). Student’s ¢-test.
Error bar represents SEM. n = 5. *P<0.05, ***P<0.001, compared to GFP. (F) PVD neurons expressing myr::mCherry (top) or
UNC-119:mCherry (bottom) with TIAM-1A::GFP. Hollow arrowheads indicate the TTAM-1A::GFP signals, yellow arrowheads
indicate myr:mCherry signals, and white arrowheads indicate the colocalization of TTAM-1A:GFP and UNC-119:mCherry
signals. Scale bar, 10 um. (G) Quantification of the percentage of mCherry colocalized with TTAM-1A::GFP signal. Student’s ¢-
test. Error bar represents SEM. n = 5. **P<0.01, compared to myr:mCherry.

https://doi.org/10.1371/journal.pgen.1010454.9g004

UNC-119 have the potential to interact and regulate each other’s distribution. We further per-
formed bimolecular fluorescence complementation (BiFC) assay to examine the interaction by
tagging Venus N-terminal fragment to UNC-119 and C-terminal fragment to TTAM-1A.
Indeed, the BiFC signals were observed in PVD with a punctate pattern (Fig 6] and 6K). Since
EVHI and PDZ domains function as protein interaction domains [62,63], we expressed the N-
terminal fragment TTAM-1N539 (tagged with HA) with UNC-119 (tagged with FLAG) in
human embryonic kidney cells (HEK293T) to test co-immunoprecipitation. We found that
TIAM-1N539 efficiently immunoprecipitated UNC-119 (Fig 6L). Together, these experiments
suggested that TTAM-1 interacts with UNC-119 and regulates its distribution.

TIAM-1 regulates axon development through UNC-119

Given that TTAM-1 colocalized and interacted with UNC-119, we hypothesized that TTAM-1
regulates axonal/dendritic polarized development by localizing UNC-119 in dendrites and pre-
venting it from axon mislocalization. We tested if the elevation of the UNC-119 level is suffi-
cient to promote axonal growth by expressing unc-119 transgene and the results were positive
(Fig 7A, 7B and 7G). We further genetically ablated unc-119 in tiam-1 mutant to test whether
UNC-119 is required for the dysregulated axonal outgrowth by using the putative null mutant
allele ed3 [64]. In the tiam-1; unc-119 double mutant, the ablation of unc-119 effectively sup-
pressed axonal length, compared to tiam-1 single mutant (Fig 7C-7E and 7G). Regarding den-
drite development, tiam-1; unc-119 double mutation did not enhance the growth defects
caused by tiam-1 single mutation, suggesting they act in the same pathway in dendrite devel-
opment (Fig 7C-7E and 7F). To sum up, these results showed that UNC-119 levels determine
axon length and are required for TTAM-1 to regulate axonal growth.

Discussion

Neuronal cytoskeletons are the basis for polarity establishment and the development of distinct
axonal and dendritic structures to form functional synaptic connections. How cytoskeleton
regulators promote polarized actin and MT organization in neuronal cells remains to be eluci-
dated. Here, we examined the role of several actin regulators in axonal/dendritic development
and identified UNC-60/Cofilin as a specific axonal regulator and WVE-1/WAVE as a specific
dendritic regulator. Among these regulators, we find that the RacGEF TIAM-1 regulates both
axonal and dendritic development but in opposite ways; it suppresses axonal growth but pro-
motes dendritic formation. Our functional analysis shows that TTAM-1 directs distinct devel-
opmental patterns of neuronal subcompartments by its protein domains. While the N-
terminal EVH1 domain of TTAM-1 promotes distal dendritic development, its middle PDZ
domain is essential for primary dendrite formation. And, surprisingly, its C-terminal region is
responsible for regulating axon development but not dendrite development. We further find
TIAM-1 interacts with the cortical anchor complex component UNC-119 and colocalizes with
actin filaments and MTs. Based on our findings, we propose a working model that TTAM-1
regulates MT and actin organization to direct axonal and dendritic development (Fig 7H).
UNC-119 is essential for TTAM-1 to regulate axonal outgrowth.
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Fig 5. TIAM-1 is required for the proper organization of MTs and actin filaments. (A and B) PVD neurons expressing
F-actin marker GFP::UtrCH and MT marker RFP::TBA-1 in wild type (A) and tiam-1(ok772) (B). In wild-type PVD, F-actin
was mainly distributed in high-order dendritic branches, while MT was mainly distributed in the primary dendrites (white
brackets) and the axon (yellow brackets). In tiam-1(ok772), F-actin and MT were abnormally distributed in the primary
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dendrite and aberrantly accumulated in the axon. Yellow asterisks indicate the cell body. The red box regions in (A) and (B)
are magnified in (A’) and (B’). The cell body in (A) and (B) are magnified in (A”) and (B”). Notably, F-actin abnormally
intermingled with MT in (B’) and (B”) compared to normal localization in cell cortex of wild type in (A’) and (A”). Scale
bar, 20 pmin A and B, 1 pm in A’ and B’, 5 um in A” and B”. (C and D) Percentage of GFP::UtrCH (C) and RFP:TBA-1
intensity (D) in different neuronal compartment. Error bar represents SEM. n = 10. n.s., not significant, *P<0.05, **P<0.01,
***P<0.001, Student’s ¢-test, compared to wild type.

https://doi.org/10.1371/journal.pgen.1010454.g005

Different TTAM-1 protein domains direct distinct axonal and dendritic
development

In previous studies, TTAM-1 has been shown to regulate the development of dendrite and den-
dritic spine by its GEF activity in mice hippocampal neurons and worm PVD neurons [45,65].
But, Biilow group recently shows TIAM-1 GEF activity is not required in dendritic morphogen-
esis since a TTAM-1 mutation (T548F) that abolishes its GEF activity has no effect on dendrite
development although the role of GEF domain in neuronal development remains unclear [46].
In this work, we surprisingly find the GEF domain-containing C-terminal fragment TIAM-1C
regulates axon growth but not dendrite development. We further find the N-terminal fragment
TIAM-1N539 without the GEF domain can restore a portion of dendrite development but not
able to regulate axon development. These results suggest that the C-terminal GEF domain con-
trols axon development, while EVH1 and PDZ domains regulate dendrite development. Inter-
estingly, our results further indicate that EVH1 domain directs the development of distal high-
order dendritic branches, and PDZ domain supports primary dendrite growth, respectively.
Therefore, here we report that TTAM-1 is a multifunctional protein that directs distinct develop-
mental patterns of neuronal subcompartments through its diverse functional domains.

tiam-1 isoforms play different roles in neuronal morphogenesis

In this study, we find that tiam-1 isoforms have different physiological roles in neuronal mor-
phogenesis. Similarly, there are two isoforms of tiam-1 mammalian homolog Tiam2, Tiam2l
(full-length form) and Tiam2s (short form), in mice and humans, functioning differently
[66,67]. While Tiam2l suppresses t-haploid transmission, Tiam2s expression strongly
enhances the transmission ratio of t-allele, suggesting that tiam-1 isoforms act differently in
spermatogenesis [66]. Moreover, the mammalian Tiam1 has four isoforms that are detected in
the cerebral cortex and hippocampus and their expressions are increased in Down syndrome
mouse model, while the function of individual isoforms in the nervous system is unknown
[68]. In neuronal development, we show that the full-length tiam-1a is responsible for high-
order dendrite formation, while tiam-1b is required in primary dendrite formation. Since
TIAM-1B lacks the EVHI domain, which is often present in actin cytoskeleton regulators like
Ena/VASP and WASP [62], it is possible that TTAM-1A utilizes this region to promote actin
organization in distal dendrites. Actin cytoskeletons appear to interact with MT bundles differ-
ently in primary dendrites, where actin filaments surround MT bundles under the cell mem-
brane, in comparison with actin-rich distal dendritic processes emanated from MTs (Fig 5A).
We propose that the loss of the EVH1 domain makes TIAM-1B relocate to primary dendritic
region and change its way to interact with cytoskeletons and promote primary dendrite forma-
tion (S4B Fig).

TIAM-1 organizes actin and MT cytoskeletons for axonal/dendritic
polarized development

Although the MT cytoskeleton supports neuronal morphogenesis and serves as tracks for
directional trafficking of cargos to promote dendritic and axonal differentiation, the molecular
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Fig 6. TIAM-1 interacts with UNC-119 and regulates the distribution of UNC-119 in PVD neurons. (A and B) UNC-119::
mCherry expressed by a single-copy transgene in PVD neuron in wild type (A) and tiam-1(0k772) (B). Brackets indicate the axon
and asterisks indicate the cell body. Scale bar, 10 um. (C) The ratio of axonal to dendritic UNC-119:mCherry intensity. Error bar,
SEM, n = 7. **P<0.01, Student’s t-test, compared to wild type. (D and E) UNC-33::GFP expressed by a single-copy transgene in
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PVD neuron in wild type (D) and tiam-1(ok772) (E). Brackets indicate axon and asterisks indicate cell body. Scale bar, 10 pm. (F)
The ratio of axonal to dendritic UNC-33::GFP intensity. Error bar, SEM, n = 7. ***P<0.001, Student’s t-test, compared to wild
type. (G and H) Image of PVD neuron expressing TTAM-1A::GFP alone (G) or UNC-119:mCherry alone (ntuSi9) (H). Scale bar,
5 pum. (I) Images of PVD neuron coexpressing TTAM-1A::GFP with UNC-119:mCherry (ntuSi9). Overexpressing TTAM-1A::
GFP causes both UNC-119::mCherry and TIAM-1A::GFP to form large puncta. Scale bar, 5 ym. (J and K) PVD neuron
expressing control Venus fragments (J) or UNC-119:VN173 and TIAM-1A::VN155 (K) with myr:mCherry (ntuls13). Left
schematic represents combinations of expressed Venus fragments in bimolecular fluorescence complementation (BiFC) assays.
VN173, Venus N-terminal 1-173 residues. VN155, Venus C-terminal 155-238 residues. Scale bar, 2 pm. (L) Western blot of co-
immunoprecipitation (IP) experiments. Asterisks marked the presumably partially degraded form of FLAG-UNC-119-MYC.

https://doi.org/10.1371/journal.pgen.1010454.g006

mechanisms that regulate distinct axonal/dendritic MT organizations remain largely unknown
[10,15]. In neuronal cells, different actin structures interact and coordinate with MT's through
crosslinking proteins and complexes [1]. It is likely that some crosslinking mechanisms regu-
late MT organization and coordinate dynamics of actin structures for axon or dendrite devel-
opment and positioning organelles. Indeed, UNC-119 interacts with UNC-33 and UNC-44 to
form a complex that anchors MTs to cell cortex [25]. Also, we recently showed that UNC-33
assembles a high-order MT organization for axonal transport [24].

In this work, we show that TTAM-1 is essential to maintain plus-end-out MTs in posterior
dendrites and regulates axon specific cargos including synaptic vesicles and mitochondria.
Notably, we find that TTAM-1 puncta localize with MTs and actin bundles and also interact
with UNC-119. Based on these findings, it is possible that TTAM-1 stabilizes dendritic plus-
end-out MTs through the cortical anchor complex in the posterior dendrite. Consistent to this
model, dendritic microtubule orientation is indeed disrupted in cortical anchor complex
mutants, including unc-33, unc-44, and unc-119 [25,59]. In addition, since the minus-end
binding protein PTRN-1/CAMSAP proteins stabilize MTs and regulate neuronal polarity [69-
73], it is interesting to investigate the potential regulation between TIAM-1 and PTRN-1 in
future studies.

TIAM-1 regulates axon development via UNC-119

We find the distribution of cortical anchor complex subunits UNC-119 and UNC-33

shifts to the axon by ablating tiam-1 (Fig 6A-6F). UNC-119 has been reported to be
enriched in nervous system in invertebrates and vertebrates [64,74] and participate in axo-
nal development [74,75]. Here we show that the loss of UNC-119 leads to shorter axons
while overexpressing UNC-119 induces the extension of the axon, suggesting that UNC-
119 is necessary and sufficient to promote axonal growth. It is possible that the increase of
axonal UNC-119 recruits cortical anchor complex and stabilizes the tight interaction
between cortical actin rings and MT arrays in axons. Consequently, the more MT's are stabi-
lized as tracks, the more motors and cargos are recruited into the axons, and thus it facili-
tates axonal growth. Since TIAM-1 specifically distributes in dendrites and strongly
interacts with UNC-119, the interaction between TIAM-1 and UNC-119 may stabilize the
cortical anchor complex in dendrite and maintain the balance between dendritic and axonal
development.

Materials and methods
Strains

Worms were raised on NGM plates seeded with Escherichia coli OP50 at 20°C. The Bristol N2
strain was used as wild type and all transgenic strains created for this study are shown in
S1 Table.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010454  October 12, 2022 15/25


https://doi.org/10.1371/journal.pgen.1010454.g006
https://doi.org/10.1371/journal.pgen.1010454

PLOS GENETICS TIAM-1 regulates microtubule organization in patterning neuronal development through its multiple domains

wild type

tiam-1(ok772)

unc-119(ed3)

—» Microtubule

500 40 i F-actin
& % £ e
BOIm = 2ol S & QO miam-1
<, 300 § wl @ s fiE
3 20 8 S ogo [0° O UNC-119
5 %5 10 . 3 3 (Cortical anchor complex)
llaflall ; °
° A 085 @9\ \"g « '\W\ \06'5\ \06""\ 0\’3 tiam-1 mutant
\\b 6" ,\Q\G 5 e(l \\b 6\' o A »\% A ,\9 o &
‘@ o° .‘\)(\ o° @ \\)‘\ o Dendrite Cell body
»\"r\ AW
N &
:\\0 AO
® &

Fig 7. TIAM-1 regulates the development of axon through UNC-119. (A-E) PVD neuron expressing myr:mCherry under
Pdes-2 promoter (ntulsl) of wild type (A), Ex[Pdes-2::unc-119] (B), tiam-1(ok772) (C), unc-119(ed3) (D), and tiam-1(ok772);
unc-119(ed3) (E). Brackets indicate the axons and asterisks indicate the cell body. Scale bar, 20 um. (F and G) Quantification of
the relative total dendritic length (F) and relative axonal length (G) in the indicated genotypes. One-way ANOVA, Error bar,
SEM. n.s., not significant, “P<0.05, **P<0.01, ***P<0.001, compared to wild type or tiam-1(ok772). n = 10. (H) A proposed
model of TTAM-1 in regulating microtubule organization. In wild type, TIAM-1 localizes UNC-119 to stabilize the
organization of the cytoskeleton in somatodendritic regions. In tiam-1 mutant, MTs and actin filaments are disorganized in
dendrites and the cell body, while mislocalized UNC-119 accumulates with MTs and actin filaments in the axon.

https://doi.org/10.1371/journal.pgen.1010454.9007

Constructs and transgenic worms

Expression clones were made in the pSM vector, a derivative of pPD49.26 (A. Fire) with extra
cloning sites (S. McCarroll and C. I. Bargmann, personal communication). The Pdes-2 pro-
moter was used for PVD-specific expression, and Pdes-2 promoter fragment was amplified as
previously described with Sphl and Ascl sites [76] (Phusion, NEB). Details for plasmids that
used in this study to generate transgenic worms can be found in S1 Table.
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For tiam-1 rescue experiment, TIAM-1A, TIAM-1B, TIAM-1C, or TTAM-1N539 were con-
structed with Pdes-2 as pPW13, pCL16, pCL17, and pCL14 which were injected separately into
strain OCY580: tiam-1(ok772); ntulsl to generate strains OCY1141: tiam-1(ok772); ntulsl; Ex
[Pdes2::TIAM-1A], OCY875: tiam-1(0k772); ntulsl; Ex[Pdes2:: TIAM-1B], OCY1094: tiam-1
(0k772); ntulsl; Ex[Pdes2::TIAM-1C], and OCY1320: tiam-1(ok772); ntulsl; Ex[Pdes2::TIAM-
IN539].

To perform tiam-1 rescue experiment by single-copy transgene insertion, the single copy of
Pdes-2::TIAM-1A::gfp, Pdes-2::TIAM-1B::gfp, Pdes-2::TIAM-1C::gfp, and Pdes-2::TIAM-1N539::
gfp were separately integrated into the genome by phiC31-mediated recombination in tiam-1
(0k772), ntuls13 (OCY2231) in BRC0566 as described [53] to generate ntuSi14 (OCY2202),
ntuSil5 (OCY2232), ntuSil6 (OCY2233), and ntuSil7 (OCY2234).

To visualize the localization of TTAM-1 in PVD, Pdes-2::TIAM-1A::gfp (pPW12) was
injected into ntuls13 worms to generate OCY2130. To visualize PVD neuronal morphology,
we generated ntulsl3 by integrating extrachromosomal array containing Pdes-2::myr:mCherry
(pHWS5) [24] into N2 genome by UV irradiation at 100 p]/cm2 [77].

To visualize the localization of TTAM-1::GFP with MTs or F-actin, a single copy of Pdes-2::
TIAM-1A::gfp was integrated into the genome in BRC0566 as described [53] to generate
ntuSil (OCY1313). Pser-2prom3::tagRFP:tba-1 and Pser2prom3::tagRFP::UtrCH (kind gifts of
Hannes E Biilow lab) were injected separately into OCY1313 to generate OCY1538 and
OCY2132. To compare TTAM-1A::GFP with GFP, the Pdes-2::gfp was co-injected with Pser2-
prom3::tagRFP::tba-1 and Pser2prom3::tagRFP:: UtrCH into N2 to generate OCY1503 and
OCY1504, respectively.

To co-label UNC-119 and TIAM-1, UNC-119 was amplified by PCR from cDNA library
and cloned under Pdes-2 promoter. Pdes-2::unc-119::mCherry (pCL40) was injected into
OCY1313 to generate OCY1630.

To examine how TIAM-1 overexpression affects the pattern of UNC-119, Pdes-2::TIAM-
1A::gfp (pPW12) was injected into OCY1629 to generate OCY2131. OCY1629 was generated
by integrating a single copy of Pdes-2::unc-119:mCherry as described [53].

To co-label F-actin and MT in PVD neurons, Pdes-2::gfp::UtrCH (pCL62) and Pser2prom3::
tagRFP::tba-1 (courtesy of Hannes E Biilow lab) were co-injected into N2 worms to generate
0OCY2034.

To examine how UNC-119 overexpression influences PVD neuronal development, Pdes-2::
unc-119 (pCL55) was injected into OCY295: ntulsl to generate OCY1675.

To perform BiFC assay, VN173 (Venus N-terminal 1-173 residues) and VC155 (Venus C-
terminal 155-238 residues, A206K) were respectively amplified from pAH120 and pAH121,
which are gifts from Prof. Ao-Lin Hsu. Pdes-2::VN173 (pCL68) and Pdes-2::VC155 (pCL67)
were co-injected into ntuls13 (as a negative control) to generate OCY2134. Pdes-2::unc-119::
VN173 and Pdes-2::TIAM-1A::VN155 were co-injected into ntuls13 to generate OCY2135.

CRISPR/Cas9 mediated genome editing

For introducing nonsense mutations into endogenous C7 loci of tiam-1a(ntu22), the CRISPR/
Cas9 mediated genome editing method will be utilized [78]. Briefly, Cas9 protein (10 ug/pl),
tractrRNA (4 pg/ul), crRNA_rol-6 (4 pg/ul), crRNA_ tiam-1a (4 pug/pl) were mixed and incu-
bated for 10 mins at 37°C. Then the mixture was added with the repair DNA templates (1 pg/
ul) and injected into ntuls1 (OCY295 strain). Rollers from the F1 generation were selected. F2
worms were lysed and the putative mutation sites in tiam-1 locus were sequenced. To simulta-
neously edit C7 codon of tiam-1a and W7 codon of tiam-1b into stop codons to generate
tiam-1(ntul4), ctRNA_ tiam-1b and the repair DNA templates for tiam-1b were used. All
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reagents were ordered from Integrated DNA Technologies (IDT). The crRNA sequences and
repair oligo sequences are shown in S1 Table.

Immunoprecipitation and immunoblotting

To express TTAM-1 N-terminal domain and UNC-119 for Co-IP assays, Human Embryonic
Kidney Cells 293 (HEK293T) were cultured with a standard protocol in DMEM supplemented
with 10% FBS. 2 x 10 cells/well (in a 6-well dish) were transfected with the expression plasmid
containing 1.5 pg TTAM-1N539 and 1 ug 3xFLAG-UNC-119-MYC using HyFectin transfec-
tion reagent kit. Two days after transfection, cells were lysed in 250 pl of lysis buffer (50mM
Tris-Base, 150mM NaCl, 1% IGEPAL CA-630, pH 7.4, protease inhibitor cocktail (MedChem-
Express)), and the lysates were then sonicated for 10 minutes for fully lysis. The resulting
lysates were centrifuged at 16,200 xg for 10 minutes at 4°C, and the supernatants were incu-
bated with 20 ul of anti-FLAG M2 Affinity Gel (Sigma-Aldrich) at 4°C with agitation over-
night. After washing three times with the lysis buffer, the samples were eluted with SDS
loading buffer and were boiled for 3 min. SDS-PAGE and western blot were then performed
using standard protocols. Anti-HA (Proteintech) and anti-FLAG M2 (Sigma-Aldrich) mouse
antibodies were used at 1:2000 dilutions and 1:1000 dilutions, respectively, and HRP-conju-
gated goat antibodies to mouse were used at 1:10,000 dilutions (Proteintech). Details for plas-
mids used in co-IP assays can be found in S1 Table.

Image acquisition

For quantification, fluorescence images of live C. elegans were acquired using Zeiss Axio
Imager microscope (Carl Zeiss, Germany) with X-cite light source and 63x/1.4NA oil objective
and Evolve 512 EMCCD camera (photometrics) at 23°C. The z stacks were collected and maxi-
mum intensity projections were used for further analysis. For each worm, 4-5 images were
stitched together to cover the whole body (Adobe Photoshop). Worm images were straight-
ened and measured by Image]. Worms at mid-1L4 stage were immobilized with 2-3 ul of 5 mM
levamisole (Sigma-Aldrich) on 3% agarose pads.

For confocal images in Figs 1-3 and 7 and S1-S3, worms were immobilized with 25mM
levamisole on 8% agarose pads and imaged by a Zeiss LSM710 microscope (Carl Zeiss, Ger-
many) with 63x/1.4NA oil objective with 488 nm and 561 nm laser lines.

For confocal images of Airyscan mode in Figs 4-6 and S4 and S5, worms were immobilized
with 50mM levamisole on 8% agarose pads and imaged by Zeiss LSM880 confocal microscope
(Airyscan SR mode).

Confocal images were acquired as Z-stack serials, and several images were taken and
stitched together to cover the PVD neuron. Images were processed by Zen software to project
maximum intensity projections for figures and further quantification.

Quantification and statistical analysis

Neuronal morphology analysis. For relative axonal or dendritic length, images of 10
worms for each genotype at mid-L4 stage were scored for their total dendritic length and axo-
nal length as well as body length (from mouth to anus) by Image]. The dendritic or axonal
length was divided by body length to get the relative dendritic or axonal length (Figs 1, 2, 7, S1
and S2).

Quantification of mitochondria and synaptic vesicles. For the distribution of mitochon-
dria and the number of synaptic vesicles, mitochondria and synaptic vesicle clusters in PVDs
of 10 worms for each genotype at mid-L4 stage were scored. Numbers of synaptic vesicle clus-
ters, total mitochondrial numbers in all neurites, percentages of axonal mitochondrial (axonal
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mitochondrial number/ total neurite mitochondrial number), the density of synaptic vesicle
(synaptic vesicle number/ axonal length), and density of mitochondria in axon (mitochondrial
number/ axonal length) were quantified (S3 Fig).

Quantification of motor fluorescence signals. For quantification of UNC-116::GFP and
UNC-104::GFP, the GFP signals in the posterior dendrites and axons of 10 worms were circled
as regions of interest (ROIs) by Image] to acquire total fluorenscence. Additional ROIs with
the same size were measured as background autofluorescence inside the worm. Axonal and
dendritic GFP intensity values were acquired by subtracting the background fluorescence
from total fluorescence. The percentages of axonal UNC-116:GFP or UNC-104::GFP were cal-
culated by the formula: axonal GFP intensity/ (dendritic + axonal GFP intensity) x100%

(Figs 3 and S3).

Quantification of colocalization. For the colocalization analysis between TIAM-1A::GFP
(or GFP) and RFP::"TBA-1 (or RFP::UtrCH), 16-18 z-stack Airyscan confocal images of the cell
body region (~6 uM in z axis) were analyzed by Imaris 9.9.0. The intensity threshold that best
represents the signal level for both GFP and RFP channels were set in the “Coloc” tool, and the
percentages of GFP intensity of voxels colocalized with RFP were calculated (Fig 4B-4E).

For the colocalization analysis between TIAM-1A::GFP and UNC-119::mCherry (or myr::
mCherry), 20-22 z-stack images of dendrites (~7 uM in z axis) were analyzed. 3D regions of
dendritic branches were defined by Imaris “surface” tool to analyze TTAM-1A::GFP and UNC-
119:mCherry in these regions. Percentages of mCherry intensity of voxels with GFP were cal-
culated (Fig 4F-4G).

Quantification of cytoskeletons. For quantification of RFP::TBA-1 and GFP::UtrCH, the
intensity of both fluorescence reporters was quantified by using Image]. The segmented line
tool was used to trace RFP::TBA-1 and GFP::UtrCH signals in the whole neuron including pri-
mary dendrites, high-ordered branches, and axons to create ROIs and the line width is 10 pix-
els (= 1.6 um). To measure background from worm body, additional ROIs of the equal size
areas were measured as background autofluorescence in the neighboring region inside the
worm avoiding neurites. The RFP::TBA-1 and GFP::UtrCH signals in three neuronal compart-
ments (primary dendrite, high-ordered branches, and axon) were acquired by subtracting
background intensity. Ratios of RFP::TBA-1 and GFP::UtrCH in three compartments were cal-
culated (signal in a sub-neuronal compartment was divided by the sum of three neuronal com-
partments) and analyzed (Fig 5C and 5D).

Quantification of UNC-119 and UNC-33. For the quantification of UNC-119:mCherry
and UNC-33::GFP, the intensity of both fluorescence reporters was quantified using ZEN3.4
(blue edition). The Draw Spline Contour tool was used to draw outlines of neurites to create
ROIs. The signals in the axon and the 60 pm of the anterior primary dendrite (start from the
cell body) were measured. To measure background levels, additional ROIs of equal areas were
defined in a neighboring region avoiding neurites inside the worm. The UNC-119:mCherry
and UNC-33::GFP intensity were subtracted by background signals and divided by the area of
ROI to calculate average intensity. The average intensity of axonal UNC-119:mCherry and
UNC-33::GFP were divided by dendritic signals to generate the axon/dendrite ratio of UNC-
119:mCherry and UNC-33::GFP (Fig 6).

Quantification of EBP-2 comet direction. EBP-2::GFP was recorded at the rate (1 frame
per second) for 2 minutes to further generate Kymographs by Image] with the “Multi Kymo-
graph” plugin. To quantify EBP-2:GFP comet direction, the proximal primary dendrite region
within 50 um from cell body was recorded. For scoring axonal EBP-2::GFP comet events, the
comets that ran into the axon within 15 pm from cell body were counted (Fig 3).

Analysis of the distance from the TIAM-1A::GFP to the cell surface. To analyze the dis-
tance between TIAM-1A::GFP puncta and the cell surface, the 3D surface reconstruction of

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010454  October 12, 2022 19/25


https://doi.org/10.1371/journal.pgen.1010454

PLOS GENETICS

TIAM-1 regulates microtubule organization in patterning neuronal development through its multiple domains

TIAM-1A::GFP and the cell surface were built by Imaris 9.9.0. The ‘Surfaces’ function was
used to build the TTAM-1 puncta and the cell surface according to the TTAM-1A::GFP and
RFP::UtrCH signals, respectively. After building the 3D surface reconstruction, the ‘short dis-
tance’ in Statistics tools was used and the distance of each TTAM-1 puncta to cell surface was
quantified to generate S5 Fig.

One-way ANOVA, Student’s t-test, or Fisher’s exact test were performed for statistics. Dia-
grams were made by GraphPad Prism 7.0 software.

Supporting information

S1 Fig. Actin regulators that cause no influence or mild defects in PVD neuron develop-
ment. (A-C) PVD neurons expressing myr:mCherry (ntulsl) in fhod-1(tm2363) (A), wsp-1
(gm324) (B), and pfn-1(0k808) (C). Brackets indicate the axons and asterisks indicate the cell
body. Scale bar, 20 pm. (D and E) Quantification of total dendritic length (D) and axonal
length (E) relative to body length in the indicated genotypes. One-way ANOVA, Error bar rep-
resents SEM. n = 10. n.s., not significant, *P<0.05, compared to wild type.

(EPS)

S2 Fig. TIAM-1 isoforms have different roles in neuronal development. (A-B) PVD neurons
expressing myr:mCherry (ntulsl) in tiam-1(ntu22) (A) and tiam-1(ntul4) (B). Scale bar,

20 um. (C-F) tiam-1(ok772) mutant PVD neurons with the expression of different single-copy
transgene, including Si[Pdes-2::TIAM-1A::gfp] (C), Si[Pdes-2::TIAM-1B::gfp] (D), Si[Pdes-2::
TIAM-1C::gfp] (E), and Si[Pdes-2::TIAM-1N539::gfp] (F). PVD morphology is labeled by myr:
mCherry (ntulsl3). Scale bar, 20 um. Brackets indicate the axons and asterisks indicate the cell
body. (G-I) Quantification of the relative primary dendritic length (G), high-order dendritic
length (H), and axonal length (I) in the indicated genotypes. One-way ANOVA. Error bar rep-
resents SEM. n = 10. n.s., not significant, *P<0.05, **P<0.01, ***P<0.001, the left side of dash
lines are compared to wild type (ntuls13) or tiam-1(ok772), ntuls13 and the right side of dash
lines are compared to wild type (ntulsl) or tiam-1(ok772); ntulsl.

(EPS)

S3 Fig. TIAM-1 is required for the proper distribution of synaptic vesicles and mitochon-
dria as well as UNC-104/Kinesin-3. (A and B) Images of a PVD neuron expressing synaptic
vesicle marker RAB-3::GFP and myr:mCherry (wyEx5216) in wild type (A) and tiam-1
(0k772) (B). Arrowheads indicate synaptic vesicle clusters. Scale bar, 20 pm. (C and D) Images
of a PVD neuron expressing mitochondria marker TOMM-20::GFP and myr:mCherry
(ntulsl) in wild type (C) and tiam-1(0k772) (D). Arrowheads indicate mitochondria. Scale bar,
20 um. (E-I) Quantification of synaptic vesicle cluster number (E), the percentage of axonal
mitochondria (F), the number of mitochondria in all neurites (G), the density of synaptic vesi-
cle in axon (H), and the density of axonal mitochondria (I). Error bar represents SEM, n = 10.
Student’s t-test, n.s., not significant, ***P<0.001, compared to wild type. (J and K) PVD neu-
rons expressing UNC-104::GFP and myr:mCherry (ntuEx138) of wild type (J) and tiam-1
(0k772) (K). Arrowheads indicate UNC-104::GFP signals. Scale bar, 20 um. (L) Percentage of
axonal UNC-104::GFP intensity. Error bar represents SEM, n = 10. Student’s t-test,
***P<0.001, compared to wild type.

(EPS)

$4 Fig. TIAM-1 isoforms show different expression patterns in PVD neurons. (A-D)
Images of a tiam-1(ok772) mutant PVD neuron expressing Si/ TIAM-1A::GFP] (A), Si[TIAM-
1B::GFP] (B), Si[TIAM-1C::GFP] (C), Si[TIAM-1N539::GFP] (D). PVD morphology is labeled
by myr:mCherry (ntuls13). Arrowheads indicate TTAM-1A::GFP or TIAM-1N539::GFP
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puncta, brackets indicate the axons and asterisks indicate the cell body. Scale bar, 20 pm.
(EPS)

S5 Fig. The distribution of TIAM-1A::GFP is affected by the organization of the actin fila-
ment. (A and B) PVD neuron high-order dendrites expressing the MT marker RFP::TBA-1
(A) or the F-actin marker RFP::UtrCH (B) in worms with TTAM-1A::GFP. Arrowheads indi-
cate TTAM-1A::GFP signal. Scale bar, 5 um. (C) PVD neuron cell bodies expressing F-actin
marker RFP::UtrCH and TIAM-1A::GFP in wild type and act-4 (dz222) (left) and the corre-
sponding 3D reconstructions of TTAM-1A::GFP and cell surface (right). Top: the top view of
the cell body. Bottom: the side view of the cell body. Scale bar, 2 um. The magnified image rep-
resents the shortest distance between TIAM-1A::GFP puncta and the cell surface (the white
vertical line), Scale bar, 0.2 um. (D) Quantification shows the shortest distance between
TIAM-1A::GFP puncta and the cell surface in wild type and act-4 (dz222). Error bar represents
SEM, n = 189 (wild type) and n = 144 (dz222), Student’s t-test, ***P<0.001, compared to wild
type.

(EPS)

$6 Fig. TIAM-1 is required for cytoskeleton organization in PVD neuron. (A and B) Pene-
trance of actin filament mislocalization in primary dendrites (A) and penetrance of disorga-
nized cytoskeletons in the cell body (B). n = 82 (wild type) and n = 61 (0k772). Fisher’s exact
test, ***P<0.001, compared to wild type.

(EPS)

S1 Table. List of strains, plasmids, and oligonucleotides used in this study.
(DOCX)

$2 Table. Numerical data for figures in this study.
(XLSX)

S1 Video. EBP-2::GFP comets in wild type PVD neuron.
(MP4)

S2 Video. EBP-2::GFP comets in tiam-1(ok772) PVD neuron.
(MP4)

Acknowledgments

We thank imaging core facility of the First Core Labs, and Helene Minyi Liu, National Taiwan
University and Hsun Li, Chien lab, Academia Sinica, Biilow lab, Albert Einstein College of
Medicine, Yuji Kohara, National Institute of Genetics, and Ao-Lin Hsu, National Yang-Ming
Chiao-Tung University for technical support and reagents. We thank Cheng-Ting Chien, Aca-
demia Sinica, and Jing-Jer Lin, National Taiwan University for discussion on the manuscript.
We thank John Wang, Academia Sinica for phiC31 integration technique. We thank the C. ele-
gans Core Facility of the National Core Facility for Biopharmaceuticals, Ministry of Science
and Technology. We thank WormBase for data support. Some strains were provided by the
Caenorhabditis Genetics Center (CGC), which is funded by NIH Office of Research Infra-
structure Programs (P40 OD010440) and some strains were provided by National BioResource
Project (NBRP), which is funded by the Japanese government.

Author Contributions
Conceptualization: Chih-Hsien Lin, Chan-Yen Ou.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010454  October 12, 2022 21/25


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010454.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010454.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010454.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010454.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010454.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010454.s010
https://doi.org/10.1371/journal.pgen.1010454

PLOS GENETICS TIAM-1 regulates microtubule organization in patterning neuronal development through its multiple domains

Funding acquisition: Chan-Yen Ou.

Investigation: Chih-Hsien Lin, Ying-Chun Chen.

Resources: Shih-Peng Chan.

Supervision: Chan-Yen Ou.
Writing - original draft: Chih-Hsien Lin, Chan-Yen Ou.
Writing - review & editing: Chih-Hsien Lin, Ying-Chun Chen, Shih-Peng Chan, Chan-Yen

Ou.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Coles CH, Bradke F. Coordinating neuronal actin-microtubule dynamics. Curr Biol. 2015; 25(15):
R677-691. https://doi.org/10.1016/j.cub.2015.06.020 PMID: 26241148

Goldberg JL. How does an axon grow? Genes Dev. 2003; 17(8): 941-958. https://doi.org/10.1101/gad.
1062303 PMID: 12704078

Franze K. Integrating Chemistry and Mechanics: The Forces Driving Axon Growth. Annu Rev Cell Dev
Biol. 2020; 36:61-83. https://doi.org/10.1146/annurev-cellbio-100818-125157 PMID: 32603614

Letourneau PC. Differences in the organization of actin in the growth cones compared with the neurites
of cultured neurons from chick embryos. J Cell Biol. 1983; 97(4):963-973. https://doi.org/10.1083/jcb.
97.4.963 PMID: 6352712

Mitchison T, Kirschner M. Cytoskeletal dynamics and nerve growth. Neuron. 1988; 1(9):761-772.
https://doi.org/10.1016/0896-6273(88)90124-9 PMID: 3078414

Lewis AK, Bridgman PC. Nerve growth cone lamellipodia contain two populations of actin filaments that
differ in organization and polarity. J Cell Biol. 1992; 119(5):1219—1243. https://doi.org/10.1083/jcb.119.
5.1219 PMID: 1447299

Bradke F, Dotti CG. The Role of Local Actin Instability in Axon Formation. Science. 1999; 283
(5409):1931-1934. https://doi.org/10.1126/science.283.5409.1931 PMID: 10082468

Witte H, Neukirchen D, Bradke F. Microtubule stabilization specifies initial neuronal polarization. J Cell
Biol. 2008; 180(3):619-32. https://doi.org/10.1083/jcb.200707042 PMID: 18268107

Schaefer AW, Schoonderwoert VThG, Ji L, Mederios N, Danuser G, Forscher P. Coordination of Actin
Filament and Microtubule Dynamics during Neurite Outgrowth. Dev Cell. 2008; 15(1):146—162. https://
doi.org/10.1016/j.devcel.2008.05.003 PMID: 18606148

van Beuningen SF, Hoogenraad CC. Neuronal polarity: remodeling microtubule organization. Curr Opin
Neurobiol. 2016; 39:1-7. https://doi.org/10.1016/j.conb.2016.02.003 PMID: 26945466

Kapitein LC, Hoogenraad CC. Which way to go? Cytoskeletal organization and polarized transport in
neurons. Mol Cell Neurosci. 2011; 46(1):9-20. https://doi.org/10.1016/j.mcn.2010.08.015 PMID:
20817096

Baas PW, Lin S. Hooks and comets: The story of microtubule polarity orientation in the neuron. Dev
Neurobiol. 2011; 71(6):403—18. https://doi.org/10.1002/dneu.20818 PMID: 21557497

Sirajuddin M, Rice LM, Vale RD. Regulation of microtubule motors by tubulin isotypes and post-transla-
tional modifications. Nat Cell Biol. 2014; 16(4):335—44. https://doi.org/10.1038/ncb2920 PMID:
24633327

Lu W, Gelfand VI. Moonlighting Motors: Kinesin, Dynein, and Cell Polarity. Trends Cell Biol. 2017; 27
(7):505—14. https://doi.org/10.1016/j.tch.2017.02.005 PMID: 28284467

Kapitein LC, Hoogenraad CC. Building the Neuronal Microtubule Cytoskeleton. Neuron. 2015; 87
(8):492-506. https://doi.org/10.1016/j.neuron.2015.05.046 PMID: 26247859

del Castillo U, Winding M, Lu W, Gelfand VI. Interplay between kinesin-1 and cortical dynein during axo-
nal outgrowth and microtubule organization in Drosophila neurons. Elife. 2015; 4:e10140.

Zheng Y, Wildonger J, Ye B, Zhang Y, Kita A, Younger SH, et al. Dynein is required for polarized den-
dritic transport and uniform microtubule orientation in axons. Nat Cell Biol. 2008; 10(10):1172-80.
https://doi.org/10.1038/ncb1777 PMID: 18758451

Yan J, Chao DL, Toba S, Koyasako K, Yasunaga T, Hirotsune S, et al. Kinesin-1 regulates dendrite
microtubule polarity in Caenorhabditis elegans. Elife. 2013; 2:e00133.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010454  October 12, 2022 22/25


https://doi.org/10.1016/j.cub.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26241148
https://doi.org/10.1101/gad.1062303
https://doi.org/10.1101/gad.1062303
http://www.ncbi.nlm.nih.gov/pubmed/12704078
https://doi.org/10.1146/annurev-cellbio-100818-125157
http://www.ncbi.nlm.nih.gov/pubmed/32603614
https://doi.org/10.1083/jcb.97.4.963
https://doi.org/10.1083/jcb.97.4.963
http://www.ncbi.nlm.nih.gov/pubmed/6352712
https://doi.org/10.1016/0896-6273%2888%2990124-9
http://www.ncbi.nlm.nih.gov/pubmed/3078414
https://doi.org/10.1083/jcb.119.5.1219
https://doi.org/10.1083/jcb.119.5.1219
http://www.ncbi.nlm.nih.gov/pubmed/1447299
https://doi.org/10.1126/science.283.5409.1931
http://www.ncbi.nlm.nih.gov/pubmed/10082468
https://doi.org/10.1083/jcb.200707042
http://www.ncbi.nlm.nih.gov/pubmed/18268107
https://doi.org/10.1016/j.devcel.2008.05.003
https://doi.org/10.1016/j.devcel.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18606148
https://doi.org/10.1016/j.conb.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26945466
https://doi.org/10.1016/j.mcn.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20817096
https://doi.org/10.1002/dneu.20818
http://www.ncbi.nlm.nih.gov/pubmed/21557497
https://doi.org/10.1038/ncb2920
http://www.ncbi.nlm.nih.gov/pubmed/24633327
https://doi.org/10.1016/j.tcb.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28284467
https://doi.org/10.1016/j.neuron.2015.05.046
http://www.ncbi.nlm.nih.gov/pubmed/26247859
https://doi.org/10.1038/ncb1777
http://www.ncbi.nlm.nih.gov/pubmed/18758451
https://doi.org/10.1371/journal.pgen.1010454

PLOS GENETICS TIAM-1 regulates microtubule organization in patterning neuronal development through its multiple domains

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Liang X, Kokes M, Fetter RD, Sallee MD, Moore AW, Feldman JL, et al. Growth cone-localized microtu-
bule organizing center establishes microtubule orientation in dendrites. Elife. 2020; 9:e56547. https://
doi.org/10.7554/eLife.56547 PMID: 32657271

Lin S, Liu M, Mozgova Ol, Yu W, Baas PW. Mitotic Motors Coregulate Microtubule Patterns in Axons
and Dendrites. J Neurosci. 2012; 32(40):14033—49. https://doi.org/10.1523/JNEUROSCI.3070-12.
2012 PMID: 23035110

Yu W, Cook C, Sauter C, Kuriyama R, Kaplan PL, Baas PW. Depletion of a Microtubule-Associated
Motor Protein Induces the Loss of Dendritic Identity. J Neurosci. 2000; 20(15):5782-91. https://doi.org/
10.1523/JNEUROSCI.20-15-05782.2000 PMID: 10908619

Mattie FJ, Stackpole MM, Stone MC, Clippard JR, Rudnick DA, Qiu Y, et al. Directed Microtubule
Growth, +TIPs, and Kinesin-2 Are Required for Uniform Microtubule Polarity in Dendrites. Curr Biol.
2010; 20(24):2169-77. https://doi.org/10.1016/j.cub.2010.11.050 PMID: 21145742

van Beuningen SFB, Will L, Harterink M, Chazeau A, van Battum EY, Frias CP, et al. TRIM46 Controls
Neuronal Polarity and Axon Specification by Driving the Formation of Parallel Microtubule Arrays. Neu-
ron. 2015; 88(6):1208-26. https://doi.org/10.1016/j.neuron.2015.11.012 PMID: 26671463

Chen Y-C, Huang H-R, Hsu C-H, Ou C-Y. CRMP/UNC-33 organizes microtubule bundles for KIF5-
mediated mitochondrial distribution to axon. PLoS Genet. 2021; 17(2):e1009360. https://doi.org/10.
1371/journal.pgen.1009360 PMID: 33571181

He L, Kooistra R, Das R, Oudejans E, van Leen E, Ziegler J, et al. Cortical anchoring of the microtubule
cytoskeleton is essential for neuron polarity. Surrey T, Malhotra V, Baas PW, Bennett V, editors. Elife.
2020; 9:e55111. https://doi.org/10.7554/eLife.55111 PMID: 32293562

He J, Zhou R, Wu Z, Carrasco MA, Kurshan PT, Farley JE, et al. Prevalent presence of periodic actin—
spectrin-based membrane skeleton in a broad range of neuronal cell types and animal species. Proc
Natl Acad Sci. 2016; 113(21):6029-34. https://doi.org/10.1073/pnas.1605707113 PMID: 27162329

Vassilopoulos S, Gibaud S, Jimenez A, Caillol G, Leterrier C. Ultrastructure of the axonal periodic scaf-
fold reveals a braid-like organization of actin rings. Nat Commun. 2019; 10(1):5803. https://doi.org/10.
1038/s41467-019-13835-6 PMID: 31862971

Xu K, Zhong G, Zhuang X. Actin, spectrin and associated proteins form a periodic cytoskeletal structure
in axons. Science. 2013; 339(6118):452-6. https://doi.org/10.1126/science.1232251 PMID: 23239625

QuY, Hahn I, Webb SED, Pearce SP, Prokop A. Periodic actin structures in neuronal axons are
required to maintain microtubules. Mol Biol Cell. 2017; 28(2):296-308. https://doi.org/10.1091/mbc.
E16-10-0727 PMID: 27881663

Dogterom M, Koenderink GH. Actin—microtubule crosstalk in cell biology. Nat Rev Mol Cell Biol. 2019;
20(1):38-54. https://doi.org/10.1038/s41580-018-0067-1 PMID: 30323238

Konietzny A, Bar J, Mikhaylova M. Dendritic Actin Cytoskeleton: Structure, Functions, and Regulations.
Front Cell Neurosci. 2017; 11:147. https://doi.org/10.3389/fncel.2017.00147 PMID: 28572759

Nithianandam V, Chien C-T. Actin blobs prefigure dendrite branching sites. J Cell Biol. 2018; 217
(10):3731-46. https://doi.org/10.1083/jcb.201711136 PMID: 30042190

Pollard TD. Actin and Actin-Binding Proteins. Cold Spring Harb Perspect Biol. 2016; 8(8):a018226.
https://doi.org/10.1101/cshperspect.a018226 PMID: 26988969

Ganguly A, Tang Y, Wang L, Ladt K, Loi J, Dargent B, et al. A dynamic formin-dependent deep F-actin
network in axons. J Cell Biol. 2015; 210(3):401-17. https://doi.org/10.1083/jcb.201506110 PMID:
26216902

Balasanyan V, Watanabe K, Dempsey WP, Lewis TL, Trinh LA, Arnold DB. Structure and Function of
an Actin-Based Filter in the Proximal Axon. Cell Rep. 2017; 21(10):2696—705. https://doi.org/10.1016/j.
celrep.2017.11.046 PMID: 29212018

Soderling SH, Guire ES, Kaech S, White J, Zhang F, Schutz K, et al. A WAVE-1 and WRP Signaling
Complex Regulates Spine Density, Synaptic Plasticity, and Memory. J Neurosci. 2007; 27(2):355-65.
https://doi.org/10.1523/JNEUROSCI.3209-06.2006 PMID: 17215396

You J-J, Lin-Chao S. Gas7 Functions with N-WASP to Regulate the Neurite Outgrowth of Hippocampal
Neurons. J Biol Chem. 2010; 285(15):11652-66. https://doi.org/10.1074/jbc.M109.051094 PMID:
20150425

Matusek T, Gombos R, Szécsényi A, Sanchez-Soriano N, Czibula A, Pataki C, et al. Formin Proteins of
the DAAM Subfamily Play a Role during Axon Growth. J Neurosci. 2008; 28(49):13310-9. https://doi.
org/10.1523/JNEUROSCI.2727-08.2008 PMID: 19052223

Govek E-E, Newey SE, Aelst LV. The role of the Rho GTPases in neuronal development. Genes Dev.
2005; 19(1):1-49. https://doi.org/10.1101/gad. 1256405 PMID: 15630019

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010454  October 12, 2022 23/25


https://doi.org/10.7554/eLife.56547
https://doi.org/10.7554/eLife.56547
http://www.ncbi.nlm.nih.gov/pubmed/32657271
https://doi.org/10.1523/JNEUROSCI.3070-12.2012
https://doi.org/10.1523/JNEUROSCI.3070-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23035110
https://doi.org/10.1523/JNEUROSCI.20-15-05782.2000
https://doi.org/10.1523/JNEUROSCI.20-15-05782.2000
http://www.ncbi.nlm.nih.gov/pubmed/10908619
https://doi.org/10.1016/j.cub.2010.11.050
http://www.ncbi.nlm.nih.gov/pubmed/21145742
https://doi.org/10.1016/j.neuron.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26671463
https://doi.org/10.1371/journal.pgen.1009360
https://doi.org/10.1371/journal.pgen.1009360
http://www.ncbi.nlm.nih.gov/pubmed/33571181
https://doi.org/10.7554/eLife.55111
http://www.ncbi.nlm.nih.gov/pubmed/32293562
https://doi.org/10.1073/pnas.1605707113
http://www.ncbi.nlm.nih.gov/pubmed/27162329
https://doi.org/10.1038/s41467-019-13835-6
https://doi.org/10.1038/s41467-019-13835-6
http://www.ncbi.nlm.nih.gov/pubmed/31862971
https://doi.org/10.1126/science.1232251
http://www.ncbi.nlm.nih.gov/pubmed/23239625
https://doi.org/10.1091/mbc.E16-10-0727
https://doi.org/10.1091/mbc.E16-10-0727
http://www.ncbi.nlm.nih.gov/pubmed/27881663
https://doi.org/10.1038/s41580-018-0067-1
http://www.ncbi.nlm.nih.gov/pubmed/30323238
https://doi.org/10.3389/fncel.2017.00147
http://www.ncbi.nlm.nih.gov/pubmed/28572759
https://doi.org/10.1083/jcb.201711136
http://www.ncbi.nlm.nih.gov/pubmed/30042190
https://doi.org/10.1101/cshperspect.a018226
http://www.ncbi.nlm.nih.gov/pubmed/26988969
https://doi.org/10.1083/jcb.201506110
http://www.ncbi.nlm.nih.gov/pubmed/26216902
https://doi.org/10.1016/j.celrep.2017.11.046
https://doi.org/10.1016/j.celrep.2017.11.046
http://www.ncbi.nlm.nih.gov/pubmed/29212018
https://doi.org/10.1523/JNEUROSCI.3209-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17215396
https://doi.org/10.1074/jbc.M109.051094
http://www.ncbi.nlm.nih.gov/pubmed/20150425
https://doi.org/10.1523/JNEUROSCI.2727-08.2008
https://doi.org/10.1523/JNEUROSCI.2727-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19052223
https://doi.org/10.1101/gad.1256405
http://www.ncbi.nlm.nih.gov/pubmed/15630019
https://doi.org/10.1371/journal.pgen.1010454

PLOS GENETICS TIAM-1 regulates microtubule organization in patterning neuronal development through its multiple domains

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

Flynn KC, Hellal F, Neukirchen D, Jacob S, Tahirovic S, Dupraz S, et al. ADF/Cofilin-Mediated Actin
Retrograde Flow Directs Neurite Formation in the Developing Brain. Neuron. 2012; 76(6):1091-107.
https://doi.org/10.1016/j.neuron.2012.09.038 PMID: 23259946

Garvalov BK, Flynn KC, Neukirchen D, Meyn L, Teusch N, Wu X, et al. Cdc42 Regulates Cofilin during
the Establishment of Neuronal Polarity. J Neurosci. 2007; 27(48):13117-29. https://doi.org/10.1523/
JNEUROSCI.3322-07.2007 PMID: 18045906

Wegner AM, Nebhan CA, Hu L, Majumdar D, Meier KM, Weaver AM, et al. N-WASP and the Arp2/3
Complex Are Critical Regulators of Actin in the Development of Dendritic Spines and Synapses. J Biol
Chem. 2008; 283(23):15912-20. https://doi.org/10.1074/jbc.M801555200 PMID: 18430734

Ackermann M, Matus A. Activity-induced targeting of profilin and stabilization of dendritic spine mor-
phology. Nat Neurosci. 2003; 6(11):1194—200. https://doi.org/10.1038/nn1135 PMID: 14555951

Demarco RS, Struckhoff EC, Lundquist EA. The Rac GTP Exchange Factor TIAM-1 Acts with CDC-42
and the Guidance Receptor UNC-40/DCC in Neuronal Protrusion and Axon Guidance. PLoS Genet.
2012; 8(4):e1002665. https://doi.org/10.1371/journal.pgen.1002665 PMID: 22570618

Zou W, Dong X, Broederdorf TR, Shen A, Kramer DA, Shi R, et al. A Dendritic Guidance Receptor Com-
plex Brings Together Distinct Actin Regulators to Drive Efficient F-Actin Assembly and Branching. Dev
Cell. 2018; 45(3):362—-375.e3. hitps://doi.org/10.1016/j.devcel.2018.04.008 PMID: 29738713

Tang LT, Diaz-Balzac CA, Rahman M, Ramirez-Suarez NJ, Salzberg Y, Lazaro-Pefia MI, et al. TIAM-1/
GEF can shape somatosensory dendrites independently of its GEF activity by regulating F-actin locali-
zation. Elife. 2019; 8:€38949. hitps://doi.org/10.7554/eLife.38949 PMID: 30694177

Brar HK, Dey S, Bhardwaj S, Pande D, Singh P, Dey S, et al. Dendrite regeneration in C. elegans is con-
trolled by the RAC GTPase CED-10 and the RhoGEF TIAM-1. PLoS Genet. 2022; 18(3):e1010127.

Tannoury H, Rodriguez V, Kovacevic |, Ibourk M, Lee M, Cram EJ. CACN-1/Cactin interacts genetically
with MIG-2 GTPase signaling to control distal tip cell migration in C. elegans. Dev Biol. 2010; 341
(1):176-185.

Nomura K, Ono K, Ono S. CAS-1, a C. elegans cyclase-associated protein, is required for sarcomeric
actin assembly in striated muscle. J Cell Sci. 2012; 125(Pt 17):4077-4089.

Shi R, Kramer DA, Chen B, Shen K. A two-step actin polymerization mechanism drives dendrite branch-
ing. Neural Dev. 2021; 16(1):3. https://doi.org/10.1186/s13064-021-00154-0 PMID: 34281597

Refai O, Smit RB, Votra S, Pruyne D, Mains PE. Tissue-Specific Functions of fem-2/PP2c Phosphatase
and fhod-1/formin During Caenorhabditis elegans Embryonic Morphogenesis. G3 (Bethesda). 2018; 8
(7):2277-2290.

Sheffield M, Loveless T, Hardin J, Pettitt J. C. elegans Enabled Exhibits Novel Interactions with N-
WASP, Abl, and Cell-Cell Junctions. Curr Biol. 2007; 17(20):1791-1796.

Yang F-J, Chen C-N, Chang T, Cheng T-W, Chang N-C, Kao C-Y, et al. phiC31 integrase for recombi-
nation-mediated single-copy insertion and genome manipulation in Caenorhabditis elegans. Genetics.
202; iyab206.

Nonet ML, Staunton JE, Kilgard MP, Fergestad T, Hartwieg E, Horvitz HR, et al. Caenorhabditis ele-
gans rab-3 Mutant Synapses Exhibit Impaired Function and Are Partially Depleted of Vesicles. J Neu-
rosci. 1997; 17(21): 8061-8073.

Ichishita R, Tanaka K, Sugiura Y, Sayano T, Mihara K, Oka T. An RNAi Screen for Mitochondrial Pro-
teins Required to Maintain the Morphology of the Organelle in Caenorhabditis elegans. J Biochem.
2008; 143(4):449-454.

Hirokawa N, Takemura R. Molecular motors and mechanisms of directional transport in neurons. Nat
Rev Neurosci. 2005; 6(3):201-214. https://doi.org/10.1038/nrn1624 PMID: 15711600

Hall DH, Hedgecock EM. Kinesin-related gene unc-104 is required for axonal transport of synaptic vesi-
clesin C. elegans. Cell. 1991; 65(5):837-847.

Ou C-Y, Poon VY, Maeder Cl, Watanabe S, Lehrman EK, Fu AKY, et al. Two Cyclin-Dependent Kinase
Pathways Are Essential for Polarized Trafficking of Presynaptic Components. Cell. 2010; 141(5):846—
858. https://doi.org/10.1016/j.cell.2010.04.011 PMID: 20510931

Harterink M, Edwards SL, de Haan B, Yau KW, van den Heuvel S, Kapitein LC, et al. Local microtubule
organization promotes cargo transport in C. elegans dendrites. J Cell Sci. 2018; 131(20):jcs223107.

Goodson HV, Jonasson EM. Microtubules and Microtubule-Associated Proteins. Cold Spring Harb Per-
spect Biol. 2018; 10(6):a022608. https://doi.org/10.1101/cshperspect.a022608 PMID: 29858272

Bodakuntla S, Jijumon AS, Villablanca C, Gonzalez-Billault C, Janke C. Microtubule-Associated Pro-
teins: Structuring the Cytoskeleton. Trends Cell Biol. 2019; 29(10):804—19. https://doi.org/10.1016/j.
tcb.2019.07.004 PMID: 31416684

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010454  October 12, 2022 24/25


https://doi.org/10.1016/j.neuron.2012.09.038
http://www.ncbi.nlm.nih.gov/pubmed/23259946
https://doi.org/10.1523/JNEUROSCI.3322-07.2007
https://doi.org/10.1523/JNEUROSCI.3322-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18045906
https://doi.org/10.1074/jbc.M801555200
http://www.ncbi.nlm.nih.gov/pubmed/18430734
https://doi.org/10.1038/nn1135
http://www.ncbi.nlm.nih.gov/pubmed/14555951
https://doi.org/10.1371/journal.pgen.1002665
http://www.ncbi.nlm.nih.gov/pubmed/22570618
https://doi.org/10.1016/j.devcel.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29738713
https://doi.org/10.7554/eLife.38949
http://www.ncbi.nlm.nih.gov/pubmed/30694177
https://doi.org/10.1186/s13064-021-00154-0
http://www.ncbi.nlm.nih.gov/pubmed/34281597
https://doi.org/10.1038/nrn1624
http://www.ncbi.nlm.nih.gov/pubmed/15711600
https://doi.org/10.1016/j.cell.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20510931
https://doi.org/10.1101/cshperspect.a022608
http://www.ncbi.nlm.nih.gov/pubmed/29858272
https://doi.org/10.1016/j.tcb.2019.07.004
https://doi.org/10.1016/j.tcb.2019.07.004
http://www.ncbi.nlm.nih.gov/pubmed/31416684
https://doi.org/10.1371/journal.pgen.1010454

PLOS GENETICS TIAM-1 regulates microtubule organization in patterning neuronal development through its multiple domains

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ball LJ, Jarchau T, Oschkinat H, Walter U. EVH1 domains: structure, function and interactions. FEBS
Lett. 2002; 513: 45-52. https://doi.org/10.1016/s0014-5793(01)03291-4 PMID: 11911879

Lee H-J, Zheng JJ. PDZ domains and their binding partners: structure, specificity, and modification. Cell
Commun Signal. 2010; 8:8. https://doi.org/10.1186/1478-811X-8-8 PMID: 20509869

Maduro M, Pilgrim D. Identification and cloning of unc-119, a gene expressed in the Caenorhabditis ele-
gans nervous system. Genetics. 1995; 141:977-988.

Tolias KF, Bikoff JB, Burette A, Paradis S, Harrar D, Tavazoie S, et al. The Rac1-GEF Tiam1 Couples
the NMDA Receptor to the Activity-Dependent Development of Dendritic Arbors and Spines. Neuron.
2005; 45(4):525-38. https://doi.org/10.1016/j.neuron.2005.01.024 PMID: 15721239

Charron Y, Willert J, Lipkowitz B, Kusecek B, Herrmann BG, Bauer H. Two isoforms of the RAC-specific
guanine nucleotide exchange factor TIAM2 act oppositely on transmission ratio distortion by the mouse
thaplotype. PLoS Genet. 2019; 15(2):e1007964.

Chiu C-Y, Leng S, Martin KA, Kim E, Gorman S, Duhl DMJ. Cloning and Characterization of T-Cell Lym-
phoma Invasion and Metastasis 2 (TIAM2), a Novel Guanine Nucleotide Exchange Factor Related to
TIAM1. Genomics. 1999; 61(1):66—73. https://doi.org/10.1006/geno.1999.5936 PMID: 10512681

Ahmed MdM Dhanasekaran AR, Tong S Wiseman FK, Fisher EMC Tybulewicz VLJ, et al. Protein pro-
files in Tc1 mice implicate novel pathway perturbations in the Down syndrome brain. Hum Mol Genet.
2013; 22(9):1709-24. https://doi.org/10.1093/hmg/ddt017 PMID: 23349361

Yau KW, van Beuningen SFB, Cunha-Ferreira |, Cloin BMC, van Battum EY, Will L, et al. Microtubule
Minus-End Binding Protein CAMSAP2 Controls Axon Specification and Dendrite Development. Neuron.
2014; 82(5):1058—-73. https://doi.org/10.1016/j.neuron.2014.04.019 PMID: 24908486

Gong T, YanY, Zhang J, Liu S, Liu H, Gao J, et al. PTRN-1/CAMSAP promotes CYK-1/formin-depen-
dent actin polymerization during endocytic recycling. EMBO J. 2018; 37(9):€98556. https://doi.org/10.
15252/embj.201798556 PMID: 29567645

Feng C, Thyagarajan P, Shorey M, Seebold DY, Weiner AT, Albertson RM, et al. Patronin-mediated
minus end growth is required for dendritic microtubule polarity. J Cell Biol. 2019; 218(7):2309-28.
https://doi.org/10.1083/jcb.201810155 PMID: 31076454

Pongrakhananon V, Saito H, Hiver S, Abe T, Shioi G, Meng W, et al. CAMSAP3 maintains neuronal
polarity through regulation of microtubule stability. Proc Natl Acad Sci. 2018; 115(39):9750-5. https:/
doi.org/10.1073/pnas.1803875115 PMID: 30190432

Zhou Z, Xu H, Li Y, Yang M, Zhang R, Shiraishi A, et al. CAMSAP1 breaks the homeostatic microtubule
network to instruct neuronal polarity. Proc Natl Acad Sci. 2020; 117(36):22193—-2083. https://doi.org/10.
1073/pnas.1913177117 PMID: 32839317

Manning AG, Crawford BD, Waskiewicz AJ, Pilgrim DB. UNC-119 homolog required for normal devel-
opment of the zebrafish nervous system. Genesis. 2004; 40(4):223-30. https://doi.org/10.1002/gene.
20089 PMID: 15593328

Knobel KM, Davis WS, Jorgensen EM, Bastiani MJ. UNC-119 suppresses axon branching in C. ele-
gans. Development. 2001; 128(20):4079-92.

Maniar TA, Kaplan M, Wang GJ, Shen K, Wei L, Shaw JE, et al. UNC-33 (CRMP) and ankyrin organize
microtubules and localize kinesin to polarize axon-dendrite sorting. Nat Neurosci. 2012; 15(1):48-56.
Evans TC.,ed. Transformation and microinjection (April 6,2006), WormBook, ed. The C. elegans
Research Community, WormBook, Available from:https://doi.org/10.1895/wormbook.1.108.1, http:/
www.wormbook.org.

Dokshin GA, Ghanta KS, Piscopo KM, Mello CC. Robust Genome Editing with Short Single-Stranded
and Long, Partially Single-Stranded DNA Donors in Caenorhabditis elegans. Genetics. 2018; 210
(3):781-7.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010454  October 12, 2022 25/25


https://doi.org/10.1016/s0014-5793%2801%2903291-4
http://www.ncbi.nlm.nih.gov/pubmed/11911879
https://doi.org/10.1186/1478-811X-8-8
http://www.ncbi.nlm.nih.gov/pubmed/20509869
https://doi.org/10.1016/j.neuron.2005.01.024
http://www.ncbi.nlm.nih.gov/pubmed/15721239
https://doi.org/10.1006/geno.1999.5936
http://www.ncbi.nlm.nih.gov/pubmed/10512681
https://doi.org/10.1093/hmg/ddt017
http://www.ncbi.nlm.nih.gov/pubmed/23349361
https://doi.org/10.1016/j.neuron.2014.04.019
http://www.ncbi.nlm.nih.gov/pubmed/24908486
https://doi.org/10.15252/embj.201798556
https://doi.org/10.15252/embj.201798556
http://www.ncbi.nlm.nih.gov/pubmed/29567645
https://doi.org/10.1083/jcb.201810155
http://www.ncbi.nlm.nih.gov/pubmed/31076454
https://doi.org/10.1073/pnas.1803875115
https://doi.org/10.1073/pnas.1803875115
http://www.ncbi.nlm.nih.gov/pubmed/30190432
https://doi.org/10.1073/pnas.1913177117
https://doi.org/10.1073/pnas.1913177117
http://www.ncbi.nlm.nih.gov/pubmed/32839317
https://doi.org/10.1002/gene.20089
https://doi.org/10.1002/gene.20089
http://www.ncbi.nlm.nih.gov/pubmed/15593328
https://doi.org/10.1895/wormbook.1.108.1
http://www.wormbook.org
http://www.wormbook.org
https://doi.org/10.1371/journal.pgen.1010454

