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Abstract

The microtubule (MT) cytoskeleton provides the architecture that governs intracellular
organization and the regulated motion of macromolecules through the crowded cytoplasm. The
key to establishing a functioning cytoskeletal architecture is regulating when and where new MTs
are nucleated. Within the spindle, the vast majority of MTs are generated through a pathway
known as branching MT nucleation, which exponentially amplifies MT number in a polar manner.
Whereas other MT nucleation pathways generally require a complex organelle such as the
centrosome or Golgi apparatus to localize nucleation factors, the branching site is based solely

on a simple, preformed MT, making it an ideal system to study MT nucleation. In this review, we
address recent developments in characterizing branching factors, the branching reaction, and its
regulation, as well as branching MT nucleation in systems beyond the spindle and within human
disease.
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INTRODUCTION

The closest equivalent in the cell to the vertebrate skeleton is the microtubule (MT)
cytoskeleton. It gives cells their shape and organizes their interior, generates diverse
structures ranging from axons that transmit action potentials to cilia that generate force for
movement, and forms spindles that segregate chromosomes. For many decades, centrosomes
were thought to be the sole originators and organizers of the MT cytoskeleton and hence
were dubbed the cell’s MT- organizing center (MTOC). Yet, it has become clear that a cell
has, in fact, many other MTOCs, such as the Golgi apparatus, the nuclear envelope, and

the plasma membrane, with new MTOCs being discovered on a regular basis. While many
of these sites are complex organelles themselves, who would have guessed that MTs could
also originate from MTs themselves? Consisting only of an MT seed and a few cytoplasmic
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factors, this possibly simplest MTOC is one of the most prevalent nucleation sites in the
spindle: the site of MT-dependent MT nucleation, or branching MT nucleation.

Branching MT nucleation was first observed in Schizosaccharomyces pombe: Its small
cell size and finite number of ~40 MTs allowed the observation of MTs that branch off
existing MTs in an antiparallel fashion (at 180° angles) (Janson et al. 2005). Around the
same time, MTs that branch off MTs were observed in plant cells at the cell cortex, where
MT nucleation events could be clearly visualized (Chan et al. 2009, Murata et al. 2005).
In plants, branching MT nucleation takes on quite a different morphology and produces
daughter MTs roughly parallel relative to the mother MT (at 0 to 40° angles).

Inspired by these findings, MTs in animal spindles were proposed to originate not only
from centrosomes but also within the spindle itself (Brugues et al. 2012, Mahoney et

al. 2006). Intriguingly, the MT nucleator -y-tubulin was found to localize to the body of

the spindle, further suggesting that MTs might be generated there locally. Eight genes

that target -y-tubulin to spindle MTs but not centrosomes were identified—named dim
y-tubulin, or Dgt in Drosophila (Goshima et al. 2007)—and the complex was christened
augmin, as it augments MTs in the spindle (Goshima et al. 2008, Hughes et al. 2008,
Meireles et al. 2009). The augmin complex was also observed in human cells (Lawo et

al. 2009, Uehara et al. 2009), where its subunits were coined HAUS1-8 (for homologous
to augmin subunit). In its absence, Drosophila S2 spindles become elongated, lack MTs

in their centers, and display only faint kinetochore fibers (Goshima et al. 2008, Lawo

et al. 2009). This phenotype is more dramatic in human cells, where cells also arrest

during cytokinesis (Uehara & Goshima 2010), and in acentrosomal meiotic spindles, where
spindles become asymmetric and multipolar (Petry et al. 2011). Meanwhile, evidence both
from in-cell MT scission experiments (Brugues et al. 2012) and theoretical modeling of
spindle assembly (Clausen & Ribbeck 2007, Loughlin et al. 2010) pointed to the importance
of spindle-derived MTs in animal cells. Yet, due to technical hurdles, how augmin and
y-tubulin were generating these MTs within the spindle body remained a mystery.

The very high MT density within the spindle body precludes resolving individual MT
nucleation events via light microscopy. In contrast, electron microscopy (EM) methods
provide high resolution, yet offer only a limited field of view at a single point in time, which
is a poor approximation for the thousands of spindle MTs that turn over in seconds. These
roadblocks were circumvented by using cell-free extracts of Xenopuseggs in conjunction
with total internal fluorescence (TIRF) microscopy, which offered at least two advantages:
(&) TIRF microscopy provides a high signal-to-noise ratio, and () the cell-free extract
allowed the isolation of a single MT nucleation pathway, namely branching MT nucleation,
without interference from MTs generated from other MTOCs. Thus, new MTs could clearly
be seen nucleating from the sides of preexisting MTs in the mitotic extract, surprisingly at
very shallow and mostly parallel branch angles (Petry et al. 2013). This was then directly
observed within cells at anaphase close to the cell membrane (Verma & Maresca 2019)

and inferred via light-sheet microscopy (David et al. 2019). Branching MT nucleation is
now considered the major source of spindle MTs (Decker et al. 2018), with its newly
discovered roles in interphase elevating its significance in biology (W.S. Chen et al. 2017,
Cunha-Ferreira et al. 2018, Sanchez-Huertas et al. 2016) (Figure 1).
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Whereas other reviews have focused on branching MT nucleation in plants (Yi & Goshima
2018) and the augmin complex (Sanchez-Huertas & Luders 2015), we focus on branching
MT nucleation during animal cell division. We first introduce and describe the major players
in branching MT nucleation. Next, we describe how the MT branch site is established before
a daughter MT is nucleated. This involves the deposition of the phase-separating targeting
protein for Xklp2 (TPX2), followed by recruitment of the augmin complex, which in turn
binds to the nucleators, the y-tubulin ring complex (-y-TuRC) and XMAP215, to generate
the daughter MT. Finally, we touch upon other MT branching systems and the link between
this pathway and human health.

INDIVIDUAL FACTORS IN MICROTUBULE BRANCHING

v-TuRC

v-TuRC localizes to many cellular MTOCs and is essential for nucleating the majority of
MTs in the cell (Roostalu & Surrey 2017, Tovey & Conduit 2018). y-TuRC is composed
of 14 copies of the tubulin paralog y-tubulin assembled into a spiral shape (Kollman et al.
2010, Zheng et al. 1995). -y-Tubulin was first discovered in Aspergillus (Oakley & Oakley
1989) and later shown to be ubiquitous across eukaryotes (Findeisen et al. 2014). Within
¥-TuRC, the y-tubulin monomers approximate an MT end (Consolati et al. 2020, Liu et
al. 2020, Wieczorek et al. 2020b), leaving the top of the spiral open to bind a-/p-tubulin
dimers, which will form the 13-fold symmetric hollow helix of the growing MT (Oakley et
al. 1990, Thawani et al. 2020).

In order to organize the y-tubulin spiral, -y-TuRC contains -y-tubulin complex proteins
(GCPs), paralogous adaptor subunits that directly bind and orient -y-tubulin (Guillet et al.
2011). Some eukaryotes, including Saccharomyces, in which y-TuRC was first discovered,
build -y-tubulin rings from seven copies of the y-tubulin small complex (-y-TuSC), a
heterotetramer composed of GCP2, GCP3, and two molecules of y-tubulin (Knop et al.
1997, Zupa et al. 2020). However, in the last eukaryotic common ancestor, GCP2 and
GCP3 appear to have duplicated and diverged to generate three additional paralogs that
substitute for GCP2/3 at specific locations around the ring (Consolati et al. 2020, Liu et

al. 2020, Wieczorek et al. 2020b) (Figure 2). The interfaces connecting adjacent GCPs are
relatively small and thus presumably weakly associated, allowing the GCP spiral to breathe
and reposition the attached -y-tubulins (Consolati et al. 2020, Liu et al. 2020, Wieczorek et
al. 2020b). This conformational flexibility has been suggested to let y-TuRC adopt a range
of geometries that, depending on how closely the y-tubulin helix mimics an MT, modulate
v-TuRC’s nucleation potential (Kollman et al. 2010).

Along with GCPs, -y-TuURC contains accessory proteins that provide structural stability
or allow attachment of recruitment factors. Tightly associated with the GCPs are the
small paralogs Mzt1 and Mzt2, which intercalate into the N-terminal extensions (NTEs)
of GCP3/5/6 and GCP2, respectively (Huang et al. 2020, Wieczorek et al. 2020a). These
small Mzt/NTE modules are attached via long linkers to the core of -y-TURC, modulating
the dynamics of the ring (Wurtz et al. 2022) and binding y-TuRC recruitment factors,
such as the y-tubulin nucleator activator (-y-TuNA, also called the CM1 domain) of the
centrosomal anchor CDK5RAP2 (Wieczorek et al. 2020a). Further structural support is
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provided by a single nonpolymerizing actin molecule. Finally, two other subunits, NEDD1
(neural precursor cell expressed developmentally downregulated protein 1) and NME7, are
present in at least one copy in the complex; however, their locations are unclear. NME7

is a poorly understood kinase of the nucleotide-diphosphate family [reviewed in Boissan

et al. (2018)] that associates with y-TURC and promotes nucleation through unknown
mechanisms likely involving phosphorylation (Liu et al. 2014). NEDD1 is a WD40 domain—
containing protein (Gunawardane et al. 2003) integrated into y-TuRC through binding

of its disordered C-terminus to NTE/Mzt1 modules of GCP3 and/or GCP5 (Cota et al.
2017, Haren et al. 2006). NEDD1 is broadly required for y-TuRC localization to both the
centrosome (Haren et al. 2006) and to spindle MTs (Luders et al. 2006), suggesting a role in
branching MT nucleation.

Best characterized as an MT polymerase, XMAP215 (Xenopus MT-associated protein of
215 kDa) (Gard & Kirschner 1987) is also essential in MT nucleation, including branching
MT nucleation, in which it binds and acts in concert with y-TuRC (Flor-Parra et al. 2018,
Gunzelmann et al. 2018, Thawani et al. 2018). XMAP215 is comprised of a variable
number of tubulin-binding TOG (tumor overexpressed gene) domains (Gard et al. 2004).
Different TOG domains within XMAP215 have duplicated and specialized to bind different
tubulins and/or tubulin conformers (Figure 2). TOG1-5 each bind to a-/B-tubulin: TOG1/2/3
preferentially bind to soluble tubulin (Howard et al. 2015, Nithianantham et al. 2018,
Widlund et al. 2011), and TOG4/5 recognize the curved tubulin lattice (Byrnes & Slep
2017, Fox et al. 2014, Widlund et al. 2011). These TOG domains enable XMAP215 to
concentrate and load new tubulin dimers at the growing MT plus end (Brouhard et al. 2008).
In contrast, the C-terminal region of XMAP215, containing a sixth divergent TOG domain
(Rostkova et al. 2018), binds y-tubulin and allows XMAP215 to collaborate with y-TuRC
to promote MT nucleation (Thawani et al. 2018). Based on this interaction, multiple copies
of XMAP215 could decorate the outside of the -y-tubulin spiral, locally concentrating a.-/p-
tubulin monomers and loading them onto the y-tubulin ring.

The augmin complex acts as a bridge between y-TuRC and the template MT, thus recruiting
the nucleation module to its correct location. Augmin has been characterized in Drosophila
(Goshima et al. 2008), humans (Hutchins et al. 2010, Lawo et al. 2009), and Arabidopsis
(Ho et al. 2011). During cell division, augmin localizes to the spindle, where it is essential
for the recruitment of y-tubulin (Goshima et al. 2008, Wainman et al. 2009). Augmin
complexes are composed of eight subunits, named in vertebrates Haus1 through Haus8
(Figure 2). Haus3/5/6/8 are easiest to detect via sequence homology, likely because they
comprise the important binding sites for y-TURC and MTs, whereas the remaining four
subunits cannot be matched across species by their primary sequence. Vertebrate augmin
has been structurally characterized at low resolution. Both human (Hsia et al. 2014) and
Xenopus augmin (Song et al. 2018) form an “h” shape (Figure 3), where the stalk of the “h”
is relatively rigid and extends ~40 nm. Augmin assembles from tetrameric subcomplexes.
The first consists of Haus2/6/7/8—called T-1 in human and T-I1 in Xengpus—and forms the
arch at the base of the “h” (Hsia et al. 2014, Song et al. 2018). The other four subunits,
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Haus1/3/4/5, form T-111, the stalk of the “h” (Song et al. 2018). These two tetramers may
connect via Haus1/4 and Haus6/8, because these form an additional tetramer in human
augmin (Hsia et al. 2014); however, in Xenopus, this third tetrameric subcomplex could not
be recapitulated (Song et al. 2018).

Although these tetrameric subcomplexes of augmin do not appear to exist independently

in the cell, they fulfill distinct functions by binding to -y-TuRC and to spindle MTs. The
T-1/T-11 arch binds to MTs via the disordered N-terminal polybasic region of Haus8 (Hsia
et al. 2014, Wu et al. 2008). Because purified T-1/T-11 has a tenfold higher affinity for MTs
than does the N-terminus of Haus8 alone (Hsia et al. 2014), this tetramer is thought to
contain a secondary binding site for MTs. The binding site or sites for -y-TuURC are less
clear. Early reports suggested that the disordered C-terminus of human Haus6 might bind
the y-TuRC subunit NEDD1 (Bucciarelli et al. 2009, Uehara et al. 2009); however, further
work with Xenopus and Drosophila augmins pointed to T-111 (Song et al. 2018) and, more
specifically, the N-termini of the Haus3/5 dimer (J.W.C. Chen et al. 2017) as the primary
NEDD1/y-TuRC binding site. The major outstanding questions are where augmin’s subunits
are located, what they look like, and how precisely they bind -y-TuRC and ultimately orient
the MT branch angle. Answering these will depend on a better structural characterization of
the complex both on its own and while bound to y-TuRC and the MT.

Even though augmin is sufficient to target -y-TuRC to spindle MTs in Drosophilaand in
vitro, it came as a surprise that, in Xengpus, one more protein is required. TPX2 was

first discovered for its role in bringing the mitotic kinesin Xklp2 (Kif15) to spindle poles
(Wittmann et al. 1998), and it also binds the kinesin Eg5 (Kif11) (Eckerdt et al. 2008, Ma
et al. 2010). However, TPX2 was soon demonstrated to enhance branching MT nucleation
by interacting with a number of the key players. TPX2 binds to and stabilizes the MT
lattice (Reid et al. 2016, Roostalu et al. 2015, Wieczorek et al. 2015). This effect can

be explained by a recent cryoEM structure, which demonstrated that a small fragment

of TPX2 (residues 300-339) bridges and stabilizes adjacent tubulin dimers, opposing the
MT lattice conformational change that occurs as MTs age and hydrolyze GTP (Zhang et

al. 2017). Intriguingly, TPX2 also undergoes a liquid-liquid phase separation, a state that
co-condenses with soluble tubulin (King & Petry 2020), physically explaining the TPX2
so-called clusters previously reported to nucleate MTs in vitro (Brunet et al. 2004, Schatz
et al. 2003). Unlike many droplets characterized in recent studies of biological condensates,
TPX2 droplets prefer to form on the MT lattice itself (King & Petry 2020). Like macroscale
droplet distribution—for example, dew on a spider web or a dripping faucet—the spacing of
these TPX2 droplets is controlled by the Rayleigh—Plateau instability (Setru et al. 2021).

The disordered N-terminus of TPX2, by recruiting the nucleation substrate tubulin, forms
a reaction crucible and enhances the rate of branching MT nucleation. In contrast, the
C-terminal half of TPX2 is ordered and is required for MT branching to occur (Petry et al.
2013). It can also independently bind MTs (Alfaro-Aco et al. 2017) and harbors the Eg5
binding site (Figure 2). The C-terminus of TPX2 contains the Spc110/Pcpl motif (SPM),
which is present in the yeast spindle-pole body protein Spc110 and leads to the activation
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of y-TuSC (Lin et al. 2014), as well as a split -y-TUNA sequence, the -y-TuURC binding/
activation motif (Alfaro-Aco et al. 2017). However, it remains to be seen whether this
split sequence from TPX2 is able to activate y-TuRC to the same extent as the continuous
v-TuNA of CDK5RAP2 (Choi et al. 2010).

Other Factors

Three additional factors have been proposed to contribute to branching MT nucleation. The
first is the kinesin Eg5, which will be discussed further in the section on branching and
motors. In addition, a role in branching has been suggested for EML3 (Luo et al. 2019),

a member of the MT-binding EML family (Fry et al. 2016). EML3 has been proposed to
directly bind augmin and recruit it to the MT, regulated by Cdk1 phosphorylation (Luo et
al. 2019). An additional recruitment factor for y-TuRC has been proposed as well—the
human receptor for hyaluronic acid—mediated motility (XRHAMM). Previous work (Groen
et al. 2004, Scrofani et al. 2015) using a series of immunoprecipitation experiments coupled
with MT nucleation assays in Xenopus egg extract suggests complex formation between
XRHAMM, TPX2, and -y-TuRC. Further work will be needed to establish the roles of these
factors in the branching MT nucleation reaction.

THE COMPLETE PATHWAY IN ANIMAL CELL DIVISION

The main branching factors were initially identified at the cellular level due to their
localization or their role in determining spindle morphology. Shortly after y-TuRC was
found not only at centrosomes but within the spindle (Luders et al. 2006, Mahoney et al.
2006), augmin and TPX2 were found to be spindle-specific -y-TuURC localization factors.
The knockdown of augmin or TPX2 led to the loss of spindle but not centrosomal y-tubulin
and reduced MT density within spindles, implicating the loss of MT nucleation within the
spindle body (Goshima et al. 2008, Hughes et al. 2008, Lawo et al. 2009, Uehara et al.
2009, Wittmann et al. 2000). Later, ex vivo experiments demonstrated directly that y-TuRC,
augmin, TPX2, and XMAP215 were each required for branched MT networks to form
(Petry et al. 2013, Thawani et al. 2018). At this point, the next tasks were to identify whether
these factors were sufficient, and in what order they facilitated MT branching. In this
section, we outline how the branching MT nucleation reaction occurs in Xenopus meiosis

Il and Drosophila mitosis. To a great extent, these models are based on ex vivo studies in
Xenopus egg extract and in vitro reconstitutions using purified components.

The Branching Microtubule Nucleation Reaction in Meiosis I

Branching MT nucleation has been extensively characterized in Xengpus meiosis Il. In this
system, y-TuRC, augmin, TPX2, and XMAP215 are all required for branching to occur. In
addition, the MT branching reaction occurs in a strict temporal order: first, TPX2 binds;
second, augmin, XMAP215, and y-TuRC are recruited; and, third, nucleation occurs (Figure
3).

Step 1: Binding of TPX2 to microtubules to establish a reaction center

The first step in the branching MT nucleation reaction occurs when TPX2 binds to the
mother MT (Figure 3), creating an environment that favors recruitment of branching factors
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and nucleation of a new MT. This has been shown in vitro, where prior incubation of

MT seeds with TPX2 dramatically increases the quantity of augmin recruited; however,
prior incubation with augmin has no effect on TPX2 recruitment (Alfaro-Aco et al. 2020).
Similarly, immunodepletion/add-back experiments in egg extract show that the sequential
addition of purified TPX2 followed by augmin yields robust nucleation, whereas the
opposite order does not even allow branching MT nucleation to occur (Thawani et al. 2019).
This result posed a conundrum, as, in the absence of TPX2, purified augmin can bind to
MTs in vitro and recruit nucleation-competent -y-TuURC to generate MTs. The requirement
for TPX2 in extract may highlight the importance of concentrating nucleation factors with
tubulin in this more complex environment, or, alternatively, a role for TPX2 in displacing
unrelated MT-binding proteins from the branch site and clearing space for augmin to bind.
The TPX2 condensate may also recruit and concentrate so-far-unidentified factors that are
needed to render the reaction robust in a physiological setting.

In addition to initiating nucleation, TPX2 appears to have further roles in the temporal
control of MT branching. Interestingly, in extract and in vivo, TPX2 preferentially binds
older MT lattice regions, i.e., those that have nucleated early in the reaction (Thawani et
al. 2019, David et al. 2019). As TPX2 in vitro localizes predominantly to the GTP cap
(Roostalu et al. 2015, Zhang et al. 2017), this surprising reversal suggests that, in extract,
TPX2 localization is controlled by factors unrelated to sensing the state of the MT lattice.
This can be explained by the slow on-rate of TPX2 binding to the MT lattice, which favors
longer existing MT regions (Thawani et al. 2019). We speculate that the slow on-rate could
be a consequence of TPX2’s preferred self-association into a condensate on the MT lattice.

Step 2: Recruitment of branching factors to mother microtubules

Upon depositing the base of the branch site, phase-separated TPX2 droplets on an MT
specifically recruit free tubulin (King & Petry 2020, Setru et al. 2021), augmin, and to some
extent y-TuRC (Figure 3). It is unknown whether free augmin is recruited to TPX2 droplets,
or if it first interacts with -y-TURC in solution prior to recruitment. Augmin can interact
with y-TuRC in solution to some degree, supporting a simultaneous recruitment model
(Song et al. 2018, Thawani et al. 2019). However, because y-TuRC and augmin interact
rather weakly in solution, and the branching reaction strictly requires the template MT as a
substrate, we speculate that some change occurs when augmin binds the MT that promotes
its interaction with y-TuRC. Although it is at present unknown what could cause this shift,
possibilities include a conformational change that augmin undergoes to enhance y-TuRC
affinity or an avidity effect due to the high local concentration of augmin and/or secondary
weak binding sites provided by TPX2.

XMAP215 is required for MT nucleation to occur, but at which point during the reaction it
associates with the branch site is unknown (Thawani et al. 2018, 2019). As the main binding
partner at the branch site for XMAP215 is y-TuRC (Thawani et al. 2018), XMAP215 likely
arrives in complex with -y-TuRC and/or is recruited after -y-TuURC binds. Conflicting results
have emerged as to whether XMAP215 nucleates MTs additively (i.e., independently) or
synergistically (i.e., cooperatively within the same pathway) with y-TuRC. When nucleation
is assayed via single-molecule TIRF microscopy, both human (Consolati et al. 2020) and
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Xenopus XMAP215 (Thawani et al. 2018) increase the MT nucleation potential of y-TuRC
in a cooperative manner. However, when MT conucleation with y-TuRC was measured
using Xenopus XMAP215 in a bulk MT nucleation assay, only an additive effect could

be observed, implying that XMAP215 nucleates MTs independently of y-TuRC (King et
al. 2020). Thus, further work will be needed to cement the timing and mechanistic role of
XMAP215 in the branching MT nucleation reaction.

Step 3: Nucleation of daughter microtubules

Recent work has shown that the recruitment of branching factors to a mother MT is
sufficient to initiate branching MT nucleation (Alfaro-Aco et al. 2020). Using an in

vitro reconstitution system, the stepwise addition of TPX2, augmin, y-TuRC, and finally
unpolymerized tubulin causes new MTSs to nucleate from GMPCPP-stabilized MT seeds

in a uniform direction. Although not required for branching MT nucleation in vitro, when
XMAP215 was added to this reaction, MT nucleation rates were significantly increased
along with overall MT length. Surprisingly, and in contrast to branching MT nucleation

in extract, nucleation in vitro, albeit to a lesser extent, can also occur in the absence of
either TPX2 or augmin. Both in extract and in vitro, the polarity and branching angle of the
resulting MTs are remarkably similar.

How an MT is physically nucleated from y-TuRC once it is recruited to the mother MT
during branching MT nucleation remains unclear. Early models suggested that y-TuRC
forms a perfect template for the growing MT (Zheng et al. 1995). However, recent cryo-EM
structures of -y-TuRC found that the diameter of the complex was ~5 nm too wide to
perfectly match a 13-protofilament MT (Liu et al. 2020, Wieczorek et al. 2020b). Thus, it
was hypothesized that closure of the y-tubulin ring would be necessary to activate -y-TuRC
as a nucleation template (Kollman et al. 2010). Various binding partners have been proposed
as y-TuRC activators, including y-TuNA-containing proteins and tubulin itself (Thawani

et al. 2020). A centrosomally derived -y-TuNA has previously been shown to directly bind
v-TuRC and enhance MT nucleation (Choi et al. 2010). In addition, work in yeast has
suggested that binding of -y-TuNA to -y-TuRC induces ring closure (Brilot et al. 2021),
whereas this could not be observed in the cryo-EM structure of -y-TuNA-bound y-TuRC
(Wieczorek et al. 2020Db).

TPX2 contains a -y-TUNA and an SPM motif, and it remains to be uncovered whether it
indeed has an activation effect on y-TuRC within the branch site, i.e., in association with
the mother MT and augmin. TPX2 may also directly enhance the nucleation process by
stabilizing the MT lattice (Reid et al. 2016, Roostalu et al. 2015, Wieczorek et al. 2015).
Whether augmin acts as a pure bridge between the mother MT and y-TuRC or whether it
can also directly contribute to y-TuRC’s nucleation activity remains an open question as
well. Both factors together could also contribute to y-TURC’s nucleating ability within the
branch site.

Branching Microtubule Nucleation in Mitosis

In addition to the pioneering work to image MT branching live in Drosophila S2 cells
(Verma & Maresca 2019), endogenous mitotic augmin and y-TuRC were recently purified
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from whole Drosophila embryos and used to reconstitute branching MT nucleation (Tariqg
et al. 2020). In Drosophila, TPX2 is not essential and not well conserved (Goshima 2011).
Hence, it is not surprising that TPX2 was dispensable for branching MT nucleation in vitro.
Yet, despite the absence of TPX2, the MT branching reaction proceeds in a similar order

as described for Xenopus meiosis in the preceding section, beginning with the localization
of augmin to the MT (Tariq et al. 2020). The average MT branch angle between mother
and daughter MTs was much wider, from 30 to 60° (Tariq et al. 2020, Verma & Maresca
2019), compared to that in Xenopus. Although it is unclear whether there is any meaningful
mechanistic consequence arising from this difference in branch angle, the species-specific
difference of the branch angle offers an opportunity to understand how the branch angle is
set.

Branching MT nucleation has also been visualized in fixed mitotic human cells using
negative-stain electron tomography (Kamasaki et al. 2013). Not only could apparent MT
branches be easily distinguished in these cells, but intriguing elongated connective density—
approximately the length of augmin—was observed at the branch sites. Furthermore, the
knockdown of Haus6 completely abolished this connecting density. These images, along
with time-lapse microscopy in Drosophila S2 cells, suggested that augmin (and presumably
v-TuRC) continues to connect the daughter MT to the parent for some time after nucleation
(Kamasaki et al. 2013, Verma & Maresca 2019).

Interestingly, even in the absence of TPX2, augmin and -y-TuRC appear to localize to
spaced puncta distributed across the length of the MT (Alfaro-Aco et al. 2020, Tariq et al.
2020, Verma & Maresca 2019). It is currently unknown whether augmin (or -y-TuRC) has
any intrinsic ability to form a condensed phase, whether in solution or, like TPX2, when
bound to the MT lattice. However, note that the MT-binding subunit of augmin, Haus8,
has the low complexity and predicted intrinsic disorder observed in many phase-separating
proteins (Tiwary & Zheng 2019). In addition, purified Haus8 forms subtle puncta when
bound to MTs (Wu et al. 2008). Further work will be needed to ascertain whether liquid—
liquid phase separation is applicable to branching factors other than TPX2, but, together,
these observations suggest the possibility that phase-separation may play a broader role in
branching MT nucleation.

INTEGRATING THE PATHWAY INTO SPINDLE ASSEMBLY

The Ran Gradient

For 30 years, the Ran GTPase pathway has been recognized as a master regulator of

spindle assembly via the spatially controlled release of spindle assembly factors (SAFs)
from importins, as reviewed in Cavazza & Vernos (2015) and Forbes et al. (2015). The Ran
pathway intersects with branching MT nucleation, because TPX2 is a SAF (Gruss et al.
2001). The details of how TPX2 is bound and inhibited by the importin dimer, composed

of importin-a and importin-g, have been elucidated. TPX2 was first described as containing
two noncanonical nuclear localization sequences (NLSs), and a crystal structure of both
NLSs in complex with importin-a was determined (Giesecke & Stewart 2010). Recently,

a third NLS, N-terminal to the previously described two, was identified, as well as an
additional interaction between TPX2 and importin-B (Safari et al. 2021). Binding of TPX2
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to importin-a or -p was shown to inhibit phase separation and prevents branching MT
nucleation from occurring (Safari et al. 2021, Schatz et al. 2003).

The distribution of active—i.e., GTP-bound—Ran throughout the cell is not uniform. The
activator of Ran, the RanGEF (Ran guanine nucleotide exchange factor) RCC1 (regulator
of chromosome condensation 1), localizes to chromosomes and generates RanGTP, whereas
RanGAPs (Ran GTPase-activating proteins) throughout the cytoplasm induce inactivating
GTP hydrolysis. The combination of these two differentially localized regulators generates
a gradient of active Ran that is highest near the chromosome (Figure 4). This gradient,
acting through importin, presumably enables branching MT nucleation in the vicinity

of chromosomes as well. In line with this hypothesis, branching MT nucleation factors

are required for the nucleation of chromosome-associated MTs; enrich on MT bundles

near chromosomes; and may be required for the polarized, kinetochore-directed growth of
noncentrosomal MTs during kinetochore-fiber assembly (Bucciarelli et al. 2009, David et al.
2019, Goshima et al. 2008, Lawo et al. 2009, Zhu et al. 2008).

On a global scale, the Ran gradient has been proposed to regulate spindle size (Oh et al.
2016) and appears critical to shaping spindle morphology, as the addition of RCC1-coated
beads to mitotic extract is sufficient to generate a bipolar spindle (Carazo-Salas et al. 1999,
Ohba et al. 1999). Interestingly, the modulation of both Ran concentration and cell size
alter the organization of MT nucleation and spindle morphology. This was proposed from
recent work (Gai et al. 2021) using microfluidics to encapsulate Xenopus egg extract in
emulsified monodisperse droplets. Using this approach, the architecture of Ran-induced MT
networks was observed to be dependent on both droplet diameter and Ran concentration.

It is currently unknown whether any other components of the branching MT nucleation
pathway are also Ran-regulated SAFs.

Branching Microtubule Nucleation and Motion

In considering the regulation of MT branching by Ran, one seeming inconsistency appears:
The Ran gradient should restrict branching MT nucleation to the vicinity of chromosomes,
yet MTs formed by MT branching are distributed throughout the entire spindle body (David
et al. 2019, Goshima et al. 2008, Lawo et al. 2009, Mahoney et al. 2006, Petry et al. 2011).
This inconsistency can be resolved by considering the action of motors and other MT-motive
forces. Although MT branches are stable in both in vitro reconstitutions and Xenopus extract
assays (Alfaro-Aco et al. 2020, Petry et al. 2013, Tariq et al. 2020), this stability is due to the
absence of motors and the inhibition of the dynein motor by vanadate or CC1, respectively.
When dynein is not inhibited in Xenopus extract assays, MT branches are quickly dislodged
and MTs disperse (Petry et al. 2013). In the spindle, MTs move en masse toward the poles
through the combined action of kinesin-dependent antiparallel sliding and dynein-dependent
poleward transport, as well as poleward flux (Steblyanko et al. 2020, Yang et al. 2008),
which is defined as the net motion of MTs due to depolymerization at the pole-localized
minus end and tubulin addition to the plus end. Both motor-based transport and poleward
flux would distribute any MTSs originating from branching MT nucleation. Intriguingly,
binding between TPX2 and the kinesins Eg5 and Kif15 has been shown to be critical for
spindle assembly (Ma et al. 2011, Mann et al. 2017, Tanenbaum et al. 2009). Eg5 and dynein
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are also required for the correct localization of TPX2 and its transport to the spindle poles
(Ma et al. 2010). It remains to be determined whether and, if so, how factor-containing
branching droplets remain close to the chromosome, where they continue to nucleate new
MTs, and whether other MT branching factors are also distributed to the periphery of the
Ran gradient, thereby activating MT branching throughout the spindle.

Phosphoregulation

At the onset of mitosis, 20% of the proteome undergoes regulation by kinases (Olsen

et al. 2010), and the components of branching MT nucleation are no exception. Both
augmin and y-TuRC isolated from mitotic Drosophila embryos have been shown to have
enhanced activity compared with those derived from interphase embryos (Tariq et al. 2020),
likely as a result of phosphorylation (Tariq and Wakefield, unpublished observations). The
phosphoregulation of branching MT nucleation mainly depends on the mitotic kinases

Cdk, PIk1, and Aurora A. Cdk1 phosphorylates the C-terminal tail of the -y-TuRC subunit
NEDD1, and this phosphorylation event is required for the recruitment of Plk1 to NEDD1
(Zhang et al. 2009). After further phosphorylating NEDD1, PIk1 also phosphorylates the
augmin subunit Haus8 to promote MT binding (Johmura et al. 2011). PIk1 additionally
phosphorylates TPX2 (Eckerdt et al. 2009), although this has not been shown to be NEDD1
dependent. The PIk1 phosphorylation of Tpx2 recruits Aurora A kinase (Eckerdt et al. 2009)
and, when bound by TPX2, Aurora A autophosphorylates to become activated [as reviewed
in Garrido & Vernos (2016)]. Active Aurora A then phosphorylates TPX2 to modulate

MT flux through CLASP1 (Fu et al. 2015). Either dependent on or independent of TPX2,
Aurora A also phosphorylates Haus8 to further modulate MT binding (Tsai et al. 2011) and
NEDD1 to promote MT assembly at the chromosome (Courthéoux et al. 2019, Pinyol et

al. 2013). Although the steps in this phosphorylation cascade have each been individually
characterized and, in some cases, explicitly linked, the full order of the cascade has never
been formally demonstrated. Furthermore, Nek9 has been shown to phosphorylate TPX2 to
inhibit importin binding and modulate Eg5 localization (Eibes et al. 2018), and numerous
additional mitotic and meiotic phosphorylation sites on NEDD1, TPX2, and augmin have
been identified through high-throughput screening (Olsen et al. 2010, Peuchen et al. 2017),
but their significance and the relevant kinases remain unknown. Further experiments will be
needed to formally connect the inputs of this regulatory cascade to their direct consequences
on the patterning of MT branching.

BRANCHING MICROTUBULE NUCLEATION IN OTHER SYSTEMS

Interphase

In one of the first screens identifying MT branching factors in Drosophila S2 cells, the
knockdown of the poorly conserved augmin subunit Dgt2—but none of the other seven—
was reported to alter morphology of the MT cytoskeleton during interphase (Hughes et

al. 2008). In most vertebrate cells, however, branching MT nucleation is suppressed in
interphase due to the sequestration of TPX2 within the nucleus (Figure 4), although augmin
remains cytoplasmic or at the centrosome (Bucciarelli et al. 2009, Schweizer et al 2021, Zhu
et al. 2008). One major exception has been recently characterized in vertebrates: postmitotic
neurons (Chen et al. 2017b, Cunha-Ferreira et al. 2018, Sanchez-Huertas et al. 2016).
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Using super-resolution microscopy (Cunha-Ferreira et al. 2018) or in situ proximity ligation
(Chen et al. 2017b), y-TuRC, augmin, and TPX2 have all been shown to localize to MTs

in mouse neurons, and, surprisingly, y-TuRC and augmin still interact with one another
despite downregulation and loss of the -y-TuURC subunit NEDD1 (Sanchez-Huertas et al.
2016). Due to the role of branching in controlling the orientation of new MTs, disruption

of the augmin complex by the knockdown of Haus6 (Cunha-Ferreira et al. 2018) or Haus7
(Sanchez-Huertas et al. 2016) subsequently disrupts MT polarity in axons. Furthermore,
depletion of TPX2, augmin, or -y-TURC all decrease neuronal MT density, and depletion

of augmin and -y-TuRC (although not TPX2) impairs dendritic development (Chen et al.
2017b, Cunha-Ferreira et al. 2018, Sanchez-Huertas et al. 2016). Either as a result of this
defect in neuronal cytoskeletal architecture and/or due to cell division—-dependent effects, the
augmin complex is required in the mouse embryo. This is true not only in the blastocyst
(Watanabe et al. 2016) but also, at later stages, during neuronal specification (Viais et

al. 2021). Whether neuronal branching MT nucleation uses the same mechanism as the
canonical mitotic one is unknown, because, surprisingly, the only putative augmin-binding
subunit of y-TURC, NEDD1, is wholly absent (Chen et al. 2017b, Cunha-Ferreira et al.
2018, Sanchez-Huertas et al. 2016). The neuronal system may in fact represent evidence for
a second, NEDD1-independent binding site on y-TuRC for augmin.

One of the first reports of branching MT nucleation described the process in the ascomycete
S. pombe (Janson et al. 2005), which surprisingly lacks both augmin and TPX2 (Figure

1c). Rather, MT branching in S. pombe relies on the protein Mto2, a nonessential protein
found only in Schizosaccharomyces. In conjunction with the y-TuNA-containing protein
Mtol, Mto2 recruits (Samejima et al. 2008) and activates (Lynch et al. 2014) y-TuRC at the
side of preexisting MTs during interphase. Intriguingly, MTs generated through this unique
fungal pathway are antiparallel to the originating MT, and, unlike the animal and plant
mitotic branching MT pathway, in S. pombe, branching is restricted to interphase, because
the phosphorylation of Mto2 during cell division inactivates the pathway (Borek et al. 2015).

A more canonical MT branching pathway may exist in the filamentous fungus Aspergillus
nidulans, which, despite also lacking TPX2, contains at least five conserved augmin subunits
(Edzuka et al. 2014). Although the deletion of Aspergillus augmin has no effect on the
mitotic spindle, further work will be necessary to determine whether this complex is
required in meiosis or interphase.

Two excellent reviews (Tian & Kong 2019, Yi & Goshima 2018) have recently addressed
branching MT nucleation in plants, to which we direct the reader for a more detailed
treatment. In brief, Arabidopsis thaliana orthologs of -y-TURC (Kong et al. 2010), augmin
(Ho et al. 2011, Pignocchi et al. 2009), and TPX2 (\Vos et al. 2008) are required during

cell division and are essential for gametogenesis (Nakamura & Hashimoto 2009, Pignocchi
et al. 2009, Vos et al. 2008). As in animal cells, during interphase, A. thaliana TPX2 is
nuclear (Mos et al. 2008), yet, surprisingly, branching MT nucleation can still occur, relying
on both y-TuRC (Kong et al. 2010, Nakamura & Hashimoto 2009) and augmin (Ho et al.
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2011). Interphase branching MT nucleation is required for the formation of cortical arrays,
which contain branched MTs at an acute angle, as well as parallel MTs (Chan et al. 2009,
Kirik et al. 2012). The ratio between these two geometries appears to be regulated by Ton2
phosphatase activity (Kirik et al. 2012), although the relevant kinase and substrate have not
yet been identified. It remains unclear why plants can support branching MT nucleation
during interphase whereas other organisms cannot, but recent work suggests that plants may
be able to accomplish this due to possession of multiple Haus8 paralogs, which function at
different points in the cell cycle (Lee et al. 2017).

BRANCHING MICROTUBULE NUCLEATION IN CANCER

Given that branching MT nucleation is a key pathway in spindle assembly (David et al.
2019, Decker et al. 2018), it may not be surprising that it is implicated in uncontrolled

cell division (Schvartzman et al. 2010). The overexpression of branching MT nucleation
factors in several malignancies has been correlated with poor patient prognosis (Alvarado-
Kristensson 2018, Ding et al. 2017, Draberova et al. 2015, Neumayer et al. 2014, Zhang
etal. 2019, Zou et al. 2018). TPX2 is upregulated in numerous cancers (Neumayer et al.
2014, Zou et al. 2018), which, besides its role in branching, could exert oncogenic effects
by regulating Aurora A kinase activity and modulating the DNA damage response pathway.
In addition, the overexpression of -y-TURC subunits has been linked to various types of
cancer, both through their role in MT nucleation and cell cycle progression, as well as in the
regulation of the DNA damage response (Dréber & Dréaberova 2021, Dréberova et al. 2015).
Branching MT nucleation has been most clearly linked to cancer progression through the
overexpression of augmin subunits. Recent evidence has shown that Haus3 and Haus5 are
upregulated in aggressive forms of hepatocellular carcinoma and glioblastoma, respectively,
and are considered prognostic markers (Ding et al. 2017, Zhang et al. 2019). Interestingly,
the knockdown of Haus3 resulted in cells arrested in G2/M phase and the inhibition of
hepatocellular carcinoma tumor growth both in vitro and in vivo (Zhang et al. 2019), but
truncation of Haus3 has also been positively linked to progression of breast cancer (Shah

et al 2009). In addition, as discussed in the section on phosphoregulation above, augmin

is phosphorylated by the mitotic kinase PIk1, which is itself upregulated in many types

of cancers (de Carcer 2019, Gomez-Ferreria et al. 2012, Johmura et al. 2011). Thus, the
hyperactivation of augmin and other branching factors, leading to an aberrant increase in
branching MT nucleation, likely plays a significant role in oncogenesis.

The loss or knockdown of MT branching factors in cancer cells has been shown to
dramatically decrease cancer cell viability and proliferation. In fact, the knockdown of

MT branching factors strongly resembles the effect of treating cancer cells with the small-
molecule MT stabilizer Taxol, a widely used and effective chemotherapeutic agent (Zasadil
et al. 2014). For example, the loss of augmin or TPX2 in cells causes cell cycle arrest and
reduces MT mass within spindles (Goshima et al. 2008, Gruss & Vernos 2004, van Gijn et
al. 2019). Likewise, in vivo mouse models show a reduction in tumor size when augmin
subunits are knocked down (Zhang et al. 2019). Similarly, the inhibition of y-tubulin—and
presumably y-TuRC—drastically perturbs mitotic spindle assembly and induces cytotoxicity
in cancer cells (Chinen et al. 2015, Ebisu et al. 2020, Traversi et al. 2019). In summary,
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understanding how branching MT nucleation can be targeted in cancer offers exciting
opportunities (Zahreddine & Borden 2013).

CONCLUDING REMARKS

As a relatively simple MT nucleation pathway, originating from a preexisting MT, branching
MT nucleation is an ideal model system to explore the underlying principles of how MTs
are nucleated in space and time. Since the first reports of branching MT nucleation 17

years ago in yeast and plant cells (Janson et al. 2005, Murata et al. 2005), much has

been determined about the primary molecular players, the order of the reaction, and how
branching is regulated within the context of the spindle. In addition, branching has been
firmly established as the dominant pathway generating spindle MTs during cell division.

Going forward, the major outstanding questions revolve around how the varied branching
factors modulate one another’s activity and how the pathway integrates into global spindle
assembly. In vitro reactions have established that TPX2, when present, concentrates and
perhaps activates y-TuRC and/or augmin, but what causes this cooperativity, as well as
what establishes the angle of the resulting branch, remains an open question. In addition,
the polymerase XMAP215 and other factors with less clearly defined roles, EML3 and
XHRAMM, have not been placed within the timeline of the branching reaction, and their
effects on the first three branching factors discovered are wholly unknown. Moreover,
although the Ran gradient and mitotic phosphorylation both have documented effects on
branching MT nucleation, it remains to be demonstrated how these regulatory pathways
converge, along with other forces that act on the spindle, to connect these nanometer-scale
recruitment centers to the micrometer-scale architecture of the spindle.

Finally, at the present date, branching MT nucleation has only been studied in a small
subset of cell types and species, leaving many questions outstanding that could help explain
the mechanism, regulation, and organism-level functions of the pathway. Branching out—
pun intended—to new species or cell types may extend our understanding of the role of
branching MT nucleation during interphase and the regulatory networks that modulate its
activity throughout the cell cycle. Because branching MT nucleation creates polarized MT
bundles, other roles in cellular structures and cell types are to be expected. In addition,
studying organisms in which some branching factors are not represented in the genome may
further clarify how the loss of different factors alters the shape of the branching reaction. In
answering these questions about branching MT nucleation, we will continue to gain insight
into MT nucleation more generally, leading to a better understanding of how the complex
and dynamic MT cytoskeleton is organized and remodeled as a whole.
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Figurel.
Branching microtubule (MT) nucleation is conserved across most eukaryotes and cell types.

(a) Branching MT nucleation has been studied in both interphase and mitosis/meiosis across
fungi, animals, and plants. MT branches are displayed in orange, and the ranges of branch
angles relative to the parent MT are annotated at the center, where at 0° the two MTSs are
parallel and at 180° they are antiparallel. (6) Diverse eukaryaotic species are represented as
spokes in a circular eukaryotic phylogeny, in which phylum groupings are annotated on the
exterior of the circle. The radial sections of each spoke are colored based on the presence or
absence of nucleation and branching factors: from the center, -y-tubulin (yeflow), y-tubulin
ring complex (-y-TuRC) subunit -y-tubulin complex protein 4 (GCP4) (blue), Xenopus MT-
associated protein of 215 kDa (XMAP215) with a tumor overexpressed gene 6 (TOG6)
domain to enable binding to y-TuRC (green), augmin subunit Haus6 (p/nk), and targeting
protein for Xklp2 (TPX2) (red). (¢) Ex vivo visualization of branching MT nucleation in
meiotic Xenopus laevis egg extract system. MTSs are labeled in red via Alexa568 tubulin and
growing plus ends via green fluorescent protein (GFP)-end-binding protein 1 (EB1). Arrows
indicate branch sites. Panel c¢reproduced from Petry et al. (2013). (a) Visualization of MT
branching in mitotic Drosophila melanogaster S2 cells during anaphase. Microtubules are
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labeled in green via GFP-a-tubulin and branch sites via y-tubulin-red fluorescent protein
(RFP). Panel dreproduced with permission from Verma & Maresca (2019).

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2022 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Travis et al.

Interaction map

Page 25

Vertebrate Drosophila Yeast Arabidopsis

yTuNA — @

TUBG TUBG Tub4/Gtb1 TUBG
Dgrip84 GCP2

GCP2

Spc97/Alp4
Dgrip75

Dgrip163 Alp16 GCP6

Mzt1 Mzt1 (Tam4) GIP1/2

NME7 (Ndk7) Nmdyn-D7 — —
NEDD1 Dgp71WD — NEDD1
b
Augmin
y-TuRC
(NEDDY) __
Haus2
(Cep27) Dgt2,7,8,0r9 — AUG2
Human Xenopus
Dg o A
Haus8 (Hice1) Dgt4 — AUGS/EDE1
C XMAP215
a/p MT Y XMAP215
PO ) S (chTOG) Msps Stu2/Alp14 MOR1
d TPX2
a/p, MT MT
I\/\N TPX2 Mei-38 — TPX2
=] !
I ti Klp2
mportin TURC P
Figure2.

Orthologous branching factors across model organisms. (&) The nucleator y-TuRC consists
of a spiral of 14 y-tubulins scaffolded by GCPs. Mzt/GCP complexes occupy diverse
positions throughout the ring, binding the accessory subunit NEDD1 and the localizer/
activator -y-TuNA. The cartoon of -y-TuRC is based on data from Consolati et al. (2020),
Liu et al. (2020), and Wieczorek et al. (2020a,b). (6) The augmin complex is an “h” shaped
hetero-octamer separable into the MT-binding tetramer 1/11 (T-1/11) and -y-TuRC-binding
tetramer 11 (T-111). Augmin is lost in yeast, and low sequence homology prevents four of
the eight Drosophila augmin subunits (Dgt2, Dgt7, Dgt8, and Dgt9) from being matched
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to their vertebrate and plant counterparts. The 2D classification of human augmin was
reproduced with permission from Hsia et al. (2014); the 2D classification of Xenopus
augmin was reproduced from Song et al. (2018). (¢) The microtubule polymerase and
nucleator XMAP215 consists of multiple tubulin-binding TOG domains, where TOG1-

3 bind soluble tubulin, TOG4-5 bind polymerized tubulin, and TOG6 binds y-tubulin.

(d) TPX2, a large, poorly-ordered protein, binds tubulin in various forms, as well as

itself, -y-TuURC, and importin regulatory proteins. The cartoon of TPX2 is based on data
from Alfaro-Aco et al. (2017). Abbreviations: -y-TuNA, y-tubulin nucleator activator; y-
TuRC, y-tubulin ring complex; ACT, actin; Alp, altered polarity; AUG, augmin; CCDC,
coiled-coil domain containing protein; Cep, centrosomal protein; chTOG, colonic and
hepatic tumor overexpressed gene; Dgp, Drosophila y-ring protein; Dgt, dim y-tubulin;
Dgrip, Drosophila y-ring protein; EDE, endosperm defective; FAM, family with sequence
similarity; GCP, y-tubulin complex protein; Gfh, GCP4 homolog; GIP, GCP3-interacting
protein; Haus, homologous to augmin subunit; Hice, Hecl-interacting and centrosome-
associated; KIAA, Kazusa cDNA sequencing project gene; Klp, kinesin-like protein;

Mei, meiotic mutant; Mod, morphology defective; MOR, microtubule organization; Msps,
minispindles; MT, microtubule; Mzt, mitotic spindle organizing proteins associated with a
ring of y-tubulin; NEDD, neural precursor cell expressed, developmentally-downregulated,;
NME, non-metastatic cells; Spc, spindle pole component; Stu, suppressor of tubulin; Tam,
transcript altered in meiosis; TPX, targeting protein for Xenopus kinesin-like protein; TUB,
tubulin; UCHLY5, ubiquitin carboxy-terminus hydrolase isozyme L5; XMAP215, Xenopus
MT-associated protein of 215 kDa.
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Figure 3.
The temporal order of branching microtubule (MT) nucleation. @ TPX2 condenses into a

liquid-like phase on the MT. @ Soluble tubulin and branching factors are recruited to the
targeting protein for Xklp2 (TPX2) droplet. Augmin and Xenopus MT-associated protein

of 215 kDa (XMAP215) may be recruited individually or in complex with -y-tubulin ring
complex (y-TuRC), and additional soluble tubulin may be recruited by XMAP215 and
v-TuRC. @ y-TuRC with XMAP215 nucleates a new MT at an acute angle to the parent
MT. After nucleation of the daughter MT, some molecules of XMAP215 track the plus tip of
the growing MT.
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Figure 4.

Branching MT nucleation is regulated within spindle assembly. In interphase, branching is
inactive due to sequestration of TPX2 (red) within the nucleus by RanGTP. After nuclear
envelope breakdown in prometaphase, RanGTP and active TPX2 are released to initiate
branching near chromosomes due to the presence of RanGEF RCC1. The inset shows
how RanGTP (green), acting through Imp-a and Imp-p, releases TPX2, and RanGDP
(green-gray) causes TPX2 to be sequestered. During metaphase, the interaction of motors
(purple) with TPX2 and MT branches causes both TPX2, new MTs, and perhaps other
branching factors to relocate throughout the spindle. Abbreviations: -y-TuRC, y-tubulin
ring complex; Imp-a/p, importin a/B; MT, microtubule; RanGAP, Ran GTPase-activating
protein; RanGEF, Ran guanine nucleotide exchange factor; RCCL1, regulator of chromosome
condensation 1; TPX2, targeting protein for Xklp2.
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