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ABSTRACT 

Oriented cell divisions contribute to tissue morphogenesis and homeostasis. Planar 

divisions occurring with the spindle within the epithelial plane enlarge sheets and tubules, 

while asymmetric cell divisions with the spindle aligned to the apico-basal polarity axis 

sustain differentiation programs. Several pathways have been involved in establishing 

correct spindle orientation, both in cultured cells and in vivo. Most of these pathways 

impinge on the evolutionarily conserved Gαi/LGN/NuMA complexes that orient the 

spindle by generating pulling forces on astral microtubules (MTs), via direct interaction of 

NuMA with the MT-motors Dynein/Dynactin.  

My PhD projects focused on the molecular mechanisms underlying the spindle orientation 

function of Afadin, and on the relevance of NuMA phosphorylation by Aurora-A for 

spindle orientation.  

During planar cell divisions, Gαi/LGN/NuMA assemblies are restricted to the lateral 

cortex, for molecular reasons that are still unclear. Studies conducted during this thesis 

indicate that LGN interacts directly with the junctional and F-actin binding protein Afadin, 

and define the TPR domain of LGN (hereon LGNTPR) and a C-terminal peptide of Afadin 

(AfadinPEPT) as the minimal interacting regions retaining micromolar binding affinity. The 

crystal structure of the LGNTPR-AfadinPEPT fusion protein shows that the AfadinPEPT 

threads along the LGNTPR superhelix with opposite chain directionality, similarly to what 

observed for LGN in complex with other ligands, including NuMA. Consistently, we 

provided evidence that Afadin competes with NuMA for binding to LGN. Afadin knock-

down in HeLa cells leads to reduced LGN cortical levels, and unexpectedly also to 

complete loss of cortical NuMA and Dynein/Dynactin, and hence spindle misorientation. 

Importantly, we discovered that Afadin interacts concomitantly with F-actin and LGN in 

vitro. Furthermore, we showed that loss of Afadin impairs correct cystogenesis of Caco-2 

cells, suggesting that it plays essential functions in epithelial planar cell divisions. 

Altogether our data suggest a model whereby in metaphase Afadin mediates cortical 
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recruitment of Dynein/Dynactin, by targeting LGN at the lateral cortex via direct and 

concomitant interaction with LGN and with cortical F-actin. Later, LGN engages with 

NuMA and Dynein/Dynactin to exert pulling forces on the mitotic spindle. Thus, Afadin 

represents the first described mechanical anchor between the acto-myosin cell cortex and 

the Dynein/Dynactin MT-motors.  

 
Besides being spatially regulated, the cortical recruitment of Gαi/LGN/NuMA is timely 

controlled by mitotic kinases coordinating spindle orientation with mitotic progression. It 

was reported that the activity of the mitotic kinase Aurora-A is required for correct spindle 

orientation in human cells in culture, and that NuMA is among its phosphorylation targets. 

However, whether NuMA is phosphorylated directly by Aurora-A and how molecularly its 

kinase activity affects spindle orientation was still unknown when we started our studies. 

Analyses in HeLa and RPE-1 cells revealed that, in metaphase, depletion or inhibition of 

Aurora-A leads to aberrant accumulation of NuMA at the spindle poles and loss from the 

cortex, despite LGN localizes normally at the cortex. FRAP experiments revealed that 

Aurora-A governs the dynamic exchange between the cytoplasmic and the spindle pole-

localized pools of NuMA. Our experiments in vitro and in cells showed that Aurora-A 

phosphorylates directly three serine residues on the C-terminus of NuMA, and mutation of 

Ser1969 into alanine recapitulates the aberrant polar accumulation of NuMA and the 

spindle orientation defects observed upon Aurora-A inhibition. Thus we concluded that 

phosphorylation on Ser1969 of NuMA by Aurora-A controls NuMA distribution between 

the spindle poles and the overlying cortex, and allows proper spindle orientation. 

Intriguingly, Ser1969 lies within a previously characterized microtubule (MT)-binding 

domain. However, in vitro co-sedimentation and bundling assays revealed that the binding 

affinity of NuMA for MTs is unaltered by Aurora-A-mediated phosphorylation, suggesting 

that unphosphorylated NuMA accumulates at spindle poles via a receptor other than MTs. 

Most interestingly, with our experiments we also identified a new MT-binding domain of 
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NuMA positioned downstream of the LGN binding motif. This result is consistent with our 

finding that NuMA can simultaneously interact with LGN and MTs. Based on these data, 

we propose that in metaphase the MT-binding activity of NuMA may contribute to anchor 

astral MT +TIPs at cortical sites together with LGN. 
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1 INTRODUCTION     

1.1 Oriented cell divisions in development 

During development and adult life, oriented divisions shape epithelial architecture 

contributing to both tissue formation and homeostasis. Oriented divisions imply an active 

process whereby the mitotic spindle aligns along a specific axis, determined by cellular 

polarity, generally inherited by the epithelial tissue in which the cell is embedded. 

Epithelial polarity is set up via antagonizing forces between the apical Par3/Par6/aPKC 

polarity complex (referred to as Par proteins hereon) and baso-lateral Scribble/Dlg/Lgl 

proteins. The orientation of the mitotic spindle with respect to the apico-basal axis 

determines whether the outcome of the cell division is symmetric (SCD) or asymmetric 

(ACD). In prototypic SCDs the spindle is positioned perpendicularly to the apico-basal 

axis, so that the cytosolic content is equally partitioned, and two daughter cells with 

identical cellular content will be generated upon cytokinesis (Fig. 1a, top). Conversely, in 

ACDs the spindle becomes aligned along the apico-basal axis, producing two cells with 

unequal inheritance of cytoplasmic components, ultimately following a different fate (Fig. 

1a, bottom). ACDs occur only in stem cells and are particularly relevant for a process 

known as stem cell self-renewal, in which upon division one cell retains stemness while 

the other one becomes committed to differentiation. Stem cells can also divide via 

proliferative symmetric divisions to amplify the stem cell pool. The right balance between 

stem cell ACDs and SCDs ensures proper combination of proliferation with differentiation, 

which is essential for tissue development and homeostasis. Indeed, deregulation of stem 

cell proliferation via aberrant SCDs in Drosophila neuroblasts (NBs) results in brain tissue 

overgrowth with tumor-like phenotype [1]. Oriented SCDs contribute to the maintenance 

of tissue integrity by orienting the mitotic spindle within the plane of the epithelial sheet, a 

process known as planar cell division (see paragraph 1.1.2). The relevance of planar cell 

division for proper tissue maintenance came from recent studies in the Drosophila 

cuboidal follicle epithelium, the columnar embryonic ectoderm, and the pseudostratified 
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neuroepithelium. In these epithelia, ectopic expression of the stem cell-specific adaptor 

Inscuteable (Insc) induces aberrant ACDs, thus generating cells that are positioned outside 

of the epithelium upon cell division. Surprisingly, live imaging studies revealed that these 

cells are readily reintegrated into the cell layer, through a mechanism dependent on lateral 

adhesions [2]. In support to the role of planar SCDs in maintaining epithelial integrity, 

depletion of epithelial junctions in the Drosophila imaginal discs leads to cell delamination 

and cell death [3]. Consistently, blocking apoptotic pathways in misaligned cells is 

sufficient to induce the formation of tumor-like masses.  

The molecular mechanisms underlying ACDs’ execution have been a matter of long 

debate. In the case of intrinsic ACDs, stem cells polarize cell-autonomously and daughter 

cells acquire different fates by inheriting unequal cytoplasmic components. In other cases, 

the external tissue instructs stem cell polarity, in particular by contacts with cellular 

microenvironments known as niches. In this case, unequal partitioning of niche contacts, 

determined by the orientation of the division, defines differential positioning of daughter 

cells and results in differential fate. These types of oriented divisions are commonly 

referred to as extrinsic ACDs [4, 5]. The concept of niche is defined as a ”specific 

anatomic location that regulates how stem cells participate in tissue regeneration, 

maintenance and repair“ [6].  

One of the most studied adult stem cell niche in vertebrates is the base of intestinal crypts, 

likely because of its high rate of regeneration. Intestinal stem cells (ISCs) localize at the 

bottom of the crypts interspersed with Paneth cells that work as niche (Fig. 1b). The 

restriction of Paneth cells to the base of the crypts has been ascribed to repulsion forces 

occurring between EphrinB1 and its receptor EphB3 [7]. More recently, ablation of the 

adherens junction protein Afadin has been shown to cause mislocalization of Paneth cells 

leading to stem cell overproliferation [8]. In fact, Paneth cells are responsible for the 

generation of a Wnt3 gradient, which is crucial to maintain stemness limited to the crypt 

base (Fig. 1b). In general, the Wnt pathway has emerged as a major short-range 
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morphogen driving tissue formation via stem cell regulation (see paragraph 1.2.3). 

Importantly, experiments carried out in isolated ES cells demonstrated that Wnt3a-ligand-

coated beads were able to induce orientation of the mitotic spindle perpendicular to the 

bead, suggesting that localized Wnt-signaling is sufficient to reorient stem cell divisions. 

In this in vitro system, after cytokinesis the daughter cell proximal to the Wnt bead 

expressed pluripotency genes, while the more distal one showed hallmarks of 

differentiation [9]. 

 

 

Fig. 1. Oriented cell divisions sustain tissue morphogenesis and integrity. a) Scheme of 

asymmetric versus symmetric self-renewing stem cell divisions. In SCDs (top) stem cells 

proliferate by equally distributing cellular components between the two daughter cells, generating 

two stem cells. In ACDs (bottom) self-renewal is attained by unequal partitioning of fate 

determinants and niche contacts, so that only one cell retains stemness (pale yellow) while the 

other one is committed to differentiation (gold). The mitotic spindle is in green, while spindle poles 

are depicted in red. A dashed line indicates the plane of the cell division. b) The small intestine is 

formed by a monolayered epithelium folding into villi and crypts. At the crypt base, ISCs 

intercalate with Paneth cells (green) secreting Wnt ligands and thus acting as niche. Upon 

proliferation ISCs move upward along the crypt wall, experience reduced Wnt-signals, and 

differentiates into transit-amplifying (TA) progenitors. TA progenitors, in turn, differentiate into 

the variety of cells populating the villi to replace the epithelial cells, which are shed into the 

intestinal lumen at the villus tip. 
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In the next two paragraphs I will describe how oriented cell divisions are attained in 

different cellular systems and contexts, via combination of intrinsic and external cues. 

 

1.1.1 Spindle orientation in asymmetric cell divisions  

Much has been learnt about the molecular bases of ACDs in invertebrate systems such as 

Drosophila neuroblasts (NBs, the stem cells of the central nervous system), Drosophila 

sensory organ precursors (SOPs, the stem cells of the peripheral nervous system), and the 

Drosophila germ line stem cells (GSC). For a summary of proteins involved in ACDs, and 

the nomenclature, please see Table 1.  

 
Drosophila Vertebrates 

Pins LGN 
Gαi/Gαo Gαi 

Mud NuMA 
Canoe Afadin 
Insc mInsc 

Bazooka Par3 
Par6 Par6 

aPKC aPKC ζ/ι/λ 
Dlg Dlg1 
Dsh Dvl1/2/3 

 

Table 1. Spindle orientation proteins in flies and in vertebrates. 

Orthologs of proteins involved in spindle orientation and in cell polarity in vertebrates, and in 

Drosophila melanogaster. 

 

In all these systems, spindle coupling to polarity cues is attained through cortical 

recruitment of Dynein/Dynactin-based microtubule-motors (MT-motors), assembled on 

Gαi/LGN/NuMA complexes (Fig. 3) (described in paragraph 1.2.1). Cortical clustering of 

MT-motors connected to astral-MTs results in the generation of pulling forces on the 

spindle, through the MT-minus-end directed motion of Dynein. While force generation 

mechanisms are evolutionarily conserved, the localization of Par proteins and of MT-

motors in dividing cells, and their distribution between daughter cells is strongly system 

and context-dependent. Drosophila NBs, after delamination from the neuroepithelium, 
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give rise to one self-renewing NB that remains attached to the epithelial layer, and to one 

ganglion mother cell (GMC) producing either two neurons or glial cells (Fig. 2a). 

Drosophila NBs are the prototype of intrinsic ACDs, which are executed in a cell-

autonomous manner. After cell division, Par proteins (Bazooka/Par6/aPKC) are retained 

by the NB stem cell, while the set of molecules called fate determinants such as Prospero, 

Numb and Brat are confined into the differentiating cell [10]. In this system, the MT-

motors built on Gαi/Pins/Mud complexes (the fly counterpart of Gαi/LGN/NuMA) 

segregate with Par proteins into the NB, through the action of the adaptor protein Insc, 

which binds physically to both Bazooka [11] and Pins [12]. In fact, in this system, loss of 

Insc [10] or of Mud/Pins [13, 14] compromises spindle coupling to the polarity axis, and 

hence the asymmetric outcome of the division. 
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Fig. 2. Spindle orientation in model systems of ACD. a) Intrinsic ACDs of Drosophila 

neuroblasts delaminated from the neuroepithelium generating two differently sized daughters: one 

neuroblast and one ganglion mother cell (GMC). The larger neuroblast, that maintain stemness, 

inherits the apical Baz/Par6/aPCK polarity complex (purple crescent), and the spindle orientation 

proteins Pins, Mud, Gαi, Inscuteable, and Canoe (cyan crescent). The smaller GMC inherits fate 

determinants (brown dots) that activate a neuronal differentiation program. b) Drosophila male 

GSCs divide asymmetrically producing one stem cell contacting the niche (Hub) through adherens 

junctions (magenta rods), and a distal daughter differentiating into a gonioblast and positioned 

among somatic cyst cells. c) During development, murine epidermal progenitors balance ACDs 

and SCDs to stratify the skin. Basal progenitors adhere to the basement membrane (niche) through 

β-integrins (green), and to neighboring cells through adherens junctions (magenta rods). These 

contacts and the apical localization of the Par complex Par3/Par6/aPKC (purple dots) define the 

progenitor apico-basal polarity. Vertical ACDs (left) occur with the spindle aligned to the apico-

basal polarity axis, and generate a basal progenitor and a differentiating suprabasal cell inheriting 

Par3, Insc, LGN and NuMA (cyan dots). Planar SCDs expand the basal progenitor pool (right).  

 

Like NBs, Drosophila germ-line stem cells (GSCs) achieve self-renewal by ACDs. 

However in this case, fate asymmetry is not cell-autonomous, but relies on the influence of 

a niche called “Hub”. In the male gonad, GSCs adhere through E-cadherins to the Hub 

cells, which activate Jak-STAT signaling in the nearby cells [15] (Fig. 2b). As GSCs cells 

divide with their spindle perpendicular to the Hub, cells maintaining contact with the niche 

will retain stemness, while the distal ones will differentiate into a gonioblast.  

The influence of the proximity to a niche has been reported also for vertebrate ACDs. It is 

worth mentioning that although the role of Par proteins in coordinating cellular polarity 

with the spindle axis is a common feature throughout evolution, and the players involved in 

spindle orientation are often conserved, transferring the molecular knowledge acquired in 

invertebrates to vertebrate systems has proven difficult. One of the best-characterized 

vertebrate systems dividing asymmetrically is the stem cell compartment of the developing 

murine skin. During embryonic development, murine basal skin progenitors exist as a 

monolayer attached to a basement membrane (Fig. 2c). Being rich in growth factors and in 

extracellular matrix (ECM) ligands, the basement membrane is assumed as bona fide 

niche. Skin progenitors are attached to the basement membrane via integrins, and 
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connected to one another by E-cadherins. This configuration establishes their apico-basal 

polarity, with Par proteins apically restricted. At the early stages of skin development, until 

day E10, the progenitors divide planarly with their spindle parallel to the basement 

membrane to enlarge the stem-cell pool and to expand the epithelium (Fig. 2c, right). At a 

later stage, to allow skin stratification, progenitor divisions switch to vertical with their 

spindles perpendicular to the basement membrane (Fig. 2c, left). As a result, one cell 

remains in the basal layer as a basal progenitor, while the other one is displaced in the 

suprabasal layer, and differentiates in a Notch-dependent manner [16]. In skin progenitors, 

the molecular mechanism underlying the switch from planar SCDs to vertical ACDs relies 

on the apical localization of mInsc (the mammalian ortholog of Insc), LGN, NuMA, and 

Dynein/Dynactin (Fig, 2c, cyan crescent) [17]. Consistently, ablation of LGN, NuMA or 

Dynactin in asymmetrically dividing progenitors by in utero electroporation, reverted 

perpendicular divisions and prevented skin stratification [16]. A more recent study in the 

same system reported that the kinase aPKCλ is also essential for setting the correct balance 

between SCDs and ACDs throughout epidermal embryonic development [18].  

 

1.1.2  Spindle orientation in symmetric cell divisions  

As already mentioned, planar cell divisions orient the mitotic spindle within the plane of an 

epithelium. The mechanisms underlying these oriented divisions have been extensively 

studied in both isolated cells and in tissues. A model system widely used to study polarized 

SCDs in monolayered epithelia consists of three-dimensional cultures of MDCK and Caco-

2 cells. These 3D-cultures grow as monolayered spheres by planar cell divisions, in which 

the apical side of cells faces the inner hollow lumen [19-21]. A more simple system to 

study basic mechanisms of orientation in symmetrically dividing cells, regardless of 

cortical polarity, are HeLa cells plated on fibronectin coverslips, where the mitotic spindle 

aligns to a fibronectin-coated substrate, in a β1-integrin dependent manner [22] (Fig. 8a). 

A plethora of studies exploiting these models of SCDs indicated a prominent role of LGN 
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and NuMA in maintaining proper spindle orientation. In metaphase, LGN is recruited at 

the plasma membrane by interaction with Gαi subunits, and targets to the membrane 

Dynein/Dynactin motors through NuMA [23, 24] (Fig. 3). Accordingly, knock-down of 

NuMA prevents cortical enrichment of Dynein/Dynactin and randomizes the spindle. 

Furthermore, overexpression of either LGN or Gαi causes excessive spindle oscillations 

and misoriented divisions [23, 25], indicating that appropriate levels of Gαi/LGN/NuMA 

are required for correct spindle orientation. Intriguingly, as explained in more detail in 

paragraph 1.4.2, studies in HeLa cells showed that Ran-GTP prevents cortical enrichment 

of LGN and NuMA above the metaphase plate, thus confining their localization to the 

regions of the cortex above the spindle poles [26] (Fig. 10a, left). In chick neuroepithelial 

cells dividing planarly, Gαi/LGN/NuMA complexes localize in an equatorial cortical belt 

[27], while LGN is enriched at the lateral cortex of mitotic cells in MDCK cysts, where its 

depletion causes spindle misorientation and defective cystogenesis [20]. How LGN 

becomes restricted at the lateral cortex during vertebrate planar cell divisions (Fig.3) is not 

known. Studies in MDCK cysts revealed that the kinase aPKC prevents apical localization 

of LGN by phosphorylating its linker domain on Ser401. Upon phosphorylation, 

recruitment of 14-3-3 proteins would displace multiple Gαi subunits from LGN, thus 

excluding it from the apical cortex [19]. As will be discussed in paragraph 1.2.2, the 

interaction with the baso-lateral protein Dlg1 (Dlg in Drosophila) has been shown to 

mediate lateral recruitment of LGN in chick neuroepithelium [28] and in Drosophila 

follicular epithelium [29]. However, whether these are the only cortical cues targeting 

LGN at the lateral cortex of planar mitoses remains an open issue. 

1.2 Mitotic spindle orientation pathways 

In both ACDs and SCDs, cells respond to specific cues that instruct spindle orientation by 

influencing the distribution of the Dynein/Dynactin motors, which in turn capture the plus-

ends of astral MTs to exert pulling forces on the spindle poles towards the cortex. Stimuli 
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instructing spindle orientation derive from intrinsic factors, such as membrane associated 

proteins localizing in specific cortical domains, from cell geometry, as well as from 

extrinsic signals including growth factors, cell-matrix contacts, and cell-cell contacts [30]. 

Different pathways responsible for the recruitment of MT-motors convey external and 

intrinsic cues to the mitotic spindle, all impinging on the common Gαi/LGN/NuMA 

assembly.  

 

1.2.1 Structural organization of the Gαi/LGN-dependent spindle orientation   

            machinery 

The core components of the force generating machinery pulling on astral MTs are trimeric 

complexes formed by the Dynein/Dynactin interactor NuMA (Nuclear Mitotic Apparatus), 

the switch protein LGN (Leu-Gly-Asn repeat-enriched protein) and the Gαi subunit of the 

heterotrimeric G proteins (Fig. 3). Notably, FRET-based studies demonstrated that LGN 

behaves as a conformational switch that in interphase is held in an inactive closed 

conformation by a head-to-tail interaction between its N-terminal and its C-terminal 

domains [25] (Fig. 4a, right). The domain structure of LGN consists of eight N-terminal 

tetratricopeptide-repeats (TPRs) and of four GoLoco motifs at the C-terminus, joined by a 

linker region of about 100 residues (Fig. 4a). At mitotic entry, LGN is targeted to the 

plasma membrane by direct interaction of its C-terminal GoLoco motifs (LGN-GoLoco) 

with multiple Gαi-GDP subunits, whose myristoyl group inserts into the phospholipid 

bilayer.  The N-terminal TPR region of LGN (LGNTPR hereon) acts as cortical receptor for 

NuMA, which after nuclear envelope breakdown is released into the cytoplasm, and 

recruits Dynein/Dynactin to the cortex, resulting in the generation of pulling forces on the 

spindle [23] (Fig. 3). Importantly, structural studies revealed that LGN-GoLoco associates 

exclusively with the GDP-loaded form Gαi [31, 32], acting as guanine dissociation 

inhibitor (GDI). Timely regulation of the assembly of active Gαi/LGN/NuMA/Dynein 

complexes at the cortex involves a non-canonical G-protein pathway, whereby Gαi 
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dissociates from Gβ/γ by action of a guanine exchange factor (GEF), and a localized pool 

of Gαi-GDP forms to bind LGN. The GEF Ric-8 catalyzes the release of GDP from 

isolated Gαi subunits, thus limiting the concentrations of Gαi-GDP molecules available for 

interacting with LGN-GoLoco. Ric-8 has been implicated in asymmetric cell division 

execution in Drosophila [33] and in C. elegans [34], as well as in symmetrically dividing 

HeLa cells, where its depletion reduces cortical localization of MT-motors and causes 

spindle misorientation [24]. As Gαi-GDP localizes uniformly at the cortex, what restricts 

the localization of LGN/NuMA above the spindle poles is still unclear [25, 27, 35]. 

 

 

Fig. 3. The evolutionarily conserved spindle orientation machinery built on Gαi/LGN/NuMA 

complexes.  Model of the spindle orientation machinery at work in dividing vertebrate epithelial 

cells, where cortical polarization is established by apical distribution of the conserved 

Par3/Par6/aPKC complex. Cortical trimeric Gαi/LGN/NuMA assemblies are required to orient the 

mitotic spindle by anchoring astral MTs to the cell cortex. At mitotic entry, LGN (depicted in 

orange) is targeted to the plasma membrane by direct interaction of its C-terminal GoLoco motifs 

with multiple Gαi-GDP subunits (cyan), whose myristoyl group inserts into the phospholipid 

bilayer. The N-terminal TPR region of LGN acts as cortical receptor for NuMA (violet), which 

after nuclear envelope breakdown is released into the cytoplasm, and recruits Dynein (shown in 
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brown) to the cortex. The minus-end directed movement of Dynein/Dynactin generates pulling 

forces on the astral MTs, ultimately resulting in spindle positioning towards Gαi/LGN/NuMA 

lateral crescents. The GEF Ric-8 (dark orange) controls the timely activation of the 

Gαi/LGN/NuMA by catalyzing the release of GDP from isolated Gαi subunits. 

 

During asymmetric division, a crosstalk exists between the Gαi/LGN/NuMA complexes 

and apical Par proteins, mediated by mInsc. Such link has been documented in fly NBs by 

genetic and imaging studies [10, 14]. Similarly, imaging analyses in murine skin 

progenitors dividing vertically revealed that Par proteins, mInsc, NuMA, and LGN 

colocalize in a crescent above the apical spindle pole to orient the mitotic spindle along the 

apico-basal axis [17] (Fig. 2c, cyan spheres). Based on this evidence, a simple spindle 

orientation model has been proposed in which Par proteins/Insc/LGN/NuMA and Dynein 

would be part of the same macromolecular complexes (Fig. 2a,c). Nevertheless, more 

recent biochemical and structural data with mammalian and insect proteins showed that 

mInsc/Insc and NuMA are competitive interactors of LGN/Pins [12, 36] (Fig. 5), thus 

challenging the model of a single macromolecular complex. LGN and Pins share the same 

domain structure, although Pins has only three GoLoco motifs instead of four (Fig. 4a). 

TPR motifs consist of a couple of antiparallel α-helices termed A and B connected by a 

short turn. They stack to one another creating arrays of repeats, which form superhelical 

scaffolds (Fig. 4b, top). LGNTPR/PinsTPR show distinct structural features compared to the 

canonical TPR motifs. First, the fourth TPR-repeat of both PinsTPR and LGNTPR presents an 

insertion between helices A and B (Fig. 4b, bottom), resulting in a longer repeat that 

distorts the superhelix by an outward displacement with respect to the helical axis [12, 36, 

37] (Fig. 4b, top). Second, the presence of a set of asparagines, belonging to the invariant 

NLGN motifs, within the αA-helices of each TPR generates an asparagine ladder providing 

a docking ridge for LGN/Pins ligands [12] (Fig. 4b).  
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Fig. 4. Peculiar architecture of the TPR motifs of LGN/Pins. a) Domain structure of the full-

length LGN with the eight N-terminal TPRs represented in bright orange, and the four C-terminal 

GoLoco motifs in darker orange. LGN is active in the open conformation (left), while the N- and 

the C-terminus engage in a head-to-tail arrangement to inhibit its activity in interphase (right). b) 

Top. Cartoon representation of the architecture of LGNTPR. Each TPR motif is shown in a different 

color, and consists of two antiparallel α-helices shown as cylinders. The invariant asparagines 

within the NLGN motifs are shown in sticks. Bottom. Structure-based alignment of the TPR 

sequences of LGN and Pins. The insertion between the A and the B α-helices of TPR4 is visible in 

both proteins. The NLGN motifs in the A α-helices are shown in purple, while the conserved 

hydrophobic residues conforming to the canonical TPR consensus are depicted in cyan. 
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Because of these peculiarities, LGNTPR/PinsTPR are endowed with a structural versatility in 

binding to diverse target proteins. Despite sharing very low sequence similarity (Fig. 5e), 

LGN/Pins ligands including mInsc [37], Insc [12], NuMA [36], Frmpd1/4 [38, 39], and the 

LGN-GoLoco itself [40] dock to the same surface of the TPR domain, within the inner 

concave groove formed by the TPRs’ A α-helices (Fig. 5a-d, bottom). The crystal 

structures of LGNTPR/PinsTPR in complex with Insc, mInsc, and NuMA show that all the 

fragments of the LGN interactors are about 32-40 residues long and thread along the 

internal surface of LGNTPR with an extended conformation and with opposite chain 

directionality (Fig. 5 a-c). The LGN-GoLoco3-4 fragment behaves differently, as it binds 

only partially to the extended surface of the LGN superhelix, with two out of five key 

residues conserved with the other LGN ligands (Fig 5d,e). Due to the similarity in LGN-

binding, these interactors are all competitive ligands of LGN [12, 36].  In particular, mInsc 

and NuMA compete for the binding to LGN with mInsc displaying a five-fold higher 

affinity compared to NuMA. In the same study, the preferential binding of mInsc has been 

confirmed in the presence of full-length LGN/Gαi [12]. The higher binding affinity 

displayed by mInsc is reflected in its more extended interaction surface as compared to the 

other proteins in complex with LGN. In fact, NuMA, and LGN-GoLoco3-4 contact only 

TPRs 1-6 or TPRs 5-8 respectively (Fig. 5c,d), while Insc/mInsc, besides binding to the 

core TPRs 1-6 module, further extend on TPR6-8 with an N-terminal α-helix that 

strenghtens the interaction (Fig. 5a,b). Structure-based sequence alignment of the LGN-

binding peptides from Insc (residues 303-340), mInsc (residues 23-58), NuMA (residues 

1900-1928) and the mouse LGN-GoLoco3-4 peptide (residues 618-632), suggests that the 

key residues involved in the interaction are conserved (Fig. 5e), although the overall 

sequences share little similarity.  
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Fig. 5. Architecture of PinsTPR/LGNTPR in complex with its ligands. a) Cartoon (top) and surface 

(bottom) representation of the PinsTPR/Insc303-340 complex (PDB ID 4A1S). Pins is shown in gray, 

while Insc in cyan. b) LGNTPR/mInsc23-69 complex (PDB ID 3SF4) where LGN is show in gray, 

whereas mInsc in blue. c) Topology of LGNTPR/NuMA1900-1928 (PDB ID 3RO2), with the NuMA 

peptide shown in pink. d) LGNTPR in complex with GoLoco593-651 (PDB ID 4JHR). The GoLoco 

fragment encompasses the 3rd and the 4th GoLoco motif, and is shown in red. e) Structure-based 

sequence alignment of the LGNTPR interactors. The conserved residues involved in the binding to 

LGN are highlighted in red. 

 

Thus all LGN ligands are competitive interactors, with Insc displaying the highest affinity, 

followed by NuMA and by LGN-GoLoco3-4 [12, 36, 40]. Such a hierarchy of binding 

affinities seems to be crucial for the temporal and spatial regulation of spindle orientation. 
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In fact, besides competing with each other, mInsc and NuMA are both capable of 

displacing LGN-GoLoco from LGNTPR into an LGNTPR/LGN-GoLoco reconstituted 

complex [12, 25], meaning that they play a role in the opening of the head-to-tail 

interaction holding LGN in the inhibited state. In contrast, it has been reported that the 

activation of full-length LGN/Pins in cells requires the synergistic binding of NuMA/Mud 

and several Gαi subunits [41], suggesting that the linker of LGN contributes to strengthen 

the intra-molecular interaction keeping LGN in the closed conformation. Biochemical and 

imaging studies showed that in Drosophila NBs, Gαi binds to the first GoLoco motif to 

recruit Pins at the apical cortex without opening it, but rather priming the molecule for 

subsequent cooperative binding of other Gαi subunits and Mud to GL2-3 and to PinsTPR, 

respectively [42]. As the determinants involved in LGNTPR/PinsTPR binding are conserved, 

designing mutants on either Insc or NuMA aimed at uncoupling their role in the opening of 

the LGN-switch might be a challenge. The competitive interaction observed for mInsc and 

NuMA to bind LGNTPR argues against the hypothesis whereby mInsc is the molecular 

bridge recruiting Gαi/LGN/NuMA complexes to the apical cortex in asymmetric mitoses. 

Thus, how Insc contributes to oriented apico-basal division still remains unexplained.  

Another question arising from the current model is how Gαi/LGN/NuMA complexes 

remain restricted at the apical site in ACDs. As will be described in the next paragraph, in 

Drosophila NBs cortical Dlg interacts with the phosphorylated linker of Pins, thus 

providing an apical anchorage independent of the Insc/Par complex [43]. In addition, as 

will be introduced in paragraph 1.3.3, the F-actin binding protein Canoe (Afadin in 

vertebrates) may serve a similar purpose, thus keeping Gαi/Pins/Mud at the apical cortex to 

orient the mitotic spindle along the apico-basal axis [44]. 

1.2.2 The Dlg/LGN pathway  

The polarity protein Dlg has been implicated in spindle orientation in the Drosophila 

follicular epithelium and in the vertebrate neuroepithelium, through a mechanism relying 
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on its direct binding with LGN/Pins. In flies, the direct interaction between Dlg and Pins 

depends on Aurora-A-mediated phosphorylation on Ser436 of the Pins linker. The 

relevance of the Dlg/Pins interaction has been investigated in the so-called “induced cell 

polarity system” in Drosophila S2 cell-doublets, developed by Johnston and colleagues 

[43]. In this system, fusion to the cell-cell junction protein Echinoid is used to localize a 

protein/domain of choice to the contacts between clustered cell pairs. Then, the orientation 

of the spindle axis compared to the cell-cell junction domain is measured. In particular, by 

fusing phosphorylated Pins to Echinoid (Ed-Pins) the authors monitored the spindle 

orientation with respect to the Ed-Pins cortical enrichment, and found the existence of an 

Aurora-A/Pins-Linker/Dlg spindle orientation pathway that captures astral MT plus-ends 

through the kinesin Khc-73. The same authors showed that this pathway works 

synergistically with Gαi/Pins/Mud to drive mitotic spindle orientation in metaphase. In 

Drosophila epithelial cells such as SOP and the ovary follicular ones, Dlg regulates Pins 

localization. Indeed, in SOP cells Dlg localizes and restricts Pins at the anterior cortex to 

generate asymmetric planar cell divisions [45]. On the other hand, in the follicular 

epithelium, Dlg classical baso-lateral localization at septate junctions instructs lateral 

distribution of Pins, thus inducing symmetric planar cell divisions [29]. The crystal 

structure of the guanylate kinase (GK) domain of Dlg1 in complex with phospho-Ser401 

LGN peptide (Fig. 6a) [46] supports the evidence that LGN/Dlg1 interaction is conserved 

in vertebrates [47], even though in this case in vitro experiments indicate that LGN Ser401 

might be phosphorylated by aPKC [19, 46]. Consistent with a role of Dlg1 in driving 

planar spindle orientation also in vertebrates (Fig. 6b), its depletion in chick 

neuroepithelium and HeLa cells causes a reduction of LGN cortical levels and spindle 

misorientation [28]. However, as already mentioned in paragraph 1.1.2, the phospho-

Ser401-LGN lateral distribution in MDCK planar mitoses seems to rely on a mechanism of 

exclusion from the apical cortex, rather than being actively instructed by Dlg1.  
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Fig. 6. Role of the Dlg1/LGNlinker interaction in vertebrate planar mitoses. a) Crystal structure 

of the GK domain of Dlg1 in complex with a phospho-Ser401 peptide of the LGN linker (PDB ID  

3UAT). The entire Dlg1 GK domain is in in pale red surface representation, while the LGN peptide 

is in bright orange sticks (left). At right is a close-up view of the interaction, with Dlg1 shown in 

cartoon. b) Cartoon model depicting the proposed role for Dlg1 in anchoring LGN at the lateral 

cortex of epithelial cells in metaphase. Upon aPKC/Aurora-A-mediated phosphorylation of Ser401 

on the LGN linker, cortical Dlg1 recruits LGN, which in turn bind to NuMA/Dynein to generate 

pulling forces on the spindle. 

 

1.2.3 The Dishevelled/NuMA pathway 

Spindle orientation responds to the combination of intrinsic and external cues. The role of 

signal transduction pathways governing cell growth and differentiation in determining the 

orientation of cell division has been documented for the Wnt [48], the Hippo [49, 50] and 

the EGFR signaling [51]. Two different branches of the Wnt signaling exist, known as the 

canonical and the non-canonical or planar cell polarity (PCP) pathways. The main effector 

transducing Wnt signaling is the cytoplasmic protein Dishevelled (Dvl), which becomes 

activated upon binding of Wnt-ligands to frizzled receptors (Fz). Dvl is a scaffolding 

protein consisting of a DIX domain, followed by a PDZ and a DEP domain (Fig. 7a). In 

the canonical pathway Dvl mediates the stabilization of the transcription factor and 

junctional protein β-catenin, whereas in the PCP it induces a cascade of actin-cytoskeleton 

rearrangements, and coordinates epithelial cell polarization with planar spindle orientation. 
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Ségalen and colleagues reported, that in Drosophila SOP and in zebrafish epiblast cells, 

Dvl interacts through its DEP domain with the C-terminal portion of NuMA to control 

spindle orientation. In Drosophila, Wnt signaling orients SOP cells along the anterior-

posterior axis, with Dsh (Drosophila Dvl) and Mud localized posteriorly (Fig. 7b), while 

Pins and Dlg are enriched at the anterior side. Similarly, Dvl and NuMA are necessary to 

position the mitotic spindle along the animal-vegetal axis in zebrafish epiblast cells [48]. 

Using the above-mentioned “induced cell polarity assay”, it was shown that the Dsh-DEP 

domain interacting with Mud is not sufficient for robust spindle orientation [52], which 

requires also the C-terminus of Dsh. More specifically, Johnston and coworkers 

demonstrated that the last 10 residues of Dsh, which are conserved across species, interact 

directly with the PDZ region of the F-actin binding protein Canoe (Fig. 7b).  

 

 

Fig. 7. The Dishevelled/Mud pathway in SOP cell planar divisions. a) The domain structure of 

Dishevelled, depicted in green, is conserved between humans (hs Dvl) and flies (dm Dsh). It 

consists of a DIX domain, followed by a PDZ and a DEP domain. The ubiquitination site lying in 

the DIX domain is indicated as a black sphere. b) Model of planar spindle orientation in 

asymmetrically dividing Drosophila SOP cells. Upon Fz receptor activation, Dsh is recruited at the 

plasma membrane of the posterior side of the cell, where it interacts with both Mud and Canoe to 

orient the mitotic spindle via Dynein/Dynactin. The x,y axis indicates the orientation within the 

epithelial layer. 
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Three isoforms of Dvl exist in vertebrates, two of which have been implicated in spindle 

orientation [53, 54]. In particular, the spindle orientation functions of Dvl3 depend on its 

interaction with NuMA, that in mitotic HeLa cells is enhanced by the activity of the 

deubiquitinase CYLD	   [53]. Consistently, structural and biochemical studies showed that 

ubiquitination events on the DIX domain of Dvl hamper its self-oligomerization [55] as 

well as the binding affinity for its interactors [56]. The spindle orientation function of Dvl2 

seems to be related to its localization at the spindle poles, where it associates with and is 

phosphorylates by Plk1 kinase on Thr206 [53, 54].   

Altogether these data point to the existence of a conserved LGN-independent cortical 

anchoring and spindle orientation pathway executed through the Dvl/NuMA/Dynein axis. 

 

1.3 Afadin and spindle orientation 

1.3.1 Role of the acto-myosin cell cortex in spindle orientation 

Several lines of evidence indicate that spindle orientation and positioning require cortical 

actin, together with a number of actin regulators including members of the 

ezrin/radixin/moesin (ERM) family [3, 57] and Cdc42 [21, 58]. In mammalian cells, ERM 

proteins are activated at mitotic entry via Ste20-like kinase (SLK)-mediated 

phosphorylation [57]. In preparation for mitosis, the actin cytoskeleton of animal cells 

undergoes dramatic changes and reorganizes in a process known as mitotic “round-up”, 

where the interphase actin cytoskeleton is remodeled into the so called “acto-myosin cell 

cortex” [59]. In this context, interphase actin structures including focal adhesions 

disassemble and filamentous actin (F-actin) is recruited directly underneath the plasma 

membrane to form the mitotic cortex, which is thinner but more rigid as compared to the 

interphase one. The mitotic acto-myosin cortex consists of a cross-linked network of actin, 

myosin, and associated actin-binding proteins such as activated ERMs. Mitotic round-up is 

essential to achieve a cell geometry that provides enough space for mitotic spindle 

formation, and enough stiffness to counterbalance the traction forces exerted by MT-



	   32	  

motors pulling on astral MTs during spindle orientation and positioning [60]. Notably, 

most cells in culture do not detach completely from the substratum as they round. Instead, 

the cell margin retracts leaving thin tubular strands of cytoplasm called “retraction fibers”, 

rich in F-actin and in activated ERM proteins [59] (Fig. 8a). Chemical depolymerization of 

cortical F-actin by treatment with Latrunculin-A generates orientation defects in cultured 

cells [61] as well as in Drosophila wing discs in vivo [3]. Importantly, the same treatment 

perturbs LGN cortical localization in HeLa cells in culture [57]. These results indicate that 

an intact cell cortex is required for the correct recruitment of MT-motors, which in turn 

orient the spindle. Whether the mitotic cortex works just as a rigid tethering platform for 

MT-motors, or it plays an active role in instructing spindle orientation is a matter of intense 

debate [30].  

 

Fig. 8. Role of the acto-myosin cell cortex and of cell-cell junctions in instructing spindle 

orientation. a) Cartoon of a HeLa cell in metaphase plated on a fibronectin-coated support, where 

the mitotic spindle is oriented parallel to the substrate via β1-integrin. The actin-rich retraction 

fibers that form upon mitotic round-up are shown in orange. b) Model of the x,y view of the 

Drosophila notum epithelium. The mitotic spindles align towards Mud clusters (violet spheres) 

localized at TCJs, where at least three cells meet. 

 

Different actin-binding proteins have been recently identified as possible mediators of the 

crosstalk between the acto-myosin cytoskeleton and astral MTs [60]. For example, the 

cortical actin-associated protein MISP controls spindle orientation in HeLa cells, in a Plk1 

dependent manner [62]. Phosphorylated MISP forms a complex with Dynein/Dynactin, 
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regulates their cortical distribution, and is required for astral MT stability, thus providing a 

connection between the cell cortex and the mitotic spindle [62]. SLK-activated ERM 

proteins cross-link F-actin with the plasma membrane, and also contribute to spindle 

orientation by mediating the attachment of MTs to the cell cortex. Molecularly, in HeLa 

cells ERM proteins ensure proper LGN/NuMA cortical localization, and in the apical 

progenitors of the embryonic mouse neocortex contribute to planar spindle orientation 

[57]. Other evidence on the crosstalk between the acto-myosin cortex and MTs was 

provided by the discovery in mitotic cells in culture of subcortical actin clouds. Actin 

clouds are polarized actin structures with spindle orientation function exerted by the 

unconventional actin motor and MT-binder Myosin-10 [63], which seems to be involved in 

the communication between retraction fibers and astral MTs [64]. In addition, either in 

culture or in vivo, cells are subjected to external constraints, like retraction fiber forces and 

tissue packing compression, which modify cell shape and impact on spindle orientation. 

The influence of cell shape on spindle orientation has long been under debate. Based on 

the “Hertwig rule” cells divide accordingly to their long axis, thus implying that spindle 

orientation depends passively on cell shape and external physical constraints. Although 

this notion seems to contradict the idea of spindle motors, it is also possible that motors 

localize in cortical domains accounting for cell shape. 

Apart from physical constraints that cells can experience within tissues, other external 

signals such as ECM [65] or cell-cell junctions [30] contribute to orient the mitotic spindle.  

 

1.3.2 Role of cell-cell junctions in instructing spindle orientation 

Epithelial cells maintain their intercellular junctions throughout divisions. This has been 

documented in MDCK cells, which maintain E-cadherin-based AJs laterally [66], and also 

in basal keratinocytes in vivo [67]. In the mouse skin epithelium, basal progenitors adhere 

to each other through E-cadherin-based AJs. In mitosis, junctions maintain cells within the 

epithelium, and also contribute to spindle orientation. It has been reported that in the basal 
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layer of murine developing skin, absence of the AJ-protein α-catenin causes loss of Par3 

and LGN from the apical cortex, and aberrant NuMA distribution, thus leading to spindle 

misorientation [17]. Consistently, experiments carried out in MDCK cysts revealed that a 

number of cell-cell junction molecules controls planar spindle orientation, including E-

cadherins [68], the junctional adhesion molecules-A (JAM-A) [69], and Plexin/Semaforin 

complexes [70]. Furthermore, epithelial tricellular junctions (TCJs) of the Drosophila 

pupal notum epithelium, that form where at least three cells meet, have recently been 

suggested to influence spindle orientation (Fig. 8b). In this system, Mud localizes at TCJs 

since G2-phase and promotes the recruitment of MT-motors independently of Pins. Hence, 

TCJs act as interphase cell shape sensors to orient the mitotic spindle [71]. Notably, this 

mechanism cannot be transferred to vertebrates, as NuMA is nuclear and has not been 

detected at cellular junctions in polarized epithelia. 

 

1.3.3 Canoe 

The Drosophila protein Canoe is an F-actin binding protein involved in cytoskeletal 

organization and in signal transduction during morphogenesis. The domain structure of 

Canoe, which is conserved also in vertebrates (paragraph 1.3.4), includes two Ras-

association (RA) domains, a Fork-Head associated (FHA) domain, one PDZ domain that 

mediates the interaction with Nectin [72], and a C-terminal F-actin binding domain (Fig. 

9b, top). In embryonic mesodermal cells Canoe localizes to AJs, and connects the 

junctions to the actin cytoskeleton by direct binding to F-actin [73]. Speicher and 

colleagues reported that Canoe is required for spindle orientation in NBs and in muscle 

progenitors. In NBs Canoe colocalizes at the apical cortex with Bazooka/Par6/aPKC and 

the Pins/Mud complex, and controls the basal distribution of fate determinants such as 

Numb (Fig. 2a) [44]. Interestingly, a recent study reported that the Hippo pathway kinase 

Warts (LATS1-2 in vertebrates), which associates in vivo with Bazooka/Insc, is required 

for the apical recruitment of Canoe via direct phosphorylation of Ser1196, Thr1380 and 
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Thr1394 [50]. Previous studies exploiting the “induced cell polarity assay” demonstrated 

that cortically fused PinsTPR is able to target Canoe at the cortex by direct interaction with 

its C-terminal region (CanoeCter), suggesting that PinsTPR and CanoeCter can interact. In 

turn, the RA domains of Canoe, which bind physically to Ran-GTP, are required for 

cortical recruitment of Mud, for unclear molecular reasons [74]. As introduced in 

paragraph 1.2.3, Canoe has been also implicated in the Fz/Dsh/Mud spindle orientation 

pathway through direct interaction of its PDZ with the very C-terminal residues of Dsh 

[52]. In summary, Canoe has been implicated in spindle orientation in several ways: i) by 

interaction of its C-terminal portion with PinsTPR; ii) by interaction of its PDZ with the 

last 10 residues of Dsh; iii) by a molecularly unclear role of the RA domain in targeting 

Mud at the cortex. 

 

1.3.4 Afadin 

The vertebrate ortholog of Canoe is Afadin, which in humans is coded by the ubiquitously 

expressed MLLT4 (or AF-6) gene (Fig. 9a), and shares the same domains structure of 

Canoe (Fig. 9b, bottom). Afadin has six different splicing variants, three of which possess 

a C-terminal region mediating F-actin association [75-77] (Fig 9a, isoforms 3,4,5). In 

vertebrate epithelia, Afadin localizes and contributes to the formation of AJs [78] by direct 

interaction of its PDZ domain with the C-terminus of Nectin [72]. In addition, it connects 

physically AJs to cortical F-actin [73]. Consistent with the function in adhesion and tissue 

integrity, Afadin knock-out is embryonically lethal in mice [79], while its tissue specific 

ablation has been reported to cause severe morphogenetic defects in the brain [80], 

nephrons [81] and lymphatic system [82]. Furthermore, as already discussed in paragraph 

1.1 Afadin ablation in the mouse small intestine leads to Paneth cell dislodging from the 

base of the crypts and ISC overproliferation, indicating that it plays a prominent role in the 

maintenance of ISC compartment [8]. Consistently, Afadin has been implicated in different 

types of tumors. For instance, its loss correlates with bad prognosis in severe pancreatic 
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cancers [83]. Molecularly, in pancreatic cell lines Afadin has been shown to interact with 

the Wnt-effector Dvl2, restraining its association with the transcription factor FOXE1. In 

the absence of Afadin, constitutive binding of Dvl2 to FOXE1 causes uncontrolled Snail 

expression, leading to proliferation and metastasis [83]. The same phenotype has been 

observed in breast cancer [84], where AF-6 has been recently identified as one of the more 

frequently mutated genes [85]. However, whether and how Afadin plays a role in spindle 

orientation was unexplored before our findings. 

 

Fig. 9. Schematic representation of the human Afadin gene and its protein domain structure. 

a) Scheme of human Afadin (also known as AF-6 or MLLT4) gene, and its splice variants. The 

AF-6 gene is located on human chromosome 6, and consists of 32 exons. Alternative splicing 

produces six transcripts differing in their C-terminal region. Human Afadin isoforms 1 and 6 stop 

at exons 28 and 29 respectively, and are similar to short variant of rat Afadin (also known as s-

Afadin), which was reported to be unable to bind to F-actin. Human Afadin isoforms 2, 3, 4 and 5 

are similar to long rat Afadin (l-Afadin), which binds to F- actin. Isoforms 4 and 5 differ for the 

presence of additional 11 residues between exon 28 and 29. The LGN-binding site of Afadin 

characterized in this study is coded by exon 30 (highlighted in orange), and is present in all human 

long isoforms except isoform-3. b) Schematic representation of the domain structure of long 

isoforms of Drosophila Canoe (top), and human Afadin (bottom) consisting of two Ras-association 

domains (RA1 and RA2), a Fork-Head-associated domain (FHA), a Dilute domain (DIL) and a 

PDZ domain, followed by a C-terminal F-actin binding region. The C-terminal portion of Canoe 

contains also a Pins binding region (yellow). 
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1.4 NuMA and spindle orientation 

1.4.1 Mitotic spindle assembly 

The mitotic spindle consists of a bipolar array of MTs focused and anchored at the spindle 

poles. Three classes of MTs form the mitotic spindle: kinetochore MTs, interpolar MTs, 

and astral MTs. Astral MTs grow from the spindle poles and anchor the mitotic spindle to 

the cell cortex sustaining spindle alignment in metaphase and elongation in anaphase [86]. 

MTs are hollow cylindrical structures formed by α/β-tubulin dimers that associate head-to-

tail in polarized polymers with a plus-end where β-tubulin is exposed, and a minus-end 

where α-tubulin emerges. MT nucleation occurs at centrosomes, formed around two barrel-

shaped centrioles embedded in a protein matrix known as pericentriolar material. At G2/M 

transition centrosome maturation requires the activity of several mitotic kinases such as the 

cyclin-dependent kinase 1 (CDK1), the Polo-like kinase 1 (Plk1) and Aurora-A [87]. 

Chromosome derived signals transduced by the small GTP-ase Ran are also necessary for 

mitotic spindle assembly. Ran was first identified as a regulator of nuclear transport in 

association with importins and exportins. The Ran-GTP cycle is regulated by the 

chromatin associated GEF RCC1, which promotes the exchange of GDP for GTP, 

generating a Ran-GTP gradient centered on chromosomes (Fig. 10a, left). Molecularly, 

Ran-GTP promotes the spindle assembly by inducing the release of spindle assembly 

factors from importins. As will be explained in the next paragraph, mitotic kinases together 

with Ran-GTP control the centering of the mitotic spindle in metaphase and its elongation 

in anaphase. A fundamental role in mitotic spindle assembly is also played by the motor 

protein Dynein, which localizes with NuMA at the spindle poles to focus and tether the 

minus-end of MTs to the centrosomes [88, 89]. 

 
1.4.2 Coordination of orientation with mitotic progression 

In vertebrate cells, the mitotic spindle forms in prometaphase with a random orientation, 

and than rotates during metaphase to achieve the final axis of division observed in 
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anaphase [27]. Kiyomitsu and Cheeseman demonstrated that, in HeLa cells, LGN is 

initially recruited all around the cell cortex in prometaphase, while in metaphase it 

becomes restricted to two cortical crescents facing the spindle poles, together with NuMA 

[26]. To explain their observation, the authors proposed that spindle pole- and 

chromosome-derived signals regulate Dynein localization at metaphase. More specifically, 

the chromosome-derived Ran-GTP gradient would prevent cortical enrichment of LGN 

and NuMA above the metaphase plate, thus confining their localization to the regions 

facing the spindle poles (Fig. 10a, left). How molecularly Ran-GTP mediates this process 

is not clear yet. In the same study, the authors observed that in metaphase Dynein displays 

an asymmetric cortical distribution that is negatively regulated by spindle pole proximity, 

thus generating oscillations that contribute to spindle centering. The spindle pole signals 

governing the cortical asymmetric distribution of Dynein derive from Plk1 activity, which 

disrupts the association between Dynein/Dynactin and LGN/NuMA at cortical sites in 

proximity of the spindle pole [26] (Fig. 10a, right). During anaphase, the cortical levels of 

NuMA above the spindle poles increase in an LGN-independent manner, resulting in an 

enrichment of Dynein/Dynactin that generates robust pulling forces elongating the spindle. 

The cortical enrichment of NuMA in anaphase has been linked to its phosphorylation state. 

During metaphase CDK1 phosphorylates NuMA on Thr2055 (Fig. 10b) negatively 

regulating the direct binding of NuMA to the plasma membrane [90], likely through charge 

repulsion [91]. In anaphase, when CDK1 becomes inactive, unphosphorylated NuMA 

binds directly to the phospholipid-bilayer [90, 91]. This way, CDK1 activity couples 

mitotic progression with cortical NuMA/Dynein functions. An alternative mechanism that 

has been put forward to explain the LGN-independent NuMA cortical enrichment observed 

in anaphase, involves members of the 4.1G/R families of cytoskeletal proteins. Studies 

from the Cheeseman and Lechler laboratories indicated that residues 1788-1810 of NuMA 

mediate cortical targeting of the protein [35, 92], by direct association with 4.1R [93] (Fig. 

10b). However, later studies showed that loss of cortical NuMA upon depletion of 4.1G/R 
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might result from indirect effect of cortical disruption. The same study by Kotak et al. 

[94], proposed that the region containing the 4.1G/R binding site, encompassing residues 

1699-1876, is rather an additional phosphoinositides interacting region.  

 

 

Fig. 10. Regulation of NuMA cortical localization in metaphase and anaphase. a) Schematic 

representation of the Ran-GTP gradient that in metaphase excludes LGN/NuMA complexes from 

the cortical regions near chromosomes, thus restricting their localization to crescents overlying the 

spindle poles (left). The kinase activity of Plk1 mediates spindle centering by inhibiting 

LGN/NuMA interaction with Dynein/Dynactin (right). b) The domain structure of NuMA is made 

of a globular N-terminus that mediates the interaction with Dynein/Dynactin, a long coiled-coil 

domain that induces dimerization, and a C-terminal tail that includes the LGN and 4.1R–binding 

domains, a nuclear localization signal (NLS), and a MT-binding domain. In addition the C-

terminus contains a charged motif interacting with phopsholipids that mediates direct membrane 

association of NuMA in anaphase. NuMA phosphorylation events are represented as black spheres. 

Thr2055 is phosphorylated by CDK1 in metaphase to inhibit NuMA binding to phospholipids until 

anaphase onset, when the kinase becomes degraded by Cyclin-B. Tyr1774 is a substrate of ABL1, 

which contributes to maintain LGN/NuMA cortical levels in metaphase. Thr1677 would be 

phosphorylated by LATS1/2 to release the intramolecular interaction that may exist between the 

NuMA C-terminal tail and the upstream CC.  

 

 

Together these findings demonstrate that localization of NuMA/Dynein is tightly regulated 

throughout mitosis to ensure mitotic spindle positioning in metaphase and elongation 

during anaphase. 
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1.4.3 NuMA 

Human NuMA is a 2115-residue-long protein (238 kDa) that in interphase localizes into 

the nucleus. In mitosis, NuMA is distributed at the spindle poles and at the regions facing 

the spindle poles, where it contributes to spindle organization and positioning. Its domain 

structure consists of a globular N-terminal domain, a central extended coiled-coil (CC) that 

mediates homodimerization, and of an unstructured C-terminal region (Fig. 10b). While 

the N-terminal region spanning residues 1-705 reported to interact with Dynein/Dynactin 

[23] has been poorly characterized, the C-terminal tail of NuMA has been extensively 

studied. The NuMA C-terminus contains a number of interaction domains including the 

ones for LGN (residues 1900-1928) [12, 36] (see paragraph 1.2.1), for phospholipids [90, 

94] (as detailed in paragraph 1.4.2), for MTs, and a nuclear localization signal (NLS) (Fig. 

10b). One of the most studied functions of NuMA is its MT-binding ability. Experiments 

with Xenopus extracts revealed that a portion of the NuMA C-terminus is involved in MT 

aster formation by MT-bundling [89]. Further analysis of the identified region 

demonstrated that its overexpression in HeLa cells induces MT-bundling in vivo. Co-

sedimentation experiments with Taxol-stabilized MTs revealed that human NuMA 

interacts physically with MTs through a region spanning residues 1914-1985 [95] (Fig. 

10b, dashed green). The finding that the MT-binding domain of NuMA was partially 

overlapping with the LGN-interacting region raised the question as to whether LGN and 

MTs could compete for the association with NuMA. Experiments performed with Taxol-

stabilized MTs and in vitro translated NuMA-1580-2115 in the presence of LGNTPR 

seemed to indicate that binding of LGN inhibits the interaction of NuMA with MTs. 

Furthermore, a NuMA fragment encompassing residues 1892-2015 failed to bundle MTs 

in an in vitro bundling assay in the presence of LGNTPR. Unexpectedly, in the same study 

the authors found that NuMA-1914-1985, was able to bundle MTs efficiently even when 

LGNTPR was present [96]. Based on the structural evidence of LGNTPR in complex with 

NuMA-1900-1928 (NuMAPEPT), this result is most likely due to the lower binding affinity 
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of LGNTPR for NuMA-1914-1985 that compared to NuMAPEPT lacks 13 residues, among 

which some are crucial for docking within the LGN concave groove (Fig. 5c,e).  

At mitotic entry, NuMA contributes to MT focusing and tethering to the centrosomes [89, 

97], in association with Dynein/Dynactin. Although in mitosis, the bulk of NuMA localizes 

at the spindle poles, a portion of NuMA is recruited at the cortex in crescents overlying the 

spindle poles by direct interaction with LGN [12, 36]. In turn, this NuMA population 

recruits Dynein/Dynactin to drive spindle orientation [23]. 

As already mentioned in paragraph 1.4.2, in HeLa cells in culture, NuMA is targeted to 

polar cortical crescents by LGN. However its recruitment is also regulated by several 

phosphorylation events. The ABL1 kinase has been implicated in spindle orientation in 

HeLa cells and in keratinocytes by direct phosphorylation of NuMA on Tyr1774. This 

phosphorylation would favor NuMA recruitment to LGN crescents in metaphase, through 

an unknown mechanism [98]. Furthermore, recently Dewey and colleagues showed that in 

Drosophila S2 cells the Hippo pathway kinase Warts contributes to spindle orientation by 

phosphorylating Mud on Ser1868, within its C-terminal coiled-coil (CC) domain. Of note, 

this phosphorylation would be conserved in NuMA at Thr1677. Molecularly, such 

phosphorylation event would relieve an intramolecular interaction occurring between the 

CC domain and the C-terminal portion of Mud/NuMA, this way exposing the Pins/LGN 

binding domain [49]. Whether other mitotic kinases control NuMA cortical enrichment in 

metaphase was unknown when I started my PhD. Interestingly, a phosphoproteomic 

screening performed by Kettenbach and colleagues in HeLa cells revealed that NuMA is a 

substrate of Aurora-A [99, 100]. Aurora-A is a Ser/Thr-kinase that from prometaphase to 

metaphase localizes at spindle poles and controls centrosome maturation and separation, 

assembly of a bipolar spindle, and alignment of chromosomes [87]. Through the 

phosphoproteomic screening, several Aurora-A phosphosites were found on the C-

terminus of NuMA, including Ser1969, which lies within a previously identified MT-

binding domain [95]. Interestingly, chemical inhibition of Aurora-A with MLN8237 
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induces orientation defects in U2OS cells [101]. Nevertheless, whether Aurora-A regulates 

the localization of NuMA at the spindle poles and at the cortex, and how it controls spindle 

orientation is unclear. 
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1.5  AIM OF THE PROJECTS 

Over the past years, many efforts have been made to identify cellular pathways and 

external stimuli that contribute to spindle orientation. However, the molecular mechanisms 

underlying this process are still far from being fully understood.  

My PhD project focused on the biochemical and structural characterization of the 

junctional protein Afadin, and its interaction with LGN, F-actin and NuMA. In addition, I 

characterized the Aurora-A-mediated phosphorylation of NuMA, and its implications for 

MT-binding and spindle orientation.  

 
Aim 1: Role of Afadin in spindle orientation 

In epithelial planar divisions LGN localizes at the lateral cortex to align the mitotic spindle 

within the plane of the epithelium. Several mechanisms have been proposed to explain the 

lateral restriction of LGN, including the interaction of LGN with cortical Dlg1 [28, 46] and 

its aPCK-mediated apical exclusion [19]. Whether other molecules contribute to maintain 

LGN at the lateral cortex during planar mitoses is still unclear.  

Growing evidence points to a role for the acto-myosin cell cortex in instructing spindle 

orientation. The stiffness of the cortex is required to counterbalance Dynein-based forces, 

however direct molecular links between F-actin and the MT-motors might exist. 

Interestingly, in Drosophila epithelia the F-actin binding protein Canoe was shown to be 

essential for spindle orientation via direct binding with Pins [74]. Because the ortholog of 

Canoe in vertebrates, named Afadin, localizes at adherens junctions, we consider it an 

interesting candidate for being the mechanical connection between the lateral cortex and 

MT-motors assembled on Dynein/Dynactin. Therefore, the first aim of my PhD research 

was to test whether Afadin would interact directly with LGN, to characterize their 

interaction biochemically and by X-ray crystallography, and to investigate its relationship 

with F-actin and with NuMA. My molecular findings have then been transferred in cells to 
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analyze the relevance of the LGN/Afadin/F-actin interaction for spindle orientation in 

HeLa cells, and in three-dimensional epithelial Caco-2 cysts.  

 
Aim 2: Effect of NuMA phosphorylation by Aurora-A on spindle orientation 

During metaphase and anaphase, proper spindle orientation relies on the distribution of 

NuMA at the spindle poles and at the cortex. The levels of cortical NuMA, in turn, depend 

on a wide range of factors including phosphorylation events by Plk1 [26], ABL1 [98] and 

CDK1[90]. Whether other factors affect the enrichment of NuMA above the spindle poles 

in metaphase is an interesting open question. The mitotic kinase Aurora-A has been 

involved in spindle orientation both in Drosophila NBs and in vertebrate systems. Data 

generated in our lab revealed that either depletion or chemical inhibition of Aurora-A 

induces aberrant accumulation of NuMA at the spindle poles, and loss of cortical 

localization. This phenotype was accompanied by spindle misorientation in HeLa and 

RPE-1 cells. Based on these findings, the second part of my PhD research aimed at 

investigating how molecularly Aurora-A balances the pool of NuMA localizing at the 

spindle poles with the pool recruited at the cortex with LGN. Of note, a recent phospho-

proteomic study reported that NuMA is a substrate of Aurora-A [99, 100], and that most of 

the identified Aurora-A phosphosites of NuMA lie in its C-terminal portion that was 

reported to bind LGN and the MTs [96]. For these reasons, I first set out to test whether the 

C-terminus of NuMA could be phosphorylated directly by Aurora-A in vitro, and whether 

its phosphorylation could hamper its interaction with MTs or with LGN, thus providing a 

molecular explanation for the aberrant localization phenotype observed in conditions of 

Aurora-A inactivation. 
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2. RESULTS: Afadin in spindle orientation 

 Recently, converging evidence has accumulated for the role of the acto-myosin cortex and 

of cell-to-cell junctions in instructing mitotic spindle orientation. Importantly, the F-actin 

binding protein Canoe has been implicated in the execution of asymmetric cell divisions in 

Drosophila NBs [44]. Thus we reasoned that Afadin, the vertebrate ortholog of Canoe, 

could be an ideal candidate to study F-actin-mediated spindle orientation. Afadin is an 

adherens junction component, whose known function is to connect cadherins with the actin 

cytoskeleton [102]. Afadin was first identified in rat brain where it is expressed in two 

splice variants: longer l-Afadin and shorter s-Afadin. Of note, rat l-Afadin but not s-Afadin 

contains an F-actin binding domain in its C-terminus [75-77], while human Afadin (hs 

Afadin hereon) has six splice variants (Fig. 9a). Because hsAfadin-isoform4 shares high 

similarity to the rat l-Afadin, we decided to select it for our studies. It is established that 

accurate spindle orientation in metaphase depends on the association between LGN and 

NuMA, which occurs via direct interaction between the LGNTPR and the C-terminal region 

of NuMA [12]. Thus, to start investigating the contribution of Afadin in spindle orientation 

I set out to determine its biochemical relationship with LGN and NuMA. 

 

Afadin binds directly to LGN in vitro 

2.1 AfadinCter interacts physically with LGNTPR, but not with NuMA 

Studies exploiting an induced-cell polarity system in Drosophila S2 cells revealed that 

PinsTPR (the fly ortholog of LGNTPR) binds directly to the C-terminal portion of Canoe, in a 

region overlapping with its F-actin binding domain [74] (Fig. 9b, top). Similarly to Canoe, 

hsAfadin consists of two N-terminal Ras-associating (RA) domains, a Dilute domain, a 

PDZ domain, and an F-actin-binding domain at its C-terminus (Fig. 9b, bottom). To test 

whether the interaction of Canoe with Pins is conserved in their human orthologs, I first 

purified to homogeneity the C-terminal domain of Afadin encompassing residues 1514-

1824 (AfadinCter hereon) and the N-terminal TPR-domain of LGN spanning residues 15-
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350 (LGNTPR). I then conducted analytical size exclusion chromatography (SEC) 

experiments by loading equimolar amounts of LGNTPR and AfadinCter on a Superdex-200 

5/150 column, from which they eluted as a stoichiometric 1:1 complex (Fig. 11a), 

indicating that they interacts physically. On the other hand, when I repeated the same 

experiment with AfadinCter and a C-terminal fragment of NuMA containing the LGN-

binding domain (NuMA1861-1928), the two proteins eluted in two separate peaks (Fig. 11b), 

meaning that they do not interact with one another. 

  

 

 

Fig. 11 AfadinCter interacts physically with LGNTPR, but not with NuMA. a) SEC elution 

profile of the stoichiometric complex formed between AfadinCter and LGNTPR mixed at 15 µM 

concentration, and Coomassie-stained SDS-PAGE of the peak fractions corresponding to the 

horizontal red bar. The elution profile of globular markers is reported in a dashed gray line. 

Individual runs of AfadinCter and LGNTPR are shown for comparison. Notably, AfadinCter (about 37 

kDa in size) elutes near the 158 kDa molecular weight marker, in spite of being monomeric in 

solution according to Static-Light-Scattering experiments (not shown), thus suggesting that it 

adopts an elongated conformation. b) An analogous incubation of AfadinCter with NuMA1861-1928 

does not result in a complex formation, as evident by the absence of a peak eluting earlier than the 

two proteins in isolation. 
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2.2  AfadinCter binds to LGNTPR with micromolar affinity 

To further characterize the interaction between LGNTPR and AfadinCter, I measured the 

strength of the binary interaction by Isothermal Titration Calorimetry (ITC). ITC is a 

technique that allows the determination of the thermodynamic parameters of a binding 

reaction including the dissociation constant (KD) and the stoichiometry. This technique is 

based on the measurement of the heat exchange occurring during the formation of a 

complex, where small amounts of a ligand molecule are titrated to saturation into a cell 

containing the receptor. The heat being released or absorbed is then plotted as a function of 

time and fitted with a non-linear model, generating a sigmoidal curve that allows the 

calculation of the thermodynamic parameters (see Mat. & Meth. section 5.2.3). I first 

exploited this approach to determine the KD of the binding between AfadinCter and LGNTPR 

by subsequent injections of 10 µl of LGN at a 0.8 mM concentration into a cell containing 

60 µM Afadin. Unfortunately, I could not obtain a sigmoidal isotherm because of the low 

binding affinity (Fig. 12a). Ideally, to obtain a sigmoidal isotherm, the affinity between the 

receptor and the ligand should be high enough compared to the reactant concentrations that 

a plateau of equal exchanged heats forms at the first injections, when the ligand associates 

completely to the receptor, and a second plateau forms at the last injections, when all 

available receptor is saturated by the ligand, and only heats of dilutions are recorded. Thus, 

for 5-30 µM affinities, ligand and receptor proteins should at be at millimolar 

concentration to achieve such experimental conditions. In the case of Afadin and LGN, the 

solubility was limiting to perform a standard ITC experiment. Therefore, I decided to 

perform a “displacement experiment”, as previously reported [103]. In a displacement 

experiment, a high affinity interaction is coupled to a low-affinity one via a competition 

experiment, in which the higher-affinity ligand is titrated into the cell containing the 

receptor in complex with the lower-affinity partner. As a result, the sigmoidal isotherm 

will be shallower than the one recorded for the high-affinity ligand titrated in the receptor 

alone, to an extent reflecting the low-affinity interaction. Based on these considerations, I 
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decided to couple the low interaction between AfadinCter and LGNTPR with the high affinity 

interaction reported for LGNTPR and a peptide of human Insc (hInsc) spanning residues 23-

58 (hInscPEPT) [12]. I first measured the affinity of LGNTPR for hInscPEPT by a conventional 

ITC experiment, in which 90 µM of the peptide were injected into 12 µM LGNTPR. This 

experiment yielded a KD of 15 nM, in line with previous findings [12]. I then repeated the 

hInscPEPT titration in a cell containing 30 µM AfadinCter in complex with LGNTPR. The 

perturbed isotherm obtained under these conditions (Fig. 12b) was used to derive the KD of 

2.0 ± 0.6 µM between AfadinCter and LGNTPR, as described in the Mat. & Meth. section 

5.2.3.  

 

Fig. 12. AfadinCter binds to LGNTPR with micromolar affinity. a) Measurement of the binding 

affinity between AfadinCter and LGNTPR through isothermal titration calorimetry (ITC) by injecting 

0.8 mM LGN into a cell containing 60 µM Afadin. Data fitting does not result in a sigmoidal curve. 

b) ITC displacement experiment in which 90 µM of the high affinity LGN-ligand hInscPEPT were 

injected in a cell containing 30 µM AfadinCter in complex with LGNTPR. The sigmoidal curve 

obtained was used to derive the KD of 2.0 ± 0.6 µM between AfadinCter and LGNTPR. KD is reported 

as mean ± error of fitting of the ITC data with the isotherm (red line). 

 

2.3 Afadin1709-1746 is the shortest fragment retaining full binding to LGNTPR 

To produce a crystallization quality sample, I mapped the minimal interacting domains on 

both sides of the Afadin/LGN complex through GST pull-down assays. According to 

secondary structure prediction, AfadinCter folds into two helical domains joined by an 

unstructured linker region (Fig. 13).  
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Fig. 13. Sequence alignment of the C-terminus of Afadin long isoforms. 

Afadin residues are colored based on the conservation calculated on the alignment of seven 

orthologues of Homo sapiens, Rattus norvegicus, Falco cherrug, Chelonia mydas, Xenopus laevis, 

Danio rerio and Drosophila melanogaster. According to secondary structure prediction (using the 

server https://www.predictprotein.org/), AfadinCter folds into two helical domains (depicted in light 

gray) joined by an unstructured linker region. 
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On these bases, I designed a set of complementary Afadin fragments encompassing the 

whole AfadinCter (Fig. 14a, top), which I fused to a GST-moiety. To screen the ability of 

the Afadin fragments to bind LGNTPR, I immobilized the GST fusions on glutathione-

Sepharose (GSH) beads at 1 µM concentration, and incubated them with 5 µM LGNTPR in 

solution. After washes, the species retained on beads were separated on an SDS-PAGE. 

This analysis revealed that the small peptide Afadin1709-1746 (AfadinPEPT hereon) binds to 

LGNTPR to the same extent of the entire AfadinCter (Fig. 14a, bottom). In a second 

experiment, I mapped the minimal portion of LGNTPR able to interact with AfadinPEPT. To 

this aim I immobilized 1 µM GST-AfadinPEPT on GSH beads, and tested its interaction 

with LGN proteins lacking either the first or the last TPR repeat. As both the LGN 

truncations failed to bind to AfadinPEPT (Fig. 14b), I concluded that all eight TPRs of LGN 

are necessary for the interaction. To confirm that AfadinPEPT encompasses the entire 

LGNTPR binding region, I measured its affinity for LGNTPR by fluorescence polarization 

(FP). I conducted the experiment using 40 nM of a fluorescently labeled AfadinPEPT, in 

which I titrated increasing concentrations of LGNTPR. Fitting of the residual polarization 

with a hyperbolic curve yielded a KD of 5.6 ± 0.5 µM (Fig. 14c) (see Mat. & Meth. section 

5.2.4), consistent with the 2 µM KD measured by ITC for the entire AfadinCter and the same 

LGNTPR. Further GST pull-down experiments with trimmed versions of the AfadinPEPT led 

to the identification of shorter fragments of Afadin retaining binding to LGNTPR (Fig. 14d). 

However, these fragments showed a reduced affinity for LGNTPR when tested by FP assays 

(Fig. 14e). Therefore, I decided to use the AfadinPEPT spanning residues 1709-1746 for 

crystallographic studies. 
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Fig. 14. Afadin1709-1746 is the shortest fragment retaining full binding to LGNTPR. a) Mapping of 

the minimal region of AfadinCter retaining binding to LGNTPR by GST pull-down. Complementary 

fragments of AfadinCter (1 µM) were adsorbed on glutathione (GSH) beads, and incubated with 5 

µM of purified LGNTPR. After washes, species retained on beads were separated by SDS-PAGE b) 

Binding assay with 1 µM of GST-Afadin1709-1746 on GSH beads, incubated with 5 µΜ of LGN 

constructs encompassing different sets of TPRs. c) Fluorescence polarization measurement of the 

binding affinity between a synthetic fluorescein-labeled AfadinPEPT and LGNTPR. d) Trimmed 

versions of the GST-AfadinPEPT (1 µM) were adsorbed on GSH beads and screened in a GST pull-

down assay for their ability to bind 5 µΜ LGNTPR in solution. e) Fluorescence polarization 

measurement of the binding affinity between a synthetic fluorescein-labeled Afadin1716-1742 and 

LGNTPR. 
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Crystal structure of the LGNTPR-AfadinPEPT chimera 

2.4 Biochemical characterization of the chimeric fusion protein 

Because of the relatively low affinity between LGNTPR and AfadinPEPT, I decided to 

generate a chimeric protein carrying the AfadinPEPT sequence fused downstream of 

LGNTPR (Fig. 15a, top) (see Mat. & Meth. section 5.3.1 for the cloning approach). To 

characterize the fusion protein biochemically, I loaded it on a SEC column from which it 

eluted as a monodispersed monomer, similarly to what observed for the 

LGNTPR/AfadinPEPT reconstituted complex (Fig. 15a, bottom). I further checked the 

homogeneity of the LGNTPR-AfadinPEPT chimera by using a 12% Tris-Glycine native 

PAGE (Fig. 15b). Whereas LGNTPR in isolation runs as a smear of multiple bands, 

LGNTPR-AfadinPEPT runs with a higher mobility as a single population, meaning that the 

fused AfadinPEPT stabilizes a compact conformation of the LGNTPR super-helical scaffold. I 

observed the same behavior for the LGNTPR/AfadinPEPT reconstituted complex, that 

however runs more retarded than the fusion protein, suggesting that it is a more 

heterogeneous sample. Taken together these analyses indicated that in the fusion protein 

the AfadinPEPT binds to LGNTPR intra-molecularly, stabilizing a compact conformation. I 

therefore decided to use the chimera for crystallization experiments. 
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Fig. 15. Biochemical characterization of the LGNTPR-AfadinPEPT fusion protein. a) 

Comparative SEC analysis of LGNTPR-AfadinPEPT, LGNTPR and the LGNTPR/AfadinPEPT complex 

performed on a Superdex 200 5/150 column (GE Healthcare) at 100 µM concentration. For this 

analysis, the LGNTPR complex was assembled by mixing synthetic AfadinPEPT with LGNTPR in a 

1:1.3 molar ratio. The protein elution profiles are overlaid with the trace of globular molecular-

weight markers (grey dashed line). For all samples, the peak fractions were separated by SDS–

PAGE and visualized by Coomassie staining. At the top left corner a schematic representation of 

the domain structure of the chimeric protein is shown, with LGNTPR colored in orange and 

AfadinPEPT in purple. b) The conformational heterogeneity of the LGNTPR-AfadinPEPT fusion, the 

LGNTPR/AfadinPEPT complex and LGNTPR was assessed by native PAGE followed by Coomassie 

staining. Native molecular-weight markers are displayed in the first lane (labeled in kDa). 

 

2.5 Crystals of the LGNTPR-AfadinPEPT chimera 

I conducted initial crystallization attempts with the LGNTPR-AfadinPEPT chimera by using 

commercial sparse-matrix screens, as detailed in the Mat. & Meth. section 5.3.3 and in our 

manuscript published in Acta Crystallographica Section F [104]. Cubic crystals grew in 

about 20% of the salting-out conditions containing sulfate, phosphate, formate and malic 

acid ions at pH values ranging from 7.0 to 8.5. Of note, the same crystallization trials 

performed on a sample of LGNTPR in complex with AfadinPEPT were unsuccessful. To 

obtain larger crystals, I reproduced manually the positive hits and obtained many small 

crystals (Fig. 16a) or multiple crystals (Fig. 16b). I further optimized the crystallization 

conditions by changing the temperature, the protein concentration, or by streak seeding 

(Fig. 16c).  

 

 

Fig. 16. Crystals of the LGNTPR-AfadinPEPT chimera. a,b) Initial crystals of LGNTPR-AfadinPEPT 

grown manually by hanging-drop vapor diffusion in ammonium sulfate or malic acid. c) After 
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optimization at 15 °C or seeding at 4 °C, single cubic crystals of about 0.5 mm in size appear after 

1 day of crystallization.  

 

Using LGNTPR-AfadinPEPT crystals about 0.5 mm in size, we collected X-ray diffraction 

data at the Swiss Light Source, that were processed using XDS [105] implemented in xia2 

[106]. Crystals diffracted to a resolution of 2.9 Å (Fig. 17a) and belonged to the space 

group P213. The Matthews coefficient of 4.8 Å3 Da-1 was compatible with two copies of 

LGNTPR-AfadinPEPT per asymmetric unit (a.s.u). The structure was solved by molecular 

replacement with Phaser [107] using the coordinates of mouse LGNTPR [36] as a search 

model (PDB ID 3RO2). The AfadinPEPT (Fig. 17b, purple molecule) was built manually by 

iterative cycles in Coot [108], and the structure refined with Phenix [109] to a final Rfree of 

25.2% and Rwork of 20.6%. The data collection and refinement statistics are reported in 

Table 2.  

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  2.	  Data	  collection	  and	  refinement	  statistics.	  
	  

	   LGN-Afadin	  
Data	  collection	   PXIII – SLS	  
Space	  group	   P213	  
Cell	  dimensions  	   	  
	  	  	  	  a,	  b,	  c	  (Å) 169.8	  
    α, β, γ 	  (°)	  	   90.0	  
Resolution	  (Å)	   45.4 - 2.9 (2.98 – 2.9)*	  
Rsym	  or	  Rmerge	   5.7	  (71.6)	  
I	  /	  σI	   14.6	  (1.5)	  
Completeness	  (%)	   96.3	  (95.8)	  
Redundancy	   3.4	  (3.2)	  
	   	  
Refinement	   	  
Resolution	  (Å)	   45.4	  –	  2.9	  
No.	  reflections	   34,817	  
Rwork	  /	  Rfree	   20.6	  /	  25.5	  
No.	  atoms	   	  
	  	  	  	  Protein	   5732	  
	  	  	  	  Ligand/ion	   15	  
	  	  	  	  Water	   -‐	  
B-‐factors	   	  

	  	  	  	  Protein	   82.8	  
	  	  	  	  Ligand/ion	   74.8	  
R.m.s.	  deviations	   	  
	  	  	  	  Bond	  lengths	  (Å)	   0.09	  
	  	  	  	  Bond	  angles	  (°)	   1.13	  
	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  *Values	  in	  parentheses	  are	  for	  highest-‐resolution	  shell.	  
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The final model contains two copies of the LGN-Afadin chimera. Interestingly, analysis of 

the crystal contacts revealed that the packing is promoted by sulfate ions coordinated by 

charged side-chains of both LGNTPR (Arg86 and Arg120) and the AfadinPEPT (Gln1718) 

(Fig. 17d). The packing is further strengthened by contacts between the very C-terminal 

residues of AfadinPEPT of one molecule in the a.s.u., and residues on the TPR-region of the 

second molecule. The overall structure (Fig. 17b) indicates that the AfadinPEPT traces along 

the inner surface of the LGNTPR scaffold with the exception of the first 12 residues that run 

parallel to the last TPR. We reasoned that the initial AfadinPEPT stretch spanning residues 

1709-1720 and containing Gln1718AF was instrumental in promoting crystallization 

because this native linker provided chemical active side chains mediating crystal contacts.  

	  

 

 

Fig. 17. Diffraction and packing of the LGNTPR-AfadinPEPT crystals. a) 2.9 Å resolution X-ray 

diffraction pattern of LGNTPR-AfadinPEPT obtained using a synchrotron-radiation source on 

beamline X06DA at the Swiss Light Source. b) LGNTPR-AfadinPEPT model and composite OMIT 

electron-density map displayed around the AfadinPEPT region contoured at the 1.0 σ level. c) Crystal 
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lattice of LGNTPR-AfadinPEPT with the two molecules of the asymmetric unit shown as gold and 

green cartoons and the sulfate ions shown as red spheres. For all molecules, the native linker of 

AfadinPEPT is displayed in purple. d) Enlarged view of the crystal contacts contributed to by the 

side chains of Arg86LGN and Arg120LGN and Gln1718AF of the two LGNTPR-AfadinPEPT fusion 

proteins present in the asymmetric unit.  

 

2.6 Architecture of the LGN/Afadin interface 

The final model of the LGNTPR-AfadinPEPT fusion protein includes residues 15-350 of LGN 

and 1709-1745 of Afadin, of which the last ten are visible only in one of the two molecules 

present in the a.s.u. The overall structure shows that LGNTPR folds as a right-handed super-

helix that buries the elongated AfadinPEPT into its concave groove (Fig. 18a). The TPR 

scaffold of LGN is formed by eight TPR repeats, each consisting of two antiparallel 

helices, named A and B, connected by short loops. The TPR repeats stack to one another to 

form a right-handed α-solenoid in which A-helices face the inner surface and contact the 

Afadin peptide in an extended interaction surface. The AfadinPEPT runs with opposite chain 

directionality compared to LGN. Invariant Leu-Gly-Asn (LGN) triplets present on the A-

helices of the LGN scaffold stabilize the interaction with Afadin primarily via hydrogen 

bonds with main chain atoms of AfadinPEPT. In addition, the specificity of the interaction is 

provided by side chain contribution that can be subdivided into three modules (Fig. 18b). 

The N-terminal residues 1720–1731 of Afadin stretch on TPR-6–7 of LGN creating a 

hydrophobic pocket contributed by Phe1730AF, Ile246LGN and Phe247LGN (Fig. 18c). The 

second Afadin portion, spanning residues 1732–1741, contacts the central TPRs of LGN 

via polar interaction between glutamic acids of Afadin and the conserved Arg235-236 of 

LGN (Fig. 18d). The last module comprises residues 1742–1745 of Afadin, where 

Leu1744AF protrudes into a conserved hydrophobic pocket between TPR-1 and TPR-2 of 

LGN (Fig. 18e).  

 



	   59	  

 

 

Fig. 18. Architecture of the LGN/Afadin interface. a,b) Cartoon representation of the LGNTPR-

AfadinPEPT fusion protein viewed at the indicated orientations. LGNTPR is depicted in gold, while 

AfadinPEPT is in purple. The side-chains of key residues of Afadin protruding towards the LGNTPR 

α-solenoid are shown in balls-and-sticks. c,d,e) Enlarged views of three modules of the interaction 

interface between LGNTPR and AfadinPEPT. The N-terminal region of the AfadinPEPT organizes a 

hydrophobic pocket centered on Phe1730AF, Leu246LGN and Phe247LGN, whereas the middle part of 

the Afadin peptide forms several hydrogen bonds and polar interactions mediated by negatively 

charged residues of Afadin and conserved arginines present on TPR5-6 of LGN. On the peptide C-

terminal end, Cys1742AF and Leu1744AF fits in the grooves between TPR2-3 and TPR1-2 

respectively.  

 

The structure suggests that all three modules work together to dock the AfadinPEPT onto the 

LGNTPR scaffold. To identify the determinants of the interaction, I designed specific 

mutants on both sides of the dimer interface, and tested the residual binding in GST pull-

down assays. Single substitution of either Phe1730AF or Glu1735AF with alanine abrogated 

binding to LGNTPR (Fig. 19a). Consistently, double replacement of Ile246LGN-Phe247LGN 

to glutamic acids, or Arg235LGN-Arg236LGN to alanines completely abolished the 

interaction (Fig. 19b). FP experiments confirmed that the binding strength of the LGNTPR 

mutants for AfadinPEPT decreases 15 to 30-folds as compared to wild-type LGNTPR (Fig. 
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19c). In summary, our structural analysis indicates that the LGNTPR scaffold wraps around 

the AfadinPEPT, and that the determinants of the interaction are Phe1730AF and Glu1735AF.   

 

 

Fig. 19. Structure validation by mutational analysis. a) Top: Primary sequence of AfadinPEPT 

colored according to conservation with hydrophobic and negatively charged residues colored in 

cyan and orange. Bottom: Biochemical validation of the Afadin-LGN interface by mutational 

analysis on GST-AfadinPEPT carrying the indicated alanine substitutions. b) Analogous GST pull-

down assays performed with LGNTPR variants carrying double mutations in residues facing 

Phe1730AF and Glu1735AF. c) Fluorescence polarization measurements of the binding affinity 

between a synthetic fluorescein-labeled AfadinPEPT and LGNTPR, either wild-type or mutated on the 

LGN-Afadin interface.   

 

 
Afadin and NuMA are competitive ligands of LGN 

The overall conformation of the LGNTPR-AfadinPEPT chimera is reminiscent of the 

topology observed for LGNTPR in complex with its interactors, such as mInsc [37], NuMA 

[36], and Frmpd1/4	   [38, 39]. Indeed, structural superposition of LGNTPR-AfadinPEPT with 

LGNTPR in complex with NuMA1900-1928 (Fig. 20a, top) shows that Afadin interacts with 

LGN via residues whose side chain chemical properties are conserved in NuMA and in 

other LGN known ligands (Fig. 20a, bottom). This observation raised the question as two 

whether Afadin and NuMA compete for LGN binding. To address this question, I 

performed a SEC experiment in which I loaded simultaneously equimolar amounts of 

Afadin, NuMA and LGN on a Superdex-200 sizing column. Under these conditions, 
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LGNTPR co-eluted with NuMA1861-1928, while AfadinCter eluted in isolation in earlier 

fractions (Fig. 20b), indicating that Afadin and NuMA are competitive ligands of LGN, 

with NuMA displaying higher affinity. Of note, I obtained the same results for the 

Drosophila orthologs Canoe, Mud and Pins (Fig. 20c) supporting the notion that the 

relationship among these spindle orientation proteins is evolutionarily conserved. 

 

Fig. 20. Afadin and NuMA are competitive ligands of LGN. a) Structure superposition of 

LGNTPR-AfadinPEPT (gold-purple) with the LGNTPR/NuMA1900-1928 complex (gray/pink). b) 

Structure-based sequence alignment of the already known LGNTPR ligands, and the newly 
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identified AfadinPEPT. The conserved key residues for the interaction with LGNTPR are highlighted 

in red. c) When loaded simultaneously on a SEC column in equimolar amounts, AfadinCter, LGNTPR 

and NuMA1861-1928 elute in two distinct peaks (green trace). The early eluting peak consists only of 

AfadinCter, while the slower migrating peak contains LGNTPR in complex with NuMA1861-1928. This 

result indicates that Afadin and NuMA are mutually exclusive ligands of LGN, with NuMA 

displaying higher affinity. c) SEC analysis showing CanoeCter enters a stoichiometric complex with 

PinsTPR eluting in fractions 3-6 (black trace). Addition to the mix of equimolar amounts of Mud1895-

2094 results in a complex of Mud1895-2094/PinsTPR eluting slightly earlier than CanoeCter in isolation 

(fractions 4-7). This analysis demonstrates that the mutually exclusive interaction between NuMA 

and Afadin is conserved in the Drosophila orthologs. 

 

Afadin recruits MT-motors to the cell cortex through LGN to drive mitotic spindle 

orientation 

2.7 Afadin loss causes spindle misorientation in HeLa cells 

To assess the functional role of the Afadin/LGN interaction on spindle orientation, Sara 

Gallini with the help of Laura Pirovano in our group, analyzed the effect of Afadin 

depletion in HeLa cells. Immunostaining of mitotic HeLa cells with a polyclonal antibody 

raised against AfadinCter revealed that Afadin localizes to the cell cortex from 

prometaphase to telophase, and that it in metaphase it co-localizes with LGN and NuMA in 

cortical regions above the spindle poles (Fig. 21a, top). To further analyze the spindle 

orientation functions of Afadin, we generated HeLa cell lines stably interfered for Afadin 

using two lentiviral short-hairpin vectors (shRNA-1/2) targeting human Afadin, with 

shRNA-2 being more efficient (not shown). For spindle orientation analyses, these HeLa 

cells were grown on fibronectin-coated slides, synchronized by single thymidine block, 

and imaged in the x-z plane by confocal microscopy (Fig. 8a). Under these conditions, 

wild-type HeLa cells divide with the spindle aligned to the substratum (α-angle, Fig. 21a, 

bottom), whereas cells with compromised orientation mechanisms undergo oblique 

divisions. Quantifications of the metaphase spindle angle revealed that wild-type HeLa 

cells divide with an average α-angle of 7.6°, while Afadin-depleted cells by the shRNA-2 

showed a spindle randomization with 15.4° (Fig. 21a, bottom left and Fig. 21e). Together 
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these findings indicate that Afadin is essential for correct spindle orientation of HeLa cells 

in culture. 

 

2.8  The LGN/Afadin interaction is required for cortical LGN/NuMA/Dynein   

       localization, and proper metaphase spindle orientation 

Correct spindle orientation relies on the recruitment of Dynein/Dynactin (MT-motors) at 

cortical sites, that in metaphase is mediated by Gαi/LGN/NuMA complexes. Therefore, to 

understand the molecular contribution of Afadin to spindle orientation, we studied the 

effect of its depletion on the localization of LGN, NuMA and Dynein/Dynactin. Confocal 

images revealed that in wild-type HeLa cells LGN, NuMA and the Dynactin subunit 

p150Glued localize in a crescent above the spindle poles (Fig 21b, control). Conversely, in 

Afadin knock-down cells, the cortical localization of LGN is strongly decreased, and both 

NuMA and Dynactin completely disappear from the cortex (Fig. 21b, shRNA-2), 

indicating that Afadin is essential for the cortical recruitment of MT-motors. Based on the 

direct interaction between Afadin and LGN that I had uncovered, we hypothesized that 

Afadin might bring LGN to the cortex by interacting directly with its TPR-domain. To test 

this possibility, we performed spindle orientation rescue experiments in Afadin-depleted 

HeLa cell lines expressing sh-resistant Afadin mutants. As the LGN/Afadin interaction is 

contributed both by side-chains and by a number of main chain hydrogen bonds (Fig. 18), 

for the rescue experiments we decided to use an Afadin mutant lacking the whole LGN-

binding peptide (AfadinΔLGN). Spindle orientation analysis and immunostainings revealed 

that wild-type Afadin (AfadinWT) restored LGN localization at the cortex as well as 

horizontal spindle orientation, while AfadinΔLGN mutant did not (Fig. 21c-e). These results 

indicate that in HeLa cells the interaction of Afadin with LGN mediates LGN-cortical 

recruitment, and instructs correct spindle orientation.  
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Fig. 21. The direct LGN/Afadin interaction is required for cortical LGN/NuMA/Dynein 

localization in metaphase, and proper spindle orientation.  

a) Top. Cortical localization of endogenous Afadin, LGN, and NuMA in HeLa cells cultured on 

fibronectin-coated coverslips. Bottom. Representative confocal z-sections of mitotic HeLa cells 

infected with control or Afadin-targeting shRNAs stained for NuMA and DNA (DAPI). The plane 

of the coverslip is visible as a white line. The right panel shows a schematic representation of the 

experimental setting. b) Confocal sections of control shRNA (top) and Afadin shRNA-2 expressing 
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HeLa cells (bottom) in metaphase stained for LGN, NuMA, and p150Glued. Bar graphs show 

quantification (mean + s.e.m.) of cortical signals from three independent experiments. ****P < 

0.0001 by two-sided Mann-Whitney test. c) Rescue experiments of cortical LGN in HeLa cell lines 

stably depleted of endogenous Afadin, and transfected with shRNA-resistant rat mCherry-wild-

type Afadin, Afadin lacking the LGN-binding domain (AfadinΔLGN), or Afadin devoid of the actin-

binding domain (AfadinΔACTIN). Bottom panels show the localization of the transfected mCherry-

Afadin constructs. d) Quantification of cortical LGN in three independent rescue experiments 

(mean + s.e.m.). ****P < 0.0001 by two-sided Kruskal-Wallis test. e) Distributions of mitotic-

spindle angles in metaphase for Afadin shRNA rescue experiments. Mean ± s.e.m. are shown for 

three independent experiments. ****P < 0.0001; by one-way ANOVA Tukey’s test. Scale bars in 

b) and c) are 5 µm. 

 
Afadin bridges the interaction between LGN and F-actin in vitro and in vivo            

2.9      AfadinCter co-sediments with F-actin in vitro 

As reported by previous studies, Afadin is an F-actin binding protein that links adherens 

junctions to the cell cortex. Importantly, F-actin is the main component of the cell cortex, 

which assembles at mitotic entry to mediate round-up [59]. Although increasing evidence 

points to a role of the acto-myosin cell cortex in mitotic spindle placement, a physical 

connection between F-actin and spindle orientation proteins is still missing. To understand 

whether the F-actin binding domain of Afadin is implicated in spindle orientation function, 

I characterized the F-actin binding activity of Afadin. First, I tested whether the AfadinCter 

construct interacting with LGNTPR associates directly to F-actin. To this aim I performed 

high-speed co-sedimetation assays with AfadinCter concentrations ranging from 0.25 to 15 

µM and 1 µM of polymeric F-actin. The supernatant (S) and pellet (P) fractions were 

analyzed separately by SDS-PAGE (Fig. 22a), and the amount of AfadinCter found in the 

pellet was quantified and plotted against the total concentration (see Mat. & Meth. section 

5.5.1). Data fitting revealed that the binding between AfadinCter and F-actin occurs with a 

KD of 3.8 ± 0.5 µM (Fig. 22b). As the AfadinCter sequence does not contain any known 

canonical actin-binding domain, I carried out an additional co-sedimentation experiment 

with two complementary fragments encompassing the entire C-terminal portion of Afadin 
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to restrict the F-actin interacting region. This experiment showed that the Afadin portion 

co-sedimenting with F-actin spans residues 1514-1682, just upstream the LGN binding site 

(Fig. 22c). Interestingly, SEC analysis revealed that the same AfadinCter construct does not 

enter a complex with globular (G) actin (Fig. 22d), even at 10-fold higher concentrations 

than the ones used in co-sedimentation assays, thus suggesting that Afadin recognizes 

specific features of the actin filaments’ lattice.  

  

Fig. 22. AfadinCter co-sediments with F-actin in vitro. a) High-speed co-sedimentation of 

increasing concentrations of AfadinCter with 1 µM of F-actin. Coomassie-stained SDS-PAGE of 

pellet (P) and supernatant (S) fractions for each Afadin concentration. b) Quantification of the co-

sedimentation assay by densitometric analysis. Error bars, s.d. (n = 3 independent experiments). c) 

High-speed co-sedimentation assay of two complementary fragments of AfadinCter (residues 1514-

1824) with F-actin. Supernatant (S) and pellet (P) fractions of an analogous high-speed 

sedimentation experiment performed in the absence of F-actin are shown as a control of co-

sedimentation specificity. d) SEC analysis and corresponding SDS-PAGE showing that at 150 µM 

concentration of both species AfadinCter and monomeric G-actin do not form a complex. The 

elution profiles of AfadinCter and G-actin are also shown as references for the individual runs. 

Despite having similar molecular weight, AfadinCter elutes near the globular 158 kDa marker (lanes 

3-6 of the SDS-PAGE), whereas G-actin elutes in the later fractions 7-10.  
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2.10      Afadin co-sediments concomitantly with F-actin and LGN     

The finding that the LGN and the F-actin binding domains of Afadin are physically 

separated prompted us to investigate the possibility that Afadin could bind simultaneously 

to LGN and F-actin. To this aim I co-sedimented AfadinCter with F-actin in the presence of 

LGNTPR. As expected, LGNTPR in isolation remained in the supernatant fraction, whereas it 

co-sedimented with F-actin in the presence of equimolar amounts of AfadinCter (Fig. 23a, 

top lanes 6-7,10-11). I then took advantage of the structural knowledge acquired to design 

mutants on either side of the AfadinCter/LGNTPR complex impairing the interaction, namely 

AfadinF1730E-E1735R and LGNR235A-R236A. Mutations disrupting the AfadinCter/LGNTPR 

interface impaired LGN co-sedimentation with F-actin (Fig. 23a, top lanes 12-13) 

indicating that Afadin links directly LGN and F-actin in vitro. 

 
2.11    Afadin bridges the interaction of LGN with the acto-myosin cell cortex    

To prove that Afadin works as a physical anchor between LGN and cortical actin filaments 

also in cells, we treated mitotic HeLa cells with the actin-depolymerizing drug 

Latrunculin-A, which disrupts the acto-myosin cell cortex almost completely (Fig. 23b, 

left). Under these conditions Afadin detached from the plasma membrane and redistributed 

in the cytoplasm (Fig. 23b, middle), while LGN disappeared from the cortex to accumulate 

aberrantly on the spindle poles, as previously described [61] (Fig. 23b, right).  Most 

importantly, expression in Afadin-depleted cells of an Afadin mutant devoid of the actin-

binding region that I had identified in vitro (mCherry-AfadinΔACTIN) failed to rescue LGN 

cortical localization (Fig. 21c-d), and spindle orientation defects (Fig. 21e). Together, these 

data demonstrate that Afadin acts a mechanical bridge between the acto-myosin cortex and 

the spindle MT-motors.  

 

 



	   68	  

 

 

Fig. 23 Afadin bridges the interaction of LGN with F-actin in vitro and in cells. a) High-speed 

co-sedimentation performed at saturating concentrations of AfadinCter (9 µM) in the presence of 

equal amounts of LGNTPR. Analyses were carried out with wild-type AfadinCter and LGNTPR or with 

the mutants AfadinF1730E E1735R and LGNR235A R236A. b) HeLa cells in metaphase treated with DMSO 

(top row) or 1 µM Latrunculin-A (bottom row), fixed and stained for actin (phalloidin), Afadin or 

LGN. Scale bar, 5 µM. 

 

Afadin directs planar cell division and correct formation of Caco-2 cysts 

Afadin is an adherens junction protein implicated in the formation of polarized epithelia. 

Thus, we decided to study the relevance of its role in spindle orientation during epithelial 

formation, when cell-to-cell junctions are present. To this aim we employed as a model 

system Caco-2 cells that in matrigel undergo planar divisions forming monolayered 3D 

cysts with the apical side facing the inner lumen (Fig. 24a-b, wild-type). Knock-down of 

Afadin in Caco-2 cells caused misoriented divisions, and the formation of multi-lumen 

cysts (Fig. 24a-b, shRNA-2). In summary, these findings suggest that Afadin is required 

for planar cell division and for correct epithelial morphogenesis.  
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Fig. 24 Afadin directs Caco-2 planar cell divisions and correct cystogenesis. a) Confocal 

sections of the equatorial region of Caco-2 cysts grown from wild-type cells (left) or cells lacking 

Afadin (right). The orientation of the spindle axis in mitotic cells is indicated with double-arrowed 

lines. Scale bar, 10 µm. b) Quantification of defective cystogenesis as a percentage of cysts with a 

single lumen in wild-type or Afadin-ablated Caco-2 cells. Mean ± s.d. are shown. ***P < 0.001 by 

two-sided Fisher’s exact test between control cysts and Afadin shRNA-2 expressing cysts. 
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3. RESULTS: NuMA and Aurora-A in spindle orientation 
  

NuMA is one of the master regulators of spindle orientation, which also plays essential 

functions in spindle organization and maintenance [110]. At mitotic entry, NuMA 

localization and activities are tightly regulated by Ran-GTP signaling [111] and by several 

phosphorylation events. In metaphase, it localizes both at the spindle poles and at the 

cortex [26]. Recently, a proteomic screening identified NuMA among the mitotic targets of 

Aurora-A kinase [99]. Like NuMA, in mitosis Aurora-A localizes at the spindle poles 

where it promotes spindle organization by controlling MT nucleation and dynamics. 

However, the functional relevance of the phosphorylation of NuMA by Aurora-A is still 

unclear. We thus set out to investigate the role of the crosstalk between NuMA and 

Aurora-A biochemically and in cells. For this project Sara Gallini and Laura Pirovano 

carried out the cell biology experiments, while I validated their findings at the molecular 

level with different biochemical approaches. 

 

Mitotic inhibition of Aurora-A causes aberrant accumulation of NuMA at the spindle 

poles and spindle misorientation 

To analyze the contribution of Aurora-A to spindle orientation, we established cell culture 

conditions in which the kinase was either partially inhibited or silenced. Treatment of 

HeLa and non-transformed hTERT-RPE-1 cells with 50 nM of the Aurora-A chemical 

inhibitor MLN8237 or depletion of Aurora-A by small-interfering oligos (siRNAs) caused 

spindle misalignment compared to control cells (Fig. 25a). Under these conditions, in 

HeLa cells LGN cortical recruitment in metaphase was unaltered (not shown), whereas 

NuMA enriched aberrantly at the spindle poles and was lost from the cortex (Fig. 25b), 

indicating that Aurora-A activity is required for the correct localization of NuMA in 

metaphase. Importantly, artificial tethering of NuMA to the plasma membrane by the 

generation of a GFP-NuMA-LGNGoLoco chimeric protein was able to by-pass the 

requirement of Aurora-A for correct orientation, indicating that cortical localization of 
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NuMA with Gαi is both sufficient and necessary to ensure correct spindle orientation (Fig. 

25c). Together these findings suggest that Aurora-A regulates mitotic spindle orientation 

by controlling NuMA distribution in metaphase. 

  

 

Fig. 25 Mitotic inhibition of Aurora-A causes aberrant accumulation of NuMA at the spindle 

poles and spindle misorientation. a) Scatter plots illustrating the distribution of the angle 

measured between the spindle axis and the plane of the coverslip in HeLa cells treated with DMSO 

or 50 nM MLN8237; GL2i or Aurora-Ai, and hTERT-RPE-1 cells treated with DMSO or 100 nM 

MLN8237. For the scheme of the experimental setting please see Fig. 21a (bottom, right). Means ± 

SEM are shown; n > 40 from three independent experiments; for all conditions. ****: p < 0.0001. 

b) Immunofluorescence analysis of endogenous NuMA (green) in HeLa cells treated with DMSO 

or MLN8237. c) Quantification (%) of misoriented divisions of HeLa cells expressing GFP-NuMA 

or GFP-NuMAGoLoco and treated with DMSO or MLN8237. The position of the spindle poles 

(detected by GFP signal) was monitored by DIC in video-recording time-lapse experiments. Means 

± SEM; for all conditions n > 45 from three independent experiments. *p < 0.05; ns: non-

significant statistical difference by unpaired t test. 
 

Aurora-A phosphorylates NuMA to control its localization in metaphase and spindle 

orientation 

3.1      Aurora-A phosphorylates NuMACter in vitro 

To investigate how Aurora-A controls NuMA distribution in mitosis, I started testing 

whether NuMA could be phosphorylated directly by the kinase. To this aim we focused on 

the C-terminal portion of NuMA, starting right after the coiled-coil region. We chose the 

fragment encompassing residues 1821-2115 (NuMACter hereon) (Fig. 26a, top) that is 

monomeric, unable to dimerize with endogenous NuMA, and contains three serines 
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conforming to the Aurora-A consensus site R/K-X-S/T- Φ, where Φ stands for a 

hydrophobic residue, while X for any residue [112, 113] (Fig. 26a, bottom). After cloning 

NuMACter into a bacterial expression vector, I purified the protein to homogeneity before 

subjecting it to an in vitro kinase assay with the purified kinase domain of Aurora-A. To 

analyze the effect of Aurora-A phosphorylation, we decided to use Phos-TAG SDS-

PAGEs that delay the runs of phosphorylated bands resulting in a shift to higher molecular 

weights. This technique is based on the association of the Phos-TAG chemical to the 

phospho-groups of proteins within the separating gel. Upon incubation with the kinase, 

NuMACter showed three slow-migrating bands compared to unmodified NuMACter (Fig. 

26b, lanes 1-2). To prove that those bands resulted from Aurora-A phosphorylation I 

repeated the kinase assay in the presence of 1 mM MLN8237 that was able to revert the 

phosphorylation completely (Fig. 26b, lane 3). Consistent with previous studies [99], mass 

spectrometry analysis of the slow-migrating bands confirmed that phosphorylation occurs 

on the three predicted serines at position 1969, 1991, and 2047. Indeed, when I repeated 

the experiment with a mutant version of NuMACter on which the three serine phosphosites 

were mutated into alanines (NuMA3Ala), no shifted bands appeared on the Phos-TAGTM 

PAGE upon addition of Aurora-A (Fig. 26, lanes 4-6).  These results showed that Aurora-

A phosphorylates directly NuMACter on Ser1969, 1991 and 2047 in vitro. 
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Fig. 26. Aurora-A phosphorylates NuMACter in vitro. a) Schematic representation of the domain 

structure of NuMA, enlarged on the C-terminal portion spanning residues 1821-2115 (NuMACter in 

the text and below). Fragments with known functions are highlighted with different colors 

including the LGN-binding domain (residues 1900-1928, pink), the former MT- binding domain 

(residues 1914-1985, dashed green) and the nuclear localization signal (NLS, residues 1986-2005, 

orange). The MT-binding domain identified in our study (see paragraph 3.7) encompassing 

residues 2002-2115 is in green. In the primary sequence of NuMACter, the Aurora-A phospho-

serines Ser1969, Ser1991 and Ser2047 are in red. b) Coomassie blue-stained Phos-TAG SDS-

PAGE of the in vitro kinase assay performed with the purified kinase domain of Aurora- A and 

NuMACter wild-type (NuMA-WT), or with Ser1969, Ser1991 and Ser2047 mutated into alanine 

(NuMA-3Ala). Samples in lanes 3 and 6 contained 1 mM MLN8237 in the reaction buffer. The 

purified NuMACter samples used as substrates are loaded in lane 1 and 4 as controls. 
 

3.2      NuMA phosphorylation on Ser1969 controls its localization in metaphase 

To address the relevance of the identified phosphosites in cells, we generated HeLa cells 

stably expressing mCherry-NuMACter either wild-type or carrying alanine-mutations in the 

three identified serines, singularly or in combination. The mitotic localization of the 

mutants was then analyzed, and the signal at the spindle poles quantified. In unperturbed 

conditions, mCherry-NuMACter wild-type localized both at the spindle poles and at the 

cortex, while it accumulated aberrantly on the spindle poles upon treatment with 

MLN8237 (Fig. 27a-b, WT). Conversely, the constructs carrying single substitution of 

Ser1969Ala or substitution of all three the serines into alanines (3Ala) showed a 

constitutive accumulation at the spindle poles even in control cells, and became insensitive 

to MLN8237 treatment (Fig. 27a-b, S1969A and 3Ala). Together these results indicate that 

Aurora-A phosphorylates NuMA on Ser1969 to regulate its polar accumulation in 

metaphase. Based on these observations, we hypothesized that Ser1969 might serve as 

priming site to allow the subsequent phosphorylation of Ser1991 and Ser2047. To test this 

possibility I compared the phosphorylation kinetics of NuMACter and NuMACter-S1969A in 

an in vitro phosphorylation time-course experiment. The kinase reactions were stopped at 

different time points and separated by Phos-TAG SDS-PAGE, revealing that the 

phosphorylation patterns of NuMACter and NuMACter-S1969A were identical (Fig. 27c). 

This experiment demonstrated that the Ser1969 of NuMA does not work as a priming site, 

but rather it is the main phosphorylation event underlying Aurora-A-mediated control of 

NuMA localization.   
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Fig. 27. NuMA phosphorylation on Ser1969 controls its localization in metaphase. a) Confocal 

images of metaphase HeLa cells stably expressing mCherry-NuMACter wild-type, or carrying either 

S1969A or S1969-S1991-S2047 mutated into alanine (3Ala). Representative images from cultures 

treated with DMSO (top) or 50 nM MLN8237 (bottom) are shown. b) Quantification of the 

mCherry fluorescence ratio between poles and cytosol in the experimental conditions of panel a) 

(means ± SEM; n > 20 from three independent experiments). c) Time-course of NuMACter wild 

type, S1969A, or 3Ala in vitro phosphorylation by Aurora A. Reactions were stopped at different 

time points and analyzed by Phos-TAG SDS-PAGE. 

 

3.3      Phosphorylation on Ser1969 of NuMA controls its mobility at spindle poles and

  spindle orientation                                                               

Based on our observations, it seemed that upon Aurora-A inactivation NuMA was 

physically trapped on spindle poles, thus reducing the cytosolic fraction available for 

interaction with cortical LGN in metaphase. To test this possibility, we decided to measure 

the mobility of full-length NuMA (NuMA-FL-WT) at the spindle poles by Fluorescence 

Recovery After Photobleaching (FRAP) analysis in Aurora-A inhibited conditions. To 
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evaluate the effect of Aurora-A inhibition on the cycling rate of NuMA-FL at the spindle 

poles, we used mitotic HeLa cells transiently transfected with GFP-NuMA. We 

photobleached the GFP-NuMA signal at one of the two spindle poles in DMSO or 

MLN8237-treated cells in metaphase, and monitored the dynamics of FRAP recovery (Fig. 

28a, top) (see Mat. & Meth section 5.7.5). By comparing the half-time of the recovery and 

the mobile fraction of bleached GFP-NuMA in untreated cells with those of Aurora-A-

inhibited cells, we found that the turnover of NuMA at the spindle poles is significantly 

slower in MLN8237-treated cells (Fig. 28a, bottom left). In addition, in the same inhibited 

conditions, the GFP-NuMA fluorescence intensity at the plateau diminished compared to 

control cells indicating a reduction of the mobile fraction of NuMA at the spindle poles 

(Fig. 28a, bottom right). To address the relevance of the phosphorylation on Ser1969 for 

NuMA polar accumulation, we expressed mCherry-NuMA-FL either WT or S1969A in 

HeLa cells stably depleted for endogenous NuMA, and repeated the FRAP experiments 

(Fig. 28b, top). While the half-time of recovery of mCherry-NuMA-WT was 

undistinguishable from the one previously measured for GFP-NuMA-WT, mCherry-

NuMA-S1969A displayed a slower-rate (Fig. 28b, bottom left). Most importantly, the 

mobility of mCherry-NuMA-S1969A (Fig. 28b, bottom right) mirrored the one observed 

for GFP-NuMA-WT in cells treated with MLN8237, indicating that Ser1969-

phosphorylation governs the correct cycling rate of NuMA at the spindle poles in 

metaphase. To understand whether the spindle misorientation phenotype observed upon 

treatment of HeLa cells with MLN8237 arises from the lack of NuMA phosphorylation on 

Ser1969, we set out to perform spindle orientation rescue experiments in NuMA-depleted 

HeLa cells with either mCherry-NuMA-WT or mCherry-NuMA-S1969A. Spindle angle 

analysis revealed that while WT NuMA could revert completely spindle placement defects, 

the phospho-mutants could not (Fig. 28c). In conclusion, our data indicate that Aurora-A 

contributes to spindle orientation by controlling NuMA accumulation on the spindle poles 

through phosphorylation on Ser1969. 
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Fig. 28. Phosphorylation on Ser1969 of NuMA controls its mobility at spindle poles and 

spindle orientation. a) FRAP analysis in HeLa cells of full-length GFP-NuMA in the presence of 

DMSO or MLN8237. Recovery profiles of bleached GFP spindle poles signal over 5 minutes are 

plotted (top). The dot-plots (bottom) show the distribution of t1/2 (sec) and the mobile fraction (%) 

of GFP-NuMA at the spindle poles (means ± SEM; n > 40 from three independent experiments). In 

all statistical analyses, ****: p < 0.0001 by unpaired t test. All scale bars: 5 µm. b) FRAP analysis 

in NuMA-ablated HeLa cells transiently transfected with full-length mCherry-NuMA wild-type or 

S1969A mutant. Recovery profiles of bleached mCherry spindle poles signal plotted over 5 min 

(left). Dot plots (right) show the distribution of t1/2 (sec) and the mobile fraction (%) of mCherry-

NuMA proteins at the spindle poles (means ± SEM; n > 44 from three independent experiments). 

****p < 0.0001 by unpaired t test. c) Quantification of mitotic spindle angle of NuMA-depleted 

HeLa cells transiently transfected with full-length mCherry-NuMA wild-type or S1969A mutant. 

Means ± SEM; n > 50 from three independent experiments. ****p < 0.0001 by Kruskal-Wallis test. 

 

Binding of NuMA to MTs and to LGN is independent of Aurora-A activity                                      

3.4 Phosphorylated NuMA co-sediments with MTs                                                       

Starting from the observation that Aurora-A inhibition causes an accumulation of NuMA 

on the spindle poles, we reasoned that a receptor for NuMA at the spindle poles might 

exist, whose affinity is modulated by Aurora-A. Interestingly, the phosphosite Ser1969 that 

we had identified as the major determinant of NuMA mobility at the spindle poles, lies in a 

region previously reported to bind MTs spanning residues 1914-1985 [95, 96] (Fig. 26a, 
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dashed green). Thus, we decided to test whether the affinity of NuMA for MTs changes 

upon phosphorylation. To this purpose I performed in vitro co-sedimentation experiments 

of NuMACter with taxol-stabilized MTs. Analysis of the supernatant (S) and pellet (P) 

fractions upon ultracentrifugation allows the detection of the direct binding between 

purified proteins and MTs (Fig. 29a).  S and P samples separation on Phos-TAG SDS-

PAGE revealed that neither phosphorylation of NuMACter by Aurora-A, nor the phospho-

mimetic replacement of the Ser1969, 1991 and 2047 with aspartic acids affected the 

binding to MTs in vitro (Fig. 29, lanes 9-10 and 11-12). To understand if this finding holds 

true also in cells, I performed a co-sedimentation experiment on lysates of mitotic HeLa 

cells stably expressing mCherry-NuMACter, treated or not with 50 nM MLN8237. For a 

better comparison of the binding affinities, I conducted the experiment in the presence of 

increasing concentrations of taxol-stabilized MTs. SDS-PAGE separation of S and P 

fractions followed by immunoblotting with an antibody against NuMA revealed that 

NuMA binds MTs to the same extent in untreated and in MLN8237 treated cells (Fig. 29b, 

lanes 1-2 and 7-8). These results indicate that Aurora-A-mediated phosphorylation on 

Ser1969 of NuMA does not influence the affinity of the protein for MTs.          

    

 

Fig. 29. Phosphorylated NuMA co-sediments with MTs. a) Co-sedimentation of 2 µM NuMACter 

with 9 µM polymeric tubulin (MTs). Wild-type NuMACter unmodified or phosphorylated by 

Aurora-A, and NuMACter-3Asp (S1969-S1991-S2047 replaced with Asp) were tested. The 

supernatant (S) and pellet (P) fractions were analyzed on a Phos-TAG SDS-PAGE followed by 

Coomassie staining (lanes 7-12). The solubility of NuMACter in the absence of microtubules was 

tested (lanes 1-6). b) Lysates of prometaphase-arrested mCherry-NuMACter–expressing HeLa cells 
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were co-sedimented with increasing amounts of exogenous microtubules. The MT-binding ability 

of mCherry-NuMACter was assessed in untreated (lanes 1-6) and 50 nM MLN8237-treated (lanes 7-

12) lysates. NuMACter and MTs in the pellet (P) and supernatant (S) fractions were detected by 

immunoblotting using anti-NuMA and anti-α-tubulin antibodies.        

                                       

3.5 Phosphorylation of NuMA does not affect its MT-bundling activity               

Previous studies showed that dimeric GST-NuMA constructs encompassing the MT-

binding domain mediate MT-bundling [96, 114, 115]. To explore the possibility that 

Aurora-A phosphorylation could affect the MT-bundling ability of NuMA, I generated a 

dimerizing GST-fusion construct of NuMACter and of its two complementary sub-

fragments spanning residues 1821-2001 and 2002-2115, respectively (Fig. 30a). I then 

tested these fragments in an in vitro MT-forming assay, in which a mixture of 

unlabeled:rhodaminated tubulin was incubated with the proteins of interest without taxol-

induced stabilization. The ability of such NuMA fragments to favor MT-formation from 

α/β-tubulin heterodimers was then analyzed by wide-field microscopy. Using this 

approach, I found that GST-NuMACter and GST-NuMA2002-2115 not only promoted MT 

formation but also bundled MTs efficiently, regardless of Aurora-A activity. On the other 

hand GST-NuMA1821-2001 only induced polymerization of short MTs, similar to the ones 

observed in the GST control (Fig. 30b). This evidence indicates that the MT-binding and 

bundling abilities of NuMA are not affected by Aurora-A phosphorylation, and at the same 

time reveals that the spindle pole accumulation of NuMA observed upon inhibition of the 

kinase occurs via receptors other than MTs.          
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Fig. 30. Phosphorylation of NuMA does not affect its MT-bundling activity.                                 

a) Coomassie stained Phos-TAG SDS-PAGE of the GST-NuMACter fragments used in the in vitro 

bundling assays used in b). Unmodified species are indicated with blue asterisks (lanes 2-4), 

whereas Aurora-A phosphorylated corresponding bands are marked with red asterisks (lanes 6-8). 

b) Representative images of in vitro microtubule bundling assays performed with rhodamine 

labeled tubulin in the presence of GST-NuMA1821-2115, GST-NuMA1821-2001 and GST-NuMA2002-2115, 

or GST as control. Experiments were performed both with unmodified (left panels) and 

phosphorylated NuMA fragments. 

 

 3.6 Phosphorylation of NuMA does not increase LGN-binding affinity             

Another hypothesis that might explain the reduction of cortical NuMA upon Aurora-A 

inhibition would be that NuMA phosphorylation is required for its direct binding to LGN. 

It is known that LGN recognizes a portion of NuMACter encompassing residues 1900-1928 

with the N-terminal TPR-domain [36], and that this interaction is required for spindle 

orientation in metaphase [27]. To test whether Aurora-A activity could influence 

NuMA/LGN binding affinity, I performed a GST pull-down assay with 1 µM GST-

LGNTPR immobilized on GSH beads and 2 µM phosphorylated NuMACter in solution, and 
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found that the amount of NuMA retained on beads was unchanged upon Aurora-A 

phosphorylation (Fig. 31, lane 12). Thus I concluded that the Aurora-A does not control 

the cortical enrichment of NuMA by altering the NuMA/LGN affinity. I further confirmed 

this result by repeating the GST pull-down experiment with 2 µM of the phospho-mimetic 

NuMACter-3Asp in solution (Fig. 31, lane 11), which also did not show increased affinity 

for LGN. 

Identification of a new NuMA MT-binding domain downstream the LGN binding site 

3.7 NuMA2002-2115 co-sediments with MTs                                                            

The unexpected finding that the construct NuMA1821-2001 encompassing the previously 

identified MT-binding domain (Fig. 26a, dashed green) was unable to bundle MTs 

prompted us to evaluate the MT-binding ability of this fragment in a co-sedimentation 

assay, in parallel with NuMACter and NuMA2002-2115. Upon ultracentrifugation and SDS-

PAGE analysis, I found that both NuMACter and NuMA2002-2115 co-sedimented with taxol-

stabilized MTs (Fig. 32a, lanes 7-8 and 11-12), while NuMA1821-2001 remained in the 

supernatant fraction (Fig. 32a, lanes 9-10). This result identifies a new MT-binding domain 

of NuMA spanning residues 2002-2115.  
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Fig. 31. Phosphorylation of NuMA does not increase LGN-binding affinity. a) In vitro pull-

down assay performed with GST-LGNTPR adsorbed on glutathione beads and purified NuMACter in 

solution. After washes, species retained on beads were separated by SDS-PAGE and Coomassie-

stained. The NuMACter samples used in the pull-down experiment were also separately loaded on a 

Phos-TAG SDS-PAGE to monitor their phosphorylation status (lanes 1-3).  

 

 
3.8 NuMA co-sediments simultaneously with MTs and LGN 

The fact that the newly identified MT-binding domain lies downstream of the LGN-

binding stretch (Fig. 26a, green) rather than overlapping with it as previously reported 

[96], raised the question as to whether a single molecule of NuMA could associate with 

LGN and MTs at the same time. To test this idea, I repeated the MT-co-sedimentation 

assay with NuMACter and its two subdomains in the presence of equimolar amounts of 

LGNTPR. As expected, LGNTPR in isolation was found in the supernatant, while it 

sedimented into the pellet with MTs in the presence of NuMACter (Fig. 32b, lanes 9-12). 

On the other hand, LGNTPR did not sediment with MTs in the presence of NuMA1821-2001 

that is unable to bind MTs (Fig. 32b, lanes 13-14), nor with NuMA2002-2115, that does not 

contain the LGN binding site (Fig32b, lanes 15-16). Collectively, these experiments 

identifies a MT-binding region at the very C-terminus of NuMA that is compatible with 

the concomitant binding of NuMA to LGN and to MTs.  
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Fig. 32. NuMA co-sediments simultaneously with MTs and LGN. a) Co-sedimentation of the 

NuMACterm fragments (2 µM) used in the bundling assay of Fig. 30b, in the presence of 9 µM MTs. 

The supernatant (S) and pellet (P) fractions were analyzed on SDS-PAGE followed by Coomassie 

staining (lanes 7-12). The solubility of the NuMACter fragments in the absence of microtubules was 

tested (lanes 1-6). b) MT-co-sedimentation assay performed as in a) in the presence of 1 µM 

LGNTPR. 

 

3.9 Direct binding of NuMA to MTs is not required for its polar localization 

The experiments described so far excluded that NuMA phosphorylation on Ser1969 could 

control its polar accumulation by affecting the affinity for MTs. This finding is consistent 

with the notion that the new MT-binding domain I have identified does not include 

Ser1969. Thus, we asked whether the portion of NuMA encompassing Ser1969 was 

implicated in NuMA localization at the spindle poles. Of note, previous studies reported 

that the mouse NuMA fragment coded by exon-22 (exon-24 spanning residues 1944-2003 

in hs NuMA), is essential for centrosome tethering to astral MTs. Indeed, these studies 

showed that removal of exon-22 in the mouse NuMA gene generates a protein unable to 

localize at the spindle poles [97]. Based on this observation, we transfected HeLa cells 

with three NuMA constructs encompassing the previously reported MT-binding domain 

(NuMA1821-2001), the newly identified one (NuMACterΔexon-24) or both of them, and 

analyzed their ability to localize at the spindle poles in metaphase by confocal microscopy. 

Consistent with the current knowledge, mCherry-NuMA1821-2001 localized at the spindle 

poles almost to the same extent of NuMACter, indicating that the direct binding to MTs is 

not involved in polar targeting of NuMA. On the other hand, the polar localization of the 
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mCherry-NuMACterΔexon-24 was severely compromised (Fig. 33). These data suggest 

that the region of NuMA spanning residues 1944-2003, coded by exon-24, mediates 

spindle poles localization in spite of not being involved in direct MT-association. This is 

consistent with our finding that phosphorylation of Ser1969 is the major event controlling 

NuMA polar accumulation. Altogether our results revealed that 1) the binding of NuMA to 

MTs and to LGN is independent of Aurora-A activity, 2) the fragment of NuMA 

encompassing residues 2002-2115 contains the MT-binding domain, while residues 1821-

2001 are involved in spindle pole association regulated by Aurora-A, (C) NuMaCter 

interacts simultaneously with LGN and MTs. 

 

Fig. 33. Direct binding of NuMA to MTs is not required for its polar localization. a) Confocal 

sections of metaphase HeLa cells transiently expressing the entire mCherry-NuMACter (residues 

1821–2115) or its deletions D2003–2115 and D1944–2003 (Dexon-24). b) Histograms represent 

the quantification of the mCherry signal at the spindle poles with respect to cytoplasm (means ± 

SEM; n > 30 from three independent experiments). ****p < 0.0001 and *p < 0.05 by Kruskal-

Wallis test. Scale bar, 5 µm. 
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4. DISCUSSION  
 
 
4.1 Afadin  

During my PhD studies, we provided structural evidence of the direct interaction of Afadin 

with LGN, and that it is compatible with the simultaneous binding to cortical F-actin. 

Based on these findings, we demonstrated that in epithelial cells Afadin acts as a molecular 

bridge between F-actin and LGN, and that this molecular mechanism accounts for the role 

of Afadin in spindle orientation. Our studies are presented in the paper entitled 

“Concomitant binding of Afadin to LGN and F-actin directs planar spindle orientation” 

published in Nature Structural & Molecular Biology on January 2016 [115]. We also 

published a more technical report describing the strategy adopted to obtain well-diffracting 

crystals of the Afadin-LGN complex entitled “Crystallization and X-ray diffraction of 

LGN in complex with the actin-binding protein Afadin” on Acta Crystallographica Section 

F [104]. 

My studies started from in vitro binding assays demonstrating that the association between 

PinsTPR and CanoeCter previously reported [74] is conserved in the human orthologs 

LGNTPR and AfadinCter. Mapping of the minimal binding interfaces of the two proteins 

revealed that the stretch of Afadin encompassing residues 1709-1746 binds to LGNTPR 

with the same strength measured for the entire AfadinCter. Crystallographic analysis carried 

out on a chimeric construct of LGNTPR fused to Afadin1709-1746 revealed that the Afadin 

peptide runs along the inner groove of the LGNTPR superhelix with opposite chain 

directionality, and docks onto the LGNTPR surface via a number of main chain hydrogen 

bonds, and specific contacts of the side chains Phe1730AF and Glu1735AF. The topology of 

LGNTPR in complex with Afadin is reminiscent of that of LGN in complex with other 

interactors such as mInsc [37], NuMA [36], and Frmpd1/4 [39]. Thus, it is not surprising 

that SEC analysis showed that Afadin competes with NuMA for binding LGN. Of note, 

this competition is conserved also between Drosophila Canoe and Mud, suggesting that the 
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molecular function of Afadin is conserved across species. Because the topology of LGNTPR 

bound to its ligands is similar, it is possible to superimpose the corresponding structures in 

order to find a putative motif common to all LGN binding partners. Structural 

superposition of LGNTPR in complex with its known ligands, including the Afadin peptide, 

led to the definition of an LGN-binding consensus [F/W]-X2-8-[E/Q/Y]-X-E-X5-[Q/D/E]-

X1-2-[K/R/C]-X0-1-[L/I/V], where X stands for any residue (Fig. 20a, bottom). However, 

this consensus turns out to be poorly predictive due to the variability in the residues 

accommodated between the conserved positions, and in the manner in which the ligand 

side chains can rearrange to recognize the LGN surface.  

We then demonstrated that in epithelial cells the Afadin/LGN interaction has a functional 

role in the cortical recruitment of MT-motors. Indeed, loss of Afadin in HeLa cells perturbs 

cortical localization of LGN in metaphase, and abolishes NuMA and Dynein/Dynactin 

recruitment at the cortex both in metaphase and in anaphase. Thus, Afadin is essential for 

targeting NuMA at the cell cortex, despite they do not interact directly but are mutually 

exclusive interactors of LGN. To reconcile this apparent discrepancy, one could 

hypothesize the existence of higher order oligomers in which multiple LGN molecules 

engage either with NuMA or Afadin. We believe that this hypothesis is unlikely, as in the 

absence of limiting concentrations or topological constraints not visible in the LGN 

crystallographic structures, all the available sites on LGN would be occupied by the higher 

affinity ligand, which in this case is NuMA. Intriguingly, the observation that in metaphase 

an Afadin mutant devoid of the LGN-binding motif is unable to mediate the recruitment of 

NuMA at the cortex indicates that this function impinges on the direct interaction of 

Afadin with LGN. Consistently, studies exploiting the Drosophila S2 “induced cell 

polarity assay” have shown that the Pins/Mud spindle orientation pathway relies on the 

physical interaction of Canoe with Pins at the cortex [74]. Collectively, our data support a 

sequential model, in which LGN is first recruited at the cortex by Afadin, binds to several 

Gαi molecules (Fig. 34, left), and is later handed to NuMA, that binds LGN with higher 



	   88	  

affinity (Fig. 34, right). In addition, our results indicate that, also in anaphase, Afadin is 

essential for the localization of NuMA at the cortex [115] (not shown here). In anaphase, 

NuMA cortical levels increase by direct interaction of the protein with phospholipids, 

independently of LGN [90, 91, 94]. In summary, we suggest a model in which in 

metaphase Afadin targets LGN at the cortex by direct interaction with its TPR domain, but 

at the same time it is also involved in cortical recruitment of NuMA/Dynein in more 

sophisticated ways, whose elucidation will require further localization and biochemical 

studies. Interestingly, recent evidence suggests the existence of LGN-independent spindle 

orientation pathways impinging on NuMA and Afadin (Fig. 7b). “Induced cell polarity 

assays” in Drosophila S2 cells have shown that the DEP domain and the C-terminal PDZ-

ligand of Dishevelled are both required for spindle orientation [52]. In the same study, the 

authors demonstrated that the C-terminus of Dishevelled interacts with Canoe [52]. In 

addition, in fly and fish embryonic cells with active planar cell polarity Wnt-signaling the 

DEP domain of Dishevelled co-immunopreciptates with the C-terminal region of 

Mud/NuMA [48]. The interaction of Dishevelled with NuMA as well as the one with 

Afadin has later been confirmed in human cells [53, 83], suggesting that an 

Afadin/Dishevelled/NuMA spindle orientation pathway might exist and be conserved 

across species. Based on this, future biochemical and structural studies aimed at 

reconstituting the hypothetical Afadin/Dishevelled/NuMA complex would sustain a model 

in which Afadin mediates the cortical recruitment of NuMA through Dishevelled, 

independently of LGN. 

Growing evidence points to a prominent role of the acto-myosin cortex in instructing 

spindle orientation in vertebrate cells in culture and in vivo [59]. The need of an intact cell 

cortex for correct spindle positioning is reflected in the requirement of actin regulators 

including ERM proteins [57], Cdc42 [21, 58], MISP [62] and Myosin-10 [63]. 

Nevertheless, how the external signals sensed by the acto-myosin cell cortex are 

communicated to the mitotic spindle is still largely unclear. Our work on the mitotic role of 



	   89	  

Afadin contributed to fill this gap. More specifically, our findings describe for the first 

time a direct connection between the cell cortex and the cortical Dynein/Dynactin. 

Biochemical assays demonstrated that region of the isoform-4 of human Afadin 

encompassing residues 1514-1682 co-sediments with F-actin. Most importantly, we found 

that Afadin binds concomitantly to F-actin and LGN in vitro, and that it acts as the first 

described physical anchor between the cortex and the spindle motors in vivo. To prove the 

relevance of the interaction of Afadin with F-actin in cells we depolymerized cortical F-

actin by using Latrunculin-A, and observed that this led to dissociation of Afadin and LGN 

from the cortex.  In addition, depletion of Afadin did not disrupt the integrity of the acto-

myosin cell cortex, thus placing Afadin downstream of F-actin. Consistently, expression in 

Afadin-depleted HeLa cells of an Afadin construct devoid of the F-actin binding site, that 

localizes poorly at the cortex, prevented LGN cortical localization and correct spindle 

alignment. Thus we could conclude that, also in cells, Afadin acts as a molecular bridge 

connecting F-actin and LGN (Fig. 34, left). Being a component of AJs in vertebrate 

epithelia [78], we reasoned that Afadin could represent a cortical cue that restricts LGN 

and NuMA laterally to ensure planar cell divisions (Fig. 34). In line with this hypothesis, 

we showed that Caco-2 cells lacking Afadin grown in three-dimensional cysts are unable 

to undergo planar cell divisions, and generate cysts with multiple lumens. However, 

whether defective cystogenesis is a direct cause of misoriented divisions, or an indirect 

effect due to weakening of cell-cell contacts remains an open question. In summary, the 

notion that Afadin is a major component of cell-cell junctions and that it acts as a hub for 

small G-protein signaling, both in vertebrates [116, 117] and in Drosophila [118], makes it 

an ideal candidate to transduce to the mitotic spindle external stimuli such as Wnt 

signaling, and mechanical properties of the cortex such as cell shape. 

Since in flies Canoe regulates asymmetric cell divisions in NBs and muscle progenitors 

[44], it would be interesting to investigate the role of Afadin in vertebrate systems able to 
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switch from planar to vertical divisions, including the developing skin and the 

neuroepithelium. 

 

Fig. 34 Schematic representation of the mitotic function of Afadin supported by our study. 

Afadin localizes at adherens junctions of polarized epithelia and instructs the localization of MT-

motors ���by concomitant binding to cortical F-actin and LGN. LGN is anchored to the lateral 

membrane by direct simultaneous interactions with Afadin, Gαi-GDP and Dlg. Dlg recognizes the 

phosphorylated linker region of LGN (left panel). In the presence of the higher-affinity ligand 

NuMA, LGN dissociates from Afadin and recruits NuMA/Dynein at the cortex, and microtubule- 

pulling forces ensue (right panel). Evidence in flies suggests that the direct association of Afadin 

with Dishevelled (Dvl) might contribute indirectly to targeting NuMA at the cortex. 

 

4.2 NuMA and Aurora-A 

Part of my PhD research activities dealt with the characterization of the functional role of 

NuMA phosphorylations by Aurora-A. Our studies revealed that the kinase activity of 

Aurora-A controls spindle alignment of HeLa and RPE-1 cells in culture by governing the 

distribution of NuMA in metaphase. More specifically, we found that mitotic inhibition of 

Aurora-A causes aberrant accumulation of NuMA at the spindle poles, thus preventing its 

cortical recruitment with LGN and resulting in misoriented divisions. Through biochemical 

studies, we identified a new MT-binding domain within the C-terminal region of NuMA, 

which is dispensable for the localization of NuMA at the spindle poles and it is compatible 

with LGN binding, thus suggesting a possible role in spindle positioning. Our findings are 
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reported in the manuscript entitled “NuMA phosphorylation by Aurora-A orchestrates 

spindle orientation” published in Current Biology on February 2016 [119].  

Starting from the evidence that Aurora-A inhibition causes spindle orientation defects, we 

found that in the same conditions NuMA accumulates aberrantly at the spindle poles, 

accompanied by NuMA reduced mobility (Schematic representation in Fig. 35, bottom). 

These observations imply that in unperturbed conditions the affinity of NuMA for spindle 

pole components is reduced by Aurora-A phosphorylation, to allow NuMA cortical 

recruitment to LGN crescents (Fig. 35, top).  

Intriguingly, in Drosophila NBs, Aurora-A has been involved in spindle orientation via 

Pins phosphorylation within the linker between its TPR and GoLoco domains on a 

conserved Serine residue, which mediates the interaction with cortical Dlg. It seems that in 

vertebrates, phosphorylation of the same Serine residue is required to restrict LGN at the 

lateral cortex during planar mitoses in MDCK cysts [20], and in neuroepithelial cells [28]. 

Whether LGN is a direct substrate of Aurora-A also in vertebrates is not known. However, 

our data indicate that neither depletion nor inhibition of Aurora-A hampers cortical 

localization of LGN in metaphase, meaning that loss of cortical NuMA does not depend on 

the absence of LGN.  

In addition, we demonstrated that, in Aurora-A inhibited conditions, artificial tethering of 

NuMA to the cell cortex by fusion with the GoLoco region of LGN rescued spindle 

orientation defects, indicating that the major event causing spindle misorientation in 

Aurora-A inhibited cells is the lack of cortical NuMA.  

How does Aurora-A-mediated phosphorylation regulate NuMA distribution between the 

spindle poles and the cortex? One possibility is that this phosphorylation event might 

increase the binding affinity of NuMA for cortical LGN. Alternatively, phosphorylated 

NuMA may display reduced affinity for a receptor at the spindle poles. To address these 

two possibilities we made use of a C-terminal tail of NuMA spanning residues 1821-2115, 

which contains the LGN-binding motif but is unable to dimerize with endogenous NuMA, 
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and lacks the region binding to Dynein. Upon Aurora-A inhibition, this C-terminal 

construct of NuMA mimicked the aberrant polar accumulation observed for the full-length 

protein. For these reasons we decided to use this construct to investigate the effect of the 

phosphorylation on purified NuMA in vitro. We first demonstrated that Aurora-A 

phosphorylates directly the C-terminus of NuMA on Serines 1969, 1991 and 2047. In vitro 

binding assays indicated that the interaction between LGN and NuMA is not enhanced by 

Aurora-A phosphorylation. Conversely, we found that substitution of Ser1969 with 

Alanine recapitulates the NuMA enriched localization at the spindle poles in Aurora-A 

inhibited HeLa cells. In fact, in unperturbed conditions, a C-terminal construct of NuMA 

spanning residues 1821-2115 carrying Ser1969Ala mutation accumulates aberrantly at the 

spindle poles. Of note, the same mutation introduced into full-length NuMA subjected to 

FRAP at the spindle, in unperturbed conditions, reduces NuMA mobility as observed for 

the wild-type construct upon Aurora-A inhibition. We thus concluded that Aurora-A 

phosphorylates NuMA on Ser1969 to ensure its correct distribution and dynamic exchange 

between the spindle poles and the polar cortex in metaphase (Fig. 35, top). The evidence 

that the Ser1969 phosphosite, which plays a prominent role in setting normal amounts of 

NuMA at the spindle poles, lies in a region that had been previously implicated in MT-

binding, prompted us to test the idea that Aurora-A-mediated-phosphorylation could 

modulate the affinity between NuMA and MTs. Through MT co-sedimentation and MT-

bundling assays, we found that phosphorylation of Ser1969 neither affects NuMA 

association with MTs nor its ability to bundle MTs in vitro, meaning that non-

phosphorylated NuMA accumulates at the spindle poles via receptors other than MTs. 

Most interestingly, during these analyses we defined a new MT-binding domain confined 

to NuMA residues 2002-2115, which does not contain Ser1969 (Fig. 26a). The association 

of the NuMA C-terminal construct encompassing residues 2002-2115 with MTs is not 

essential for its targeting to the spindle poles. This observation is compatible with previous 

studies in which removal of the mouse NuMA fragment coded by exon-22 (exon-24 
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spanning residues 1944-2003 in hs NuMA) generated a protein localizing less efficiently at 

the spindle poles [97]. Of note, the new MT-binding domain we have identified is 

physically separated from the LGN binding motif. Therefore, not surprisingly but in 

contrast to previous evidence [96] we found that the association of NuMA with MTs is 

compatible with its simultaneous binding to LGN. Based on this, we propose that the MT-

binding domain might work at the cortex to stabilize the interaction between LGN/NuMA 

and the MT +TIPs, this way assisting the sliding of the MT-motors along the 

depolymerizing MTs (Fig. 35, top close-up). In line with our model, the binding of NuMA 

to MTs has been shown to result in frictional forces favoring the minus-end directed 

movement of Dynein [114]. 

 

 

 

Fig. 35. Schematic representation of the role of Aurora-A in regulating the distribution of 

NuMA in metaphase. Top) In unperturbed conditions, Aurora-A at the spindle poles 

phosphorylates NuMA on Ser1969 enhancing its mobility and allowing a pool of NuMA to reach 

the polar regions of the cortex above the spindle poles (left panel). The receptor for NuMA at the 

cortex is LGN, which, in turn, is recruited to the plasma membrane by interaction with four Gαi 

moieties anchored to the lipid bilayer via myristoyl groups. Phosphorylated LGN is further secured 

to the membrane by interaction with Dlg1. The N terminus of NuMA associates with 

Dynein/Dynactin, while the C-terminal portion binds concomitantly to LGN and to MTs, this way 

stabilizing the contacts between the Dynein/Dynactin motors and the depolymerizing microtubule 

lattice (right panel). Bottom) Aurora-A inhibition results in aberrant accumulation of 
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unphosphorylated NuMA at the spindle poles, and simultaneous loss of NuMA from the cortex. 

The receptor of NuMA at the spindle poles whose affinity is reduced by Aurora-A phosphorylation 

is still unknown. 

 
Our finding that Aurora-A controls NuMA distribution in adherent cells in culture provides 

an additional regulatory mechanism for NuMA recruitment at cortical LGN crescents in 

metaphase. However, the identity of the receptor/s at the spindle poles, whose affinity for 

NuMA is modulated by Aurora-A still remains unknown. At this regard, it will be of great 

interest to look for centrosomal interactors of NuMA regulated by Aurora-A, by 

performing co-immunoprecipitation experiments from untreated or MLN-treated lysates 

coupled to mass spectrometry analyses. 

In conclusion, many layers of regulation work synergistically to ensure proper levels of 

LGN/NuMA in metaphase, that ultimately lead to accurate spindle orientation preceding 

anaphase spindle elongation [35]. Whether our proposed mechanism can be extended to 

proliferating tissues and to planar cell divisions is currently unknown. Aurora-A has been 

involved in the regulation of spindle orientation during asymmetric cell divisions in the 

mammary epithelium [120]. Therefore, the relevance of the Aurora-A/NuMA pathway in 

stem cell self-renewal would be an exciting direction for future experiments. 

 

In our work we reported the role of the LGN/Afadin/F-actin interaction, and of the 

phosphorylation of NuMA by the Aurora-A kinase in ensuring proper spindle orientation 

in metaphase in HeLa cells. We also demonstrated that Afadin regulates planar cell 

divisions in a three-dimensional epithelial model in vitro. Thus, what remains to be 

established is whether these mechanisms are conserved in developing epithelia in vivo. A 

suitable model to study the functions of Afadin/LGN and of NuMA phosphorylation in 

metaphase is the mouse stratifying skin. Until day E10 skin progenitors divide planarly 

with their spindle parallel to the basement membrane to enlarge the stem-cell pool and to 

expand the epithelium (Fig. 2c, right), while at a later stage progenitor divisions switch to 

vertical to allow stratification and differentiation (Fig. 2c, left). It is known that during skin 
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stratification, LGN and NuMA localize apically above one of the poles to orient the mitotic 

spindle perpendicular to the basement membrane, this way promoting vertical asymmetric 

cell divisions [4, 17]. Nevertheless, whether in metaphase these proteins localize laterally 

to drive planar cell divisions when the progenitor pool expands still remains to be 

determined. Interestingly, LGN and NuMA have been detected at the lateral belt of 

chicken neuroepithelial cells that divide planarly [27]. It would be informative to visualize 

the localization of LGN and NuMA in murine skin planar mitoses. Based on the molecular 

mechanism we have proposed in Fig. 34, we would expect Afadin to localize at the lateral 

cortex at sites of cell-cell junctions. Immunostaining experiments and in utero inactivation 

of Afadin in the developing skin followed by spindle orientation analysis would be 

instrumental to monitor Afadin localization and elucidate its function in maintaining skin 

progenitors’ planar cell division. Rescue experiments performed by expressing an Afadin 

variant lacking the LGN binding region under a skin progenitor-specific promoter would 

reveal if, in this system, the Afadin/LGN interaction has the same role that we have 

observed in HeLa and Caco-2 cells.  

What makes NuMA timely available at the lateral cortex to ensure the recruitment of the 

Dynein/Dynactin MT-motors in planar mitoses? One possibility is that following the 

enrichment of LGN at the lateral cortex through Afadin, which localizes at AJs, the mitotic 

release of NuMA from the nucleus displaces Afadin from LGN because its higher affinity 

for LGN. The newly formed LGN/NuMA complex then would remain localized laterally 

through direct interaction of the GoLoco domain of LGN with multiple membrane-bound 

Gαi molecules. According to this model, Afadin would serve as a cortical landmark to 

localize LGN at the lateral cortex, priming its subsequent stabilization with Gαi and the 

recruitment of NuMA. This simplistic sequential model is not completely supported by our 

data, as we do not have evidence in HeLa cells that LGN/Afadin complexes form and 

localize at the lateral cortex, before the release of NuMA from the nucleus.  
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A second hypothesis for the timely recruitment of NuMA at the cortex envisions the 

existence of regulatory mechanisms controlling NuMA accessibility to cortical LGN 

throughout mitosis, such as the chromosome-centered Ran-GTP gradient, or the 

phosphorylation of NuMA by Aurora-A. Ran was originally identified as a regulator of the 

nuclear-cytoplasmic transport in association with importins and exportins. Later it was 

found that the GTP-loaded form of Ran catalyzes the release of mitotic spindle assembly 

factors from importins. As a consequence, proteins containing an NLS, like NuMA, which 

are bound to β-importin, at mitotic entry are released from this interaction by Ran-GTP in 

proximity of chromosomes [111]. It has been reported that, in Drosophila NBs, Canoe is 

polarized at the apical cortex where it favors the recruitment of Mud with Pins. In line with 

the RanGTP-gradient model, the molecular explanation that was pushed forward for this 

observation is that Canoe binds directly Ran-GTP with its Ras-Association domains, 

favoring the release of Mud from β-importin, and allowing the interaction of Mud with 

cortical Pins [74]. Nevertheless, in the vertebrate planar mitoses, or at least in the chicken 

neuroepithelium, it is unlikely that such a mechanism is at play, as the levels of NuMA and 

LGN in the lateral belt are not stronger in the proximity of the metaphase plate [27].  

An alternative explanation of how NuMA enriches at the LGN sites in vertebrate systems 

is based on our finding that Aurora-A governs the cortical accumulation of NuMA. More 

specifically, we can hypothesize that in mitosis the phosphorylation of Ser1969 of NuMA 

by Aurora-A at the spindle poles mobilizes NuMA from the poles allowing its recruitment 

at the lateral cortex by LGN. Also in this case the transfer of LGN from Afadin to NuMA 

would be ensured by the high affinity between LGN and NuMA (Fig. 36). Whether NuMA 

phosphorylation by Aurora-A works in systems different than HeLa cells remains to be 

explored. 
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Fig. 36. Integrated model of the role of the Afadin/LGN interaction, and of NuMA 

phosphorylation in epithelial planar mitoses. Left) At mitosis onset, F-actin-bound Afadin 

instructs the localization of LGN at the lateral acto-myosin cortex of epithelial cells (close-up 

view). At this stage most of the NuMA pool is unphosphorylated and accumulates at the spindle 

poles. Afadin and LGN are represented in dark purple and orange, respectively. Right) As NuMA 

becomes phosphorylated by Aurora-A at Ser1969, it is released from the poles and becomes 

available to interact with LGN at the lateral cortex by displacing away the lower affinity ligand 

Afadin (close-up view). This way, Dynein/Dynactin are recruited at the cortex and generate forces 

to orient the spindle within the plane of the epithelium. NuMA and LGN are represented in violet 

and orange, respectively. 
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5. MATERIALS AND METHODS 

 
5.1 Protein expression and purification 
 
Afadin/LGN Project 
 
GST-LGN15-350 (LGNTPR), GST-NuMA1861-1928, GST-Afadin1514-1824 (AfadinCter) fragments 

and the chimeric fusion protein GST-LGN15-350-Afadin1709-1747 (LGNTPR-AfadinPEPT in the 

text) were cloned into pGEX-6P1 vector (GE Healthcare), and expressed in BL21 E. coli 

cells by overnight induction with 0.5 mM IPTG at 20°C. Cells were lysed in 0.1 M Tris-

HCl pH 8, 0.3 M NaCl, 10 % glycerol, 0.5 mM EDTA, and 1 mM DTT, and cleared for 1 

h at 100,000 g. Cleared lysates were affinity purified by incubation with Glutathione 

Sepharose-4 Fast-Flow beads (GE Healthcare). After washes, fusion proteins retained on 

beads were incubated with GST-PreScission protease (GE Healthcare) overnight at 4 °C to 

remove the GST-tag. The cleaved material was eluted from the beads in a desalting buffer 

consisting of 20 mM Tris-HCl pH 8, 40 mM NaCl, 5 % glycerol, 1 mM DTT, and loaded 

on a Resource-Q ion-exchange column. Proteins were eluted from Resource-Q with a 

gradient of 40-320 mM NaCl in 20 column volumes, pooled and stored at -80 °C. 

Drosophila Canoe1755-2051, Mud1895-2094, and Pins25-406 (PinsTPR) were purified similarly. For 

crystallization experiments, the fusion protein LGNTPR-AfadinPEPT was further polished on 

a Superdex-200 column equilibrated in 10 mM Hepes pH 7.5, 0.15 M NaCl, 5 % glycerol. 

Afadin point mutations were generated by QuickChange strategy (Stratagene) according to 

manufacturer’s instructions. All clones were sequence verified.  

 
Aurora-A/NuMA Project 

His-tagged NuMA1821-2115 (referred to as NuMACter in the text), NuMA1821-2001, NuMA2002-

2115 were cloned into a pETM14 vector (Novagen), and expressed in BL21 E coli cells by 

overnight induction with 0.2 mM IPTG at 20°C. Cells were lysed in 0.1 M Tris-HCl pH 8, 

0.3 M NaCl, 10 % glycerol, 5 mM imidazole, and 2 mM β-mercaptoethanol, and cleared 

for 1 h at 100,000 g. Clear lysates were injected on a HiTrap chelating column (GE 
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Healthcare) loaded with Ni2+. The proteins were eluted by applying a 5-200 mM imidazole 

gradient, and dialyzed against 20 mM Tris-HCl pH 6.8, 40 mM NaCl, 5 % glycerol, 2mM 

β-mercaptoethanol prior to injection onto a Resource-S cation exchange column. The His-

tag was removed by incubation with His-PreScission protease (GE Healthcare) overnight 

at 4 °C. His-NuMACter constructs were eluted from Resource-S with a gradient of 40-250 

mM NaCl in 20 column volumes, pooled and stored at -80 °C. 

GST-LGN15-350 (LGNTPR), GST-NuMA1821-2115 (NuMACter), GST-NuMA1821-2001, and GST-

NuMA2002-2115 were cloned into a pGEX-6P1 vector (GE Healthcare), and expressed in 

BL21 E. coli cells by 5 hours induction with 0.5 mM IPTG at 20°C. Cells were lysed in 0.1 

M Tris-HCl pH 8, 0.3 M NaCl, 10 % glycerol, 0.5 mM EDTA, and 1 mM DTT, and 

cleared for 1 h at 100,000 g. Clear lysates were loaded on a GSTrap FF column (GE 

Healthcare) in PBS and eluted by 10 mM glutathione after washing the packed beads with 

1M NaCl PBS. Proteins were pooled and dialyzed against 10 mM Hepes pH 7.5, 0.15 M 

NaCl, and 5% glycerol before storage at -80 °C.  

 

5.2 In vitro binding assays 

5.2.1 GST pull-down 

For pull-down assays, 1µM of GST-Afadin fragments were immobilized on GSH-beads, 

and incubated for 1 hour on ice with 5 µM of LGNTPR proteins in 10 mM Hepes pH 7.5, 

0.1 M NaCl, 5% glycerol, 0.1 % Tween20. After washes, proteins bound to beads were 

separated by SDS-PAGE, and detected by Coomassie staining.  

In the Aurora-A/NuMA project the GST pull-down assay was conducted similarly by 

immobilizing 1µM of GST-LGNTPR on GSH-beads, and incubated for 1 hour on ice with 2 

µM of NuMACter wild-type, carrying the 3Asp mutation or phosphorylated by Aurora-A in 

the same buffer as above. 
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5.2.2 Analytical Size Exclusion Chromatography (SEC) 

In the SEC analyses 15 µM of LGNTPR, AfadinCter and NuMA1861-1928 were loaded 

singularly or in combination on a Superdex 5/150 (GE Healtcare) and eluted in 50 µl 

fractions in 10 mM Hepes pH 7.5, 0.1 M NaCl, 5% glycerol. The presence of the proteins 

in the elution volume was monitored by absorbance at 280 nm (expressed as mAu) and 

subsequently checked by SDS-PAGE followed by Coomassie staining. For the SEC 

analysis conducted on AfadinCter and globular Actin (G-actin), 150 µM of both species 

were loaded on Superdex 5/150 in 5 mM Tris-HCl pH 7.8, 0.2 mM ATP, 1 mM DTT, 0.1 

mM CaCl2 (G-buffer). 

 

5.2.3 Isothermal Titration Calorimetry (ITC) 

The thermodynamical parameters of the association between AfadinCter and LGNTPR were 

measured in an ITC displacement experiment, in which the relatively low-affinity reaction 

between Afadin and LGN was coupled to the high-affinity binding of LGNTPR to the 

human Insc peptide spanning residues 23-58 (hInscPEPT) [12]. All reagents were dialyzed 

overnight against 10 mM Hepes pH 7.5 and 0.15 M NaCl.  ITC measurements were 

performed at 25 °C on a MicroCal VP-ITC calorimeter (MicroCal, Inc). In a first 

preliminary experiments, 12 µM of LGNTPR in the cell were titrated with 10 µl injections 

of hInscPEPT  at 90 µM. Heats of ligand binding were corrected by subtraction of the 

average heat of ligand dilution after saturation, and fitted to a single-site binding model 

with Origin-7.0 software package (MicroCal). Analysis of the integrated heats yielded an 

association constant KINSC of 6.3 ± 1.8×107 M-1, fully in line with previous reports[12]. In 

a second calorimetric experiment, hInscPEPT, at the same concentration used in the first 

experiment, was injected in a cell containing 12 µM of LGNTPR and 30 µM of AfadinCter. 

The presence of the low-affinity ligand in the cell, affected the association of hInscPEPT 

with LGNTPR, as revealed by the analysis of the binding isotherm performed with the 

standard single-site binding model, which results in an apparent association constant KAPP 
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of 4.0×106 ± 5.7×105 M-1. The measured KINSC and KAPP were then used to derive the 

association constant KAF for the binding of AfadinCter to LGNTPR using the following 

equation [103]: 

KAF = [(KINSC/KAPP) -1] * 1/[AF] 

where [AF] is the concentration of Afadin in the cell during the measurement of KAPP. 

 

5.2.4 Fluorescence Polarization (FP) 

Fluorescence polarization measurements were performed on an Infinite F200 (Tecan). A 

fixed concentration (40 nM) of fluorescein-labeled AfadinPEPT (United Biosys Inc.) was 

incubated with increasing concentrations of the indicated LGNTPR construct in 10 mM 

Hepes pH 7.5, and 0.15 M NaCl. The corresponding KD were calculated by fitting the 

fluorescence polarization curves in Prism (GraphPad Software) with the following 

quadratic equation: 

Y = B* ((0.04+x+ KD)-sqrt(sqr(0.04+x+ KD)-4*0.04*X))/(2*0.04) 

where Y is the intensity of the fluorescence polarization signal, B is the maximum 

polarization signal at saturation, x is the concentration of LGNTPR in micro-molarity, and 

0.04 µM is the constant concentration of AfadinPEPT. 

 

5.3 Protein crystallization and structure determination 

5.3.1 Generation of the LGNTPR - AfadinCter fusion protein                       

  To stabilize the LGNTPR/AfadinPEPT interaction, the sequence of AfadinPEPT was 

covalently linked to the C-terminus of LGNTPR. To generate the chimeric construct, a two-

step restriction-free cloning approach was employed [121]. Firstly, the coding sequence of 

AfadinPEPT was amplified using 50-base primers designed for the insertion of the PCR 

product into a previously generated pGEX-6P1-LGNTPR vector. The forward primer 

carried a 24-base overlap with the vector, which was complementary to the 3’-end of the 

LGNTPR construct, followed by 25 bases of AfadinPEPT. The reverse primer annealed on the 
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pGEX-6PI vector with 24 bases complementary to the 3’- end of the point of insertion (see 

Fig. 36 and Table 3). 

 
 

 
 
 

Fig. 37. Schematic representation of the restriction-free cloning strategy adopted to generate 

the  LGNTPR-AfadinPEPT fusion construct. 

 

Table 3. Macromolecule production information. 

 LGN	  and	  Afadin	  
Source organism Homo	  sapiens	  

DNA source Synthetic 

Expression vector pGEX-6P1 

Expression host E. coli BL21 Rosetta 

Sequence of LGNTPR-AfadinPEPT 

 

  

Residues left after GST-removal are indicated in blue. AfadinPEPT is shown in magenta. 

 

The amplified PCR fragment was cleaned using a PCR purification kit (Qiagen) and 

diluted to 100 ng/µl. A second amplification was conducted using 2–4 µl of the PCR 

fragment previously produced to prime the PCR reaction of PfuTurbo polymerase (Agilent 

GPLGSASCLELALEGERLCKSGDCRAGVSFFEAAVQVGTEDLKTLSAIYSQLGNAYFY
LHDYAKALEYHHHDLTLARTIGDQLGEAKASGNLGNTLKVLGNFDEAIVCCQRHLDI
SRELNDKVGEARALYNLGNVYHAKGKSFGCPGPQDVGEFPEEVRDALQAAVDFYEE
NLSLVTALGDRAAQGRAFGNLGNTHYLLGNFRDAVIAHEQRLLIAKEFGDKAAERRA
YSNLGNAYIFLGEFETASEYYKKTLLLARQLKDRAVEAQSCYSLGNTYTLLQDYEKAID
YHLKHLAIAQELNDRIGEGRACWSLGNAYTALGNHDQAMHFAEKHLEISREVGDQR
NASYLKTQVLSPDSLFTAKFVAYNEEEEEEDCSLAG 
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Technologies) on 50 ng pGEX-6P1- LGNTPR vector in 50 µl reaction mixture. The 

amplification protocol consisted of 35 cycles, with an elongation step of 15 minutes. Once 

completed, 9 µl of the PCR reaction was treated with DpnI (New England Biolabs) for 2 

hours at 37 °C to digest the methylated parental plasmid and subsequently transformed into 

Escherichia coli DH10 competent cells (Top10, Invitrogen). Positive clones containing the 

GST-LGNTPR-AfadinPEPT fusion gene were confirmed by DNA sequencing.    

 

5.3.2 Native PAGE analysis of the LGNTPR-AfadinPEPT chimera 

Native polyacrylamide gel electrophoresis (Native PAGE) allows the analysis of a protein 

sample without disrupting its native conformation, its secondary structure, and its native 

charge. 6 µg of the LGNTPR-AfadinPEPT fusion, of the LGNTPR/AfadinPEPT complex, and of 

LGNTPR were prepared in a non-denaturing non-reducing sample buffer, without boiling. 

The samples were then separated, in parallel to native molecular weight standards 

(NativeMark, Life Technologies), on a 12% Native PAGE run at 150V on ice at 4°C. 

Protein bands were detected by Coomassie staining. 

 

5.3.3 Crystallization conditions                                                                               

Initial crystallization trials of the LGNTPR-AfadinPEPT sample utilized the commercial 

sparse-matrix screens SaltRX (Hampton Research), AmSO4 (Qiagen), JCSG-plus and 

Structure Screen 1 + 2 (Molecular Dimensions) and were conducted in sitting-drop vapor-

diffusion format using a Cartesian Honeybee nanodispenser (Genomic Solutions) in three-

square-well CrystalQuick Greiner plates. At the two concentrations tested (10 and 5 

mg/ml), 100 nl protein solution was mixed with an equal volume of reservoir solution at 

20°C. Crystals appeared at 10 mg/ml after 1 day in about 20% of the salting-out conditions 

containing sulfate, phosphate, formate or malic acid ions at pH values between 7.0 and 8.5. 

We selected conditions E10 from the AmSO4 kit (0.1 M Na Hepes pH 7,1.6 M ammonium 

sulfate) and C7 and C9 from the SaltRX kit (0.1 M Bis-Tris propane pH 7, 3.5 M sodium 
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formate and 0.1 M Bis-Tris propane pH 7, 1.2 M dl-malic acid pH 7.0, respectively) for 

manual optimization. All three conditions were reproduced in hanging drops in 24-well 

VDX plates (Hampton Research) by mixing 1 µl protein solution with 1 µl reservoir 

solution. To slow the crystal growth, we performed grid screens around 0.1 M Na Hepes 

pH 7, 1.6 M ammonium sulfate at 15°C. The concentration of ammonium sulfate was 

varied from 1.35 to 1.6 M in 50 mM increments at pH values ranging from 7.5 to 8.25. 

Further attempts to slow crystal nucleation were conducted at 4°C, seeding drops set up 

with a protein concentration of 5 mg/ml and a reservoir solution consisting of 0.1 M Tris–

HCl pH 8.0, 1.4 M ammonium sulfate after 3 hours of equilibration (Table 4).  

Table 4. Crystallization conditions. 

Method 
Sitting	  drop	   Sitting	  drop	   Hanging	  drop	   Hanging	  drop*	  

Plate type 96 x 3 well 96 x 3 well 24 well 24 well 

Temperature (°C) 20 20 15 4 

Protein conc. 10 mg ml-1 10 mg ml-1 8 mg ml-1 5 mg ml-1 

Composition of 

protein solution 

10 mM Na-Hepes 

pH 7.5, 0.15 M 

NaCl, 5 % glycerol, 

4.5 mM TCEP 

10 mM Na-Hepes 

pH 7.5, 0.15 M 

NaCl, 5 % glycerol, 

4.5 mM TCEP 

10 mM Na-Hepes 

pH 7.5, 0.15 M 

NaCl, 5 % glycerol, 

4.5 mM TCEP 

10 mM Na-Hepes 

pH 7.5, 0.15 M 

NaCl, 5 % glycerol, 

4.5 mM TCEP 

Composition of 

reservoir solution 

0.1 M Na-Hepes 
pH 7, 1.6 M 

ammonium sulfate 

0.1 M Bis-Tris 
Propane pH 7, 3.5 
M sodium formate 

0.1 M Tris-HCl pH 
8, 1.4 M 

ammonium sulfate 

0.1 M Bis-Tris 
Propane pH 7, 1.0 
M DL-Malic acid 

Initial hit AmSO4-Qiagen 
E10 

SaltRX-Hampton 
C7 

AmSO4-Qiagen 
E10 

SaltRX-Hampton 
C9 

Drop volume 100 nl (1:1 ratio) 100 nl (1:1 ratio) 1 µl (1:1 ratio) 1 µl (1:1 ratio) 

Reservoir volume 100 µl 100 µl 300 µl 300 µl 

Screened by X-ray NO NO YES YES 

* this condition was used for seeding after 3 hours equilibration. 

 

Analogous optimizations were conducted around 0.1 M Bis- Tris propane pH 8.0, 3.5 M 

sodium formate and around 0.1 M Bis-Tris propane pH 7.0, 1.2 M malic acid. Single large 

crystals suitable for diffraction experiments were obtained at 15° C with 1.3 M ammonium 

sulfate or 1.0 M dl-malic acid, or by seeding the same conditions at 4 °C (Fig. 16). To 
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improve the crystal packing an additional additive screen was performed starting from 

these latter conditions, which unfortunately did not change either the crystal morphology 

or diffraction properties. As the crystals were fragile, they were cryo-protected by stepwise 

addition of ethylene glycol directly to the crystallization drops to a final concentration of 

20% for 10–30 minutes prior to flash-cooling in liquid nitrogen. 

 

5.3.4 Data collection, processing and structure determination 

X-ray diffraction data for LGNTPR-AfadinPEPT crystals were collected on beamline X06DA 

at the Swiss Light Source (SLS), Villigen, Switzerland. Data were processed using XDS 

[105] implemented in xia2 [106]. The crystals diffracted to a resolution of 2.9 Å (Fig. 17a) 

and belonged to the cubic space group P213. The unit-cell parameters are consistent with 

two copies of the fusion protein per asymmetric unit, with a Matthews coefficient of 4.8 Å3 

Da-1 and a solvent content of 75 %. The high solvent content partly explains the modest 

resolution of the data despite the relatively large dimensions of the crystals, as often 

observed by Kantardjieff & Rupp [122] and Weichenberger & Rupp [123]. The structure 

of LGNTPR-AfadinPEPT was determined by molecular replacement with Phaser[107] using 

the coordinates of mouse LGNTPR solved previously in complex with NuMA (PDB ID 

3RO2) as a search model. The Afadin peptide was built manually by iterative cycles in 

Coot [108] and refinement in Phenix [109]. The model was refined at 2.9 Å resolution to a 

final Rfree of 25.5 % and an Rwork of 20.6 %, with good stereochemistry. Data-collection 

statistics are given in Table 3. The structure was illustrated with PyMol (DeLano Scientific 

LLC). 

5.4 In vitro kinase assays 

Kinase assays were carried out using 1 ng of the purified kinase domain of Aurora-A 

(generous gift of Prof. Richard Bayliss) incubated with 2 µM of the NuMACter fragments. 

The reagents were incubated for 30 minutes at 30° C in kinase buffer consisting of 20 mM 
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Hepes pH 7.5, 5 mM MgCl2, 0.2 M KCl, 0.5 mM EGTA, 2 mM DTT, 0.25 mM NaVO4, 

and 1 mM ATP. To inhibit Aurora-A, 1 mM of MLN8237 was added to the reaction mix. 

For the phosphorylation time-course, kinase reactions were stopped at 7, 15, 30, or 60 

minutes by addition of SDS-loading buffer. To discriminate the phospho-proteins from 

their non phosphorylated counterparts, samples were separated by Phos-TAG SDS-PAGE 

(Wako Rure Chemical Industries,Ltd, AAL-107), and stained with Coomassie blue. The 

Phos-TAG SDS-PAGE is a phosphate-affinity gel electrophoresis technique developed to 

detect different phosphorylation states of proteins by using a separating gel containing 

Phos-TAG acrylamide. To prevent excessive heating of the gel, Phos-TAG SDS-PAGEs 

were run at 80 V for 2 hours at room temperature. 

5.5 Co-sedimentation assays 

5.5.1 In vitro co-sedimentation with F-actin 

For co-sedimentation assays, actin was purified as previously described [124] and stored at 

4°C in G-buffer (5 mM Tris-HCl pH 7.8, 0.2 mM ATP, 1 mM DTT, 0.1 mM CaCl2). Actin 

co-sedimentation assays were conducted according to Scita et al. [125]. Purified rabbit G-

actin was allowed to polymerize into filamentous actin (F-actin) for 20 minutes at room 

temperature in F-buffer (G-buffer supplemented with 1 mM MgCl2, 0.2 mM EGTA and 

0.1 M KCl). Polymeric F-actin (1µM) was incubated with increasing concentration of His-

AfadinCter for 15 minutes at room temperature, and subsequently ultracentrifuged for 25 

minutes at 400,000 g at 4°C. Pellet and supernatant fractions were separated by SDS-

PAGE, and visualized by Coomassie staining. For each concentration of AfadinCter, 

densitomeric quantification of the band in the pellet was performed with the software 

ImageLab (Bio-Rad Laboratories). Normalized binding data were obtained by dividing the 

values of the pellet fractions at each point by the maximum value of the pellet at saturation. 

Normalized binding data were fitted to the quadratic equation : 

Y = B* ((1+x+KD)-sqrt(sqr(1+x+KD)-4*1*X))/(2*1) 
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where Y is the fraction of Afadin in the pellet at each concentration point, B is the 

maximum value of Afadin in the pellet at saturation, x is the concentration of Afadin 

incubated with F-actin expressed in micro-molarity, and 1 µM is the constant concentration 

of F-actin. Fitting and KD calculation were carried out with the software Prism. Qualitative 

co-sedimentation assays of AfadinCter in complex to LGNTPR were carried out similarly 

using 15 µM of both proteins with 1µM F-actin.  

 

5.5.2  In vitro co-sedimentation with microtubules (MTs) 

α/β-tubulin (Cytoskeleton Inc.) was polymerized into stable microtubules (MTs) according 

to the producer’s instructions, and MT-cosedimentation assays were carried out as in 

Ciferri et al. [126]. For MT-binding reactions, MTs were diluted to a final concentration of 

9 µM in general tubulin (GT) buffer (80 mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA) 

supplemented with 1 mM GTP, 50 µM Paclitaxel, and 60 mM NaCl. 1 µM NuMACter 

fragments were added to a final volume of 50 µl. Reactions were incubated at room 

temperature for 15 minutes, transferred onto 100 µl of cushion buffer (80 mM PIPES pH 

6.8, 1 mM MgCl2, 1 mM EGTA, 50 µM Paclitaxel, 50 % glycerol), and ultracentrifuged 

for 15 minutes at 400,000 g at 25 °C. To monitor phosphorylated species co-sedimenting 

with MTs (Fig. 29a), samples were loaded on a Phos-TAG SDS-PAGE. To assess whether 

NuMA could associate simultaneously with MTs and with LGN, the co-sedimentation 

assays were repeated in the presence of 1 µM LGNTPR.                                                          

To perform MT-co-sedimentation experiments with cell extracts, HeLa cells stably 

expressing mCherry-NuMACter and synchronized with STLC in prometaphase, with or 

without MLN8237, as described above, were lysed in JS buffer (75 mM Hepes pH 7.5, 1.5 

mM EGTA, 1.5 mM MgCl2, 0.15 M KCl, 0.1 % NP40, 15 % glycerol) supplemented with 

protease and phosphatase inhibitors. 50 µg of cleared lysates were subjected to 

ultracentrifugation at 400,000 g at 25 °C for 15 minutes with 0, 3, 5 µM of MTs previously 

polymerized. Supernatant (S) and pellet (P) fractions were analyzed by SDS-PAGE run at 
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80V for 5 hours, followed by immunoblotting. The mouse monoclonal anti-NuMA 

antibody was used at a dilution of 1:200, and the anti-α-tubulin at 1:1500 (Abcam ab4074). 

5.6 In vitro microtubule forming assays  

MT-forming assays were performed according to Du et al. [96]. Rhodamine-labeled and 

unlabeled tubulin were mixed at a 1:10 ratio at a concentration of 36 µM with GT buffer 

supplemented with 1 mM GTP, and incubated with 25 µM GST-NuMACter fragments. 5 µl 

of the reactions were kept at 37 °C for 4 minutes, and later fixed for 3 minutes at room 

temperature with 45 µl of GT buffer complemented with 1% glutaraldehyde. Fixed 

samples were diluted to 200 µl with GT buffer containing 50% glycerol, spotted onto poly-

lysine slides, and visualized by wide-field microscopy using a 60x oil immersion objective. 

5.7 Cell biology protocols 

5.7.1 Plasmids, RNA interference and transfections 

 
Afadin/LGN Project 

For knockdown of human Afadin, four unique 29-mer shRNA constructs in lentiviral 

vectors were tested in HeLa cells (OriGene Technologies, TL311457). The two most 

effective hairpins (Afadin shRNA-1, GCAGTCGTCAACAGATGGTGAGCATGAT; and 

Afadin shRNA-2, CTCTGTGGTGACACTGGAAGTAGCAAAGC) were further used to 

study the effect of Afadin ablation in mitotic HeLa cells. Caco-2 cells were infected with 

Afadin shRNA-2-expressing lentiviruses to generate a stable cell line devoid of Afadin. To 

rescue the misorientation phenotype of HeLa cells expressing the Afadin shRNA-2 hairpin, 

an shRNA-resistant mCherry-tagged rat long Afadin construct was generated by targeted 

mutagenesis introducing four silent base substitutions in the region targeted by the shRNA-

2 hairpin. To obtain an Afadin∆ACTIN variant unable to interact with LGN, the construct 

was further engineered by deletion of residues 1714–1751 of rat long Afadin, 

corresponding to the LGN-binding stretch encoded by residues 1709–1747 of human 
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Afadin isoform 4. To obtain the Afadin∆ACTIN mutant, residues 1519–1690 were deleted 

from the rat Afadin gene, corresponding to residues 1514–1685 of isoform 4 of human 

Afadin (Fig. 9). mCherry-Afadin wild-type, mCherry-Afadin∆ACTIN, and mCherry-

Afadin∆ACTIN were subcloned into a pCDH vector under the UbC promoter (SBI System 

Biosciences) and transfected into HeLa cells with Lipofectamine reagent (Invitrogen) 

according to the manufacturer’s instructions. 

Aurora-A/NuMA Project 

HeLa cell lines stably expressing mCherry-NuMACter mutants were generated using the 

pCDH vector. For knocking-down human NuMA, four unique 29- mer shRNA in lentiviral 

vectors carrying a GFP reporter and puromycin resistance were tested in HeLa cells 

(catalogue number TL311065; OriGene Technologies). The most effective hairpin 

(5’CATTATGATGCCAAGAAGCAGCAGAACCA3’) was used to generate a stably 

interfered HeLa cell line. Transfection was conducted following the manufacture’s 

instruction using either Lipofectamine or Oligofectamine (both from Invitrogen) for 

plasmids or siRNA, respectively. For spindle orientation rescue experiments, NuMA-

ablated HeLa cells were transfected with sh-resistant pCDH-mCherry- NuMA wild-type or 

S1969A mutant. 

5.7.2 Cell treatments 

Afadin/LGN Project 

For all the experiments, HeLa cells were cultured on fibronectin (5 µg/ml; Roche) and 

synchronized by a single thymidine block. Cells were treated with 2.5 mM thymidine 

(Sigma, T1895) for 24 hours, released, and fixed for immunofluorescence after 8 hours. 

Latrunculin A (Sigma, L5163) was added to the medium 30 minutes before fixation. 

Aurora-A/NuMA Project 

For all experiments shown, cells were plated on fibronectin-coated coverslip (5 µg/ml, 
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Roche). HeLa cultures were pre-synchronized by thymidine block/release. The indicated 

amounts of MLN8237 (Selleck Chemicals) were added to the medium 6 hours after 

release, and cells were fixed after 9-10 hours from release. hTERT-RPE-1 cultures were 

synchronized by 100 µM Monastrol (Biomol International) for 16 hours, with the addition 

of MLN8237 during the last 2 hours of treatment. After 2 hours of Monastrol wash-out, 

cells grown in complete medium plus MLN8237 were fixed. Synchronization of HeLa 

cells in prometaphase was performed by adding 5 µM STLC (S-trityl-L- cysteine, Sigma) 

for 16 hours. 

5.7.3 Immunofluorescence staining and quantification 

Afadin/LGN Project 

For detecting NuMA and Afadin, cells were fixed with methanol at −20 °C for 10 minutes. 

For detection of LGN, p150Glued and actin, cells were fixed with 4% paraformaldehyde 

for 10 minutes at room temperature; this was followed by permeabilization with PBS and 

0.3% Triton X-100 for 5 min. Cells were stained with rabbit anti-Afadin (polyclonal, 

raised against fragment 1514–1824 of human Afadin isoform 4; working dilution 1:500; 

produced in house; mouse anti-LGN (monoclonal, raised against human full-length LGN; 

working dilution 1:5; produced in house, mouse anti-NuMA (monoclonal, raised against 

fragment 1861–2001 of human NuMA; working dilution 1:3,000; produced in house, and 

p150Glued (1:600, BD 610473). F-actin was visualized with TRITC-conjugated phalloidin 

(diluted 1:10 for HeLa cells and 1:50 for Caco-2 cysts, Sigma P1951), Quantification of 

cortical signals of LGN, NuMA and p150Glued were conducted on confocal sections of 

metaphase cells in Fiji as follows. A 30-pixel-wide line was manually drawn from the 

spindle pole to the nearest cellular cortex perpendicularly to the metaphase plate, to obtain 

the intensity profile of the immunostained proteins along the line. The protein at the cortex 

was calculated by integrating the profile on a 30-pixel area centered at the peak of the 

profile, whereas the protein in the cytosol was quantified by integrating the same area 30 
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pixels away from the peak toward the DNA. 

Aurora-A/NuMA Project 

Cells grown on coverslips were fixed as follow: a) −20 °C methanol for 10 minutes to 

visualize NuMA and p150Glued at the cortex b) 4% paraformaldehyde (PFA) for 10 minutes 

at room temperature, followed by permeabilization with PBS and 0.1 % Triton X-100 for 5 

minutes, to detect NuMA staining at poles and LGN. Cells were blocked with PBS 

containing 0.05 % Tween 20 and 3% BSA for one hour, and incubated 1-2 hours with 

primary antibodies at room temperature. Depending on the experiment, cells were stained 

with a monoclonal mouse antibody anti-LGN (Mapelli lab; 1:5), a monoclonal mouse 

antibody anti-NuMA (Mapelli lab; 1:3000), anti-p150Glued (BD, 610473, 1:1000), anti-α-

tubulin (Abcam, ab4074; 1:50 or Sigma-Aldrich B-5-1-2; 1:3000), anti-γ- tubulin (Sigma-

Aldrich, GTU-88; 1:1000, or Cy3 conjugated Sigma-Aldrich, C7604; 1:200). DNA was 

stained with DAPI. To quantify the fluorescence intensity of endogenous NuMA at the 

spindle poles, the signal of NuMA inside a α-tubulin mask was integrated using the Fiji 

software. To quantify the levels of mCherry-NuMACter at the spindle poles, mCherry 

signals within a α-tubulin mask were integrated, and compared to the amount of mCherry-

NuMACter in the cytosol measured by integrating the mCherry signal of the same α-tubulin 

mask positioned in the cytoplasm area. Quantification of cortical signals of LGN, NuMA 

and p150Glued were conducted on confocal sections of metaphase cells in Fiji as follows. A 

2.7 µm-wide line was manually drawn from the spindle pole to the nearest cellular cortex 

perpendicularly to the metaphase plate, to obtain the intensity profile of the immunostained 

proteins along the line. The “protein at the cortex” was calculated by integrating the profile 

on a 1.35 µm-large area centered at the peak of the profile, whereas the “protein in the 

cytosol” was quantified by integrating the same area 2.7 µm away from the peak towards 

the DNA. 
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5.7.4 Spindle orientation analysis 

Spindle orientation was monitored with HeLa and hTERT-RPE-1 cells grown on 

fibronectin-coated coverslips. In this condition, wild-type cells divided with the spindle 

axis parallel to the substratum. To quantify the spindle tilt, metaphase cells were fixed and 

stained with anti-NuMA antibody and DAPI. Cells were imaged in x-z optical sections 

passing through the spindle poles. Spindle-axis angles with respect to the substratum were 

measured with the angle tool of Fiji.  

5.7.5 FRAP analysis 

HeLa cells plated were transfected with GFP-NuMA or mCherry-NuMA. After 24 hours, 

cells were synchronized with a single thymidine block and analyzed 8 hours after the 

release. To inhibit Aurora-A, 50 nM MLN8237 were added 5 hours after thymidine 

release. FRAP was performed on an UltraVIEW-VoX spinning-disk confocal system 

(PerkinElmer) equipped with an EclipseTi inverted microscope (Nikon) provided with a 

Nikon Perfect Focus System, an integrated FRAP PhotoKinesis unit (PerkinElmer), and a 

Hamamatsu CCD camera (C9100-50) and driven by Volocity software (Improvision; 

Perkin Elmer). All images were acquired through a 60× oil-immersion ob. GFP and 

mCherry signals were excited with a 488 nm and 561 nm 50 mW diode lasers, 

respectively. Photobleaching was performed on a 5 µm diameter circular region around 

one of the spindle poles. After bleaching, images were acquired every 2 seconds for 5 

minutes. Analysis of the recovery curves was conducted using a custom macro in ImageJ. 

Briefly, the mean intensity value in the bleached area was measured, corrected for the 

background and for the acquisition photobleaching, and the curves were then normalized to 

the prebleaching mean intensity values. Recovery measurements were quantified by fitting 

normalized fluorescence intensities of bleached areas to a one-phase exponential 

association for GFP-NuMA by a custom-software of MatLab.  
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Oriented cell divisions are essential for morphogenesis during embryonic 
development and for homeostasis of adult organisms1. Divisions within 
the plane of epithelia, or planar divisions, shape the architecture of epi-
thelial sheets. Conversely, vertical divisions along the apicobasal axis 
have been associated with asymmetric fate specification and stratifica-
tion2,3. Consistently with this observation, the impairment of spindle- 
orientation pathways leads to developmental defects3,4 and has been  
correlated with tumor-like proliferation and age disorders5–7.

Oriented divisions rely on the coordination between spindle posi-
tion and cortical polarity. In planar epithelial divisions, the spindle 
axis is maintained within the epithelial plane by microtubule motors 
localized at the lateral membrane. The core constituents of these force-
generating machines are trimeric complexes formed by the nuclear 
mitotic apparatus protein (NuMA), the switch molecule LGN and the 
Gαi subunit of heterotrimeric G proteins, all of which are conserved 
in eukaryotes including nematodes and mammals8. Genetic and cel-
lular characterization of spindle dynamics in several systems has 
suggested that at mitotic entry LGN is targeted to the plasma mem-
brane by direct interaction of its C-terminal region with multiple Gαi  
molecules, whose myristoyl group inserts into the lipid bilayer1,9. The 
N-terminal tetratricopeptide repeat (TPR) domain of LGN (hereafter 
LGNTPR) acts as a cortical receptor for NuMA that is released in the 
cytoplasm upon nuclear-envelope breakdown and associates with the 
motor dynein. Mechanistically, the minus end–directed movement 
of dynein–dynactin engaged at the membrane with NuMA and LGN 
results in pulling forces that act on astral microtubules and are able to 
position the spindle10. What restricts LGN and NuMA to the lateral 
cortex during planar divisions is largely unclear.

Members of the disc large (Dlg) family that localize at the baso-
lateral membrane have been reported to promote planar divisions in 

chick neural progenitors11, in Drosophila imaginal discs and in follic-
ular epithelium12,13. Molecularly, Dlg favors the lateral enrichment of 
an LGN variant phosphorylated on the linker region between the TPR 
domain and the Gαi-binding sites, and it acts on the spindle through 
the kinesin GAKIN (Khc-73 in flies)14–16. In asymmetrical apico-
basal divisions in flies and vertebrates, the stem cell–specific adaptor 
Inscuteable bridges LGN and the polarity proteins Par3–Par6–aPKC, 
which are localized at the apical site17,18. Whether other LGN and 
NuMA tethers to the cortex exist remains unexplored to date.

Genetic studies in Drosophila have shown that the membrane- 
associated Canoe (Afadin in mammals) contributes to spindle align-
ment of neuroblasts and muscle progenitors19,20 and interacts with 
Pins (LGN in mammals)21. Interestingly, ablation of Canoe (Afadin) 
in these systems prevents cortical enrichment of Mud, the counterpart 
of NuMA in flies. The vertebrate ortholog of Canoe is Afadin (or AF6), 
whose longest splicing variants are expressed ubiquitously22. In verte-
brate epithelia, Afadin organizes adherens junctions, together with a 
plethora of other junctional constituents including nectins, α-catenin, 
p120, LMO7, occludin and claudin23,24. Consistently with this func-
tion, the Afadin knockout is embryonically lethal in mice25, whereas 
its tissue-specific ablations cause severe morphogenetic defects in 
the brain26, nephrons27 and lymphatic system28. Loss of Afadin in 
the small intestine induces dislodging of the Paneth cells (the niche 
of intestinal stem cells) from the base of the crypt, thus suggesting a 
role for Afadin in regulating the intestinal stem-cell compartment29. 
The domain structure of Afadin consists of several Ras-association 
domains, followed by a forkhead (FH) domain, a Dilute domain (DIL) 
and a PDZ domain responsible for the interaction with nectins30 and 
Dishevelled31 (Fig. 1b). Whether human Afadin binds to LGN to 
promote spindle positioning is not known.
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Concomitant binding of Afadin to LGN and F-actin 
directs planar spindle orientation
Manuel Carminati1,4, Sara Gallini1,4, Laura Pirovano1, Andrea Alfieri1,3, Sara Bisi2 & Marina Mapelli1

Polarized epithelia form by oriented cell divisions in which the mitotic spindle aligns parallel to the epithelial plane. To orient 
the mitotic spindle, cortical cues trigger the recruitment of NuMA–dynein–based motors, which pull on astral microtubules via 
the protein LGN. We demonstrate that the junctional protein Afadin is required for spindle orientation and correct epithelial 
morphogenesis of Caco-2 cysts. Molecularly, Afadin binds directly and concomitantly to F-actin and to LGN. We determined the 
crystallographic structure of human Afadin in complex with LGN and show that it resembles the LGN–NuMA complex. In mitosis, 
Afadin is necessary for cortical accumulation of LGN and NuMA above the spindle poles, in an F-actin–dependent manner. 
Collectively, our results depict Afadin as a molecular hub governing the enrichment of LGN and NuMA at the cortex. To our 
knowledge, Afadin is the first-described mechanical anchor between dynein and cortical F-actin.

http://dx.doi.org/10.1038/nsmb.3152
http://www.nature.com/nsmb/
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Afadin was initially identified as a filamentous actin (F-actin) 
binding protein. Long and short isoforms of Afadin differ in the  
C-terminal region, which in both vertebrates and flies is the portion of 
the molecule binding to F-actin32. Interestingly, recent evidence has sug-
gested a major role of the actomyosin cytoskeleton in spindle positioning 
in several cellular systems33,34. In HeLa cells, chemical depolymerization 
of F-actin, or ablation of actin-binding proteins required for cortical 
integrity, abrogates the cortical accumulation of LGN and NuMA and 
leads to misoriented divisions35–37. This phenotype has been ascribed to 
global changes in the stiffness of the plasma membrane and hence changes 
in  its ability to counterbalance dynein-based forces. The possibility that 
more direct molecular links exist between the actomyosin cortex and 
mechanoenzyme positioning the spindle is currently unexplored.

To understand whether and how the actin-binding protein Afadin 
contributes to planar divisions, we set out to investigate its spindle- 
orientation functions in polarized epithelia and its interactions with 
LGN and NuMA. Our studies uncover a new role of Afadin in governing 
spindle orientation in Caco-2 three-dimensional cysts and HeLa cells, 
and elucidate the molecular mechanism underlying this function. Most 
notably, we show that Afadin acts as a direct molecular bridge between 
the actomyosin cortex, LGN and dynein, and that this function is  
essential for planar divisions and correct epithelial morphogenesis.

RESULTS
Ablation of Afadin induces mitotic-spindle misorientation
To begin to address the mitotic function of Afadin, we generated a 
polyclonal antibody recognizing the C-terminal portion of isoform 4 
of human Afadin, which we will refer to as Afadin (Supplementary 

Fig. 1a). In HeLa cells, Afadin was uniformly cortical from promet-
aphase to anaphase, and it colocalized with LGN and NuMA at the 
polar regions of the cell cortex, whereas in telophase it accumulated 
at the cortical region in proximity to the cleavage furrow (Fig. 1a).  
The cortical enrichment of Afadin in mitosis prompted us to investigate 
whether it could be implicated in spindle positioning. To explore this 
possibility, we developed two lentiviral short hairpin RNAs (hereaf-
ter shRNA-1/2) targeting human Afadin, which, compared to control 
shRNA, produced ~80% knockdown (Fig. 1c,d and Supplementary 
Fig. 1b). We then created HeLa cell lines in which Afadin was stably 
depleted and visualized the mitotic-spindle orientation of synchronized 
cells plated on fibronectin-coated coverslips. Under these conditions, 
unperturbed cells aligned the spindle axis parallel to the substratum, 
whereas cells with defective orientation mechanisms underwent mis-
oriented divisions (Fig. 1e). In both cell lines with stable Afadin knock-
down, we observed spindle randomization, with an average spindle 
angle of 13.9° or 15.4°, compared to 7.6° in cells expressing control 
shRNA, and spindle angular distributions skewed toward larger values 
than those in wild-type cells (Fig. 1f). Importantly, the misorientation 
phenotype observed in the Afadin-depleted cells was comparable to 
that displayed by HeLa cells lacking LGN or NuMA (Supplementary 
Fig. 1c–e). Collectively, these results indicate that Afadin contributes 
to defining the spindle alignment of adherent cells in culture.

Afadin competes with NuMA for LGN binding
Accurate spindle positioning in metaphase is dependent on the associ-
ation of LGN with NuMA, which occurs via direct interaction between 
the TPR domain of LGN and the C-terminal portion of NuMA17.
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Figure 1 Afadin is required to orient the mitotic 
spindle in HeLa cells. (a) Cortical localization 
of endogenous Afadin in HeLa cells cultured 
on fibronectin-coated coverslips. (b) Schematic 
representation of the domain structure of long 
isoforms of human Afadin (HsAfadin) consisting  
of two Ras-association domains (RA1 and RA2),  
a forkhead domain, a Dilute domain (DIL) and  
a PDZ (PSD95–Dlg–ZO-1) domain, followed  
by a C-terminal F-actin–binding region.  
(c,d) Immunoblot (c) and quantitative PCR analysis  
(d) from lysates of HeLa cells with stable Afadin 
knockdown, showing the efficiency of the 
shRNA-based depletions. Original images of the 
blots can be found in Supplementary Data Set 1. 
Levels of Afadin mRNA were normalized to the 
GAPDH internal control. Bar graphs represent 
mean + s.d. of 3 independent experiments.  
MW, molecular weight. (e) Representative confocal  
z-sections of mitotic HeLa cells infected with 
control or Afadin-targeting shRNAs stained 
for NuMA and DNA (DAPI). The plane of the 
coverslip is visible as a white line. Right, 
schematic representation of the experimental 
setting. (f) Quantification of the mitotic-spindle 
alignment to the plane of the coverslip of wild-type  
and Afadin-knockdown HeLa cells. Scatter 
plots (center line, mean; error bars, s.e.m.) and 
radial histograms illustrate the distributions of 
the spindle-axis angles for the three cell lines. 
****P < 0.0001; ***P < 0.001 by two-sided 
Kruskal-Wallis test between control and Afadin 
shRNA–expressing cells from three independent 
experiments with n = 51 cells for control shRNA, 
n = 52 for Afadin shRNA-1 and n = 56 for 
Afadin shRNA-2. Scale bars, 5 µm.
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To uncover the functional contribution of Afadin to spindle posi-
tioning, we purified to homogeneity the C-terminal domain of Afadin 
encompassing residues 1514–1824 (hereafter AfadinCter) and tested 
its direct interaction with LGNTPR and NuMA1861–1928. Size-exclusion  
chromatography (SEC) and static light scattering analyses (not 
shown) revealed that AfadinCter enters a stoichiometric 1:1 complex  
with LGNTPR (Fig. 2a) but is unable to bind NuMA1861–1928  
(Fig. 2b). Importantly, when the three proteins were loaded simulta-
neously on a sizing column, LGNTPR coeluted with NuMA1861–1928 
but not with AfadinCter (Fig. 2c), thus indicating that the binding of 
LGN to Afadin and to NuMA is mutually exclusive and that NuMA is 
a higher-affinity ligand of LGN than Afadin is. We obtained analogous 
results with the corresponding domains of the Drosophila orthologs 
Canoe, Pins and Mud (Supplementary Fig. 2). Thus, we conclude that 
the molecular events accounting for the mitotic function of Afadin are  
evolutionarily conserved.

To further dissect the requirements for the interaction of Afadin 
with LGN, we mapped the minimal binding domains between the two 

proteins. AfadinCter is predicted to form two helical domains joined by 
a poorly structured linker region (Supplementary Fig. 3). We used this 
information to design complementary constructs of AfadinCter fused to 
a GST moiety. Then we verified the ability of the truncated proteins to 
bind LGN in a pulldown experiment performed with GST-Afadin frag-
ments immobilized on glutathione-Sepharose (GSH) beads and puri-
fied LGNTPR in solution. Of the tested constructs, only Afadin1709–1746  
associated with LGNTPR to the same extent observed for the entire 
AfadinCter (Fig. 2d). Moreover, measurement of the strength of the 
binary interaction of Afadin1709–1746 and AfadinCter with LGNTPR 
revealed that the two constructs displayed similar binding affinities, 
with dissociation constants of 5.6 ± 0.5 µM and 2.0 ± 0.6 µM respec-
tively (Figs. 2e and 3h). This evidence confirms that Afadin1709–1746 
encompasses the entire LGN-binding region. We next used the same 
pulldown assay to assess whether all the eight TPRs of LGN were 
essential for the association with Afadin1709–1746. Deletion of the first 
or the last TPR of LGN abrogated binding (Fig. 2f), thus indicating 
that the dimer interface spans the integral LGNTPR domain.
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Architecture of the Afadin–LGNTPR complex
To gain insight into the organizational principles of the Afadin–LGN 
complex, we took advantage of the acquired biochemical knowledge 
to engineer a chimeric construct in which Afadin1709–1746 (hereafter 
AfadinPEPT) was fused C terminally to LGNTPR (residues 15–350). 
The chimera readily yielded cubic crystals diffracting to 2.9-Å reso-
lution. We determined the structure by molecular replacement and 
refined it to an Rfree of 25.5 and Rwork of 20.6, with good stereochem-
istry (Table 1). The final model includes residues 15–350 of LGN and 
1709–1745 of Afadin, the last ten of which are visible only in one of 
the two copies present in the asymmetric unit.

The LGNTPR domain folds as a crescent moon whose inner con-
cave groove holds the elongated AfadinPEPT (Fig. 3a,b). The Afadin-
LGNTPR interface where the LGNTPR scaffold wraps around the 
AfadinPEPT with an opposite chain directionality buries an extended 
contact area of ~1,990 Å2.

Each TPR repeat consists of a pair of antiparallel helices, termed 
A and B, connected by short loops. The eight TPRs of LGN stack 
side by side, forming a contiguous right-handed twisted array, 
with a layer of A helices facing the inner surface38. With the excep-
tion of the first 12 residues running parallel to the TPR-8 of LGN, 
the AfadinPEPT traces along the axis of the LGNTPR α-solenoid,  
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primarily contacting the A helices of each TPR. The position of aspar-
agine residues of the invariant Leu-Gly-Asn (LGN) triplets present 
on the A helices defines a ridge stabilizing the extended confor-
mation of AfadinPEPT via hydrogen bonds with main chain atoms.  
Interestingly, the overall conformation of the assembly is reminis-
cent of the topology observed for LGNTPR in complex with other 
ligands such as NuMA and Inscuteable38,39, thus providing  

a molecular explanation for the observed competitive binding  
of Afadin and NuMA to LGN (Fig. 2c).

The dimer interface can be subdivided into three segments of 
AfadinPEPT. The first segment (Afadin residues 1720–1731) starts 
with a zigzagging hairpin and later stretches in an antiparallel fash-
ion on TPR-6 and TPR-7. Here, hydrophobic residues on both sides 
of the dimer create a hydrophobic pocket centered at Phe1730AF, 
Ile246LGN and Phe247LGN (Fig. 3c). The second segment, compris-
ing Afadin residues 1732–1741, is negatively charged and docks on 
the central TPRs, contributing to the Afadin-LGN interface primarily 
with polar interactions between a glutamate stretch of Afadin and a 
conserved arginine of LGN (Fig. 3d). Notably, this charge comple-
mentarity dominating the binding interface is a feature common to 
all LGNTPR ligands characterized to date40. Finally, the third frag-
ment, comprising residues 1742–1745 of AfadinPEPT, extends over 
the A helices of the first TPRs of LGN, and Leu1744AF protrudes into 
a conserved hydrophobic pocket (Fig. 3e). This structural arrange-
ment suggests that all the three modules work synergistically to hook 
the AfadinPEPT onto the LGN scaffold. We tested this hypothesis in 
GST pulldown assays. First we introduced specific mutations into  
GST-AfadinPEPT and analyzed whether they could impair binding to 
wild-type LGNTPR. Consistently with the structure, single replace-
ment of Phe1730AF or Glu1735AF with alanine abrogated binding 
(Fig. 3f). Next, we asked whether substitutions of LGN residues 
interacting with Phe1730AF and Glu1735AF would affect the binding 
of LGNTPR to GST-AfadinPEPT. Double replacement of Ile246LGN-
Phe247LGN with glutamate, or of Arg235LGN-Arg236LGN with alanine, 
completely abolished binding (Fig. 3g), thus underscoring the key role 
of these LGN residues at the dimer interface. Quantitative measure-
ments of the binding affinity by fluorescence polarization confirmed 
that AfadinPEPT binds mutated LGNTPR with an affinity two orders 
of magnitude lower than that for binding to wild-type LGN (Fig. 3h). 
In summary, our structural analysis revealed that AfadinPEPT threads 
through the superhelix of LGNTPR and that the structural determi-
nants for the specific recognition are Phe1730AF and Glu1735AF.

Afadin mediates the interaction of LGN 
with F-actin
At mitotic entry, the actin cytoskeleton reor-
ganizes in a mesh of ordered actin filaments 
and associated proteins known as the cor-
tex, which mediates cell rounding. Growing 
evidence supports the notion that cortical 
functions are required for correct spindle 

Table 1 Data collection and refinement statistics
LGN–Afadin

Data collection

Space group P213

Cell dimensions

 a, b, c (Å) 169.8

 α, β, γ (°) 90.0

Resolution (Å) 45.4–2.9 (2.98–2.9)a

Rmerge 5.7 (71.6)

I / σI 14.6 (1.5)

Completeness (%) 96.3 (95.8)

Redundancy 3.4 (3.2)

Refinement

Resolution (Å) 45.4–2.9

No. reflections 34,817

Rwork / Rfree 20.6 / 25.2

No. atoms

 Protein 5,732

 SO4
2− ions 15

B factors

 Protein 81

 SO4
2− ions 105

r.m.s. deviations

 Bond lengths (Å) 0.01

 Bond angles (°) 1.15
aValues in parentheses are for highest-resolution shell.
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Figure 4 Afadin mediates the interaction of 
LGN with the actomyosin cortex. (a) High-speed 
co-sedimentation of increasing concentrations 
of AfadinCter with 1 µM of F-actin. Coomassie-
stained SDS-PAGE of pellet (P) and supernatant 
(S) fractions for each Afadin concentration.  
(b) Quantification of the co-sedimentation assay 
by densitometric analysis. Error bars, s.d. (n = 3 
independent experiments). (c) As in a, performed 
at saturating concentrations of AfadinCter 
(9 µM) in the presence of equal amounts of 
LGNTPR. Analyses were carried out with wild-
type AfadinCter and LGNTPR or with the mutants 
AfadinF1730E E1735R and LGNR235A R236A.  
In, F-actin input. (d) HeLa cells in metaphase 
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positioning, although no mechanistic link between spindle-orienta-
tion proteins and F-actin has been identified to date. Intriguingly, 
long isoforms of Afadin have been reported to associate with F-actin. 
To verify whether the AfadinCter construct that interacts with LGN 
contains the actin-binding domain, we performed high-speed co-
sedimentation assays with 1 µM F-actin. Under these conditions, 
AfadinCter stoichiometrically associated with F-actin, with a dissocia-
tion constant of 3.8 ± 0.5 µM (Fig. 4a,b). SEC analysis revealed that 
the same AfadinCter construct did not enter a complex with globular 
(G) actin, even at concentrations ten-fold higher than those used in 
co-sedimentation assays (Supplementary Fig. 4a), thus suggesting 
that Afadin recognizes specific features of the actin filaments’ lattice. 
We mapped the boundaries of the Afadin actin-binding region to 
residues 1514–1682 (Supplementary Fig. 4b). The finding that the 
actin-binding domain of Afadin is just upstream of the LGN-binding 
stretch prompted us to explore the possibility that Afadin could act as 
a molecular bridge between LGN and F-actin. To test this hypothesis, 
we repeated the Afadin co-sedimentation assays in the presence of 
LGNTPR. As expected, LGNTPR in isolation was present in the super-
natant, whereas it co-sedimented with F-actin when it was in complex 

with AfadinCter (Fig. 4c). Consistently with this finding, mutations 
disrupting the AfadinCter–LGNTPR dimer interface prevented LGN 
co-sedimentation with F-actin (Fig. 4c). To assess whether Afadin 
also functions as a physical tether between actin filaments and 
LGN in cells, we treated mitotic HeLa cells with 1 µM of the actin- 
depolymerizing drug Latrunculin A, which disassembled the acto-
myosin cortex almost completely (Fig. 4d). Under these conditions, 
Afadin disappeared from the plasma membrane and redistributed 
uniformly in the cytoplasm, whereas LGN accumulated aberrantly at 
the spindle poles, as previously reported37. Together these findings 
highlight the importance of Afadin as a molecular link between LGN 
and F-actin in vitro and in vivo.

Afadin aids in planar division by localizing LGN at the cortex
According to the current model, the assembly of force generators 
is initiated at metaphase by recruitment of LGN to the plasma  
membrane by the direct interaction with several myristoylated Gαi 
moieties. Whether this interaction is sufficient to anchor dynein at the 
cell cortex while it pulls toward the spindle poles is currently unclear. 
To assess the putative role of Afadin in securing dynein–dynactin 
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at the actomyosin cortex, we set out to analyze the consequences of 
Afadin depletion on the distributions of LGN and NuMA in mitotic 
HeLa cells. Loss of Afadin significantly reduced the levels of LGN at 
the cortex in metaphase and anaphase, and prevented cortical recruit-
ment of NuMA and dynactin (Fig. 5a and Supplementary Fig. 5a), 
thus indicating that cortical targeting of microtubule motors relies on 
the presence of Afadin. Conversely, the cortical distribution of Afadin 
was not altered by depletion of LGN or NuMA (Supplementary  
Fig. 5b), a result indicating that Afadin acts upstream of LGN and 
NuMA in recruiting spindle motors at the cortex. It is known that 
defects in the actin cytoskeleton can alter the localization of LGN and 
NuMA in mitosis35,41. To assess whether the depletion of Afadin could 
perturb cortical distribution of LGN and NuMA by simply disrupt-
ing the actomyosin integrity, we visualized cortical actin in Afadin-
knockdown cells. Phalloidin staining showed that the actomyosin 
organization in the absence of Afadin was undistinguishable from 
that in wild-type cells (Fig. 5b), thus suggesting that the molecu-
lar mechanism accounting for the LGN and NuMA mislocalization  
phenotype is downstream of the actin cytoskeleton.

From the direct binding between Afadin and LGN that we had 
uncovered, we reasoned that Afadin might bring LGN to the cortex 
by interacting with its TPR domain. To test this hypothesis, we set out 
to rescue mitotic defects of Afadin-ablated cells by expressing shRNA-
resistant mCherry-Afadin mutants. The association of Afadin with 
LGNTPR is mediated by a number of main chain hydrogen bonds in 
addition to the polar and hydrophobic interaction contributed by the 
side chains of Phe1730AF and Glu1735AF. Therefore, for the rescue 
experiments we designed an Afadin mutant lacking the entire stretch 
involved in LGNTPR binding, referred to as Afadin∆LGN. In Afadin 
shRNA-2 HeLa cells, mCherry-AfadinWT localized uniformly to the 
cell cortex (Supplementary Fig. 5c,d) and was able to restore nor-
mal levels of cortical LGN and NuMA (Fig. 5c,d and Supplementary  
Fig. 5f). However, the analogous overexpression of the Afadin∆LGN 
mutant did not restore the cortical distribution of LGN nor NuMA 
in spite of localizing properly at the actomyosin cortex. Thus, we 
conclude that the binding surface between AfadinCter and LGNTPR is 
required to establish correct polar accumulation of LGN and NuMA 
at the cortex in metaphase. To assess whether Afadin is the direct 
link between the actomyosin cortex and the spindle apparatus, we 
generated an additional Afadin mutant devoid of the actin-binding  

region that we had identified earlier (Supplementary Fig. 4b), 
termed Afadin∆Actin henceforth. Interestingly, mCherry-Afadin∆Actin  
localized poorly at the cortex (Supplementary Fig. 5d,e), thus  
indicating that in isolated cells in culture Afadin is recruited to the 
membrane by direct interaction with cortical F-actin. Consistently 
with the notion that Afadin acts upstream of LGN in the spindle- 
orientation pathway, Afadin∆Actin did not restore targeting of LGN  
at the cortex (Fig. 5c,d).

We then asked whether impairment of LGN recruitment at the 
membrane could provide the molecular explanation for the spindle- 
misorientation phenotype observed upon Afadin knockdown. 
Spindle-angle analysis revealed that mCherry-AfadinWT almost 
completely rescued the defects of spindle alignment in Afadin-
depleted cells, whereas Afadin∆LGN and Afadin∆Actin did not  
(Fig. 5e). Together, these results indicate that Afadin acts as a  
scaffolding module coordinating the correct assembly of force  
generators at the cortex and hence the spindle orientation.

Afadin is an adhesion protein required for timely stabilization of 
cell-cell junctions during epithelia formation42. To understand the 
functional relevance of the spindle-orientation role of Afadin in the 
morphogenesis of polarized epithelia, we analyzed the growth of 
three-dimensional Caco-2 cysts. Wild-type Caco-2 cells underwent 
planar divisions, forming monolayered cellular spheres with the api-
cal side facing the inner lumen (Fig. 6a). In contrast, cysts grown 
from Caco-2 cells lacking Afadin failed to organize a single lumen 
and displayed spindle-orientation defects (Fig. 6a–c) similar to those 
observed after LGN ablation43. As observed in HeLa cells, Afadin 
ablation did not disrupt the uniform distribution of cortical F-actin 

sh
RNA-2

W
ild

 ty
pe

Afadin

Actin

MW (kDa)

50 kDa

250 kDa

ba Phalloidin DAPI

Wild type Afadin shRNA-2

c ***

0

10

20

30

40

50

60

P
er

ce
nt

ag
e 

of
 m

ul
tip

le
 lu

m
en

W
ild

 ty
pe

Afa
din

sh
RNA-2

d

F-actin

Gαi

Afadin

P

Dvl

Dlg

LGN Dynein

F-actin

Gαi

Afadin

PLGN

Dvl

Apical

Basal

Dlg

NuMA

Figure 6 Role of Afadin in Caco-2 planar cell divisions and cystogenesis. 
(a) Confocal sections of the equatorial region of Caco-2 cysts grown from 
wild-type cells (left) or cells lacking Afadin (right). The orientation of the 
spindle axis in mitotic cells is indicated with double-arrowed lines. Scale 
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Data Set 1. (c) Quantification of defective cystogenesis as a percentage  
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the lateral membrane by direct simultaneous interactions with Afadin, 
Gαi

GDP and Dlg. Dlg recognizes the phosphorylated linker region of LGN 
(left). In the presence of the higher-affinity ligand NuMA, LGN dissociates 
from Afadin and recruits NuMA–dynein at the cortex, and microtubule-
pulling forces ensue. Evidence in flies suggests that the direct association 
of Afadin with Dishevelled (Dvl) might contribute indirectly to targeting 
NuMA at the cortex.
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in Caco-2 mitotic cells (Supplementary Fig. 6). This evidence dem-
onstrates that Afadin is required for planar divisions and for correct 
epithelial morphogenesis.

DISCUSSION
In this study, we report the structural and functional characterization 
of the direct interaction between Afadin, LGN and F-actin, and pro-
vide a molecular explanation for a new role of Afadin in coordinating 
planar cell divisions.

In adherent HeLa cells, Afadin distributes uniformly at the cor-
tex throughout mitosis, and from metaphase to anaphase it colocal-
izes with LGN and NuMA at polar regions above the spindle poles. 
Consistently with this, we discovered that Afadin interacts directly 
with LGNTPR, through a fragment spanning Afadin residues 1709–
1746. The crystallographic structure of Afadin1709–1746 in complex 
with LGNTPR revealed that the Afadin peptide lines the inner surface 
of the TPR superhelical arrangement, as secured by a number of main 
chain hydrogen bonds and specific contacts from the side chains of 
Phe1730AF and Glu1735AF. The topology of the interaction is reminis-
cent of that of other LGN-binding partners involved in spindle orien-
tation, such as NuMA, Inscuteable and Frmpd1–4 (refs. 17,38,39,44); 
therefore, it is not surprising that the association of LGN with Afadin 
and NuMA is mutually exclusive. Importantly, we found that such a 
network of competitive interactions is conserved among Drosophila 
orthologs, thus suggesting that the molecular function of Afadin is 
shared across species. Structural superposition of the TPR domain of 
LGN in complex with the known ligands, including Afadin, led to the 
definition of the LGN-binding motif [FW]-X(2,8)-[EQY]-X-E-X(5)-
[QDE]-X(1,2)-[KRC]-X(0,1)-[LIV], where X stands for any residue. 
Unfortunately, the substantial variability in the number of residues 
accommodated between the conserved positions and in the manner 
in which side chains rearrange to recognize the TPR surface makes 
this consensus poorly predictive.

How does Afadin contribute to the recruitment of force generators 
at the cortex in cells? One option is that Afadin belongs to higher-
order oligomers, in which multiple LGN molecules engage with either 
Afadin or NuMA. We suspect that such complexes would be energeti-
cally unfavorable because, in the absence of limiting-concentration 
conditions and topological constraints, the high-affinity LGN ligand 
NuMA would occupy all the available sites. Loss of Afadin perturbs 
the polar enrichment of LGN in mitosis and abolishes cortical accu-
mulation of NuMA and dynein. This phenotype can be observed both 
in metaphase, when NuMA is known to be directed to the cortex by 
LGN-mediated mechanisms35,45, and in anaphase, when the levels 
of cortical NuMA increase, owing to its direct interactions with the 
plasma membrane41,45,46. The evidence that in metaphase the removal 
of the LGN-binding motif from Afadin abolishes NuMA targeting at 
the cortex supports a sequential recruitment model wherein LGN is 
first recruited at the membrane by Afadin, binds to Gαi and is later 
handed to NuMA, which is a higher-affinity LGN ligand (Fig. 6d). 
The molecular events underlying the cross-talk between Afadin and 
NuMA might be more sophisticated in anaphase and may involve 
LGN-independent mechanisms. Interestingly, induced cell polarity  
assays in Drosophila S2 cells have shown that the Ras-association 
domains of Canoe (Afadin) bind to RanGTP and are essential for cor-
tical targeting of Mud (NuMA) with Pins (LGN)21. Ran-dependent  
cortical regulation of LGN has recently been reported in HeLa cells47, 
although in this system active Ran appears to be required to exclude 
force generators from the cortical regions above chromosomes 
rather than to cause active cortical recruitment. In addition, Canoe 
(Afadin) and F-actin regulators have recently been implicated in the 

Dishevelled-mediated cortical accumulation of Mud (NuMA) in 
Drosophila S2 cells31; this result seems to suggest that Afadin belongs 
to localized cortical landmarks transducing external signals to the 
spindle apparatus to properly orient the divisions48.

Increasing evidence points to a prominent role of the actomyosin 
cortex in mitotic rounding in spindle alignment34. The need for an 
intact actin cytoskeleton for spindle positioning is reflected in the 
requirement for a number of actin regulators including ERM family 
members49, Cdc42 (ref. 50) and focal-adhesion molecules such as 
β1 integrin18. However, how signals sensed by the actomyosin cor-
tex are communicated to spindle-orienting motors is, to date, largely 
unclear. The ability of Afadin to simultaneously bind LGN and cortical  
F-actin makes it the first-identified direct molecular bridge between 
the mitotic spindle and the actomyosin cortex, to our knowledge. 
Afadin associates with the TPR domain of LGN and acts in conjunc-
tion with Gαi and other cortical anchoring mechanisms, including 
Dlg11, thus ensuring timely targeting of NuMA–dynein at the mem-
brane. Experiments able to dissect the temporal sequence of events 
involved in force-generator assembly in vivo will be key to illuminat-
ing how these cortical cues synergize at the membrane.

In vertebrate epithelia, Afadin is found at the adherens junctions51, 
thus implying that it can act as a lateral cue restricting LGN at the 
lateral cortex to orient the mitotic spindle planarly. In line with this 
hypothesis, we show that Caco-2 cells lacking Afadin are unable to 
undergo planar division and to form three-dimensional cysts with a 
single lumen. Whether defective cystogenesis of Afadin-depleted Caco-
2 cells is caused solely by misoriented divisions or also by impaired 
cell-cell contacts remains an important open question. The knowledge 
that Afadin acts as a major organizer of epithelial cell-cell junctions 
and as a hub for small–G protein signaling makes it an ideal candidate 
to transduce information from the extracellular signals and mechano-
properties of the cortex to the spindle to direct spindle positioning. In 
this respect, it would be interesting to investigate the role of Afadin in 
cellular systems able to switch from planar to vertical divisions, such as 
skin progenitors52, neuroepithelia11 and mammary epithelia53.
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version of the paper.
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ONLINE METhODS
Protein expression and purification. GST-LGN15–350, GST-NuMA 
1861–1928, and the chimeric fusion protein GST-LGN15–350-Afadin1709–1746 
(LGNTPR-AfadinPEPT in the text) were cloned into the pGEX-6P1 vector 
(GE Healthcare) and expressed in BL21 Escherichia coli cells. Cells were 
lysed in 0.1 M Tris-HCl, pH 8, 0.3 M NaCl, 10% glycerol, 0.5 mM EDTA, 
and 1 mM DTT, and cleared for 1 h at 100,000g. Cleared lysates were affinity 
purified by incubation with glutathione–Sepharose-4 Fast-Flow beads (GE 
Healthcare). After washing of the beads, fusion proteins retained on the 
beads were incubated with PreScission protease (GE Healthcare) overnight 
at 4 °C to remove the GST tag. The cleaved material was eluted from the 
beads in a desalting buffer consisting of 20 mM Tris-HCl, pH 8, 40 mM 
NaCl, 5% glycerol, and 1 mM DTT, and loaded on Resource-Q or Resource-S  
ion-exchange columns. Drosophila Canoe1755–2051, Mud1895–2094, and Pins25–406  
(PinsTPR) were purified similarly. For crystallization experiments, the fusion 
protein LGNTPR-AfadinPEPT was further purified on a Superdex-200 column 
equilibrated in 10 mM HEPES, pH 7.5, 0.15 M NaCl, and 5% glycerol. Afadin 
point mutations were generated by QuikChange site-directed mutagenesis 
(Stratagene) according to the manufacturer’s instructions. All clones were 
sequence verified.

Crystallization and crystal-structure determination. Crystallization 
experiments of LGNTPR-AfadinPEPT (10 mg/ml) were performed at the IEO 
Crystallography Unit. Diffraction-quality crystals were obtained by manual 
optimization of the initial conditions in hanging drops at 15 °C; 1 µl of pro-
tein was mixed with an equal volume of reservoir solution containing 1.5 M 
ammonium sulfate and 0.1 M Tris-HCl, pH 8.25. Crystals were cryoprotected 
by soaking in reservoir buffer supplemented with 20% ethylene glycol and 
were flash frozen in liquid nitrogen. X-ray diffraction data were collected at 
beamline X06DA (PXIII) of the SLS (Villigen, Switzerland), and beamline 
ID23-2 at the ESRF (Grenoble, France). The cubic crystals belonged to space 
group P213. Initial phases were obtained by molecular replacement (MR) 
with the TPR domain of LGN as a search model (PDB 3RO2). The model 
was then completed with iterative cycles of manual building and restrained 
refinement with PHENIX54. The two copies of LGNTPR-AfadinPEPT present in 
the asymmetric unit were identical except for part of the C-terminal region of 
one of the Afadin peptides, for which the density was poor. The final model 
had 95% of its residues in the favored regions of the Ramachandran plot, 5% 
in the additionally allowed regions and 0% Ramachandran outliers. Data 
processing and refinement statistics are presented in Table 1.

In vitro binding assays. For pulldown assays, 1 µM GST-Afadin fragments were 
immobilized on GSH beads and incubated for 1 h on ice with 5 µM LGNTPR in 
10 mM HEPES, pH 7.5, 0.1 M NaCl, 5% glycerol, and 0.1% Tween20. After wash-
ing of the beads, proteins bound to the beads were separated by SDS-PAGE and 
detected by Coomassie staining.

Isothermal titration calorimetry. The thermodynamic parameters of the 
association between AfadinCter and LGNTPR were measured in an ITC dis-
placement experiment, in which the relatively low-affinity reaction between 
Afadin and LGN was coupled to the high-affinity binding of LGNTPR to the 
Inscuteable25–58 peptide17. All reagents were dialyzed overnight against 10 mM  
HEPES, pH 7.5, and 0.15 M NaCl. ITC measurements were performed at  
25 °C on a MicroCal VP-ITC calorimeter. In a preliminary experiment,  
12 µM of LGNTPR in the cell was titrated with 10-µl injections of 
Inscuteable25–58 at 90 µM. Heats of ligand binding were corrected by sub-
traction of the average heat of ligand dilution after saturation and fitted 
to a single-site binding model with the Origin-7.0 package (MicroCal). 
Analysis of the integrated heats yielded an association constant KInsc of  
6.3 ± 1.8 × 107 M−1, a value fully in line with previous reports2. In a second 
calorimetric experiment, Inscuteable25–58 at the same concentration used 
in the first experiment was injected in a cell containing 12 µM of LGNTPR 
and 30 µM of AfadinCter. The presence of the low-affinity ligand in the cell 
affected the association of Insc25–58 with LGNTPR, as revealed by the analysis 
of the binding isotherm performed with the standard single-site binding 
model, which resulted in an apparent association constant Kapp of 4.0 × 106 
± 5.7 × 105 M−1. The measured KInsc and Kapp were then used to derive the  

association constant KAf for the binding of AfadinCter to LGNTPR with the 
following equation: 

K K KAf Insc app Af= − ×[( / ) ] /[ ]1 1
 

where [Af] is the concentration of Afadin in the cell during the measurement 
of Kapp.

Fluorescence polarization. Fluorescence polarization measurements were 
performed on an Infinite F200 (Tecan). A fixed concentration (40 nM) of fluo-
rescein-labeled AfadinPEPT (United Biosystems) was incubated with increasing 
concentrations of the indicated LGNTPR construct in 10 mM HEPES, pH 7.5, 
and 0.15 M NaCl. The corresponding Kd values were calculated by fitting the 
fluorescence polarization curves in Prism (GraphPad Software) with the follow-
ing quadratic equation: 

Y B x sqrt sqr x xd d= × + + − + + − × × ×(( . ) ( ( . ) . ))/( . )0 04 0 04 4 0 04 2 0 04K K  

where Y is the intensity of the fluorescence polarization signal, B is the maximum 
polarization signal at saturation, x is the concentration of LGNTPR in micromolar, 
and 0.04 µM is the constant concentration of AfadinPEPT.

Actin co-sedimentation assays. For co-sedimentation assays, actin was purified  
as previously described55. Actin co-sedimentation assays were conducted accord-
ing to Scita et al.56. In brief, purified rabbit G-actin was allowed to polymerize  
into filamentous actin (F-actin) for 20 min at room temperature in F buffer  
(5 mM Tris-HCl, pH 7.8, 0.2 mM ATP, 1 mM DTT, 0.1 mM CaCl2, 1 mM 
MgCl2 and 0.1 M KCl). Polymeric F-actin (1 µM) was incubated with increasing  
concentrations of His-AfadinCter for 15 min at room temperature and was sub-
sequently ultracentrifuged for 25 min at 400,000g at 4 °C. Pellet and supernatant 
fractions were separated by SDS-PAGE and visualized by Coomassie staining. 
For each concentration of AfadinCter, densitomeric quantification of the band in 
the pellet was performed with ImageLab (Bio-Rad). Normalized binding data 
were obtained by dividing the values of the pellet fractions at each point by the 
maximum value of the pellet at saturation. Normalized binding data were fitted 
to the quadratic equation 

Y B x sqrt sqr x xd d= × + + − + + − × × ×(( ) ( ( ) ))/( )1 1 4 1 2 1K K  

where Y is the fraction of Afadin in the pellet at each concentration point, B is 
the maximum value of Afadin in the pellet at saturation, x is the concentration of 
Afadin incubated with F-actin expressed in micromolar, and 1 µM is the constant 
concentration of F-actin. Fitting and Kd calculation were carried out in GraphPad 
Prism. Qualitative co-sedimentation assays of AfadinCter in complex to LGNTPR 
were carried out similarly with 9 µM of both proteins and 1 µM F-actin.

Culture conditions, antibodies and immunostaining. HeLa cells were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 
1% l-glutamine and antibiotics. For all the experiments, HeLa cells were cultured 
on fibronectin (5 µg/ml; Roche) and synchronized by a single thymidine block. 
Cells were treated with 2.5 mM thymidine (Sigma, T1895) for 24 h, released, and 
fixed for immunofluorescence after 8 h. Latrunculin A (Sigma, L5163) was added 
into the medium 30 min before fixation.

For knockdown of human Afadin, four unique 29-mer shRNA constructs in 
lentiviral vectors carrying a GFP reporter and puromycin resistance were tested 
in HeLa cells (OriGene Technologies, TL311457). The two most effective hairpins 
(Afadin shRNA-1, GCAGTCGTCAACAAGATGGTGAGCATGAT; and Afadin 
shRNA-2, CTCTGTGGTGACACTGGAAGTAGCAAAGC) were further used to 
study the effect of Afadin ablation in mitotic HeLa cells. Caco-2 cells were infected 
with Afadin shRNA-2–expressing lentiviruses to generate a stable cell line devoid 
of Afadin. Transcript depletion was verified by quantitative PCR with TaqMan 
assays (Life Technologies, Hs00984486_m1 for human Afadin). Samples were 
amplified with primers and probes for human Afadin and GAPDH as a house-
keeping gene. For depletion of NuMA, a lentiviral vector carrying a GFP reporter 
and puromycin resistance, and expressing the NuMA shRNA CAUUAUGAUG

http://www.rcsb.org/pdb/explore/explore.do?structureId=3RO2
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CCAAGAAGCAGCAGAACCA was used (OriGene Technologies, TL311065). 
For knockdown of LGN, small interfering RNA (siRNA) oligos with the fol-
lowing sense sequence were used: 5′-CCAUGGAUGUAGUGGGAAAUU-3′  
(Thermo Scientific, Dharmacon). As a control, scrambled siRNAs with the 
sense sequence 5′-AGACGAACAAGUCACCGACUU-3′ were used. Transient 
transfections of 50 nM of siRNAs were conducted with RNAiMAX (Invitrogen), 
according to the manufacturer’s instructions. Protein depletion was monitored 
by western blotting and immunofluorescence.

To rescue the misorientation phenotype of HeLa cells expressing the Afadin 
shRNA-2 hairpin, an shRNA-resistant mCherry-tagged rat long Afadin construct 
was generated by targeted mutagenesis introducing four silent base substitu-
tions in the region targeted by the shRNA-2 hairpin. To obtain an Afadin∆LGN 
variant unable to interact with LGN, the construct was further engineered by 
deletion of residues 1714–1751 of rat long Afadin, corresponding to the LGN-
binding stretch encoded by residues 1709–1747 of human Afadin isoform 4. To 
obtain the Afadin∆Actin mutant, residues 1519–1690 were deleted from the rat 
Afadin gene, corresponding to residues 1514–1685 of isoform 4 of human Afadin 
(Supplementary Fig. 4).

mCherry-Afadin wild-type, mCherry-Afadin∆LGN, and mCherry-Afadin∆Actin 
were subcloned into a pCDH vector under the UbC promoter (SBI System 
Biosciences) and transfected into HeLa cells with Lipofectamine reagent 
(Invitrogen) according to the manufacturer’s instructions.

Caco-2 cells were cultured in DMEM supplemented with 20% FCS, 1%  
l-glutamine, 0.1% NaHCO3, and 0.1% nonessential amino acids. To produce 
cysts, Caco-2 cells were diluted in complete medium supplemented with 2.5% 
Matrigel (BD) and seeded on solidified Matrigel at a dilution of 6,000 cells/well 
in eight-well chamber slides (Lab-Tek). After 6 d of culture, cysts were fixed for  
30 min in 4% PFA and permeabilized for 30 min with 0.5% Triton X-100. Statistical 
analysis of cystogenesis was performed in Prism with Fisher’s exact test.

Immunofluorescence and immunoblotting. For detecting NuMA and Afadin, 
cells were fixed with methanol at −20 °C for 10 min. For detection of LGN, 
p150Glued and actin, cells were fixed with 4% paraformaldehyde for 10 min at 
room temperature; this was followed by permeabilization with PBS and 0.3% 
Triton X-100 for 5 min. Cells were stained with rabbit anti-Afadin (polyclonal, 
raised against fragment 1514–1824 of human Afadin isoform 4; working dilution 
1:500; produced in house; Figs. 1c and 6b; validation in Supplementary Fig. 1b), 
mouse anti-LGN (monoclonal, raised against human full-length LGN; working 
dilution 1:5; produced in house; validation in Supplementary Fig. 1c), mouse 
anti-NuMA (monoclonal, raised against fragment 1861–2001 of human NuMA; 
working dilution 1:3,000; produced in house; validation in Supplementary  
Fig. 1c), and p150Glued (1:600, BD 610473) followed by donkey anti-rabbit and 
anti-mouse Alexa Fluor 488 (ThemoFisher-Scientific A-21206 and A-21202, 
respectively), and anti-mouse and anti-rabbit Alexa Fluor674 (ThemoFisher-
Scientific A-31571 and A-31573, respectively). F-actin was visualized with 

TRITC-conjugated phalloidin (diluted 1:10 for HeLa cells and 1:50 for Caco-
2 cysts, Sigma P1951); DNA was stained with DAPI. For immunoblotting,  
the rabbit anti-Afadin antibody was used at a dilution of 1:500. Original images 
of blots used in this study can be found in Supplementary Data Set 1.

Microscopy. Confocal microscopy was performed on a Leica TCS SP2 confocal 
microscope equipped with violet (405 nm), blue (488 nm), yellow (561 nm), and 
red (633 nm) excitation laser lines. A 63× oil-immersion objective lens (HCX 
Plan-Apochromat 63× NA 1.4 Lbd Bl; Leica) was used for analysis. Image acquisi-
tion conditions were set to remove channel cross-talk, optimize spectral detection 
bands, and scan modalities.

Spindle-orientation analysis. Spindle orientation was monitored with HeLa 
cells grown on fibronectin-coated coverslips. In this condition, wild-type cells 
divided with the spindle axis parallel to the substratum. To quantify the spindle 
tilt, metaphase HeLa cells were fixed and stained with anti-NuMA antibody and 
DAPI. Cells were imaged in x-z optical sections passing through the spindle poles. 
Spindle-axis angles with respect to the substratum were measured with the angle 
tool of Fiji. Statistical analyses of spindle-angle distributions were performed with 
Prism (GraphPad Software) and plotted in angular histograms with a custom-
written macro for MatLab. Statistical analysis of the data was performed in Prism 
with Kruskal-Wallis tests (Fig. 1f), one-way ANOVA Tukey’s tests (Fig. 5e) or 
Mann-Whitney tests (Supplementary Fig. 1).

Quantification of cortical signal in mitotic cells. Quantification of cortical 
signals of LGN, NuMA and p150Gued were conducted on confocal sections of 
metaphase cells in Fiji as follows. A 30-pixel-wide line was manually drawn from 
the spindle pole to the nearest cellular cortex perpendicularly to the metaphase 
plate, to obtain the intensity profile of the immunostained proteins along the line. 
The protein at the cortex was calculated by integrating the profile on a 30-pixel 
area centered at the peak of the profile, whereas the protein in the cytosol was 
quantified by integrating the same area 30 pixels away from the peak toward the 
DNA. Statistical analysis of the data was performed in Prism with Mann-Whitney 
tests (Fig. 5a and Supplementary Fig. 5b) or Kruskal-Wallis tests (Fig. 5d and 
Supplementary Fig. 5e,f).

54. Adams, P.D. et al. PHENIX: a comprehensive Python-based system for macromolecular 
structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221 (2010).

55. Carlier, M.F., Criquet, P., Pantaloni, D. & Korn, E.D. Interaction of cytochalasin D 
with actin filaments in the presence of ADP and ATP. J. Biol. Chem. 261,  
2041–2050 (1986).

56. Scita, G. et al. An effector region in Eps8 is responsible for the activation of the 
Rac-specific GEF activity of Sos-1 and for the proper localization of the Rac-based 
actin-polymerizing machine. J. Cell Biol. 154, 1031–1044 (2001).



 
 

 

Supplementary Figure 1 

Characterization of Afadin-, LGN- and NuMA-specific antibodies, and spindle angle analysis in LGN-depleted and NuMA-depleted HeLa 
cells. 

(a) Scheme of human Afadin (also known as AF-6 or MLLT4) gene, and its splice variants. The AF-6 gene is located on human 
chromosome 6, and consists of 32 exons. Alternative splicing produces six transcripts differing in their C-terminal region. Human Afadin 
isoforms 1 and 6 stop at exons 28 and 29 respectively, and are similar to short variant of rat Afadin (also known as s-Afadin), which was 
reported to be unable to bind to F-actin. Human Afadin isoforms 2, 3, 4 and 5 are similar to long rat Afadin (l-Afadin), which binds to F-
actin. Isoforms 4 and 5 differ for the presence of additional 11 residues between exon 28 and 29. The LGN-binding site of Afadin 
characterized in this study is coded by exon 30 (highlighted in orange), and is present in all human long isoforms except isoform-3.  (b) 
Specificity of the Afadin antibody. Confocal sections of mitotic HeLa cells expressing a control shRNA and shRNA targeting Afadin 
(Afadin shRNA-2), fixed and stained for endogenous Afadin. Afadin staining was lost in Afadin shRNA-2 expressing cells. The scale bar 

corresponds to 5 m. (c) Immunoblot analysis of mitotic lysates of HeLa cells transiently interfered for LGN (left) or stably depleted of 
NuMA (left) showing the efficiency of the protein depletions. (d) Representative confocal z-sections of mitotic HeLa cells depleted for 
LGN (left) or NuMA (right), with the corresponding controls. LGN-depleted cells are stained with NuMA (green) and DAPI (blue), while 

NuMA-ablated cells are visualized with -tubulin (dark yellow) and DAPI (blue). The plane of the coverslip is visible as a white line. (e) 
Quantification of mitotic spindle alignment performed as in Fig. 1 (with means ± SEM), showing mean angular tilts of about 14.9° for 
NuMA-depleted cells, and 12.5° for LGN-ablated cells. **** indicates a statistical difference of P < 0.0001 by Mann-Whitney test 

between interfered and control cells from three independent experiments with n > 50. Scale bars correspond to 5 M.   
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Supplementary Figure 2 

Canoe (Afadin) binds directly to Pins (LGN) and competes with Mud (NuMA). 

SEC analysis and corresponding Coomassie-blue stained SDS-PAGE of the competitive interactions between the C-terminal portion of 
Drosophila Canoe (encompassing residues 1755-2051), Pins(LGN)

TPR
 (spanning residues 25-406) and Mud1895-2094.  At equimolar 

concentration, Canoe(Afadin)
Cter

 enters a stoichiometric complex with Pins(LGN)
TPR

 eluting in fractions 3-6 (black trace). Addition to the 
mix of equimolar amounts of Mud1895-2094 results in a complex of Mud1895-2094–Pins(LGN)

TPR
 eluting slightly earlier than Canoe(Afadin)

Cter
 

in isolation (fractions 4-7). This analysis demonstrates that Canoe(Afadin) and Mud(NuMA) are mutually exclusive interactors of 
Pins(LGN)

TPR
, with Mud(NuMA) displaying higher affinity. 
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Supplementary Figure 3 

Sequence alignment of the C terminus of Afadin long isoforms. 

Afadin residues are colored based on the conservation calculated on the alignment of seven orthologues of Homo sapiens, Rattus 
norvegicus, Falco cherrug, Chelonia mydas, Xenopus laevis, Danio rerio and Drosophila melanogaster. The orange line highlights the 
Afadin fragment directly in contact with the LGN

TPR 
domain according to the crystallographic structure, with the Phe1730

AF
 and 

Glu1735
AF

 labeled as red circles. The F-actin binding region of Afadin determined experimentally (Supplementary Figure 4b) is 
upstream of the LGN-binding stretch, and is predicted to adopt a helical conformation, as depicted in light gray (secondary structure 
prediction was performed using the server https://www.predictprotein.org/). 
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Supplementary Figure 4 

Biochemical characterization of the interaction between Afadin
Cter

 and actin. 

(a) Afadin does not bind to globular actin (G-actin). SEC analysis and corresponding SDS-PAGE showing that at 150 M concentration 
of both species Afadin

Cter
 and monomeric G-actin do not form a complex. The elution profiles of Afadin

Cter
 and G-actin are also shown 

as references for the individual runs. Despite having similar molecular weight, Afadin
Cter

 elutes near the globular 158 kDa marker (lanes 
3-6 of the SDS-PAGE), whereas G-actin elutes in the later fractions 7-10. (b) Afadin binds to F-actin through a region lying upstream to 
the LGN binding site. High-speed cosedimentation assay of two complementary fragments of Afadin

Cter
 (residues 1514-1824) with F-

actin, showing that the actin-binding domain of human Afadin spans residues 1514-1682, upstream of the LGN-binding domain (colored 
in purple in the top scheme). Supernatant and pellet fractions of an analogous high-speed sedimentation experiment performed in the 
absence of F-actin are shown as a control of cosedimentation specificity.  
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Supplementary Figure 5 

Analysis of spindle motors in Afadin-depleted HeLa anaphases, localization of Afadin rescue constructs and NuMA rescue experiments. 

(a) Ablation of Afadin in HeLa cells impairs cortical localization of LGN, NuMA and Dynactin in anaphase. Confocal sections of control 
shRNA (top) and Afadin shRNA-2 expressing HeLa cells (bottom) in anaphase stained for LGN, NuMA, and p150

Glued
. Chromosomes 

are visualized with DAPI (blue). (b) Immunostaining of endogenous Afadin in mitotic HeLa cells interfered for LGN (left) or NuMA (right) 
with the corresponding controls. DNA is stained with DAPI. Quantification of cortical signals revealed that the cortical accumulation of 
Afadin is not altered by loss of LGN nor NuMA. (c-d) mCherry-Afadin rescue constructs. Immunoblot and immunostaining of HeLa cells 
transiently transfected with mCherry-Afadin, mCherry-Afadin-ΔLGN, or mCherry-Afadin-ΔACTIN showing the expression levels and the 
cortical localization of the shRNA-2 resistant rescue constructs. (e) Quantification of cortical mCherry-Afadin constructs analyzed in (d) 
showing that the F-actin binding domain of Afadin is required for the correct localization of the protein at the cortex. **** indicates P < 
0.0001 by Kruskal-Wallis test from three independent experiments with n > 40. (f) Rescue experiment of cortical NuMA in HeLa cells 
stably depleted of Afadin, and transfected with shRNA-2 resistant mCherry-tagged rat Afadin wild-type, Afadin-ΔLGN, or Afadin-
ΔACTIN. Quantification of cortical NuMA signals indicates that only Afadin wild-type rescues the cortical localization of NuMA in 
metaphase. The bottom panels show the mCherry-signal of the transfected cells. Under the conditions of methanol fixation used to 
visualize cortical NuMA, the cortical mCherry signal of all the rescue constructs is lost. **** indicates P < 0.0001 by Kruskal-Wallis test 

from three independent experiments with n > 32. Scale bars correspond to 5 m. 

Nature Structural & Molecular Biology: doi:10.1038/nsmb.3152



 
 

 

 

Supplementary Figure 6 

Distribution of cortical F-actin in metaphases of Caco-2 cells, either wild type or lacking Afadin in three-dimensional cysts. 

Cysts of Caco-2 cells wild-type or stably interfered for Afadin stained with DAPI (blue) and TRITC-conjugated Phalloidin (red). Confocal 
sections of the equatorial region of the cysts show that in mitotic cells  (indicated by grey arrows) cortical F-actin distributes uniformly all 
around the plasma membrane regardless of the presence of Afadin.  
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Asymmetric stem-cell divisions are fundamental for morphogenesis and tissue

homeostasis. They rely on the coordination between cortical polarity and the

orientation of the mitotic spindle, which is orchestrated by microtubule pulling

motors recruited at the cortex by NuMA–LGN–G�i complexes. LGN has

emerged as a central component of the spindle-orientation pathway that is

conserved throughout species. Its domain structure consists of an N-terminal

TPR domain associating with NuMA, followed by four GoLoco motifs binding

to G�i subunits. The LGNTPR region is also involved in interactions with other

membrane-associated proteins ensuring the correct cortical localization of

microtubule motors, among which is the junctional protein afadin. To investigate

the architecture of LGNTPR in complex with afadin, a chimeric fusion protein

with a native linker derived from the region of afadin upstream of the LGN-

binding domain was generated. The fusion protein behaves as a globular

monomer in solution and readily crystallizes in the presence of sulfate-

containing reservoirs. The crystals diffracted to 3.0 Å resolution and belonged to

the cubic space group P213, with unit-cell parameter a = 170.3 Å. The structure

of the engineered protein revealed that the crystal packing is promoted by the

coordination of sulfate ions by residues of the afadin linker region and LGNTPR.

1. Introduction

Asymmetric cell divisions regulate the position and the fate

choice of daughter cells, with an impact on numerous

phenotypes of multicellular organisms both during develop-

ment and in adulthood (Knoblich, 2010). Asymmetric cell

divisions are attained by the unequal segregation of cell-fate

defining components and by differential positioning of siblings

within the tissue. In several stem-cell systems, only daughters

retaining contact with a specialized microenvironment called

the niche will maintain stemness. The asymmetric outcome of

a cell division requires tight coordination between cellular

polarity and the division plane, and hence the mitotic spindle

axis (Morin & Bellaı̈che, 2011). Spindle coupling to polarity

cues involves the recruitment at spatially restricted cortical

sites of molecular devices known as force generators, the main

task of which is to capture astral microtubules emanating from

the spindle poles and to establish pulling forces. One of the

main players in the spindle-orientation pathway is the scaf-

folding protein LGN (where LGN stands for Leu-Gly-Asn

repeat-enriched protein), which is found to be conserved from

nematodes to mammals. From a topological standpoint, LGN
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has been depicted as a molecular switch (Du & Macara, 2004)

that is held inhibited in interphase by intramolecular inter-

actions and opens up in mitosis to bind several interactors

including the G�i subunits of heterotrimeric G proteins, the

stem cell-specific cortical adaptor Inscuteable (Schaefer et al.,

2000; Mapelli & Gonzalez, 2012) and the major regulator

of the microtubule motor dynein/dynactin, NuMA (nuclear

mitotic apparatus protein; Du et al., 2001). Less characterized

ligands of LGN such as the actin-binding protein afadin have

recently been identified in Drosophila (Wee et al., 2011). In

vertebrates, afadin is known as a junctional protein that is

localized at the zona adherens and is required for epithelial

organization (Ooshio et al., 2007). Whether afadin is the

positional cue restricting LGN at the lateral membrane during

oriented epithelial divisions is an open issue, the elucidation of

which will benefit from structural studies of the LGN–afadin

interaction.

Structure–function analysis conducted in chicken neuro-

epithelial cells (Peyre et al., 2011), skin progenitors (Williams

et al., 2011) and monolayered epithelia (Zheng et al., 2010)

revealed that the function of LGN as a hub conveying mitotic

signals that instruct spindle orientation is intimately connected

to its domain structure. The C-terminal half of the molecule

harbours four GoLoco motifs responsible for the recruitment

of LGN at the membrane by direct binding to G�i subunits

anchored to the lipid bilayer via myristoyl groups. The

N-terminal domain of LGN consists of a contiguous array of

eight tetratricopeptide repeats (TPRs) stacking in a super-

helical arrangement. TPR motifs are degenerate 34-amino-

acid units characterized by two antiparallel �-helices,

generally referred to as A and B, which form the inner and

outer surface of the superhelix, respectively (Das et al., 1998).

Intriguingly, most of the structurally characterized LGNTPR

interacting partners recognize the inner surface of the TPR

scaffold via an intrinsically unstructured stretch that aligns

perpendicularly with all eight A helices (Culurgioni et al.,

2011; Zhu et al., 2011; Takayanagi et al., 2015; Yuzawa et al.,

2011). Spiralling of the TPR �-solenoid around the elongated

peptides results in a reduction of the intrinsic conformational

flexibility of the helical array, which has proven to be a

prerequisite for crystallizability of the domain. An analogous

conformational stabilization of the TPRs has been observed

in the complex of LGNTPR with the last two LGN-GoLoco

motifs, which recapitulates the architecture of the inhibited

closed form of the molecule (Pan et al., 2013).

Similar to other ligands such as Inscuteable and NuMA,

the minimal LGNTPR-binding region of afadin consists of a

37-residue peptide, which we will refer to as afadinPEPT. Initial

attempts to crystallize a complex reconstituted from purified

LGNTPR and a synthetic version of afadinPEPT were not

successful. Therefore, to gain insights into the architecture of

the LGNTPR–afadinPEPT interaction, we engineered a chimeric

protein carrying the LGN-binding region of afadin fused

C-terminally to the LGNTPR domain. We show that the afadin

peptide of this chimeric protein is recognized intramolecularly

by the TPR domain and that it stabilizes a compact confor-

mation of the LGNTPR superhelix required for the growth of

diffraction-quality crystals. We also show that the amino-acid

composition of the linker between the minimal interacting

fragments of the two proteins is crucial in promoting crystal

packing in sulfate-containing crystallization conditions.

2. Materials and methods

2.1. Generation of the chimeric fusion protein and
macromolecule production

To reconstitute the interaction between human LGN

(UniProt code B2RAL8) and afadin (UniProt code P55196,

isoform 4), we used an LGNTPR construct encompassing

residues 15–350 and a fragment of afadin spanning residues

1709–1746 (afadinPEPT). To stabilize the LGNTPR–afadinPEPT

interaction, the sequence of afadinPEPT was covalently linked

to the C-terminus of LGNTPR by means of a native poly-

peptide sequence derived from the ten residues of afadin

upstream of afadinPEPT. The entire sequence of the fusion

protein is shown in Table 1, with afadinPEPT underlined. To

generate the chimeric construct, a two-step restriction-free

cloning approach was employed (van den Ent & Löwe, 2006;

Supplementary Fig. S1). Firstly, the coding sequence of the

linker-afadinPEPT cDNA was amplified using 50-base primers

designed for the insertion of the PCR product into a

previously generated pGEX-6P1-LGNTPR vector. The

forward primer carried a 24-base overlap with the vector,

which was complementary to the 30-end of the LGNTPR

construct, followed by 25 bases of linker-afadinPEPT. The

reverse primer annealed on the pGEX-6PI vector with 24

bases complementary to the 30-end of the point of insertion.

The amplified PCR fragment was cleaned using a PCR puri-

fication kit (Qiagen) and diluted to 100 ng ml�1. A second

amplification was conducted using 2–4 ml of the PCR fragment

previously produced to prime the PCR reaction of PfuTurbo

polymerase (Agilent Technologies) on 50 ng pGEX-6P1-

LGNTPR vector in 50 ml reaction mixture. The amplification
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Table 1
Macromolecule-production information.

Source organism Homo sapiens
DNA source Synthetic
Forward primer GAAATTTCAAGAGAGGTTGGGGATCAGCGAAACGCCTC-

CTACCTCAAA

Reverse primer AAACAAAATTATTACTAGTGTCGACTTATCCTGCTAGG-

CTGCAGTCCTC

Cloning vector pGEX-6P1
Expression vector pGEX-6P1
Expression host E. coli BL21 Rosetta
Sequence of LGNTPR-

afadinPEPT†
GPLGSGPLGSASCLELALEGERLCKSGDCRAGVSFFEAAVQVG-

TEDLKTLSAIYSQLGNAYFYLHDYAKALEYHHHDLT-

LARTIGDQLGEAKASGNLGNTLKVLGNFDEAIVCCQ-

RHLDISRELNDKVGEARALYNLGNVYHAKGKSFGCP-

GPQDVGEFPEEVRDALQAAVDFYEENLSLVTALGDR-

AAQGRAFGNLGNTHYLLGNFRDAVIAHEQRLLIAKE-

FGDKAAERRAYSNLGNAYIFLGEFETASEYYKKTLL-

LARQLKDRAVEAQSCYSLGNTYTLLQDYEKAIDYHL-

KHLAIAQELNDRIGEGRACWSLGNAYTALGNHDQAM-

HFAEKHLEISREVGDQRNASYLKTQVLSPDSLFTAK-

FVAYNEEEEEEDCSLAG

† The afadinPEPT sequence is underlined.



protocol consisted of 35 cycles, with an elongation step of

15 min. Once completed, 9 ml of the PCR reaction was treated

with DpnI (New England Biolabs) for 2 h at 310 K to digest

the methylated parental plasmid and subsequently trans-

formed into Escherichia coli DH10 competent cells (Top10,

Invitrogen). Positive clones containing the GST-LGNTPR-

afadinPEPT fusion gene were confirmed by DNA sequencing.

The chimeric construct GST-LGNTPR-afadinPEPT was

expressed in E. coli BL21 Rosetta cells grown to an OD of 0.6

by induction with 0.5 mM IPTG overnight at 291 K (Table 1).

Harvested cells were resuspended in 0.1 M Tris–HCl pH 8,

0.3 M NaCl, 10% glycerol, 0.5 mM EDTA, 1 mM DTT and

were lysed with a French press. Lysates were cleared for 1 h at

100 000g before incubation with Glutathione Sepharose 4 Fast

Flow beads (GE Healthcare) for 2 h at 277 K. After washes in

lysis buffer supplemented with 0.7 M NaCl, the GST-fusion

protein retained on the beads was incubated with PreScission

protease (GE Healthcare) in a 1:50 weight ratio overnight at

277 K to remove the GST tag. The cleaved material, which

retained the residues GPLGS preceding the LGN sequence

(shown in bold in Table 1), was eluted from the beads in a

desalting buffer consisting of 20 mM Tris–HCl pH 8, 40 mM

NaCl, 5% glycerol, 1 mM DTT and loaded onto a Resource Q

ion-exchange column (GE Healthcare). The protein was

eluted with a 40–350 mM NaCl gradient over 20 column

volumes. Peak fractions were analyzed by SDS–PAGE and

pooled for a subsequent purification step on a preparative

Superdex 200 size-exclusion chromatography (SEC) column

equilibrated in 10 mM HEPES pH 7.5, 0.15 M NaCl, 5%

glycerol. Peak fractions eluted from the SEC column were

pooled and concentrated to about 12 mg ml�1 using Vivaspin

concentrators (Sartorius). The sample was stored at 193 K

prior to use. Typically, about 7 mg pure protein was obtained

starting from 1 l culture. The LGNTPR used for SEC and native

gel analyses was purified similarly, with a yield of about 3 mg

pure protein from 1 l culture.

The LGNTPR-afadinPEPT construct has a molecular mass

of about 41 kDa. Analytical SEC analysis revealed that the

LGNTPR-afadinPEPT fusion elutes at the same volume as the

LGNTPR:afadinPEPT complex assembled with a synthetic

afadin peptide, but is slightly delayed compared with LGNTPR

in isolation (Fig. 1a). This result suggested that the LGNTPR-

afadinPEPT chimera runs as a monodisperse monomer in

solution, with an overall shape and hydrodynamical properties

similar to those of the LGNTPR:afadinPEPT complex. To further

corroborate this hypothesis, we compared the behaviour of

the three samples on 12% Tris–glycine native PAGE (37:1

acrylamide:bisacrylamide). While LGNTPR in isolation

migrates on a native gel as a smear of multiple bands, the

LGNTPR-afadinPEPT fusion runs with higher mobility as a

single population (Fig. 1b), indicating that the fused

afadinPEPT stabilizes a compact conformation of the LGNTPR

superhelix. Consistently, the LGNTPR:afadinPEPT complex is

less retarded than LGNTPR but is more heterogeneous than

the chimeric fusion construct. Collectively, these results

provide good evidence that the fused peptide of afadin binds

the TPR scaffold intramolecularly, inducing a homogeneous

conformational rearrangement, rather than binding to a

different molecule and causing heterogeneous aggregation.
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Figure 1
Biochemical characterization of LGNTPR-afadinPEPT. (a) Comparative
SEC analysis of LGNTPR-afadinPEPT, LGNTPR and the LGNTPR:
afadinPEPT complex performed on a Superdex 200 5/150 column (GE
Healthcare) at 100 mM concentration. For this analysis, the LGNTPR

complex was assembled by mixing synthetic afadinPEPT with LGNTPR in a
1:1.3 molar ratio. The protein elution profiles are overlaid with the trace
of globular molecular-weight markers (grey dashed line). For all samples,
the peak fractions were separated by SDS–PAGE and visualized by
Coomassie staining. At the top left corner a schematic representation of
the domain structure of the chimeric protein is shown, with LGNTPR

coloured green and afadinPEPT purple. (b) The conformational hetero-
geneity of the LGNTPR-afadinPEPT fusion, the LGNTPR:afadinPEPT

complex and LGNTPR was assessed by native PAGE followed by
Coomassie staining. Native molecular-weight markers (NativeMark, Life
Technologies) are displayed in the first lane (labelled in kDa).



These findings are consistent with the micromolar affinity that

afadinPEPT displays for LGNTPR (with a dissociation constant

Kd of 5.6 mM; Carminati et al., 2016).

2.2. Crystallization

Initial crystallization trials of the LGNTPR-afadinPEPT

sample utilized the commercial sparse-matrix screens SaltRX

(Hampton Research), AmSO4 (Qiagen), JCSG-plus and

Structure Screen 1 + 2 (Molecular Dimensions) and were

conducted in sitting-drop vapour-diffusion format using a

Cartesian Honeybee nanodispenser (Genomic Solutions) in

three-square-well CrystalQuick Greiner plates. At the two

concentrations tested (10 and 5 mg ml�1), 100 nl protein

solution was mixed with an equal volume of reservoir solution

at 293 K. Crystals appeared at 10 mg ml�1 after 1 d in about

20% of the salting-out conditions containing sulfate, phos-

phate, formate or malic acid ions at pH values between 7.0 and

8.5. The same crystallization trials conducted on a sample of

LGNTPR in complex with synthetic afadinPEPT were unsuc-

cessful. Since four of the linker residues present in the chimera

have charged side chains, we reasoned that these linker resi-

dues could be crucial in promoting nucleation in the presence

of high concentrations of multivalent ions. We selected

conditions E10 from the AmSO4 kit (0.1 M Na HEPES pH 7,

1.6 M ammonium sulfate) and C7 and C9 from the SaltRX kit

(0.1 M bis-tris propane pH 7, 3.5 M sodium formate and 0.1 M

bis-tris propane pH 7, 1.2 M dl-malic acid pH 7.0, respec-

tively) for manual optimization. All three conditions could be

reproduced in hanging drops in 24-well VDX plates (Hampton

Research) by mixing 1 ml protein solution with 1 ml reservoir

solution. Under these conditions, crystallogenesis was very

rapid at 293 K, yielding showers of small crystals in about 2 h

or multiple crystals in the case of malic acid (Figs. 2a and 2b).

To slow the crystal growth, we decided to perform grid screens

around 0.1 M Na HEPES pH 7, 1.6 M ammonium sulfate at

288 K. The concentration of ammonium sulfate was varied

from 1.35 to 1.6 M in 50 mM increments at pH values ranging

from 7.5 to 8.25. Using this approach, single cubic crystals of

around 0.5 mm in size (Fig. 2c) grew overnight. Further

attempts to slow crystal nucleation were conducted at 277 K,

seeding drops set up with a protein concentration of 5 mg ml�1

and a reservoir solution consisting of 0.1 M Tris–HCl pH 8.0,

1.4 M ammonium sulfate after 3 h of equilibration (Table 2).

Analogous optimizations were conducted around 0.1 M bis-

tris propane pH 8.0, 3.5 M sodium formate and around 0.1 M

bis-tris propane pH 7.0, 1.2 M malic acid. Single large crystals

suitable for diffraction experiments were obtained at 288 K

with 1.3 M ammonium sulfate or 1.0 M dl-malic acid or by

seeding the same conditions at 277 K. To improve the crystal
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Figure 2
(a, b) Initial crystals of LGNTPR-afadinPEPT grown manually by hanging-drop vapour diffusion in ammonium sulfate or malic acid. (c) After optimization
at 288 K or seeding at 277 K, single cubic crystals of about 0.5 mm in size appear after 1 d of crystallization.

Table 2
Crystallization.

Method Sitting drop Sitting drop Hanging drop Hanging drop, seeding
Plate type 96 � 3 well 96 � 3 well 24 well 24 well
Temperature (K) 293 293 288 277
Protein concentration (mg ml�1) 10 10 8 5
Buffer composition of protein

solution
10 mM Na HEPES pH 7.5,

0.15 M NaCl, 5% glycerol,
4.5 mM TCEP

10 mM Na HEPES pH 7.5,
0.15 M NaCl, 5% glycerol,
4.5 mM TCEP

10 mM Na HEPES pH 7.5,
0.15 M NaCl, 5% glycerol,
4.5 mM TCEP

10 mM Na HEPES pH 7.5,
0.15 M NaCl, 5% glycerol,
4.5 mM TCEP

Composition of reservoir solution 0.1 M Na HEPES pH 7,
1.6 M ammonium sulfate

0.1 M bis-tris propane pH 7,
3.5 M sodium formate

0.1 M Tris–HCl pH 8,
1.4 M ammonium sulfate

0.1 M bis-tris propane pH 7,
1.0 M dl-malic acid

Initial hit AmSO4 E10 SaltRX C7 AmSO4 E10 SaltRX C9
Volume and ratio of drop 100 nl (1:1 ratio) 100 nl (1:1 ratio) 1 ml (1:1 ratio) 1 ml (1:1 ratio)
Volume of reservoir (ml) 100 100 300 300
Screened using X-rays No No Yes Yes



packing an additional additive screen was performed starting

from these latter conditions, which unfortunately did not

change either the crystal morphology or diffraction properties.

As the crystals were fragile, they were cryoprotected by

stepwise addition of ethylene glycol directly to the crystal-

lization drops to a final concentration of 20% for 10–30 min

prior to flash-cooling in liquid nitrogen.

2.3. Data collection and processing

X-ray diffraction data for LGNTPR-afadinPEPT crystals were

collected on beamline X06DA at the Swiss Light Source

(SLS), Villigen, Switzerland and on beamline ID23-2 at the

European Synchrotron Radiation Facility, Grenoble, France.

Data were processed using XDS (Kabsch, 2010) implemented

in xia2 (Winter et al., 2013). The crystals diffracted to a reso-

lution of about 3.0 Å (Fig. 3a) and belonged to the cubic space

group P213. The unit-cell parameters are consistent with two

copies of the fusion protein per asymmetric unit, with a

Matthews coefficient of 4.8 Å3 Da�1 and a solvent content of

75%. The high solvent content partly explains the modest

resolution of the data despite the relatively large dimensions

of the crystals, as often observed by Kantardjieff & Rupp

(2003) and Weichenberger & Rupp (2014). Based on the

Patterson function, no translational pseudosymmetry exists

between the two molecules in the asymmetric unit. The

structure of LGNTPR-afadinPEPT was determined by molecular

replacement with Phaser (McCoy et al., 2007) using the coor-

dinates of mouse LGNTPR solved previously in complex with

NuMA (PDB entry 3ro2; Zhu et al., 2011) as a search model.

The afadin peptide was built manually by iterative cycles in

Coot (Emsley et al., 2010) and refinement in PHENIX (Adams
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Figure 3
Diffraction and packing of the LGNTPR-afadinPEPT crystals. (a) 3.0 Å resolution X-ray diffraction pattern of LGNTPR-afadinPEPT obtained using a
synchrotron-radiation source on beamline X06DA at the Swiss Light Source. (b) LGNTPR-afadinPEPT model and composit OMIT electron-density map
displayed around the afadinPEPT region contoured at the 1.0� level. (c) Crystal lattice of LGNTPR-afadinPEPT with the two molecules of the asymmetric
unit shown as gold and green cartoons and the sulfate ions shown as red spheres. For all molecules, the native linker of afadinPEPT is displayed in purple.
(d) Enlarged view of the crystal contacts contributed to by the side chains of Arg86LGN and Arg120LGN and Gln1718afadin of the two LGNTPR-afadinPEPT

fusion proteins present in the asymmetric unit.



et al., 2010). The current model was refined at 3.0 Å resolution

to an Rfree of 26.7% and an Rwork of 23.3%, with good electron

density for the afadinPEPT residues (Fig. 3b). Data-collection

statistics are given in Table 3. The sulfate ions, which were

contained in the reservoir, are coordinated by Arg86LGN,

Arg120LGN and by Gln1718afadin of afadinPEPT belonging to a

symmetry-related molecule, thus promoting crystal packing

(Figs. 3c and 3d). Importantly, direct contacts between the

very C-terminus of afadinPEPT of one of the molecules in the

asymmetric unit (namely residues Cys-Ser-Leu-Ala) and the

TPR repeats of the second molecule in the same asymmetric

unit also contribute to the crystal packing. However, crystals

of LGNTPR in complex with synthetic afadinPEPT grown by

seeding with nuclei of the LGNTPR-afadinPEPT fusion protein,

which retain the afadinPEPT contacts but lack those of the

linker region, were very tiny (0.03–0.05 mm in size) and

diffracted only to about 30 Å resolution. Thus, we conclude

that the presence of the afadin linker is the molecular

explanation for the good diffraction quality of the crystals of

the LGNTPR-afadinPEPT chimera.

3. Results and discussion

In this study, we report the generation and crystallization of a

fusion protein between the LGNTPR domain and its binding

peptide from afadin as an instrumental step in obtaining well

diffracting crystals of the two interacting proteins. Chimeric

fusions between low-affinity interactors are known to promote

the formation of stoichiometric complexes for structural

studies (Pellegrini et al., 2002). Although natively occurring

interdomain linkers consist of residues as diverse as Pro, Arg,

Phe, Thr, Glu and Gln (George & Heringa, 2002; Kobe et al.,

2015), historically for crystallization purposes the linker

region between the two binding domains has been chosen as

the shortest flexible stretch of glycines and serines that allows

unrestrained recognition of the two partners (Reddy Chichili

et al., 2013). For our structural investigations, we decided to

covalently join LGNTPR to the LGN-binding domain of afadin

using the sequence of afadin upstream of the minimal LGN-

binding peptide. When mixed with multivalent anion-

containing reservoirs, the resulting chimeric fusion readily

yielded cubic crystals. The structure of the fusion construct

revealed that crystal packing is contributed to by positively

charged residues of LGNTPR and a Gln side chain of the afadin

linker, which coordinate sulfate ions. This evidence explains

the improved crystallizability of the chimera compared with

LGNTPR in complex with synthetic afadinPEPT, which yielded

only poorly diffracting crystals upon seeding with nuclei of the

chimeric fusion construct. Thus, we can conclude that in this

case the use of a native linker sequence coupled the advantage

of forming stable complexes between LGN and afadin with

the beneficial effect of having chemically active side chains of

the linker promoting crystal packing.

Interestingly, the topology of LGNTPR-afadinPEPT is remi-

niscent of the recognition mode of other helical repeat-

containing proteins with their cognate ligands, such as

E-cadherin in complex with �-catenin (Huber & Weis, 2001)

and karyopherin � bound to NLS peptides (Conti et al., 1998).

We predict that the engineering method presented in this

study will be particularly successful in investigating the orga-

nizational principles of similar �-solenoids in complex with

their binding partners.
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SUMMARY

Spindle positioning is essential for tissue morpho-
genesis and homeostasis. The signaling network
synchronizing spindle placement with mitotic pro-
gression relies on timely recruitment at the cell cortex
of NuMA:LGN:Gai complexes, in which NuMA acts
as a receptor for the microtubule motor Dynein. To
study the implication of Aurora-A in spindle orienta-
tion, we developed protocols for the partial inhibition
of its activity. Under these conditions, in metaphase
NuMA and Dynein accumulate abnormally at the
spindle poles and do not reach the cortex, while the
cortical distribution of LGN remains unperturbed.
FRAP experiments revealed that Aurora-A governs
the dynamic exchange between the cytoplasmic
and the spindle pole-localized pools of NuMA. We
show that Aurora-A phosphorylates directly the C
terminus of NuMA on three Ser residues, of which
Ser1969 determines the dynamic behavior and the
spindle orientation functions of NuMA. Most interest-
ingly, we identify a new microtubule-binding domain
of NuMA, which does not overlap with the LGN-bind-
ing motif. Our study demonstrates that in metaphase
the direct phosphorylation of NuMA by Aurora-A
controls its cortical enrichment, and that this is the
major event underlying the spindle orientation func-
tions of Aurora-A in transformed and non-trans-
formed cells in culture. Phosphorylation of NuMA
by Aurora-A does not affect its affinity for microtu-
bules or for LGN but rather determines the mobility
of the protein at the spindle poles. The finding
that NuMA can associate concomitantly with LGN
and microtubules suggests that its microtubule-
binding activity contributes to anchor Dynein-loaded
microtubule +TIPs at cortical sites with LGN.

INTRODUCTION

The organization and functions of the mitotic spindle are essen-
tial for proper execution of mitosis. Sophisticated mechanisms

ensure the formation of a bipolar spindle with highly dynamic
properties. In addition, regulatory networks operate to properly
position the spindle within the cell. Coupling of the mitotic
spindle axis with cell polarity is particularly relevant in mitotic
epithelial cells duringmorphogenesis and regeneration, because
it defines the position of the cell division plane [1, 2]. Intrinsic
mechanisms of spindle placement are active also in adherent
cells in culture to stabilize the spindle before anaphase onset
[3]. Spindle placement is achieved by recruitment of microtubule
motors at cortical domains in conjunction with membrane-asso-
ciated proteins. The core constituents of these force-generating
machines are trimeric complexes formed by the nuclear mitotic
apparatus protein NuMA, the switch molecule LGN, and the
Gai subunit of heterotrimeric G-proteins, all of which are found
conserved from nematodes to mammals [3, 4].
NuMA is a master regulator of spindle functions, implicated

not only in spindle placement, but also in spindle organization
and maintenance [5]. Consistent with these two activities, in
mitotic HeLa cells NuMA localizes both at spindle poles and
at cortical regions above the poles [6]. NuMA operates in large
multiprotein complexes mainly as an adaptor of the microtubule
motor Dynein/Dynactin, to which it binds with its N-terminal
domain [7]. Depending on the cellular context, the C-terminal
portion has been reported to associate with LGN [8], Eg5 [9],
cortical 4.1R/G [10, 11], and also directly with microtubules
[8, 12] and the plasma membrane [13, 14]. During spindle as-
sembly, the interaction of NuMA with Dynein/Dynactin pro-
motes microtubule tethering to the poles and aster focusing
[15–17]. In metaphase, binding of NuMA to Dynein/Dynactin is
essential for the recruitment of Dynein to the cortex, where it ex-
erts minus-end directed pulling forces on astral microtubules in
order to position the spindle [6, 7]. To coordinate spindle func-
tions with cell-cycle progression, the mitotic activities of NuMA
must be tightly controlled in time and space. At mitotic entry,
NuMA localization and activities respond to mitotic RanGTP

signaling [18], and to several phosphorylation events. From
prometaphase to metaphase, the phosphorylation of NuMA
on Thr2055 by CDK1 negatively regulates the direct association
of the protein to the plasma membrane [11, 14, 19]. Experiments
in HeLa cells revealed that the activity of Plk1 at the poles as-
sists spindle centering by decreasing the affinity of NuMA for
Dynein/Dynactin [6], while phosphorylation of NuMA by Abl1 is
required to couple the spindle axis with NuMA:LGN cortical
crescents [20]. Studies in C. elegans embryos showed that
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the phosphorylation of the NuMA-related LIN-5 protein
by aPKC reduces microtubule-pulling forces at the anterior
site to promote asymmetric spindle positioning [21].
Recently, in vitro studies and proteomic screenings identified
NuMA among the substrates of Aurora-A [22, 23]. However,
whether these putative phosphosites affect spindle alignment
is currently unexplored.
The Aurora-A kinase governs spindle assembly [24]. In human

cells, its activity orchestrates the organization of the spindle
poles by influencing microtubule nucleation and dynamics
[25–29]. Historically, key functions of Aurora-A in spindle align-
ment and maintenance of self-renewing have been documented
in Drosophila SOP cells and neuroblasts, mainly by regulation of
the Par3/Par6/aPKC activity [30, 31]. In the same systems,
Aurora-A has been shown to promote spindle orientation by
phosphorylating LGN/Pins, this way favoring its association
with cortical Dlg [32]. Whether Aurora-A can contribute in
flies or vertebrates to spindle orientation in other ways is an
interesting open issue. More indirect evidence of the involve-
ment of Aurora-A in spindle alignment came from overex-
pression studies in mammary stem cells [33] and colon cancer
cells [34]. Recently, partial inhibition of Aurora-A with low
doses of the chemical inhibitor MLN8237 has been reported
to induce misorientation of cell division in human U2OS cells
in culture [35].
Based on the common functions of Aurora-A and NuMA in ori-

enting cell divisions, and on their colocalization at the spindle
poles, we set out to address whether and howAurora-A could in-
fluence the spindle orientation activities of NuMA directly. In this
study, we demonstrate that in metaphase Aurora-A controls the
recruitment of NuMA/Dynein at the cortex by direct phosphory-
lation of NuMA, and that this event recapitulates the spindle
orientation activities of Aurora-A in transformed and non-trans-
formed cells in culture. In addition, we identify a new microtu-
bule-binding domain of NuMA, which is not required for spindle
pole targeting but might secure NuMA/Dynein complexes to the
cortex together with LGN.

RESULTS

Reduced Aurora-A Activity Results in Spindle
Misorientation in HeLa and hTERT-RPE-1 Cells
Under conditions of complete Aurora-A inactivation, cells are
strongly delayed in prometaphase with highly disorganized
spindles, thus precluding the possibility of studying the role of
the kinase in spindle orientation. However, partial inhibition of
Aurora-A by low doses of MLN8237 has been shown to cause
spindle misorientation in cultured cells without preventing
mitotic progression [35]. Thus, to investigate the molecular
events underlying the spindle orientation functions of Aurora-A,
we established conditions to inactivate the kinase in HeLa cells
to an extent that still allows a fraction of mitoses to form a bipolar
spindle and congress chromosomes in a metaphase plate.
Preliminary setup experiments indicated that in HeLa cells

50 nM MLN8237 are required to inactivate partially Aurora-A
(Figure 1A, left panel; Figure S1A), leaving the activity of
Aurora-B unaffected (Figure S1A). Importantly, under these con-
ditions, about 30% of mitoses assembled a bipolar spindle and
formed a metaphase plate (Figures S1A and S1B). Depletion of

Aurora-A by small-RNA interfering (RNAi) oligos in HeLa cells
or treatment of hTERT-RPE-1 cells with 100 nMMLN8237 results
in an analogous Aurora-A inactivation, with a good proportion
of metaphases (Figures 1A, S1C, and S1D). Thus, we set out to
use these MLN8237 and RNAi conditions to study the spindle
orientation functions of Aurora-A in cultured cells.
Time-lapse video-recording analyses of HeLa and hTERT-

RPE-1 cells under the partial Aurora-A inhibiting conditions
established above revealed that between 15% and 30% of bipo-
lar divisions were misoriented, with the two forming daughters
partially overlapping rather than being adjacent (Figures 1B
and 1C; Movies S1 and S2). We ruled out that misoriented divi-
sions occurred as a result of delayed anaphase onset by assess-
ing the correct orientation of HeLa cultures slowed by MG132
treatment/release (Figure S1E). Measuring of the spindle axis an-
gles with respect to the substrate in fixed cells plated on fibro-
nectin-coated coverslips showed that the phenotype observed
upon partial Aurora-A inhibition reflected a misorientation of
the mitotic spindle in metaphase (Figure 1D). The orientation
defect observed upon partial Aurora-A inactivation is compara-
ble to the one reported for NuMA and LGN ablation [7], although
less penetrant than the misorientation resulting from b1-integrin
loss [36].
These results indicate that either partially depleting or chemi-

cally inactivating Aurora-A in human cultured cells alters the
orientation of the mitotic spindle and results in misoriented
divisions.

Aurora-A Activity Is Required for the Correct
Distribution of NuMA in Metaphase Cells
In order to investigate whether the misorientation phenotype
observed upon Aurora-A inactivation reflected defects in the
localization of the main players of the spindle orientation
pathway, we analyzed the distribution of LGN, NuMA, and the
Dynactin subunit p150Glued by immunofluorescence (Figures 2
and S2). LGN distribution at the cell cortex was comparable in
control and MLN8237-treated HeLa metaphases (Figure 2A).
Conversely, upon Aurora-A inhibition NuMA was clearly dis-
placed from the cortex, and concomitantly accumulated at the
spindle poles (Figures 2B and S2B). A similar relocalization
was observed for p150Glued in MLN8237-treated HeLa cells,
although to a lower extent (Figure S2A). Quantitative image ana-
lyses (see Supplemental Experimental Procedures for details)
demonstrated that treatment with 50 nM MLN8237 induces a
6-fold enrichment of NuMA at spindle poles, and a concomitant
loss of its cortical signal (Figures 2B and S2B). Comparable re-
sults were obtained following RNAi-mediated Aurora-A inactiva-
tion (Figures 2C and S2B, lower panels), as well as in MLN8237-
treated (100 nM) hTERT-RPE-1 metaphases (Figures 2D and
S2C), indicating that Aurora-A activity is required for the correct
localization of NuMA in mitosis. Consistent with this idea,
transient overexpression of a kinase inactive Aurora-A mutant
induced partial relocalization of NuMA from the cell cortex to
spindle poles, a phenotype that is consistent with a dominant-
negative effect (Figure S2D).
Based on the observed perturbation of the mitotic distribution

of NuMA, we reasoned that, when Aurora-A activity is lowered,
NuMA is somehow trapped at spindle poles, thus depleting
the cytosolic fraction able to reach the cortex. To test this
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hypothesis, we measured the mobility of transiently transfected
GFP-NuMA at the spindle poles by fluorescence recovery after
photobleaching (FRAP) analysis in control or MLN8237-treated
mitotic HeLa cells (Figure 2E). The half-time for the recovery
(t1/2) of the fluorescence signal after photobleaching in unper-
turbed conditions was about 50 s, confirming the existence of
a mobile fraction of NuMA at spindle poles previously reported
[11, 37]. In Aurora-A-inhibited cells, the half-time for the recov-
ery significantly increased compared to untreated cells, and
concomitantly the fluorescence intensity at plateau diminished
indicating a reduction of themobile fraction of NuMA at the poles
from 60 to about 40%. Together these data indicate that the ac-
tivity of Aurora-A controls the mobility of NuMA at spindle poles,
establishing the correct dynamic exchange between the polar
and cortical pools of NuMA.

Loss of Cortical NuMA Causes Spindle Misorientation in
Aurora-A-Inhibited Cells
Inmitosis, NuMA is themolecular connection between themicro-
tubule motor Dynein and cortical receptors formed by LGN:Gai
complexes [7]. The evidence that MLN8237 treatment causes
loss of NuMA from the cortical sites leaving LGN unperturbed
prompted us to investigate whether ectopic targeting of NuMA
at the membrane could bypass the requirement of Aurora-A for
spindle orientation. To address this possibility, we generated a
chimeric protein (Figure 3A) carrying the GoLoco region of LGN,
encompassing residues 359–677, fused C-terminally to GFP-
NuMA (GFP-NuMA-GoLoco hereon) [6]. We first tested the local-
ization of GFP-NuMA-GoLoco in mitotic HeLa cells upon tran-
sient transfection. In metaphase, the chimera was recruited in
a cortical belt at the plasma membrane at higher levels than

A

C

D

B

Figure 1. Aurora-A Is Required for the Correct Orientation of the Mitotic Spindle
(A) Immunoblotting of phospho-Thr-288-Aurora-A (p-Aurora-A) and Aurora-A in mitotic extracts of HeLa cells treated with DMSO or MLN8237 (left) or interfered

(right) for luciferase (GL2i) or Aurora-A (Aurora-Ai). Actin was used as loading control.

(B) Still frames from time-lapse video recording of HeLa and hTERT-RPE-1 cells dividing parallel to the substrate when treated with DMSO (top rows) or

misoriented in presence of MLN8237 (bottom rows). Minutes from the round-up are indicated on top-right corner of each frame. a and bmark daughters derived

from the filmed division. Scale bars, 5 mm.

(C) Quantification (%) of the occurrence of the phenotype shown in B in HeLa (DMSO or 50 nMMLN8237; GL2i or Aurora-Ai) and hTERT-RPE-1 (DMSO or 100 nM

MLN8237) cells. Means ± SEM are shown. Analyzed bipolar mitoses: n > 150 for all conditions, from three independent experiments. **p < 0.01 and *p < 0.05 by

unpaired t test.

(D) Left: representative confocal z-sections of metaphase HeLa cells treated with DMSO or 50 nM MLN8237 stained for NuMA (green) and DAPI (blue). In the

sections, the plane of the coverslip is visible as a white line. Scale bar, 5 mm. A schematic representation of the mitotic spindle angle measured is also shown.

Right: scatterplots illustrate the distribution of the angle measured between the spindle axis and the plane of the coverslip in cells treated as in (C).

Means ± SEM are shown; n > 40 from three independent experiments by Mann-Whitney test. ****p < 0.0001. See also Figure S1.
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GFP-NuMA,while it displayed aweaker localization at the spindle
poles (Figure 3B). Upon MLN8237 treatment, GFP-NuMA-
GoLoco accumulated at the spindle poles as observed for
GFP-NuMA and for the endogenous protein (Figure 2); however,
a pool of the protein was still visible at the cortex (Figure 3B). To
evaluate the orientation of cell divisions in GFP-NuMA-GoLoco-
expressing cells treated with MLN8237, we monitored the posi-
tion of the spindle poles (detected byGFP signal) and of the form-
ing daughters (monitored by differential interference contrast
[DIC]) in video-recording time-lapse experiments (Figure 3C;
Movies S3 and S4) and compared them with the divisions of
GFP-NuMA-expressing cells. As expected, a large fraction of
cells transfected with GFP-NuMA misaligned the spindle when
treated with MLN8237. Conversely, the percentage of misor-
iented divisions of cells expressing GFP-NuMA-GoLoco did not
increase upon MLN8237 addition (Figure 3D). We also observed
that expression ofGFP-NuMA-GoLocoper se tended to enhance
the number ofmisoriented cells compared toGFP-NuMA (shown
by the ‘‘DMSO’’ columns in the histograms of Figure 3D). We

speculate that this phenotype might be caused by enhanced
targeting of NuMA to the cortex by the GoLoco domain. Notably,
the presence of GFP-NuMA-GoLoco also partially rescued the
mitotic delay induced by MLN8237 treatment (Figure 3C) [35].
Collectively, these results demonstrate that loss of NuMA is the
major molecular determinant for the misorientation phenotype
observed upon Aurora-A inhibition.

The Distribution of NuMA in Metaphase Is Regulated by
Direct Aurora-A Phosphorylation
To gain a mechanistic understanding of the events under-
lying the NuMA-dependent spindle misorientation phenotype
observed upon Aurora-A inhibition, we set out to test the hypoth-
esis that direct phosphorylation of NuMA by Aurora-A governs
its mitotic distribution. We decided to start our analysis using
a C-terminal fragment of NuMA spanning residues 1821–2115
(referred to as NuMACter hereon), which starts right after the
coiled-coil region, is unable to dimerize, and contains Aurora-A
phosphosites identified previously [22] (Figure 4A). We purified

A

E

B

C

D

Figure 2. Aurora-A Inhibition Perturbs the Localization of NuMA in Metaphase
(A) Immunofluorescence analysis of endogenous LGN (green) in HeLa cells treated with DMSO or MLN8237. Histograms represent the LGN cortical-to-cytosol

fluorescence ratio (means ± SEM; n > 30 from three independent experiments). ns, non-significant statistical difference by Mann-Whitney test.

(B) Immunofluorescence analysis of endogenous NuMA (green) in HeLa cells treated with DMSO or MLN8237. Histograms show the quantification of the signal

intensity at the spindle poles as fold change relative to control (means ± SEM; n > 40 from three independent experiments) and the cortex-to-cytosol fluorescence

ratio (means ± SEM; n > 30 from three independent experiments).

(C) Analysis as in (B) of endogenous NuMA in control GL2- (GL2i) or Aurora-A-interfered (Aurora-Ai) HeLa cells. n > 50 for polar NuMA and n > 40 for cortical NuMA,

from three independent experiments.

(D) Immunofluorescence analysis of endogenous NuMA in hTERT-RPE-1 cells treated with DMSO or MLN8237. Levels of NuMA at the spindle poles and at the

cortex are quantified as in (B) from three independent experiments with n > 40, for both cortical and polar NuMA.

(E) FRAP analysis in HeLa cells of full-length GFP-NuMA in the presence of DMSO or MLN8237. Recovery profiles of bleached GFP spindle poles signal are

plotted over 5min (top). The dot plots (bottom) show the distribution of t1/2 (s) and themobile fraction (%) of GFP-NuMA at the spindle poles (means ± SEM; n > 40

from three independent experiments).

****p < 0.0001 by Mann-Whitney test in (B)–(D) and by unpaired t test in (E). Scale bars, 5 mm. See also Figure S2.
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NuMACter from bacterial sources and performed an in vitro ki-
nase assay. Upon incubation with purified Aurora-A, NuMACter

displayed three phosphorylated species, which disappeared in
the presence of MLN8237 (Figure 4B). In line with previous find-
ings [22], mass spectrometry analysis of the phosphorylated
bands established that the phosphorylation occurred on three

serine residues of NuMACter conforming to the Aurora-A
consensus site, namely, Ser1969, Ser1991, and Ser2047 (Fig-
ure 4A). Consistently, alanine substitution of these three serines
abrogated phosphorylation of NuMACter (Figure 4B), confirming
that in vitro Aurora-A phosphorylates NuMACter on Ser1969,
1991, and 2047.

A

C

D

B

Figure 3. Ectopic Targeting of NuMA at the Cortex Rescues the MLN8237-Induced Misorientation Phenotype
(A) Schematic representation of GFP-NuMA full-length and GFP-NuMA-GoLoco.

(B) Confocal x-y and x-z sections of HeLa cells transfected with GFP-NuMA-GoLoco and GFP-NuMA in presence of DMSO (top) or MLN8237 (bottom). NuMA is

visualized by GFP signal and DNA by DAPI. Scale bars, 5 mm.

(C) DIC (top) and GFP-fluorescent (bottom) images from time-lapse video recording of mitotic HeLa cells expressing GFP-NuMA-GoLoco or GFP-NuMA and

treated with DMSO or MLN8237. Minutes from the round-up are indicated. Scale bars, 5 mm.

(D) Quantification (%) of misoriented bipolar divisions of HeLa cells treated as in (C) (means ± SEM; for all conditions n > 45 from three independent experiments).

*p < 0.05; ns, non-significant statistical difference by unpaired t test.
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Figure 4. Direct Phosphorylation of the C-Terminal Region of NuMA by Aurora-A Influences NuMA Localization in Metaphase
(A) Schematic representation of the domain structure of NuMA, enlarged on the C-terminal portion spanning residues 1821–2115 (NuMACter in the text and below).

Fragments with known functions are highlighted with different colors including the LGN-binding domain (residues 1900–1928, pink), the oldMT-binding domain

(legend continued on next page)
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To explore the physiological relevance of the identified phos-
phosites in mitosis, we generated HeLa cell lines stably express-
ing mCherry-tagged NuMACter wild-type or mutated either to al-
anines or to aspartic acids in the three serine phosphosites,
singularly or in combination. Immunoblot analysis of the lysates
confirmed that all cell lines expressed equal amounts of Nu-
MACter, and that the overexpression levels of the C-terminal frag-
ments driven by Ubc promoter were of the same order of magni-
tude of endogenous NuMA (Figure S3A). We then analyzed the
mitotic distribution ofmCherry-NuMACtermutants in unperturbed
cells and in cells treated with 50 nM MLN8237 (Figure 4C). In
metaphase, wild-type NuMACter localized at the spindle poles,
where it accumulated aberrantly upon Aurora-A inhibition (Fig-
ures 4C and 4D), mirroring what observed for the endogenous
protein (Figure 2). A similar behavior was observed with the Nu-
MACter-Ser1991-Ala and NuMACter-Ser2047-Ala mutants. Inter-
estingly, substitution of Ser1969 with Ala sufficed to determine
the constitutive enrichment of NuMACter at the spindle poles,
as efficiently as the 3Ala mutant, and both mutants became
insensitive to MLN8237 treatment. Conversely, phosphomimetic
replacement of Ser1969 with aspartic acid, alone or in combina-
tion with Ser1991-Asp and Ser2047-Asp mutations (3 Asp), re-
sulted in NuMACter mutant proteins localizing at the spindle poles
as the wild-type, but unable to enrich upon MLN8237 treatment.
These results suggested that Ser1969NuMA plays a pivotal role in
determining the levels of NuMACter at the spindle poles. We
reasoned Ser1969NuMA could work as a priming site to allow
the subsequent phosphorylation of Ser1991 and Ser2047. To
test this possibility, we compared the kinetics of phosphorylation
in vitro of NuMACter wild-type and NuMACter-Ser1969-Ala and
found that they were unchanged (Figure S3B), indicating that
no priming occurs. Thus, we conclude that the polar accumula-
tion of NuMACter observed in metaphase upon MLN8237 treat-
ment mirrors the redistribution previously described for endoge-
nous NuMA under the same conditions (Figure 2), and that the
major determinant is the Aurora-A phosphosite Ser1969.

Beside polar accumulation, inhibition of Aurora-A prevents
cortical targeting of NuMA (Figure 2). To assess whether the
three phosphosites identified above impact on the cortical
recruitment of NuMA, we analyzed the cortical enrichment of
mCherry-tagged NuMACter mutants (Figure S3C). Since the low
expression levels of cell lines stably expressing mCherry-

NuMACter mutants did not allow a reliable quantification of
cortical signals, we resorted to transiently transfect the same
constructs in HeLa cells and monitor the presence of cortical
mCherry fluorescence (Figure S3C). Single substitutions of
Ser1969 and Ser2047 to Ala reduced NuMACter localization
at the plasma membrane to the same extent observed for the
combined mutation of the three phosphosites to alanine,
whereas replacement of Ser1969 with Asp, alone or together
with Ser1991-Asp and Ser2047-Asp, did not alter significantly
cortical NuMACter levels (Figure 4E).
To address the relevance of Ser1969NuMA phosphorylation by

Aurora-A in the context of the full-length protein, we first gener-
ated a HeLa cell line stably depleted of NuMA by infection with a
short-hairpin RNA (shRNA) targeting human NuMA (Figure S3D).
We then used this cell line to study the mobility and orientation
functions of a sh-resistant mCherry-NuMAS1969A mutant. Upon
photobleaching, the mCherry signal of wild-type NuMA recov-
ered with rates undistinguishable from GFP-NuMA transfected
in HeLa cells, whereas the Ser1969Ala-mutated protein dis-
played slower recovery rates (Figure 4F). Most notably, the
mobility of the Ser1969Ala mutant mirrors the one of the
wild-type protein in cells treated with 50 nM MLN8237 (cf. Fig-
ures 4F and 2E). We conclude that the phosphorylation of
Ser1969NuMA sets the correct cycling rates of the protein at the
spindle poles in metaphase.
Based on the FRAP analysis, we asked whether the reduced

spindle pole mobility of the NuMAS1969A phosphomutant could
recapitulate the spindle misorientation phenotype occurring
upon Aurora-A inhibition. Spindle angle analysis revealed that
transfected mCherry-NuMAWT rescues almost completely the
spindle alignment defects of NuMA-depleted cells, whereas
NuMAS1969A does not (Figures 4G and S3E).
Collectively, these results indicate that NuMA is a direct sub-

strate of Aurora-A, and that in metaphase the specific phosphor-
ylation of the Ser1969NuMA prevents aberrant accumulation of
the protein at the spindle poles allowing its membrane targeting
at the cortex, this way promoting correct spindle orientation.

Binding of NuMA to Microtubules Is Independent of
Aurora-A
The evidence that Aurora-A inhibition leads to accumulation of
NuMA at the spindle poles indicates that a receptor for NuMA

(residues 1914–1985, dashed green) and the nuclear localization signal (NLS, residues 1986–2001, orange). The MT-binding domain identified in this study

encompassing residues 2002–2115 is in green. In the primary sequence of NuMACter, the Aurora-A phospho-serines Ser1969, Ser1991 and Ser2047 are in red.

(B) Coomassie-blue-stained Phos-TAG SDS-PAGE of the in vitro kinase assay performed with the purified kinase domain of Aurora-A and NuMACter wild-type

(NuMA-WT) or with Ser1969, Ser1991, and Ser2047 mutated into alanine (NuMA-3Ala). Samples in lanes 3 and 6 contained MLN8237 in the reaction buffer. The

purified NuMACter samples used as substrates are loaded in lanes 1 and 4 as controls.

(C) Confocal images of metaphase HeLa cells stably expressing mCherry-NuMACter wild-type or the following mutants: S1969A/D, S1991A, S2047A, S1969-

S1991-S2047 mutated into alanine (3Ala) or aspartic acid (3Asp). Representative images from cultures treated with DMSO (top) or 50 nM MLN8237 (bottom) are

shown. Scale bar, 5 mm.

(D) Quantification of themCherry fluorescence ratio between poles and cytosol in the experimental conditions of (C) (means ± SEM; n > 20 from three independent

experiments).

(E) Analysis of the mCherry signal at the cortex in metaphase HeLa cells expressing mCherry-NuMACter mutants. The percentage of cells displaying cortical

mCherry signal is plotted in red (n > 40 from three independent experiments) ****p < 0.0001, ***p < 0.001, and **p < 0.01 by Fisher’s exact test.

(F) FRAP analysis in NuMA-ablated HeLa cells transiently transfected with full-length mCherry-NuMAwild-type or S1969Amutant. Recovery profiles of bleached

mCherry spindle poles signal plotted over 5 min (left). Dot plots (right) show the distribution of t1/2 (s) and the mobile fraction (%) of mCherry-NuMA proteins at the

spindle poles (means ± SEM; n > 44 from three independent experiments). ****p < 0.0001 by unpaired t test.

(G) Quantification of mitotic spindle angle of NuMA-depleted HeLa cells transiently transfected with full-length mCherry-NuMA wild-type or S1969A mutant.

Means ± SEM; n > 50 from three independent experiments. ****p < 0.0001 by Kruskal-Wallis test. See also Figure S3.
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exists at the spindle poles, whose affinity is modulated by the
activity of the kinase. The major phosphosite that influences
the mobility of NuMA at the poles in MLN8237-treated cells,
Ser1969NuMA, lies in the region that was previously shown to
bind directly microtubules (see Figure 4A). Thus, we set out to
test whether the phosphorylation of NuMA by Aurora-A could
affect its affinity for microtubules. Cosedimentation of purified
NuMACter with taxol-stabilized microtubules revealed that phos-
phorylation by Aurora-A or replacement of the three serine phos-
phosites with Asp did not alter the binding affinity of NuMACter for
microtubules in vitro (Figure 5A). Cosedimentation of mCherry-
NuMACter from mitotic lysates with increasing concentrations
of microtubules confirmed that, under the same conditions
used for the studies in cells, Aurora-A inhibition did not alter
the affinity of NuMACter for microtubules (Figure 5B).
Dimeric constructs of NuMA encompassing the microtubule-

binding domain (MT-binding in the following) have been recently
shown to bundlemicrotubules [38]. To assess whether this activ-
ity could be modulated by Aurora-A, we generated dimeric GST-
fusionproteinsofNuMACter and twocomplementary subdomains
spanning residues 1821–2001 and 2002–2115, respectively.
The ability of the fusion proteins to stabilize and bundle
microtubules was tested in a microtubule formation assay.
Regardless of Aurora-A phosphorylation, both NuMACter and
NuMA2002–2115 proteins bundled efficiently microtubules,
whereas NuMA1821–2001 induced only polymerization of short mi-
crotubules, similarly to the GST control (Figures 5C and S4A).
These results confirmed that Aurora-A does not impair themicro-
tubule association properties of NuMA. They were also unex-
pected since the NuMA fragment 1821–2001 containing the pre-
viously mapped MT-binding domain did not affect microtubule
organization. Cosedimentation experiments with the three C-ter-
minal NuMA fragments used in the microtubule bundling assay
revealed that NuMA2002–2115 cosediments with microtubules as
the entire NuMACter, while NuMA1821–2001 does not (Figure 5D).
We next tested whether microtubule binding was implicated

in the localization of NuMA at the spindle poles. To this aim,
we generated three NuMA constructs encompassing the
old MT-binding domain (NuMA1821–2002), the newly identified
MT-binding domain (NuMACterDexon-24), or both (NuMACter)
(see scheme in Figure 4A), and tested their ability to localize at
the spindle poles when transfected in HeLa cells. In metaphase,
mCherry-NuMA1821–2002 localized at the spindle poles almost to
the same extent of NuMACter (Figure 5E, left and central panels),
indicating that direct microtubule binding is not required for the
recruitment of NuMA at the spindle poles. Conversely, ablation
of the fragment 1943–2004, corresponding to exon 24 of human
NuMA (exon 22 of mouse NuMA [17]), resulted in a NuMACter

deletion mutant largely impaired in pole targeting (Figure 5E,
right panel).
The newly discoveredMT-binding domain of NuMA lies down-

stream of the LGN-binding stretch, spanning residues 1900–
1928 (Figure 4A), rather than overlapping with it as previously
believed. This observation opens the possibility that a single
molecule of NuMA forms a complex with both LGN and microtu-
bules. To test this hypothesis, we cosedimented microtubules
with NuMA fragments containing only the LGN-binding region
(NuMA1821–2001), the MT-binding domain (NuMA2002–2115), or
both (NuMACter) in the presence of equimolar amounts of the

TPR domain of LGN (LGNTPR in the following). In line with
our expectations, only the entire NuMACter was found in the
microtubule pellet fraction with LGNTPR (Figure 5F). Binding as-
says conducted with GST-LGNTPR adsorbed on beads and
phosphorylated NuMACter in solution revealed that Aurora-A
does not enhance the affinity of NuMA for LGN (Figure S4B).
In summary, our analyses revealed that (1) the phosphorylation

of Aurora-A on NuMACter does not alter the microtubule orga-
nizing activity of NuMA or its binding to LGN; (2) the fragment
of NuMA spanning residues 2002–2115 contains a MT-binding
domain, while residues 1821–2001 are not involved in microtu-
bule binding; and (3) NuMACter can associate simultaneously
with LGN and microtubules.

DISCUSSION

Aurorakinasesaremaster regulatorsofmitosis involved in spindle
assembly and positioning. Here, we report that the direct phos-
phorylation of NuMA by Aurora-A on Ser1969 and Ser2047 regu-
lates its cortical recruitment inmetaphase, and in thisway the cor-
rectorientationof themitotic spindle of adherent cells in culture. In
addition, we identify a newMT-binding domain on the C-terminal
portion of NuMA, which is dispensable for the localization of the
protein at the spindle poles and is compatible with its association
to LGN, suggesting a role in spindle positioning.
Aurora-A has been implicated in orienting symmetric and

asymmetric divisions from nematodes to mammals [1, 2, 33,
35]. In asymmetric divisions of Drosophila neuroblasts, Aurora-
A controls the establishment of apico-basal polarity by phos-
phorylating Lgl [39–41], this way affecting indirectly also spindle
positioning. Our studies reveal that the kinase activity of Aurora-
A controls spindle alignment of unpolarized cells by governing
the distribution of NuMA in metaphase. Partial ablation or chem-
ical inhibition of Aurora-A in metaphase causes excessive accu-
mulation of NuMA at the spindle poles, thus preventing its
cortical recruitment with LGN. Ectopic targeting of NuMA at
the cortex by chimeric fusion of the GoLoco domain of LGN at
the C terminus of the protein restores almost completely the
alignment defects observed in MLN8237-treated HeLa cells,
demonstrating that in this system the recruitment of NuMA at
the cortex in metaphase is required and sufficient to align the
spindle parallel to the substratum.
Studies in fly neuroblasts suggested that Aurora-A promotes

spindle alignment by phosphorylating Pins/LGN on a conserved
Ser residue in the linker region between the TPR domain and the
GoLocomotifs [32]. Phosphorylation of this Ser residue seems to
play a role for spindle orientation also in MDCK cysts [42] and
neuroepithelial cells [43], although it is not clear whether in verte-
brate LGN is a direct substrate of Aurora-A. Under the conditions
of partial Aurora-A inhibition that we used for our studies, we did
not observe a significant reduction in the levels of cortical LGN in
metaphase. We conclude that in HeLa cells, cortical targeting
of LGN is less sensitive than NuMA’s one to the kinase activity
of Aurora-A. Whether this behavior holds true in proliferating
tissues remains an interesting open question.
Aurora-A inhibition results in aberrant accumulationofNuMAat

the spindle poles accompanied by reduced mobility, implying
that in normal conditions the affinity of NuMA for spindle pole
components is diminished by Aurora-A phosphorylation. The
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evidence that in MLN8237-treated cells the monomeric C-termi-
nal construct of NuMA, spanning residues 1821–2115, exhibits
the same polar enrichment displayed by endogenous NuMA

allowed us to use this construct to dissect the effects of
Aurora-A on NuMA at a molecular scale, both in vivo and
in vitro. In line with previous proteomic data [22], we showed

A

C D

E

F

B

Figure 5. Direct Binding of NuMA to Microtubules Occurs through a Region Downstream of the LGN-Binding Domain and Is Not Affected by
Aurora-A Phosphorylation
(A) Cosedimentation of 2 mMNuMACter with polymeric tubulin (MTs).Wild-type NuMACter unmodified or phosphorylated by Aurora-A, and NuMACter-3Asp (S1969-

S1991-S2047 replaced with Asp) were tested. The supernatant (S) and pellet (P) fractions were analyzed on a Phos-TAG SDS-PAGE followed by Coomassie

staining (lanes 7–12). The solubility of NuMACter in the absence of microtubules was also tested (lanes 1–6).

(B) Lysates of prometaphase-arrested mCherry-NuMACter–expressing HeLa cells were cosedimented with increasing amounts of exogenous microtubules.

The microtubule binding ability of mCherry-NuMACter was assessed in untreated (lanes 1–6) and 50 nM MLN8237-treated (lanes 7–12) lysates. NuMACter and

microtubules in the pellet (P) and supernatant (S) fractions were detected by immunoblotting using anti-NuMA and anti-a-tubulin antibodies.

(C) Representative images of in vitro microtubule bundling assays performed with rhodamine-labeled tubulin in the presence of GST-NuMA1821–2115,

GST-NuMA1821–2001, and GST-NuMA2002–2115, or GST as control. Experiments were performed both with unmodified (left panels) and phosphorylated NuMA

fragments (right panels and Figure S4A).

(D) Cosedimentation of NuMACter fragments with polymeric tubulin (MTs), performed as in (A).

(E) Confocal sections of metaphase HeLa cells transiently expressing the entire mCherry-NuMACter (residues 1821–2115) or its deletions D2003–2115 and

D1944–2003 (Dexon-24). Histograms represent the quantification of themCherry signal at the spindle poles with respect to cytoplasm (means ± SEM; n > 30 from

three independent experiments). ****p < 0.0001 and *p < 0.05 by Kruskal-Wallis test. Scale bar, 5 mm.

(F) Microtubule cosedimentation assays conducted as in (D) in the presence of 1 mM LGNTPR.

See also Figure S4.
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that in vitro Aurora-A phosphorylates NuMA on Ser1969,
Ser1991, andSer2047 and demonstrated that the Ser1969 phos-
phosite is the determinant of the polar accumulation of NuMA
observed in the presence of MLN8237. In particular, we found
that replacement of Ser1969 with Ala on NuMACter recapitulates
the enrichment at the poles observed upon Aurora-A inhibition,
whereas substitution of Ser2047 with Ala influences only cortical
recruitment. InNuMA-ablated cells, the sameSer1969Ala substi-
tution on full-length NuMA reduces the mobility of the protein at
the spindle poles and impairs its spindle orientation functions.
We propose that in metaphase the two phosphosites Ser1969
and Ser2047 synergize to guarantee the correct distribution of
NuMA between poles and cortex (Figure 6). These results some-
how differ from what reported by Kettenbach and colleagues on
the distribution of the NuMA-Ser1969Glu mutant [22], likely
because their analyses were conducted with full-length NuMA
able to dimerize with the endogenous protein.
In mitosis Aurora-A controls the polar levels of p150Glued, the

Dynactin subunit implicated in spindle organization, by direct
phosphorylation on Ser19 [44]. The finding that NuMACter en-
riches at the spindle poles upon Aurora-A inhibition despite be-
ing unable to interact with Dynein/Dynactin [7] suggests that
Aurora-A can coordinate activities of NuMA and Dynactin at
the spindle pole independently and synergically. Conversely,
the Aurora-A-mediated loss of Dynactin from the cortex (Fig-
ure S2) likely reflects the lack of cortical NuMA.
The evidence that the phosphosite playing a prominent role in

setting normal amounts of NuMA at the spindle poles, Ser1969,
lies in a fragment that was previously implicated in microtubule
binding prompted us to test the idea that Aurora-A could regulate
the interaction between NuMA and microtubules. Microtubule
cosedimentation and forming assays revealed that the kinase
activity of Aurora-A does not influence the affinity of NuMA for
microtubules or its microtubule organizing ability. Most impor-
tantly these analyses led to the identification of a new MT-bind-

ing domain of NuMA contained in the fragment 2002–2115.
Regardless of Aurora-A activity, we also found that the associa-
tion of NuMACter with microtubules is not essential for targeting
of the protein to the spindle poles, hinting at the possibility that
the direct association of NuMA to microtubules is important in
processes other than spindle pole assembly [17]. The finding
that the newly discovered MT-binding domain is compatible
with the concomitant binding of NuMA to LGN and microtubules
suggests that it can sustain spindle orientation. We propose that
this MT-binding domain of NuMAworks at the cortex, to stabilize
the interaction between LGN-engaged NuMA molecules and
microtubule +TIPs, this way assisting the Dynein-mediated
sliding of cortical LGN:NuMA complexes along the depolymeriz-
ingmicrotubules (Figure 6). This hypothesis is consistent with the
propensity of the MT-binding activity of NuMA to promote
minus-end directed movements [38].
In developing tissues, the coordination of the spindle axis with

respect to cortical polarity is a prerequisite for asymmetric cell di-
visions because it defines the unequal segregation of fate deter-
minants and niche contacts [45, 46]. In the majority of the asym-
metrically dividing systems analyzed so far, in metaphase NuMA
polarizes at the apical site above one of the spindle poles [11, 47–
50] and promotes spindle alignment along the apico-basal axis
(or anterior-posterior axis in C. elegans zygotes) [51]. Therefore,
our findings bear major implications in the context of vertebrate
stem cell divisions. We believe that the relevance of the Aurora-
A/NuMA pathway in the self-renewal of embryonic and adult
stem cells will be an exciting direction for future experiments.

EXPERIMENTAL PROCEDURES

Plasmids and Small Interfering Oligonucleotides
Full-length cDNA encoding NuMA (NCBI Reference Sequence: NM_006185)

was subcloned in a pCDH vector with an N-terminal GFP or mCherry tag, un-

der the control of a weak Ubc promoter (System Biosciences, CD615B). For

A

B

Figure 6. Schematic Representation of the
Role of Aurora-A in Regulating the Distribu-
tion of NuMA in Metaphase
(A) In unperturbed conditions, Aurora-A at the

spindle poles phosphorylates NuMA on Ser1969

and Ser2047 enhancing its mobility and allowing a

pool of NuMA to reach the polar regions of the

cortex above the spindle poles (left panel). The

receptor for NuMA at the cortex is LGN, which, in

turn, is recruited to the plasma membrane by

interaction with four Gai moieties anchored to the

lipid bilayer via myristoyl groups. Phosphorylated

LGN is further secured to the membrane by inter-

action with Dlg1. The N terminus of NuMA associ-

ates with Dynein/Dynactin, while the C-terminal

portion binds concomitantly to LGN and to micro-

tubules, this way stabilizing the contacts between

the Dynein/Dynactin motors and the depolymeriz-

ing microtubule lattice (right panel).

(B) Aurora-A inhibition results in aberrant accu-

mulation of unphosphorylated NuMA at the spindle

poles, and simultaneous loss of NuMA from the

cortex. The receptor of NuMA at the spindle poles

whose affinity is reduced by Aurora-A phosphory-

lation is still unknown (indicated as a question

mark).
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the construction of pCDH-GFP-NuMA-GoLoco, the GoLoco domain of LGN

encompassing residues 359–677 was first amplified by PCR and then subcl-

oned into a pCDH-GFP-NuMA vector at the C terminus of NuMA. The NuMA

C-terminal fragments encompassing residues 1821–2115 (referred to as

NuMACter in the text), residues 1821–2002, and the NuMACter-D1944–2003

(NuMACter-Dexon-24 in the text) were inserted into a pCDH lentiviral vector

fused to a mCherry tag. For biochemical assays, NuMACter, NuMA-1821–

2001, and NuMA-2002–2115 were cloned in pETM14, while LGN-1-409

(LGNTPR) was cloned in pGEX6P1. All point mutations were generated with

the QuikChangemutagenesis kit (Stratagene) according to the manufacturer’s

guidelines. All constructs were sequence verified. The sense sequences of

the small interfering RNA (siRNA) (Applied Biosystems/Ambion) targeting

Aurora-A and luciferase (GL2) are 50AUGCCCUGUCUUACUGUCAdTdT30

and 50CGUACGCGGAAUACUUCGAdTdT30.

Additional detailed methodological information can be found in the Supple-

mental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and four movies and can be found with this article online at

http://dx.doi.org/10.1016/j.cub.2015.12.051.
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SUPPLEMENTAL LEGENDS 
 
Figure S1, Related to Figure 1. Set up of partial Aurora-A inhibition in mitotic HeLa and 
hTERT-RPE-1 cells. (A) Immunofluorescence analysis of phospho-Thr288-Aurora-A (p-Aurora-A, 
red) or phospho-Thr232-Aurora-B (p-Aurora-B, red) in HeLa cells released from thymidine block and 
treated with DMSO or MLN8237 (20 nM and 50 nM). The spindle is visualized with α-tubulin (green); 
DNA is stained with DAPI (blue). Histograms show the intensity values (a.u., arbitrary units) of the 
signals at the centrosomes (p-Aurora-A) or at the chromosomes (p-Aurora-B) corrected for external 
background. Means ± SD; n > 70, from three independent experiments. (B) Top: histograms (means ± 
SD) showing the distribution of cells in different mitotic phases in the conditions described above; n > 
300 mitoses, from three independent experiments. Bottom: histograms showing the percentage of 
prometaphases and metaphases with bipolar spindles (means ± SD, n > 100 from three independent 
experiments). (C) Analysis of Aurora-A activity in HeLa cells interfered for Aurora-A. GL2i was used 
as control. (D) Analysis of Aurora-A activity in hTERT-RPE-1 cells treated with DMSO or MLN8237 
(100 nM). Cells were stained and analyzed as in A-B. For GL2i/Aurora-Ai: n > 300, from three 
independent experiments. For hTERT-RPE-1 cells: n > 400, from two independent experiments. Scale 
bars: 5 µm. (E) Time-lapse analysis of MG132-treated HeLa cells. The experimental protocol is shown 
starting from thymidine wash-out. Only cells that were in prometaphase at the time of MG132 release, 
and hence had been MG132-delayed, have been analyzed (n > 100 mitotic divisions, from three 
experiments). Control mitoses (n > 100, from three experiments) were also analyzed. Histograms 
(mean ± SEM) show the percentage of misoriented bipolar divisions, calculated as in Figure 1C. n.s. : 
non significant; unpaired t-test. 
 
 
Figure S2, Related to Figure 2. Partial inhibition of Aurora-A perturbs the distribution of 
p150Glued and NuMA in metaphase. (A) Immunostaining of p150Glued (green) in HeLa cells treated 
with DMSO or MLN8237. Histograms represent the p150Glued cortical-to-cytosol fluorescence ratio 
(means ± SEM; n > 45, from three independent experiments). ****: p < 0.0001 by Mann-Whitney test. 
(B) Representative line-scan profiles of NuMA signal measured from spindle poles to cell cortex in 
metaphase HeLa cells treated with DMSO or MLN8237 (top row), or interfered for luciferase (GL2i) 
or Aurora-A (Aurora-Ai)(bottom row). (C) Representative line-scan profiles as in (B) of hTERT-RPE-
1 cells treated with DMSO or MLN8237. (D) Immunofluorescence analysis of endogenous NuMA 
(red) in HeLa cells transiently transfected with GFP-Aurora-A-D274A (kinase dead, KD, a generous 
gift of Prof. Erich A. Nigg) or GFP-H2B as control. Histograms represent the quantification of the 
signal intensity of NuMA at the spindle poles compared to control (means ± SEM; n > 30 from three 
independent experiments, upper plot), and the cortex-to-cytosol fluorescence ratio (means ± SEM; n > 



45 from three independent experiments, bottom plot). ****: p < 0.0001 by Mann-Whitney test. All 
scale bars: 5 µm. 
 
Figure S3, Related to Figure 4. Activity of Aurora-A on the NuMACter fragment. (A) Anti-NuMA 
immunoblotting of lysates of HeLa cells wild-type, or stably expressing mCherry-NuMACter constructs. 
(B) Time-course of the in vitro phosphorylation by Aurora-A of NuMACter wild-type, S1969A, or 3Ala. 
Reactions were stopped at different time points, and analysed by Phos-TAG SDS-PAGE Coomassie-
stained. (C) Confocal images of metaphase HeLa cells transiently transfected with mCherry-NuMACter 
mutants. The fragments analyzed are wild-type, S1969A/D, S1991A, S2047A, and S1969-S1991-
S2047 mutated into alanine (3Ala) or to aspartic acid (3Asp). To visualize NuMACter localization at the 
cortex, images were acquired at saturating conditions of the mCherry-signal at the poles. (D) 
Immunoblot of NuMA-ablated HeLa cells transiently transfected with sh-resistant mCherry-NuMA 
wild-type or S1969A mutant. Vinculin was used as a loading control. (E) Representative confocal z-
sections of mitotic HeLa cells stably interfered for NuMA, transfected or not with mCherry-NuMA 
wild-type or S1969A mutant. Spindle poles were visualized by γ-tubulin (wild-type and sh-NuMA 
HeLa cells) or mCherry (sh-NuMA HeLa cells expressing mCherry-NuMA wild-type or S1969A 
mutant). Scale bars: 5 µm. 
 
 
Figure S4, Related to Figure 5. Aurora-A phosphorylation of NuMA does not influence its 
binding to LGN. (A) Coomassie-stained Phos-TAG SDS-PAGE of the GST-NuMACter fragments used 
in the in vitro bundling assays of Figure 5C. Unmodified species are indicated with blue asterisks 
(lanes 2-4), whereas Aurora-A phosphorylated corresponding bands are marked with red asterisks 
(lanes 6-8). (B) In vitro pull-down assay performed with GST-LGNTPR absorbed on glutathione beads 
and purified NuMACter in solution. After washes, species retained on beads were separated by SDS-
PAGE and Coomassie-stained. The NuMACter samples used in the pull-down experiment were also 
separately loaded on a Phos-TAG SDS-PAGE to monitor their phosphorylation status (lanes 1-3). 
 
 
 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Cell culture and drug treatments 
HeLa and hTERT-RPE-1 cells were grown at 37 oC in a 5 % CO2 atmosphere, in complete Dulbecco’s 
Modified Eagle’s Medium (DMEM) or MEM with Earle’s Salts/Ham’s F12 (1:1) respectively. For all 
experiments shown, cells were plated on fibronectin-coated coverslip (5 µg/ml, Roche). HeLa cultures 
for experiments in Figures 1-4 were pre-synchronized by thymidine block/release. The indicated 
amounts of MLN8237 (Selleck Chemicals) were added to the medium 6 hours after release, and cells 
were fixed after 9-10 hours from release or video-recorded from the moment of MLN8237 addition. 
hTERT-RPE-1 cultures were synchronized by 100 µM Monastrol (Biomol International) for 16 hours, 
with the addition of MLN8237 during the last 2 hours of treatment. After 2 hours of Monastrol wash-
out, cells grown in complete medium plus MLN8237 were fixed, or video-recorded from the time of 
wash-out for the following 24 hours. Only cells entering mitosis after Monastrol-release were analysed. 
Synchronization of HeLa cells in prometaphase was performed by adding 5 µM STLC (S-trityl-L-
cysteine, Sigma) for 16 hours. Mock-treated cultures were incubated with DMSO. MG132 treatment 
(Santa Cruz Biotechnology, sc-201270, 10 µM) was performed 9 hours after thymidine wash-out, for 
the following 8 hours. Cultures released in MG132-free medium were video-recorded for the following 
12 hours (microscope settings as in Figure 1C). HeLa cell lines stably expressing mCherry-NuMACter 
mutants were generated using the pCDH vector. For knocking-down human NuMA, four unique 29-
mer shRNA in lentiviral vectors carrying a GFP reporter and puromycin resistance were tested in HeLa 
cells (catalogue number TL311065; OriGene Technologies). The most effective hairpin 
(5’CATTATGATGCCAAGAAGCAGCAGAACCA3’) was used to generate a stably interfered HeLa 
cell line. 
 
Transfection 
Transfection was conducted following the manufacture’s instruction using either Lipofectamine or 
Oligofectamine (both from Invitrogen) for plasmids or siRNA, respectively. For spindle orientation 
rescue experiments, NuMA-ablated HeLa cells were transfected with sh-resistant pCDH-mCherry-
NuMA wild-type or S1969A mutant. 



Transfected cultures were synchronized and MLN8237 treated as described above. siRNAs were used 
at 80 nM, and asynchronously growing cultures were fixed 48 hours after transfection. In time-lapse 
experiments, cultures were video-recorded starting 24 hours after siRNA transfection, for the following 
48 hours.   
 
Immunofluorescence 
Cells grown on coverslips were fixed as follow: a) −20 °C methanol for 10 minutes to visualize NuMA 
and p150Glued at the cortex and phospho-Thr288-Aurora-A; b) 4 % paraformaldehyde (PFA) for 10 
minutes at room temperature, followed by permeabilization with PBS and 0.1 % Triton X-100 for 5 
minutes, to detect NuMA staining at poles, LGN and phospho-Thr232-Aurora-B; c) pre-extraction with 
PHEM containing 0.3 % Triton X-100 for 4 minutes, followed by 10 minutes in 4 % PFA in PBS and 5 
minutes in 0.3 % Triton X-100 (all at room temperature) for NuMA staining in hTERT-RPE1 cells. 
Cells were blocked with PBS containing 0.05 % Tween 20 and 3 % BSA for one hour, and incubated 
1-2 hours with primary antibodies at room temperature. Secondary antibody incubation was carried out 
for 1 hour at room temperature. Depending on the experiment, cells were stained with a monoclonal 
mouse antibody anti-LGN (Mapelli lab; 1:5), a monoclonal mouse antibody anti-NuMA (Mapelli lab; 
1:3000), anti-p150Glued (BD, 610473, 1:1000), anti-phospho-Thr288-Aurora-A (Cell Signalling, 
C39D8; 1:100), anti-phospho-Thr232-Aurora-B (BioLegend, Poly6361; 1:50), anti-α-tubulin (Abcam, 
ab4074; 1:50 or Sigma-Aldrich B-5-1-2; 1:3000), anti-pericentrin (Abcam, ab4448; 2 µg/ml); anti-γ-
tubulin (Sigma-Aldrich, GTU-88; 1:1000,  or Cy3 conjugated Sigma-Aldrich, C7604; 1:200). DNA 
was stained with DAPI. 
 
Microscopy on fixed samples 
Confocal microscopy was performed on a Leica TCS SP2 AOBS confocal microscope controlled by 
Leica Confocal Software. For all analysis, a 63x oil-immersion objective lens (HCX Plan-Apochromat 
63x N.A. 1.4 Lbd Bl; Leica) was used. Image acquisition conditions were set to remove channel 
crosstalk, optimizing spectral detection bands, and scanning modalities. Images were processed with 
the Fiji software [S1]. For Figure S1, widefield microscopy was performed using a Nikon Eclipse 90i 
microscope equipped with a oil immersion Plan Fluor 100x objective (N.A. 1.3; Nikon) and a Qicam 
Fast 1394 CCD camera (QImaging). Image acquisition, deconvolution and Extended Depth of Focus 
on z-serial optical sections were performed using Nis-Elements HC 4.2 (Nikon); images were further 
processed with Adobe Photoshop CS 8.0. 
 
Spindle orientation analysis 
To quantify the spindle tilt, cells were plated on fibronectin. Metaphase fixed cells were imaged in x-z 
optical sections passing through the spindle poles. Spindle axis angles with respect to the substratum 
were measured with the angle tool of Fiji. For hTERT-RPE-1 cells, the angle of inclination of the 
mitotic spindle was also measured using the mathematical formula “arctan(xy/z)”, with “xy” being the 
distance between centrosomes in the maximum intensity projection, and “z” being the distance between 
centrosomes along the z-axis. For rescue experiments of Figure 4G, only mCherry-NuMA transfected 
cells with total mCherry intensity lower than 4x107 a.u. were analysed. Statistical analysis of the data 
was performed in Prism with the Mann-Whitney test.  
 
Measurements of the fluorescence intensity at the spindle poles and at the cortex 
To quantify the fluorescence intensity of endogenous NuMA at the spindle poles, the signal of NuMA 
inside a α-tubulin mask was integrated using the Fiji software. To quantify the levels of mCherry-
NuMACter at the spindle poles, mCherry signals within a α-tubulin mask were integrated, and compared 
to the amount of mCherry-NuMACter in the cytosol measured by integrating the mCherry signal of the 
same α-tubulin mask positioned in the cytoplasm area. Quantification of cortical signals of LGN, 
NuMA and p150Glued were conducted on confocal sections of metaphase cells in Fiji as follows. A 2.7 
µm-wide line was manually drawn from the spindle pole to the nearest cellular cortex perpendicularly 
to the metaphase plate, to obtain the intensity profile of the immunostained proteins along the line. The 
“protein at the cortex” was calculated by integrating the profile on a 1.35 µm-large area centered at the 
peak of the profile, whereas the “protein in the cytosol” was quantified by integrating the same area 2.7 
µm away from the peak towards the DNA. Statistical analysis of the data was performed in Prism with 
the Mann-Whitney test. For quantification of Figure 4E, NuMACter was classified as cortical when the 
mCherry signal of the “protein at the cortex” was at least 1.3-fold higher than the “protein in the 
cytosol” signal. Statistical analysis of the data was performed in Prism with the Fisher’s exact test. 
 
 



Time-lapse acquisition and analysis 
Misoriented cell divisions of HeLa and hTERT-RPE-1 cells seeded in 4-well micro-slides were 
analyzed in time-lapse experiments using an Eclipse Ti inverted microscope (Nikon) and a 40x (Plan 
Fluor, N.A. 0.60, DIC, Nikon) objective. During the whole observation cells were kept in a microscope 
stage incubator at 37 °C and 5 % CO2. DIC images were acquired every 7 minutes over 24/48 hours 
using a DS-Qi1Mc camera and the NIS-Elements AR 3.22 software (Nikon). Image and movie 
processing were performed with NIS-Elements HC 4.2. For rescue experiments, HeLa cells were plated 
on 28 mm glasses coated with fibronectin. Cells were transfected with either full length GFP-NuMA or 
GFP-NuMA-GoLoco. After 24h, cells were thymidine-synchronized and MLN8237-treated as 
described above. Live cell imaging was performed using a DeltaVision Elite imaging system (Applied 
Precision) driven by softWoRx software and equipped with a CoolSNAP HQ2 CCD camera 
(Photometrics) and an environmental chamber maintained at 37 °C in 5 % CO2. Images were acquired 
using an Olympus 60x/1.42 Plan Apo N oil immersion objective for 16 hours every 5 minutes at 3 µm 
steps for a total thickness of 27 µm. 
 
FRAP analysis 
HeLa cells plated on 28 mm glasses coated with fibronectin were transfected with GFP-NuMA or 
mCherry-NuMA. After 24 hours, cells were synchronized with a single thymidine block and analyzed 
8 hours after the release. To inhibit Aurora-A, 50 nM MLN8237 were added 5 hours after thymidine 
release. FRAP was performed on an UltraVIEW-VoX spinning-disk confocal system (PerkinElmer) 
equipped with an EclipseTi inverted microscope (Nikon) provided with a Nikon Perfect Focus System, 
an integrated FRAP PhotoKinesis unit (PerkinElmer), and a Hamamatsu CCD camera (C9100-50) and 
driven by Volocity software (Improvision; Perkin Elmer). All images were acquired through a 60× oil-
immersion objective (Nikon Plan Apo VC, N.A. 1.4). GFP and mCherry signals were excited with a 
488 nm and 561 nm 50 mW diode lasers, respectively. Photobleaching was performed on a 5 µm 
diameter circular region around one of the spindle poles. After defining the region of interest, to bleach 
the fluorescence the lasers were used at the maximum power for 30 cycles for GFP-NuMA, or 40 
cycles for mCherry-NuMA. After bleaching, images were acquired every 2 seconds for 5 minutes. 
Analysis of the recovery curves was conducted using a custom macro in ImageJ. Briefly, the mean 
intensity value in the bleached area was measured, corrected for the background and for the acquisition 
photobleaching, and the curves were then normalized to the prebleaching mean intensity values. 
Recovery measurements were quantified by fitting normalized fluorescence intensities of bleached 
areas to a one-phase exponential association for GFP-NuMA by a custom-software of MatLab. 
Statistical analysis of the data was performed in Prism with the unpaired t-test.  
 
Statistical analysis 
Data were tested for normality using D’Agostino-Pearson omnibus normality test. For time-lapse and 
FRAP experiments, differences between means were tested by unpaired t-test for normal data, while 
non-normal data were analysed by Mann-Whitney test. For the contingency tables of Figure 4E the 
Fisher's exact test was applied. Spindle orientation analyses were performed by Mann-Whitney or 
Kruskal-Wallis test. GraphPad Prism 6.0 software was used. The criterion for statistical significance 
was set at p < 0.05. 
 
Protein expression and purification  
Fragments of human NuMA spanning residues 1821-2115, 1821-2001 and 2002-2115 were cloned into 
a pETM14 vector (Novagen) in frame with a hexa-histidine tag. After expression in BL21 Rosetta E. 
coli cells, all proteins were purified by nickel affinity and cation-exchange chromatography. For 
microtubule forming assays, the same NuMA fragments were cloned into a pGEX-6PI vector (GE 
Healthcare). GST-fusion proteins were purified on gluthatione beads (GSH, GE-Healthcare), eluted 
and dialyzed against 10 mM Hepes pH 7.5, 0.15 M NaCl, and 5 % glycerol before storage at -80 °C. 
The TPR domain of human LGN encompassing residues 1-409 (LGNTPR in the text) was cloned in 
pGEX-6P1, and purified on GSH beads followed by GST-tag removal with PreScission protease. 
 
In vitro kinase assays 
Kinase assays were carried out using 1 ng of the purified kinase domain of Aurora-A (generous gift of 
Prof. Richard Bayliss) incubated with 2 µM of the NuMACter fragments. The reagents were incubated 
for 30 minutes at 30° C in kinase buffer consisting of 20 mM Hepes pH 7.5, 5 mM MgCl2, 0.2 M KCl, 
0.5 mM EGTA, 2 mM DTT, 0.25 mM NaVO4, and 1 mM ATP. To inhibit Aurora-A, 1 mM of 
MLN8237 was added to the reaction mix. For the phosphorylation time-course, kinase reactions were 
stopped at 7, 15, 30, or 60 minutes by addition of SDS-loading buffer. To discriminate the phospho-



proteins from their non phosphorylated counterparts, samples were separated by Phos-TAG SDS-
PAGE (Wako Rure Chemical Industries,Ltd,  AAL-107), and stained with Coomassie blue. 
 
Microtubule co-sedimentation assays 
Tubulin (Cytoskeleton Inc.) was polymerized into stable microtubules according to the producer’s 
instructions, and microtubule cosedimentation assays were carried out as in Ciferri et al. [S2]. Briefly, 
for microtubule-binding reactions, microtubules were diluted to a final concentration of 9 µM in 
general tubulin (GT) buffer (80 mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA) supplemented with 1 
mM GTP, 50 µM Paclitaxel, and 60 mM NaCl. 1 µM NuMACter fragments were added to a final 
volume of 50 µl. Reactions were incubated at room temperature for 15 minutes, transferred onto 100 µl 
of cushion buffer (80 mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA, 50 µM Paclitaxel, 50 % 
glycerol), and ultracentrifuged for 15 minutes at 400,000 g at 25 °C. To monitor phosphorylated 
species cosedimenting with microtubules (Figure 5A), samples were loaded on a Phos-TAG SDS-
PAGE. To assess whether NuMA could associate simultanelously with microtubules and with LGN, 
the cosedimentation assays were repeated in the presence of 1 µM LGNTPR. 
To perform microtubule cosedimentation experiments with cell extracts, HeLa cells stably expressing 
mCherry-NuMACter and synchronized with STLC in prometaphase, with or without MLN8237, as 
described above, were lysed in JS buffer (75 mM Hepes pH 7.5, 1.5 mM EGTA, 1.5 mM MgCl2, 0.15 
M KCl, 0.1 % NP40, 15 % glycerol) supplemented with protease and phosphatase inhibitors. Cleared 
lysates were subjected to ultracentrifugation at 400,000 g at 25 °C for 15 minutes with microtubules 
previously polymerized.  
 
In vitro microtubule forming assay 
Microtubule forming assays were performed according to Du et al. [S3]. Briefly, rhodamine-labeled 
and unlabeled tubulin were mixed at a 1:10 ratio at a concentration of 36 µM with GT buffer 
supplemented with 1 mM GTP, and incubated with 25 µM GST-NuMACter fragments. 5 µl of the 
reactions were kept at 37 °C for 4 minutes, and later fixed for 3 minutes at room temperature with 45 µl 
GT complemented with 1% glutaraldehyde. Fixed samples were diluted to 200 µl with GT buffer 
containing 50 % glycerol, spotted onto poly-lysine slides, and visualized by widefield microscopy 
using a 60x oil immersion objective.  
 
GST pull-down   
For pull-down assays, 1µM of GST-LGNTPR was immobilized on GSH-beads, and incubated for 1 hour 
on ice with 2 µM NuMACter wild-type, carrying the 3Asp mutation, or phosphorylated by Aurora-A in a 
buffer consisting of 10 mM Hepes pH 7.5, 0.15 M NaCl, 5 % glycerol, 0.1 % Tween 20. After washes, 
proteins bound to beads were separated by SDS-PAGE, and detected by Coomassie staining. 
 
Immunoblotting 
For immunoblots of Figure 1 and Figure S3A, mitotic cells collected by shake off were lysed in RIPA 
buffer (50nM Tris-HCl pH 8.0, 150 nM NaCl, 1 % NP40, 1mM EGTA, 0.25 % sodium deoxycholate), 
with protease and phosphatase inhibitors. 50 µg of extracts were resolved by electrophoresis, and 
transferred on a nitrocellulose membrane. Blocking and antibody incubations were performed at room 
temperature in TBS containing 0.1 % Tween 20 and 1 % low fat milk, or in TBS containing 0.1 % 
Tween 20 and 5 % BSA for anti-phospho-Aurora-A hybridization. The antibodies used are: mouse 
anti-Aurora-A (1:250 BD Transduction Laboratories), rabbit anti-phospho-Aurora-A (Thr288) (1:500; 
C39D8; Cell Signaling Technology), goat α-actin (0.4 µg/ml, I-19; SantaCruz Biotechnology). The 
mouse monoclonal anti-NuMA antibody was used at a dilution of 1:200, and the anti-α-tubulin at 
1:1500 (Abcam ab4074). 
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