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Summary 
 

Despite decades of work, the molecular requirements underlying microtubule-

organizing center (MTOC) formation at the centrosome remain obscure. Progress is 

hindered by the complexity of this organelle, which is composed of hundreds of 

proteins that are involved in a range of functions, many unrelated to microtubule 

organization. To avoid such intricacy, we studied MTOC formation at an ectopic 

site. Employing a domain previously identified in a splice variant of the centrosome 

protein Cnn in Drosophila, we targeted fusion proteins to the cytoplasmic surface of 

mitochondria in human U2OS cells. We tested several human candidate proteins 

based on their described relationship with MTOCs such as CDK5RAP2, CEP192, 

NIN, NINL and CKAP5. MTOC formation capacity was analysed by probing for 

recruitment of the nucleator γTuRC and for microtubule nucleation activity. 

Interestingly, multiple candidates were able to recruit TuRC to the ectopic site. 

However, only an N-terminal fragment of NINL was able to also induce microtubule 

nucleation similar to the CM1 region of CDK5RAP2, which served as positive 

control. Noteworthy, CKAP5 induced microtubule formation at the ectopic site 

independently of γTuRC. Testing of NINL truncation mutants allowed mapping of 

separate regions required for TuRC binding and nucleation activation. Biotin-

proximity labelling of mitochondrial surface-targeted NINL fragments further 

identified additional candidate proteins involved in these functions. Using super 

resolution microscopy, we found endogenous NINL to associate with subdistal 

appendages (SDAs) of the mother centriole, pointing to a possible role of NINL in 

MTOC formation at SDAs.   
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Structure of microtubules 
Microtubules along with actin, intermediate filaments and septins are key 

components of the cytoskeleton. Microtubules are required for various cellular 

processes such as cell division, intracellular transport of cargos, maintenance of cell 

morphology or cell migration. 

 

Microtubules are polymeric structures composed of dimers of αβ-tubulin that 

assemble in a head-to-tail fashion, as part of so-called protofilaments. Electron 

microscopy (EM) studies have shown that in most eukaryotic cells microtubules are 

composed of 13 laterally associated αβ-tubulin protofilaments (Tilney, 1973). Due to 

the head-to-tail arrangement of tubulin subunits microtubules have an intrinsic 

polarity characterised by a relatively dynamic “plus-end” and a more stable “minus-

end”. Microtubule plus-end dynamics are affected by three main factors: tubulin 

isotypes, post-translational modifications (PTMs) of tubulin, and microtubule-

interacting proteins. Microtubules are generated in a process called microtubule 

nucleation.  

 

Microtubule polymerization and dynamic instability 
Addition of new αβ-tubulin dimers to a pre-existing microtubule is termed 

microtubule polymerization and is a GTP-dependent process. Microtubules are not 

static structures in live cells. In contrast, microtubules constantly undergo episodes 

of growing and shrinking at their plus-end.  The constant switching between these 

two states is known as dynamic instability and it is an intrinsic property of 

microtubules (Mitchison, 1984). Interestingly, dynamic instability is caused by the 

GTP state of tubulin. Both - and -tubulin can bind GTP, but only GTP bound to 

β-tubulin can be hydrolysed to GDP. GTP hydrolysis occurs with some delay 

following incorporation of tubulin at the growing plus-end. As a result, most of the 

microtubule lattice is composed of GDP-β-tubulin whereas the plus-end maintains 

a so-called “GTP-cap” composed of GTP-β-tubulin. GTP hydrolysis destabilizes the 

lattice but the GTP-cap prevents depolymerization and allows the growth of the 

microtubule. Upon loss of the cap the microtubule switches from growth to rapid 

shrinkage (termed “catastrophe”). The sudden gain of a new cap would switch the 

microtubule back to normal growth (termed “rescue”) (Figure I1) (Seetapun, 2012). 
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Figure I1. Microtubules are dynamic structures.  

Microtubules are formed by the lateral interaction of 13 protofilaments of heterodimers of 

α- (yellow) and β-tubulin (orange). Due to the arrangement of tubulin dimers in a head-to-

tail fashion, microtubules have an intrinsic polarity, with a more stable minus-end and a 

dynamic plus-end. Microtubules are very dynamic structures that are constantly undergoing 

episodes of growing and shrinking. The switch from growing to shrinking is known as 

catastrophe and the opposite process is called rescue. This process is dependent on the state 

of the GTP-cap.  

 

As described above microtubules are two-state polymers, which undergo sudden 

transitions between growing and shortening. Interestingly, in vitro studies with a 

purified microtubule motor protein, KIF21B, have proposed that there is an 

intermediate state where microtubules do not elongate or shrink for longer periods 

of time, also defined as microtubule pausing (van Riel, 2017). The pausing state can 

last up to 20 seconds in some microtubules and if proven in vivo, it could be relevant 

for the spatiotemporal regulation of the microtubule network. 
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Tubulin evolution, tubulin isotypes and post-translational 

modifications 
Tubulins are a highly conserved family of GTPases. In general, tubulins show little 

structural variation throughout eukaryotic evolution. Notably, tubular structures 

related to microtubules also exist in prokaryotic cells. FtsZ is a bacterial protein 

essential for cell division and septation which also belongs to the GTPase family and 

forms protofilaments (Erickson, 1995; Nogales, 1998). Bacteria from the genus 

Prosthecobacter are known to form tubular structures composed of 5 protofilaments of 

heterodimers of the proteins BtubA and BtubB, that are reminiscent of the 13 

protofilament structure of eukaryotic microtubules (Pilhofer, 2011).  

 

In eukaryotic cells, there have been described at least 6 types of tubulins which 

constitute the tubulin superfamily. It is composed of the well-known α- and β-tubulin 

and by γ-, δ, ε- and ζ- tubulin (Findeisen, 2014). As microtubules are composed of 

dimers of αβ-tubulin, it is not surprising to find that these two types of tubulins have 

been extensively studied. It has been described that these proteins are encoded by 

multiple genes in most organisms. In humans, there are 9 genes encoding α-tubulin 

and 10 genes encoding β-tubulin (https://www.genenames.org/data/

genegroup/#!/group/778). It has been suggested that the incorporation of these 

different isotypes of tubulin in the microtubule lattice could have a function in the 

regulation of microtubule dynamics and mechanical properties, by altering the 

structure of the lattice or by regulating the interaction with microtubule associated 

proteins (Gadadhar, 2017). There are some specialized microtubules from particular 

structures, such as the axoneme (Raff, 2008), or in specific cell types such as neurons 

(Joshi, 1989), where certain isotypes of β-tubulin are more abundant. It is possible 

that the homogeneity of isotypes is required for the gain of specialized functions.  

Microtubule dynamics and organization are additionally regulated by the PTMs on 

tubulin. Curiously, tubulin may be modified as a soluble dimer or as part of the 

microtubule lattice. At a structural level, most PTMs occur on the variable C-terminal 

tails of α-tubulin and β-tubulin that are exposed on the outer part of the microtubule 

(Figure I2).  

 

https://www.genenames.org/data/genegroup/#!/group/778
https://www.genenames.org/data/genegroup/#!/group/778
https://www.genenames.org/data/genegroup/#!/group/778
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Figure I2. Principal modification sites of tubulin in a microtubule.  

Schematic representation of a microtubule with the most common PTMs. The C-tails of 

both tubulins are represented as aa sequences. Most of the PTMs occur at the C-tail of either 

α- or β-tubulin. Notice that acetylation is carried out at the lumen of the microtubule. Both 

tubulins can be modified by adding multiple Gly (G) (polyglycylation) or Glu (E) 

(polyglutamylation) to the different Glu residues present within the C-tails. The Tyr (Y) 

present at the end of the tail of α-tubulin can be detyrosinated to make the last Glu available. 

This Glu can be additionally removed to generate Δ2-tubulin, a very common modification 

in long-lived neurons, cilia and centrosomes.  

 

At the very end of most α-tubulins there is a terminal tyrosine. RNA-independent 

enzymatic incorporation of this tyrosine was the first modification identified almost 

50 years ago (Barra, 1973). Later it was discovered that tubulin tyrosine ligase (TTL) 

is the protein carrying out that role. Recently, it was discovered that detyrosination 

of the same residue is carried out by the VASH2/SVBP heterodimer (Zhou, 2019). 

Cytosolic carboxypeptidases (CCPs) can irreversibly modify detyrosinated tubulin by 

removing the penultimate glutamate of the C-terminus of α-tubulin giving rise to Δ2-

tubulin. Both detyrosinated and Δ2-tubulin are present in long-lived microtubules, 

which are commonly found e.g. in neurons, centrioles and cilia (Song, 2015). 
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Polyglutamylation and polyglycylation are two competing types of PTM that can 

occur on both α- and β-tubulin. They involve the covalent addition of glutamate or 

glycine residues to glutamate residues present in the C-terminal tails of tubulins, 

which serve as a branching point for the formation of a side chain of multiple 

glutamates/glycines. The TTLL (tubulin tyrosine ligase–like) family comprises 

proteins capable of glutamylation and glycylation of microtubules while the CCP 

family are the enzymes responsible for deglutamylation. Despite polyglutamylation 

being one of the major PTMs of the brain and being upregulated upon neuron 

differentiation, little is known about the specific function of this modification as well 

as for the role of polyglycylation (Janke, 2011). 

 

Curiously, not all the PTMs take place at the outer surface of the microtubule lattice. 

Acetylation/Deacetylation has a canonical site at Lys40 of α-tubulin, located at the 

luminal side of microtubules. Recently it has been shown that the main tubulin 

acetyltransferase, TAT1, is able to scan the lumen of microtubules in both directions, 

stochastically acetylating Lys40. Despite tubulin being the major cytoplasmic target 

for acetylation, its physiological roles are still unclear. Although acetylation is 

commonly associated with long-lived stable microtubules, it has never been shown 

a direct effect of acetylation on microtubule stability. Also, double KO mice of the 

two main tubulin deacetylases, SIRT2 and HDAC6, are viable despite tubulin 

hyperacetylation (Table I1) (Song, 2015).  

 

Table I1. Main PTMs of tubulin and microtubules.  

PTM Site Enzyme  

Acetylation At luminal lysine 40 of α-tubulin TAT1 

Deacetylation On soluble α-tubulin HDAC6, SIRT2 

Tyrosination Addition to C-terminal of α-tubulin TTL 

Detyrosination Removal of C-terminal Tyr VASH2/SVBP  

Glutamylation/ 
Polyglutamylation 

Addition of linear C-terminal Glu (α/β-tub)                     
Addition of various branched Glu to C-
terminal Glu      

TTLL4, 5, 7 
TTL1, 6, 11, 13 

Δ2 
deglutamylation 

Removal of C-terminal Glu in detyrosinated 
microtubules(α-tub) 

CCP1-CCP6 

Glycylation/ 
Polyglycylation 

Addition of branched Gly to C-terminal Glu 
(α/β-tub) 
Addition of various Gly to branched Gly 

TTLL3, TTLL8 
TTLL10 

Deglycylation  Unknown Unknown 
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Microtubule associated proteins 
Regulation of the microtubule network is accomplished by the collective effort of 

the incorporation of different tubulin isotypes, PTMs of tubulin and several proteins 

interacting with the microtubule lattice, also known as microtubule-associated 

proteins (MAPs).  

 

MAPs were defined in this way due to their ability to control the structure of 

microtubule assemblies by promoting microtubule polymerization, stabilization, or 

bundling. More recent evidence has shown that they additionally have specific 

cellular functions, such as linking other cytoskeletal elements, organelles and 

membranes or monitor the activity of other MAPs (Figure I3). Regarding their 

regulation, it seems that their binding to the microtubules is tightly controlled by 

PTMs of both MAPs and microtubules (Bodakuntla, 2019).  
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Figure I3. MAPs carry out many different cellular processes.  

Scheme depicting some of the functions that MAPs are involved in. They are key for 

tethering microtubules to the distinct cellular membranes. MAPs such as doublecortin are 

necessary for the proper establishment of the microtubule protofilament number. They also 

serve as a bridge between different cytoskeletal elements such as microtubules and actin. In 

some specific cells, it is common to find microtubule bundles (e.g. neurons) and proteins 

such as PRC1 or TRIM46 are required to achieve bundling (Bodakuntla, 2019).  

 

In addition, it has been shown that some MAPs can form dense structures along 

microtubules. Tau protein, one of the most abundant MAPs in brain samples, which 

is also linked to Alzheimer’s disease (Kovacs, 2017), is able to bind to microtubules 

and reversibly self-associate, which leads to the formation of dynamic tau 

condensates. Tau condensation promotes the separation of this protein from the 
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cytosol. In vitro, these condensates form liquid-like drops that concentrate tubulin 

leading to tubulin polymerization and microtubule bundle formation (Hernandez-

Vega, 2017). Microtubule polymerization by tau has not been proven in vivo, 

nevertheless, tau forms condensates in particular regions of the microtubule that act 

as selective barrier, limiting the capacity of microtubule severing-enzymes and 

regulating the movement of motor proteins (Tan, 2019). These results imply that 

liquid liquid-phase separation (LLPS) of different MAPs could be another layer of 

regulation of the microtubule network. 

 

+TIPs 

Microtubule plus-end tracking proteins (+TIPs) are a diverse group of proteins with 

the ability to concentrate on growing microtubule plus-ends. The dynamic plus-end 

is a region in constant change and therefore its protein network has to be precisely 

regulated. The master regulators of +TIPs networks are the end-binding proteins 

(EBs). EBs autonomously bind to microtubules through their calponin homology 

domain (CH) (Hayashi, 2003) and they regulate the binding of other +TIPs through 

a carboxy-terminal EEY/F motif and a EB homology domain (EBH). Proteins that 

contain a cytoskeleton-associated protein Gly-rich domain (CAP-Gly) bind to the 

EEY/F motif from EBs modulating microtubules dynamics, such as CLIP170 which 

promotes microtubule rescue (Slep, 2007). Also, the large subunit of the dynactin 

complex, p150Glued can suppress catastrophes. Another group of proteins that can 

bind to the CH domain of EBs are proteins containing a SxIP amino acid motif 

(Honnappa, 2009). CLASPs family of proteins are able to bind through EBs and 

associate with the microtubule lattice favouring the incorporation of soluble tubulin 

dimers. The non-motile kinesin MCAK and the motor kinesin Kif18b are also able 

to bind to EBs via this domain and acts as a complex to induce microtubule 

depolymerization. The XMAP215 family of polymerases are able to independently 

associate with tubulin dimers and favour microtubule polymerization (Gard, 1987). 

Interestingly, there is an intense competition of these proteins to bind to the 

microtubule plus-end, creating a crowded environment. To ensure continuous 

delivery of promoting factors to the growing microtubule end, some species have 

“adhesive” proteins, for example in mammals SLAIN2 (van der Vaart, 2011). This 

protein is able to interact with CKAP5 (a human XMAP215 family protein) and with 

CLIP170 at the same time. Moreover, it contains several SxIP domains that enhance 

its affinity for EBs assuring preferential binding to the microtubule plus-end (Figure 

I4) (Akhmanova, 2015). 
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Due to their localization, +TIPs are necessary for microtubule guidance, attachment 

of microtubules plus-ends to different cellular structures and they can even 

concentrate molecules for signalling purposes. Notably, some +TIPs have also been 

found to be important at microtubules minus-ends, such as CKAP5 or CLASPs, 

where they have a further role in the coordination of microtubule nucleation (Popov, 

2002; Efimov, 2007; Rivero, 2009; Akhmanova, 2015; Thawani, 2018). 

 

 

Figure I4. The diversity of binding mechanisms of +TIPs. 

Schematic depicting the distinct binding mechanism of several +TIPs to microtubules. 

Generally, EBs bind first to microtubules through their CH domains and they contain 

additional domains to incorporate other +TIPs to microtubules. Proteins containing a CAP-

Gly domain, such as CLIP170 or p150Glued, bind to the EEY/F domain from EBs. 

Additionally, proteins that contain a SxIP amino acid motif, such as SLAIN2 and CLASPs, 

bind to the EBH domain from EBs. Notice that SLAIN2 contains more SxIP motifs than 

CLASPs, to ensure preferential binding to microtubules. SLAIN2 acts as an adhesive factor 

and other +TIPs can bind it, normally to promote microtubule polymerization. CKAP5 is a 

microtubule polymerase that can also bind autonomously to microtubules.  

 

Severing enzymes 
While it was generally assumed that microtubule polymerases and depolymerases 

were in control of the shaping of the microtubule network, another group of proteins 

defined as microtubule severing enzymes were shown to possess a major role in this 
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process (Roll-Mecak, 2010; Akhmanova, 2015; McNally, 2018). Microtubule severing 

enzymes belong to the AAA or ATPases family of proteins. They are associated with 

diverse cellular activities and are mainly characterised by their ability to remodel 

protein complexes through ATP hydrolysis. To date, the microtubule severing 

enzymes family is composed of katanin, spastin and fidgetin (McNally, 1993; Evans, 

2005; Roll-Mecak, 2005; Mukherjee, 2012). These enzymes bind along the 

microtubule lattice and are able to break microtubules by removing tubulin dimers. 

The extent of the severed region can determine either the amplification or 

disassembly of the microtubule network (McNally, 2018). Recent in vitro studies have 

shown that both spastin and katanin severing of microtubules, causes a sudden 

incorporation of GTP-tubulin “islands” at the severed region (Vemu, 2018). This 

correlates with an increase in the polymerization events and microtubule mass, 

explaining why in physiological conditions there can be an increase in the number of 

microtubules in the absence of microtubule nucleation events (Figure I5).  

 

Severing enzymes have been described to be fundamental for a variety of cellular 

processes. Cells rely on severing enzymes for proper cell migration, in the absence 

of these proteins most of the microtubules bend when they reach the cell cortex 

impairing proper migration (Zhang, 2011). Cells also required severing enzymes to 

control the number of microtubules nucleated at the centrosome, katanin breaks the 

microtubules at their minus ends so that they are not anchored to the centrosome 

anymore and therefore they are consequentially released (Dong, 2017). Another 

process that is tightly regulated by microtubule severing enzymes is the microtubule 

spindle flux during mitosis, as emanating centrosomal microtubules minus-ends have 

to be detached from the centrosome to ensure a proper flux (Zhang, 2007; McNally, 

2018).  

 

Structural work has shed some light into how severing enzymes could remove 

tubulins from the microtubule lattice. The proposed structure of katanin shows an 

asymmetric hexamer where the AAA domains from the different subunits are in the 

inner circle of the hexamer, while the MIT domains (in charge of binding to the 

microtubules) are linked to that inner circle by flexible arms. In the middle of the 

inner circle there is a pore that has been hypothesized to bind to the disordered C-

tail of α-tubulin and promote the removal of the corresponding tubulin dimer from 

the microtubule (Zehr, 2017; Nithianantham, 2018). This was model confirmed 

experimentally very recently with the use of cryoelectron microscopy. Curiously it 

was observed that katanin binds to the disordered region of β-tubulin, not α-tubulin 

as predicted (Zehr, 2020).  
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Figure I5. Severing enzymes influence on microtubule dynamics.  

Schematic depicting the proposed mechanism of action of katanin and how it affects 

microtubule dynamics. First, severing enzymes or in this case katanin (green), binds to the 

C-tails of β-tubulin from microtubules and extracts tubulin dimers generating a gap in the 

microtubule. This gap can be later repaired by the addition GTP-tubulin. If the repair is 

incomplete this will induce a microtubule break and as there is GTP-tubulin in that area this 

will allow for the microtubule plus-end to continue growing. On the other hand, if the repair 

is complete the stability of the microtubule will not be affected. If at some point the 

microtubule enters a state of catastrophe, it will be depolymerized until it reaches that GTP 

enriched area (also known as GTP-island) which will end up in a rescue event. Image based 

on (Vemu, 2018; Zehr, 2020). 

 

Microtubule motor proteins 

The main feature of motor proteins is that they “walk” along cytoskeletal structures. 

They are divided in actin motor proteins (myosins), and microtubule motor proteins. 

The latter comprise kinesins and dyneins.  

 

Kinesins are a superfamily of proteins with a total of 45 distinct kinesin-related 

proteins (Miki, 2001). Although all the members of this family share a common 

motor domain, only some of them are motor proteins (Sweeney, 2018). Other 

members of this family have additional roles as direct regulation of microtubule 

dynamics (e.g. kinesin-13 members as microtubule depolymerases (Desai, 1999; 

Walczak, 2013)) or microtubule sliding during cell division (e.g. kinesin-5/Eg5 

(Goulet, 2013)). Besides the common motor domain, every kinesin has a divergent 

tail domain, consisting of one or several coiled coil motifs, that allows for 
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oligomerization of this protein. Kinesins that contain a motor domain generally 

transport their cargos along microtubules in a plus-end-directed fashion (minus to 

plus end). Kinesin-1, the first molecular motor described to move cargo along 

microtubules (Vale, 1985), is able to travel along microtubules by hydrolysis of ATP. 

The two motor domains of the dimer alternate in the binding to the microtubule, 

based on ATP/ADP exchange. This process allows the protein to move along 

microtubules with a high processivity (around 100 steps before detachment) (Block, 

1990).  Curiously, in a basal state, the two tails from the dimer fold to the motor 

domains and this protein is inactive (Kaan, 2011)(Figure I6, Kinesin-1). Kinesins 

act as individual motors and its cargo is normally transported by a single kinesin 

oligomer (Sweeney, 2018).  

 

On the other hand, dyneins belong to the AAA protein family and they are a large 

family of complex cellular motors involved in axoneme movement and cargo 

transport. The core protein of the complex is the dynein heavy chain (DHC) or in 

case of humans the cytoplasmic dynein heavy chain (DYNC1H1). The motor 

domain (the microtubule binding domain) of the complex comprises DHC, which is 

connected by a stalk through a hexamer of six AAA domains, resembling the 

structure of severing enzymes. In the amino-terminal region of the protein there is a 

tail that mediates the binding to the rest of the components of the dynein complex, 

namely, dynein intermediate chains (DICs), light intermediate chains (LICs) and light 

chains (LCs)(Reck-Peterson, 2018; Sweeney, 2018). Altogether, these proteins form 

a complex of approximately 1.4 MDa. In case of the motor complex, its movement 

is minus-end-directed (Paschal, 1987) and is dependent on a power stroke that 

requires the hydrolysis of ATP. This hydrolysis, allows for transitions between strong 

and weak binding states of the dynein complex to the microtubules (Kon, 2012; 

Schmidt, 2012; Schmidt, 2015). In contrast to kinesins, it has been found that two or 

more dynein complexes are bound to the same cargo (Rai, 2013), which enhances 

the processivity of the motor protein (Figure I6, Dynein heavy chain). Moreover, 

the dynactin complex is generally required for most dynein functions in the cell (Gill, 

1991; Schroer, 1991). It is a complex formed by multiple subunits where p150Glued 

acts as a linker between DIC and the dynactin complex. Other additional effectors 

such as BICD2, are necessary for the formation of the dynein-dynactin complex 

(Reck-Peterson, 2018; Sweeney, 2018).  
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Figure I6. Microtubule motor proteins “walk” across microtubules 

to transport its cargo. 

Schematic showing the different structures and main mechanism of action of the two main 

families of microtubule motor proteins. Kinesin-1 is a motor protein from the kinesin 

superfamily, characterised by functioning as individual motors. Therefore, one molecule of 

kinesin-1 is sufficient to transport its cargo in a plus-end-directed way through microtubules. 

In a basal state kinesin-1 is folded and inactive. Only when bound to adaptors, kinesin-1 is 

able to unfold and bind its cargo. The core protein of the dynein complex is the dynein heavy 

chain (DHC). Normally it binds to microtubules in dimers and this binding is mediated by 

its microtubule-binding domain. DHC is composed by a hexamer of 6 AAA domains, 

required to generate the power stroke that induces the movement of the protein through 

microtubules. It also contains a tail where the rest of the dynein complex proteins and the 

cargo are bound. This complex moves in a minus-end-directed way along microtubules.  
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Microtubule nucleation (in vitro and in vivo)  
In vitro, tubulin dimers can spontaneously polymerize and generate microtubules at a 

certain concentration (Scheele, 1982). In vivo, the generation of new microtubules, 

termed microtubule nucleation, is spatiotemporally regulated. As many cell functions 

rely on microtubules, microtubule nucleation cannot be a stochastic process. 

Therefore, microtubule nucleation is restricted to certain cellular structures, also 

known as microtubule-organizing centres (MTOCs). A major MTOC in animal cells 

is the centrosome, composed of two barrel-shaped centrioles and a surrounding 

proteinaceous scaffold. Generation of an MTOC involves the local enrichment and 

activation of several factors that promote microtubule nucleation. In this way, 

microtubule nucleation can be tightly controlled in space and time.  

 

Principal components of an MTOC 
Despite the presence of many different types of MTOCs (discussed below), there are 

several general activities required to generate a fully functional MTOC (Figure I7). 

 

If one pictures an MTOC in a canonical way, in theory it is composed by the 

components shown in Figure I7, a recruitment factor, a microtubule nucleator, an 

activating factor, an anchoring factor and other additional regulators. It is possible 

that this picture is far from reality. We do not really know if microtubule nucleation 

and microtubule anchoring happen at the same place (Figure I8, left side). One 

possibility is that there are distinct sites at the same MTOC, one in charge of 

nucleating microtubules and another site in charge of anchoring the previously 

nucleated microtubules. It is also unknown if once generated, microtubules preserve 

their γTuRC “cap” at their minus-ends or if oppositely its release is necessary for 

microtubule anchoring (Figure I8, right side).  It is even possible that there can be 

MTOC formation in the absence of the prototypical microtubule nucleator. If some 

proteins are able to undergo LLPS and to interact with soluble tubulin, this could be 

a potential hotspot for tubulin concentration, which could eventually lead to 

microtubule nucleation. An interesting debate would be generated then, referring to 

if this could this be considered an MTOC or not.  
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Figure I7. Components of an MTOC.  

General overview of the main components required to build a functional MTOC. The 

nucleator (dark blue) is in charge of the nucleation of microtubules. The main nucleator in 

eukaryotic cells is the γTuRC. In most cases, the nucleator has to be targeted to the surface 

of the MTOC, a function carried out by specific recruitment factors (green). The sole 

presence of the nucleator is not sufficient to turn microtubule nucleation on, and the 

presence of an activator (yellow) is required. In some instances, the recruitment factor can 

act also as an activator (orange arrows = activation of microtubule nucleation). Once 

microtubules are generated, they need to be attached to the surface of the organelle, a 

function exerted by anchoring factors (light blue). Additional proteins, microtubule 

regulators (purple), may be present at the nucleation site to facilitate the microtubule 

nucleation process by binding and stabilizing early microtubule assembly intermediates or 

newly formed plus-ends. These regulators may accompany and also be associated with 

microtubule plus-ends as the microtubules grow. Adapted from (Paz, 2018). 
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Figure I8. Main activities and molecular players that could 

constitute an MTOC.  

A depiction of two possible scenarios of how microtubules could be organized by an MTOC. 

On the left side, there is a situation where all the components required (recruitment factor, 

nucleator, activator, anchoring factor and microtubule regulator) are at the same site. 

Alternatively, depicted on the right, microtubules are nucleated at one site and then 

transferred to a different site for anchoring, spatially separating microtubule nucleation from 

anchoring. It is currently unknown in which cases microtubules preserve the γTuRC “cap” 

once nucleated. Adapted from (Paz, 2018). 

 

Nucleators  

A core component of MTOCs is the microtubule nucleator. It acts as a catalyst for 

the microtubule nucleation process. The major nucleator is assumed to be γ-tubulin, 

which together with γ-tubulin complex proteins (GCPs) forms the γ-tubulin ring 

complex (γTuRC) (Moritz, 1995; Zheng, 1995). At a structural level the γTuRC 

presents a symmetry that resembles the 13 protofilament symmetry of the 

microtubule (Tilney, 1973). It is believed that the γTuRC acts as a template for the 

generation of new microtubules (Kollman, 2015). 

γ-tubulin and γ-tubulin complexes 

In many eukaryotes the main nucleator is the γTuRC. In vertebrates it is composed 

of the core subunits γ-tubulin, GCPs 2-6, MZT1, MZT2, and an actin-like molecule 
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(Murphy, 1998; Murphy, 2001; Teixido-Travesa, 2012; Consolati, 2020; Liu, 2020; 

Wieczorek, 2020; Zimmermann, 2020).  

 

In budding yeast, γ-tubulin forms a complex with the yeast orthologs of GCP2 and 

GCP3, Spc97 and Spc98 respectively, called γ-tubulin small complex (γTuSC) (Knop, 

1997), but other TuRC subunits are absent. Interaction of this complex with 

Spc110, a yeast homolog of pericentrin (PCNT), is sufficient to induce 

oligomerization of the complex and generate a TuRC-like template for microtubule 

nucleation (Lin, 2014). Curiously, ring-like oligomers of yeast γTuSC do not precisely 

match the 13 protofilament structure of a microtubule. The disposition of γ-tubulin 

molecules in the γTuRC suggests that there must be a closing state to match the 

microtubule symmetry. Yet, experimental correction of this mismatch increased the 

nucleation activity of the γTuSC by only twofold, suggesting that there must be 

another activation mechanism (Kollman, 2015).  

 

In vertebrates including humans, very recent data has shed some light on how the 

γTuRC is assembled. Purification and Cryo-EM structure determination of the 

γTuRC from Xenopus laevis has shown that the γTuRC ring is formed by 14 γ-tubulin 

molecules bound to laterally associated γTuSC and TuSC-like complexes, formed 

by five GCP2-GCP3 pairs, one GCP4-GCP5 pair, and one GCP4-GCP6 pair. 

Notably, an actin-like molecule of unknown function was found to be present in the 

luminal region of the ring (Consolati, 2020; Liu, 2020; Wieczorek, 2020; 

Zimmermann, 2020). Maybe the most striking result from these studies is that the 

addition of the well-known activator of microtubule nucleation in cells, the CM1 

domain of CDK5RAP2, did not cause any structural changes in the γTuRC and did 

not increase the microtubule nucleation activity in vitro (Liu, 2020). Perhaps, an 

additional factor is required to achieve activation of the γTuRC. Work from our 

laboratory in collaboration with the Llorca group (CNIO, Madrid, Spain) recently 

demonstrated the reconstitution and Cryo-EM structure of recombinant human 

γTuRC, showing that the structure of the recombinant complex matches the 

structure of the native complex. This is a very powerful tool for the field as now 

other purified proteins can be added in vitro to address how TuRC is turned into an 

active nucleator (Zimmermann, 2020). 

 

Recruitment factors 

After the discovery of γ-tubulin/γTuRC as the main nucleator at the centrosome, an 

obvious question was what triggers γ-tubulin localization to the centrosome and 



51 
 

other MTOCs? It was found that both PCNT and AKAP9 contain a centrosomal 

targeting region, the so-called PACT domain (PCNT-AKAP9 centrosomal targeting) 

(Gillingham, 2000). Curiously, neither γ-tubulin nor the γTuRC components contain 

any similar domain. Later, it was found that both PCNT and AKAP9 have γTuRC-

binding regions. Therefore, these proteins act as a link between the centrosome and 

the γTuRC by recruiting the nucleator to the MTOC (Takahashi, 2002). 

 

Notably, there are other proteins capable of recruiting the nucleator to the MTOC. 

These proteins are able to localize to the different MTOCs most likely by interaction 

with additional proteins and they have also γTuRC-binding domains. It is the case 

of, AKAP9, CDK5RAP2, CEP192, NIN, NINL, or NEDD1. Noteworthy, some of 

these proteins carry out several functions at MTOCs, as CDK5RAP2, that can act as 

a recruitment factor and as an activator of microtubule nucleation. 

 

Activators 

The sole presence of the nucleator at the MTOC is not sufficient to activate 

microtubule nucleation. This process requires to be turned on by activators. So far, 

the only evidence of direct activation of microtubule nucleation stems from 

experiments with the CM1 (centrosomin motif 1) domain of the centrosomal 

scaffolding protein CDK5RAP2. It has been shown both in vitro and in vivo that the 

presence of a 50aa CM1-containing fragment of CDK5RAP2 is sufficient to potently 

activate microtubule nucleation (Choi, 2010). Moreover, in live cells there is a 

massive increase in microtubule nucleation from the cytoplasm, indicating that not 

all γTuRCs are localized at specifics MTOCs and that there is a population of free 

γTuRCs in the cytoplasm that normally is inactive. How γTuRC is activated by the 

CM1 domain of CD5RAP2 is still an open question. Addition of the CM1 domain 

from CDK5RAP2 did not induce a conformational change of the purified γTuRC 

structure (Liu, 2020), previously proposed as the activation mechanism of 

microtubule nucleation (Kollman, 2015), nor significantly activated microtubule 

nucleation. 

 

Myomegalin is a CDK5RAP2 paralog that also harbours a CM1 domain, although 

this protein appears to have a more important role in the activation of microtubule 

nucleation at the Golgi apparatus (Roubin, 2013). 

 

In budding yeast, Spc110, the budding yeast homolog of PCNT, contains a CM1 

domain (that does not seem to be well conserved in human PCNT) and an additional 

Spc110/Pcp1 motif (SPM). Phosphorylation of Spc110 promotes γTuSC 
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oligomerization into TuRC-like rings and consequently turns microtubule 

nucleation on (Lin, 2014). This mechanism of activation of microtubule nucleation 

seems to be specific for organisms such as budding yeast, which contains only 

TuSC. Whether CM1 binding also triggers changes in the higher-order 

configuration of TuRC is unknown. 

 

Curiously, it has been proposed that in TPX2 (spindle assembly factor targeting 

protein for Xklp2) there is a CM1 domain composed of two separate stretches of 

sequences (Alfaro-Aco, 2017).  Even though these motifs are important for 

microtubule nucleation from pre-existing microtubules in mitotic Xenopus egg 

extract, it is unclear if and how they are able to activate γTuRC. 

 

More recently it has been suggested that the γTuRC acts as a scaffold for microtubule 

nucleation by promoting the lateral interaction of αβ-tubulin dimers (Thawani, 2020; 

Rice, 2021). At a certain tubulin concentration, the chance to have enough lateral 

interactions in the γTuRC could be sufficient to trigger the nucleation of the 

microtubule. It is possible that these lateral interactions are favoured by the presence 

of the so called-activators. 

 

Anchoring factors 

Most of the microtubules nucleated in the cell are not dispersed around the cytosol. 

The organization of the microtubule network is achieved thanks to proteins that 

anchor newly formed microtubules to the distinct MTOCs. These proteins are 

defined as anchoring factors. In case of the centrosome, the main anchoring protein 

is NIN (Mogensen, 2000), while this role is fulfilled by CAMSAPs at the Golgi 

apparatus (Jiang, 2014). γTuRC has also been proposed to be an anchoring factor, in 

vitro immobilised γTuRC seems to be sufficient to attach microtubules minus-ends 

(Consolati, 2020). In vivo data is not so robust, although it has been shown that a 

complex between γTuRC and its recruitment factor NEDD1, might be sufficient to 

support microtubule anchoring (Muroyama, 2016) . Remarkably, even though it is 

known that anchoring factors bind to microtubules minus-ends, the mechanism 

underlying the anchoring of microtubules at MTOCs in cells is still unknown. 

 

Other regulators 

Microtubule regulators cooperate with γTuRC to allow efficient microtubule 

nucleation and may track and regulate the plus ends of newly formed microtubules  
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This is the case of proteins from the XMAP215 family and proteins of the TACC 

family, initially described as microtubule polymerases (Gard, 1987; Gergely, 2000) 

but later implicated as active members in the MTOC formation process, due to their 

capacity to bind microtubules minus-ends and cooperate with the γTuRC (Lee, 2001; 

Popov, 2002; Singh, 2014; Thawani, 2018). 
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The centrosome 
The centrosome is one of the essential components many cycling cells. This organelle 

is composed of two barrel-shaped structures known as centrioles which are 

surrounded by pericentriolar material (PCM). It is a dynamic organelle which 

transitions between different states during the cell cycle in what is defined as the 

centrosome cycle.  

 

After cell division, each cell inherits a centrosome composed of a mature centriole 

(mother centriole) and non-mature centriole (daughter centriole). The mother 

centriole contains two distinct structures at the distal region, the distal (DAs) and 

subdistal appendages (SDAs), both linked to ciliary functions (Uzbekov, 2018; Hall, 

2021). During G1, there is disengagement of the pair of centrioles even though they 

are still tethered. Both centrioles are surrounded by PCM. At the end of G1 and 

during S phase, a procentriole will form on the proximal, lateral surface of each 

centriole, which at this point are both called mother centrioles. During S phase the 

procentrioles elongate but remain engaged to their mothers. During G2 both mother 

centrioles will recruit additional PCM to have sufficient nucleation capacity to 

guarantee a proper cell division. At this point, the two centrosomes, each formed by 

a mother centriole with its daughter, will separate and, prior to mitotic entry, will be 

positioned at two opposite poles of the cell. After nuclear envelope breakdown each 

centrosome forms a pole of the forming spindle, ensuring its bipolarity (Figure I9) 

(Nigg, 2011; Conduit, 2015).  
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Figure I9. Centriole duplication cycle.  

Schematic depicting the centriole duplication cycle. After mitosis the centrosome is 

composed of a mother centriole (possesses DAs and SDAs) and a “disengaged” daughter 

centriole, that are tethered by the centrosomal linker. This allows the duplication of each 

centriole during S phase. Duplication is initiated by the formation of a procentriole on the 

lateral surface near the proximal end of each centriole. During S phase the newly formed 

daughters elongate but do not acquire their own PCM until the next cell cycle. During G2, 

each pair of centrioles will increase their PCM size and both procentrioles will be fully 

elongated. Between G2 and M, the new mother will mature and acquire DAs and SDAs. To 

achieve a successful mitosis the centrosomal linker is disrupted between G2 and M and each 

centrosome is positioned at two opposite poles of the cell. Notice that between M and G1 

cells can enter a state of quiescence, also known as G0, where they will exit the cell cycle and 

can form a structure known as cilium on the mother centriole.  

 

Notably, not all components of centrosomes are involved in generating and 

organizing microtubules. The PCM is a proteinaceous matrix where microtubule 

nucleation takes place through concentrating proteins involved in this process. Some 

examples are γTuRC, CDK5RAP2 or PCNT. During mitotic centrosome 

maturation, the amount of PCM at centrosomes increases and the molecular 

organization of the PCM also changes. This is achieved through phosphorylation of 

the PCM proteins by mitotic kinases (e.g. PLK1) (Barr, 2004; Haren, 2009). 

Traditionally, the PCM was described as an amorphous mass that surrounds 

centrioles (Gould, 1977). In contrast, the gain in microscopy resolution during past 

decades depicted the PCM as a layered structure formed by different scaffolding 
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proteins confined to the proximal part of the mother centriole (Fu, 2012; Lawo, 

2012; Luders, 2012; Mennella, 2012; Sonnen, 2012; Mennella, 2014; Fu, 2015). More 

recent studies have challenged the model of concentrical layers of the PCM and have 

proposed that the PCM could be a result of the concentration of different scaffolding 

proteins that create a liquid-like structure with different properties than the cytosol 

(e.g. distinct densities), and this process could be mediated by LLPS (Woodruff, 

2017; Boeynaems, 2018; Raff, 2019). Studies with C. elegans PCM components have 

shown that the PCM scaffolding protein SPD-5 (no human homolog) is capable to 

generate condensates in vitro that recruit additional PCM proteins. These condensates 

are able to form microtubule asters that resemble centrosomal asters observed in 

vivo (Woodruff, 2017). How similar are these condensates to the C. elegans 

centrosome is still something to discover.  

 

Noteworthy, is it known from EM studies that there are microtubules anchored at 

regions where there is no PCM, as the distal part of the mother centriole, specifically 

at SDAs (Mogensen, 2000; Delgehyr, 2005). It remains unclear to date if SDAs have 

the capacity to also nucleate microtubules or if there is an unknown mechanism that 

transfers microtubules nucleated in the PCM to the SDAs for anchoring (Figure 

I10) (Paz, 2018).  
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Figure I10. Microtubule nucleation at the centrosome.  

Schematic depicting the fate of microtubules nucleated at the centrosome. It is well-known 

that microtubules are nucleated from the PCM at the centrosome. Curiously, it has not been 

determined yet whether microtubules that are generated at the PCM are actually anchored 

there and if so, how this process is carried out. Conversely, it has been shown by EM that 

there are microtubules anchored at SDAs. It is unclear if they are nucleated there or if 

microtubules nucleated at the PCM are transported to SDAs by some undescribed 

mechanism. Adapted from (Paz, 2018). 

 

It is important to mention that the centrosome has several functions besides acting 

as an MTOC. Centrosomal activity has been linked to various important processes 

such as controlling the centriole duplication cycle, the formation of cilia, actin 

network organization, and the regulation of some signalling pathways (Doxsey, 2005; 

Arquint, 2014; Conduit, 2015; Farina, 2016). Considering this diverse set of 

functions, there must be an underlying, complex interplay of many different 

centrosomal proteins. Indeed, according to The Human Protein Atlas around 3% of 

all human proteins (548 proteins) have been experimentally detected at the 

centrosome (https://www.proteinatlas.org/humanproteome/cell/centrosome). 

Due to this intricacy and despite many years of study of the centrosome, it is still 

unclear what are the minimal components required to generate the centrosomal 

MTOC. 

 

The centrosome as MTOC during interphase 

As mentioned before, the PCM is composed of a number of large scaffolding 

proteins. PCNT is one of those scaffolding proteins that besides its structural role at 

the centrosome is capable of recruiting the γTuRC to the PCM (Dictenberg, 1998; 

Takahashi, 2002). Moreover, it also serves as an activator of microtubule nucleation 

in yeast, although this function does not seem to be conserved in humans (Lin, 2014). 

CEP192, another large scaffolding PCM protein, has an interesting relationship with 

PCNT. During interphase, depletion of CEP192 expands the centrosomal levels of 

PCNT and conversely, depletion of PCNT increases the centrosomal levels of 

CEP192 and enhances the levels of microtubule nucleation. These results suggest 

that PCNT might act as a negative regulator of microtubule nucleation while 

CEP192 might be an enhancer of this process (O'Rourke, 2014). In line with these 

results, it was also shown in a different study that silencing of CEP192 caused a 50% 

reduction of the total microtubule nucleation from the centrosome (Gavilan, 2018). 

It is tempting to speculate then that this protein has a potential role in the activation 

of microtubule nucleation. Noteworthy, CEP192 depletion also caused a reduction 

of the centrosomal γTuRC fraction, thus it is possible that the reduction in the 

https://www.proteinatlas.org/humanproteome/cell/centrosome
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centrosomal microtubule nucleation levels shown is caused by the loss of the 

recruitment factor and subsequently the nucleator. In this last study, it was also 

described that that in the absence of centrosomes (after treatment with the drug 

centrinone) and inactivation of the Golgi mediated microtubule nucleation (by 

depletion of AKAP9), acentriolar structures composed of PCNT, γTuRC and 

CDK5RAP2 are assembled in the cytoplasm and they have microtubule nucleation 

capacity (Gavilan, 2018). Thus, when there is no centrosome or Golgi, PCNT might 

be able to gather some of the core components to assemble an active MTOC. 

Together with PCNT and CEP192, CDK5RAP2 is the third major scaffolding 

protein of the PCM. It is also required to recruit the γTuRC to the PCM (Fong, 2008) 

and in this case it has a clear role in the activation of microtubule nucleation through 

its CM1 domain (Choi, 2010). As shown before, all core PCM scaffolding proteins 

are capable of acting as recruitment factors and they are somehow linked to the 

activation of microtubule nucleation.  

 

In addition to these scaffolding proteins there are other proteins that are also 

involved in the recruitment of the γTuRC to the centrosome. This is the case of 

NEDD1, a protein that contains several N-terminal WD repeats that are predicted 

to form a β-propeller structure and mediate centrosome (and PCM) localization, and 

a C-terminal γTuRC-binding region. Depletion of NEDD1 impairs γTuRC 

recruitment to the centrosome, but depletion of γ-tubulin does not affect localization 

of NEDD1 to the centrosome. These properties define NEDD1 as a linker between 

the centrosome scaffold and TuRC (Haren, 2006; Luders, 2006). Interestingly, it 

was more recently proposed that NEDD1 could have an additional role in 

attachment of γTuRCs involved in microtubule anchoring. This is based on the 

observation that in keratinocytes, depletion of NEDD1 causes a significant 

reduction of centrosomal γTuRC and a loss of microtubule anchoring, while 

microtubule nucleation is only mildly decreased. Contrary, depletion of CDK5RAP2 

caused a general decrease in microtubule nucleation activity, but the levels of γTuRC 

remained mostly unperturbed (Muroyama, 2016). These results suggest that there 

might be two different kinds of γTuRC populations at the centrosome, one involved 

in microtubule nucleation and one in anchoring. How this is coordinated at a 

molecular level is still unknown. Another protein that is worth commenting on is 

MZT1, a conserved subunit of the TuRC. First, it was described in fission yeast that 

it was required for the localization of γ-tubulin complexes to the MTOCs (Masuda, 

2013).  Later, it was found that in the yeast Candida albicans MZT1 is able to interact 

with the γTuSC through the N-terminal region of GCP3 and with the CM1-

containing proteins Spc72 and Spc110. Moreover, in vitro, MZT1 is required for the 

oligomerization of the γTuSC by Spc72 and Spc110, which is necessary to turn the 
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γTuSC into an active microtubule nucleator (Lin, 2016). In line with these results, in 

human cells our lab showed that MZT1 is a “priming” factor that recognises γTuRC 

integrity by binding not only to GCP3 but also to GCP5 and GCP6. This primes 

γTuRC for interaction with the recruitment factor NEDD1 and the CM1 domain of 

the activator of microtubule nucleation CDK5RAP2 (Cota, 2017). In agreement with 

the role of MZT1 at the centrosome, tissue specific degradation of MZT1 in 

Caenorhabditis elegans embryonic intestinal epithelial cells causes a loss of the γTuRC 

from the centrosome (Sallee, 2018). Another subunit of the γTuRC that has also 

been related to the recruitment of the γTuRC to the centrosome is GCP8/MZT2 

(Teixido-Travesa, 2010). Depletion of GCP8 does not disrupt the assembly of the 

γTuRC but impairs γTuRC recruitment to the centrosome and subsequently 

microtubule nucleation. These defects seem to be specific to interphase 

centrosomes, as cells do not display any clear mitotic defects.  

 

Referring to how the activation of microtubule nucleation is carried out at the 

centrosome, CKD5RAP2 has been proposed as nucleation activator, although its 

depletion does not abolish centrosomal microtubule nucleation (Gavilan, 2018). 

There are other proteins proposed to contribute to this process. Myomegalin is a 

large protein that is located at both the Golgi apparatus and the centrosome (Verde, 

2001) and it contains a conserved CM1 domain (Lin, 2014), although its major 

contribution to MTOC formation seems to be at the Golgi (Wu, 2016). Another 

protein proposed to be a γTuRC activator is NME7. Mass spectrometry analyses of 

purified γTuRC have shown several times that this protein is in close relationship 

with the γTuRC (Choi, 2010; Teixido-Travesa, 2010; Wieczorek, 2020). Moreover, it 

has been shown that its centrosomal localization is dependent on the interaction with 

the γTuRC (Liu, 2014). In vivo, depletion of NME7 causes a moderate decrease in the 

microtubule nucleation capacity of the centrosome. In vitro, addition of NME7 to 

purified γTuRC and tubulin enhances microtubule nucleation levels. Notably, a 

NME7 kinase deficient mutant reduces microtubule nucleation levels by 40%, 

linking the kinase activity of this protein with the activation of microtubule 

nucleation (Liu, 2014). It is yet to be confirmed if this kinase activity regulates 

microtubule nucleation in vivo and if so, what is the molecular mechanism behind this 

process. Another protein that could possibly carry out an important function at the 

centrosome is NINL. Almost 20 years ago, a yeast-to-hybrid analysis identified 

ninein-like protein (NINL) as a PLK1 substrate. NINL is a coiled-coil protein of 156 

kDa with an N-terminal region that shares 37% similarity with a corresponding 

region in ninein (NIN), hence its name. As NIN, NINL also localizes to the 

centrosome. During interphase NINL is transported along microtubules to the 

centrosome by interaction with the dynein-dynactin complex. During mitosis PLK1 
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phosphorylates the NINL molecules that are being transported along microtubules 

and the ones at the centrosome. This causes dissociation of NINL from its binding 

partners and dispersion of NINL around the cytoplasm (Casenghi, 2005). Strikingly, 

overexpression of the full-length protein causes its massive aggregation at the 

centrosome and amplified microtubule nucleation. Contrary, NIN overexpression 

does not seem to have this phenotype which indicates that NIN and NINL are two 

similar proteins with different functions at the centrosome (Casenghi, 2003). While 

NIN localises to SDAs (Mogensen, 2000), NINL was shown to localize to mother 

centrioles in Xenopus epithelial cells (Rapley, 2005), but its precise centrosomal 

localization has not been determined.  

 

Unfortunately, data related to how microtubules are anchored at the centrosome is 

scarce. More than 20 years ago, it was suggested that NIN, a centrosomal protein of 

249 kDa, could have a function in microtubule anchoring at the centrosome 

(Bouckson-Castaing, 1996). However, EM analysis of mouse fibroblasts showed that 

NIN does not localize to the PCM, the main site of microtubule nucleation, but 

instead was found at the SDAs of the mother centriole (Mogensen, 2000). 

Interestingly, the microtubule array is generally focused on the mother centriole, 

suggesting that is the mother centriole the one in charge of the microtubule 

anchoring function (Piel, 2000). It was also found that NIN is present at the PCM 

but its abundance is relatively low (Mogensen, 2000).  Curiously, in flies the mother 

centriole lacks SDAs and NIN localizes to the PCM (Zheng, 2016), so the same 

function could be share between different organisms albeit at different regions of 

the centrosome. Related to the question of how NIN anchors microtubules, it has 

been described that there is a γTuRC-binding region in the N-terminal region of 

NIN. For the proper localization of NIN to SDAs, its C-terminal region is also 

required (Delgehyr, 2005). However, overexpression of a NIN construct with the N- 

and C-terminus but lacking the middle part was able to displace endogenous NIN 

from the centrosome and maintain normal microtubule nucleation but not proper 

anchoring of the microtubules. This suggested that NIN mediates anchoring of 

microtubules independently of γTuRC. Apart from NIN, and as already commented, 

it was recently suggested that in human keratinocytes γTuRC bound to NEDD1 

could provide an anchoring function (Muroyama, 2016), possibly at the PCM. It is 

also likely that there are additional unidentified proteins in charge of anchoring 

microtubules at the PCM.   
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Centrosomal and non-centrosomal microtubule organisation 

during mitosis 

One of the most impressive arrangements of the microtubule network occurs when 

cells enter mitosis. During mitosis, cells need to ensure the generation of a robust 

microtubule array, the mitotic spindle, that supports proper segregation of the 

chromosomes. This is perhaps the reason why spindle assembly is driven by the 

cooperation of three different microtubule nucleation pathways. Interestingly, there 

is adaptability between these different pathways and it has been demonstrated that 

the absence of one is compensated by an increased activity of the others (Hayward, 

2014). 

 

As it is generally recognized, the centrosome plays a major role during mitosis. 

Dynamic microtubules generated from the centrosome ‘search and capture’ the 

chromosomes and then they attach to the chromosomal kinetochore, forming the 

so-called K-fibres. Once microtubules are bound to the kinetochore, they become 

stable and their dynamic instability is lost (Figure I11, Centrosomal microtubule 

nucleation)(Prosser, 2017). Interestingly, mathematical modelling of this mechanism 

shows that centrosomal microtubule nucleation and ‘search and capture’ alone are 

not sufficient to explain efficient spindle assembly as well as chromosome capture 

and congression within the timeframe of mitosis (Wollman, 2005). Therefore, other 

mechanisms that contribute to spindle microtubule generation are required. In line 

with this is the finding that the centrosome is not essential for spindle assembly and 

cell division. Indeed, there are no centrosomes during meiosis I in Drosophila 

melanogaster (Megraw, 2000), removal of centrioles does not affect the early 

development of Drosophila melanogaster embryos (Basto, 2006)  and removal of 

centrosomes in vertebrate cells by laser ablation does not prevent bipolar spindle 

formation (Khodjakov, 2000). 

 

Apart from centrosomal nucleation, there is also chromatin-mediated microtubule 

nucleation. The main regulator of chromatin-mediated regulation is the RAS-related 

nuclear protein (RAN). RAN activity is GTP-dependent. The GTP state of RAN is 

dependent on the guanine nucleotide exchange factor, regulator of chromosome 

condensation 1 (RCC1) and the GTPase-activating factor RANGAP1. RCC1 

localizes to the periphery of the chromosomes where RAN-GTP is generated. In the 

vicinity of the chromosomes where the RAN-GTP concentration is high, it binds 

importin-β to cause release of its cargos (Kaláb, 2006; Clarke, 2008). Importin- β 

cargos are various spindle-assembly factors (SAFs) including TPX2 (Gruss, 2001). 

Once TPX2 is released, it is able to recruit Aurora A, which phosphorylates NEDD1 
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and in turn targets the γTuRC to the chromosomal region. This cascade of signals 

eventually causes the activation of microtubule nucleation at the vicinity of the 

chromosomes (Pinyol, 2013; Prosser, 2017)(Figure I11, Chromatin-mediated 

microtubule nucleation). Additionally, it has been shown that the RAN-GTP 

pathway controls microtubule nucleation at the kinetochore region. In this scenario, 

RAN-GTP binds to transportin which releases its inhibitory function over a complex 

between ELYS and the nucleoporins NUP 107-160, allowing this complex to be 

targeted to the kinetochore and to recruit the γTuRC (Mishra, 2010; Bernis, 2014; 

Yokoyama, 2014; Prosser, 2017). Nucleation of microtubules around chromatin and 

at the kinetochore does not only provide additional microtubules but, through 

interaction with centrosomal microtubules, likely also helps centrosomal 

microtubules to ‘find’ and connect to kinetochores. 

 

Additionally, microtubule nucleation during mitosis also occurs from pre-existing 

microtubules. The first evidence for this mechanism was obtained when examining 

γ-tubulin and NEDD1 localization during mitosis. Both proteins are present not only 

at the centrosome but also along spindle microtubules. Expression of a mutant of 

NEDD1 that is defective in spindle localization impaired γTuRC localization along 

spindle microtubules, reducing microtubule density and delaying spindle assembly 

(Luders, 2006). Later it was found that spindle localization of TuRC depends on 

another multi-subunit protein complex termed augmin (Goshima, 2008; Lawo, 

2009). Phosphorylation of the augmin complex by Aurora A and PLK1 enables its 

binding to spindle microtubules and the subsequent recruitment of NEDD1 and 

γTuRC allows the nucleation of new microtubules from the lattice of pre-existing 

microtubules, also known as branching microtubule nucleation (Figure I11, 

microtubule-mediated microtubule nucleation) (Petry, 2013; Prosser, 2017).  
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Figure I11. The three microtubule nucleation pathways involved in 

mitotic spindle assembly 

Simplified schematic depicting the three main pathways involved in the generation of 

microtubules during mitosis. The centrosomal microtubule nucleation pathway serves as 

a basis for the establishment of a proper bipolar spindle, as the two centrosomes duplicated 

during interphase are now oriented at two opposite poles of the cell. Some of the 

microtubules generated at the centrosome form bundles that reach the kinetochores of the 

chromosomes. Those bundles are known as K-fibres and ensure proper pulling of the 

chromosomes during mitosis. There are also astral microtubules that face the cell cortex 

needed to maintain the tension and positioning of the bipolar spindle. In the vicinity of the 

chromosomes there is also chromatin-mediated microtubule nucleation. This nucleation 

pathway is based on the presence of RAN-GTP. RAN-GTP is quickly converted to RAN-

GDP around the cytoplasm due to the presence of RANGAP1. Near the chromosomal area, 

RCC1 transforms RAN-GDP into RAN-GTP, which allows RAN-GTP binding of 

importin-β. RAN-GTP binding allows for the release of TPX2 from importin-β which is 

eventually bound to Aurora A that will phosphorylate NEDD1. Phosphorylated NEDD1 

will recruit the γTuRC and therefore microtubule nucleation can be activated. The surface 

of pre-existing microtubules is a platform for microtubule-mediated microtubule 

nucleation. Phosphorylation of the augmin complex and NEDD1 by Aurora A (augmin) 

and PLK1 (augmin and NEDD1) is sufficient for these two components to form a complex 

with the γTuRC at the surface of existing microtubules. This process contributes to K-fibre 

formation as microtubules nucleated as branches are almost parallel to the existing ones. 
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Non-centrosomal MTOCs 
Cell differentiation is a synonym of cell specialization. Many different cell types have 

adapted the way they build their microtubule network to fulfil more specialized roles. 

In most of these cells, a common denominator is the loss of the centrosome as the 

main MTOC and the acquisition of non-centrosomal MTOCs (nc-MTOCs). 

 

Interestingly, there are many ways to assembly nc-MTOCs, and they do not have to 

be mutually exclusive. One possibility is that once the centrosome becomes inactive, 

the centrosome components are redirected to other regions of the cell where nc-

MTOCs are generated. Another possibility is that nc-MTOCs are formed 

independently of the centrosome, by incorporating a different subset of proteins. In 

this scenario, the cell could maintain different MTOCs at the same time. It is also 

possible that microtubules are generated and afterwards released from the 

centrosome. Other parts of the cell could have the machinery to capture and anchor 

these free microtubules. In this case, those structures would not fit in the canonical 

definition of an MTOC, as microtubule nucleation is absent and possibly the 

nucleator γTuRC is not required for the organization of microtubule at such sites.  

 

Golgi apparatus 

The Golgi apparatus is a membrane-bound organelle present in eukaryotic cells. Its 

formation is the result of the coalescence of a set of membrane stacks, which have a 

major role in vesicle trafficking. Structurally, the Golgi stacks are polarized. Proteins 

and lipids from the endoplasmic reticulum are transported to the cis-Golgi network 

(CGN). Afterwards, at the trans-Golgi network (TGN), they are exported as vesicles 

to other structures of the cell such as endosomes, lysosomes or the plasma 

membrane. During this transition from CGN to TGN, cargo molecules can be 

modified and processed (Li, 2019).  

   

Apart from its main function in vesicle trafficking, it was discovered in the early 

2000s that the Golgi apparatus has a key role as MTOC (Chabin-Brion, 2001). 

Curiously, microtubules seem to be exclusively nucleated at the CGN. It is 

functionally important to generate microtubules at the Golgi for several reasons. 

Along the cell cycle, the Golgi transitions from a more compact ribbon during 

interphase to scattered stacks in mitosis. Microtubules nucleated at the Golgi help to 

assemble the dispersed stacks into the ribbon after mitosis (Miller, 2009). In addition, 

the Golgi microtubule network has its own intrinsic polarity which allows for 
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asymmetric vesicle transport and it is required for the acquisition of proper cell 

polarity. In mesenchymal cells, it has been shown that the Golgi-nucleated 

microtubules facilitate reorientation of the whole microtubule network in the 

direction of migration (Wu, 2016). Therefore, the Golgi apparatus has a major role 

in cell polarization (Wu, 2017). It is also important to note that there is an interplay 

between the centrosome and the Golgi apparatus in the regulation of the microtubule 

network, since it has been shown that centrosome removal enhances microtubule 

nucleation activity from the Golgi (Gavilan, 2018). 

 

At a compositional level the Golgi MTOC is perhaps the best defined, although it is 

possible that not all proteins involved in Golgi MTOC activity have been identified 

yet. It is known that the main factor involved in this process is AKAP9 (also known 

as AKAP450 and AKAP350), a very large scaffolding protein that localises to both 

the Golgi and the centrosome (Shanks, 2002). AKAP9 binds to the CGN through 

interaction with the Golgi structural protein GM130 (Rivero, 2009). The nucleator, 

γTuRC, is recruited directly by AKAP9, or by association of AKAP9 with the known 

TuRC binders CDK5RAP2 and myomegalin (Wang, 2010; Roubin, 2013; Wang, 

2014). Curiously, depletion of myomegalin or CDK5RAP2, the proposed main 

activators of microtubule nucleation at the Golgi, does not cause a complete 

reduction on the Golgi microtubule nucleation levels, which might indicate the 

presence of additional factors undescribed so far (Roubin, 2013; Wu, 2016). 

Contrary, depletion of AKAP9 abolishes Golgi-microtubule nucleation completely, 

likely through disruption of the whole MTOC complex (Rivero, 2009). It has been 

shown that additional MAPs (some of them +TIPs) are required to anchor 

microtubules to the Golgi apparatus. It was proposed by Wu and collaborators in 

2017 that once microtubules are generated at the Golgi, they could lose their γTuRC 

cap as their ‘minus end’ is decorated with different proteins such as CAMSAP2, 

CLASP1, CLASP2 or MTCL1 (Efimov, 2007; Jiang, 2014; Sato, 2014). Noteworthy, 

most of the CLASPs are located to the TGN by binding to a structural protein named 

GCC185, allowing for tethering of microtubules also to this area of the Golgi 

(Efimov, 2007)(Figure I12). Besides microtubules nucleated from this organelle, 

microtubules released from the centrosome can also be attached to the Golgi, either 

to the CGN or TGN (Wu, 2016). As highlighted before, there is a complex interplay 

between microtubule plus-end and minus-end binding proteins at the Golgi. In 

addition, it has been also reported that EBs can also bind to some myomegalin-

AKAP9-GM130 complexes allowing for tethering of microtubules to the Golgi 

apparatus (Yang, 2017). 
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Figure I12. Main microtubule nucleation pathways of the Golgi as 

MTOC. 

Simplified overview of the Golgi apparatus as an MTOC. The Golgi apparatus is composed 

of a set of membrane stacks. Microtubule nucleation occurs at the CGN. The structural 

protein GM130 recruits AKAP9, that acts as a γTuRC recruitment factor. Additional 

presence of CDK5RAP2 or myomegalin is necessary for activating microtubule nucleation 

(A). Once microtubules are generated, they are normally detached from this complex and 

γTuRC is believe to be released from their minus-ends. Instead, their minus-ends can be 

decorated with different proteins such as CAMSAPs (B). This allows for the anchoring of 

the microtubules to the CGN by a complex between myomegalin-AKAP9 and GM130 (C). 

An additional anchoring complex composed by CLASPs and GCC185 is found at the TGN 

(D). Additionally, both microtubules nucleated at the Golgi or at the centrosome are 

susceptible to be anchored either by the CGN or the TGN.  

 

Neurons also seem to use the Golgi apparatus to nucleate microtubules.  In Drosophila 

sensory neurons, the somatic CGN has an active role in generating microtubules. 

This MTOC is γTuRC-dependent but does not seem to rely on Cnn (Centrosomin, 

CDK5RAP2 homolog) or Plp (the Drosophila homolog of PCNT). Interestingly, 

microtubules nucleated at the somatic Golgi preferentially grow towards the axon of 
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the neuron in a kinesin-dependent manner (Mukherjee, 2020). It would be interesting 

to address whether perturbation of this process has an impact on the overall axon 

and dendrite polarity as it could serve as a model to explain the differences in 

between axon and dendrite polarity within flies. Another neuronal structure that has 

been described in Drosophila dendrites are disperse Golgi structures, also known as 

Golgi outposts, that are able to nucleate microtubules. For this matter it was firstly 

proposed that microtubule nucleation from Golgi outposts requires γTuRC and Plp 

(Ori-McKenney, 2012) but it has been recently shown that these structures are 

capable of functioning in a γTuRC-independent manner (Mukherjee, 2020; Yang, 

2020). Furthermore, it still needs to be clarified what the relevance of nucleating 

microtubules from the Golgi outpost is, as experimental removal of the Golgi from 

dendrites does not affect γ-tubulin localization nor dendrite microtubule polarity 

(Nguyen, 2014; Yang, 2020). Additionally, it remains to be tested whether the Golgi 

outpost have a function in mammals.  

 

Nuclear envelope 

Skeletal muscle fibres (myotubes) are large multinucleated cells that are the product 

of the fusion of several individual muscle cells (myoblasts). Upon cell fusion there is 

a fundamental rearrangement of the microtubule network. The radial centrosomal 

array is exchanged for a linear non centrosomal array of microtubules that are 

generated mainly around the nuclear envelope. It is also important to mention that 

Golgi elements contribute to MTOC formation in these cells (Oddoux, 2013).  Both 

structures are essential for a proper myofibrillogenesis along with the formation of 

the elongated shape of the cell and correct nuclear positioning (Gimpel, 2017; 

Muroyama, 2017). The formation of these nc-MTOCs is dependent on the nuclear 

protein Nesprin-1, which recruits other centrosomal proteins as AKAP9 and PCM1; 

and subsequently PCNT, CDK5RAP2 and γ-tubulin (and presumably γTuRC) 

(Espigat-Georger, 2016; Gimpel, 2017) (Figure I13). Very recently it was shown that 

in cardiomyocytes an additional protein, AKAP6, acts as a bridge between Nesprin-

1 and AKAP9, and therefore is necessary for perinuclear MTOC formation. Even 

more striking was the finding that this complex between AKAP6-AKAP9 tethers 

the nuclear envelope with the Golgi structures present in these cells, which also acts 

as an MTOC through a complex between GM130, AKAP9 and possibly NIN and 

γTuRC (Vergarajauregui, 2020). These results highlight how tightly interconnected 

are these two nc-MTOCs in this system. 

 

Although most of the studies related to the role of the nuclear envelope in MTOC 

formation are linked to mammalian cells, it has been recently found that fat body 
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cells from Drosophila melanogaster organize their microtubules in the same manner. The 

fly homolog of Nesprin-1, Msp300, seems to have the same role than in myotubes, 

as it is necessary for nc-MTOC formation. Msp300 targets patronin, the fly homolog 

of the “minus end” binding protein CAMSAP, and NIN to the nuclear envelope, 

where they sequentially recruit Msps, a member of the XMAP215 family. This 

complex is sufficient to generate an MTOC. Notably, even though there is γTuRC 

localization to the nuclear envelope, it appears to be dispensable for the nuclear 

MTOC formation since its depletion does not impair microtubule nucleation at this 

site (Zheng, 2020). 

 

 

Figure I13. The nuclear envelope acts as an MTOC in myotubes.  

Schematic depiction of the composition of the nuclear envelope MTOC present in 

myotubes. Following myoblasts fusion into myotubes, there is a dramatic rearrangement of 

the cellular microtubule network. MTOC formation is switched from centrosomes to the 

periphery of the nuclear envelope. Nesprin-1 is a perinuclear protein that recruits AKAP9 

and PCM1, which in return target γ-tubulin (and presumably γTuRC), CDK5RAP2 and 

PCNT to the nuclear envelope. This complex is sufficient to make the nuclear envelope a 

functional MTOC.  

 

Cell cortex 

Polarized epithelial cells present a characteristic apico-basal microtubule array, where 

microtubules plus-ends are facing the basal part of the cell while minus-ends are 

facing the apical region. In simple epithelial cells, as enterocytes from mice small 

intestine, γTuRC is the main nucleating factor present at the apical region of these 

cells. Notably, γTuRC localization is dependent on the interaction of one of the ring-

complex components, GCP6, with keratin (an intermediate filament protein), 

present also at the apical region (Ameen, 2001). Moreover, CDK1 phosphorylation 
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of GCP6 destabilizes the interaction with keratin filaments, suggesting that the 

general decrease in the CDK1 activity during differentiation can be linked to the 

assembly of these nc-MTOCs (Oriolo, 2007). Importantly, although microtubule 

regrowth experiments showed that there is a fraction of microtubules nucleated from 

these ectopic sites, most of the microtubules located at the apical region were 

unperturbed upon depolymerization, indicating the presence of a very stable pool of 

microtubules at this region. It is possible then that some of these stable microtubules 

are also captured and anchored by this MTOC, a similar function that has also been 

related to the Golgi apparatus (Wu, 2016). Distinct polarized epithelial cells also 

contain different types of nc-MTOCs. Polarized epithelia from human colorectal 

cancer organize their microtubules around the actin enriched region from the apical 

part of these cells. The spectraplakin ACF7 tethers the actin cytoskeleton with 

microtubules trough CAMSAP3 in a γTuRC independent manner (Noordstra, 2016). 

In canine epithelial cells from kidney, NIN is in charge of anchoring microtubules 

from the apical region of the cell independently of the γTuRC. CLIP170 is able to 

target NIN to the adherens junctions at the apical region of the cell, although is not 

clear if these two proteins are recruited to the adherens junctions in a microtubule 

dependent or independent manner. Curiously, NIN depletion seems to not affect 

the apico-basal microtubule orientation which might be compensated by the 

presence of other complexes containing p150glued and CAMSAP2 (Figure I14, 

Polarized simple epithelia) (Goldspink, 2017). 

 

In more complex and stratified epithelia such as keratinocytes from human 

epidermis, microtubules are presented in a cortical array. Curiously, it has been 

shown that in proliferative keratinocytes the centrosome is active in nucleating 

microtubules but it has two different populations of γTuRCs. One bound to 

NEDD1 which does not nucleate but anchors microtubules and another bound to 

CDK5RAP2 which is able to activate microtubule nucleation (Muroyama, 2016). 

Similarly to single epithelial cells, once these cells differentiate, CDK1 

downregulation is sufficient to promote NEDD1 and γTuRC re-localization to the 

cytoplasm which eventually leads to centrosomal inactivation (Muroyama, 2016). 

The key factor for establishing this cortical array is the desmosomal linker protein 

desmoplakin (DP) (Lechler, 2007). DP additionally recruits other fundamental 

centrosomal proteins such as NIN, Nudel, LIS1 and CLIP170 (Figure I14, Stratified 

epithelia) (Sumigray, 2011).  

 

It is important to comment that with the exception of γTuRC interaction with 

intermediate filaments in simple epithelia, none of the forementioned structures 
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requires the presence of the nucleator to function. Rather than nucleating 

microtubules they seem to be focused on their anchoring. Therefore, these structures 

should not be considered as MTOCs, taking into account that microtubule 

nucleation is absent and as well as the main nucleator. This opens the question of 

where are the anchored microtubules coming from, as the centrosome loses is 

activity upon differentiation in epithelial cells.  

 

 

Figure I14. Microtubule organization in epithelial cells.   

Schematic with a summary of the different types of microtubule organization present in 

epithelial cells. Polarized simple epithelia. Three different ways to arrange microtubules 

have been found in epithelial cells. From left to right, the adherens junctions have been 

shown to serve as a platform to anchor microtubules. CLIP170 is capable of recruiting NIN 

which is necessary for anchoring microtubules. At the apical part of the cell cortex, keratin 

(an intermediate filament protein) is able to recruit the γTuRC, and it is yet to explore if 

there are other proteins involved. There is presumably microtubule nucleation to some 

extent but most of the microtubules present at this region seem to be captured and anchored. 

Additionally, in a similar region, the interaction between actin and the spectraplakin ACF7, 

anchors microtubules decorated with CAMSAP3. Notice that the first and third structures 

are mostly focused on microtubule anchoring, and γTuRC seems not to be present there, 

therefore they would not be included in the canonical definition of MTOC. Stratified 

epithelia. Once keratinocytes are differentiated, NEDD1 and γTuRC are relocated from 

the centrosome to the cytoplasm. At this moment the cell cortex becomes the main 

microtubule anchoring point in these cells. Desmoplakin (DP) is a desmosomal protein that 

targets to desmosomes a complex of the centrosomal proteins, NIN, Nudel, LIS1 and 
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CLIP170, which is necessary for cortical microtubule attachment. Notice again that γTuRC 

is not present at the cortical area of the cell, therefore it is likely that these structures serve 

as a platform for anchoring and stabilizing microtubules. Thus, they could be not considered 

as MTOC. 

 

Mitochondria 

A few years ago, a new type of nc-MTOC was found in Drosophila melanogaster  testis. 

It was described that the giant mitochondria from Drosophila spermatids are able to 

function as MTOCs. This organelle is turned into an MTOC thanks to a splicing 

variant of Cnn, termed CnnT, which is specifically expressed in testis. This splicing 

variant contains a distinct C-terminus with a mitochondrial-targeting domain. This 

nc-MTOC seems to be formed by the fly homologs of CDK5RAP2, NEDD1 and 

γTuRC. No other major centrosomal components were detected by 

immunofluorescence (IF). Remarkably, fusion of the CM1 domain of mice 

CDK5RAP2 with the mitochondrial-targeting domain of CnnT in human cells was 

sufficient to turn human mitochondria into an MTOC (Chen, 2017).  

 

Towards a minimal MTOC 
For many decades the centrosome field has focused on how the centrosome is 

assembled, how this process is regulated, and, more recently, how centrosome 

defects are connected to different pathologies. Remarkably, the molecular basis of a 

core centrosomal function, its role as microtubule-organizing center, are still poorly 

understood. 

 

Over the years it became clear that the centrosome is a multifunctional organelle, 

involved not only in microtubule organization but also in centriole duplication, 

ciliogenesis, cell signalling and actin organization (Doxsey, 2005; Arquint, 2014; 

Conduit, 2015). Moreover, evolution of proteomics has revealed how complex this 

organelle is. Proteomic analysis of purified centrosomes and proximity labelling of 

centrosome proteins have identified the interplay of hundreds of proteins at the 

centrosome (Andersen, 2003; Jakobsen, 2011; Gupta, 2015; Bauer, 2016). 

Unfortunately, this insight has not led to a better molecular understanding of 

centrosomal microtubule organization, but rather added to the complexity of this 

issue. 

 

Recent in vitro studies have provided some molecular insight. TIRF assays with 

purified human TPX2 and CKAP5 in presence of soluble tubulin, have shown that 

both proteins can synergistically stimulate γTuRC-independent microtubule 
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nucleation (Roostalu, 2015). Therefore, these two proteins could act as a minimal 

chromatin-dependent microtubule nucleation module during mitosis. Notably, it was 

recently shown by using C. elegans recombinant proteins for in vitro assays, that only 

three proteins are required to assemble a minimal MTOC that recapitulates the 

properties of the mitotic PCM from C. elegans embryos. Two of the proteins 

commented before, ZYG-9 (CKAP5 homolog) and TPXL-1 (TPX2 homolog) are 

recruited by condensates of the PCM scaffolding protein SPD-5 (no human 

homolog). These condensates are able to form microtubule asters that resemble 

centrosomal asters observed in vivo. Curiously, the presence of γ-tubulin enhances 

but is not required for microtubule aster formation from the condensates (Woodruff, 

2017). While this work is a remarkable achievement, it remains unclear how similar 

these in vitro assemblies are to centrosomal MTOCs in cells. 

 

It is evident that the use of in vitro assays is a powerful tool to try to elucidate which 

components are sufficient to generate an MTOC but there are several limitations to 

this technique. To individually address the role of the proteins of interest, they have 

to be expressed recombinantly and purified. Unfortunately this is not always 

possible, especially taking into account the large size and tendency to aggregation of 

many centrosome proteins. It should also be noted that a live cell is a much more 

complex system, subject to regulation by different signalling pathways or PTMs, 

factors that are not easily replicated in vitro. 

 

Another interesting approach to study MTOCs is to try to characterise their assembly 

at ectopic sites in live cells. This can be achieved, for example, by targeting 

centrosome proteins to these sites through fusion with specific localization domains 

(Muroyama, 2016; Chen, 2017). This strategy although not very exploited, has 

revealed some interesting data on how MTOCs are assembled. Targeting of the 

γTuRC-binding domains of NEDD1 and CDK5RAP2 to the keratinocyte cortex 

with a desmosome-targeting domain from desmoplakin (in desmoplakin-null 

keratinocytes) showed that there might be two different types of γTuRC populations 

in these cells (Muroyama, 2016). NEDD1-targeted to the cell cortex was able to 

recruit γTuRC but not to activate microtubule nucleation. Contrary, CDK5RAP2 

was able to recruit γTuRC and NEDD1, and activate microtubule-nucleation and 

microtubule-anchoring from the cell cortex. It is yet to be shown which other 

proteins are present in this complex. A similar approach was employed by targeting  

CnnT, a splicing variant from Drosophila melanogaster CDK5RAP2 that contains a 

mitochondrial-targeting domain, to the mitochondria in human cells. Notably, CnnT 

turned the mitochondria into an MTOC when overexpressed, additionally recruiting 
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NEDD1 but other centrosomal protein were absent as CEP192, PCNT, CEP152, 

CPAP or even CDK5RAP2 (Chen, 2017). Similar to the first study, it is left to 

discover if there are other proteins involved in the generation of this type of MTOC.  

 

After reviewing the existing literature related to microtubule nucleation and 

generation of MTOCs, it becomes apparent that there are still many questions to 

solve. One of these key questions is related to what is the minimal set of proteins 

necessary to assemble an MTOC. As already commented, the inherent complexity 

of the different MTOCs has hindered answering this question for an important 

period of time. Simplified scenarios have proven to be a better option to understand 

MTOC formation. As important in vitro tools are still under development and might 

not always correlate with cellular scenarios, studying MTOC formation at ectopic 

sites is an appealing approach. Thus, it is the major aim of this thesis to elucidate the 

minimal requirements for building a functional MTOC by targeting different 

centrosomal proteins to ectopic sites and revealing their contribution to this process. 
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Aims 
 

Despite decades of study of the centrosome as MTOC, it is still not clear what the 

core components required for MTOC assembly are. The complexity inherent to the 

centrosome and other nc-MTOCs has obscured the interpretation of the data 

obtained so far. Recently, simpler approaches have been proposed as an alternative 

to solve this question. In vitro studies with minimal components are an interesting 

option but molecular tools are lacking. Targeting candidate MTOC assembly 

proteins to ectopic sites that do not have intrinsic microtubule organizing activity is 

a promising alternative approach to address this question. Based on this, the major 

objectives of this thesis are: 

 

▪ Test a subset of candidate proteins for their ability to ectopically generate an active 

MTOC.  

▪ Characterize the generated ectopic MTOCs for their composition and functional 

requirements. 

▪ Elucidate the physiological roles of the proteins that promote ectopic MTOC 

formation.  
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Molecular cloning 

Cloning strategy 

All the constructs used in this thesis were generated using the same strategy. Vectors 

were linearized by restriction digestion (list of enzymes used in Table M1) for 2 

hours at 37°C and then CIP dephosphorylated for 30 minutes. Digested plasmids 

were then run in a 1% agarose gel for 30 minutes at 120 mV and purified by column 

purification (Nucleospin® Gel and PCR cleanup). Inserts were generated by PCR 

amplification (Phusion® high-fidelity DNA polymerase) and then run in a 1% 

agarose gel for 30 minutes at 120 mV and purified by column purification. Cloning 

was conducted by homologous recombination with Gibson Assembly®. Following 

homologous recombination, NEB® 10-beta Competent E. coli (High Efficiency) 

were used for transformation. Colonies were tested by restriction digestion and 

positive colonies were confirmed by Sanger sequencing.  

 

All the primers and clones generated are listed in Table M1 at the end of the 

Materials and Methods. 

 

Site-directed mutagenesis 

GFP-NINL 1-442-E359K-Mito mutant was generated using the QuickChange 

Lightning site-directed mutagenesis kit (Agilent Technologies) on the plasmid GFP-

NINL 1-442-Mito following instructions of the manufacturer. 

 

RT-PCR 

Genomic DNA was used to generate a plasmid containing CEP192. For the 

generation of genomic DNA, U2OS cells were seeded in a 10 cm dish. Once 

confluent, cells were washed once with PBS. Afterwards, TRIzol reagent was added 

(1 mL per 10 cm dish). Extracts were kept at -80 ºC until all samples were collected. 

TRIzol extracts were thawed and mixed with 1:1 volume of 70 % absolute ethanol. 

RNA extraction was performed with PureLink RNA Mini Kit (Invitrogen). RNA 

concentration and purity were measured with a NanoDrop 8000 spectrophotometer 

(ThermoFisher Scientific). RNA samples were directly processed after extraction. 

Single-stranded cDNA was synthesized from 1 µg of total RNA in a final volume of 

20 µL, using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). cDNA was then used to amplify CEP192 full-length and N-terminus 

by PCR. Then both fragments were inserted into a GFP-Mito plasmid following the 

described cloning strategy.  

 



83 
 

Plasmids 

GFP-NINL Fl, GFP-NINL-Nt and GFP-NINL-Ct were a kind gift from Doctor 

Erich Nigg. GFP-NIN-Nt (Homo sapiens isoform 5) was kindly gifted by Doctor Yi-

Ren Hong. 

 

A list of all the plasmids used can be found in Table M2. 

Table M2. List of plasmids used in this thesis.  

Plasmid Tag/s 
Selection 

Marker 
Origin 

peGFP-C1 GFP Kan/Neo AddGene 

pCS2-Flag modified 

(FseI/AscI casette) 
FLAG Amp AddGene 

pcDNA5 FRT/TO  

MCS-BirAR118G-

FLAG 

BirA, FLAG Amp/Hygro 
Gift from Brian 

Raught  

CnnT (pOTB7)  Chlor 

Drosophila 

Genomics 

Resource Center  

(AT09084) 

GFP-NINL full-length GFP Kan/Neo 

Gift from the 

former 

laboratory of 

Erich Nigg 

GFP-NINL 1–702 GFP Kan/Neo 

Gift from the 

former 

laboratory of 

Erich Nigg 

GFP-NINL 694–1382 GFP Kan/Neo 

Gift from the 

former 

laboratory of 

Erich Nigg 
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mEGFP-3C-His GFP Amp 
Generated in-

house 

GFP-NIN-Nt GFP Kan/Neo 

Gifted by 

Doctor Yi-Ren 

Hong 

 

 

Cell culture 
U2OS and HEK293 cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) containing 10% fetal bovine serum (FBS) and penicillin/streptomycin (100 

IU/mL and 100 µg/mL, respectively). They were kept at 37°C in a cell culture 

incubator with a humidified atmosphere containing 5% CO2. 

 

Stable cell line generation 

GFP-NINL stable cell line.  

A stable cell line expressing GFP-NINL was generated in U2OS cells by 

overexpression of a peGFP-C1 plasmid containing NINL. U2OS cells were plated 

in a 10 cm dish and transfected with PEI. 24 hours later cells were selected by 

addition of neomycin. 

 

Cell culture treatments 

Overexpression experiments.  

U2OS cells were transfected with the described plasmids and linear polyethylenimine 

(PEI 25K™, Polysciences) diluted in OPTIMEM as described below.  3 µg of 

plasmid and 15 µl of PEI (1 mg/mL) in 300 µl of OPTIMEM for a 6 well plate, 10 

µg of plasmid and 45 µl of PEI (1 mg/mL) in 1 mL of OPTIMEM for a 10 cm dish 

or 20 µg of plasmid and 90 µl of PEI (1 mg/mL) in 2 mL of OPTIMEM for a 15 

cm dish. 

 

For transfection, both reagents were mixed in half volume of OPTIMEM and waited 

for 15 minutes. Afterwards, the other half volume of OPTIMEM was mixed and the 

final solution added to cells. Cells were kept at 37°C and cell medium was replaced 

4 hours later.   
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siRNA treatments.  
U2OS cells were transfected with the described oligos and Lipofectamine 

RNAiMAX (Invitrogen) diluted in OPTIMEM as described below. Transfection was 

conducted in 6 well plates using a siRNA concentration of 50 nM or 100 nM and 7 

µl of siRNA MAX diluted in 300 µl of OPTIMEM.  

 

For transfection, RNAiMAX was mixed with half of the volume of OPTIMEM and 

5 minutes after a mixture of the oligo the other half volume of OPTIMEM was 

added to it. 10 minutes later the final mixture was added to cells drop wise. Cells 

were kept at 37°C and cell medium was replaced 4 hours later. Cells were collected 

between 48 and 72 hours depending on the experiment.  

 

A list of all the siRNAs used can be found in Table M3. 

 

Table M3. siRNAs employed throughout this thesis.  

siRNA name Fw oligo 5'->3' 
Purchased 

from 

siCEP170 GAAGGAAUCCUCCAAGUCATT Sigma 

siCKAP5 GAGCCCAGAGUGGUCCAAA Sigma 

siGCP2 GGCUUGACUUCAAUGGUUUTT Sigma 

siLuciferase CGUACGCGGAAUACUUCGA Sigma 

siNEDD1 GCAGACAUGUGUCAAUUUGTT Sigma 

siNIN GGAAGAAUAUCGUGCACAATT Sigma 

siNINL SmartPool oligo1 GAACUACAAGGAUCAAUUA Dharmacon 

siNINL SmartPool oligo2 CAAAGUGAGUCUUGAGGAA Dharmacon 

siNINL SmartPool oligo3 CUAAAGAAGCUCAGAAUGA Dharmacon 
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siNINL SmartPool oligo4 GACCAUUUCGCCAGGGUUA Dharmacon 

 

Regrowth experiments 
To evaluate the capacity of U2OS cells of inducing microtubule nucleation under 

different scenarios regrowth experiments were performed. For regrowth 

experiments, cells were plated and transfected in 6 well plates containing glass 

coverslips. To completely depolymerize microtubules from cells, two approaches 

were used. First method was to depolymerize microtubules by ice-cold treatment 

during 30 minutes.  For the second method, Nocodazole (Sigma-Aldrich) was added 

to cells at a final concentration of 2.5 mg/mL. Cells were kept at 37°C for 2 hours 

and then Nocodazole was washed away two times with cold phosphate-buffered 

saline (PBS) and then PBS was replaced by cold DMEM. Following Nocodazole 

washout, cells were submitted to an ice-cold treatment for 30 minutes. Right after 

microtubule depolymerization, to follow microtubule regrowth, coverslips were 

incubated for several timepoints in DMEM at 37°C and immediately fixed either in 

cold methanol for 10 minutes at -20°C or with 5% formaldehyde for 10 minutes at 

room temperature.  

 

Immunofluorescence microscopy 
For IF experiments cells were plated in 6 well plates containing glass coverslips. Cells 

were fixed in cold methanol for 10 minutes at -20°C or with 5% formaldehyde for 

10 minutes at room temperature. A PBS-BT buffer (PBS containing 3% BSA, 0.1% 

TX100, 0.02% sodium azide) was used for blocking cells for 30 minutes. Primary 

and secondary antibodies were diluted in PBS-BT and incubated for 30 minutes each. 

DNA was stained with DAPI for 1 minute. Cells were washed 3 times with PBS-BT 

after primary, secondary and DAPI addition. Coverslips were mounted in 

microscope glass slides with addition of 5 µl of ProLong® Gold Antifade Reagent 

mounting media (Thermo Fisher). The same immunofluorescence protocol was 

followed for both light fluorescent microscopy and structured illumination 

microscopy (SIM). 

 

Regular images were acquired with an Orca AG camera (Hamamatsu) coupled to 

Leica DMI6000B microscope with a 100X objective. SIM were obtained with a Zeiss 

Elyra PS1 microscope with a 63X objective. Images were processed using ImageJ 

software.  
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Lysates and Western Blot 
To evaluate the levels of protein expression of the different Mito-targeted constructs, 

cells were plated and transfected in 10 cm dishes. 24 hours after transfection cells 

were lysed for 20 minutes in lysis buffer (50 mM HEPES, 150 mM NaCl, 5 mM 

MgCl2, 1 mM EGTA, 0.5% Triton X-100) supplemented with 1X Protease inhibitor 

(Complete™, EDTA-free Protease Inhibitor Cocktail). Right after, cells were 

centrifuged at 13000 rpm at 4 °C for 10 minutes. Pellet was discarded and 

supernatant was mixed with 6X sample buffer (83 mM Bis-Tris, 50 mM HCl, 3.3% 

glycerol, 1.3% SDS, 0.3 mM EDTA, 0.01% bromophenol blue, 0.83% -

mercaptoethanol) to a final concentration of 1X. 

 

Samples were separated by SDS-PAGE in Bis-Tris acrylamide gels (4% for stacking 

and 10% for separating) and run at 120 mV in 1X MOPS buffer (50 mM MOPS, 50 

mM Trisbase, 0.1 %SDS, 1 mM EDTA). Proteins were then transferred to 

nitrocellulose membranes (Milipore) for 60 minutes at 90 V in 1X transfer buffer (25 

mM Tris, 192 mM Glycine, 20% methanol, 0.1% SDS). Membranes were blocked in 

1X TBS-T (25 mM Tris, 150 mM NaCl,  2 mM KCl and 0.1 % Tween20) + milk 

(5%) and probed with antibodies diluted in 1X TBST + milk (5%). Primary 

antibodies were incubated over-night and secondary antibodies were incubated for 

30 minutes.  Membranes were washed with TBS-T between every incubation step. 

Membranes were developed with SuperSignal™ West Pico PLUS Chemiluminescent 

Substrate (Thermo Fisher) in an Odyssey® Fc machine (LICOR Biosciences).  

 

Immunoprecipitation 
HEK293 cells were seeded in 15 cm plates and transiently transfected with PEI 

according to the transfection protocol. 24 hours post-transfection cells were washed 

once with PBS and harvested by scraping in PBS. Pellets were collected by 

centrifugation at 1500 rpm for 5 minutes. Cells were lysed on ice for 30 minutes with 

500 µL of lysis buffer (see above). Samples were centrifuged for 10 minutes at 4ºC 

at high rpm and supernatants were collected. Protein concentration was measured 

by Bradford. 10% of the sample volume was collected as input and 6X sample buffer 

was added. The rest of the lysate was incubated with the desire primary antibody at 

4ºC for 1 hour on a wheel. 10 µl of magnetic beads (Dynabeads Protein G, Thermo 

Fisher) were added per sample. Beads were washed 3 times with 500 µl of lysis buffer 

in an IP magnet device on ice. The mixture of beads plus lysate and primary antibody 

was incubated for 1 hour on rotation on a wheel for 1 hour at 4ºC. Samples were 

washed with lysis buffer with the help of a magnet on ice. Samples were then eluted 

by addition of 70 µl of 1X sample buffer to the beads for 5 minutes (lysis buffer was 
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removed by aspiration).  The liquid fraction was collected and samples were 

incubated for 5 minutes at 95ºC. Samples were stored in the freezer or ran in an SDS-

PAGE. 

 

 

Antibodies  
A summary of all of the antibodies used for IF and western blot (WB) in this thesis 

can be found in Table M4.  

 

Table M4. List of antibodies used for IF and WB.  

Antibody Species 
Concentration 

IF 

Concentration 

WB 
Supplier 

α-tubulin mouse 1:2000  Merck-Sigma 

γ-tubulin mouse 1:500  Exbio 

γ-tubulin mouse  1:5000 Merck-Sigma 

γ-tubulin rabbit 1:500 1:2000 Merck-Sigma 

CDK5RAP2 rabbit 1:500  Merck-Sigma 

CEP170 rabbit 1:500 1:2000 Bethyl 

CEP170 mouse 1:500  
Thermo 

Fisher 

CKAP5 rabbit 1:100  Abcam 

DAPI  1:50000  Merck-Sigma 

FLAG mouse 1:500 1:5000 Merck-Sigma 

GCP2 rabbit  1:2000 In-house 

GCP3 rabbit  1:2000 In-house 

GCP4 rabbit  1:2000 In-house 

GCP8 rabbit  1:5000 In-house 
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GCP8 rabbit 1:500 (PFA)  In-house 

GFP mouse 1:1000  
Thermo 

Fisher 

GFP rabbit  1:10000 Invitrogen 

GFP rabbit 1:1000  Torrey Pines 

NEDD1 rabbit 1:500  In-house 

NIN mouse 1:500  Merck-Sigma 

NINL rabbit 1:500 1:2000 In-house 

PCNT rabbit 1:500  In-house 

 

 

 

 

BioID experiments 

Biotin-streptavidin affinity purification 

HEK293 cells were seeded in 15 cm plates and transiently transfected the next day 

following the regular transfection protocol explained before. Medium was changed 

4 hours post-transfection. 24 hours post-transfection, 50 µM of biotin (Bio Basic) 

was added per plate. For mass spectrometry, 3x 15 cm plates were used per 

condition. 48 hours post transfection, cells were harvested with Trypsin-EDTA 

(Sigma-Aldrich). Cell pellets were washed twice in cold PBS and lysed in 10 mL of 

cold RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton 

X-100 (Sigma-Aldrich), 1 mM EDTA (Roche), 1 mM EGTA (Sigma-Aldrich), 

1:2000 benzonase 25 U/mL (EMD), 1x protease inhibitor cocktail (Roche) and 1x 

phosphatase inhibitor cocktail (Roche). Lysates were incubated with streptavidin-

sepharose beads (GE Healthcare 2-1206-010) during 3 hours in an end-over-end 

rotator at 4ºC in order to isolate the biotinylated proteins. The beads were washed 

four times in 50 mM ammonium bicarbonate pH 8.3. The beads were then 

resuspended in 100 µL of 50 mM ammonium bicarbonate and sent to the Mass 

Spectrometry & Proteomics Core Facility at IRB Barcelona for further digestion and 

analysis 
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Digestion on beads 

Tryptic digestion was performed directly on beads by incubating them with 2 µg of 

trypsin dissolved in 300 µL of 50mM NH4HCO3 at 37ºC overnight (200 µL were 

added to the delivered volume). The following morning, and additional 1 µg trypsin 

was added and incubated for 2 h at 37°C.  

Beads were pelleted by centrifugation at 2000 g for 5 min, and the supernatant was 

transferred to a fresh Eppendorf tube. Beads were washed once with 100 µL of 50 

mM ammonium bicarbonate, and these washes were pooled with the first 

supernatant. Formic acid was added to the eluates to a 1% final concentration. 

Samples were cleaned up through C18 tips (polyLC C18 tips) and peptides were 

eluted with 80% acetonitrile, 1% TFA. Take out an aliquot of 10-20% from the 

sample. Next, samples were diluted to 20% acetonitrile, 0.25% TFA, loaded into 

strong cation exchange columns and peptides were eluted in 5% NH4OH, 30% 

methanol. Finally, samples were evaporated to dry, reconstituted in 50 µL and diluted 

1:8 with 3% acetonitrile, 1% formic acid aqueous solution for MS analysis. 

 

LCMSMS analysis 

The nano-LC-MS/MS set up was as follows. Digested peptides were diluted in 3% 

ACN/1% FA. Sample was loaded to a 300 µm × 5 mm PepMap100, 5 µm, 100 Å, 

C18 µ-precolumn (Thermo Scientific) at a flow rate of 15 µl/minute using a Thermo 

Scientific Dionex Ultimate 3000 chromatographic system (Thermo Scientific). 

Peptides were separated using a C18 analytical column Acclaim PEPMAP 100 75 µm 

x 50 cm nanoviper C18 3µm 100A (Thermo Scientific) with a 90 minutes run, 

comprising three consecutive steps with linear gradients from 3 to 35% B in 60 

minutes, from 35 to 50% B in 5 minutes, and from 50 % to 85 % B in 2 minutes, 

followed by isocratic elution at 85 % B in 5 minutes and stabilization to initial 

conditions (A= 0.1% FA in water, B= 0.1% FA in CH3CN). The column outlet was 

directly connected to an Advion TriVersa NanoMate (Advion) fitted on an Orbitrap 

Fusion Lumos™ Tribrid (Thermo Scientific). The mass spectrometer was operated 

in a data-dependent acquisition mode. Survey MS scans were acquired in the 

Orbitrap with the resolution (defined at 200 m/z) set to 120,000. The lock mass was 

user-defined at 445.12 m/z in each Orbitrap scan. The top speed (most intense) ions 

per scan were fragmented by CID and detected in the linear ion trap. The ion count 

target value was 400,000 and 10,000 for the survey scan and for the MS/MS scan 

respectively. Target ions already selected for MS/MS were dynamically excluded for 

15 seconds. Spray voltage in the NanoMate source was set to 1.60 kV. RF Lens were 

tuned to 30%. Minimal signal required to trigger MS to MS/MS switch was set to 
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5,000. The spectrometer was working in positive polarity mode and singly charge 

state precursors were rejected for fragmentation.  

 

Data analysis 

We performed a twin database search with the software MaxQuant (MQ) (v1.6.14.0 

and v.1.6.17.0)(Cox, 2008). The search engine node used was Andromeda (Cox, 

2011) for MQ. The database used in the search was SwissProt Human (release 

2020_10 and 2021_01) (Consortium, 2020) including contaminants and the user 

proteins. We run the search against targeted and decoy databases to determine the 

false discovery rate (FDR). Search parameters included trypsin enzyme specificity, 

allowing for two missed cleavage sites, oxidation in M and acetylation in protein N-

terminus as dynamic modifications. Peptide mass tolerance was 10 ppm and the 

MS/MS tolerance was 0.6 Da. Peptides with an FDR < 1% were considered as 

positive identifications with a high confidence level. 

For the quantitative analysis, we used a probabilistic scoring algorithm specifically 

devised for affinity purification essays called SAINTq (Teo, 2016). This algorithm 

compares control and test samples using the protein-based MS1 intensity for each 

available bait. We used the protein intensities obtained with the MaxQuant v1.6 

software (Cox, 2008) removing contaminant and reverse proteins. In addition, we 

only considered unique peptides to get protein quantification values. High 

confidence interactors were defined as those with Bayesian false discovery rate 

BFDR ≤ 0.02 and fold change FC ≥ 3 according to SAINTq. 

 

Protein purification  

Cloning of NINL fragments for bacterial expression 

cDNA corresponding to NINL residues 1-287, 1-442, or 1-702 were amplified by 

PCR and cloned into a modified pOPINE vector to tag NINL with an N-terminal 

mEGFP-tag (mEGFP-) and a C-terminal 3C protease cleavable hexahistidine tag (-

3C-His6), resulting in pOPINE-mEGFP-NINL(1-x)-3C-His6. Clones were verified 

by sequencing. 

 

Purification of bacterially expressed mEGFP-NINL proteins 

NINL fragments 1-287, 1-442, or 1-702 were expressed as mEGFP-NINL-3C-His6 

fusion in E.coli Rosetta. Bacteria were grown as 50-100 mL cultures overnight in 

LB-glucose (LB + 100 µg/mL ampicillin + 34 µg/mL chloramphenicol + 1% 

glucose (w/v)) at 37°C. Cultures were regrown in 1.5-2 L fresh LB-glucose at 37°C 
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to reach an OD600 of 0.6, chilled on ice for 7 minutes, and induced with 0.5 mM 

IPTG before protein expression was allowed for 21 hours at 18°C. 

 

Cells were harvested by centrifugation and cell pellets were directly used for 

purification or snap-frozen in liquid nitrogen and stored at -80°C. For mEGFP-

NINL-3C-His6 purification, pellets were resuspended on ice in 5 mL HisA (25 mM 

HEPES pH 7.5, 500 mM NaCl, 10 mM imidazole, 2 mM beta-mercaptoethanol) + 

1x complete protease inhibitors EDTA-free + 0.1% IGEPAL CA-630 + 0.25 

mg/mL lysozyme + 2 µl DNArase (c-Lecta) per gram of cell pellet and lysed using 

an Emulsiflex homogenizer (Avestin). Lysates were centrifuged for 30 minutes at 

15,000 rpm in a JA25.50 rotor at 4°C. Cleared lysates were recovered, filtered 

through a 0.22 µm syringe filter, and bound to a 1 mL (NINL 1-287, 1-442) or 5 mL 

(NINL 1-702) HisTrap HP column. Columns were washed with 10 column volumes 

(CV) HisA and purified by gradient elution against HisB (HisA with 300 mM 

imidazole). Peak fractions were pooled, supplemented with 50 µg/mL 3C protease 

to remove His6-tags, and dialyzed overnight at 4°C against 2 L dialysis buffer (HisA 

without imidazole) using 3.5K MWCO snakeskin dialysis tubing. The next day, 

digested and dialysed proteins were recovered, centrifuged for 10 minutes at 16,100 

g at 4°C, and purified by SEC using a Superdex 200 16/600 column equilibrated in 

dialysis buffer. Peak fractions were identified by SDS-PAGE, concentrated using 

Vivaspin 500 centrifugal concentrators of 3,000 MWCO and filtered through 0.22 

um. Final protein concentration was measured through UV absorbance.  

 

Microscopy analysis for in vitro LLPS 

Samples were prepared by mixing the determined amount of protein, buffer, and 

ficoll PM 70 (Sigma). Sealed sample chambers containing protein solutions 

comprised coverslips sandwiching two layers of 3MTm 300 LSE high-temperature 

double-sided tape (0.34 mm). Samples were imaged right after with a Zeiss LSM780 

confocal microscope. All images within figures were taken with a 60x immersion oil 

objective and with the same camera settings. Images were further processed with 

ImageJ software.   

 

NINL mutants 
The following plasmids were produced by the IRB Protein Expression Core Facility. 

The sequences of the synthetic DNA fragments and methods used are summarized 

as follows.  
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NINL-Nt 

Wild type NINL-Nt was amplified from pEGFP-NINL-Nt-Mito using the indicated 

primers (Integrated DNA Technologies) with KOD polymerase (Merck Millipore) 

according to the instructions of the manufacturer. The forward primer deletes the 5’ 

BglII site used for cloning so that an internal BglII site may be used for later mutant 

cloning steps. After digestion with DpnI (NEB GmbH) to remove the the pEGFP-

NINL-Nt-Mito template the 2141 bp insert was purified using Ampure XP 

(Beckman Coulter) and inserted into the pEGFPC1 plasmid cut with SacII and BglII 

enzymes (NEB GmbH) by InFusion (Takara Biosciences).  The resulting InFusion 

reactions were then transformed into Omnimax2 cells (ThermoFisher Scientific) and 

selected on LB agar plates supplemented with 50 µg/mL Kanamycin (Melford 

Chemicals). Colonies were then inoculated into 5 mL cultures of LB supplemented 

with 50 µg/mL Kanamycin, grown overnight at 37°C with shaking and the plasmids 

purified with E.Z.N.A. Plasmid DNA Mini Kit II (Omega Biotek).  

 

NINL-Nt 12P and 16P 

To make NINL-Nt 16P and 12P mutations the two fragments with mutations in the 

region between aa 338-702 of NINL were synthesized by Twist BioSciences. These 

1117 bp synthetic fragments were directly inserted into the BglII and SacII-cut 

pEGFPC1 NINL-Nt plasmid by InFusion (Takara Biosciences) and processed as 

described for the pEGFPC1-NINL-Nt plasmid. 

 

A list of the specific mutations generated can be found in Table M5 at the end of 

the Materials and Methods. 

 

NINL-Nt 11A and 22A 

To produce these mutants, two fragments for each construct were synthesized (5’ aa 

1-347, 3’ aa 338-702) by Twist BioSciences. The 5’ and 3’ fragment pairs were 

designed to overlap by 30 bases so that they may be fused into a single full-length 

product by PCR. The complete Nt mutant from NINL (5’+3’) was obtained by using 

25ng of each 5’ and 3’ fragments as templates and the NINL-Nt forward and reverse 

primers in a standard KOD polymerase reaction. The resulting 2174 bp fragments 

were purified from 1% TBE agarose gels using E.Z.N.A. MicroElute Gel Extraction 

Kit (Omega Biotek) before InFusion into the pEGFPC1 plasmid cut with BglII and 

SacII enzymes and processing as described for the pEGFPC1-NINL-Nt plasmid.   
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A list of the specific mutations generated can be found in Table M5 at the end of 

the Materials and Methods. 

 

Antibody generation 
 

Protein purification for antibody generation 

A plasmid containing His-GST-NINL-Nt was first cloned according to the cloning 

protocol. To increase protein yield, the plasmid was then transformed in BL21 

Rosetta (generated in-house) bacteria. Positive colonies were then grown in 2 L of 

LB at 37ºC at an OD600 of 0.1 and 1 mM IPTG was added when OD600 was 0.5. 

Bacteria were then kept at 18ºC overnight. The day after, they were centrifuged and 

pellets frozen at -80ºC. Frozen pellets were thawed and resuspended in 5 mL of 

Buffer A (30 mM HEPES pH 7.5, 500 mM NaCl, 10 mM imidazole, 1mM β-

mercaptoethanol and 0.1% NP-40) plus PMSF (Merck-Sigma) per gram of cell pellet. 

0.5 mg/mL of lysozyme (Merck-Sigma) was added and sample was incubated on a 

tube roller at 4 ºC. Samples were lysed with a sonicator and centrifugated at 20000 g 

for 20 minutes at 4ºC.  2ul of DENARASE (c-Lecta) per 10 mL of extract was added 

to the cleared extract and incubated for 10 minutes on ice. Afterwards, 2 mL of Ni-

Sepharose resin (Cytiva) per liter of expression cultured was added to the lysate in a 

packed column. Columns were then washed with 10 column volumes (CV) of Buffer 

A, then 5 CV of 5:95 Buffer B-Buffer A (Buffer B is equal to Buffer A but imidazole 

concentration is 500mM) and 5 CV of 10:90 Buffer B-Buffer A.  Protein was eluted 

in 1 CV fractions using 60:40 Buffer B-Buffer A. The protein was then concentrated 

using Vivaspin 6 concentrators (Merck-Sigma). 

 

Rabbit injection and serum extraction 

To continue with the antibody generation, the “Unitat d'Experimentació Animal de 

Farmàcia i Unitat d'Experimentació Animal de Psicologia” from the Faculty of 

Pharmacy (UB) carried out the next part of the process.  

 

In brief, around 1 mg of purified His-GST-NINL-Nt was given to the technicians. 

Two female New Zealand White rabbits were used for antibody generation. Rabbits 

were injected with a first dose of 500 µg of protein diluted in 1 mL Freund's complete 

adjuvant (FCA). At days 21, 42 and 63, a reinforcement dose was given to the rabbits 

(250 µg or protein per rabbit in 1 ml of Freund's incomplete adjuvant (FIA)). At day 

73, blood was extracted and its reactivity against the protein was tested (by WB and 

IF). Once reactivity was confirmed, rabbits were exsanguinated and serum was 

frozen at -80 ºC. 
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Antibody purification  

Purification of the antibody from rabbit serum by WB was conducted following as 

described in: Fang, L. (2012). Antibody Purification from Western Blotting. Bio-

protocol 2(6): e133. DOI: 10.21769/BioProtoc.133. 

  

Statistical analysis 
Statistical analysis was conducted using the Prism 6 software. Two-tailed unpaired t-

tests were performed to compare the experimental groups. More details are 

described in the figure legends. 

 

Web resources 
Resource Utility URL Reference 

Alphafold Protein structure 

prediction 

https://alphafold

.ebi.ac.uk/ 

(Jumper, 2021) 

DISOPRED Prediction of 

native disorder 

within a protein 

http://bioinf.cs.u

cl.ac.uk/psipred/ 

(Ward, 2004) 

BioGRID Interactome 

repository 

https://thebiogri

d.org/ 

(Stark, 2006) 

ProHits Analysing and 

visualizing 

screens and 

protein-protein 

interaction data 

https://prohits-

viz.org/ 

(Knight, 2017) 

esyN Build networks 

from data 

http://www.esyn

.org/ 

(Bean, 2014) 

ShinyGO Gene ontology 

enrichment 

analysis 

http://bioinform

atics.sdstate.edu/

go/ 

(Ge, 2020) 

https://doi.org/10.21769/BioProtoc.133
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Table M1. Vectors, restriction enzymes and primers employed for 

molecular cloning. 

Construct Vector 
Enzymes 

for 
digestion 

Fw primer  
5'->3' 

Rv primer  
5'->3' 

GFP-mito 
peGFP-

C1 
SacII + 
BamHI 

GCAGTCGACGGTACCGC
GGAAAACGAGGCCATAG

ACTC  

TAGATCCGGTGGATCC
AATAGAGTACAGAATG

CCAG 

GFP-CM1-
mito 

peGFP-
C1 

EcoRI + 
SalI 

CTCAAGCTTCGAATTCAA
CAGTGTCTCCCACCAG 

CCGCGGTACCGTCGAC
GTAGATATGTTCAGTG

GGG 

GFP-CM1e-
mito 

peGFP-
C1 

EcoRI + 
SalI  

CTCAAGCTTCGAATTCGA
AACAGTGTCTCCCACC 

CCGCGGTACCGTCGAC
AGCTAAGCTCTCAACTG

CT 

GFP-CM1 
PCNT-mito 

peGFP-
C1 

EcoRI + 
SalI  

CTCAAGCTTCGAATTCAA
CCCTGAAGGAAGATTGG 

CCGCGGTACCGTCGAC
CTTCTCCAACTCAGCTC

TC 

GFP-CM1 
PCNT-mito 

peGFP-
C1 

EcoRI + 
SalI  

CTCAAGCTTCGAATTCAG
AGAAAAACGCCCAGATAG 

CCGCGGTACCGTCGAC
TTCACGTAACTTCTCAA

TGG 

GFP- NINL 
1-702-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAT
GGATGAAGAAGAGAACC

A 

ATGGCCTCGTTTTCCGC
GGTGCGGGCTGTGTCC

TGCA 
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GFP- NINL 
1-287-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAT
GGATGAAGAAGAGAACC 

ATGGCCTCGTTTTCCGC
GGTCTGGTAATGAGAC

CAAGCCTTGC 

GFP- NINL 
1-442-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAT
GGATGAAGAAGAGAACC 

ATGGCCTCGTTTTCCGC
GGTCCCCTGCTCCAGA

TGCTTG 

GFP-NINL 1-
383-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAT
GGATGAAGAAGAGAACC

ACTATG 

ATGGCCTCGTTTTCCGC
GGTGTGGTAGCAGGCC

AGGG 

GFP-Nlp 196-
442-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAC
CCCAGAGAGCCAGATCC 

ATGGCCTCGTTTTCCGC
GGTCCCCTGCTCCAGA

TGCTTG 

GFP- NINL 
41-287-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACCT
GGAGCAGCAGCTGCCC 

ATGGCCTCGTTTTCCGC
GGTCTGGTAATGAGAC

CAAGCCTTGC 

GFP- NINL 
196-584-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAC
CCCAGAGAGCCAGATCC 

ATGGCCTCGTTTTCCGC
GGTGTGCCGGTTCTTG

GGCA 

GFP- NINL 
1-195-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAT
GGATGAAGAAGAGAACC

ACTATG 

ATGGCCTCGTTTTCCGC
GGTGTCAAAGGAGGG

GCTGC 

GFP-CEP192 
iso3-mito 

peGFP-
C1 

EcoRI + 
SalI  

CTCAAGCTTCGAATTCAA
TGGAAGATTTTCGAGGTA

TA 

CCGCGGTACCGTCGAC
TTAATTTTTTCCAAGAG

CTTCA 



98 
 

GFP-CEP192 
iso3 Nt-mito 

peGFP-
C1 

EcoRI + 
SalI  

CTCAAGCTTCGAATTCAA
TGGAAGATTTTCGAGGTA

TA 

CCGCGGTACCGTCGAC
AGAAATTTCACTAGGA

GAAGA 

GFP-CEP192 
iso1 -mito 

peGFP-
C1 

EcoRI + 
SalI  

CTCAAGCTTCGAATTCAA
TGAAGACTTCAGATCTGG

TTCCA 

CCGCGGTACCGTCGAC
ATTTTTTCCAAGAGCTT

CACCA 

GFP-CKAP5-
mito 

peGFP-
C1 

EcoRI + 
SalI  

CTCAAGCTTCGAATTCAA
TGGGAGATGACAGTGAG

TGG 

CCGCGGTACCGTCGAC
TTTGCGACTGCTCTTTA

TTCTCTCC 

GFP-CKAP5 
1-1428-mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAT
GGGAGATGACAGTGAGT

GG 

ATGGCCTCGTTTTCCGC
GGTAGAGGGTCTCTTT

GCTGAC 

GFP-CKAP5 
1429-2033-

mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACGC
TGCACCAATAAAACAGGT 

ATGGCCTCGTTTTCCGC
GGTTTTGCGACTGCTC

TTTATTCTCT 

GFP-NIN Nt-
mito 

peGFP-
C1 

SalI + SacII 
GAATTCTGCAGTCGACAT
GGATGAGGTGGAGCAGG 

ATGGCCTCGTTTTCCGC
GGTCTCCTCATGCCTGC

AAGTGG 

FLAG-NINL-
NT 

pCS2-
Flag 

modified 
(FseI/ 
AscI 

casette)  

FseI+AscI 
TGATGACGACAAAGGCC
GGCCAATGGATGAAGAA

GAGAACC 

AGTTCTAGAGGCGCGC
CGCGGGCTGTGTCCTG

CAGC 

GFP-NINL 
EF 5 E359K-

mito 

peGFP-
C1 

SalI + SacII 
GGCCCAGGTCAGCTTCAG

AAGGTTCACCT 
AGGTGAACCTTCTGAA

GCTGACCTGGGCC 
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BirA-Mito 

pcDNA5 
FLAG-

BirAR11
8G 

AscI+NotI 
CCCGGCGGCGGCGCGCC
AAACGAGGCCATAGACTC

TC 

TCGAGTTAGGCGGCCG
CAATAGAGTACAGAAT

GCCAGCC 

BirA-NINL 1-
702-Mito 

pcDNA5 
FLAG-

BirAR11
8G 

AscI+NotI 
CCCGGCGGCGGCGCGCC
AATGGATGAAGAAGAGA

ACCAC 

TCGAGTTAGGCGGCCG
CAATAGAGTACAGAAT

GCCAGCC 

BirA-NINL 1-
442-Mito 

pcDNA5 
FLAG-

BirAR11
8G 

AscI+NotI 
CCCGGCGGCGGCGCGCC
AATGGATGAAGAAGAGA

ACCAC 

TCGAGTTAGGCGGCCG
CAATAGAGTACAGAAT

GCCAGCC 

His-GST-
NINL 1-702 

peGX-
4T1 

SalI+NotI 
GAATTCCCGGGTCGACAA
ATGGATGAAGAAGAGAA

CCACT 

AGTCACGATGCGGCCG
CGCCGCGGGCTGTGTC

CTG 

mEGFP-
NINL 1-702 

mEGFP-
3C-His 

NheI 
ATAAAAGCGGTGGTGCT
AGCATGGATGAAGAAGA

GAACCACTATG 

CCCTGAAACAGAACTTC
CAGGCCGCGGGCTGTG

TCCTG 

mEGFP-
NINL 1-442 

mEGFP-
3C-His 

NheI 
ATAAAAGCGGTGGTGCT
AGCATGGATGAAGAAGA

GAACCACTATG 

CCCTGAAACAGAACTTC
CAGCCCCTGCTCCAGAT

GCTTGATTTTC 

mEGFP-
NINL 1-287 

mEGFP-
3C-His 

NheI 
ATAAAAGCGGTGGTGCT
AGCATGGATGAAGAAGA

GAACCACTATG 

CCCTGAAACAGAACTTC
CAGCTGGTAATGAGAC

CAAGCCTTG 

GFP-NINLNt 
(for mutants) 

peGFP-
C1 

SacII + 
BglII 

(removed 
afterwards to 
use BglII site 
from NINL) 

GTCCGGACTCAGaTCcCGA
GCTCAAGCTTCGAATTCT

GCAG 

GTGGATCCCGGGCCCG
CGGTCAGCGGGCTGTG

TCCTGCAGCTGC 
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GFP-NINL-
Nt 12P 

peGFP-
C1 

SacII + 
BglII 

Cutted and added 
synthetic region for the 

12P 

  

GFP-NINL-
Nt 16P 

peGFP-
C1 

SacII + 
BglII 

Cutted and added 
synthetic region for the 

16P 

  

GFP-NINL-
Nt 11A 

peGFP-
C1 

SacII + 
BglII 

Cloned two synthetic 
regions of the FL 1-702 
with the mutations into 

peGFP-C1 

  

GFP-NINL-
Nt 22A 

peGFP-
C1 

SacII + 
BglII 

Cloned two synthetic 
regions of the FL 1-702 
with the mutations into 

peGFP-C1 

  

 

 

Table M5. Amino acid sequence of the NINL mutants generated 

(mutations are indicated in red).  

NINL-Nt 

MDEEENHYVSQLREVYSSCDTTGTGFLDRQELTQLCLKLHLEQQLPVLLQTLLG
NDHFARVNFEEFKEGFVAVLSSNAGVRPSDEDSSSLESAASSAIPPKYVNGSKWYG
RRSRPELCDAATEARRVPEQQTQASLKSHLWRSASLESVESPKSDEEAESTKEAQN
ELFEAQGQLQTWDSEDFGSPQKSCSPSFDTPESQIRGVWEELGVGSSGHLSEQEL
AVVCQSVGLQGLEKEELEDLFNKLDQDGDGKVSLEEFQLGLFSHEPALLLESSTR
VKPSKAWSHYQVPEESGCHTTTTSSLVSLCSSLRLFSSIDDGSGFAFPDQVLAMWT
QEGIQNGREILQSLDFSVDEKVNLLELTWALDNELMTVDSAVQQAALACYHQEL
SYQQGQVEQLARERDKARQDLERAEKRNLEFVKEMDDCHSTLEQLTEKKIKHL
EQGYRERLSLLRSEVEAERELFWEQAHRQRAALEWDVGRLQAEEAGLREKLTLA
LKENSRLQKEIVEVVEKLSDSERLALKLQKDLEFVLKDKLEPQSAELLAQEERFA
AVLKEYELKCRDLQDRNDELQAELEGLWARLPKNRHSPSWSPDGRRRQLPGLGP
AGISFLGNSAPVSIETELMMEQVKEHYQDLRTQLETKVNYYEREIAALKRNFEKE
RKDMEQARRREVSVLEGQKADLEELHEKSQEVIWGLQEQLQDTAR 
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NINL-Nt 
16P 

MDEEENHYVSQLREVYSSCDTTGTGFLDRQELTQLCLKLHLEQQLPVLLQTLLG
NDHFARVNFEEFKEGFVAVLSSNAGVRPSDEDSSSLESAASSAIPPKYVNGSKWYG
RRSRPELCDAATEARRVPEQQTQASLKSHLWRSASLESVESPKSDEEAESTKEAQN
ELFEAQGQLQTWDSEDFGSPQKSCSPSFDTPESQIRGVWEELGVGSSGHLSEQEL
AVVCQSVGLQGLEKEELEDLFNKLDQDGDGKVSLEEFQLGLFSHEPALLLESSTR
VKPSKAWSHYQVPEESGCHTTTTSSLVSLCSSLRLFSSIDDGSGFAFPDQVLAMWT
QEGIQNGREILQSLDFSVDEKVNLLELTWALDNELMTVDSAVQPAALACYHQEL
SYQPGQVEQLARERDKARPDLERAEKRNLEFVKEMDDCPSTLEQLTEKKIKHLE
QGYPERLSLLRSEVEAERELFWEPAHRQRAALEWDVGRLPAEEAGLREKLTLALK
ENSPLQKEIVEVVEKLSDSERLALKLPKDLEFVLKDKLEPPSAELLAQEERFAAVL
KEYPLKCRDLQDRNDELPAELEGLWARLPKNRHSPSWSPDGRRRQLPGLGPAGIS
FLGNSAPVSIETELMMEPVKEHYQDLRTQLETKVNYYPREIAALKRNFEKERKD
MEQAPRREVSVLEGQKADLEELHEKSPEVIWGLQEQLQDTAR 

NINL-Nt 
12P 

MDEEENHYVSQLREVYSSCDTTGTGFLDRQELTQLCLKLHLEQQLPVLLQTLLG
NDHFARVNFEEFKEGFVAVLSSNAGVRPSDEDSSSLESAASSAIPPKYVNGSKWYG
RRSRPELCDAATEARRVPEQQTQASLKSHLWRSASLESVESPKSDEEAESTKEAQN
ELFEAQGQLQTWDSEDFGSPQKSCSPSFDTPESQIRGVWEELGVGSSGHLSEQEL
AVVCQSVGLQGLEKEELEDLFNKLDQDGDGKVSLEEFQLGLFSHEPALLLESSTR
VKPSKAWSHYQVPEESGCHTTTTSSLVSLCSSLRLFSSIDDGSGFAFPDQVLAMWT
QEGIQNGREILQSLDFSVDEKVNLLELTWALDNELMTVDSAVQQAALACYHQEL
SYQQGQVEQLARERDKARQDLERAEKRNLEFVKEMDDCSTLEQLTEKKIKHLE
QGYPERLSLLRSEVEAERELFWEPAHRQRAALEWDVGRLPAEEAGLREKLTLALK
ENSPLQKEIVEVVEKLSDSERLALKLPKDLEFVLKDKLEPPSAELLAQEERFAAVL
KEYPLKCRDLQDRNDELPAELEGLWARLPKNRHSPSWSPDGRRRQLPGLGPAGIS
FLGNSAPVSIETELMMEPVKEHYQDLRTQLETKVNYYPREIAALKRNFEKERKD
MEQAPRREVSVLEGQKADLEELHEKSPEVIWGLQEQLQDTAR 

NINL-Nt 
22A 

MDEEENHAVSQLREVYSSCDTTGTGFLDRQELTQLCLKLHLEQQLPVLLQTLLG
NDHFARVNAEEFKEGFVAVLSSNAGVRPSDEDSSSLESAASSAIPPKAVNGSKAYG
RRSRPELCDAATEARRVPEQQTQASLKSHLARSASLESVESPKSDEEAESTKEAQN
ELFEAQGQLQTWDSEDAGSPQKSCSPSFDTPESQIRGVWEELGVGSSGHLSEQEL
AVVCQSVGLQGLEKEELEDLANKLDQDGDGKVSLEEFQLGLFSHEPALLLESSTR
VKPSKAASHAQVPEESGCHTTTTSSLVSLCSSLRLFSSIDDGSGAAFPDQVLAMATQ
EGIQNGREILQSLDASVDEKVNLLELTAALDNELMTVDSAVQQAALACYHQELS
AQQGQVEQLARERDKARQDLERAEKRNLEFVKEMDDCHSTLEQLTEKKIKHLE
QGARERLSLLRSEVEAERELAAEQAHRQRAALEWDVGRLQAEEAGLREKLTLAL
KENSRLQKEIVEVVEKLSDSERLALKLQKDLEAVLKDKLEPQSAELLAQEERFAA
VLKEYELKCRDLQDRNDELQAELEGLAARLPKNRHSPSASPDGRRRQLPGLGPA
GISALGNSAPVSIETELMMEQVKEHYQDLRTQLETKVNAYEREIAALKRNFEKER
KDMEQARRREVSVLEGQKADLEELHEKSQEVIWGLQEQLQDTAR 
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NINL-Nt 
11A 

MDEEENHAVSQLREVYSSCDTTGTGFLDRQELTQLCLKLHLEQQLPVLLQTLLG
NDHFARVNFEEFKEGFVAVLSSNAGVRPSDEDSSSLESAASSAIPPKYVNGSKAYG
RRSRPELCDAATEARRVPEQQTQASLKSHLWRSASLESVESPKSDEEAESTKEAQN
ELFEAQGQLQTWDSEDAGSPQKSCSPSFDTPESQIRGVWEELGVGSSGHLSEQEL
AVVCQSVGLQGLEKEELEDLFNKLDQDGDGKVSLEEFQLGLFSHEPALLLESSTR
VKPSKAASHYQVPEESGCHTTTTSSLVSLCSSLRLFSSIDDGSGAAFPDQVLAMWTQ
EGIQNGREILQSLDFSVDEKVNLLELTAALDNELMTVDSAVQQAALACYHQELSY
QQGQVEQLARERDKARQDLERAEKRNLEFVKEMDDCHSTLEQLTEKKIKHLEQ
GARERLSLLRSEVEAERELFWEQAHRQRAALEWDVGRLQAEEAGLREKLTLALK
ENSRLQKEIVEVVEKLSDSERLALKLQKDLEAVLKDKLEPQSAELLAQEERFAAV
LKEYELKCRDLQDRNDELQAELEGLAARLPKNRHSPSWSPDGRRRQLPGLGPAG
ISALGNSAPVSIETELMMEQVKEHYQDLRTQLETKVNAYEREIAALKRNFEKERK
DMEQARRREVSVLEGQKADLEELHEKSQEVIWGLQEQLQDTAR 
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Establishing ectopic MTOC assembly on the outer 

surface of mitochondria 
To address the question of what the minimal requirements are for building an 

MTOC, we decided to move away from the complexity of the centrosome. Our goal 

was to establish a system where we could induce an MTOC at a cellular site that 

normally is not involved in microtubule organization. Based on the previous 

literature, we decided to use the outer surface of mitochondria to assemble an 

artificial ectopic MTOC. As published before (Chen, 2017), the surface of 

mitochondria functions as MTOC in the testis of Drosophila melanogaster. Here, CnnT 

a tesis-specific splice variant of Cnn, the fly homologue of CDK5RAP2, contains a 

domain at its C-terminus that targets the protein to the cytoplasmic surface of 

mitochondria. In human cells, there is no evidence that the mitochondrial surface 

has any role in the formation or organization of microtubules. Taking advantage of 

this specific Cnn variant, we subcloned the mitochondrial-targeting domain (Mito) 

into a human expression plasmid containing an GFP tag. Subsequently, different 

proteins of interest (POI) were cloned between the GFP and Mito tags for 

expression and mitochondria targeting in human U2OS cells. We then tested 

whether the POI were able to generate an MTOC at the outer surface of 

mitochondria by IF microscopy, by probing for recruitment of the nucleator TuRC, 

by assaying microtubule nucleation and later by detection of additional MTOC 

components (Scheme R1).  For the sake of simplicity, we decided to consider these 

two criteria as sufficient to call these structures MTOCs. Therefore, microtubule-

anchoring capacity was not addressed in the following experiments (see 

Discussion). 
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Scheme R1. Strategy used to analyse MTOC formation on the outer 

surface of the mitochondria.  

 

The POI chosen were: the CM1 domain (aa 50-135) from CDK5RAP2 (positive 

control) (Chen, 2017), an N-terminal fragment (aa 1-1000)  of CEP192 (the full-

length protein has a centrosomal-targeting domain that interfered with the 

mitochondrial targeting), an N-terminal fragment (aa 1-702)  of NINL (a region 

previously implicated in microtubule nucleation (Casenghi, 2003), an N-terminal 

fragment (1-699) of NIN (based on its homology with NINL), and full-length 

CKAP5.  

 

First, we corroborated proper targeting of the POI to mitochondria by IF 

microscopy using antibodies against GFP and against Tom20. Tom20 is a structural 
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protein of the outer membrane of mitochondria (Lithgow, 1995) and a commonly 

used mitochondrial marker. After 24 hours post-transfection, all the POI were 

efficiently targeted to the mitochondria (Figure R1, -Nocodazole), validating the 

mitochondrial targeting system. Notably, in the cases of NINL and NIN, the 

distribution of mitochondria seemed to be altered, with the mitochondria being 

clustered around a specific point of the cell. This region turned out to be the 

centrosome (data not shown). Clustering of proteins and organelles around the 

centrosome depends on the minus-end-directed microtubule motor dynein 

(Burkhardt, 1997) and both NINL and NIN have been described as dynein-binding 

cargo adapters (Reck-Peterson, 2018). Indeed, by completely removing microtubules 

with nocodazole treatment, we were able to prevent clustering of mitochondria 

around the centrosome in both cases (Figure R1, +Nocodazole). 
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Figure R1. Validation of the mitochondrial targeting system.  

(A) Schematic of POI fused with GFP and Mito tags. (B) IF images of GFP-POI-Mito 

constructs expressed in U2OS cells for 24 hours. Tom20 was used as a mitochondrial 

marker. Clustering of the mitochondria after NINL-Nt and NIN-Nt targeting was observed 

(-Nocodazole). Addition of Nocodazole for 2 hours was sufficient to prevent clustering 

(+Nocodazole). Scale bar: 10 μm.  
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Based on these results, to ensure consistent mitochondrial distribution when testing 

different POI, we decided to perform all following targeting experiments in the 

presence of nocodazole. This also avoided potential interference of the centrosome 

when assaying microtubule nucleation activity at mitochondria. An additional 

advantage was that we could monitor which other proteins were recruited to the 

mitochondria in the absence of microtubules. This would imply that these proteins 

are recruited to the ectopic site by the POI and not indirectly, through transport 

along microtubules. 

  

Most POI targeted to mitochondria recruit γTuRC 
As commented in the introduction, in order to generate an MTOC, a microtubule 

nucleator is generally required. Therefore, to evaluate MTOC assembly at 

mitochondria in GFP-POI-Mito expressing cells, we first tested whether the main 

microtubule nucleator, the γTuRC, was recruited to this site. To do so, we probed 

for the presence of the TuRC core subunit γ-tubulin (Figure R2). As described 

(Chen, 2017), the CM1 region of CDK5RAP2 was able to recruit γ-tubulin to 

mitochondria, which served as positive control. Likewise, CEP192, NINL and NIN 

fragments were all able to recruit -tubulin to mitochondria. Interestingly, we were 

not able to observe recruitment of γ-tubulin with the GFP-CKAP5-Mito construct, 

although it had been published that the C-terminal half of the Xenopus version of 

CKAP5 contains a γ-tubulin-binding region (Thawani, 2018). To further confirm 

that the whole γTuRC is targeted to the mitochondria, we explored whether 

GCP8/MZT2, another TuRC subunit (Teixido-Travesa, 2010), was also present at 

the mitochondria. This was indeed the case (Figure R3).  

 

These results suggest that with the exception of CKAP5 all POI targeted to 

mitochondria induce recruitment of the nucleator γTuRC to this site. 
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Figure R2. CM1, CEP192-Nt, NINL-Nt and NIN-Nt targeted to 

mitochondria co-recruit γ-tubulin. 

Representative IF images of the POI targeted to the mitochondria in U2OS cells. 

Nocodazole was added for 2 hours and then cells were put in cold treatment for 30 minutes. 

Thus, microtubules were completely depolymerized in this experiment.  In the case of GFP 

and CKAP5 targeted to mitochondria, only centrosomal γ-tubulin signal was detected. 

Asterisks indicate centrosomal signal. Scale bar: 10 μm.  
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Figure R3. CM1, CEP192-Nt, NINL-Nt and NIN-Nt targeted to 

mitochondria co-recruit GCP8. 

Representative IF images of the POI targeted to the mitochondria in U2OS cells. 

Nocodazole plus cold treatment was used in this experiment. In the case of GFP alone or 

GFP-CKAP5 targeted to mitochondria, only centrosomal GCP8 signal was detected. 

Asterisks indicate centrosomal signal. Scale bar: 10 μm.  
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NINL-Nt and CKAP5 induce microtubule nucleation at 

the ectopic site 
Next, we assessed whether POI targeted to the surface of mitochondria were able to 

induce microtubule nucleation at this site. To test this, a microtubule regrowth assay 

was performed. Microtubules were completely depolymerized by nocodazole 

treatment followed by cooling on ice water. To allow microtubule regrowth 

(nucleation), cells were incubated in culture medium at 37 °C for a certain amount 

of time before fixation and analysis. As control, we also imaged cells before regrowth 

(Figure R4, 0 s). We found that there was no tubulin signal corresponding to 

microtubules in regions occupied by mitochondria at time point 0 seconds. However, 

at 40 seconds of regrowth, we were able to observe microtubule nucleation at the 

outer surface of the mitochondria for mitochondria-targeted CM1 (positive control), 

NINL and CKAP5 (Figure R4, 40 s, arrowheads). In all cases microtubule asters 

formed at the centrosome, which served as an internal control that nucleation per se 

was not disrupted in any of the conditions. These results highlighted two findings. 

First, the N-terminal region of NINL was sufficient to generate an ectopic MTOC. 

Second, CKAP5 was also able to generate an MTOC, and in this particular case, it 

did not seem to require the presence of the γTuRC (Figure R2 and Figure R3).  
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Figure R4. CM1, NINL-Nt and CKAP5 are capable of inducing 

microtubule nucleation at the outer surface of the mitochondria.  

Representative IF images of U2OS cells expressing POI targeted to mitochondria. 

Nocodazole plus cold treatment was used in this experiment (left panel, 0 s). Additionally, 

microtubules were allowed to regrowth in warm culture medium for 40 seconds to detect 

microtubule nucleation (right panel, 40s). Microtubule nucleation from the outer surface of 

the mitochondria was only detected for CM1, NINL-Nt and CKAP5 (right panel, 40s, 

arrowheads). Asterisks indicate centrosomal signal. Scale bar: 10 μm. 

 



117 
 

Characterization of components involved in ectopic 

MTOC formation 
Interestingly, only CM1, NINL-Nt and CKAP5 were able to generate an ectopic 

MTOC, but not CEP192-Nt and NIN-Nt despite their ability to recruit γTuRC. This 

made us hypothesize that recruitment of TuRC alone was not sufficient for MTOC 

formation and that an additional nucleation promoting activity was required. This 

activity may be provided by some of the POI or by additional factors recruited by 

these POI. Therefore, we sought to characterize by IF microscopy which other 

centrosome proteins may be present at the ectopic site. 

 

CM1, CEP192-Nt, NINL-Nt and NIN-Nt all recruit NEDD1 to 

the ectopic site 

As explained in the introduction, NEDD1 is a key factor for targeting γTuRC to the 

centrosome to allow centrosomal nucleation (Haren, 2006; Luders, 2006). To test if 

NEDD1 was also present at the ectopic site, cells were stained with NEDD1 

antibody after targeting the different POI to the mitochondria. NEDD1 was present 

at the mitochondria in all cases except for the negative control and cells expressing 

mitochondria-targeted CKAP5 (Figure R5). As expected for a TuRC targeting 

factor, this result shows that the presence of NEDD1 correlates with the presence 

of TuRC but not with nucleation activity. Of note, although not quantified, it was 

evident that CEP192-Nt was most efficient in recruiting NEDD1 to mitochondria. 
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Figure R5. CM1, CEP192-Nt, NINL-Nt and NIN-Nt recruit NEDD1 

to the mitochondria.  

Representative IF images of the POI targeted to the mitochondria in U2OS cells. 

Nocodazole plus cold treatment was used in this experiment. In relationship to GFP and 

CKAP5 targeted to mitochondria, only centrosomal NEDD1 signal was detected. Asterisks 

indicate centrosomal signal. Scale bar: 10 μm.  
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PCNT is not required for MTOC formation at the mitochondria 

PCNT is a component of the PCM and has been implicated in contributing to 

centrosomal TuRC recruitment and microtubule nucleation (Dictenberg, 1998; 

Takahashi, 2002). Recent studies have shown that, after removal of the centrosome 

and depletion of some centrosomal proteins, PCNT acquires a major role in MTOC 

formation (Gavilan, 2018). To corroborate if PCNT could be involved in MTOC 

formation at the mitochondria, we stained cells with PCNT antibodies. In all cases 

PCNT was readily detected at centrosomes. However, we were never able to detect 

any PCNT signal at mitochondria in cells expressing any of the mitochondria-

targeted POI (Figure R6), suggesting that PCNT is not part of the ectopic MTOC.  

 

CDK5RAP2 is not required for MTOC formation at the 

mitochondria 

CDK5RAP2 is a major component of the PCM and has been described as TuRC 

nucleation activator (Choi, 2010). Therefore, it was tempting to speculate that this 

protein may be present at mitochondria in cases where nucleation activity was 

observed. Strikingly, we could not detect any CDK5RAP2 signal with any of the 

constructs used (Figure R7). This result indicates that the MTOC generated by 

mitochondria-targeted NINL-Nt does not involve the nucleation activator 

CDK5RAP2. It should be noted that the monoclonal anti-CDK5RAP2 antibody that 

we used for IF does not recognize the CM1 region in the N-terminus of 

CDK5RAP2. Hence, in cells expressing mitochondria-targeted CM1 there does not 

seem to be any endogenous full-length CDK5RAP2 at this site.  
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Figure R6. PCNT is not recruited to mitochondria by any of the POI 

tested.  

Representative IF images of U2OS cells expressing POI targeted to mitochondria. 

Nocodazole plus cold treatment was used in this experiment. In all cases only centrosomal 

signal of PCNT could be detected. Asterisks indicate centrosomal signal. Scale bar: 10 μm.  
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Figure R7. CKD5RAP2 is not recruited to the mitochondria by any 

of the POI tested.  

Representative IF images of U2OS cells expressing POI targeted to mitochondria. 

Nocodazole plus cold treatment was used in this experiment. In any of the cases only 

centrosomal signal from CDK5RAP2 could be detected. Asterisks indicate centrosomal 

signal. Scale bar: 10 μm.  
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Mitochondria-targeted CM1, NINL-Nt and NIN-Nt recruit 

endogenous CKAP5 

After excluding the presence of two major PCM components, PCTN and 

CDK5RAP2, at the ectopic site, we next considered the role of CKAP5. As already 

described, members of the XMAP215 family such as CKAP5 might have a dual role, 

not only in promoting microtubule polymerization by binding to the plus-end of 

microtubules (Tournebize, 2000), but also in microtubule nucleation (Popov, 2002; 

Wieczorek, 2015; Gunzelmann, 2018; Thawani, 2018). To distinguish between 

CKAP5 binding to the plus-end of nascent microtubules and binding to the ectopic 

MTOC, we checked CKAP5 localization by IF in the absence of microtubules 

(Figure R8, 0 s) and after microtubule regrowth (Figure R8, 40 s). Interestingly, all 

the POI that triggered microtubule nucleation (CM1 and NINL-Nt) also recruited 

endogenous CKAP5, even in the absence of microtubules. As we targeted full-length 

CKAP5 we cannot rule out whether the antibody was recognising the expressed or 

the endogenous protein.  This result suggests that CKAP5 might be involved in the 

formation or function of these ectopic MTOCs. However, NIN-Nt, which did not 

promote microtubule nucleation at the ectopic site, also recruited CKAP5. Thus, the 

presence of CKAP5 is not necessarily correlated with nucleation activity.   
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Figure R8. CM1, NINL-Nt, and NIN-Nt recruit CKAP5 to the 

mitochondria, even in the absence of microtubules.  

Representative IF images of U2OS cells expressing POI targeted to mitochondria. 

Nocodazole plus cold treatment was used in this experiment. CKAP5 signal was analysed in 

the absence (left panel, 0 s) or in the presence of microtubules (right panel, 40s). CKAP5 

signal was detected in both scenarios after targeting CM1, NINL-Nt, NIN-Nt and CKAP5 

to the mitochondria. Asterisks indicate centrosomal signal. Scale bar: 10 μm. 
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Exploration of the different MTOCs 
A summary of the specific region of each POI and the composition of each MTOC 

formed at the mitochondria can be found in Table R1. In brief, we have observed 

that only three of the constructs targeted were able to generate an active MTOC. 

Moreover, based on the different endogenous proteins that were co-targeted we 

could distinguish between two different types of ectopic MTOCs. First, there are 

those that contain γTuRC and NEDD1, as is the case for CM1 and NINL-Nt. 

Second, there is a “non-canonical” MTOC formed by CKAP5 in the absence of 

TuRC. 

 

 

Table R1. Summary of the ectopic MTOC composition and 

nucleation capacity after targeting the different POI to the 

mitochondria. 

 

These initial results demonstrated the feasibility of our approach to study MTOC 

formation at a non-centrosomal, ectopic site. Therefore, we decided to use this 

system for answering additional questions. 

 

Nucleation at the ectopic site can be activated in trans 

One curious observation was that mitochondria-targeted CEP192-Nt and NIN-Nt 

recruited TuRC but were unable to induce microtubule nucleation (Table R1). A 

potential explanation may be that these proteins themselves lacked nucleation 

activating function and were also unable to recruit a suitable activator. To investigate 

this, we decided to provide an activator of microtubule nucleation in trans by 

expressing it as diffusible protein in the cytoplasm. A FLAG-tagged version of the 

known activator CM1 (Choi, 2010) was co-expressed (Figure R9, FLAG, second 
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row) with mitochondria-targeted CEP192-Nt. Strikingly, co-expression of FLAG-

CM1 indeed promoted microtubule nucleation from the mitochondria (Figure R9, 

second row). We conclude that TuRC recruited by CEP192-Nt can be stimulated 

to nucleate microtubules by providing an activator in trans.  

 

 

Figure R9. Cytoplasmic expression of CM1 is sufficient to induce 

nucleation from CEP192 Nt-decorated mitochondria.  

Representative IF images of U2OS cells expressing POI targeted to mitochondria. 

Additionally, FLAG-CM1 was co-expressed to evaluate microtubule nucleation capacity 

from the mitochondria (second row). Images were taken after 40 seconds (40 s) of 

microtubule regrowth. Microtubule nucleation was only detected when FLAG-CM1 was co-

expressed. Asterisks indicate centrosomal signal. Scale bar: 10 μm. 

 

CKAP5 nucleates microtubules possibly through tubulin 

recruitment 

Another interesting issue to address was to better understand how CKAP5 may be 

able to nucleate microtubules in the absence of TuRC. Previous work had shown 

that this protein had the ability to facilitate microtubule nucleation in vitro at a certain 

concentration of free tubulin (Wieczorek, 2015). This function is carried out by the 

N-terminal part of the protein, which contains several TOG domains that can bind 

tubulin (Fox, 2014). Depending on the specific TOG domain, soluble or microtubule 

lattice-incorporated tubulin is preferentially bound (Slep, 2007). It was also suggested 

that at least in vitro, CKAP5 could interact with γ-tubulin through a domain at its C-

terminal end (Thawani, 2018). As we were not able to detect any γ-tubulin signal at 

mitochondria when targeting CKAP5 to this site, we speculated that microtubule 

nucleation in this case was TuRC-independent and dependent on the TOG 

domains. To verify this idea, we generated truncations of CKAP5 that lacked either 
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the C-terminal region (CKAP5 1-1428) or the TOG domains (CKAP5 1429-2033) 

and targeted these to mitochondria (Table R2). After performing a regrowth assay, 

we could observe that only the constructs containing the TOG domains (CKAP5 

and CKAP5 1-1428) were effective in generating an active MTOC (Figure R10, α-

Tubulin). Furthermore, we could not detect recruitment of γ-tubulin at the ectopic 

site with any of the constructs (Figure R10, γ-Tubulin). Remarkably, the levels of 

general microtubule nucleation (including centrosomal microtubule nucleation) were 

very reduced in cells where CKAP5 1429-2033 was transfected. It is thus possible 

that this region has a global dominant-negative effect on microtubule nucleation. In 

summary, we have shown that CKAP5 is able to build an active MTOC, presumably 

in a γTuRC-independent manner through tubulin recruitment via TOG domains. 

 

 

Table R2. Summary of CKAP5 domains targeted to mitochondria 

and their MTOC formation capacity.  

CKAP5 fragments were subcloned into a vector containing a GFP fluorescent tag and a 

mitochondrial targeting domain. Proteins were expressed in cells and then microtubule 

nucleation capacity and γ-tubulin recruitment at the mitochondria were analysed.  
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Figure R10. TOG domains from CKAP5 are required to generate an 

active MTOC that is γTuRC-independent. 

Representative IF images of U2OS cells expressing POI targeted to mitochondria. Ice cold 

treatment was used in this experiment. Additionally, microtubules were allowed to regrowth 

in warm culture medium for 15 seconds to detect microtubule nucleation (15 s). Microtubule 

nucleation/concentration from the outer surface of the mitochondria was detected in 

CKAP5 and CKAP5 1-1428. No γ-tubulin could be detected with any of the constructs. 

Asterisks indicate centrosomal signal. Scale bar: 10 μm. 

 

CM1 and NINL-Nt induce similar nucleation activity when 

targeted to mitochondria 

Next, we focused on the POI that gave rise to the more “canonical” type of MTOC 

that involved TuRC. As both proteins, CM1 and NINL-Nt, appeared to generate 

an ectopic MTOC, we wondered whether they would have the same microtubule 

nucleation capacity. For a quantitative analysis, we repeated the regrowth assay but 

chose a shorter timepoint of microtubule regrowth, aiming to properly distinguish 

between microtubules being generated from the centrosome, the cytoplasm and the 

mitochondria. In addition, we took advantage of the increased resolution achievable 

by Structured Illumination Microscopy (SIM), which allowed visualization of 

individual short microtubules at the ectopic site. After quantification of the IF 

images, we could conclude that mitochondria-targeted CM1 and NINL-Nt both 

induce similar microtubule nucleation activity (Figure R11).  
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Figure R11. The MTOCs build by CM1 and NINL-Nt when targeted 

to the mitochondria, share the same microtubule nucleation 

capacity.  

(A)Representative IF images taken with SIM of CM1 and NINL-Nt targeted to 

mitochondria. Cells were fixed after Nocodazole plus cold treatment, followed by 20 

seconds (20 s) of regrowth in warm culture medium. Last column shows insets of ROIs 

(white rectangle in Merge). Asterisks indicate centrosomal signal. Scale bar: 5 μm. (B) 

Quantification of the relative α-tubulin levels from the outer surface of the mitochondria. 

15 cells were counted per condition in 3 independent experiments. Statistical significance 

was determined using an unpaired t-test. ** (p<0.005). n.s. (non-significant). Horizontal bars 

represent means, error bars SD.  
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The fact that that both CM1 and NINL-Nt are capable of generating an ectopic 

MTOC and that CM1 is known to directly bind and activate TuRC, made us wonder 

whether NINL may have similar activity. Previous work had implicated the N-

terminal region of NINL in -tubulin binding (Casenghi, 2003) and we decided to 

dissect the requirements in more detail. 
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Identification of minimal NINL region required for 

MTOC formation 
We decided to generate several NINL truncations to determine the specific 

contribution of each region to ectopic MTOC formation. Truncations were based 

on the described domain structure of NINL in UniProt (Q9Y2I6). NINL contains 

four EF-Hands near its N-terminus and 4 coiled-coil domains spread along the 

remaining parts of the protein (Schematic R2).   

 

 

Schematic R2. Domain structure of Hs NINL.  

 

As described for the experiments carried out in Chapter 1, we analysed γTuRC-

recruitment and microtubule nucleation capacity by IF for each NINL construct 

targeted to mitochondria. An overview of the main results is presented in Table R3. 

IFs images with the most interesting results can be evaluated in Figure R12. It is 

important to mention that for this chapter, the experiments were not carried out in 

the presence of nocodazole. Thus, clustering of the mitochondria was detected for 

some of the constructs, such as NINL-Nt (1-702) (Figure R12, NINL-Nt). We 

noticed that all constructs lacking the third coiled-coil coil domain (aa 616-699) did 

not cluster the mitochondria around the centrosome (Figure R12, NINL 1-442, 

NINL 1-287). This result would suggest that there is a possible dynein-binding 

domain in within the third coiled-coil domain of NINL. 
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Table R3. Summary of the results obtained from NINL truncation 

mutants targeted to mitochondria.  

NINL fragments were subcloned into a vector containing a GFP fluorescent tag and a 

mitochondrial targeting domain. Afterwards, each mutant was expressed in cells and then 

microtubule nucleation capacity and γ-tubulin recruitment at the mitochondria were 

analysed. Clustering of the mitochondria was also annotated.  

 

Focusing on MTOC formation capacity, we first tried to find a minimal region that 

was still capable of both TuRC recruitment and induction of nucleation activity. An 

interesting finding was that two fragments, NINL 1-442 and NINL 196-584, 

displayed such properties. Strikingly, a fragment corresponding to the region shared 

between both, NINL 196-442, was not able to assemble an ectopic MTOC (Table 

R3).  
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Figure R12. NINL 1-442 and NINL 196-584 are sufficient for MTOC 

formation at the mitochondria.  

Representative IF images of U2OS cells expressing NINL truncations targeted to 

mitochondria. Ice cold treatment was used in this experiment. Additionally, microtubules 

were allowed to regrowth in warm culture medium for 15 seconds (15 s) to detect 

microtubule nucleation. Microtubule nucleation from the outer surface of the mitochondria 

were detected in cells expressing NINL-Nt, NINL 1-442 and NINL 196-584. Asterisks 

indicate centrosomal signal. Scale bar: 10 μm. 
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NINL second coiled coil mediates self-oligomerization 
At that point we were puzzled by the observation that two different parts of NINL 

seemed to independently allow MTOC assembly. Based on the literature, coiled-coil 

domains are important for protein-protein interaction and are also involved in 

protein oligomerization (Burkhard, 2001). Since NINL has several predicted coiled-

coil domains, we speculated that one possibility was that one of the two fragments 

contained a region required for NINL dimerization or oligomerization. If so, this 

fragment may be able to recruit endogenous full-length NINL for enabling ectopic 

MTOC assembly. To test this possibility, we designed an experiment where we 

targeted NINL fragments Nt (1-702), 1-442 and 196-584 to mitochondria, and 

additionally expressed in the cytoplasm a FLAG-tagged version of NINL-Nt that on 

its own does not target to mitochondria. Then, we checked whether FLAG-NINL-

Nt was recruited to mitochondria in the presence of any of the other constructs 

(Figure R13). Noticeably, only mitochondria-targeted NINL-Nt and NINL 196-584 

were able to recruit FLAG-NINL-Nt, suggesting that they were able to interact with 

FLAG-NINL-Nt. Therefore, the region between 442 and 584, comprising the 

second coiled-coil region of NINL, may promote dimerization/oligomerization of 

NINL. This result would be in line with our observation that NINL-Nt had the most 

robust MTOC assembly activity, which could be potentially explained by recruitment 

of additional endogenous NINL. The most important outcome from this experiment 

is that NINL 196-584 may be able to assemble ectopic MTOCs only through 

recruitment of endogenous NINL and that NINL 1-442, which lacks the second 

coiled-coil and cannot recruit endogenous NINL, likely contains the minimal region 

sufficient for generating an ectopic MTOC. 
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Figure R13. NINL-Nt and NINL 196-584 targeted to mitochondria 

are able to recruit cytoplasmic NINL-Nt.  

(A) Schematic of the NINL constructs used. (B) Representative IF images of U2OS cells 

expressing NINL truncations targeted to mitochondria. Only NINL-Nt and NINL 196-584 

recruited additional FLAG-NINL-Nt to the mitochondria. Scale bar: 10 μm. 
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NINL 1-287 is the minimal region required to bind γTuRC 
Further dissection of NINL regions revealed that NINL 1-287 was able to recruit 

γTuRC, but did not allow microtubule nucleation at the mitochondria (Figure R14). 

It is worth mentioning that TuRC recruitment was not observed in every cell, and 

typically required higher levels of expression of NINL 1-287. Nevertheless, the data 

suggest that NINL contains a γTuRC-binding region between aa 1-287. To confirm 

this result, we performed immunoprecipitation experiments where we pulled-down 

the different NINL constructs targeted to mitochondria and checked whether 

γTuRC subunits were coprecipitated. We could detect interaction of various NINL 

constructs with γTuRC but in the case of NINL 1-287, interaction seemed weaker 

(Figure R15). 

 

In summary, we could conclude that NINL 1-442 is the minimal region required to 

generate an ectopic MTOC. Moreover, it appears that in order to build this MTOC, 

γTuRC is recruited by interaction with the region between aa 1-287, whereas 

nucleation activity additionally requires the region between aa 288-442.  It should be 

noted that we also tried to provide the nucleation activating function of NINL in 

trans, as described before for mitochondria-targeted CEP192-Nt (Figure R9). For 

this we targeted the TuRC-binding NINL 1-287 to mitochondria and co-expressed 

a FLAG-tagged cytoplasmic version of NINL 288-442 comprising the region require 

for nucleation activation. The aim was to use NINL 1-287 for recruiting TuRC to 

mitochondria and NINL 288-442 to activate it. However, we were unable to generate 

an ectopic MTOC in this way (data not shown).  
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Figure R14. NINL 1-287 is the minimal domain necessary for γTuRC 

recruitment.  

Representative IF images of U2OS cells expressing NINL truncations targeted to 

mitochondria. Ice cold treatment was used in this experiment and cells were imaged in the 

absence of microtubules. γTuRC recruitment was detected in NINL-Nt, NINL 1-442, 

NINL 196-584 and NINL 1-287. Asterisks indicate centrosomal signal. Scale bar: 10 μm. 
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Figure R15. NINL-Nt, NINL 1-442 and likely NINL 1-287 co-

immunoprecipitate with the γTuRC.  

Western blot analyses of the indicated proteins after immunoprecipitation with anti-GFP 

antibodies. Lysates from HEK293 cells were transfected with the indicated GFP-tagged 

NINL constructs targeted to mitochondria. Input levels are shown on the left side of the 

WB (Input). Three different γTuRC components were used a readout for γTuRC interaction, 

GCP2, GCP4 and MZT2. CEP170 was employed as an SDA marker. Representative of 2 

independent experiments. 

 

NINL relationship with other SDA proteins 
Even after the discovery of NINL 1-442 as a minimal region required to build an 

MTOC, the underlying mechanism was still elusive. Since we had only found γTuRC, 

NEDD1 and CKAP5 present and the mitochondria (Table R1), we decided to test 

whether there might be other proteins required for MTOC formation. It was already 

described that NINL localizes to the mother centriole at the centrosome and due to 

its similarity with NIN, it was speculated that it also localizes to the SDAs of the 

centrosome (Casenghi, 2003; Casenghi, 2005; Rapley, 2005). Therefore, we 

wondered whether SDA proteins may be involved in ectopic MTOC assembly. 

Based on the published SDA hierarchy (Chong, 2020) and assuming that NINL and 

NIN may share a similar localization at SDAs, we tested interaction of NINL with 

NIN and with the SDA protein CEP170. 
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NINL interacts with CEP170 through a predicted EF-Hand 

While testing γTuRC interaction with the different NINL constructs by co-

immunoprecipitation, we found CEP170 was pulled that down with NINL-Nt and 

NINL 1-442, but not with NINL 1-287 (Figure R15). We decided to repeat this 

experiment adding NINL 1-383. This additional construct co-immunoprecipitated 

with CEP170 as well (Figure R16). This revealed that there is CEP170-binding 

region in NINL, located between amino acids 287-383.   

 

 

Figure R16. NINL binds CEP170 through aa 287-383.   

Western blot analyses of the indicated proteins after immunoprecipitation with anti-GFP 

antibodies. Lysates from HEK293 cells were transfected with the indicated NINL construct 

targeted to mitochondria. Input levels are shown on the left side of the WB (Input). CEP170 

interacts with NINL-Nt, 1-442 and 1-383. Representative of 2 independent experiments. 

 

Apart from exploring the interaction with CEP170, we also analysed NINL 

relationship with NIN. According to UniProt (Q8N4C6), NIN contains a fifth EF-

Hand between amino acids 317–352 that is not annotated for NINL. However, 

comparison of the structures of NIN and NINL predicted by the Alphafold server 

(Jumper, 2021) suggested that this region is structurally very similar in both proteins. 

The predictions suggest that both proteins contain a total five EF-Hands (Figure 

R17). Interestingly, the predicted fifth EF-Hand seems to correspond to the region 

required for CEP170 interaction (Figure R16).  
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Figure R17. NINL shares a potential 5 th EF-Hand in the region 

between aa 301-371.  

Structural prediction with Alphafold server of Hs NINL and Hs NIN reveals a highly similar 

N-terminus. EF-Hands 1 to 4 appear to be conserved between both proteins (red circles) 

and they are surround by disordered regions (orange in structure). A 5th EF-Hand is also 

annotated for NIN in UniProt (NIN, left red circle) and it matches structurally the area 

between aa 301-370 of NINL, pointing at a possible EF-Hand (highlighted at the bottom). 

In black is highlighted a highly conserved helix between approximately aa 350-450 (includes 

the minimal region required to generate an ectopic MTOC).  
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To directly test if the predicted fifth EF-Hand in NINL was necessary for interaction 

with CEP170, we decided to introduce specific mutations. As already commented, 

EF-Hands are calcium binding structures. They are formed by two helixes, E and F, 

and a loop motif that connects both and serves as a pocket where calcium is bound. 

This loop motif is highly conserved and mutations in it have a strong effect on 

calcium binding. In particular, mutation of glutamate (E) found in position 12 is 

commonly used to disrupt the properties of EF-Hands (Pottgiesser, 1994; Gifford, 

2007). We generated a corresponding NINL 1-442-E359K mutant targeted to 

mitochondria and performed immunoprecipitation experiments as before. We found 

that mutation of the predicted fifth EF-Hand in NINL severely disrupted binding of 

CEP170 (Figure R18). Therefore, we could conclude that NINL interacts with 

CEP170 through its fifth EF-Hand, presumably through calcium binding. 

 

In this experiment, we also probed the immunoprecipitation of NIN. Indeed, NIN 

interacted with NINL-Nt (Figure R18, NIN), but not with smaller fragments. 

Considering that NINL 1-442 is the minimal region required for ectopic MTOC 

assembly but lacks NIN interaction, we concluded that NIN is unlikely involved in 

this function.  
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Figure R18. E359K mutation impairs the binding of NINL to 

CEP170. NIN mainly interacts with NINL-Nt.  

Western blot analyses of the indicated proteins after immunoprecipitation with anti-GFP 

antibodies. Lysates from HEK293 cells were transfected with the indicated NINL construct 

targeted to mitochondria. Input levels are shown on the left side of the WB (Input). CEP170 

interacts with NINL-Nt and 1-442. NIN only interacts with NINL-Nt.  Representative of 2 

independent experiments. 

 

CEP170 binding is dispensable for MTOC assembly by NINL 1-

442 

After finding that we could modulate the binding of NINL to CEP170 by a specific 

point mutation, we decided to test whether this might have an effect on ectopic 

MTOC formation. Side by side comparison of MTOC formation capacity between 

NINL 1-442 and NINL 1-442 E359K, revealed that both constructs were equally 

capable of generating a functional MTOC (Figure R19). Hence, we could conclude 

that this function was independent of CEP170.  

 

 

Figure R19. E359K mutation does not impair ectopic MTOC 

formation capacity of NINL 1-442.  

Representative IF images of U2OS cells expressing NINL truncations targeted to 

mitochondria. Ice cold treatment was used in this experiment and cells were imaged in the 

absence of microtubules (γ-Tubulin) or after microtubule regrowth (α-Tubulin, 15 s). γTuRC 

recruitment as well as microtubule nucleation at the outer surface of the mitochondria were 

detected in both NINL 1-442 and NINL 1-442 E359K. Asterisks indicate centrosomal 

signal. Scale bar: 10 μm. 
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CEP170 silencing does not impair ectopic MTOC formation by 

NINL 1-442 

To further confirm the previous result, we set up an experiment where we silenced 

CEP170 while targeting NINL 1-442 to mitochondria and then evaluated its MTOC 

formation capacity. As predicted, knockdown of CEP170 did not perturb the 

capacity of NINL 1-442 to generate an ectopic MTOC (Figure R20). Therefore, we 

ruled out that CEP170 was involved in the ability of NINL 1-442 to form an ectopic 

MTOC.  

 

 

Figure R20.Depletion of CEP170 does not alter NINL 1-442 MTOC 

formation capacity.  

(A) WB analysis of CEP170 siRNA efficiency. Cells were silenced for 72 hours with 100 nM 

of siCEP170. Luciferase siRNA was used as a control. γ-Tubulin was used as a loading 

control. (B)Representative IF images of the NINL 1-442 targeted to the mitochondria in 

U2OS cells. Ice cold treatment was used in this experiment and cells were imaged in the 

absence of microtubules (γ-Tubulin) or after microtubule regrowth (15 s), after transfection 

of control or CEP170 siRNA. γTuRC recruitment as well as microtubule nucleation at the 

outer surface of the mitochondria were detected independent of CEP170 depletion. 

Asterisks indicate centrosomal signal. Scale bar: 10 μm. 
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Search for novel NINL interactors 
So far, we were able to identify several proteins present at ectopic MTOCs induced 

by NINL 1-442, the main microtubule nucleator γTuRC and its targeting factor 

NEDD1, and the stimulator of microtubule nucleation/growth CKAP5 (Table R1). 

However, main components of the centrosomal MTOC such as PCNT and 

CKD5RAP2 were not present (Table R1). The SDA proteins NIN and CEP170 

interacted with NINL but were not required for MTOC formation (Figure R18, 

R19 and R20). We wondered whether additional protein that we had not yet tested 

may participate in NINL-dependent ectopic MTOC assembly. To identify 

candidates, we set up a biotin proximity ligation assay, termed BioID. This is an assay 

where a POI is tagged with a promiscuous version of the E. coli biotin ligase BirA, 

which in the presence of biotin will biotinylate proteins that are in close proximity 

to the POI. This includes direct or indirect interactors and proteins that are only 

transiently in proximity (Kim, 2016; Roux, 2018). 

It is worth to mention that two different groups have conducted BioID experiments 

with NINL as part of high-throughput studies, but both were done using full-length 

NINL as bait, which localizes to the centrosome (Gupta, 2015; Redwine, 2017). For 

our particular purpose, we performed the BioID analysis with mitochondria-targeted 

NINL-Nt and NINL 1-442. 

 

BioID reveals candidates involved in ectopic MTOC formation 

and/or function 

We performed the BioID experiment in two biological replicates for each NINL 

construct, NINL-Nt (1-702) and NINL 1-442. After biotinylation, biotinylated 

proteins were affinity purified and identified my mass spectrometry. For a more 

robust analysis, we decided to only focus on proteins identified in both biological 

replicates and shared between both baits (Figure R21, Dot plot analysis). Therefore, 

the hits shown have appeared in 2 different experiments with 2 separate NINL 

constructs. Remarkably, 68% of the hits were already detected in the previous NINL 

BioID papers and 37% of them appeared in both studies (Figure R21, Dot plot 

analysis, coloured boxes). Thus, we were confident that our results were significant. 

It was reassuring to observe that after building a protein network of known physical 

interactions among all the common hits from the BioID, most of the hits were 

centred around NINL (Figure R21, network analysis). Moreover, the identified 

proteins made biologically sense, since the most enriched cellular components after 

GO analysis were the centrosome, cytoskeleton and MTOCs (Figure R22, GO 

cellular component). Likewise, GO analysis of the biological processes revealed an 
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enrichment in microtubule-related processes, such as mitosis, cytoskeleton 

organization and ciliogenesis (Figure R22, GO Biological process).  

 

 

Figure R21. The interactome of mitochondria targeted NINL 

fragments contains proteins potentially involved in MTOC 

formation. 

(A) Dot Plot analysis of the common hits between NINL-Nt (Nt) and NINL 1-442 (442). 

Two biological replicates were performed and plotted (1_, 2_) with three technical replicates 

each. Mass spectrometry data based on intensities was analysed with MaxQuant software 

(MQq). Hits are ranked based on average intensities. All the hits have an BDFR ≤0.02.  

Average intensities, relative intensities, BDFR and if the hit was previously reported, are 

indicated. Dot Plot graph was generated with ProHits. (B) Network clustering of all hits 

common between NINL-Nt and NINL 1-442. Only physical interactions reported in 

BioGRID are shown (orange lines). Network clustering was built with esyN software.  

 

After discarding the bait proteins, we were left with 19 candidates. We were excited 

to find CKAP5 and NEDD1 in this list, which confirmed our previous results, where 

we had detected these proteins at ectopic MTOCs by IF microscopy. As a matter of 

fact, CKAP5 was the most enriched hit in our dot plot analysis. We were also aware 

that we did not detect any of the γTuRC core subunits in our shared hits analysis 
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(but detected GCP2 as a hit in one of the replicates of NINL 1-702). An explanation 

may be that the amount of γTuRC necessary to induce the formation of an ectopic 

MTOC is relatively low and thus below our detection limit. However, we robustly 

identified NEDD1, the main γTuRC targeting factor. Thus, a more likely explanation 

may be that NINL fragments interact with TuRC through NEDD1 and that the 

distance between γTuRC core subunits and the BirA-tagged NINL fragments is 

beyond the reach of the BirA ligase.  

 

Another hit, CEP170, we had also previously found as an interactor of NINL 

fragments by immunoprecipitation (Figure R15 and Figure R16). Among the 

remaining candidates were components of the dynein-dynactin complex, such as 

DYNC1LI1 and DCTN2, that were also previous identified as NINL interactors 

(Casenghi, 2005; Gupta, 2015; Redwine, 2017). Another interesting protein that was 

highly enriched in our analysis was MAP7D3, a microtubule-associated protein 

described to be involved in microtubule assembly and polymerization (Sun, 2011; 

Yadav, 2014).  
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Figure R22. GO analyses reveal that NINL interactome is related to 

microtubules and microtubule-associated processes.  

(A) GO Biological Process (BP) analysis of the 20 common hits between NINL-Nt and 

NINL 1-442. Only the 20 first components are shown based on P-values. P-value cut-off 

≤0.05. P-values are displayed as -log10(P). Most enriched BP is “Cytoskeleton”. Data was 

generated with ShinyGO software and then plotted in Excel. (B) GO Cellular Component 

(CC) analysis of the 20 common hits between NINL-Nt and NINL 1-442. Only the 20 first 

components are shown based on P-values. P-value cut-off ≤0.05. P-values are displayed as 

-log10(P). Most enriched CC is “Ciliary basal body-plasma membrane docking”. Data was 

generated with ShinyGO software and then plotted in Excel. 
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Requirements for CM1- and NINL fragment-induced 

ectopic MTOCs 
Following the results presented in Chapter 1 and Chapter 2, we hypothesized that 

in order to generate an ectopic MTOC, NINL 1-442 should require at least two 

additional components, the nucleator γTuRC including its targeting factor NEDD1, 

and the microtubule polymerase CKAP5. To test this, we depleted these proteins by 

RNAi and analysed whether they had an impact on ectopic MTOC formation. In 

parallel, we performed this analysis also for CM1-induced ectopic MTOCs, in order 

to understand whether CM1- and NINL fragment-induced MTOCs differ in their 

requirements. 

 

NINL fragment- and CM1-induced ectopic MTOC depend on 

γTuRC 

First, we addressed if ectopic MTOC formation was γTuRC-dependent. The γTuRC 

is the main microtubule nucleator in human cells and in our mitochondrial-targeting 

assays it was recruited to mitochondria after CM1 and NINL 1-442 targeting (Figure 

R2, Figure R3 and Figure R12). It was described by our laboratory that depletion 

of the core subunit GCP2 efficiently disrupts TuRC (Cota, 2017). Hence, we 

knocked-down GCP2 by siRNA and analysed microtubule nucleation at 

mitochondria, as a readout of MTOC formation capacity (Figure R23).  

Western blotting showed that the depletion of GCP2 was efficient (Figure R23, 

WB) and IF analysis of the negative control cells expressing GFP-Mito (Figure R23) 

revealed reduced microtubule nucleation from the centrosome, confirming efficient 

inhibition of TuRC. Importantly, we could also measure a significant reduction of 

more than 50% in microtubule nucleation activity at mitochondria after GCP2 

depletion in cells expressing GFP-CM1-Mito or GFP-NINL 1-442-Mito. This result 

indicates that MTOC assembly by CM1 and NINL 1-442 requires TuRC. 
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Figure R23. GCP2 depletion dramatically reduces microtubule 

nucleation capacity of CM1- and NINL 1-442-induced ectopic 

MTOCs 

(A) WB analysis of GCP2 siRNA efficiency. Cells were silenced for 72 hours by transfection 

with the indicated siRNA and mitochondria-targeted constructs were transfected 48 hours 

after siRNA transfection. Luciferase siRNA was used as a control. Actin was used as a 

loading control. (B) Representative IF images of GFP, CM1 and NINL-Nt targeted to 

mitochondria. Ice cold treatment was used in this experiment and cells were imaged after 

microtubule regrowth (15 s). Scale bar: 10 μm. (C) Quantification of the relative α-tubulin 

intensity at mitochondria after 15 seconds of regrowth. A significant reduction in the 

microtubule nucleation capacity of more than 50% can be observed after GCP2 depletion 

in both CM1 and NINL 1-442 expressing cells. 20 cells were counted per condition in 2 

independent experiments (40 cells in total). Statistical significance was determined using an 

unpaired parametric t-test. ** (p<0.005). * (p<0.05). 

 

NEDD1 is required for NINL 1-442-induced but not CM1-induced 

MTOCs. 

If the microtubule nucleator TuRC is required to build a functional MTOC, is the 

targeting factor NEDD1 also required? To answer this question, we depleted 

NEDD1, which was present when either CM1 or NINL 1-442 were targeted to 

mitochondria (Figure R5). We were surprised to find that only NINL 1-442 was 
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dependent on NEDD1 to build a functional MTOC, with a ~50% reduction in its 

microtubule nucleation capacity, whereas the activity of the CM1-induced MTOC 

was unaltered (Figure R24). Therefore, CM1 and NINL do not seem to employ the 

same mechanism for TuRC recruitment, the former being NEDD1-independent 

and the latter NEDD1-dependent.   

 

 

Figure R24. NEDD1 depletion reduces microtubule nucleation 

capacity of the NINL 1-442-induced MTOC 

(A) WB analysis of NEDD1 siRNA efficiency. Cells were silenced for 72 hours by 

transfection with the indicated siRNA and mitochondria-targeted constructs were 

transfected 48 hours after siRNA transfection. Luciferase siRNA was used as a control. Actin 

was used as a loading control. siGCP2 was used as a control of NEDD1 expression levels 

being independent of GCP2. (B) Representative IF images of GFP, CM1 and NINL-Nt 

targeted to mitochondria. Ice cold treatment was used in this experiment and cells were 

imaged after microtubule regrowth (15 s). Scale bar: 10 μm. (C) Quantification of the relative 

α-tubulin intensity from the outer surface of the mitochondria after 15’’ seconds of regrowth. 

A significant reduction in the microtubule nucleation capacity of more than 50% can be 

observed after NEDD1 depletion only in NINL 1-442. 20 cells were counted per condition 

in 2 independent experiments (40 cells in total). Statistical significance was determined using 

an unpaired parametric t-test. * (p<0.05). n.s. (non-significant). 
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CKAP5 is required for NINL 1-442-induced but not CM1-induced 

MTOCs. 

As CKAP5 was detected at the mitochondria when targeting either CM1 or NINL 

1-442, in the presence or absence of microtubules (Figure R8), we also tested the 

requirement for CKAP5 by siRNA (Figure R25). The results were similar to the 

depletion of NEDD1, NINL 1-442-induced MTOC nucleation capacity was strongly 

reduced (~75% reduction), while CM1-induced MTOC nucleation capacity was 

unchanged. 

 

Altogether, this reveals that CM1 and NINL are both able to build functional 

MTOCs that depend on TuRC, but their molecular requirements are different. CM1 

seemed to rely only on γTuRC, whereas NINL 1-442 additionally required the 

TuRC targeting factor NEDD1 and the microtubule growth promoting factor 

CKAP5. 

 

Figure R25. CKAP5 depletion impairs microtubule nucleation 

capacity of the NINL 1-442-induced MTOC.  

(A) WB analysis of CKAP5 siRNA efficiency. Cells were silenced for 72 hours by 

transfection with the indicated siRNA and mitochondria-targeted constructs were 

transfected 48 hours after siRNA transfection. Luciferase siRNA was used as a control. Actin 

was used as a loading control. (B) Representative IF images of GFP, CM1 and NINL 1-442 

targeted to the mitochondria in U2OS cells. Ice cold treatment was used in this experiment 
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and cells were imaged after microtubule regrowth (15 s). Scale bar: 10 μm. (C) Quantification 

of the relative α-tubulin intensity from the outer surface of the mitochondria after 15’’ 

seconds of regrowth. A significant reduction in the microtubule nucleation capacity up to a 

75% can be observed after CKAP5 depletion only in NINL 1-442. 20 cells were counted 

per condition in 2 independent experiments (40 cells in total). Statistical significance was 

determined using an unpaired parametric t-test * (p<0.05). n.s. (non-significant). 
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We have shown consistently that NINL 1-442 has the capacity of generating a 

functional MTOC when targeted to the surface of mitochondria. Moreover, this 

MTOC seems to further depend on γTuRC, NEDD1 and CKAP5. We wondered 

what the precise function of NINL 1-442 in this process was. One possibility was 

that it merely served as a scaffold for the other factors. Alternatively, NINL 1-442 

may have a more active role. In 2017, it was published that recombinant C. elegans 

SPD-5, a centrosomal scaffold protein that is also described as functional homolog 

of CDK5RAP2, has the ability to generate an MTOC in vitro. At a certain 

concentration SPD-5 undergoes phase separation and SPD-5 condensates recruit 

other centrosomal proteins that cooperate to induce microtubule nucleation 

(Woodruff, 2017). Remarkably, early studies of NINL showed that overexpression 

of this protein in cells induces aggregate-like structures that in some cases resemble 

intracellular droplets (Casenghi, 2003). We wondered whether the role of NINL in 

MTOC assembly may also involve phase separation.  

 

NINL overexpression generates aberrant structures in 

cells.  
Our first goal with the following experiments was to reproduce published data 

related to NINL overexpression in cells (Casenghi, 2003). We tested three different 

constructs, GFP-tagged full-length NINL, its N-terminal half, NINL-Nt (1-702), 

and the C-terminal half, NINL-Ct (703-1382) by overexpression in U2OS cells. 

Afterwards, we analysed cells for the presence of any cytoplasmic assemblies and 

whether these recruited γ-tubulin and were able to induce microtubule nucleation 

(similar to the analyses with mitochondria-targeted constructs) (Figure R26). 

Localization was analysed in the absence of microtubules, to prevent microtubule-

mediated localization (data not shown). Even without microtubules, full-length 

NINL was mainly targeted to the centrosome, where is formed a big cluster that 

recruited additional γ-tubulin and resulted in enhanced microtubule nucleation from 

the centrosomal area (Figure R26). In some cases, additional protein clusters could 

be detected in the cytoplasm. Interestingly, NINL-Nt and NINL-Ct were not 

concentrated around the centrosomal area and both formed droplet-like structures 

throughout the cytoplasm. NINL-Ct structures were generally bigger and less 

abundant than NINL-Nt structures, which ranged from very small to medium size 

droplet-like structures.  Moreover, NINL-Nt “droplets” also recruited γ-tubulin and 

were active in the generation of new microtubules, acting as “mini-MTOCs” (Figure 

R26). NINL-Ct did not share these properties (Figure R26). 

Notably, the NINL-Nt structures were not dispersed in the presence of nocodazole 

(data not shown), suggesting that in contrast to the clustering of mitochondria 
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(Figure R1), the droplet-like structures observed in this experiment are caused by a 

dynein-independent mechanism. 

 

 

Figure R26. NINL and NINL-Nt generate aberrant structures that 

recruit γ-tubulin and nucleate microtubules.   

Representative IF images of the NINL truncations expressed in U2OS cells. Ice cold 

treatment was used in this experiment and cells were imaged in the absence of microtubule 

(γ-Tubulin) or after microtubule regrowth (15 s). Insets of merge images are shown (Merge 

column). γTuRC recruitment as well as microtubule nucleation were detected in both NINL 

and NINL-Nt, from the centrosome and from the “droplets”, respectively. Asterisks 

indicate centrosomal signal. Scale bar: 10 μm. 

 

GST-tagged NINL-Nt and NINL 1-287 phase-separate in 

vitro 
To determine if the intracellular structures induced by NINL fragments may be a 

product of LLPS, we tested whether these could also be generated in vitro from 

recombinant proteins. In vitro analyses are generally a more straightforward approach 

to understand if a protein undergoes LLPS, as the protein can be isolated and studied 

outside the cellular complexity. Since the ability to form an ectopic MTOC seemed 

to be linked to the N-terminal half, we focused on this part of NINL. Apart from 

NINL-Nt, we also decided to test NINL 1-287 (minimal fragment able to recruit 

γTuRC to mitochondria, Figure R12), since it was not able to build a functional 

MTOC and did not form any type of “droplets” in cells (data not shown). Both 

NINL fragments were individually expressed in bacteria with a Histidine- and a GST-
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tag. The proteins were purified and then mixed in a buffer containing Ficoll, a 

crowding agent that mimics the cytoplasmic density and is commonly used in phase 

separation experiments (Zimmerman, 1993; van den Berg, 1999). A drop of this 

mixture was added to a slide and imaged by differential interference contrast (DIC) 

microscopy, which allows for visualization without the need of a fluorophore. We 

used two different concentrations of each protein to test whether the amount of 

protein could have an effect on LLPS. Indeed, we could observe that both proteins 

formed condensates in vitro (Figure R27). In the case of NINL-Nt  this was 

consistent with our and previously published observations in cells (Casenghi, 2003), 

but we were surprised to find that at a certain concentration, NINL 1-287 also 

underwent phase separation.  

 

 

Figure R27. GST-NINL-Nt and GST-NINL 1-287 undergo phase 

separation in vitro. 

Representative DIC images of the purified GST-NINL constructs. 10% Ficoll was used for 

every condition. Two different concentrations of each purified protein were tested, Low and 

High. At low concentrations, only NINL-Nt phase separates. At higher concentrations, both 

constructs phase separate. Scale bar: 0.8 μm. 
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GFP-tagging induces aggregation of NINL-Nt, whereas 

NINL 1-442 and NINL 1-287 phase-separate in vitro 
The previous result highlighted the capacity of NINL to undergo phase separation. 

To explore this further, we generated additional NINL constructs tagged with GFP. 

The reasoning behind this was that we could also use fluorescence microscopy to 

observe the condensates. Later on, this would also allow to additionally include 

fluorescently labelled tubulin, to analyse the ability of NINL fragment condensates 

to promote microtubule nucleation in vitro. We also cloned the minimal NINL 

fragment that was necessary for MTOC formation in cells, NINL 1-442, to study its 

phase separation properties. In contrast to NINL-Nt, but similar to NINL 1-287, 

NINL 1-442 expressed in cells did not form any type of droplet (data not shown). 

The experiment was conducted in the same way as before, but images were analysed 

with a confocal fluorescence microscope. In contrast to what we observed with the 

His-GST tagged protein, GFP-NINL-Nt appeared to generate some sort of 

aggregates, even at concentrations lower than those previously used (Figure R28). 

We do not have an explanation for this phenomenon, but it is possible that the tag 

has an influence on the properties of the protein, either on the stability after 

purification or on the folding. Interestingly, we could appreciate that both NINL 1-

442 and NINL 1-287 formed condensates in vitro (Figure R28). Condensates formed 

by NINL 1-287 were bigger in size than the ones produced by NINL 1-442.  
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Figure R28. GFP-NINL 1-442 and GFP-NINL 1-287 undergo phase 

separation in vitro while GFP-NINL-Nt has tendency to protein 

aggregation.  

Representative confocal microscopy images of the purified GFP-tagged constructs. 20% 

Ficoll was used for every condition. Two different concentrations of each purified protein 

were tested. All constructs, Low concentration = 15 µM. NINL-Nt, High concentration = 

20 µM. NINL 1-442 and NINL 1-287, High concentration = 50 µM. Scale bar: 10 µm. 
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Disruption of the coiled-coil domains in NINL-Nt 

impairs droplet formation whereas disruption of 

aromaticity leads to aggregation in cells 
The results of the in vitro experiments suggested that NINL fragment behaviour 

regarding droplet formation and formation of irregular aggregates were closely 

related. The first 4 EF-Hands of NINL are contained within amino acids 1-287. The 

region from amino acids 288-702 comprises all three coiled-coil domains, and NINL 

fragments containing the entire or part of the coiled-coil region showed mixed 

tendencies between phase separation and aggregation in vitro (in particular NINL-

Nt). Coiled-coils have been postulated as important regions involved in LLPS (Vega, 

2019; Newton, 2021), but in our case, NINL 1-287, which lacks any coiled coil 

region, also formed condensates, at least in vitro. What is the property then that 

induces phase separation in this region? As NINL was able to induce phase 

separation on its own, that implied that only discrete oligomerization of NINL was 

required to achieve condensate formation. This is a typical phenotype of proteins 

that contain intrinsically disordered regions (IDRs) (Borcherds, 2021).  Therefore, 

we speculated that there could be several disordered regions in within NINL. Indeed, 

computational prediction of the IDRs present in NINL revealed that most of the 

protein had tendency to be disordered, with exception of the regions where coiled-

coil domains were (Figure R29). Similar to how two distinct proteins can interact 

and this can mediate phase separation, the IDRs in within a protein can mediate 

homotypic interactions (e.g. to induce oligomerization). This can be computationally 

studied in a model of “stickers” and “spacers” (Harmon, 2017), where “stickers” are 

the adhesive regions of the protein that mediate the intermolecular interactions, and 

at the same time the spaces (“spacers”) in between these “stickers” should be taking 

into account. As IDRs can serve as “stickers”, it is important to maintain this 

framework of “stickers” and “spacers” in within a protein to preserve its properties 

(Borcherds, 2021).  Interestingly, it has been described that this framework can be 

altered by modulating the aromatic residues within a protein, is this is directly related 

to its phase separation properties (Holehouse, 2015; Wang, 2018; Martin, 2020). 

Therefore, we asked whether the coiled-coil domains or the aromaticity were the 

main drivers of condensate formation of NINL. To achieve this goal, we generated 

two types of mutants.  

• Coiled-coil mutants: we designed mutants where we disrupted the coiled-

coils in NINL-Nt. In particular, we designed helix breaking-mutants, that are 

known to disrupt the coiled-coil domains without altering hydrophobicity. 

To achieve this, positions “f” in the helices were mutated to prolines (Li, 

1996; Truebestein, 2016). This resulted in two mutants, NINL-Nt 12P (12 
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proline mutations in total) and NINL-Nt 16P (12 proline mutations of 12P 

mutant plus 4 extra proline mutations). It is important to comment that all 

the mutations were located in the second and third coiled-coil domain of 

NINL. We chose to keep the first coiled-coil intact as we had seen that it was 

important for MTOC formation (it is present in the minimally required 

fragment, NINL 1-442). Also, as mentioned before, NINL 1-442 did not 

produce any droplet structures when overexpressed in cells (data not shown).  

• Aromaticity mutants: aromatic residues present in NINL-Nt were mutated 

to alanine, avoiding “a” and “d” positions of the helixes to keep coiled-coils 

unperturbed. Two mutants were designed, NINL-Nt 11A (11 mutations in 

total) and NINL-Nt 22A (11 alanine mutations of 11A mutant plus 11 extra 

proline mutations).  

 

 

Figure R29. IDRs prediction of NINL structure.  

DISOPRED plot showing the predicted IDRs from full-length NINL. x-Axis indicates 

amino acid position. y-Axis indicates precision of prediction. To consider a region as IDR 

the cut-off has to exceed 0.5. As it can be observed, most of the protein is predicted to be 

disordered less the region that comprehend the coiled-coil domains (between aa 350-700). 

 

Once the mutants were synthesized, they were transfected into U2OS cells and the 

formation of aberrant structures was analysed (Figure R30).  In contrast to NINL -

Nt, both the 12P and 16P mutants with disrupted coiled-coils, did not display any 

type of droplet formation in cells, instead the signal was diffuse throughout the 

cytoplasm. This result implies that the coiled-coils in NINL promote droplet 

formation in cells. Curiously, in some cells we were able to detect signal coming from 

an area that resembled the centrosome (Figure R30, Inset of NINL-Nt 12P). It is 

possible then that NINL has a centrosomal localization domain in its N-terminal 

half. A double staining with a centrosomal marker would be needed to test this 
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hypothesis. The first mutant with reduced aromaticity, NINL-Nt 11A, showed in 

most of the cells a diffuse distribution all over the cytoplasm, but in some cells we 

could still appreciate small droplets (Figure R30, Inset of NINL-Nt 11A). In 

contrast, mutant NINL-Nt 22A did not form any droplets. Instead, we observed 

massive, irregularly shaped structures in most cells, reminiscent of protein 

aggregation. In summary, it seems that droplet formation in cells involves both 

coiled-coils and aromaticity. Coiled-coils are required to generate droplets (Figure 

R30, NINL-Nt 12P and 16P). However, if aromaticity is reduced, the coiled-coil 

domains may drive protein aggregation instead (Figure R30, NINL-Nt 22A). Based 

on these properties, it is tempting to speculate that MTOC formation could be 

somehow linked to phase separation. 

 

 

Figure R30. NINL-Nt mutants reveal an important interplay 

between aromatic residues and coiled-coil domains within NINL. 

Representative IF images of the GFP-NINL-Nt mutants expressed in U2OS cells. A GFP 

antibody was used to analyse the overexpression products. Insets of the most representative 

mutants are shown (white rectangles). Notice that NINL-Nt 12P seems to have centrosomal 

localization and NINL-Nt 22A structures resemble aggregates. Asterisks indicate 

centrosomal signal. Scale bar upper row: 10 µm. Scale bar insets: 2.5 µm. 
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In Chapters 1 and 2 we have shown that targeting of N-terminal NINL fragments 

to the outer surface of mitochondria allows ectopic MTOC formation and that 

ectopic MTOC activity requires the γTuRC, NEDD1, and CKAP5. In addition, in 

Chapter 3 we have analysed the propensity of N-terminal NINL fragments to phase-

separate in vitro and form droplets in cells. Since these analyses were all based on 

assays under non-physiological conditions, in this chapter we tried to address the 

question of how these findings may relate to the physiological role of NINL at the 

centrosome. 

  

NINL localizes to SDAs 
It was already reported almost 20 years ago that NINL localizes to the centrosome 

(Casenghi, 2003) and is preferentially associated with one of the centrioles (Casenghi, 

2003; Casenghi, 2005; Rapley, 2005). However, the available imaging tools and 

specific markers at the time were limited and no further characterization of NINL’s 

specific centrosomal localization, for example by electron microscopy, was 

performed. NIN is a protein that has been studied more extensively and by 

immunogold electron microscopy was localized to the SDAs of the centrosome 

(Mogensen, 2000). Due to their similarity, it was hypothesized that NINL should 

also localize to SDAs. To address this, we generated a stable cell line expressing low 

levels of GFP-NINL. As shown in Chapter 3, overexpression of NINL generates a 

large centrosomal cluster of NINL protein without any specific localization (Figure 

R26). We discovered that this aberrant expression of NINL was toxic to cells and 

only cells that were expressing low levels of GFP-NINL could survive. To study 

NINL localization in more detail, we used SIM for increased resolution, and included 

anti-centrin antibodies to mark the distal part of centrioles, and anti-CEP170 

antibodies to mark SDAs. IF images showed that GFP-NINL partially co-localized 

with CEP170 at SDAs (Figure R31).  
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Figure R31. GFP-NINL localizes to SDAs.  

Representative SIM images of a stable U2OS cell line expressing low levels of GFP-NINL. 

Images shown are maximum Z-projections. CEP170 was used as an SDA marker. Centrin 

was used as a distal-end centriole marker. The schematics depict the interpreted centriole 

orientation (last column). DC = Daughter centriole. MC = Mother centriole. Scale bar:  0.5 

μm. 

 

We then generated rabbit polyclonal antibodies against the N-terminal half of NINL. 

As we had already observed the localization of the tagged protein to SDAs, we used 

regular fluorescence microscopy. We were excited to find that endogenous NINL 

also partially colocalized with CEP170 at SDAs (Figure R32, IF panel). We 

corroborated that our homemade antibody was specific for NINL by WB, after 

depleting NINL by transfection of siRNA (Figure R32, WB). 

 

 

Figure R32. NINL localizes to SDAs.  

(A) Representative IF images of U2OS cells expressing endogenous NINL. Images were 

deconvolved after maximum Z-projection. CEP170 was used as an SDA marker. Scale bar: 
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1 μm. (B) WB analysis of NINL siRNA efficiency. Cells were silenced for 72 hours with 

siNINL. Luciferase siRNA was used as a control. Actin was used as a loading control. 

 

As a final remark, we have to emphasize on the low effectiveness of all the NINL 

siRNAs we tested. Even if we could detect many times the protein being reduced by 

WB (Figure R32), NINL levels at SDAs where still high by IF in most of the 

experiments. Therefore, we decided to focus into understanding NINL localization 

pattern, its hierarchy in respect to other SDA proteins and its possible functions at 

SDAs. 

 

CEP170 depletion does not remove NINL from SDAs 
Since NINL, NIN, and CEP170 all colocalized at SDAs, we wondered whether their 

localization is inter-dependent. First, we depleted CEP170 and tested whether NINL 

levels were reduced at SDAs (Figure R33). Although the data was not quantified, it 

was apparent that removal of CEP170 did not have an effect on NINL localization. 

This was not unexpected, since in our previous experiments we found that the two 

proteins only partially colocalized.  

 

 

Figure 33. NINL localization to SDAs is CEP170-independent. 

(A) Representative IF images of U2OS cells after CEP170 depletion. NINL signal was 

apparently unperturbed upon CEP170 depletion.  Scale bar: 1 μm. (B) WB analysis of 

CEP170 siRNA efficiency. Cells were silenced for 72 hours with siCEP170. Luciferase 

siRNA was used as a control. γ-Tubulin was used as a loading control. 
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NINL localization to SDAs is NIN-independent 
We next checked if NIN could have an influence on the localization of NINL to 

SDAs. IF images were taken after depleting NIN by siRNA and the localization of 

NINL was analysed (Figure R34, A). Similar to depletion of CEP170, NIN 

depletion did not have a clear effect on the localization of NINL to SDAs. At the 

same time, we also tested the effect of NIN depletion on CEP170, and we could 

confirm that removal of NIN from SDAs also displaces CEP170 (Figure R34, B), 

as described previously (Mazo, 2016). 

 

 

Figure R34. NIN depletion does not affect NINL but removes 

CEP170 from SDAs.  

(A) Representative IF images of U2OS cells after NIN depletion. NINL signal was 

apparently unperturbed upon NIN depletion.  Scale bar: 0.5 μm. (B) Representative IF 

images of U2OS cells after NIN depletion. CEP170 signal was strongly reduced after NIN 

depletion.  Scale bar: 0.5 μm. (C) WB analysis of NIN siRNA efficiency. Cells were silenced 

for 72 hours with siNIN. Luciferase siRNA was used as a control. Actin was used as a loading 

control.  
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NINL depletion does not remove NIN from SDAs 
Based on the previous results, NINL localization at SDAs did not require NIN. 

Therefore, NINL could be upstream of NIN in the SDA recruitment hierarchy or 

be associated with a different substructure within the SDAs. To distinguish between 

these possibilities, we next depleted NINL and tested localization of NIN. As shown 

in Figure R35, we could not detect any differences in the NIN levels after depleting 

NINL by siRNA. This experiment was only quantified once, but NIN localization 

was clearly unperturbed.   

 

 

Figure R35. NIN localizes to SDAs after NINL depletion.  

(A) Representative IF images of U2OS cells after NINL depletion. Cells were silenced for 

72 hours with siNINL. NIN signal was apparently unperturbed upon NINL depletion.  Scale 

bar: 1 μm. (B) Preliminary quantification of the levels of NIN and NINL after NINL 

depletion. Relative protein intensity at SDAs was quantified. 15 cells per condition were 

counted in 1 experiment. NIN does not seem to be altered while NINL is clearly reduced 

(as seen by IF) after quantification. 

 

NINL localization is CKAP5 dependent  
Intriguingly, unpublished results from our laboratory had shown that CKAP5 

localizes to both the PCM and SDAs. As described in the previous chapters, CKAP5 

is key for NINL 1-442-induced ectopic MTOC formation. Additionally, it was a top 

hit in our NINL BioID interactome analysis. Thus, we were motivated to further 

investigate the relationship between these two proteins. Strikingly, we found that 

CKAP5 depletion had a strong effect on NINL localization to SDAs, where it was 

strongly reduced or absent (Figure R36).  
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Figure R36. NINL is displaced from SDAs after CKAP5 depletion.  

Representative SIM images of U2OS cells after CKAP5 depletion. Images shown are 

maximum Z-projections. Acetylated-Tubulin (Ac-Tubulin) was used as a centriole marker.  

NINL is displaced from centrioles after CKAP5 depletion.  

 

When exploring the localization pattern of NINL and CKAP5 at centrioles, we 

noticed that in some cases we could observe spike-like structures extending outwards 

from SDAs, both in NINL and CKAP5 staining (Figure R37). These structures 

frequently co-localized (Figure R37, arrowheads).  

 

 

Figure R37. CKAP5 and NINL form spike-like structures that co-

localize at SDAs. 

Representative IF images of U2OS cells expressing endogenous NINL. Single planes from 

two different cells are shown. Microtubules were not depolymerized in this experiment. 

“Spikes” extending out from SDAs can be observed for both NINL and CKAP5 

(arrowheads). Scale bar: 0.5 μm. 
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NINL partially co-localizes with microtubules that seem 

to be generated from SDAs 
After observation of the “spikes” of NINL and CKAP5 emanating from the SDAs 

(Figure R37), we decided to check if these structures colocalized with microtubules. 

With the use of SIM and after performing a regrowth assay, we could identify that in 

particular early during regrowth these “spikes” co-localize with microtubules that 

appear to be nucleated from this area (Figure 38).  

 

 

Figure R38. NINL forms spike-like structures that co-localize with 

microtubules early during regrowth.  

Representative SIM images of U2OS cells expressing endogenous NINL. Single planes from 

two different cells at different microtubule regrowth timepoints (5 s, 15 s) are shown. 

“Spikes” coming out from SDAs can be observed in NINL case that partially co-localize 

with newly generated microtubules. Scale bar: 0.5 μm. 
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The mitochondrial targeting system 
One of the first outcomes of this thesis, is the validation that the outer surface of 

mitochondria can serve as a site for ectopic MTOC assembly and for its functional 

analysis. While previous work has targeted the CM1 domain to this site (Chen, 2017), 

we have further explored the capacity of this system by targeting various different 

POI and testing their MTOC formation capacity (Table R1). Using microtubule 

regrowth assays, we were able to observe microtubule nucleation from the surface 

of mitochondria for several of the targeted constructs and the recruitment of several 

other centrosome or microtubule-associated proteins to this site (Figures R2-R8 

and Table R1). These ectopic MTOCs could be induced not only by CM1 but also 

by other proteins and differed in composition, indicating that different types of 

MTOCs could be assembled. 

 

While this system allows relatively rapid screening of candidate MTOC assembly 

factors, it is likely not suitable for a long-term analysis of ectopic MTOCs. We found 

that targeting proteins at the outer surface of mitochondria was toxic for cells after 

a few days of expression. For this reason, we expressed mitochondria-targeted 

proteins for a maximum of 48 hours.  

 

It is interesting that microtubule nucleation from the ectopic site did not have any 

obvious inhibitory effect on centrosomal microtubule nucleation in most cases. As 

can be appreciated in many examples throughout the Results section, microtubule 

nucleation could be detected at the same time at mitochondria and at the centrosome 

within the same cell (e.g. Figure R4). Thus, the system provides an excellent 

approach to further explore crosstalk between different MTOCs, as recently 

observed between the centrosome and the Golgi (Wu, 2016; Gavilan, 2018). One 

case where we did detect a reduction in the centrosomal microtubule nucleation 

activity was mitochondria-targeted CKAP5-Ct (Figure R10). Assuming that not all 

of the recombinant protein is at mitochondria and since this construct lacks the 

tubulin and MT lattice-binding TOG domains but may retain TuRC or centrosome 

binding (Popov, 2001; Popov, 2002; Thawani, 2018) it is possible that it has a 

dominant-negative effect on microtubule nucleation. It is also worth commenting 

that we did not analyse in detail microtubules in a steady-state scenario, but only after 

complete microtubule depolymerisation and regrowth. It seemed, however, that at 

steady-state centrosomal microtubule organization was dominant (data not shown). 

This may indicate that the ectopic MTOC is not fully functional or that cells regulate 

microtubule organization to occur predominantly from centrosomes, if present. 
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As pointed out in the introduction, a multitude of proteins have been described to 

be involved in MTOC formation (Paz, 2018). In this thesis, we could not test all of 

these proteins in our system due to time and resource limitations. Proteins that 

remain to be tested as interesting candidates are, for example, AKAP9, myomegalin, 

NME7 or TACCs. We also did not test mitotic microtubule assembly factors, such 

as TPX2 or the augmin complex. Interestingly, a mitochondrial targeting approach 

was used recently to define the mitotic TACC3-clathrin network. By individually 

targeting these proteins to the mitochondria while cells were in mitosis, the authors 

could define TACC3 and clathrin as core proteins of a complex that is additionally 

composed of CKAP5 and GTSE1 (Ryan, 2021). Thus, targeting to the mitochondrial 

surface may as well be used to study MTOC assembly and nucleation during mitosis.  

 

Another important centrosomal protein that remains to be further tested is PCNT, 

a scaffolding protein involved in the formation of the PCM and in γTuRC 

recruitment (Dictenberg, 1998) and, in the case of the yeast homolog Spc110, also 

characterised as an activator of microtubule nucleation (Lin, 2014). Previous work 

showed that PCNT assembled cytoplasmic MTOCs after eliminating centrosomes 

and Golgi MTOC activity (Gavilan, 2018). Also, it was recently shown that 

overexpression of the middle region of PCNT induced some sort of condensates in 

cells that were sufficient to recruit γTuRC and CKD5RAP2, and nucleate MTs, even 

though PCNT regions known to be involved in these functions were not present in 

this construct (Jiang, 2021). Considering these findings, we sought to test whether 

PCNT could promote ectopic MTOC assembly at mitochondria. We generated a 

GFP-PCNT-Mito construct lacking the PACT domain (centrosomal-targeting 

domain) (Gillingham, 2000) but this was not targeted to mitochondria (checked with 

Tom20 antibody). Notably, the construct clustered around the centrosome and 

recruited γTuRC, but we could not detect microtubule nucleation from these clusters 

(data not shown). This result suggests that PCNT may not be sufficient to generate 

an MTOC on its own. While we could not target PCNT lacking the PACT domain 

to mitochondria, we were able to target a smaller PCNT fragment, comprising the 

proposed CM1 and SPM motifs that were shown to be necessary for activation of 

microtubule nucleation in yeast (Lin, 2014). However, we detected neither γTuRC 

recruitment nor microtubule nucleation at the mitochondria with this construct (data 

not shown). It is tempting to speculate then that the requirements for specific 

scaffolding proteins in MTOC formation and regulation may differ between 

organisms. 
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Is the ectopic nucleation site an MTOC? 
Generally, an MTOC is composed of factors that ensure several important activities, 

namely, recruitment of TuRC, activation of TuRC, nucleation of microtubules, and 

microtubule anchoring (Figure I7). In this study, we have referred to the 

mitochondria-targeted assemblies as MTOCs, to avoid more complex terminology, 

although we did not demonstrate their anchoring capacity. We can conclude from 

our results that CM1, NINL-Nt and CKAP5, are capable of assembling microtubule-

nucleating centres. This does not exclude that they may function as MTOCs. We did 

try to elucidate if these nucleation centres could anchor microtubules once they were 

generated at the outer surface of the mitochondria. We probed for CAMSAP2, a 

protein known to bind to free microtubule minus-ends after nucleation by TuRC 

and important for anchoring microtubules at the Golgi apparatus (Jiang, 2014; Wu, 

2016). We were able to detect recruitment of CAMSAP2 when NINL-Nt was 

targeted to mitochondria, suggesting that some free minus ends may be present. 

Curiously, we could only detect this signal when NINL-Nt was clustered around the 

centrosome (prior to nocodazole treatment) and not after dispersion of the 

mitochondria (data not shown). Colocalization was not observed with NINL 1-442 

(minimal nucleating construct that also did not cluster the mitochondria). We probed 

also for CAMSAP2 after targeting the CM1 from CDK5RAP2 but we could not 

detect any signal at the mitochondria (data not shown). It is possible that only in a 

case where the mitochondria are clustered the signal is strong enough to be detected, 

as in the case of NINL-Nt. Thus, we could not conclude if microtubule minus ends 

were bound by CAMSAP2 with this approach. We also tried to do live imaging of 

microtubules by imaging EB3 comets. EB3 is a +TIP protein (Nakagawa, 2000) 

commonly used to study growing microtubules (Stepanova, 2003). We generated a 

stable cell line expressing fluorescently-labelled EB3 and co-expressed GFP-CM1-

Mito or GFP-NINL-Nt-Mito. Even though we could detect EB3 comets moving 

out of the mitochondria, the intensity of the signal and the resolution were not 

sufficient to conclude if microtubules were anchored at the mitochondria. 

Optimisation of this technique and careful analysis of EB3 comet orientation would 

be required in the future to address if microtubules are indeed anchored to the 

surface of the mitochondria. 

 

Targeting to the mitochondrial surface reveals different 

types of MTOCs.  
Perhaps, the most interesting outcome of this part of the thesis is that we were able 

to identify three different types of MTOCs. CM1, NINL-Nt and CKAP5 were all 

efficient in turning the mitochondria into an organelle capable of generating 
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microtubules. Even more striking was the observation that these proteins rely on 

different mechanisms to achieve this capacity. At the beginning of our analysis, we 

already distinguished between γTuRC-containing (CM1 and NINL-Nt) and γTuRC-

lacking MTOCs (CKAP5) at the outer surface of the mitochondria (Table R1). 

Moreover, it seemed that CM1 and NINL-Nt also involved NEDD1 and CKAP5. 

To further confirm our findings, depletion of the γTuRC (by depleting GCP2), 

NEDD1 and CKAP5 revealed that CM1 and NINL-Nt relied on different factors 

to exert their functions. CM1 only required γTuRC (Figure R23) while NINL-Nt 

was dependent on the γTuRC, NEDD1 and CKAP5 (Figure R23-25). The data we 

provided here extends our knowledge on how the CM1 is capable of inducing 

MTOC formation. Using the same system, it was previously reported that after 

targeting CM1 to the mitochondria, γTuRC and NEDD1 were recruited at the 

ectopic site (Chen, 2017). We have found that the presence of NEDD1 is 

dispensable to achieve MTOC formation, and therefore it is possible that CM1 is 

capable on its own to recruit γTuRC and activate microtubule nucleation (Figure 

D1). The role of NEDD1 at the ectopic site is unclear. Previous work suggested that 

there may be two different populations of TuRC in cells, one bound to CM1 that is 

involved in nucleation and one bound to NEDD1 involved in anchoring 

(Muroyama, 2016). However, more work is required to determine how NEDD1 is 

recruited to CM1-induced MTOCs and what its role is. Interestingly, it was shown 

very recently that CDK5RAP2 contains an autoinhibitory domain that serves to 

control microtubule nucleation in space and time. The region proposed to have this 

function in humans is located between aa 51-210 of CDK5RAP2 (Tovey, 2021). We 

should mention that we tried to target to the mitochondria a smaller CM1 containing 

fragment (aa 50-100) (Choi, 2010) but this did not allow ectopic MTOC formation. 

For this reason we used a larger fragment (aa 50-135)(Chen, 2017). It would be 

interesting to test whether including the region between aa 136-210 would have any 

inhibitory effect on MTOC formation at mitochondria. We also probed for the 

presence of MZT1 at the mitochondria after CM1 targeting, but we could not detect 

any signal (data not shown). MZT1 has been proposed as a priming factor to 

promote TuRC interaction with CM1 and its depletion in human cells interferes 

with cytoplasmic nucleation after overexpression of the CM1 (Lin, 2016; Cota, 2017). 

It is possible that our inability to detect mitochondrial MZT1 was due to technical 

issues with our antibody or due to poor fixation of this small protein. Indeed, 

detection of MZT1 at centrosomes is also more difficult compared to other subunits. 

Thus, siRNAs experiments would be needed in order to address whether MZT1 is 

implicated in CM1-mediated MTOC formation. In the future one could also perform 

a BioID experiment with CM1 targeted to the mitochondria, which could potentially 

identify additional factors involved in CM1-dependent MTOC assembly.  



182 
 

 

In the case of NINL-Nt, it was remarkable to find principal differences in ectopic 

MTOC composition compared with CM1, despite yielding similar microtubule 

nucleation capacity (Figure R11). Three factors, γTuRC, NEDD1 and CKAP5, were 

detected at the mitochondria and were necessary for MTOC formation (Figure D1). 

The detection of NEDD1 and CKAP5 as proximity interactors of NINL-Nt by 

BioID added robustness to these findings (Figure R21). As we have explored the 

role of NINL in ectopic MTOC assembly in more detail, we will discuss this in more 

detail in a separate section below.  

 

Targeting of CKAP5 to mitochondria corroborated that this protein is not only a 

microtubule polymerase (Tournebize, 2000; Fox, 2014) and promotes nucleation by 

TuRC (Thawani, 2018), but may also be able to induce microtubule assembly on its 

own. While, CKAP5 did not seem to recruit any of the proteins that we probed for 

to mitochondria, the CKAP5-induced structures may be considered “non-

canonical”. Due to the absence of γTuRC it seems that CKAP5 may act as a 

microtubule nucleator on its own (Figure D1). Notably, we found that a fragment 

of CKAP5 that only contained the TOG domains was sufficient to carry out this 

function and that a fragment lacking the TOG domain lacked this activity (Figure 

R10). As TOG domains were previously shown to be necessary for tubulin 

interaction (Fox, 2014; Thawani, 2018), we hypothesise that CKAP5 could generate 

an MTOC through tubulin concentration, similar to what has been shown for C. 

elegans ZYG-9 (CKAP5 homolog) in vitro in the context of MTOCs additionally 

composed of SPD-5 and TPXL-1 (TPX2 homolog) (Woodruff, 2017). In addition, 

another study has found that TPX2 and CKAP5 can form a minimal nucleation 

module in vitro, in the absence of TuRC (Roostalu, 2015). Since proteins of the 

TACC family interact with CKAP5 a regulate its activity in cells (Lee, 2001; Ryan, 

2021), it would be interesting to explore whether they may also participate in 

CKAP5-induced ectopic MTOC assembly or function. 
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Figure D1. Minimal components required for ectopic MTOC 

assembly by different POIs  

Schematic depicting the minimal set of proteins involved in MTOC assembly by the different 

POI. It is possible that other untested proteins may participate.  

 

Importantly, some POI did not assemble an MTOC at the mitochondria, namely 

CEP192-Nt and NIN-Nt. Despite the fact that both recruited NEDD1 and γTuRC 

to the ectopic site, they were not able to promote microtubule formation (Table R1). 

This result suggests that CEP192 and NIN may be core components of the 

centrosome, but are not sufficient to induce MTOC formation. For CEP192 this is 

particularly interesting, since it has been shown to be crucial for microtubule 

nucleation at the centrosome (Gomez-Ferreria, 2007; Zhu, 2008; Gavilan, 2018). It 

is also possible that CEP192 has a more pronounce role during mitosis, as already 

described (Gomez-Ferreria, 2007), but this was not addressed during this thesis. 

Although not shown, we also targeted the full-length CEP192 to the mitochondria 

with very similar results. We decided to only use its N-terminal half because the full-

length protein was additionally targeted to the centrosome. Interestingly, we could 

convert mitochondria-targeted CEP192-Nt into an MTOC by additionally 

expressing a non-targeted version of CM1 in the cytoplasm (Figure R9). This means 

that this structure was lacking an activator of microtubule nucleation, highlighting 

the importance of activators of microtubule nucleation in the MTOC formation 

process. We did not have time to repeat the same experiment with NIN-Nt but it is 

an appealing future experiment. As NIN is an SDA protein with an established role 

in microtubule anchoring, we did not expect it to have MTOC forming capacity 

(Delgehyr, 2005). It would have also interesting to address if the lack of additional 

anchoring factors, as CAMSAPs or CLIP170 (Wu, 2016; Goldspink, 2017), could be 

the reason behind NIN not anchoring microtubules at the mitochondria. 

Unexpectedly, we also observed CKAP5 recruitment to the mitochondria after 

targeting NIN-Nt, even in the absence of microtubules (Figure R8). As there was 
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no microtubule nucleation from the outer surface of mitochondria in this case, the 

role of CKAP5 at this site remains unclear. It is possible that CKAP5 recruitment 

may indicate a functional link with NIN, possibly related to microtubule anchoring. 

Future work will have to address this.  

 

Insight into MTOC formation by NINL 
How does NINL-Nt mediate MTOC formation? The MTOC induced by NINL-Nt 

at the mitochondria contained a nucleator (γTuRC), a recruitment factor (NEDD1) 

and a regulator/activator of microtubule nucleation (CKAP5). Notably, the same 

proteins were also recruited to the mitochondria in the case of NIN-Nt, but in this 

case did not provide microtubule nucleation capacity. Therefore, we speculated that 

NINL-Nt may also contribute to this activity, perhaps in synergy with CKAP5. To 

address this, we decided to generate several truncation mutants of NINL-Nt, hoping 

that we might identify a region with CM1-like activity (Table R3). This allowed us 

to define a minimal region that could still assemble an MTOC at the surface of the 

mitochondria, NINL 1-442. We should mention that, although not quantified, 

microtubule nucleation from the mitochondria after targeting NINL-Nt (1-702) 

seemed more robust than nucleation observed for NINL 1-442. As we also showed, 

the region between aa 443-584(Figure R13) that contains the second coiled-coil 

domain, is involved in oligomerization of NINL. Hence, it is plausible that the reason 

why NINL 1-442 showed reduced levels of microtubule nucleation was due to the 

absence of interaction with the endogenous NINL. Interestingly, after removal of 

the region containing the third coiled-coil domain of NINL we did not observe 

clustering of the mitochondria around the centrosome anymore, a phenomenon 

generally mediated by the dynein complex (Burkhardt, 1997). We speculate that the 

third coiled-coil region of NINL might mediate binding to dynein. Whereas previous 

work described that NINL binds to dynein through its N-terminus (Casenghi, 2005), 

we have narrowed down the dynein-binding region to the third coiled-coil domain 

of NINL. Moreover, a smaller version of NINL, 1-287, was still able to recruit 

γTuRC to the mitochondria, but failed to trigger microtubule nucleation (Figure 

R14 and Figure R12). Consistently, a similar TuRC binding region was described 

to be present also in NIN between aa 1-246 (Delgehyr, 2005). Thus, we could 

separate the TuRC binding and nucleation activating functions of NINL.  

 

While exploring the relationship of NINL with other proteins we could map the 

NIN and CEP170 interacting regions. NIN seemed to bind to the region between 

aa 443-702 (Figure R18), while the CEP170 binding region was located in between 

aa 287-383 (Figure R16 and R18). Disruption of a fifth EF-Hand within NINL that 
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is shared with NIN (Figure R17), perturbed CEP170-binding to NINL (Figure 

R18), suggesting that calcium binding may be important for this interaction. 

However, this mutation did not have any effect on NINL MTOC formation capacity 

(Figure R19 and Figure R20). Thus, the interaction of NINL with CEP170 may 

be relevant for the endogenous function of these proteins, but was not important 

for MTOC assembly in our system. All of these interactions are summarised in 

Figure D2.  

 

 

Figure D2. Functional characterization of NINL reveals distinct 

functional regions. 

Schematic depiction of functional regions in the NINL N-terminal half. Two distinct regions 

in the extreme N-terminal part are involved in TuRC binding and nucleation activation, 

respectively. The position of 4 EF-Hands (dark blue rectangles) and coiled-coil regions 

(orange rectangles) are shown. We have found that an additional EF-Hand (light blue) is 

required for binding to CEP170. The second coiled-coiled domain of NINL mediates its 

oligomerization and the third coiled-coil domain its interaction with dynein.  
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NINL contains 4 EF-Hands in within the region that is necessary for γTuRC binding 

(Schematic D2). Thus, we speculated that calcium binding could be important for 

this function. However, mutation of these EF-Hands did not change the γTuRC-

binding capacity or the microtubule nucleation levels from the mitochondria (data 

not shown). This was also tried before with some of these EF-Hands (Casenghi, 

2004), so we conclude that calcium-binding is not related to γTuRC recruitment.  

 

To gain more insight into how NINL promotes ectopic MTOC formation, we took 

advantage of the similarities and differences in the properties of NINL-Nt and NIN-

Nt. Despite the sequence similarity in their N-terminal region (aa 1-702) (~37%) 

(Casenghi, 2003), only NINL-Nt is capable of assembling an MTOC at the 

mitochondria, while both recruit γTuRC, NEDD1 and CKAP5 (Table R1). 

Furthermore, both proteins are interactors of dynein (Casenghi, 2005; Redwine, 

2017) and cluster mitochondria around the centrosome when targeted (Figure R1). 

Thus, the ability to interact with any of the above proteins is shared by NINL and 

NIN and therefore cannot explain the difference in their MTOC-inducing capacity. 

We speculated that the region between aa 288-442 in NINL may be key to this 

difference by providing activation of microtubule nucleation. We then generated a 

hybrid protein containing the γTuRC-binding region from NIN (1-287) and the 

region 288-442 from NINL, and targeted this construct to mitochondria. The hybrid 

construct was able to recruit γTuRC but failed to induce nucleation (data not shown). 

In addition, we attempted activation by providing NINL 288-442 in trans. The 

TuRC binding region NINL 1-287 was targeted to the mitochondria and FLAG-

tagged NINL 288-442 was expressed in the cytoplasm, but this also failed to induce 

an ectopic MTOC. Together these results suggest that TuRC recruitment and 

activation of nucleation, while encoded in different region of NINL, may not be 

physically separated to promote MTOC assembly. 

 

We also considered the possibility that region 288-442 may invoke additional factors. 

BioID of both NINL constructs, Nt and 1-442, targeted to mitochondria, revealed 

19 hits shared between the two constructs in two separate biological replicates 

(Figure R21). Moreover, 68% of these hits were already described in previous BioID 

studies with the full-length NINL (Gupta, 2015; Redwine, 2017), validating our 

results. Interestingly, three of the hits, CKAP5, CEP170 and NEDD1 had been 

already identified by different approaches during the thesis. Another interesting top 

hit was MAP7D3, a protein not very well characterised but described to be involved 

in microtubule assembly and polymerization (Sun, 2011; Yadav, 2014). This is 

reminiscent of the function initially described for CKAP5 (Gard, 1987; Lee, 2001). 
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It is tempting to speculate then that MAP7D3 perhaps in cooperation with CKAP5 

may contribute to NINL-Nt -dependent MTOC formation. We have the tools now 

to address this question and we are currently exploring this possibility.  

 

We were surprised to find that a subunit of the augmin complex, HAUS6, was also 

identified as NINL proximity interactor. At very early stages of the project, we 

checked whether the augmin complex might play a role in MTOC formation at the 

mitochondria, but we did not observe any recruitment after targeting the different 

POI (data not shown). In the light of the BioID data and taking in account the 

importance of the augmin complex for microtubule nucleation both in mitotic and 

non-mitotic cells (Goshima, 2008; Sanchez-Huertas, 2016; Cunha-Ferreira, 2018), a 

careful re-evaluation seems necessary.   

 

Among other interesting hits that we had no time yet to validate and further explore 

is ERC1 (also known as ELKS), a protein known to attach CLASPs to the cellular 

cortex. This cluster of CLASPs and ERC1 is used by cells to attach distal microtubule 

ends (plus-ends) (Lansbergen, 2006). Since CLASPs also tether microtubules minus-

ends at the Golgi MTOC (Jiang, 2014), one could speculate that ERC1-CLASP 

complexes might have a similar function at ectopic MTOCs induced by NINL. 

 

Three components of the dynein-dynactin complex also appear as hits in our BioID 

dataset, DYNC1LI1, ACRT1A (also known as ARP1) and DCTN2. In general, these 

proteins appear to be more enriched in the NINL-Nt dataset, which might be 

explained by the presence of the third coiled-coil domain that we identified as 

dynein-binding region (Figure D2). However, the BioID result suggests that the 

shorter NINL 1-442 may also interact with dynein, albeit less strongly. As 

commented before, as both NIN and NINL are interactors of these complex and 

both cluster the mitochondria, we do not think that dynein interaction is related to 

MTOC formation. 

 

Another potentially interesting hit from our BioID list is CEP131, a centriolar 

satellite and centrosomal protein that has been described to be located at the 

transition zone of primary cilia, a region between the centriole cylinder (basal body) 

and the cilium shaft. Its depletion is linked to ciliary defects (Hall, 2013). As we have 

shown that NINL localizes to the distal part of centrioles and SDAs (Figure 31 and 

Figure 32), it may functionally interact with CEP131 in ciliated cells. In addition, it 

was previously reported that the centrosomal aberrations caused by overexpression 

of full-length NINL (Figure R26) make cancer cells more invasive. Interestingly, 
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this is also described in the same study to be caused by aberrant structures after 

overexpression of CEP131 (Ganier, Schnerch, & Nigg, 2018). Thus, there is a chance 

that these aberrant structures are formed by a complex between NINL and CEP131. 

However, at this point we have no indication that CEP131 may be involved in NINL 

MTOC function.  

Before exploring the relevance of any of the above protein interactions further, it 

will be important to first validate the BioID hits by different techniques, such as co-

immunoprecipitation or colocalization by IF microscopy of the candidate interactors 

with endogenous NINL or mitochondria-targeted NINL fragments. 

 

Does MTOC formation by NINL involve phase 

separation?  
Very recently it was described in RPE-1 cells that during centrosome maturation, 

before mitotic entry, PCNT increases its expression and forms liquid-like droplets 

that surround the centrosomal area and eventually coalesce at the centrosome. These 

droplets recruit motor proteins as other PCM components required for microtubule 

nucleation. The authors proposed that these PCNT condensates might facilitate 

centrosomal recruitment of PCNT and other centrosomal proteins. Noticeably, the 

PCNT that is located at the centrosome does not seem to share this property, 

suggesting that PCNT may be present in two different states (Jiang, 2021). This work 

may have been inspired by a previous provocative paper claiming that, at least in C. 

elegans, the centrosomal PCM achieves compartmentalization through phase 

separation from the surrounding cytoplasm. This was based on in vitro reconstitution 

experiments, in which MTOCs could be assembled from purified SPD-5, and C. 

elegans TPX2 and CKAP5 proteins (Woodruff, 2017). These liquid-like spherical 

assemblies resembled structures that had been described previously in cells 

overexpressing NINL-Nt (Casenghi, 2003) and that we could reproduce in this thesis 

(Figure R26, NINL). Both NINL-Nt and -Ct overexpression resulted in droplet-

like structures in the cytoplasm (Figure R26, NINL-Nt and NINL-Ct). Remarkably, 

only the structures generated by NINL-Nt were capable of recruiting y-tubulin and 

nucleating microtubules, similar to the observations with mitochondria-targeted 

NINL constructs. 

 

We speculate that NINL fragments targeted to mitochondria may undergo some 

type of phase transition and that this is important for MTOC function. This is 

prompted not only by the observation of droplets formed by NINL fragments in 

cells and in vitro, but also by the observation that the minimal MTOC-inducing 

fragment, NINL (1-442), did not promote microtubule nucleation when expressed 
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as a non-targeted version in the cytoplasm. This was surprising and a fundamental 

difference to CM1, which promotes MT assembly in both cases, when freely 

diffusible in the cytoplasm and when targeted to mitochondria. Our current 

hypothesis is that by targeting NINL 1-442 to the mitochondrial surface we may 

mimic crowding conditions that could promote phase separation.  

 

Importantly, we could observe droplet-like structures also in in vitro using purified 

recombinant NINL fragments incubated in buffers with crowding agent (Figure 

R27 and Figure R28). Interestingly, even the smallest fragment that we tested, 

NINL 1-287, was able to form droplets at a certain concentration (Figure R27 and 

Figure R28, NINL 1-287). As this protein is predicted to be mostly disordered, it is 

possible that the IDRs contained within this fragment may drive phase separation 

(Figure R29). We should comment that the propensity to form these droplet-like 

structures was influenced by the tag and the presence of additional C-terminal 

sequences (Figure R28, NINL-Nt), which seemed to produce a gradual transition 

to more irregular aggregates. Now that we have these tools developed, some 

appealing experiments can be performed in this system. One such experiment would 

be incubating additional factors such as TuRC, CKAP5, or tubulin with NINL 

droplets in vitro and observe if they get incorporated into these structures and if 

microtubule assembly occurs under any of these conditions. Further characterization 

of the droplets in vitro will also be required, including by live imaging, since their 

potential liquid-like properties have not yet been properly demonstrated. 

 

To learn more about the potential link between phase separation and NINL, we 

decided to generate mutant versions of the protein that could disrupt these 

properties. Based on the predicted IDRs and coiled-coil regions (Vega, 2019; 

Newton, 2021) as well as the existing aromatic residues (Holehouse, 2015; Wang, 

2018; Martin, 2020), which might all be important for phase separation, we designed 

several NINL mutants. Strikingly, disruption of the second and third coiled-coil in 

NINL had a profound effect on the formation of droplets in cells. As these coiled-

coils mediate dynein-binding and oligomerization, it is possible that these 

interactions contribute to droplet formation. On the other hand, one of the aromatic 

mutants, NINL-Nt 11A, had a similar effect, with a more diffuse localization pattern, 

although we could still detect some condensates in a few cells. Interestingly, in the 

case of NINL-Nt 22A we could not detect any condensates in most of the cells, but 

instead large aggregates were detected (Figure 30). These results imply that both 

aromatic residues and coiled-coil domains may be important for droplet formation. 

If coiled-coils are removed, droplets do not form, while mutation of the aromatic 
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residues makes NINL-Nt more prone to aggregation. As a next step, we plan to 

target these mutants to the mitochondrial surface, to test if their inability to form 

droplets may prevent them from supporting ectopic MTOC formation. Further, it 

will be important to characterize phase separation properties of these mutants also 

in vitro and in the context of full-length NINL expressed in cells. Important questions 

to address would be whether mutant NINL localizes similar to endogenous NINL 

and whether it can rescue any phenotypes observed in cells that lack or are depleted 

of endogenous NINL. 

 

Implications of NINL localization at SDAs.  
What is the role of the endogenous NINL and how does it relate to the findings 

presented in this thesis? Initial work by the laboratory of Erich Nigg described NINL 

as a centrosomal protein involved in the regulation of microtubule nucleation 

(Casenghi, 2003) . It was additionally shown in the same article that this protein is 

regulated by PLK1 phosphorylation, which serves to remove NINL from the 

centrosome during mitosis. Two years later, it was described that this protein is 

transported in a dynein-dependent manner to the centrosome, a process also 

regulated by PLK1 (Casenghi, 2005). Other studies have implicated NINL in cancer 

development and metastasis (Shao, 2010; Li, 2011; Zhao, 2012) (Ganier, Schnerch, 

& Nigg, 2018; Ganier, Schnerch, Oertle, , 2018), in autophagy (Xiao, 2021) and, an 

isoform of NINL, in ciliopathy (van Wijk, 2009), but how these implications may be 

linked to the molecular and cellular roles of NINL has remained unclear.  

 

As a first step towards addressing this issue, we generated a new antibody against 

NINL, which showed a clear localization of NINL to centrosomes and in particular 

to the SDAs of the mother centriole and the proximal ends of both centrioles 

(Figure R32). This staining pattern in consistent with other SDA proteins described 

(Mazo, 2016; Chong, 2020). Similar localization was also observed in a cell line stably 

expressing very low levels of GFP-NINL (Figure R31) and the staining was reduced 

after NINL RNAi, suggesting that it is specific. So far, it had only been observed 

that NINL localized preferentially to the mother centriole (Casenghi, 2003; Casenghi, 

2005; Rapley, 2005). Based on the published localization of NIN (Mogensen, 2000), 

the recently described architecture of the SDAs (Chong, 2020), and that we had 

detected interaction of NINL with the outer SDA proteins NIN and CEP170 

(Figure R15, Figure R16 and Figure R18), we speculated that NINL should be 

located at the outer region of the SDAs. To understand the interdependency between 

these proteins we depleted CEP170 (Figure R33) and NIN (Figure R34). 

Interestingly, depletion of these proteins did not seem to have an effect on NINL 
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localization, suggesting that it occurred independently of these proteins. Our results 

with NINL depletion are still preliminary, but suggest that there is also no effect of 

NINL depletion on NIN localization (Figure R35). Together, the data suggest that 

interaction between these proteins does not determine their SDA localization. 

Interestingly, NINL is displaced from SDAs after CKAP5 depletion (Figure R36). 

Unpublished data from our laboratory has shown that CKAP5 also localizes at 

SDAs. Considering that work from our lab recently showed nucleation from distal 

centriole regions (Schweizer, 2020) and that TuRC subunits were found to be 

associated with SDAs in some cell types (Schweizer, 2020; Schweizer, 2021) , it is 

tempting to speculate that a module of CKAP5-NINL-NEDD1-γTuRC may be 

present at SDAs to promote microtubule nucleation from this site. To further 

characterise how NINL is located, depletion of the inner SDA protein as CEP128 

or Centriolin could be used, which may function upstream of NINL. CEP128 was 

described to interact with ODF2 (even more upstream in the SDA hierarchy) and 

linked to ciliary function (Monnich, 2018; Kashihara, 2019; Chong, 2020). Moreover, 

further imaging by SIM and expansion microscopy in combination with additional 

markers could be used to establish more precisely NINL spatial distribution at SDAs. 

Another issue that needs to be addressed is the relatively inefficient depletion of 

NINL at centrosomes by any of the tested siRNAs. In many cases we could observe 

robust reduction by western blot, as can be observed in Figure R32, but centrosomal 

levels of NINL were depleted less efficiently. This has also prevented us from 

conducting a thorough phenotypic analysis of NINL-loss-of-function. To overcome 

this, a CRISPR/Cas9 mediated knockout of NINL would be useful.  

 

Apart from localizing at SDAs, NINL also presented additional centrosome staining 

that differed from the staining pattern of the canonical SDA proteins NIN and 

CEP170. In many cells we could detect spike-like staining that seemed to extend 

away from centrioles. Strikingly, similar “spikes” were also observed for staining of 

CKAP5, which partially colocalized with NINL (Figure R37). Furthermore, NINL 

also seemed to co-localize with α-tubulin signal at early timepoints during 

microtubule regrowth. In this case, NINL “spikes” seemed to co-localize with very 

short microtubules (Figure R38). One could speculate that these structures indicate 

involvement of NINL in microtubule nucleation events, potentially at SDAs (Figure 

D3). Since colocalization with newly formed microtubules is rapidly lost as these 

elongate, centrosomal NINL distribution may be dynamic. Additional work is 

required to further elucidate these observations, ideally using NINL KO cells 

expressing full-length NINL or NINL mutants. This approach could also be used 

for live imaging to study the dynamics of NINL at the centrosome. 
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Figure D3. NINL localisation and function at SDAs.  

Schematic depicting our suggested NINL localisation to SDAs and its possible role in 

MTOC formation. Taking into account the already established SDA hierarchy (Chong, 2020) 

and our findings, we hypothesize that CKAP and NINL might form a complex at SDAs 

that should be positioned in the hierarchy at the same level or above NIN. NINL localisation 

seems to be dependent on CKAP5 but it is yet to probe if the reverse is also true. It is 

possible that a module composed of CKAP5, NINL and potentially TuRC could have an 

important role in MTOC formation at SDAs, an unreported function so far. Moreover, we 

hypothesize that phase separation could help in the generation of this MTOC, by locally 

increasing the concentration of the proteins required for its activity.  

 

The observed, potentially dynamic distribution of centrosomal NINL may also be 

compatible with liquid-like properties, assuming that NINL would form a 

condensate at the centrosome. Testing this possibility will be challenging due to the 

relatively small amount of NINL that could be present at centrosomes taking into 

account the proposed bulk of NIN (if we assume similar populations) (Bauer, 2016) 

and the small size of the area occupied by NINL. 

 

Many cellular compartments including the centrosomal PCM have been proposed to 

involve condensate formation (Woodruff, 2017; Boeynaems, 2018). However, a 

growing number of researchers consider the supporting data in many cases 

insufficient and have emphasized the need to perform certain key experiments and 

include additional controls (Alberti, 2019; McSwiggen, 2019; Raff, 2019). It remains 

to be seen if such data can be provided also for centrosomal NINL. 
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An important finding of this work is the implication of NINL in centrosomal 

microtubule nucleation and that SDAs are potentially involved in this activity. 

Interestingly, while most researchers consider the PCM as the centrosomal site where 

microtubules are nucleated, very early EM studies already proposed that SDAs may 

be sites of microtubule nucleation (Vorobjev, 1982; Alieva, 1995). Indeed, this is an 

attractive hypothesis since nucleation from SDAs would solve the conundrum that 

exclusive nucleation in the PCM would pose: the physical separation of nucleation 

(PCM) and anchoring (SDAs), which would require release and transfer of 

microtubule minus ends over a significant distance. 

 

Another important question is, what is the role of SDA-associated microtubules? 

One might assume that these microtubules simply increase the total number of 

microtubules emanating from the centrosomes. However, during mitotic spindle 

assembly, when centrosomal microtubule nucleation is particularly robust, SDAs do 

not seem to be required since they are at least partially disassembled at mitotic entry 

(Vorobjev, 1982). This is in line with the displacement of NINL from the 

centrosomes during mitosis through PLK1 phosphorylation (Casenghi, 2003; 

Casenghi, 2005). Another process that involves SDA-associated microtubules is the 

formation and positioning of cilia. Indeed, depletion of SDA proteins such as ODF2 

or CEP128 has shown that these proteins are required for proper ciliogenesis 

(Ishikawa, 2005; Monnich, 2018). Even more interesting is that depletion of some of 

the SDA proteins and the cohesion factor CEP250 (protein name: C-Nap1) can alter 

the ciliary position within the cell by disrupting association between the Golgi 

apparatus and the cilia (Mazo, 2016). It is tempting to speculate then that the 

microtubules generated and anchored at SDAs could mediate this function. In 

addition, these microtubules may also mediate trafficking to and from the cilium, 

which is important not only for cilium formation, but also homeostasis, and ciliary 

signalling (Hehnly, 2012; Hall, 2021; Ho, 2021). For these reasons, future NINL loss-

of-function studies should also include analysis of ciliogenesis and ciliary signalling.  
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Conclusions 
 

 

▪ The outer surface of mitochondria can serve as a site for ectopic MTOC assembly 

by various centrosome proteins and facilitates compositional and functional 

analysis. 

 

▪ PCNT and CEP192-Nt are capable of recruiting proteins important for MTOC 

function but fail at ectopic MTOC assembly. 

 

▪ CEP192-Nt can build an MTOC with the additional presence of an activator of 

microtubule nucleation.  

 

▪ The CM1 of CDK5RAP2, NINL-Nt and CKAP5 can induce ectopic MTOC 

assembly at the outer surface of mitochondria. 

 

▪ CM1 and NINL-Nt induce similar microtubule nucleation activity when targeted 

to mitochondria. 

 

▪ The ectopic MTOC assembled by CM1 requires γTuRC. 

 

▪ CKAP5 can induce an ectopic MTOC in the absence of TuRC. 

 

▪ NINL 1-287 is sufficient to recruit γTuRC at the ectopic site and NINL 1-442 is 

the minimal region required for assembling an ectopic MTOC. 

 

▪ The minimal ectopic MTOC assembled by NINL 1-442 requires γTuRC, 

NEDD1 and CKAP5. 

 

▪ The second coiled-coil of NINL mediates its dynein-binding. 

 

▪ The third coiled-coil of NINL mediates its oligomerization. 

 

▪ NINL binds to NIN through its second and third coiled-coil domains. 
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▪ NINL contains a 5th EF-Hand that is shared with NIN and is necessary for 

CEP170-binding.  

 

▪ NIN and CEP170 do not seem to be required for NINL 1-442-induced ectopic 

MTOC formation.  

 

▪ The proximity interactome of NINL-Nt and NINL 1-442 targeted to 

mitochondria includes potential candidates involved in ectopic MTOC formation. 

 

▪ NINL overexpression generates droplet-like structures that have MTOC activity.  

 

▪ GST- and GFP- tagged NINL constructs show phase separation properties in 

vitro.  

 

▪ NINL 1-287 is sufficient to generate condensates in vitro and additional C-terminal 

sequences seem to produce a gradual transition to more irregular aggregates. 

 

▪ Disruption of the coiled-coil domains of NINL-Nt impairs condensate formation 

in cells. 

 

▪ Disruption of the aromatic residues of NINL-Nt leads to aggregation in cells. 

 

▪ NINL localizes to the SDAs of the mother centriole in cells. 

 

▪ NINL localization to SDAs is independent of NIN and CEP170. 

 

▪ NINL localization to SDAs is CKAP5 dependent.  

 

▪ NINL and CKAP5 form “spikes” that colocalize at SDAs.  

 

▪ NINL partially co-localizes with microtubules that seem to be generated at SDAs, 

suggesting that NINL and CKAP5 may have a role in nucleation at SDAs.  
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