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ABBREVIATIONS 

2D-PAGE  2 Dimensional-polyacrylamide gel electrophoresis 
AAA   ATPases associated with various cellular activities 
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BMMC  Bone marrow mast cell 
CAP-Gly   Cytoskeleton-associated glycine-rich domain 
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CHMP   Charged multivesicular body protein 
EB   End-binding protein 
EBH    EB-homology domain 
ECM   Extracellular matrix 
EM   Electron microscopy 
ER   Endoplasmic reticulum 
ESCRT-III  Endosomal sorting complex required for transport-III 
GA   Golgi apparatus 
GCP   Gamma-tubulin complex protein 
GMPCPP  Guanosine-5’-[(α,β)-methyleno]triphosphate 
HSP   Hereditary spastic paraplegia 
IF   Intermediate filament 
KD   Knock-down (reduction of gene expression by RNAi technique) 
MAP   Microtubule associated protein 
MF   Microfilament 
MT   Microtubule 
MTOC   Microtubule organizing centre 
NLS   Nuclear localization sequence 
PCR   Polymerase chain reaction 
PCM   Pericentriolar matrix 
PTM   Post-translational modification 
RT-qPCR  Reverse transcriptase-quantitative real-time PCR 
SOCE   Store-operated Ca2+ entry 
TIC   Tumor initiating cell 
TTL    Tubulin-tyrosin ligase  
γTuC   γ-Tubulin complex 
γTuRC   γ-Tubulin ring complex 
γTuSC   γ-Tubulin small complex 
+TIP   Microtubule plus-end tracking protein 
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ABSTRACT 

Microtubules (MTs) play crucial roles in intracellular organization and transport, cell 

polarity, motility, signalling, division and differentiation. MTs form complex arrays, which 

are, due to their highly dynamic nature, capable of rapid reorganization in response to cellular 

requirements. Dynamics, stability and spatial organization of MTs are regulated by many 

factors including MT regulatory proteins. In the presented study we functionally characterized 

three selected MT regulatory proteins: Ca2+-sensor STIM1, MT severing protein spastin and 

γ-tubulin that is essential for MT nucleation. 

We found out that activation of bone marrow mast cells (BMMCs) leads to the formation 

of plasma membrane protrusions containing MTs. Formation of these MT protrusions is 

dependent on an influx of extracellular Ca2+ regulated by protein STIM1, located in 

endoplasmic reticulum. STIM1 associates with MTs and its depletion prevents formation of 

MT protrusions. This indicates that Ca2+ ions might be involved in MT regulation. Since 

STIM1 depletion also causes defects in chemotaxis, we propose that MT protrusions might be 

involved in sensing of external signals recognized by BMMCs. 

Glioblastoma multiforme is the most common and most aggressive malignant primary 

brain tumor in humans. We demonstrated that MT severing protein spastin is overexpressed in 

glioma and glioblastoma cell lines and that its expression level increases with tumor 

malignancy. Glioblastoma cells depleted of spastin exhibit significantly lower motility and an 

increased proliferation rate. Modulation of these spastin functions in cell migration and 

proliferation has a potential to become a part of novel approaches to treatment of invasive 

gliomas. 

We showed for the first time that γ-tubulin is present in the nucleoli of various cell types. 

We identified new γ-tubulin interacting protein C53 in the nucleus using mass spectrometry 

and found out that γ-tubulin can modulate C53 function in G2/M checkpoint activation after 

DNA damage. Furthermore, we showed that mammalian γ-tubulin 2 is able to nucleate MTs 

and substitute for γ-tubulin 1 in cultured cells and that these γ-tubulins are differentially 

expressed in mouse early embryogenesis and in adult tissues. Based on our results we propose 

that mammalian γ-tubulins are functionally equivalent with respect to their MT nucleation 

activity.
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SOUHRN 

Mikrotubuly (MTs) hrají zásadní roli ve vnitřní organizaci buňky a vnitrobuněčném 

transportu, v regulaci polarity, pohyblivosti a přenosu signálů i v buněčném dělení a 

diferenciaci. MTs vytvářejí složité struktury, které jsou díky jejich dynamické povaze 

schopné rychlé reorganizace dle potřeb buňky. Dynamika, stabilita a prostorové uspořádání 

MTs jsou regulovány mnoha faktory. Jedním z nich jsou proteiny regulující MTs. V této práci 

jsme se zabývali funkční charakterizací tří proteinů regulujících MTs: Ca2+-senzoru STIM1, 

spastinu, proteinu štěpícího MTs, a γ-tubulinu, který je zásadní pro nukleaci MTs. 

Zjistili jsme, že aktivace žírných buněk kostní dřeně (BMMCs) vede ke tvorbě výběžků 

cytoplasmatické mebrány, které obsahují MTs. Tvorba těchto MT výběžků je závislá na 

transportu extracelulárních Ca2+ iontů do buňky, který je řízen proteinem STIM1 

lokalizovaným na endoplasmatickém retikulu. STIM1 se váže na MTs a potlačení jeho 

exprese zabraňuje tvorbě MT výběžků. To naznačuje, že Ca2+ ionty mohou hrát roli při 

regulaci MTs. Jelikož snížení exprese STIM1 způsobuje také poruchy chemotaxe, popsané 

MT výběžky mohou být hypoteticky důležité pro vnímání vnějších signálů. 

Glioblastoma multiforme je nejčastější a nejagresivnější maligní primární nádor mozku 

u člověka, jehož možnosti léčby jsou dosud velmi omezené. Ukázali jsme, že koncentrace 

proteinu spastinu, který katalyzuje štěpení MTs, je zvýšená u gliomů a glioblastomových 

buněčných linií a že jeho množství se zvyšuje se vzrůstající malignitou nádoru. Snížení 

exprese spastinu v glioblastomové linii vede k významnému snížení jejich pohyblivosti a 

zároveň ke zvýšené proliferaci. Ovlivnění funkce spastinu v buněčné migraci a proliferaci 

může potenciálně vést k zavedení nových přístupů k léčbě glioblastomů.  

Jako první jsme ukázali, že klíčový protein pro nukleaci MTs γ-tubulin je přítomen 

v jadérkách různých typů buněk. Pomocí hmotnostní spektrometrie jsme v buněčném jádře 

identifikovali protein C53, který interaguje s γ-tubulinem. Zjistili jsme, že γ-tubulin může 

modulovat funkci C53 v G2/M kontrolním bodu po jeho aktivaci poškozením DNA. Dále 

jsme ukázali, že savčí γ-tubulin 2 je schopen nukleovat MTs a nahradit tak γ-tubulin 1. 

γ-Tubuliny jsou také rozdílně exprimované v průběhu časné myší embryogeneze i ve tkáních 

dospělce. Z našich výsledků vyplývá, že savčí γ-tubuliny jsou při nukleaci MTs funkčně 

ekvivalentní. 
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I. INTRODUCTION 

Cytoskeleton is an intricate system of intracellular filaments essential for cell shape, 

internal organization and vital functions such as migration, proliferation, differentiation and 

responsiveness to external stimuli. There are two main types of filaments in eukaryotic cells, 

microtubules (MTs) and actin microfilaments (MFs). Intermediate filaments (IFs) are the third 

type of filaments found in metazoa, but not in all eukaryotic cells. Although prokaryotes also 

possess active and dynamic cytoskeletal structures, there is considerable diversity and no 

simple relationship between the cytoskeletons of prokaryotes and eukaryotes [1]. Despite 

structural and functional differences all cytoskeletal filaments closely cooperate and interact 

with each other. 

As this thesis focuses on microtubule regulatory proteins in mammalian model systems, 

the structure and functions of MTs and their associated proteins in animal cells will be 

discussed further in greater detail. 

 

I.1 Microtubules 

I.1.1 Microtubule organization and functions 

MTs are critically important for spatial and temporal organization of eukaryotic cells. They 

play crucial roles in intracellular transport, organelle positioning, establishment of cell 

polarity and shape, motility, signalling and cell division. In order to perform all of their 

functions, MTs are arranged in complex arrays that can be rapidly reorganized in response to 

cellular requirements. Such rapid rearrangements are possible due to the highly dynamic 

nature of MTs. 

In the majority of interphase animal cells MTs form radial arrays emanating primarily 

from the centrosome, the microtubule-organizing centre (MTOC) localized near the nucleus. 

MTs explore cytoplasm with their free ends and reach the cell periphery (Fig. 1A). After the 

onset of cell division, they radically reorganize to form mitotic or meiotic spindle, very 

dynamic and distinct structure necessary for precise separation and delivery of sister 

chromatids or homologous chromosomes to future daughter cells (Fig. 1B). However, MT 

organization can be completely different in specialized cells. For instance in terminally 

differentiated neurons, the centrosome loses its function as a MTOC and radial MT arrays 

disappear. Neuronal MTs form stabilized bundles, which play an important role in 
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establishment of neuronal polarity. They initiate neurite outgrowth, guide axon elongation and 

branching and structurally support the shape of neuronal cells (Fig. 1E) [2]. Another examples 

are epithelial cells (Fig. 1C), where MTs are aligned in apicobasal direction or myotubes with 

linear arrays of MTs (Fig. 1D) [3, 4]. 

Figure 1. Microtubule arrays in various animal cell types. A) MTs are emanating mainly from 

the centrosome in the majority of interphase animal cells. Cells migrating in the mezenchymal mode stabilize 

MTs selectively in the direction of migration, whereas MTs near the retracting end of the cell are highly 

dynamic. B) During mitosis MTs form the mitotic spindle. MTs connected to chromosomal centromeres via 

multiprotein complex called kinetochore (red) are called kinetochore MTs (thick green lines), interpolar MTs are 

those not connected to kinetochores but directed to the cell center and overlapping. MTs pointing to the opposite 

direction, to the cell periphery, are termed astral MTs. C) MTs in epithelial cells are organized in apico-basal 

direction, being connected to both plasma membranes. D) MTs in myotubes are nucleated from nuclear 

envelopes. E) MTs in neurons form bundles that are not connected to the centrosome. MTs are in green, MTOCs 

are in orange, nucleus/chromosomes are in blue. 
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MTs serve as tracks for transport of various cellular components including membraneous 

vesicles, proteins and RNA as well as bacteria and viruses, which is mediated by MT motor 

proteins [4-6]. By the action of MT motors and other microtubule-associated proteins (MAPs) 

MTs organize intracellular space by precise positioning of organelles such as mitochondria, 

Golgi apparatus (GA) and endoplasmic reticulum (ER) [4]. In addition, MTs participate in 

nuclear positioning [7] and nuclear envelope break-down in prophase [8, 9]. There is an 

interplay between nuclear envelope proteins nesprins and MTs, MFs and IFs, which facilitates 

both centrosome and nuclear positioning [10, 11]. 

MTs and MFs are required for establishment and maintenance of cellular polarity in 

migrating cells. Migration is a complex and heterogeneous process executed by all nucleated 

cell types at a given time window of their development [12]. It is vital for tissue development 

and remodelling, wound healing or immunological surveillance. Cells migrating in 

the mesenchymal migration mode are strongly polarized with a leading edge and lamellipodia 

at the front, and a trailing edge at the rear. MTs are selectively stabilized in the leading edge 

direction, whereas at the rear they are highly dynamic (Fig. 1A). This selective stabilization is 

necessary for directional MT-based vesicular transport contributing to maintenance of cellular 

polarity [11]. Cells bind to extracellular matrix (ECM) via cell-substratum adhesion sites and 

use them for pushing or pulling themselves in order to move. MTs facilitate cell-to-substrate 

adhesion by interacting with cell-substratum adhesion sites such as focal adhesions or 

adhesion sites containing laminin and laminin receptor integrins [3]. On the other hand, 

destabilization of MTs can support a different, amoeboid migration mode common for several 

types of invasive cancers [13]. 

Besides described dynamic arrays, MTs form also highly stable and long-lived structures 

such as centrioles and axonemes. A pair of centrioles constitutes the structural core of animal 

centrosomes and their duplication controls duplication of centrosomes once and only once 

during cell cycle that is essential for proper bipolar spindle assembly and subsequent fidelity 

in chromosome separation during mitosis. Centrosomes serve as an important MTOC by 

nucleating and anchoring MTs [14, 15] and as a hub for many signalling molecules including 

those involved in cell cycle progression [16, 17]. Centrioles have 9-fold radial symmetry 

created by nine regularly spaced MT triplets organized around a cartwheel structure [18-20]. 

Centrioles are surrounded by a complicated layer of unknown ultrastructure composed of 

fibrillar proteins, and termed the pericentriolar matrix (PCM). MTs emanating from the 

centrosome are anchored at the PCM (Fig. 2A) [21, 22]. 
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Axonemes surrounded by plasma membrane give rise to cilia and flagella. Cilia and 

flagella are structurally identical organelles. Motile organelles found on unicellular 

eukaryotes and sperm cells are termed flagella. On the other hand cilia can be found on 

almost every cell type in animals and are the key organelles in many physiologic and 

developmental processes. The motile axoneme is composed of a central pair of MTs and 

9 parallel MT dublets. The central pair is connected with MT dublets by MT motor protein 

dynein that generates force needed for organelle movement (Fig. 2B). Motile cilia are usually 

Figure 2. Structure of centrosomes, basal bodies and axonemes. A) The centrosome is 

composed of an older (mother) and a younger (daughter) centriole and the surrounding PCM. The PCM 

accumulates preferentially around the mother centriole. The mother centriole has several distal and subdistal 

appendages at its distal end, as highlighted by the EM micrograph, which are involved in MT anchoring. 

Centrioles comprise 9 triplet MTs that become dublets at their distal end and are structurally identical to basal 

bodies. B) Axonemes are cylindrical arrays of nine doublet MTs. Motile axonems contain a central MT pair and 

dynein, whereas non-motile axonemes in primary cilia lack dynein and the central MT pair. Transition fibres 

connect basal body to plasma membrane. Adapted from [22]. 
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present in large numbers on the surface of epithelial cells and their coordinated movement 

generates flow of fluid. Primary cilia are immotile, but can act as sensoric organelles [23]. 

The immotile axoneme in the primary cilium lacks the MT central pair and dynein. Centriolar 

MT triplets and axonemal MT dublets are very stable and contain extensively post-

translationally modified tubulins [24]. Axonemes elongate from the basal body that is 

structurally identical with the centriole and arise either from the existing centrosomal 

centriole or de novo (Fig. 2B).  

Interestingly, only the older centriole in the pair, called the mother centriole, can be 

converted to the basal body. Moreover, maturation of the mother centriole is needed for this 

conversion and takes up one and half cell cycle resulting in functional differentiation of 

duplicated centrosomes. The older centrosome containing the mature mother centriole and the 

younger centrosome differ in their capability to become the cilia-nucleating basal body. The 

asymmetric inheritance of older and younger centrosomes by daughter cells is important for 

controlling cell fate during tissue differentiation [25]. 

 

I.1.2 Microtubule structure and dynamic instability 

MTs are hollow tubes of about 25 nm in diameter composed of α- and β-tubulin 

heterodimers. Soluble tubulin heterodimers are abundant in the cytoplasm and can polymerize 

in a head-to-tail fashion into polarized protofilaments, which in turn associate laterally to 

form a cylindrical MT lattice (Fig. 3). The most ubiquitous form of the polymer is a singlet 

MT, however MTs can also form doublets or triplets as described in I.1.1.  

 While 11-16 protofilaments can form a MT in vitro [26], the majority of MTs grown 

in vivo consist of 13 protofilaments. 13-protofilament MTs have unique geometry; their 

protofilaments run straight along the MT length. This is especially important for movement of 

MT motor proteins along the MTs allowing them to remain always on the same face of the 

structure [27]. 13-protofilament MTs can be organized in two ways [28]. In the A-type lattice, 

α-tubulin form lateral bonds with β-tubulin from the adjacent protofilament. In the B-type 

lattice, lateral bonds are formed between the same types of tubulin monomers, ie. α-α, β-β. 

This arrangement results in a left-handed helix with a seam between the 1st and the 13th 

protofilament formed from lateral bonds between α-tubulin and β-tubulin (Fig. 3). Although 

some proteins can induce formation of A-lattice in vitro, e.g. EB1 homolog Mal3p [29],  only 

the B-type lattice was found in vivo [30].  
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There are fenestrations of about 1.5 x 2 nm between the contact regions of protofilaments 

creating a direct access to the MT lumen [31]. Astonishingly, MT lumen is not vacant. 

Several independent studies reported luminal particles inside MTs of different origin [32-34]. 

Nevertheless, the nature of these particles is still unknown. 

As a consequence of head-to-tail polymerization of tubulin heterodimer and 

a unidirectional arrangement of protofilaments, MTs are intrinsically polar. The end with 

exposed β-tubulin is called the plus (+) end, the other end with exposed α-tubulin is called the 

minus (-) end. The (+) end is the fast growing end both in vitro and in vivo. On the other hand 

the (-) end can grow only slowly in vitro, while in cells it is usually capped and stabilized, for 

example by anchoring at a MTOC. Uncapped (-) ends mostly rapidly depolymerize in vivo. 

Stochastical switching between periods of growth and rapid shortening of (+) ends, occurring 

both in vitro and in vivo, is termed „dynamic instability“ [35]. Historically, the transition 

between the growth to the shrinkage is called catastrophe, the opposite transition is called 

rescue (Fig. 4). 

Electron microscopy (EM) studies have revealed distinct morphology of growing and 

shrinking MT ends. Growing MTs have an open protofilament sheet at the tip with the open 

seam closing back into a tube toward the (-) end, whereas shrinking MTs have frayed ends 

Figure 3. Molecular structure of microtubules. α- and β-tubulin heterodimers polymerize 

longitudinally into protofilaments. In vivo, MTs predominantly consist of 13 protofilaments and lateral bonds are 

formed between two α-tubulins and two β-tubulins, each of adjacent protofilaments. Since protofilaments are 

slightly staggered, there is a “seam” formed by lateral interactions between α- and β-tubulins. α-Tubulin is in 

violet, β-tubulin in green, GTP in orange. Adapted from [27]. 
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with individual protofilaments curved and peeling away from the fast depolymerizing end 

(Fig. 4) [34, 36, 37]. However, a recent study on fission yeasts indicated that structures of 

growing (+) ends might be more diverse. Growing (+) ends inspected by electron tomography 

exhibited mostly flared, funnel-like structures [38]. The authors propose a model of MT 

growth, when the protofilaments first elongate and then successively „zip up” with their 

neighbours. Interestingly, recent computer simulations suggested a very similar model of (+) 

end growth [39]. 

Each tubulin monomer contains one binding site for a guanine nucleotide coordinated with 

Mg2+ cation(s) on the N-terminal domain (Fig. 3) [40]. Since GTP bound to α -tubulin is 

physically traped at the dimer interface, it cannot be exchanged and hydrolyzed. On the other 

hand, guanine nucleotide binding site of β-tubulin is accessible. Thus, β-tubulin-bound GTP 

can be hydrolyzed and resulting GDP can be exchanged for GTP. Tubulin heterodimers with 

bound GTP (GTP-tubulin) are essential for MT growth. GTP-tubulin is incorporated into 

a growing MT and GTP is hydrolyzed to GDP few moments after polymerization yielding 

GDP-tubulin, which forms the majority of the MT lattice (Fig. 4).  

Depolymerizing protofilaments are frayed and curved reflecting the bent conformation of 

GDP-tubulin adopted also by non-polymerized GDP-tubulin in solution [41]. While GDP-

tubulin increases the curvature of protofilaments putting strain on the lattice, fluctuating 

layers of GTP-tubulin on the (+) end, termed „GTP cap“, stabilize the MT due to the strong 

interactions among GTP-tubulin subunits. If GTP cap is lost or a crack develops between 

protofilaments at the end, they peel apart and curl outward, finally releasing the stored free 

energy from GTP hydrolysis [39, 42]. Curled protofilaments subsequently depolymerize, 

GDP is exchanged for GTP in free tubulin dimers and GTP-tubulin can take part in the next 

round of MT polymerization (Fig. 4).  

MT growth rate considerably fluctuates at a sub-second time-scale both in vitro and 

in vivo [43]. It has been proposed that tubulin oligomers from solution are being incorporated 

into the growing (+) end [44, 45], which could explain the observed fluctuations. Higher-

resolution studies have revealed though that apparent oligomer additions are in fact very rapid 

events of polymerization of individual tubulin dimers [46, 47]. Several lines of evidence 

indicate the GTP cap at the MT (+) end is highly dynamic and its length changes in time [46, 

47]. GTP cap grows and shrinks independently on GTP hydrolysis, with perhaps 90% of the 

GTP–tubulin dimers that bind to the (+) end dissociating before they are incorporated stably 

into the MT lattice. The combined association (On) and dissociation (Off) rates of GTP-

tubulin were estimated to occur at nearly 1000/s both in vitro and in vivo. In addition, GTP-
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tubulin On and Off rates are nearly equal to each other at all concentrations and in contrast to 

previous models, the Off rate is dependent on free GTP-tubulin concentration. These findings 

indicate that MAPs or drugs promoting net MT assembly or disassembly could work through 

only modest changes in GTP-tubulin kinetics [47]. 

It was initially thought that GTP-tubulin adopts straight conformation upon GTP binding 

and so fits well into the relatively straight protofilament sheets on the (+) end [48, 49]. 

However, there is increasing evidence that unassembled GTP-tubulin is also curved similarly 

to GDP-tubulin [50-52]. This strongly supports the lattice model of MT assembly postulating 

that straightening of GTP-tubulin conformation occur predominantly upon polymerization. 

GTP bound to β-tubulin is supposed to lower the unfavourable free energy difference between 

the curved soluble tubulin and the straight microtubular tubulin [50, 53]. GTP hydrolysis is 

not required for MT polymerization per se, but for the destabilization of a MT lattice, as MTs 

assembled from tubulin containing slowly hydrolyzable GTP analog guanosine-5’-[(α,β)-

Figure 4. Dynamic instability of microtubules. Assembly and disassembly of MTs are driven by  

binding, hydrolysis and exchange of a guanine nucleotide on the β-tubulin. GTP bound to α-tubulin is non-

exchangeable and is never hydrolyzed, whereas β-tubulin GTP undergoes hydrolysis soon after incorporation. As 

a consequence, a ’cap’ of GTP-tubulin subunits (GTP cap) forms at the (+) end. When free GTP-tubulin 

concentration decreases or the (+) end structure is disrupted, MTs rapidly start depolymerizing. Consequently, 

GDP in the disassembled tubulin subunits is exchanged for GTP. This stochastic assembly-disassembly cycle is 

termed ‘‘dynamic instability’’. (-) ends are mostly stabilized in vivo by capping. Typical (-) end stabilizer is the 

γ-tubulin ring complex (γTuRC), which also serves as a template for MT nucleation. Modified from [3]. 
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methyleno]triphosphate (GMPCPP) can grow and are resistant to depolymerization [54]. 

Interestingly, GDP-tubulin can also directly incorporate into growing MTs in vitro, however, 

only when mixed with GTP-tubulin [55].  

While the mechanisms of catastrophe are becoming increasingly understood [56], the 

nature of rescue events had been unclear until recently. A specific antibody was generated 

recognizing conformation of GTP-tubulin in the polymer [57]. This antibody stained 

segments a few hundred nanometers long at the (+) ends indicating the presence of GTP cap 

and also short segments in the middle of cellular MTs. Since the regions of GTP-tubulin (or 

GDP-tubulin in an alternative, stable structural state of the lattice) within MT lattice coincided 

with rescue events, it was proposed that these regions are rescue promoters [57, 58]. This 

hypothesis was recently supported by an in vitro study, where GMPCPP-tubulin was used to 

mimic the GTP-tubulin structures within the lattices of dynamic cellular MTs [59]. The study 

clearly showed that regions containing GMPCPP-tubulin promoted rescue and resisted 

depolymerization. Another rescue promoting factors are CLASP family proteins [60]. 

MTs with uncapped (-) ends are subjected to a specific turnover termed treadmilling. Due 

to structural constraints in tubulin dimers and in the MT lattice described above, GTP-tubulin 

strongly prefers the (+) end for polymerization. As a result, the concentration of GTP-tubulin 

needed for polymerization (critical concentration, Cc) is much higher for the (-) end than for 

the (+) end. When tubulin concentration is adjusted so as it is higher then Cc for the (+) end 

and lower than Cc for the (-) end, MTs start treadmilling by polymerizing at the (+) end and 

depolymerizing at the (-) end creating a flux of tubulin dimers through the MT. Treadmilling 

rarely occurs in interphase cells of different origin [61, 62], however in mitotic cells it 

contributes to MT flux in the mitotic spindle [63, 64]. 

In addition to above described α- and β-tubulin, tubulin superfamily comprises γ, δ, ε, ζ, η, 

θ, ι and κ-tubulin [65, 66]. They account together for less than 1% of the total tubulin content 

in the cell. While α-, β- and γ-tubulin are found in all eukaryotes and are highly conserved 

across species, the other tubulins are not as ubiquitous.  It seems that the primary function of 

these less ubiquitous tubulins is the regulation of centriole and basal body stability and 

duplication [65, 67, 68]; only α- and β-tubulin are capable of polymerizing into MTs. 

γ-Tubulin has additional vital functions including nucleation of MT and their anchoring at 

MTOCs. As it is the most studied molecule in the presented work, it will be discussed in 

greater detail later on in the chapter I.2.  
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I.1.3 Regulation of microtubule dynamics and functions 

Dynamics, stability and spatial organization of MTs are regulated by many factors 

including expression of different tubulin isotypes, tubulin post-translational modifications 

(PTMs), MT regulatory proteins such as MAPs, MT severing proteins and MT motor 

proteins. Small ligands like specific tubulin drugs and mechanical forces also affect MT 

stability. Some aspects of MT regulation will be discussed in this chapter. 

 

I.1.3.1 α- and β-tubulin isotypes 

Both α- and β-tubulin are encoded by multiple genes in vertebrates. 9 genes for α-tubulin 

and 8 genes for β-tubulin were identified in human [69], whereas other organisms, such as 

some yeasts, contain only one to two genes for each tubulin. α- and β-tubulin share 40% 

amino-acid sequence identity, however their tertiary structures are almost identical [70]. 

While the majority of both α- and β-tubulin amino-acid sequence is highly conserved to 

maintain the essential tubulin fold, their unstructured C-terminal tails are more divergent. 

Thus, the conserved differences among α- and β-tubulin isotypes are located mainly in their 

C-termini. α- and β-tubulin C-terminal tails are located on the exterior of the MT, where are 

the putative binding site for MAPs (Fig. 5) [71]. Sequential differences among individual 

α-tubulins are much lower than among β-tubulins [72].  

Although in vitro studies using purified β-tubulin isotypes indicated the existence of 

differences in MT assembly, GTPase activity and drug binding [73-75], in vivo studies 

showed various results whose interpretation is not straightforward [76-80]. The picture that 

emerges from recent studies is that different tubulins are all able to coassemble, and in doing 

so they may, or may not, alter the properties and functions of the MTs that they form [81].  

Some of β-tubulin isotypes are expressed ubiquitously, the others are expressed in a tissue-

specific manner [72, 82]. βI-tubulin expression is essentially ubiquitous. βII-tubulin is 

expressed particularly in brain, peripheral nerves and muscles. It was also detected in cell 

nuclei of various cancer types [83, 84]. βIII-tubulin occurs predominantly in neurons and 

testicular Sertoli cells. In spite of its absence in glial cells, βIII was found in gliomas; its 

expression correlates with the tumor grade [85].  βIVa-tubulin is expressed only in brain, 

whereas βIVb-tubulin is widespread among cell types being especially prominent in 

axonemes [86]. βVI-tubulin is restricted to hematopoietic-specific cell types. The distribution 
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of βV is ubiquitous but its levels are generally very low [81]. Remarkably, tissue distribution 

of α-tubulin isotypes is much less heterogeneous when compared to β-tubulin.  

Mutations in genes TUBA1A (α1A), TUBA8 (α8), TUBB2B (β2), and TUBB3 (β3) 

encoding different isotypes of α-tubulin and β-tubulin were recently linked to various 

neurological disorders, some of them being isotype specific [87]. Moreover, altered 

expression of tubulin isotypes contributes to drug resistance in several cancer types [88]. The 

functional differences of tubulin isotypes can also be coordinated with tubulin PTMs. 

Heterogeneous C-terminal tails of tubulin isotypes could display altered patterns of PTMs due 

to the divergent amino-acid sequence. For instance, some α-tubulin isotypes are missing the 

gene-encoded C-terminal tyrosine (Tyr), thus their expression would strongly increase the 

pool of detyrosinated MTs even in the absence of detyrosinating enzymes [24]. Collectively, 

recent findings indicate that there might be significant functional differences between some 

tubulin isotypes in vivo. 

 

Figure 5. Localization of tubulin PTMs and their effectors. C-terminal tails of α- and β-tubulin 

subunits are accessible from the surface of a MT. Polyglutamylation, polyglycinylation, detyrosination and Δ2-

tubulin modifications occur on these C-terminal tails. Acetylation sites are highlighted as circles with numbers 

indicating amino acid position. Acetylation of α-tubulin Lys40 (yellow) and β-tubulin Lys252 (magenta) have 

been confirmed. Unconfirmed acetlyation sites are shown as white circles. Tubulin PTMs affect binding and 

action of MT motor proteins (kinesins and dyneins), MAPs and severing enzymes. Adapted from [24]. 
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I.1.3.2 Tubulin post-translational modifications 

Tubulin PTMs have a strong impact on MT functions. In addition to unique composition 

of MTs based on different tubulin isotypes, PTMs represent another level of complexity 

enabling generation of defined MT identities with specific properties. An exciting hypothesis 

was proposed postulating that tubulin PTMs alone or in combination have the potential to 

generate complex molecular signals that can serve as a readable code on MTs [89]. MAPs, 

MT severing enzymes and MT motor proteins are the best known downstream effectors of 

this code (Fig. 5). Some tubulin PTMs are characteristic for stable MTs. Patterns of PTMs are 

not uniform and have various subcellular and submicrotubular distribution [24, 90].  

The most characterized tubulin PTM is tubulin detyrosination and the generation of 

Δ2-tubulin. Most α-tubulin genes encode C-terminal Tyr, which can be specifically removed 

by an unknown carboxypeptidase. The reverse reaction is catalyzed by Tubulin-tyrosin ligase 

(TTL). The detyrosinating enzyme(s) act(s) on tubulin polymerized into MTs, whereas TTL 

works exclusively on soluble tubulin heterodimers. As TTL is highly effective, almost all 

GTP-tubulin incorporated into growing MTs is tyrosinated. Deglutamylases of the cytosolic 

carboxypeptidases (CCP) family can generate Δ2-tubulin by removing C-terminal glutamate 

(Glu) from detyrosinated α-tubulin. This reaction seems to be irreversible in cells [24]. 

 Detyrosination is typical for long-lived MTs in many cell types. Tubulin detyrosination 

does not stabilize MTs per se, but it prevents binding of several MAPs and motor proteins to 

the α-tubulin tail such as MT depolymerizing motors from kinesin-13 family [91] and MT (+) 

end interacting proteins (+TIPs) containing a cytoskeleton-associated glycine-rich (CAP-Gly) 

domain [92-94]. CAP-Gly domain specifically recognizes EEY/F motif, which is present on 

tyrosinated but lost from detyrosinated tubulin. By contrast, kinesin-1 (KIF5) walks 

preferentially on detyrosinated MTs [95, 96]. Thus, tubulin tyrosination regulates stability of 

MTs and intracellular transport by recruiting or repulsing different MT motors and MAPs 

[97]. Since Δ2-tubulin modification is irreversible, it can lock MTs in a detyrosinated state 

and stabilize them for very long time. Consistently, Δ2-tubulin is found in differentiated MT 

structures such as centrioles, axonemes or neuronal MTs [24]. 

While detyrosination occurs only on α-tubulin, both α- and β-tubulin C-terminal tails can 

be extensively polyglutamylated or polyglycylated on Glu residues, with polyglutamate or 

polyglycin chains of various length. Since both PTMs use overlapping modification sites, 

they can compete with one another [24, 90]. Polyglycination is restricted to axonemes, 

whereas polyglutamylation is widespread. In axonemes, glycylation stabilizes the structure, 
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while glutamylation modulates beating behaviour. Polyglutamylation is a key regulatory 

mechanism controlling MT-based motor traffic not only in axonemes but also in neurons [24].  

Surprisingly, polyglutamate chains attract MT severing enzymes such as spastin and 

katanin [98, 99]. It suggests that polyglutamylated MTs need to be protected from 

uncontrolled severing in stable MT structures. Indeed, a structural MAP Tau binds to 

polyglutamylated MTs and protects them from severing activity in neurons [100]. On the 

other hand polyglutamylation is found on highly dynamic MTs in mitotic spindle, where MT 

severing by katanin is imporant for regulation of spindle architecture. Well-controlled 

glutamylation/ deglutamylation cycle is vital for normal neuronal development, since 

inhibition of tubulin deglutamylation leads to neuronal degeneration [24, 90, 97]. 

Acetylation of lysine (Lys) 40 on α-tubulin is the only PTM located in the MT lumen. This 

acetylation is also found on stable MTs, but again, it is not the cause of their stability. 

Additional acetylation sites on α- and β-tubulin were recently identified, but they need to be 

further verified [24]. It was shown that tubulin acetylation might play a part in neuronal 

migration, differentiation and synaptic targeting or in regulation of ciliary assembly [97]. 

However, the conserved α-tubulin acetylation at Lys40 has only a subtle effect on MT 

dynamics and in vivo studies on the function of tubulin acetylation produce conflicting results. 

Taken together, there has been no direct evidence linking tubulin acetylation to any MT 

function or stability yet [24, 90]. 

There are also many other less studied tubulin PTMs. α- and β-tubulin can be 

phosphorylated, palmitoylated or glycosylated, α-tubulin itself can be methylated on Lys, 

ubiquitinylated or sumoylated [90]. Polyglutamylation or polyglycylation can be modulated 

by methylation of Glu residues on C-terminal tails of α- or β-tubulin [101]. Finally, nitration 

of α-tubulin on a tyrosine residue was detected in differentiating mouse P12 cells implicating 

its putative role in neuronal differentiation [102].  

 

I.1.3.3 Microtubule regulatory proteins 

MTs can be regulated by an astonishing number of interacting proteins. MT motor proteins 

kinesins and dyneins use MTs as tracks for moving their cargo such as membrane vesicles, 

proteins, RNA or organelles to desired destinations. Moreover, they create force needed for 

mitotic spindle assembly and function. They position organelles and organize MT arrays also 

in interphase cells [4].  
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Structural MAPs bind along the length of MTs to stabilize the lattice. They usually carry 

a highly positive net charge facilitating their interaction with negatively charged tubulin. They 

are thermostable and have repeating conserved MT-binding domains in their C-terminal parts 

allowing each MAP to interact with more than one tubulin dimer. N-terminal domains of 

various length projecting towards cytoplasm are capable of interacting with variety of 

proteins. As a result, structural MAPs can cross-link individual MTs creating stabilized MT 

bundles or connect MTs to membranes, MFs or IFs. MAPs binding to MTs can attract 

signalling molecules, alter the MT binding sites for motor proteins and protect MTs from 

severing. Binding of the structural MAPs to MTs is controlled by kinases and phosphatases 

and dramatically decreases dynamic instability of MTs. Some MAPs stabilize interphase MTs 

in different cell types, others are predominantly found in non-dividing neuronal cells [103].   

One of the best known structural MAPs are proteins from MAP2/Tau family 

MAP2(A,B,C), MAP4, and Tau. MAP2 and Tau are neuronal proteins. While MAP2 is 

located mainly in dendrites, Tau is concentrated in axons. By contrast, MAP4 is almost absent 

in neurons and is found in other tissues. Remarkably, Tau hyperphosphorylation leading to 

formation of large Tau aggregates has been linked to Alzheimer disease [104]. MAP1A, 

MAP1B and MAP1S constitute the MAP1 family [105]. These proteins are also neuronal and 

stabilize MTs. Generally, these structural MAPs are important for normal development and 

function of the nervous system. There are also other structural MAPs with different 

mechanisms of MT binding and impact on MT dynamics such as doublecortin [106], 

ensconsin [107], stable tubulin only proteins (STOPs) [108] or tektins [109].  

 

I.1.3.3.1 Microtubule destabilizing proteins 

Proteins specialized on MT destabilization work through different mechanisms. Two 

specialized kinesin classes, kinesin-13 and kinesin-8 bind directly to MT ends and use ATP 

hydrolysis to depolymerize MTs, probably by bending protofilaments into an unstable 

conformation [110]. Some kinesins have lost their ability to move processively along MTs, 

like MCAK/Kif2C (kinesin-13 family), whereas others, like Kip3 (kinesin-8 family), have 

not. Catalyzed MT depolymerization occurs on both MT ends. MT (-) end depolymerization 

catalyzed by Klp10A/Kif2A (kinesin-13 family) during anaphase generates tubulin flux and is 

important for chromosome poleward movement [64, 111]. 

Another strategy for MT destabilization has stathmin/Op18, which is selectively 

sequestering soluble tubulin dimers, effectively lowering the pool of polymerization-
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competent tubulin and thus inducing MT depolymerization. Alternatively, it can bind directly 

to MTs and destabilize both their ends [112, 113]. 

Katanin, spastin, fidgetin and VPS4 are members of AAA (ATPases associated with 

various cellular activities) protein family and use energy from ATP hydrolysis to sever MT 

lattice. Both katanin and spastin form hexameric ring complexes with a hole in the centre that 

specifically interacts with tubulin C-terminal tails [114]. Katanin and spastin are crucial for 

neuronal development and maintenance, because their MT severing activities induce growth 

and branching of neurites [2]. Spastin influences mainly axon branching, whereas katanin 

plays a more important role in neurite outgrowth [115]. In non-neuronal cells, katanin 

regulates cortical MT (+) end and cell migration [116]. During mitosis, katanin controls 

mitotic and meiotic spindle length [117]. It has been shown that tubulin glutamylation, 

particularly long polyglutamate chains, attracts spastin and promotes MT severing [99]. 

Mutations in spastin are the most common cause of hereditary spastic paraplegia (HSP). 

This neurodegenerative disorder affects axons of corticospinal neurons and cause progressive 

spastic paralysis of the legs [118]. Mammalian spastin has 4 isoforms, longer M1 isoform, 

shorter M87 isoform lacking the first 86 amino acids present in M1 and truncated versions of 

each M1 and M87, both lacking 32 amino acids encoded by exon 4. M87 arises either from 

alternative translation initiation from a second start codone in M1 transcript or from a shorter 

alternative transcript driven by a cryptic promoter in the exon 1 of the spastin gene [119].  

All spastin isoforms possess C-terminal AAA ATPase domain, MT-binding domain 

(MTB) and a domain present in MT interacting and trafficking proteins (MIT), that is 

involved in interactions with charged multivesicular body protein (CHMP) family of proteins. 

CHMP family members form a highly conserved complex termed endosomal sorting complex 

required for transport-III (ESCRT-III) that is involved in membrane scission in a variety of 

membrane modelling processes. The ubiquitously expressed M87 variant is found in 

cytoplasm, partially co-localizes with MTs, and can be recruited to endosomes and to the 

cytokinetic midbody during cell division in via ESCRT-III [119]. Interestingly, spastin is 

probably not required for MT severing within intercellular bridge during abscission of 

daughter cells, instead it regulates MT organization and endosome trafficking [120, 121]. The 

M87 isoform has also been reported in the nucleus [119], where it acts as a transcriptional co-

repressor of HOXA10 [122].  

Only the M1 variants have a N-terminal hydrophobic domain (HD) that targets these 

spastin isoforms to the ER, early secretory pathway, and possibly also to the very early ER-to-

GA intermediate compartment. Expression of ATPase-defective version of M1, which is 
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unable to cut MTs, leads to profound tubulation of the ER, implicating spastin as an ER 

morphogen [123]. Since MTs influence ER remodelling, either by ER-sliding on existing 

MTs or by attachment to growing MT (+) ends, M1 spastin might influence ER 

morphogenesis by severing MTs connected to the ER. Strikingly, ER proteins REEP1, 

atlastin-1 and RTN2 interacting with M1 spastin are also mutated in HSP. These findings 

indicate that HSP might be coupled with M1 spastin and support the hypothesis that abnormal 

ER morphogenesis is the pathogenic mechanism in HSP [119, 124]. A recent study showed 

that M1 has higher expression in axons of corticospinal neurons [125], however, since M87 

variant is also present, precise mechanisms of HSP remain to be elucidated.  

 

I.1.3.3.2 Microtubule (+) end tracking proteins 

MT (+) end tracking proteins (+TIPs) are a conserved group of MAPs that preferentially 

accumulate at growing MT (+) ends and regulate MT dynamics. +TIPs link MTs to various 

intracellular structures such as vesicles, cell membrane, focal adhesions, MFs, IFs and 

kinetochores. +TIPs are structurally and functionally diverse, use different (+) end tracking 

mechanisms and are regulated by various signalling pathways [3, 126].  

End binding (EB) protein family (EB1, EB2, EB3) can track MT (+) end autonomously by 

binding directly to tubulin via their N-terminal calponin homology domain (CH). It was 

suggested that EB proteins specifically recognize the GTP-cap on MTs [127, 128]. 

Alternatively, EBs (+) end tracking mechanism could be based on electrostatic repulsion 

between MT lattice and EBs that is not taking place at the (+) end [129]. A linker region 

connects the CH domain with the C-terminal domain that is composed of a coiled coil EB-

homology domain (EBH) and an acidic tail. EB proteins can homo- or heterodimerize through 

coiled coil domains, which enhances their (+) end tracking ability [130]. EBH specifically 

recognizes a conserved SxIP motif present in many +TIPs. The ultimate C-terminal amino 

acids of EBs form the EEY/F motif found also on tyrosinated α-tubulin subunits and serving 

as a recruitment signal for proteins carrying CAP-Gly motifs. EBs boost both MT growth and 

frequency of catastrophes in vitro. However, they promote growth and suppress catastrophes 

in vivo. The different results could be caused by the action of other +TIPs in the cell [126]. 

Cytoplasmic linker protein (CLIP)-170, CLIP-115 and p150glued (a component of dynactin 

complex regulating MT motor proteins) contain multiple CAP-Gly domains. They can bind to 

tyrosinated tubulin and also to EBs. CLIP-170 has a C-terminal EEY/F that is involved in its 
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autoinhibition mechanism. In addition to EEY/F motif, CLIPs can bind to EBH in EBs as 

well. CLIPs are positive regulators of MT growth [126].  

Many +TIPs contain short SxIP motif that is required for interaction with EBH domain. 

The most important +TIPs with SxIP motif are CLIP-170-associated proteins (CLASPs), 

Adenomatous Polyposis Coli (APC), Microtubule-Actin Crosslinking Factor (MACF), CDK5 

regulatory subunit associated protein 2 (CDK5RAP2) and Stromal Interaction Molecule 1 

(STIM1). A special type of a SxIP-motif-containing +TIP is MT depolymerizing kinesin-13 

(MCAK/Kif2C) [126].  

Members of XMAP215/Dis1/Tog and also CLASP protein family can bind directly to MT 

(+) end, since their N-termini contain 250 residue sequence repeats, termed tumor 

overexpressed gene (TOG) domains (named after human ortholog ch-TOG) capable of direct 

binding to tubulin. XMAP215/ch-TOG is a MT polymerase attached to the MT (+) end 

catalyzing addition of tubulin dimers [131, 132]. Interestingly, many +TIPs accumulate at 

MTOCs where they might take part in MT nucleation and anchoring [133]. 

 

I.1.3.3.3 Microtubule (-) end capping proteins 

MT (-) ends are commonly stabilized by specialized proteins or protein complexes in 

living cells. The best known (-) end capping complexes are the γ-tubulin complexes (γ-TuCs) 

that are also crucial for MT nucleation and their anchoring at various MTOCs. γ-Tubulin and 

its complexes will be described in greater detail in the chapter I.2. MT (-) ends can be also 

protected by newly described proteins from Patronin/Nezha family [134, 135]. In epithelial 

cells, Nezha binds to MT (-) ends and tethers them to zonula adherens in adherens junctions. 

As C-terminal part of Nezha is capable of binding to MT (-) ends in vitro, its (-) end capping 

ability is probably independent of γ-tubulin [134]. Patronin, a Drosophila homolog of Nezha, 

was also shown to bind directly to MT (-) ends and to protect them from depolymerization 

induced by a kinesin-13 family protein Klp10A [135]. Interestingly, MTs with uncapped 

(-) end in Patronin-depleted cells showed not only treadmilling behaviour or depolymerization 

from both ends, but also growth on both ends. Another very surprising finding was that the 

both growing ends were marked by EB1 indicating that GTP-tubulin addition to the growing 

(-) end might occur also in vivo [135]. 
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I.2 γ-Tubulin 

I.2.1 γ-Tubulin genes, structure and distribution 

γ-Tubulin is a highly conserved member of tubulin superfamily essential for nucleation of 

MTs [136-138]. Initially it was discovered in a filamentous fungus Aspergillus nidulans [139] 

and later on it was found in all examined eukaryotes. The conservation of γ-tubulin is 

remarkable, for example fission yeast γ -tubulin Tug1 (former Gtb-1) share 71% protein 

sequence identity with human γ-tubulin TUBG1 [140]. The most distant homologs of human 

TUBG1 (in terms of sequence divergence) are the budding yeast γ -tubulin Tub4p and 

Ceanorhabditis elegans γ-tubulin TBG-1. Tub4p and TBG-1 share 40% and 43% protein 

sequence identity with TUBG1, respectively [141-144].  

While many species have a single γ-tubulin gene, several organisms including Arabidopsis 

[145], Zea [146], Paramecium [147], Euplotes [148, 149], Drosophila [150] and mammals 

[151-153] posses two genes encoding γ-tubulin. Nevertheless, phylogenetic analyses revealed 

that γ -tubulin gene duplications occurred independently during evolution [151, 153]. 

Mammalian γ-tubulin genes TUBG1 and TUBG2 are located on the same chromosome in 

tandem and their protein products are almost identical (>97% protein sequence identity in 

human). They are also highly conserved, e.g. mouse TUBG1 and TUBG2 share with their 

human orthologs 98.9% and 97.6% protein sequence identity, respectively.  

Although TUBG1 and TUBG2 were initially assumed to be functionally equivalent [152], 

a gene knock-out analysis of Tubg1 and Tubg2 in mice suggested that they might have 

different functions [151]. While TUBG1 was expressed ubiquitously, TUBG2 was primarily 

detected in the brain. Tubg1-/- embryos stopped their development at the morula/blastocyst 

stage because of severe mitotic defects. In contrast, Tubg2-/- mice developed normally and had 

fertile offsprings, but adults exhibited behavioural changes including abnormalities in 

circadian rhythm and reaction to painful stimulations. The authors concluded that TUBG1 is 

a conventional γ-tubulin, whereas TUBG2, which was not able to substitute for TUBG1 in 

Tubg1-/- blastocysts, might have some unknown function(s) in the brain [151]. However, the 

molecular basis of the suggested functional difference has been unknown. 

Despite only 30-40% protein sequence identity which γ-tubulin is sharing with α- and β-

tubulin, their tertiary structures are very similar [53, 154]. There are no significant differences 

in the structure of GDP- and GTP-bound γ -tubulin [53], however the significance and 

function of γ-tubulin GTPase activity remains to be elucidated. The individual γ-tubulins in 
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the crystals make lateral contacts with each other through the same contact regions as α- and 

β-tubulins in MT lattice suggesting their preferred mode of interaction [53, 154].  

γ-Tubulin is concentrated at various MTOCs in cells, but its majority is soluble in the 

cytoplasm [155]. Many proteins are involved in γ-tubulin anchoring at MTOCs and will be 

described in the following chapter. At the centrosome, γ-tubulin is associated with the PCM 

[156, 157] and also with the core of centrioles [155, 158, 159]. γ-Tubulin was detected at 

many other MTOCs including GA, apical and basal membranes of epithelial cells, midbody, 

basal body, along MTs in mitotic and meiotic spindles, on condensed mitotic chromosomes 

and on nuclear membranes in myotubes [15]. MT nucleation from GA is important for 

directional mezenchymal migration [160]. MT nucleation from spindle MTs [161-164] and 

condensed chromosomes [165-167] is needed for establishment and maintenance of proper 

spindle architecture and subsequent normal progression of cell division. Noticeably, various 

patterns of γ-tubulin distribution along interphase MTs were observed in Drosophila [168] 

and in human cancer cells [169]. In addition, we and others described γ-tubulin localization in 

the nucleus and nucleolus [169-172].  

 

I.2.2 γ-Tubulin complexes and mechanism of microtubule nucleation 

γ-Tubulin assembles together with other conserved proteins, named Gamma-tubulin 

complex proteins (GCP) in human, into γTuCs. The 2.2 MDa γ-tubulin ring complex (γTuRC) 

consists of γ-tubulin, GCP2, GCP3 [173-175], GCP4 [176], GCP5 and GCP6 [177] and looks 

like a ring structure when observed using EM [156, 178]. Two molecules of γ-tubulin and one 

molecule each of GCP2 and GCP3 constitute γ-tubulin small complex (γTuSC), which is the 

basic subunit of γTuRC [179]. γ-Tubulin, GCP2 and GCP3 are present in all eukaryots. GCP4 

and GCP5 are in most eukaryotes with the exception of yeasts and GCP6 is found only in 

animals and fungi [27]. γTuRC was estimated to comprise 14 copies of γ-tubulin, 12 copies of 

GCP2 or GCP3, 2–3 copies of GCP4, a single copy of GCP5 and one half of a copy of GCP6 

indicating that GCP6 is probably absent in a large fraction of the isolated γTuRCs [180].  

 Purified Drosophila γTuRC was able to nucleate MTs in vitro, whereas Drosophila 

γTuSC was inefficient [181], indicating that γTuSCs need to be assembled into the γTuRC for 

efficient MT nucleation. In contrast, depletion of GCP4, GCP5 or GCP6, the core components 

of γ-TuRC, in Drosophila and Aspergillus did not prevent centrosomal targeting of γTuSC 

and MT nucleation in vivo [182, 183]. In line with these findings is the fact that budding 

yeasts contain only γTuSCs. These results suggest that γTuSC without GCP4-6 is sufficient to 



26 INTRODUCTION 

nucleate MTs from the centrosome or spindle pole body in vivo. The conflicting reports can 

be explained by the recently discovered ability of γTuSCs to self-assemble into ring-like 

structures, which, however, need to be activated by additional proteins to become active MT 

nucleating factors [27]. 

 It was shown that purified budding yeast γTuSCs were able to form ring-like structures 

with 13-fold symmetry in vitro, resembling the MT 13-protofilament lattice [184]. Purified 

γTuSCs interacted latterally through γ-tubulins as predicted by crystalographic studies [53, 

154]. However, individual γ-tubulin molecules bound to GCP3 were not positioned precisely 

to form longitudinal bonds with α -tubulin and were therefore inefficient in MT nucleation 

in vitro [184]. EM revealed that γTuSC is a Y-shaped structure with elongated body 

connected to two arms (Fig. 6). GCP2 and GCP3 form the body and arms directly interacting 

with each other and with γ-tubulins located in lobes at the ends of the arms. The 

conformational change in the GCP3 is presumably needed to bring both γ -tubulins in the 

γTuSC in the right position to match MT lattice [185]. This activating conformational switch 

could explain why MT nucleation is observed only at MTOCs and not in the cytoplasm, 

where the majority of cellular γTuCs can be found [155]. 

Solution of the GCP4 crystal structure revealed that all GCPs have a similar fold. 

Moreover, C-terminus of GCP4 bound directly to γ -tubulin in the same way as GCP2 and 

GCP3 [186]. GCP5 and GCP6 were also suggested to bind γ-tubulin directly implicating that 

all GCPs are capable of interacting with γ -tubulin directly in the γTuRC [187]. Fitting of 

GCP4 structure into γ -TuSC density maps suggested that all GCPs can fit into the γTuSC. 

3D models of GCP2 and GCP3 were created based on GCP4 structure and a hinge in GCP3 

was discovered, which is probably responsible for expected conformational changes of GCP3 

inducing nucleation-competent positioning of γ-tubulin [186].  

A new refined template model of MT nucleation was proposed in which seven γTuSCs 

assemble to give rise a γTuRC with a half-subunit overlap between the first and the seventh 

subunit (Fig 6). The resulting γTuRC exhibits 13-fold symmetry matching perfectly the MT 

lattice after activation via GCP3 conformational change. Special γTuSCs presumably exist 

containing GCP4, GCP5 or GCP6 [27]. 

Many proteins participate in the activation and targeting of γTuRC to MTOCs. Some of 

them co-purify with γTuRC such as GCP-WD/NEDD1 [188, 189], MOZART1 [190], 

MOZART2 [191], others are fibrillar PCM proteins like pericentrin [192], ninein [193], 

Nlp [194], CDK5RAP2 [180, 195], Cep192 [196] or AKAP450/CG-NAP [197]. Besides its 

cytoplasmic function as a chaperon for tubulin folding, Tubulin folding cofactor D (TBCD) 
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has been found on centrosomes where it participates in pericentrin and γTuRC recruitment 

[198]. On the other hand, γ-tubulin can serve as a centrosomal recruitment factor itself. The 

Figure 6. The template model of MT nucleation. A) Seven γTuSCs interact laterally to form 

a γTuRC. Since GCP4, 5, 6 can directly bind γ-tubulin and have a similar fold as GCP2/GCP3, they might form 

hybrid γTuSCs with GCP2, GCP3 or with each other. γTuRC has a 13-fold symmetry with 13 exposed 

γ-tubulins for longitudinal interactions with α-tubulins in B-lattice type MTs. B) MTs are anchored at various 

MTOCs by attachment factors specific either for γTuSC or γTuRC only components. A typical example of 

γTuSC-specific attachment factor is Spc110p in budding yeast or ninein in animals. A typical example of 

γTuRC-specific attachment factor is the augmin complex. Adapted from [27]. 
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centrosomal localization of Cep70, a protein involved in mitotic spindle assembly and MT 

organization, is γ -tubulin-dependent [199]. Specialized proteins facilitate targeting of 

γ-tubulin to non-centrosomal MTOCs and its regulation. For example, a multiprotein complex 

augmin connects γTuRC via GCP-WD to the mitotic or meiotic spindle MTs [161-163, 200-

202], while AKAP-450, CLASPs, GM130, GMAP210 and CAP350 are required for MT 

nucleation and anchoring of γTuRC at GA [160, 203-205].  

Although γTuRC-specific GCP4-6 are dispensable for centrosomal targeting and MT 

nucleation, they are necessary for binding of γTuRC to some non-centrosomal MTOCs. An 

intact γTuRC is required for binding along spindle [182] and interphase MTs [168]. 

Interestingly, a conserved region in CDK5RAP2 and its homologs named γ -TuNA binds 

directly to γTuRC and when overexpressed in cells, it induces abnormal non-centrosomal MT 

nucleation [180]. It suggests that one of the possible mechanisms of γTuRC activation might 

be its binding by recruitment factors [27].  

 

I.2.3 Other functions of γ-tubulin  

Besides MT nucleation and their anchoring at MTOCs, γ-tubulin is important for capping 

of MT (-) ends [156, 178, 206, 207], protecting them from depolymerization. Nucleation 

incompetent γTuC in fission yeast is still capable of capping unanchored MT (-) ends and of 

stabilizing them [208]. Further, γ -tubulin is involved in centriole biogenesis, presumably as 

a nucleator of centriolar MTs [189, 209-211]. γ-Tubulin also modulates MT (+) end dynamics 

in yeast [212, 213]. Interestingly, Drosophila γTuRC was detected along interphase MTs and 

its presence coincided with switching from a shortening or a growing phase to a pause [168] 

indicating that γTuRC could play a role as a catastrophe and rescue stopper. Remarkably, 

γTuRC did not co-localize with GTP-tubulin islands previously described to promote rescue 

event [57, 168]. By interacting with a (-) end-directed kinesin-14 Pkl1, γ -tubulin regulates 

bipolar spindle assembly in fission yeast [214]. 

Several studies suggested that γ-tubulin regulates cell cycle progression independently of 

MT nucleation. γ -Tubulin regulates anaphase-promoting complex/cyclosome during 

interphase in Aspergillus [215] and affects E2F transcriptional activity and S-phase 

progression in mammalian cells [171]. γ-Tubulin interacts with Cdc20 and BubRI in 

Drosophila [216], however its direct involvement in the spindle assembly checkpoint (SAC) 

remains controversial [217, 218]. Several lines of evidence implicate γ-tubulin role in DNA 

damage signalling. γ-Tubulin was found in complexes with Rad51 [219], ATR and BRCA1 



INTRODUCTION 29 

[220]. Nevertheless it remains to be elucidated whether γ-tubulin regulates DNA damage 

proteins or vice-versa. 

Some mutations in γ-tubulin resulted in an unexpected stabilization of MTs in fission yeast 

[221, 222] and Aspergillus [223] indirectly indicating that γ-tubulin can modulate MT 

dynamics. At present it is unknown whether the stabilization effect is achieved by γ-tubulin 

action at the MT (+) end similar to what was observed in Drosophila [168] or whether 

mutation-induced structural changes in the γTuC at the MT (-) end might propagate across the 

MT lattice and influence MT (+) end dynamics. 

 

I.2.4 γ-Tubulin regulation 

γ-Tubulin function and timely localization is regulated by PTMs. BRCA1/BARD1 

complex was capable of catalyzing γ-tubulin ubiquitinylation in vitro [224]. Expression of 

mutant γ-tubulin unable to be ubiquitinylated led to the increased MT nucleation and 

centrosome amplification in vivo. BRCA1/BARD1-dependent ubiquitinylation also 

negatively regulated γTuRC recruitment to centrosomes resulting in diminished MT 

nucleation. However, it is unclear whether it was caused by ubiquitinylation of γ-tubulin or 

other γTuRC component [225].  

γ-Tubulin forms complexes with several kinases including Wee1 [226], PI3-K [227] or Src 

family kinases Lyn [228], Syk [229] and Fyn [230]. Phosphorylation of the budding yeast 

γ-tubulin Tub4p on the Y445 by an unknown kinase increases assembly rate of MTs and 

influences MT organization [231]. Phosphorylation of Tub4p on Ser74 and Ser100 is 

important for functions of MTs, phosphorylation on highly conserved Ser360 regulates 

γ-tubulin stability [232]. γ-Tubulin is phosphorylated in Wee1-dependent manner in 

Drosophila, however functional recombinant Wee1 was not able to phosphorylate γ-tubulin in 

vitro indicating either indirect phoshorylation or requirement of some unknown cofactor 

[226]. γ-Tubulin phosphorylation was decribed also in mammalian cells [211, 233]. 

Phosphorylation of human γ-tubulin on Ser131 by SADB kinase is needed for centriole 

duplication [211].  

γ-Tubulin PTMs are not the only way how to tune γTuRC function. As noted above, 

interactions with recruitment factors and MTOC localization play an important role in 

regulation of γTuRC function. Sequential phosphorylation of GCP-WD by Cdk1 and Plk1 at 

the onset of mitosis directs γTuRC to mitotic centrosomes and spindle MTs [188, 189, 202, 

234, 235]. Large-scale analysis of Plk1 phosphoproteome of the early mitotic spindle in HeLa 
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cells revealed GCP2, GCP3, GCP5 and GCP6 as substrates of Plk1 [236]. Phosphorylation of 

GCP2 was also reported in connection with human sperm motility. Hypophosphorylation of 

GCP2 and lower expression of γ-tubulin was found in abberantly motile sperms in 

comparison to sperms from healthy donors [237]. Phosphorylation of GCP5 by GSK3-β 

prevents over-accumulation of γTuRC on spindle poles during mitosis [238]. Phosphorylation 

of GCP6 by Plk4 regulates centriole duplication [239]. Remarkably, androgen and Src 

signalling promote MT nucleation and accumulation of γ-tubulin at the centrosome during 

interphase [240]. Integrin-induced formation of androgen receptor-Src signalling complexes 

has been recently shown to activate the MEK/ERK signalling pathway regulating centrosomal 

localization of γTuRC, which links cell membrane events with centrosomal MT nucleation 

[241]. 

Another level of control is modulation of γTuRC structural stability and stability of its 

individual components. Chaperon TCP-1, with the help of a protein prefoldin, assists in 

γ-tubulin folding [242-244]. A prefoldin-like protein UXT, overexpressed in several tumor 

tissues [245], also interacts with γ-tubulin and its overexpression leads to dislocation of 

centrosomal γ-tubulin and centrosome organization [246]. Depletion of any γTuSC 

component in Drosophila resulted in a dramatic reduction of protein levels of the other two 

components, but the γTuRC-specific components were affected only slightly. On the other 

hand, depletion of any γTuRC-specific component did not change the protein levels of 

γTuSC-specific components and altered only the protein levels of the other γTuRC-specific 

components. It suggests that (i) coregulation and stabilization of γTuSC proteins is 

independent of γTuRC assembly, (ii) generally, proteins incorporated in γTuRC are stabilized 

and protected from degradation [168]. It is in good agreement with other studies showing that 

multisubunit complexes are often unstable when one component is absent [161, 247]. 

A nucleolar and centrosomal protein HCA66 was shown to affect the stability of γTuSC 

in vivo [248]. 

γ-Tubulin is abberantly expressed, usually overexpressed, in many cancer types including 

glioblastoma and medulloblastoma [85, 249, 250], breast cancer, [251, 252], prostate cancer 

[253], thyroid carcinoma [254] or pediatric pilocytic astrocytoma [255]. Although there are 

many compounds modulating MTs, there have been no γ-tubulin-specific drugs available. 

However, it has been recently reported that colchicine and combrestatin A 4 bind to γ-tubulin 

in vitro [256].  
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I.3 Important model systems used in the study 

I.3.1 Mast cells 

Mast cells are derived from hematopoietic stem cells. They circulate in the form of 

precursors, but their terminal differentiation and maturation occur locally in peripheral 

tissues. They exhibit high phenotypic plasticity called „mast cell heterogeneity“ that is 

presumably a result of the tissue-specific maturation and that is also dynamically changing in 

accordance with microenvironmental conditions [257-260]. 

In vertebrates, mast cells are widely distributed throughout the body, but they are 

especially located in tissues surrounding blood vessels, nerves and tissues in contact with 

external environment such as skin, respiratory and gastrointestinal tract. They are, together 

with dendritic cells, well positioned to be the first cell types of the immune system to detect 

and initiate responses against invading pathogens, environmental antigens (Ag) or 

environmentally derived toxins [258-260]. 

Mast cells participate in many physiological and pathophysiological processes. They are 

involved e.g. in tissue remodelling, wound healing, angiogenesis and in both innate and 

adaptive immunity. There has been increasing evidence that mast cells function not only as 

effector and immunomodulatory cells in turning the immune response on, but also in turning 

it off [261]. From a pathological perspective, mast cells are involved in allergic disorders, 

autoimmune diseases, innate and adaptive immunity [259, 260], and play a complex and in 

many aspects unknown role in modulating tumor microenvironment [262].  

Various stimuli can activate mast cells to release a wide variety of biologically active 

products including histamine, proteases and other enzymes, cytokines, chemokines, growth 

factors, arachidonic acid metabolites and reactive oxygen and nitrogen species, many of 

which can potentially mediate physiological or pathophysiological functions of mast cells 

[261]. Since these mediators are stored in cytoplasmic granules and vesicles, their release is 

called degranulation. In addition, mast cells release exosomes containing exosomal proteins 

and exosomal shuttle RNA (mRNA and microRNA) that are transferable to other cells. 

However, their exact functions remain to be elucidated [259]. Interestingly, mast cells can 

participate in multiple cycles of activation for mediator release and can be differentially 

activated to release distinct patterns of mediators or cytokines, depending on the type and 

strength of the activating stimuli. Therefore, there are more than only two - off/on 

(resting/activated) - functional configurations of mast cells [257]. 
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The most known mechanism of mast cell activation is through Ag- and IgE-dependent 

aggregation of the high-affinity IgE receptor (FcεRI). Ag crosslinks IgE antibodies connected 

to the FcεRI on the plasma membrane, which starts a complex signalling cascade leading to 

Ca2+ efflux from ER stores. STIM1 is an ER membrane protein sensing intralumenal Ca2+ 

concentration. The intralumenal part of STIM1 has a low affinity EF-hand Ca2+ binding site. 

When ER Ca2+ stores are depleted, the vacant EF-hand induces STIM1 conformational 

changes leading to STIM1 oligomerization and aggregation. Aggregates of STIM1 in the 

close proximity to plasma membrane physically associate with highly selective calcium 

release–activated calcium channels (CRAC) such as Orai1 and induce prolonged influx of 

extracellular Ca2+. This extracellular Ca2+ influx is essential for mast cell activation and 

release of inflammatory mediators stored in cytoplasmic granules [258, 259, 263]. STIM1 

also represents a special type of a +TIP. It contains SxIP motif and binds to growing MT (+) 

ends via EB1. However, its MT-dependent movement is restricted to diffusion in the ER 

membrane [264, 265].  

MTs are required for mast cell degranulation and very rapidly reorganize in the course of 

mast cell activation [230, 266, 267]. Bone marrow mast cells (BMMCs) thus represent 

excellent model system for studying rapid MT changes. Nevertheless, regulatory mechanisms 

responsible for MT reorganization in BMMCs during activation events are largely unknown. 

 

I.3.2 Glioblastoma cells 

Gliomas are central nervous system tumors arising from glial cells. They are the most 

frequent group of primary brain tumors [268]. When sorted according to the original cell type, 

there are astrocytomas, oligodenrogliomas and ependymomas. Gliomas are categorized 

according to the level of malignancy. Low grade gliomas (WHO grade I-II) are still not 

anaplastic and carry a better prognosis for patients. High-grade gliomas (WHO grade III-IV) 

are anaplastic, malignant, diffuse and highly invasive multifocal tumors that have a very poor 

prognosis. Glioblastoma multiforme (GBM) arises from astrocytes and it is the most common 

grade IV tumor in adults and also the deadliest primary brain tumor in human.  

Glioblastomas are incurable by conventional therapies, since they are radioresistant, 

chemoresistant, and tend to recur in a local fashion despite surgical resection [269]. 

Glioblastoma form tendrils extending several centimetres away from the main tumor mass 

which makes their complete surgical excision impossible [270]. It has been shown that 

a subpopulation of glioma cells, so called tumor initiating cells (TICs), were able to initiate 
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new tumors in vivo when transplanted into immunocompromised mice at low cell numbers 

[271]. They possess stem-cell-like properties, including extensive self-renewal, multipotency 

and the proliferative potential for generation of many progeny. Several coordinated cellular 

programs are activated in TICs resulting in increased migration, invasion, reduced 

proliferation and marked resistance to apoptosis, which render them highly resistant to 

conventional treatments [269, 272]. Remarkably, TICs are present also in glioblastoma cell 

lines such as U87MG and T98G [273]. 

Highly motile and invasive glioblastoma cells specifically use the mesenchymal mode of 

migration and invasion [274]. Several signalling pathways involved in regulation of cell 

migration and closely related cytoskeleton remodelling such as integrin signalling and 

phosphatidylinositol-3 kinase (PI3-K) pathway are aberrant in glioblastoma [274, 275]. The 

regulation of cytoskeleton in glioblastoma cells is largely unknown. Some glioblastoma cell 

lines exhibit unusual regulation of cytoskeletal filaments, e.g. glioblastoma cells U87MG 

remain motile even in the absence of MFs and create MT-based protrusions. On the other 

hand, depolymerization of MTs stops their migration completely [276]. Furthermore, 

βIII-tubulin and γ -tubulin are highly overexpressed in glioma and glioblastoma cell lines. 

Moreover, γ -tubulin forms aggregates, which accumulate in the cytoplasm and at the cell 

periphery [85, 249]. Why particular tubulins are overexpressed and how MTs are regulated in 

glioblastoma cells remains to be elucidated. 
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II. AIMS OF THE STUDY 

The long-term goal of the Laboratory of biology of cytoskeleton is to elucidate at the 

molecular level how MTs are regulated in various cellular processes. We have focused on 

nucleation and reorganization of MT in cells under normal and pathological conditions. In 

particular, we have been studying γ-tubulin, the essential protein for MT nucleation. A panel 

of monoclonal antibodies against various MT proteins including α-, β- and γ-tubulins has 

been prepared in our laboratory and these antibodies represent a powerful tool in studying MT 

organization and properties. Nevertheless, microscopic analysis of living cells could provide 

new insights into the subcellular localization, dynamics and function of studied proteins. In 

the presented study we aimed to characterize novel functions of important MT regulatory 

proteins: γ-tubulin, MT severing protein spastin and MT-interacting Ca2+ sensor STIM1. We 

also intended to develop live cell imaging methods for quantitative measurement of MT 

dynamics and cell migration, which would be applicable for functional analysis of the 

selected MT regulatory proteins. 

 

Partial aims of this Ph.D. thesis were following: 

 

1) Development of new tools for quantification of MT dynamics and cell migration 

 

2) Analysis of MT reorganization in the course of mast cell activation and the role of STIM1 

in this process. 

 

3) Functional characterization of MT severing protein spastin in glioblastoma 

 

4) Analysis of novel functions of mammalian γ-tubulins 
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III. COMMENTS ON PRESENTED PUBLICATIONS 

III.1 STIM1-directed reorganization of microtubules in activated 

mast cells 

Hájková Z., Bugajev V., Dráberová E., Vinopal S., Dráberová L., Janáček J., Dráber Pe., 

Dráber Pa. (2011). STIM1-directed reorganization of microtubules in activated mast cells. 

J Immunol. 186, 913-923. 

 

MTs are involved in processes leading to degranulation of mast cells [266, 277, 278]. We 

and others have previously shown that activation of mast cells either via specific aggregation 

of FcεRI or by unspecific activation with pervanadate leads to significant changes in MT 

organization [230, 267]. However, the precise role of MTs in degranulation is still 

incompletely understood.  

In this work, we showed that activation of BMMCs induced by FcεRI aggregation or 

treatment with pervanadate or thapsigargin results in generation of plasma membrane 

protrusions containing MTs (MT protrusions). Quantification of MT (+) end dynamics after 

activation revealed increased density of MT tracks near the cell periphery. Formation of MT 

protrusions and changes in MT (+) end dynamics were dependent on extracellular Ca2+ influx, 

as they could be induced also by thapsigargin, an inhibitor of sarco/endoplasmic reticulum 

Ca2+ ATPases. Thapsigargin treatment causes depletion of Ca2+ from ER stores, which in turn 

induce an influx of extracellular Ca2+ controlled by store-operated Ca2+ entry (SOCE) [279]. 

It is well established that SOCE is essential for mast cell activation both in vitro and in vivo 

[280, 281] and can be triggered by FcεRI aggregation. Knock-down (KD) of STIM1, the key 

regulator of SOCE, impaired Ca2+ signalling, formation of MT protrusions and prevented 

redistribution of growing MTs after activation. Expression of siRNA-resistant STIM1 in 

STIM1-depleted BMMCs rescued the wild-type phenotype. 

In accordance with previous studies [264, 265], we observed co-localization of STIM1 

with a +TIP protein EB1 in resting BMMCs. Interestingly, we noticed that the typical 

submembrane STIM1 puncta, which form due to STIM1 oligomerization and aggregation 

during the first minute after activation, are associated with MTs in the protrusions. This led us 

to hypothesize that MTs might be important for relocation of STIM1 oligomers to the plasma 

membrane, where they trigger opening of Orai channels and influx of extracellular Ca2+. 
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However, using TIRF microscopy-based live cell imaging, we directly showed that MTs are 

dispensable for relocation of STIM1 oligomers to the plasma membrane in BMMCs. While 

depolymerization of MTs had a significant impact on degranulation measured by 

β-glucuronidase release, Ca2+ uptake was only slightly affected, which correlated with our 

live cell imaging data. 

STIM1-depleted cells exhibited defective chemotaxis toward Ag. Although we still do not 

know exactly, what is the function of the MT protrusions in activated BMMCs, the defective 

chemotaxis indicates a possible role of MT protrusions in sensing external chemotactic 

gradients of Ag or other signals recognized by mast cells. MT protrusions also significantly 

enlarge the cell surface. That might facilitate directional sorting of the membrane receptors 

and enhance the specific responsiveness of mast cells to various stimuli, since mast cells can 

participate in multiple cycles of activation and can be differentially activated to release 

distinct patterns of mediators, depending on the type and strength of the activating stimuli. 

Taken together, we showed that STIM1-induced SOCE and following enhanced levels of 

free cytoplasmic Ca2+ concentration are vital for degranulation, chemotactic response and MT 

reorganization in BMMCs. This reorganization of MTs results in the formation of MT 

protrusions considerably enlarging the surface of activated cells. We have also demonstrated, 

that the early relocation of STIM1 oligomers to the plasma membrane after activation is MT-

independent process in BMMCs. Our findings open new area for investigation of novel 

rational approaches to treatment of inflammatory and allergic diseases. Research on the role 

of Ca2+ signalling in MT growth and nucleation continues in our laboratory. 

 

In this project, I established and performed live cell imaging experiments including 

analysis of MT (+) end dynamics and real-time observations of STIM1 puncta formation 

under different conditions. I also acquired and prepared images showing co-localization of 

STIM1 and EB1 on MT (+) ends and association of STIM1 with MT protrusions in activated 

mast cells. I participated in planning of experiments and manuscript preparation. For 

quantification of MT dynamics, I participated in development of a semi-automatic particle 

tracking plugin for Ellipse program (ViDiTo, Systems, Košice Slovakia) in collaboration with 

Dr. Jiří Janáček (Institute of Physiology of the AS CR, v.v.i., Prague). 
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III.2 Microtubule-severing ATPase spastin in glioblastoma: 

increased expression in human glioblastoma cell lines and 

inverse roles in cell motility and proliferation 

Dráberová E., Vinopal S., Morfini G., Liu P.S., Sládková V., Sulimenko T., Burns M.R., 

Solowska J., Kulandaivel K., de Chadarévian J.P., Legido A., Mörk S.J., Janáček J., Baas 

P.W., Dráber P., Katsetos C.D. (2011). Microtubule-severing ATPase spastin in glioblastoma: 

increased expression in human glioblastoma cell lines and inverse roles in cell motility and 

proliferation. J Neuropathol Exp Neurol. 70, 811-826. 

 

Previously, we described overexpression and aberrant patterns of noncentrosomal 

γ-tubulin in high-grade gliomas and showed that its expression level increases with the tumor 

grade [249]. βIII-tubulin is also abberantly expressed in glioma [282] and forms complexes 

with soluble γ-tubulin [85]. Since components of MT cytoskeleton are overexpressed in high-

grade glioma, we started investigating glioma-specific expression and function of other 

proteins involved in MT regulation.  

In this work we studied the expression and distribution of the MT severing protein spastin 

in 3 human glioblastoma cell lines (U87MG, U138MG, and T98G) and in clinical tissue 

samples representative of all grades of diffuse astrocytic gliomas. Although spastin has four 

isoforms in human, M87 variant was the most prevalent in the studied cells. Spastin 

expression was increased in neoplastic glial phenotypes, especially in glioblastoma when 

compared with lower grade glioma and with normal mature brain tissues. RT-qPCR and 

immunoblotting experiments revealed increased levels of spastin mRNA and protein 

expression in the glioblastoma cell lines versus normal human astrocytes.  

Interestingly, we observed enrichment of spastin in the leading edges of cells in T98G 

glioblastoma cell cultures and in neoplastic cell populations in tumor specimens. This 

prompted us to test whether spastin contributes to increased motility of glioblastoma cells. We 

depleted spastin by siRNA (KD) and measured free migration of control and KD T98G cells. 

By quantification of cell motility we showed that depletion of spastin leads to a highly 

significant reduction of T98G motility. Surprisingly, we noticed that cells depleted of spastin 

proliferate significantly faster than control cells. These inverse roles of spastin in cell motility 

and proliferation are intriguing, especially its role in proliferation. Our findings indicate that 

(i) spastin might have an unknown MT-independent function in regulation of cell proliferation 



38 COMMENTS ON PRESENTED PUBLICATIONS 

or (ii) that disruption of MT regulation resulting in decreased motility might activate cellular 

programs switching the cell to the proliferative mode.  

Increased migration, invasion and reduced proliferation belong to hallmarks of glioma 

TICs [269, 283]. Further investigation of spastin function in glioma will be important to 

elucidate mechanisms that could be potentially used for reprogramming of glioblastoma cells 

to the proliferative mode, which might increase their susceptibility to chemo- and 

radiotherapy.  

In conclusion, we showed that spastin is overexpressed in glioma and its expression level 

rises with the grade of tumor. We also demonstrated for the first time that spastin is involved 

in regulation of cell motility and that its expression contributes to high motility and relatively 

reduced proliferation of T98G glioblastoma cells. Our work suggests new possible directions 

in research on MT arrangement and functions in glioblastoma cells. Currently, other MT 

severing proteins katanin and fidgetin are studied in respect of their role in cell motility and 

proliferation of glioblastoma cells in our laboratory. 

 

For the purpose of this study, I performed bioinformatic study on human spastin variants 

and based on its results ordered and tested suitable siRNAs for KD. Two best performing 

siRNAs were used in further experiments. My main contribution to this work was development 

and application of a program for semi-automatic cell tracking. We developed it in 

collaboration with Dr. Jiří Janáček (Institute of Physiology of the AS CR, v.v.i., Prague), who 

did all programming.  I processed all time-lapse sequences, analyzed corresponding datasets 

and prepared several figures and a movie for publication.   

 

III.3 Nuclear γ-tubulin associates with nucleoli and interacts with 

tumor suppressor protein C53 

Hořejší B., Vinopal S., Sládková V., Dráberová E., Sulimenko V., Sulimenko T., Vosecká V., 

Philimonenko A., Hozák P., Katsetos C. D., Dráber P. (2012). Nuclear γ-tubulin associates 

with nucleoli and interacts with tumor suppressor protein C53. J Cell Physiol. 227, 367-382. 

 

γ-Tubulin is a typical centrosomal protein, however, it can be found also in the cytoplasm, 

on cell membranes, condensed mitotic chromosomes, midbodies and along MTs in mitotic 
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spindles [15]. In addition, γ-tubulin presence in the nucleus was reported in plants [170] and 

several studies suggested that γ-tubulin is a nuclear protein in animals as well [219, 220]. 

In this paper, we showed for the first time that γ-tubulin is present in the nucleolus. During 

our previous work on human glioblastoma cell lines exhibiting high expression of γ-tubulin, 

we repeatedly observed γ-tubulin immunostaining in the nucleus/nucleolus. The intensity of 

staining was dependent on used fixation procedures. We have found out that γ-tubulin can be 

reproducibly visualized in the nucleolus after methanol-acetic acid fixation or prolonged 

wash-out after methanol fixation. Immunostaining with antibodies against γ-tubulin and 

markers of nucleoli (UBF, nucleolin, fibrillarin) revealed γ-tubulin nucleolar localization not 

only in glioblastoma cells but also in other cell lines including normal human astrocytes, 

representing a non-transformed primary cell line. 

We further confirmed γ-tubulin nucleolar localization by different anti-γ-tubulin 

antibodies, by expressing exogenous FLAG-tagged γ-tubulin in cultured cells and by 

depletion of γ-tubulin using siRNA. Immunoelectron microscopy revealed γ-tubulin 

localization outside fibrillar centres where transcription of ribosomal DNA takes place. In 

addition, γ-tubulin was detected using immunoblotting and immunofluorescence on isolated 

nucleoli. 

Proteins can get into the nucleus during mitosis when the nuclear envelope is broken-

down. A similar mechanism of nuclear entry was proposed for βII-tubulin [83]. By analysis of 

γ-tubulin localization during mitosis using confocal microscopy, we showed that γ-tubulin 

remains associated with nucleolar remnants suggesting that γ-tubulin can enter the 

nucleus/nucleolus during mitosis. γ-Tubulin contains putative nuclear localization sequence 

(NLS) and nuclear export sequence (NES); NLS has been recently experimentally verified 

[169, 171]. We tested, whether γ-tubulin is actively transported into the nucleus during 

interphase by blocking nuclear export via nuclear pores using nuclear export inhibitor 

leptomycin B. No significant accumulation of γ-tubulin in the nucleus was observed after 

leptomycin B treatment indicating that γ-tubulin is not transported to the nucleus by fast 

nuclear import mechanisms. 

 Additional experiments with γ-tubulin fused to a photoconvertible protein DendraII and 

heterokaryon assays also excluded fast nuclear import during interphase. However, faint 

staining of γ-tubulin-FLAG in the nuclei of untransfected mouse NIH-3T3 cells, forming 

heterokaryons with human U2OS cells transfected with γ-tubulin-FLAG, was detected 

6 hours after the initiation of the experiment. It indicates that slow nuclear import of γ-tubulin 

occurs also in interphase. 
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Immunoprecipitation with anti-γ-tubulin antibody from nuclear extracts combined with 

mass spectrometry led to a discovery of a novel γ-tubulin interacting protein C53, also known 

as CDK5 regulatory subunit associated protein 3 (CDK5RAP3) or LXXLL/leucine-zipper-

containing ARF-binding protein (LZAP). C53 is located at multiple subcellular compartments 

including nucleoli and participates in many cellular processes including NF-κB [284], G1/S 

[285, 286] and G2/M checkpoint signalling [287]. Overexpression of C53 in cultured cells 

weakens DNA damage induced G2/M checkpoint activation. Interestingly, co-expression of 

γ-tubulin with C53 neutralizes the inhibitory effect of C53 on DNA damage G2/M checkpoint 

activation. These results suggest that γ-tubulin regulates C53 function and participates in 

G2/M checkpoint signalling.  

Recently, the nucleolar localization of γ-tubulin has been confirmed independently by 

another research group [169]. A detailed description of γ-tubulin translocation to the nucleus 

and its novel nuclear function in regulation of S-phase progression have been also reported 

[171].  

Collectively taken, we showed for the first time that γ-tubulin is present in the nucleolus. 

We identified a novel γ-tubulin interacting protein C53 and showed that, via its interaction 

with C53, γ-tubulin participates in the regulation of G2/M checkpoint. Our results support the 

increasingly accepted picture of γ-tubulin as a multifunctional protein whose role is not 

restricted only to MT (-) ends. Characterization of molecular mechanisms of γ-tubulin 

interaction with C53 and their functional consequences is underway in our laboratory. 

 

I prepared C-terminally FLAG-tagged human γ-tubulin 1, which was used for verification 

of γ-tubulin localization in the nucleolus. I performed high-throughput imaging on Olympus 

ScanR screening station to quantify dynamics of γ-tubulin nucleo-cytoplasmic shuttling and 

analyzed the data. Further, I examined distribution of γ-tubulin during mitosis using confocal 

microscopy, performed studies with γ-tubulin-DendraII in living cells, prepared pC53-EGFP 

vector and established U2OS cell line stably expressing C53-EGFP. I participated in 

planning of experiments, formulation of hypotheses, preparation of the manuscript and 

response to reviewers. 
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III.4 γ-Tubulin 2 nucleates microtubules and is downregulated in 

mouse early embryogenesis 

Vinopal S., Č ernohorská M., Sulimenko V., Sulimenko T., Vosecká V., Flemr M., 

Dráberová E., Dráber P. (2012). γ-Tubulin 2 Nucleates Microtubules and Is Downregulated in 

Mouse Early Embryogenesis. PLoS ONE 7: e29919. 

 

In this work, we wanted to identify and characterize molecular mechanisms underlying 

functional differences between TUBG1 and TUBG2 suggested by Yuba-Kubo et al. [151]. At 

first, we had to prepare FLAG-tagged human and mouse TUBG1 and TUBG2, because no 

specific antibodies distinguishing between TUBG1 and TUBG2 have been available. We 

examined their subcellular localization and interactions with GCP2 and GCP4. All 

recombinant proteins localized properly to MTOCs such as centrosomes and mitotic spindle 

MTs and formed immunocomplexes with GCP2 and GCP4 being indistinguishable from each 

other. 

Next, we tested whether TUBG2 can substitute for TUBG1 in vivo. We depleted 

endogenous TUBG1 in U2OS cells using siRNA and performed phenotypic rescue 

experiments by expressing siRNA-resistant mouse TUBG1-FLAG, mouse TUBG2-FLAG or 

human TUBG2-FLAG in these cells. The used siRNA was TUBG1-specific and 

immunobloting with anti-γ-tubulin antibody recognizing both TUBG1 and TUBG2 revealed 

that TUBG1 is a predominant γ -tubulin in U2OS cells. Depletion of TUBG1 resulted in 

severe mitotic spindle defects including monopolar and collapsed spindles, very similar to 

those observed in Tubg1-/- blastocysts [151], and induced accumulation of TUBG1-depleted 

cells in metaphase. As expected, mouse TUBG1-FLAG rescued wild-type phenotype and 

normal mitotic progression. Importantly, the same was true for both mouse and human 

TUBG2-FLAG indicating that TUBG2 is able to replace TUBG1 in vivo. 

The above results indirectly implicated that TUBG2 is able to nucleate MTs. To prove it 

directly, we used the same experimental set-up and examined MT nucleating capability of 

TUBG2 by MT regrowth experiments. We focused on mitotic cells, because γ-tubulin is 

enriched on prophase and metaphase centrosomes [288] and we could expect a prominent 

effect on MT nucleation. In accordance with our previous results, mouse TUBG1-FLAG as 

a positive control, mouse TUBG2-FLAG and human TUBG2-FLAG rescued MT aster 
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formation in TUBG1-depleted cells. These findings suggested that mammalian TUBG2 is 

capable of  centrosomal MT nucleation in mitotic cells.  

To strengthen the evidence of MT nucleation capability of TUBG2, we quantified MT 

formation in vivo by the tracking of MT (+) ends marked by EB1-GFP in interphase U2OS 

cells. For live cell imaging we prepared mouse TUBG1 and human TUBG2 tagged with a red 

fluorescent protein TagRFP and use shRNA-based system. MT formation was quantified in 

negative control cells, TUBG1-depleted cells and in TUBG1-depleted cells expressing either 

mouse TUBG1-TagRFP or human TUBG2-TagRFP. We observed a significant reduction in 

the number of MT (+) end tracks in TUBG1-depleted cells. Both exogenous TUBG1 and 

TUBG2 rescued MT formation indicating that TUBG2 can take the place of TUBG1 also in 

interphase cells. 

We showed by several methods that TUBG2 was able to nucleate MTs and substitute for 

TUBG1 in cultured cells. The inability of TUBG2 to do so in TUBG1-deficient blastocysts, 

where TUBG2 should have been present [151], was intriguing. Therefore we analyzed the 

expression of TUBG2 in wild-type mouse blastocysts in greater detail. Using RT-qPCR, we 

quantified mRNA levels of Tubg1, Tubg2, Tubgcp2 and Tubgcp5 in mouse oocytes, 2-cell 

stage embryos, 8-cell stage embryos and blastocysts. Surprisingly, Tubg2 mRNA level 

decreased dramatically in the course of mouse preimplantation development, unlike mRNA 

levels of Tubg1, Tubgcp2 and Tubgcp5, resulting in a very low amount of Tubg2 transcript in 

the blastocyst.  

Although there had been no antibodies available distinguishing specifically between 

mammalian γ-tubulins, we were able to separate TUBG1 and TUBG2 using 2D-PAGE and 

identify their specific positions on the gel. By this method, we found out that while TUBG1 

was abundant, there was a very low level of TUBG2 protein in the wild-type blastocyst, 

which was in a good agreement with our RT-qPCR data. In line with previous studies, we 

also detected high levels of TUBG2 mRNA and protein in the brain [151, 153] . 

Based on our data, we proposed an alternative interpretation of Tubg1-/- and Tubg2-/- 

phenotypes previously described in mice [151]. Endogenous TUBG2 could not replace 

missing TUBG1 in Tubg1-/- blastocyst, even though it can nucleate MTs, because it was not 

present in a sufficient amount. Nevertheless, our data did not directly exclude the possibility 

that TUBG2 expression was upregulated in Tubg1-/- blastocysts in response to TUBG1 

deficiency as it was observed for several other duplicate gene pairs [289, 290]. It that case, 

TUBG2 would not be functionally equivalent to TUBG1 in mouse blastocysts. However, we 

consider this possibility unlikely for several reasons. First, although upregulation of 
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a duplicate gene by transcriptional reprogramming occurs after its paralog deletion, it is not 

a genome-wide phenomenon [291]. A recent genome-wide study on yeasts revealed that only 

11% of duplicate genes responded by increased expression to the deletion of their paralogs 

[290].  Second, such paralog responsiveness occurred with almost no exceptions only when 

the duplicate genes were synthetic lethal [290], which is not the case of γ-tubulin genes 

(TUBG1 knock-out is lethal itself). Third, Yuba-Kubo et al. speculated that TUBG2 was 

unable to be recruited to centrosomes in the absence TUBG1, because they did not detect any 

γ-tubulin signal on centrosomes in Tubg1-/- blastocysts [151]. Our alternative and simpler 

interpretation of their observation is that TUBG2 is expressed neither in the wild-type nor in 

Tubg1-/- blastocysts. 

Behavioural abnormalities of Tubg2-/- mice do not necessarily imply just unknown function 

of TUBG2. They might also reflect the reduction of total γ-tubulin in the brain of Tubg2-/- 

mice, as TUBG2 is highly expressed in the brain [151, 153]. Yet, we cannot directly exclude 

the possibility that TUBG2 has some additional still unknown function(s).  

The question is, how almost identical and functionally redundant γ-tubulin genes are 

maintained in mammalian genomes? Analyses of expression of TUBG1 and TUBG2 showed 

that they are differentially expressed in many tissues [151, 153], the same holds also for this 

study. Partitioning of tissue-specific patterns of expression of the ancestral gene [292] or 

expression reduction [293] are special types of subfunctionalization facilitating retention of 

duplicates and conservation of their ancestral functions. 

In addition, it was reported that some gene segments of TUBG1 and TUBG2 had been 

evolving together in the process known as „concerted evolution“ [153]. It was proposed that 

concerted evolution might have been operative to maintain perfect homology at essential 

binding sites. Indeed, exons 2-3 and 7-10 of both γ-tubulin genes homogenized by gene 

conversion [153] encode regions which are likely critical for interaction of γ-tubulin with 

GCP2 and GCP3 [186]. Thus, concerted evolution together with subfunctionalization foster 

the preservation of highly similar and functionally redundant γ-tubulin genes in mammalian 

genomes [153]. 

In conclusion, we demonstrated that TUBG2 is able to nucleate MTs and substitute for 

TUBG1 in vivo. Further, we showed at both mRNA and protein level that TUBG2 expression 

is dramatically reduced in blastocysts in contrast to TUBG1. Our data indicate that TUBG2 

cannot rescue TUBG1 deficiency in Tubg1-/- blastocysts, because it is not present in 

a sufficient amount. We propose that mammalian γ-tubulins are functionally redundant with 

respect to their MT nucleation activity. 
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In this project, I cloned all described constructs, established protocols for γ-tubulin 

depletion by RNAi, performed RT-qPCR, immunofluorescence and quantification of MT (+) 

end dynamics. I participated in conceiving and designing all experiments, formulation of 

hypotheses and in preparation of the majority of images for publication. I analyzed all data, 

wrote the manuscript draft and participated in the response to rewievers comments. 
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IV. CONCLUSIONS 

1.     We developed a new method for quantification of MT (+) end dynamics in living cells. 

The method is based on semi-automatic tracking of MT (+) ends marked by a +TIP EB1-

GFP. To quantify migration of glioblastoma cells, we developed a method for measuring of 

free cell migration by tracking their nuclei visualized by a vital DNA dye. These methods 

were successfully used in the presented publications and are now routinely used in our 

laboratory. 

 

2.      We found out that activation of BMMCs leads to the formation of plasma membrane 

protrusions containing MTs. These MT protrusions do not form in the absence of STIM1-

induced SOCE suggesting that Ca2+ signalling might modulate MTs in activated BMMCs. 

Although STIM1 is associated with MTs in both resting and activated BMMCs, MTs are not 

required for STIM1-regulated SOCE. STIM1 depletion prevents not only formation of MT 

protrusion, but also causes defects in chemotaxis. We propose that MT protrusions might be 

involved in sensing external chemotactic gradients of antigen or other signals in mast cells. 

 

3.     We found out that spastin is overexpressed in glioma and glioblastoma cell lines and its 

overexpression can be linked to a trend toward high-grade malignancy. Glioblastoma cells 

depleted of spastin exhibit significantly lower motility but at the same time an increased 

proliferation rate. These novel and inverse roles of spastin in cell migration and proliferation 

need to be further investigated, as therapeutic targeting of spastin might be a novel approach 

to treatment of invasive gliomas. 

 

4.     We showed for the first time that γ-tubulin is present in the nucleoli of various cell lines 

of different tissue and species origin. γ-Tubulin can get into the nucleus during mitosis and 

interphase as well, however its interphase nuclear transport is very slow. We identified the 

multifunctional protein C53 as a new γ-tubulin interacting protein in the nucleus. We found 

out that γ-tubulin antagonizes the inhibitory effect of C53 on DNA damage G2/M checkpoint 

activation. Our results suggest that γ-tubulin has also other functions in addition to MT 

nucleation. 

 

5.     We demonstrated that mammalian TUBG2 is able to nucleate MTs and substitute for 

TUBG1 in cultured cells. Further, we found out that almost identical mammalian γ-tubulins 
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can be reliably discriminated according to their electrophoretic properties by 2D-PAGE. We 

showed at both mRNA and protein level that, unlike TUBG1, TUBG2 expression is 

dramatically downregulated in mouse preimplantation development, which results in very low 

amount of TUBG2 in blastocysts. Our data indicate that TUBG2 cannot rescue TUBG1 

deficiency in Tubg1-/- blastocysts, because it is not present in a sufficient amount. Based on 

our results we propose that mammalian γ-tubulins are functionally equivalent with respect to 

their MT nucleation activity. 
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STIM1-Directed Reorganization of Microtubules in Activated
Mast Cells

Zuzana Hájková,*,1 Viktor Bugajev,†,1 Eduarda Dráberová,* Stanislav Vinopal,*

Lubica Dráberová,† Jiřı́ Janáček,‡ Petr Dráber,† and Pavel Dráber*

Activation of mast cells by aggregation of the high-affinity IgE receptors (Fc«RI) initiates signaling events leading to the release of

inflammatory and allergic mediators stored in cytoplasmic granules. A key role in this process play changes in concentrations of

intracellular Ca2+ controlled by store-operated Ca2+ entry (SOCE). Although microtubules are also involved in the process leading

to degranulation, the molecular mechanisms that control microtubule rearrangement during activation are largely unknown. In

this study, we report that activation of bone marrow-derived mast cells (BMMCs) induced by Fc«RI aggregation or treatment

with pervanadate or thapsigargin results in generation of protrusions containing microtubules (microtubule protrusions). For-

mation of these protrusions depended on the influx of extracellular Ca2+. Changes in cytosolic Ca2+concentration also affected

microtubule plus-end dynamics detected by microtubule plus-end tracking protein EB1. Experiments with knockdown or reex-

pression of STIM1, the key regulator of SOCE, confirmed the important role of STIM1 in the formation of microtubule pro-

trusions. Although STIM1 in activated cells formed puncta associated with microtubules in protrusions, relocation of STIM1 to

a close proximity of cell membrane was independent of growing microtubules. In accordance with the inhibition of Ag-induced

Ca2+ response and decreased formation of microtubule protrusions in BMMCs with reduced STIM1, the cells also exhibited

impaired chemotactic response to Ag. We propose that rearrangement of microtubules in activated mast cells depends on STIM1-

induced SOCE, and that Ca2+ plays an important role in the formation of microtubule protrusions in BMMCs. The Journal of

Immunology, 2011, 186: 913–923.

M
ast cells play a pivotal role in innate immunity, allergy,
and inflammation; they express plasma membrane-
associated FcεRIs, the aggregation of which by mul-

tivalent Ag–IgE complexes triggers mast cell activation resulting

in the degranulation and release of inflammatory mediators such
as histamine, proteases, lipid mediators, and cytokines. The first
defined step in FcεRI signaling is tyrosine phosphorylation of the
FcεRI b and g subunits by Src family kinase Lyn. This step is
followed by enhanced activity of Syk kinase and phosphorylation
of transmembrane adaptor linker for activation of T cells. Phos-
phorylated linker for activation of T cells is an anchor site for
phospholipase Cg. After membrane anchoring and activation,
phospholipase Cg produces inositol 1,4,5,-triphosphate that binds
to its receptors in the endoplasmic reticulum (ER). This results in
Ca2+ efflux from the ER (1). Subsequently, depletion of Ca2+ from
ER lumen induces Ca2+ influx across the plasma membrane through
store-operated Ca2+ channels (SOCs). The influx leads to enhance-
ment of free cytoplasmic Ca2+ concentration, a step that is sub-
stantial in further signaling events. The store-operated Ca2+ entry
(SOCE) is also important for the replenishment of intracellular
stores by means of sarcoendoplasmatic reticulum Ca2+-ATPase
(SERCA) pumps located in the ER membrane (2, 3).
The stromal interacting molecule 1 (STIM1) is a pivotal com-

ponent of the SOCE pathway (4, 5). It represents the Ca2+ sensor
responsible for communicating the depleted state of intracellular
Ca2+ compartments to SOCs. In quiescent cells with ER filled with
Ca2+, STIM1 is distributed homogenously throughout the ER (6),
but relocates upon release of Ca2+ from ER stores to distinct
puncta on the ER in close proximity to the plasma membrane (5).
Aggregated STIM1 activates members of the Orai family of
SOCs, resulting in the opening of the plasma membrane Ca2+

channels and Ca2+ influx into the cell (7); in this way STIM1
serves as a major regulator of SOCE.
STIM1 is a microtubule-tracking protein (8, 9) and interacts

with the end-binding protein 1 (EB1) that associates with the tips
of growing microtubules (10, 11). Although microtubules are
necessary for positioning of membrane-enclosed organelles in-
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cluding ER (12), the role of microtubules in regulating SOCE is
not fully understood. Whereas inhibition of microtubule dynamics
by taxol, a microtubule stabilizer, or by knockdown (KD) of EB1
had no significant effect on SOCE (11), Ca2+ influx in different
cell types was inhibited by microtubule depolymerizing drug no-
codazole (13, 14). It has been suggested that microtubules play a
facilitative role in SOCE signaling pathway by optimizing the
localization of STIM1 (15).
Microtubules are involved in mast cell degranulation, because

the movement of secretory granules depends on intact microtubules
(16, 17). This finding is supported by demonstrations that agents
inhibiting tubulin polymerization also suppress degranulation (18–
20). Importantly, FcεRI aggregation triggers reorganization of mi-
crotubules and their concentration in cell periphery (17, 21). It has
also been reported that translocation of granules along micro-
tubules to plasma membranes occurred independently of Ca2+,
whereas the release of mediators and granule-plasma membrane
fusion were dependent on Ca2+ (17). Although these data confirm
that a microtubule network is required for mast cell degranulation,
our understanding of the mechanisms responsible for microtubule
formation in bone marrow-derived mast cells (BMMCs) during
activation events is still limited.
In this study, we investigated the interplay between Ca2+ sig-

naling and changes in microtubule distribution in the course of
BMMC activation. Our results indicate that microtubules in acti-
vated cells are in protrusions that depend on STIM1 activity and
Ca2+ influx. Whereas microtubules are not necessary for the re-
location of STIM1 to puncta in close proximity to the plasma
membrane in activated cells, changes in the concentration of cy-
toplasmic Ca2 affect microtubule plus-end dynamics and result in
dramatic modifications in cell physiology documented by che-
motactic response. The results support the concept of a tight
crosstalk between microtubular network and Ca2+ signaling ma-
chinery in the course of mast cell activation.

Materials and Methods

Reagents

Fibronectin, nocodazole, thapsigargin, probenecid, DNP-albumin, and DNP-
lysinewereacquiredfromSigma-Aldrich(St.Louis,MO).Src-familyselective
tyrosinekinase inhibitorPP2and thenegative control,PP3,wereobtained from
Calbiochem (Darmstadt, Germany). Fluo 3-AM, Fura Red-AM, 4-methyl-
umbelliferyl b-D-glucuronide, and Lipofectamine 2000 were purchased from
Invitrogen (Carlsbad, CA), and puromycinwas acquired from InvivoGen (San
Diego, CA). IL-3 and stem cell factor (SCF) were from PeproTech (Rocky
Hill, NJ). Restriction enzymes were bought from New England Biolabs
(Ipswich, MA). SuperSignal WestPico Chemiluminescent reagents were
bought from Pierce (Rockford, IL).

Abs

Mouse mAb PY-20 (IgG2b) labeled with HRP and anti-STIM1(GOK) mAb
(IgG2a) were acquired from BD Biosciences (San Jose, CA). Rabbit Ab to
a-tubulin was acquired from GeneTex (Irvine, CA). Rabbit Ab to actin,
mAb TUB 2.1 (IgG1) to b-tubulin labeled with indocarbocyanate (Cy3)
and mAb SPE-7 (IgE) specific for DNP were acquired from Sigma-
Aldrich. Anti-mouse and anti-rabbit Abs conjugated with HRP were pur-
chased from Promega Biotec (Madison, WI), Alexa Fluor 488-conjugated
anti-rabbit IgG Ab was acquired from Invitrogen (Carlsbad, CA), and
FITC-conjugated anti-mouse IgG cross-reacting with mouse IgE were
acquired from Jackson ImmunoResearch Laboratories (West Grove, PA).

To prepare mouse mAb specific for STIM1, 29-aa oligopeptide
DNGSIGEETDSSPGRKKFPLKIFKKPLKK corresponding to the mouse
STIM1 sequence 657-685 from the C-terminal end of the molecule (22) was
synthesized by Clonestar Peptide Service (Brno, Czech Republic). A
cysteine had been added to the N terminus of the peptide to allow oriented
covalent coupling to the carrier proteins, maleimide-activated keyhole
limpet hemocyanin, or BSA (Imject Activated Immunogen Conjugation
Kit, Pierce, Rockford, IL), according to the manufacturer’s directions.
BALB/c mice were immunized with the peptide-keyhole limpet hemocy-

anin conjugate, and sera were monitored for Ab activity by ELISA on
peptide-BSA conjugate as described (23). Fusion of splenocytes with
mouse myeloma cells Sp2/0, screening by ELISA, cloning and production
of ascitic fluids in BALB/c mice have been described previously (24). The
subclasses of mAbs were identified by ISO1 isotyping kit (Sigma-Aldrich).
The selected hybridoma cell line ST-01 produced Ab of the IgG1 class.

Cell cultures and transfection

Bone marrow cells were isolated from the femurs and tibias of 6–8-wk-old
BALB/c mice. All mice were maintained and used in accordance with the
Institute of Molecular Genetics guidelines. The cells were differentiated in
suspension cultures in freshly prepared culture medium (IMDM supple-
mented with antibiotics [100 U/ml penicillin, 100 mg/ml streptomycin]
10% FCS, 35 mM 2-ME, IL-3 [36 ng/ml] and SCF [36 ng/ml]). Cells were
grown at 37˚C in 10% CO2 in air and passaged every 2–3 d. After 6–8 wk,
∼99% of cells were identified as mast cells, expressing FcεRI and c-Kit as
detected by flow cytometry. BMMCs isolated from at least three mice were
used for each experiment.

Mouse BMMC line (BMMCL) was by M. Hibbs (Ludwig Institute for
Cancer Research, Melbourne, Australia). In this study, the cells are denoted
as BMMCL and were cultured in freshly prepared culture medium (RPMI
1640 supplemented with 20 mM HEPES, pH 7.5, 100 U/ml penicillin, 100
mg/ml streptomycin, 100 mM MEM nonessential amino acids, 1 mM so-
dium pyruvate, 10% FCS, and 10%WEHI-3 cell supernatant as a source of
IL-3). Cells were grown at 37˚C in 5% CO2 in air and passaged every 2 d.

HEK 293FT packaging cells (Invitrogen) were grown at 37˚C in 5% CO2

in DMEM supplemented with 10% FCS and antibiotics. The cells used for
lentivirus production were at passage 4–15.

BMMCL cells were transfected with DNA constructs by nucleofection
using Mouse Macrophage Kit and program Y-001 on Amaxa Nucleofector
II (Lonza Cologne AG, Cologne, Germany) according to the manufacturer’s
instructions. After nucleofection, cells were transferred into culture media
supplemented with IL-3 and cultured for 24–48 h before analysis.

DNA constructs

Full-length human STIM1 cloned into pDS_XB-YFP vector (pYFP-
hSTIM1) was provided by Dr. T. Meyer (5). The signal-peptide region
(22), sequence 1–23 aa, of STIM1 was recloned from this vector into
pmCherry_N1 from Clontech Laboratories (Mountain View, CA) upstream
of mCherry, using EcoRI and AgeI restriction sites. The remaining part
of STIM1 was recloned downstream of mCherry into the BsrGI site.
The construct was verified by DNA sequencing. Expression plasmid cod-
ing mouse EB1 fused with GFP (pEB1-GFP) was obtained from
Dr. Y. Mimori-Kiyosue (25). Expression plasmid coding human EB3 fused
with mRFP1 (26) was obtained from Dr. A. Akhmanova (11).

Lentivirus short hairpin RNAs and virus transduction

A set of five murine STIM1 (GenBank accession number: NM_ 009287)
short hairpin RNA (shRNA) constructs cloned into the pLKO.1 vector
(TRCN0000175139, TRCN0000175008, TRCN0000193877, TRCN0000-
193400, and TRCN0000173765) were purchased from Open Biosystems
(Huntsville, AL). Aliquots of 1.4 ml Opti-MEM medium (Invitrogen) were
mixed with 21 ml ViraPower Lentiviral Packaging Mix (Invitrogen), 14 mg
STIM1 shRNA constructs, and 82 ml Lipofectamine 2000. The mixture was
incubated for 20min at room temperature before it was added to semiconflu-
ent HEK-293FT packaging cells in a 150-cm2 tissue-culture flask. After 3 d,
viruses in culture supernatantswere concentrated by centrifugation at 25,000
rpm for 2 h using a JA-25.50 rotor (Beckman Coulter, Palo Alto, CA). The
pellets were resuspended in 1 ml of culture medium and added to 29 ml of
medium, supplementedwith 5mg/ml puromycin containing 53 107BMMCs
or BMMCL cells. Stable selectionwas achieved by culturing cells for 1 wk in
the presence of puromycin. Cells were pooled and analyzed for STIM1 ex-
pression by immunoblotting. Cells with the highest reduction of STIM1 pro-
tein, obtainedwithTRCN0000175008 (KD1) andTRCN0000193400 (KD2),
were selected for additional experiments.Cells transfectedwith emptypLKO.1
vector were used as negative controls.

Cell activation

Cells at a concentration of 6 3 106 cells/ml were sensitized for 2 h at 37˚C
in IL-3– and SCF-free culture medium supplemented with DNP-specific
IgE mAb (SPE-7; 1 mg/ml). The cells were then washed in buffered saline
solution (BSS; 20 mM HEPES, pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8
mM CaCl2, 5.6 mM glucose, 2 mMMgCl2), supplemented with 0.1% BSA
(BSS-BSA), and challenged with various concentrations of Ag (DNP-
albumin; 30–40 mol of DNP per mole of albumin) or thapsigargin.

For immunofluorescence experiments, cells at a concentration of 63 106

cells/ml were sensitized in suspension for 1 h at 37˚C with DNP-specific
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IgE (1 mg/ml) and diluted to a concentration of 1.5 3 106 cells/ml. The
suspension (1 ml) was then overlaid on fibronectin-coated coverslips
(immersed for 1 h at 37˚C in 50 mg/ml fibronectin in 50 mM NaHCO3 and
rinsed in PBS) placed in a 3.5-cm tissue culture dish. Cells were allowed to
attach for 1 h at 37˚C, washed in BSS-BSA, and challenged for 3–5 min
with Ag (DNP-albumin) at a final concentration of 100 ng/ml. To de-
termine the time course of activation, cells were challenged with Ag for 1–
10 min. For dose response curve construction, the concentration of Ag
ranged from 10 to 1000 ng/ml.

Alternatively, cells were activated by pervanadate or thapsigargin, in
which case the sensitization step was omitted. Pervanadate solution was
prepared fresh by mixing sodium orthovanadate solution with hydrogen
peroxide to get a final concentration (10 mM) of both components. The
pervanadate solution was incubated for 15 min at room temperature and
then diluted 1:100 in BSS-BSA. Attached cells were incubated with per-
vanadate solution for 15 min at 37˚C. Cells were also incubated for 20 min
with BSS-BSA containing 2 mM thapsigargin. To determine the time
course of activation, cells were activated with thapsigargin for 5–20 min.
Dose response measurements were done at thapsigargin concentrations
ranging from 0.01 to 2 mM. In some experiments, [Ca2+]-free BSS was
used. Trypan blue exclusion test was used to evaluate the effect of per-
vanadate and thapsigargin on viability of cells.

To depolymerize microtubules, cells were treated for 1 h at 37˚C with 10
mM nocodazole and activated with pervanadate or thapsigargin in the
presence of nocodazole. To inhibit the activity of Src family kinases, IgE-
sensitized cells were pretreated for 60 min with Src family selective ty-
rosine kinase inhibitor PP2 at a concentration of 10 mM before incubation
with DNP-albumin. Cells treated for 60 min with 10 mM PP3 were used as
controls.

Flow cytometry analysis of Fc«RI

To determine the surface FcεRI expression, cells (5 3 105/ml) were ex-
posed for 30 min on ice to 1 mg/ml anti-DNP IgE followed by 30 min
incubation with FITC-conjugated anti-mouse Ab (cross-reacting with
mouse IgE). After incubation the cells were washed in ice-cold BSS-BSA.
Mean fluorescence intensities were determined in the FL1 channel of
FACSCalibur (BD Biosciences, Mountain View, CA).

Degranulation assay

The degree of degranulation was quantified as the release of b-glucuron-
idase from anti-DNP IgE-sensitized and DNP-albumin or thapsigargin-
activated cells, using 4-methylumbelliferyl b-D-glucuronide as a sub-
strate (27). The total content of the enzyme was evaluated in supernatants
from cells lysed by 0.1% Triton X-100.

Determination of intracellular Ca2+ concentrations and 45Ca2+

uptake

Concentrations of free intracellular calcium ([Ca2+]i) were determined
using Fluo3 as a reporter. Cells were sensitized with anti-DNP IgE (1 mg/
ml) at 37˚C in culture medium supplemented with 10% FCS, but devoid of
SCF and IL-3. After 4 h, the cells were washed and resuspended at
a concentration of 1 3 107 cells/ml in the same medium supplemented
with Fluo3 and probenecid at final concentrations of 1 mg/ml and 2.5 mM,
respectively. After 30 min, the cells were washed in BSS-BSA supple-
mented with probenecid and put on ice for 10 min. Before measurement,
the cells (5 3 105) were briefly centrifuged, resuspended in 200 ml BSS-
BSA, and preincubated for 4 min at 37˚C. Cells were activated by adding
100 ng/ml DNP-albumin or 2 mM thapsigargin. Calcium mobilization was
determined in the FL1 channel of a FACSCalibur Flow Cytometer (BD
Biosciences, San Jose, CA) using FlowJo software (Ashland, OR). In the
yellow fluorescent protein (YFP)-hSTIM1 rescue experiments, calcium
responses were measured 48 h after nucleofection. STIM1 KD cells
nucleofected with pYFP alone (Clontech Laboratories, Mountain View,
CA) were used as a mock control. The experimental procedure was similar
to that described above with some differences. Cells were loaded with the
calcium reporter Fura Red (5 mg/ml), and changes in fluorescence intensity
were monitored on an LSRII flow cytometer (BD Biosciences). Pop-
ulations of live cells were selected based on forward and side scatters. In
live nucleofected cells, YFP-positive cells were gated based on fluores-
cence in the FL1 channel. Fura Red was excited with 406- and 488-nm
lasers, and data were collected separately using 675/45 BP and 675/20 BP
filters, respectively.

Uptake of extracellular calcium was determined as described previously
(28). Cells were sensitized with anti-DNP IgE (1 mg/ml) and activated for
various time intervals with 100 ng/ml DNP-albumin or 2 mM thapsigargin
in the presence of extracellular 45Ca2+ (1 mM). Cell-bound radioactivity

was measured in 10 ml scintillation liquid (EcoLite; ICN Biomedicals,
Costa Mesa, CA) using a QuantaSmart TM counter.

Chemotaxis assay

Chemotactic responses of BMMCs were examined using 96-well chemo-
taxis plates (ChemoTx system; Neuro Probe, Gaithersburg, MD) with 8-mm
pore size polycarbonate filters. Chemoatractant (DNP-BSA) at concen-
trations of 50–250 ng/ml in RPMI 1640 supplemented with 20 mM HEPES
and 1% BSA (assay buffer), or assay buffer alone was added in 305 ml to
the lower wells, and IgE-sensitized BMMCs (0.15 3 106) in 60-ml assay
buffer were added on top of the membrane above each well. After 8 h
incubation at 37˚C and 5% CO2 in humidified air, cells on the upper
membrane surface were removed with suction, and the plates with mem-
brane frames were centrifuged (156 3 g, 4 min). After centrifugation, 200
ml media above the cells was removed and 100 ml of water containing
0.1% Triton X-100 and 10 mM SYTOX Green nucleic acid stain (Invi-
trogen) was added to the well. Fluorescence was determined at 485-nm
excitation and 530-nm emission, using TECAN Infinite M200 fluorescence
microplate reader (Grödig, Austria). A linear standard curve with serial
dilutions of the cells (400–50,000 cells) was included in each experiment
to equate fluorescence intensity with cell number. Four independent
experiments were run in triplicates.

Gel electrophoresis and immunoblotting

Whole-cell extracts were prepared by washing the cells in cold PBS,
solubilizing them in hot SDS-sample buffer (29), and boiling for 5 min.
SDS-PAGE on 7.5% gels, electrophoretic transfer of separated proteins
onto nitrocellulose, and details of the immunostaining procedure have
been described elsewhere (30). Abs against STIM1 and actin were diluted
1:2000 and 1:3000, respectively. Bound primary Abs were detected af-
ter incubation of the blots with HRP-conjugated secondary Ab diluted
1:10,000. Phosphotyrosine was detected by PY-20–HRP conjugate (dilu-
tion 1:2000). HRP signal was detected with chemiluminescence reagents
in accordance with the manufacturer’s directions and quantified using LAS
3000 imaging system (Fujifilm, Tokyo, Japan).

Immunofluorescence microscopy

Immunofluorescence microscopy was performed on fixed cells as described
previously (31). Cells attached to fibronectin-coated coverslips were rinsed
with microtubule-stabilizing buffer (0.1 M MES, pH 6.9, 2 mM EGTA,
2 mM MgCl2, 4% polyethylene glycol 6000), fixed for 20 min in 3%
formaldehyde in microtubule-stabilizing buffer, and extracted for 4 min
with 0.5% Triton X-100 in microtubule-stabilizing buffer. TUB 2.1 mAb
conjugated with Cy3 and polyclonal Ab to a-tubulin were diluted 1:600
and 1:200, respectively. AlexaFluor 488-conjugated anti-rabbit Ab was
diluted 1:300. The preparations were mounted in MOWIOL 4-88 (Merck,
Darmstadt, Germany), supplemented with DAPI to label nuclei, and ex-
amined with an Olympus A70 Provis microscope equipped with 360
water-immersion or3100 oil-immersion objectives. Images were recorded
with a SensiCam cooled CCD camera (PCO IMAGING, Kelheim, Ger-
many). Conjugated secondary Ab did not give any detectable staining.

Alternatively, samples were examined with a confocal laser scanning
microscope Leica TCS SP5 equipped with an 363/1.4.N.A. oil-immersion
objective. Excitation and emission wavelengths were 561 nm and 566 to
633 nm for Cy3 (diode pumped solid-state laser). Optical sections were
acquired in 125-nm steps, and z-series were made from 70 sections. De-
convolution and rotation was performed using Huygens Deconvolution
Software (Scientific Volume Imaging, Hilversum, The Netherlands).

To estimate the number of cells that responded to activation events by
generation of microtubule protrusions, three independent immunofluores-
cence experiments were performed. In each experiment usually 500 cells
were examined, and cells with five and more microtubule protrusions after
activation were counted up. These protrusions were not discernible in
nonactivated cells. Statistical comparison of data was conducted with Stu-
dent t test.

Time-lapse imaging by total internal reflection fluorescence
microscopy

Control BMMCL cells, BMMCL cells with empty pLKO.1 vector, or
cells with STIM1 KD were nucleofected with pEB1-GFP. Alternatively,
BMMCL cells were nucleofected with YFP-hSTIM1 or simultaneously
with YFP-hSTIM1 and EB3-mRFP1. Twenty-four hours later, 100 ml of
cell suspension at concentration 1.53 106 cells/ml was overlaid on 35-mm
glass-bottom culture dishes (MatTek, Ashland, MA; Cat. No. P35G-1.5-
14-C) precoated with fibronectin (see above), and cells were allowed to
attach for 1 h at 37˚C. Perfusion insert for the 35-mm culture dish was
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inserted (Warner Instruments, Hamden, CT; model RC-37F), and cells
were washed and subsequently incubated in RPMI medium for live cell
imaging (RPMI 1640 without phenol red, riboflavin, folic acid, pyridoxal,
Fe[NO3]3) supplemented with 20 mM HEPES. Cells were imaged on the
Leica AM total internal reflection fluorescence (TIRF) MC (Leica Micro-
systems) at 37˚C. Time-lapse sequences of EB1-GFP or YFP-hSTIM1
were acquired in TIRF mode (GFP cube, laser line 488 nm; Ex, 470/40;
Em, 525/50; penetration depth, 150 nm) using HCX PL APO 3100/1.46
NA oil-immersion TIRF objective. Images were taken for 3 min at 1-s
intervals with 30–40% laser power and exposure times ranging from 500–
800 ms. Time-lapse sequences of EB3-mRFP1 in combination with YFP-
hSTIM1 were acquired in TIRF mode (laser lines 561 nm or 488 nm, Em:
640/40 or 530/30, respectively; the same penetration depth 150 nm for
both channels) using the same objective as above. Individual channels
were imaged sequentially. Images were taken for 3 min at 2-s intervals
with 50–80% (561 nm) or 30–40% (488 nm) laser power and exposure
times ranging from 500–800 ms. Cells were scanned before, during, and
after thapsigargin or nocodazole addition to final concentrations of 2 mM
and 10 mM, respectively.

Time-lapse sequences were adjusted and analyzed with a particle
tracking plug-in written in house. The images were smoothed to remove
noise (s 80 nm). The particles were then enhanced by subtracting the
images obtained by Gaussian smoothing (s 300 nm). The coordinates of
particles were detected as centers of mass of maxima of the image intensity
found by morphologic reconstruction (32). Regions of pixels with distance
less than 3 mm from cell boundary were detected by thresholding the
Euclidean distance transform (33) of the cell binary image. Only the par-
ticles in the selected region were evaluated. The corresponding particles in
subsequent images were detected by pairing the closest particles, and the
particle trajectories were constructed by continuation. The speed of the
particles was calculated as the ratio of particle trajectory length and tra-
jectory duration. The histogram of the particles speed was calculated from
the trajectory speed weighted by the trajectory duration. The algorithms
were implemented as plug-in modules of the Ellipse program, version 2.07
(ViDiTo, Systems, Košice Slovakia). Statistical analysis was done in
Microsoft Excel.

Results

Reorganization of microtubules during activation of BMMCs

To compare microtubule organization in resting and activated mast
cells, BMMCs were attached to fibronectin-coated coverslips and
then activated by various means before fixation and immunoflu-
orescence labeling for b-tubulin. Data showed a clear difference
between resting and activated cells in microtubule distribution.
Quiescent cells were characterized by rounded morphology and
microtubules in cell periphery running predominantly alongside
the plasma membrane (Fig. 1A, a, b; 2Ag). When activated by
FcεRI aggregation, many cells had multiple protrusions containing
microtubules, in the following text denoted as microtubule pro-
trusions (Fig. 1A, c, d; +Ag). Similarly, activation by pervanadate,
a potent protein tyrosine phosphatase inhibitor (34) that mimics in
part the stimulatory effect of Ag (35), gave rise to multiple mi-
crotubule protrusions (Fig. 1A, e, f; +Pv). Surprisingly, generation
of robust microtubule protrusions was also found in cells treated
with thapsigargin, a compound that discharges intracellular Ca2+

stores by inhibition of the SERCA (36) (Fig. 1A, g, h; +thapsi-
gargin [Tg]). Microtubule protrusions do not reflect only the
spreading of cells during activation events, because they are also
found on the dorsal side of cells as clearly documented on de-
convoluted three-dimensional images from laser scanning confo-
cal microscopy. Although no protrusions were found in resting
cells (Fig. 2A, 2B, –Ag), they were clearly discernible in cells
activated by Ag-mediated FcεRI aggregation (Fig. 2C, 2D, +Ag),
pervnadate (Fig. 2E, 2F, +Pv) or thapsigargin (Fig. 2G, 2H, +Tg).
To determine whether the number of cells with protrusions
depends on the mode of activation, BMMCs were evaluated for
the presence of protrusions in three independent experiments
(each included 500 cells). Activation of the cells with Ag, per-
vanadate, or thapsigargin resulted in 376 9, 596 8, and 946 3%

(mean 6 SD; n = 3), respectively, of cells with microtubule
protrusions (Fig. 1B). To prove that the generation of microtubule
protrusion is not restricted only to cells of primary cultures, ac-
tivations were repeated with an established cell line, BMMCL.
In that case the rates of activation with Ag, pervanadate, or
thapsigargin were 55 6 10, 64 6 3, and 80 6 5% (mean 6 SD;
n = 3), respectively. The microtubule protrusions in cells acti-
vated by FcεRI aggregation were most prominent ∼5 min after
crosslinking. In contrast, cells stimulated by pervanadate or thapsi-
gargin reached the maximum after 15 and 20 min, respectively.

FIGURE 1. Organization of microtubules in resting and activated mast

cells. A, Resting BMMCs (a, b; 2Ag), the cells activated by FcεRI ag-
gregation (c, d; +Ag), pervanadate (e, f; +Pv), or thapsigargin (g, h; +Tg)

were fixed and stained for b-tubulin. The preparations were imaged by

fluorescence microscopy. Scale bars, 20 mm (g) and 10 mm (h). Compa-

rable magnifications are in (a, c, e, g) and in (b, d, f, h). B, Quantitative

analysis of the frequency of microtubule protrusions in BMMCs. Resting

cells (2Ag), cells activated by FcεRI aggregation (+Ag), pervanadate

(+Pv) or thapsigargin (+Tg). Three independent experiments were per-

formed, each involving 500 BMMCs examined for the presence of mi-

crotubule protrusions. Values indicate means 6 SD (n = 3).
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Dose response curves demonstrating the relations between the for-
mation of microtubule protrusions and the degree of degranu-
lation, quantified as the release of b-glucuronidase, in BMMCL
activated by FcεRI aggregation for 5 min and by thapsigargin
for 20 min are shown in Supplemental Fig. 1A and 1B, respec-
tively. There were dose response correlations between formation
of microtubule protrusions and degranulation. Correlations be-
tween the time course of microtubule protrusion formation and the
degree of degranulation after activation by FcεRI aggregation at
Ag concentration 100 ng/ml and by thapsigargin at concentration
2 mM are shown in Supplemental Fig. 1C and 1D, respectively.
Although there was a correlation between morphologic changes
and degranulation in case of thapsigargin activation, cells acti-
vated by Ag reached the maximum of microtubule protrusions at 5
min, whereas the increase in b-glucuronidase release persisted to
10 min. Activation by either pervanadate or thapsigargin had no
effect on viability of the cells (not shown). When the cells were
pretreated with microtubule inhibitor nocodazole and activated in
its presence, protrusions were not formed (not shown). This im-
plies that microtubules are essential in this process.
Formation of microtubule protrusions in FcεRI-activated cells

was substantially reduced if a monovalent hapten causing receptor
disengagement (50 mM DNP-lysine) (37) was added together with
or 1 min after Ag (not shown). Inhibition of protrusion formations
was also observed in IgE-sensitized cells pretreated for 60 min
with Src family inhibitor PP2 (10 mM) and then activated by Ag.
Pretreatment with PP3 (negative control for PP2) failed to affect
protrusion formation (not shown). This finding suggests that the

activity of Src family protein tyrosine kinases is essential for this
process. Interestingly, when the cells were activated by FcεRI
aggregation, pervanadate, or thapsigargin in Ca2+-free media,
microtubule protrusions were basically not detectable. A typical
example of the effect of extracellular Ca2+ on generation of mi-
crotubule protrusions in cells after their activation by FcεRI ag-
gregation is shown in Fig. 3A. Statistical evaluation of these and
other experiments is documented by histogram (Fig. 3B). Col-
lectively, these data suggest that dramatic changes in microtubule
arrangement during activation of BMMCs by FcεRI aggregation
depend on the activity of Src family kinases and are modulated
by Ca2+ influx.

Changes of microtubule dynamics in activated cells

Microtubule plus-end dynamics in BMMCL cells expressing
EB1-GFP was monitored by means of time-lapse imaging using
TIRF microscopy (TIRFM). Cells were activated or not by thap-
sigargin, and the distribution of growing microtubules in cell pe-
riphery was evaluated after collecting 180 frames in 1-s intervals
for 3 min total time. In activated cells, time-lapse imaging started
13 min after thapsigargin addition. Data from a typical experiment
are shown in Fig. 4A. A comparison of single-frame or 20-frame
projections obtained either from control (Fig. 4A, a, b; –Tg) or
thapsigargin-activated (Fig 4A, c, d; + Tg) cell indicated more
growing microtubules in cell periphery of the latter. This finding
was confirmed by statistical data evaluation and documented with

FIGURE 2. Changes in the spatial distribution of microtubules in resting

and activated BMMCs. Resting cells (A, B; 2Ag), cells activated by FcεRI
aggregation (C, D; +Ag), pervanadate (E, F; +Pv), or thapsigargin (G, H;

+Tg) were fixed and stained for b-tubulin. The preparations were imaged by

laser scanning confocal microscopy. The stacks of confocal sections were

deconvoluted and subjected to three-dimensional reconstruction. Resulting

three-dimensional images viewed from top of the cells (A, C, E, G) and from

the plane perpendicular to the plane of cell adhesion (B, D, F, H). Each pair

(A–B, C–D, E–F, and G–H) represents the same cells. Scale bars, 5 mm.

FIGURE 3. Effect of extracellular Ca2+ on generation of microtubule

protrusions. A, BMMCL cells activated by FcεRI aggregation in the

presence (a, b; +Ca2+) or absence (c, d; –Ca2+) of extracellular Ca2+ (1.8

mM) were fixed and stained for b-tubulin. Scale bars, 20 mm (c) and 10

mm (d). Comparable magnifications are in (a, c) and in (b, d). B, Statistical

analysis of the frequency of microtubule protrusions in BMMCL cells.

Cells activated by FcεRI aggregation (+Ag), pervanadate (+Pv), or thap-

sigargin (+Tg) in the presence (+Ca2+) or absence (2Ca2+) of extracellular

Ca2+. Three independent experiments were performed, each involving 500

cells, and examined for the presence of microtubule protrusions. Values

indicate means 6 SD, n = 3; ***p , 0.001.

The Journal of Immunology 917



a histogram of the microtubule growth rates (Fig. 4B). Typical
time-lapse imaging of control (Supplemental Video 1) and acti-
vated (Supplemental Video 2) cells are shown in the supplemental
material. These data suggest that activation increases the number
of growing microtubules in the cell periphery where microtubule
protrusions are formed. More growing microtubules at cell periph-
ery, compared with nonactivated cells, were also observed after
activation of cells by FcεRI aggregation (Supplemental Fig. 2).

Reduced degranulation, Ca2+ influx, and free cytoplasmic Ca2+

concentration in cells with reduced level of STIM1

STIM1 represents the key regulator in the SOCE pathway leading
to an influx of extracellular Ca2+. To discover whether STIM1 is
involved in the generation of microtubule protrusion, we first iso-
lated cells with reduced levels of STIM1 and characterized their
properties. STIM1-deficient cells were produced in both BMMCs
and BMMCL cells using lentiviral vectors. At the best silencing,
the amount of STIM1 in BMMCs and BMMCL cells reached 206
12% and 10 6 9% (means 6 SD; n = 5-8), respectively, when
compared with the expression level in control cells with an empty
pLKO.1 vector. A typical immunoblotting experiment is shown in
Fig. 5A, and evaluation of all data obtained is shown in Fig. 5B.
Cells with the highest STIM1 reduction (denoted KD2) were se-
lected for further experiments. As detected by flow cytometry, the

expression levels of surface FcεRI were similar in cells with nor-
mal and reduced amount of STIM1 (not shown). No substantial
changes in the profile of total tyrosine-phosphorylated proteins
were detected in STIM1 KD2 cells (not shown).
It is well established that an increase in [Ca2+]i is a prerequisite

for mast cell degranulation (1). To confirm the functional rele-
vance of STIM1 KD, we determined the degree of degranulation
by measuring the release of b-glucuronidase in cells activated by
FcεRI aggregation or by thapsigargin. As expected, a substantial
decrease in degranulation was observed in BMMCs with STIM1
KD compared with control cells. The inhibition of degranulation
was observed in cells activated by both FcεRI aggregation (Sup-
plemental Fig. 3A) and by thapsigargin (Supplemental Fig. 3B).
The uptake of 45Ca2+ after activation by FcεRI aggregation
(Supplemental Fig. 3C) or by thapsigargin (Supplemental Fig. 3D)
was also inhibited in STIM1 KD cells. Finally, a substantially
lower concentration of free intracellular calcium [Ca2+]i was de-
tected in STIM1 KD cells, after activation by both FcεRI aggre-
gation (Supplemental Fig. 3E) and thapsigargin (Supplemental
Fig. 3F; thapsigargin). Similar results were obtained with BMMCL
cells (not shown). Collectively, these data clearly demonstrate that
STIM1 is essential for Ca2+ mobilization and degranulation in
cells used in this study.

Generation of microtubule protrusions is dependent on STIM1

When BMMCs carrying empty pLKO.1 vector were activated
with thapsigargin, the formation of microtubule protrusions was pro-
minent (Fig. 6A, a, c; control + Tg) and essentially the same as in
BMMCs without vector (not shown). Alternatively, thapsigargin-
induced activation in BMMCs with STIM1 KD failed to generate
microtubule protrusions, and the cell shape was spherical (Fig. 6A,
b, d; STIM1 KD + Tg). Significant inhibition of protrusion for-
mations in STIM1 KD cells was also found after stimulation with
pervanadate or Ag in both BMMCs and BMMCL cells (Fig. 6B).
No obvious change in microtubule dynamics was detected by
time-lapse imaging in BMMCL cells with STIM1 KD after acti-
vation by thapsigargin. Data from a typical experiment of time-
lapse imaging are shown in Fig. 7A. Comparison of still images
(single frame or 20 frames projections) from nonactivated (Fig.
7A, a, b; STIM1 KD – Tg) or activated (Fig 7A, c, d; STIM1 KD +
Tg) cells disproved the notion that more microtubules grow in the
cell periphery of activated cells. This finding was confirmed by the
histogram comparing microtubule growth rates (Fig 7B). Although
thapsigargin-activated cells exhibited some increase in the number
of growing microtubules in the cell periphery, it was insignificant
except for the fast-growing group (27 mm/min). In control

FIGURE 4. Activation of mast cells increases the number of growing

microtubules in cell periphery as determined by TIRFM time-lapse im-

aging. A, Time-lapse imaging of resting (a, b) and thapsigargin-activated

(c, d) BMMCL cells expressing EB1-GFP. Still images of EB1 (a, c) and

tracks of EB1 comets over 20 s created by maximum intensity projection

of the 20 consecutive frames (b, d). Scale bar, 5 mm. B, Histogram of

microtubule growth rates in cell periphery of resting (2Tg) and thapsi-

gargin-activated (+Tg) cells. A total of 15 different cells were tracked in

five independent experiments. Values indicate mean 6 SE, n = 15; **p ,
0.01; ***p , 0.001.

FIGURE 5. Characterization of mast cells with reduced level of STIM1.

A, Immunoblots of whole cell lysates fromBMMCs or BMMCLcells probed

with anti-STIM1 and anti-actin (loading control) Abs. Control cells infected

with empty pLKO.1 vector (Con), noninfected wild-type cells (WT), cells

selected after KD of STIM1 by shRNA1 (KD1), or shRNA2 (KD2).

Numbers under the blots indicate relative amounts of STIM1 normalized to

control cells (Con) and to the amount of actin in individual samples (Fold).

B, Comparison of STIM1 expression levels in control and STIM1 KD

BMMCs or BMMCL cells. Values indicate means 6 SD from independent

experiments (n = 6 for controls; n = 3 for KD1; n = 5 for KD2).
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BMMCL cells carrying empty pLKO.1 vector, the distribution
of growing microtubules in resting and thapsigargin-treated cells
was similar as in BMMCL cells (Fig. 4).
To strengthen the evidence of STIM1-dependent formation of

microtubule protrusions during activation, a rescue experiment
was performed with construct-encoding mCherry-tagged human
STIM1. Proper localization of mCherry-hSTIM1 was demon-
strated in cells expressing EB1-GFP. It has been shown previously
that STIM1 associates with the plus ends of growing microtubules
(11); in addition, the mCherry-hSTIM1 localized in quiescent
cells both in the ER and in the growing ends of microtubules la-
beled with EB1 (Fig. 8A, a–c). When BMMCL cells with STIM1
KD were nucleofected with mCherry-hSTIM1 and activated by
thapsigargin, the formation of typical microtubule protrusions was
recovered (Fig. 8B, a–c). Alternatively, no protrusions were gen-
erated after activation of cells nucleofected with empty mCherry
vector (Fig. 8B, d–f). Control experiments revealed that no mi-
crotubule protrusions were evident in nonactivated BMMCL cells
nucleofected either with mCherry-hSTIM1 or mCherry vector alone
(not shown). The formation of microtubule protrusions was also
recovered when YFP-hSTIM1 was used in rescue experiments as
documented by quantitative data (Fig. 8C). Nucleofection of YFP-

hSTIM1 into STIM1 KD2 cells also restored calcium mobilization
upon triggering with thapsigargin (Fig. 8D) or aggregation of the
FcεRI (not shown). Collectively, these data strongly suggest that
STIM1 is essential for the generation of microtubule protrusions
during activation of BMMCs.

Microtubules are not essential for STIM1 puncta formation

To address the question of whether microtubules in BMMCs have
a role in activating SOCE, we investigated the effect of noco-
dazole, a microtubule-depolymerizing drug, on the distribution of
STIM1 in the absence or presence of thapsigargin. In control cells,
a typical comet-like movement was observed in quiescent BMMCs
expressing YFP-hSTIM1 (Supplemental Video 3). After activation
by thapsigargin, STIM1 formed puncta (Supplemental Video 4)
similar to those previously described in other cells (5, 15). The
addition of 10 mM nocodazole led to the rapid disappearance
of comet-like movement of YFP-hSTIM1 as well as EB3-mRFP1,
used as marker of growing microtubules. YFP-hSTIM1 was lo-
cated only on the ER. When the nocodazole-treated cells were
then activated with thapsigargin, YFP- hSTIM1 formed robust
puncta (Supplemental Video 5). Staining of parallel samples for
tubulin confirmed that most microtubules were disassembled (not
shown). This finding suggests that initial STIM1 aggregation does
not require intact microtubules. Interestingly, the disruption of
microtubules only moderately inhibited the 45Ca2+ uptake in

FIGURE 6. Decreased expression of STIM1 inhibits the generation of

microtubule protrusions in activated cells. A, Control BMMCs, carrying

empty pLKO.1 vector (a, c) or STIM1 KD2 cells (b, d) were activated by

thapsigargin, fixed, and stained for b-tubulin. Scale bars, 20 mm (a, b) and

10 mm (c, d). B, Statistical analysis of the frequency of microtubule pro-

trusions in control cells (carrying empty pLKO.1 vector) and STIM1 KD2

cells activated by FcεRI aggregation (+Ag), pervanadate (+Pv), or thap-

sigargin (+Tg). Three independent experiments were performed, each in-

volving 500 BMMCs or BMMCL cells, and examined for the presence of

microtubule protrusions. Values indicate means 6 SD, n = 3; **p , 0.01;

***p , 0.001.

FIGURE 7. KD of STIM1 prevents changes in microtubule dynamics in

activated cells as determined by TIRFM time-lapse imaging. STIM1 KD2

cells were nucleofected with EB1-GFP and used for time-lapse imaging. A,

Resting (a, b) and thapsigargin-activated (c, d) STIM1 KD2 cells. Still

images of EB1 (a, c) and tracks of EB1 comets over 20 s created by

a maximum intensity projection of 20 consecutive frames (b, d). Scale bar,

5 mm. B, Histogram of microtubule growth rates in the cell periphery of

resting (STIM1 KD) and thapsigargin-activated (STIM1 KD +Tg) cells. A

total of nine different cells were tracked in three independent experiments.

Values indicate means 6 SE, n = 9; *p , 0.05.
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thapsigargin-activated cells (Fig. 9A), but degranulation was sub-
stantially reduced (Fig. 9B).

STIM1 associates with microtubule protrusions and plays
a role in chemotactic response

The movement of YFP-hSTIM1, not associated with growing tips
ofmicrotubules, was observable at later stages of activationwhen
microtubule protrusions started to form. Association of YFP-

hSTIM1 with microtubule protrusions was evident in thapsigargin-
activated BMMCs and was detectable by confocal microscopy on
cells stained for b-tubulin (Fig. 10A, a–c). Similarly, FcεRI aggre-
gation led to partial association of YFP-hSTIM1 with microtubule
protrusions (not shown).
The observed formation of STIM1-dependent microtubule pro-

trusions could be related to enhanced movement of the activated
cells. Therefore, in additional experiments, we investigated the
chemotactic response of STIM1-deficient BMMCs. The data pre-
sented in Fig. 10B indicate that at low concentrations of Ag (25–100
ng/ml), the chemotactic response is contingent on STIM1 in a dose-
dependent manner. At a higher concentration (250 ng/ml), the
difference disappears mainly because of the high-dose–mediated
inhibition of chemotaxis in control cells. This finding demonstrates
that STIM1-dependent Ca2+ influx promotes chemotaxis.

Discussion
FcεRI stimulation of mast cells leads to rapid cytoskeleton rear-
rangement that is important for cell activation and degranulation.
Accumulating recent data point to an important role of micro-
tubules in these processes (38). Previous studies focused primarily
on the role of microtubules in granular transport (13, 16, 17, 20) or
on the initial stages of SOCE signaling pathway (13, 15, 39). In
this study, we show that microtubule network rearrangement in
activated BMMCs and formation of microtubule protrusions is
dependent on the activity of Ca2+ sensor STIM1. This conclusion
is supported by several lines of evidence. First, microtubule pro-
trusions were found in cells stimulated by three types of activators
that induced depletion of Ca2+ from internal stores (FcεRI ag-
gregation, pervanadate, or thapsigargin treatment). Second, the
generation of protrusions was impaired when multivalent Ag-

FIGURE 8. Phenotype rescue of STIM1 KD2 BMMCL cells after in-

troduction of human STIM1. A, Localization of mCherry-tagged human

STIM1 during TIRFM time-lapse imaging of resting cells expressing EB1-

GFP. Still images of mCherry-hSTIM1 (a) EB1-GFP (b) and superposition of

images (c; mCherry, red; GFP, green). Arrows indicate the same positions.

Scale bar, 10 mm. B, STIM1 KD2 cells were nucleofected with mCherry-

hSTIM1 (a–c) or mCherry vector alone (d–f; control) and activated by thap-

sigargin. Microtubules in fixed cells stained with anti-a-tubulin Ab (a, d).

Fluorescence of nucleofectedmCherry vectors (b, e). Superposition of images

(c, f; tubulin, green; mCherry, red). The preparations were imaged by fluo-

rescence microscopy; a–c and d–f represent the same cells. Scale bar, 10 mm.

C, Statistical analysis of the frequency of microtubule protrusions in thapsi-

gargin-activated control cells (1), STIM1 KD2 cells (2), STIM1 KD2 cells

nucleofectedwith pYFP-hSTIM1 (3) and STIM1KD2 cells nucleofectedwith

pYFP empty vector (4). Three independent experiments were performed,

each involving 500 (1, 2) or 100 (3, 4) cells examined for the presence of mi-

crotubule protrusions. Values indicate means6 SD, n = 3; ***p, 0.001. D,

Changes in intracellular Ca2+ mobilization. KD2 cells were nucleofected with

pYFP-hSTIM1 (green line) or with pYFP empty vector (red line). Non-

transfected cells (pink line), cells transfected with pLKO.1 (blue line) and

STIM1 KD2 cells (black line) served as controls. The arrow indicates activa-

tion by 2 mM thapsigargin. The extent of activation is expressed as a ratio of

Fura Red fluorescence intensity induced with 406- and 488-nm lasers. Rep-

resentative curves are plotted against time. The line below the asterisks indi-

cates the time interval of significant differences between STIM1 KD2 cell

transfectedwith pYFP-hSTIM1orwith pYFPemptyvector; **p, 0.01; n=3.

FIGURE 9. Effect of microtubule depolymerization on Ca2+ uptake and

degranulation. A, Effect of nocodazole on Ca2+ uptake. BMMCs were treated

or not with nocodazole (10 mM) for 30 min and then exposed to thapsigargin

(2 mM; Tg) or BSS-BSA alone (Control) for 15 min in the presence of ex-

tracellular 45Ca2+ (1 mM) and nocodazole (10 mM). B, Effect of nocodazole

on degranulation. BMMCs were treated with nocodazole and exposed to

thapsigargin as inA, and the release ofb-glucuronidasewas determined. Data

in A and B represent means 6 SD, n = 6–8; *p , 0.05; **p , 0.01.
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induced FcεRI aggregation and signaling were inhibited either by
monovalent hapten or by Src family specific inhibitor; this implies
that early, physiologically relevant signaling events leading to
STIM1 aggregation are important for microtubule rearrangement.
Third, the formation of protrusions was also inhibited in cells with
a decreased level of STIM1 and with correspondingly diminished
influx of extracellular Ca2+. Fourth, microtubule protrusions were
restored in STIM1 KD cells after the introduction of hSTIM1.
Finally, microtubule protrusions were not observed in cells acti-
vated in Ca2+-free media. Thus, STIM1-regulated Ca2+ influx
plays a crucial role in the generation of microtubule protrusions.
We have shown previously that, compared with resting cells,

FcεRI- or pervanadate-induced activation of BMMCs attached to
poly-L-lysine-coated coverslips resulted in more intense staining
of microtubules. However, no obvious microtubule protrusions
were detected (21). Similarly, activation and fixation of BMMCs
in suspension followed by attachment to glass slides by cytospin
intensified the tubulin immunostaining, but microtubule pro-
trusions were not reported (17). In this study, the cells were at-
tached to fibronectin before activation, resembling more closely
the natural conditions in connective tissue where mast cells are
congregated (40). Although the attachment of BMMCs to fibro-
nectin alone did not generate microtubule protrusions, they were
observable after cell triggering. It is known that engagement of
integrins by their ligands activates some signaling pathways that
modulate signals originating from other receptors (41). It has been
reported that, when mast cells were activated simultaneously via
both FcεRI and integrins, phosphorylation events were prolonged
and intensified (42). Thus, generation of microtubule protrusions
could reflect such integrated signals in activated cells.
To discover whether the generation of microtubule protrusions is

limited to BMMCs, several other cell types were tested. However,

thapsigargin treatment failed to induce formation of protrusions
in any other cell type examined, including mouse embryonal fibro-
blasts 3T3, human osteosarcoma cell line U2OS or human glio-
blastoma T98G (Z. Hájková, unpublished data). By contrast, in
BMMCL cells, which are grown for many years in the absence of
SCF, the formation of protrusions was observed after triggering
with cell activators (Ag, pervanadate, thapsigargin). The reduction
of STIM1 expression both in BMMCs and BMMCL cells had
a detrimental impact on the formation of microtubule protrusions.
This finding indicates that protrusion formation could be a typical
feature of mast cells that are characterized by immediate response
to outer stimuli. However, we cannot rule out at present that the
generation of microtubule protrusions can also be observable in
the other cell types.
Colocalization of ER-embedded STIM1 with microtubules has

been described for several cell types, including rat basophilic leu-
kemia RBL-2H3 (8, 9, 15, 43), and comet-like movement of STIM1
was also reported (11). Furthermore, STIM1 contains a short se-
quence (SxIP) responsible for direct binding to EB1 (44). Thus,
STIM1 can associate with growing microtubules, a mechanism that
might facilitate the transport of STIM1 to plasma membrane. Using
TIRFM we have confirmed the comet-like movement of STIM1
and its association with EB1 in resting BMMCL cells. This move-
ment was substantially reduced after the addition of thapsigargin,
which is in agreement with the impaired association of STIM1 with
microtubules in Ag-activated RBL-2H3 cells (43). Recent data on
FRET imaging of EB1 and STIM1 in HEK293 cells showed that,
upon store depletion of Ca2+, STIM1 dissociated from EB1 and
associated with SERCA. This process was reversible, because
the replenishment of intracellular Ca2+ stores also restored the
STIM1–EB1 interactions (45). Moreover, no effect on SOCE was
observed in HeLa cells with depleted EB1 (11). Taking these find-
ings together, it is likely that the interaction of STIM1 with EB1
on growing microtubules is not essential for the transport of
STIM1 to plasma membrane during mast cell activation.
After depletion of intracellular Ca2+ stores, STIM1 accumulates

into puncta, discrete subregions of ER located in a close proxi-
mity (10–25 nm) to the plasma membrane (46). STIM1 puncta are
formed several seconds before the opening of calcium channels
(47), and one could expect that microtubules are involved in this
process. However, our data demonstrate that although microtubule
disruption by nocodazole abolished the comet-like movement of
STIM1, it had no effect on puncta formation in activated cells.
This finding is in line with our observation that the uptake of
extracellular Ca2+ was only partially inhibited in nocodazole-pre-
treated and thapsigargin-activated BMMCs. This suggests that
STIM1 aggregation beneath the plasma membrane and subsequent
opening of Ca2+ release-activated Ca2+ channels does not require
intact microtubules in activated mast cells. Previous studies often
reported discordant effects of nocodazole treatment on SOCE or
ICRAC, the current most frequently associated with SOCE, in var-
ious cell types. Whereas there was no effect of nocodazole treat-
ment observed in NIH 3T3 (48), RBL-1 (15, 39), and DT40 cells
(8), an inhibitory effect was demonstrated for other cell types,
such as RBL-2H3 cells, BMMCs (13), and HEK 293 (15). It ap-
pears that different factors, including cell type, treatment proto-
col and the way of Ca2+ depletion might modify the results of the
experiments. It is also possible that microtubules play a supporting
role in SOCE signaling by optimizing the location of ER con-
taining STIM1 before cell activation (15).
Nocodazole treatment, in contrast, effectively suppressed

degranulation in BMMCs, suggesting that microtubules have a
key role in the intracellular transport of granules. This finding
is in accordance with previously published data demonstrating

FIGURE 10. STIM1 associates with microtubule protrusions in activated

cells and is essential for chemotactic response. A, Laser scanning confocal

microscopy of BMMCL cells expressing YFP-hSTIM1 after activation by

thapsigargin. Cells were fixed and immunostained for b-tubulin, and both

STIM1 (a) and tubulin (b) were visualized in a single confocal section.

Superposition of STIM1 and tubulin staining is shown in c. Association of

YFP-hSTIM1 with microtubule protrusions is depicted (arrows). Scale bar,

5 mm. B, Chemotactic response in activated cells. Various concentrations

of DNP-BSA (chemoattractant) were added to the lower wells of ChemoTx

system plate, and IgE-sensitized BMMCs infected with empty pLKO.1

vector (Control) or STIM1 KD2 cells (KD2) were added on top of the

membrane above each well. The numbers of cells migrated to the lower well

were determined as described in Materials and Methods. Values indicate

mean 6 SD, n = 12; *p , 0.05; **p , 0.01; ***p , 0.001.

The Journal of Immunology 921



microtubule-dependent movement of secretory vesicles during
exocytotic response (16, 17, 20) and studies documenting
a dramatic decrease in degranulation, but not in Ca2+ response in
nocodazole treated cells (49). Our observation that STIM1
puncta are associated with microtubules in protrusions (Fig.
10A) indicates that microtubules might be important for trans-
location of clustered STIM1 as well. This process could possibly
be dependent on the movement of ER components to protrusions
via microtubule motor proteins; an important role of kinesin and
dynein in the distribution of ER has already been reported (14).
Compared with quiescent cells or cells with decreased expres-

sion of STIM1, the number of growing microtubules at the pe-
riphery of activated BMMCL cells is substantially increased. This
finding suggests the stabilization of microtubule plus ends. It is
known that an important role in stabilization of growing micro-
tubules is to be assigned to the plus end-tracking proteins whose
interactions with microtubules are regulated by phosphorylation
(10). Ca2+-dependent kinases (e.g., conventional protein kinases
C, calcium-calmodulin–dependent kinases) or phosphatases (e.g.,
PP2B) might participate in the regulation of microtubule stability
in activated BMMCs. It has been reported that calcium-dependent
activation of Rac (from the RhoA family of small GTPases)
depends on the activity of conventional protein kinase C (50).
FcεRI stimulation induced in BMMCs the activation of RhoA
(17), which participates in the stabilization of microtubule plus
ends through its target mDia (51). It remains to be determined
whether stimulated kinases, small GTPases, or both have a stabi-
lizing role in thapsigargin-treated BMMCs.
Nishida et al. (17) reported that FcεRI stimulation of BMMCs

triggered the formation of microtubules and the translocation of
granules in a manner independent of Ca2+. Alternatively, our
results demonstrate Ca2+-dependent formation of microtubule
protrusions. This discrepancy could be explained by differences in
cell activation (the absence or presence of integrin engagement)
and unlike methods of preparation of samples for microscopic
evaluation, as discussed above. However, it is also possible that
the initial stages of microtubule formation and transport of gran-
ules along microtubules are independent of Ca2+, but later stages
of activation and formation of microtubule protrusions depend on
sustained influx of Ca2+. The presence of aggregated STIM1 in
protrusion could help to organize Ca2+ release-activated Ca2+

channels (46) and open locally these channels to cause SOCE.
These interactions could be modulated by Ca2+ channel regulators,
such as calmodulin (52) and the recently discovered CRACR2A
(53). Our finding that STIM1-deficient BMMCs exhibited de-
fective chemotaxis toward Ag is in line with these interpretations,
and it supports previous data on the role of Ca2+ in chemotaxis
(54, 55). We propose that microtubule protrusions might be in-
volved in sensing external chemotactic gradients of Ag or other
signals reaching mast cells at inflammatory sites.
In conclusion, our data indicate that the activation of mast cells

leads to microtubule rearrangements and formation of microtubule
protrusions. This process is dependent on STIM1-induced SOCE
and enhanced levels of free cytoplasmic Ca2+ concentration, which
have an important role in the regulation of microtubule dynamics,
degranulation, and chemotactic response. Interference with the
microtubular network via STIM1 or other Ca2+ regulators could
potentially open new rational approaches to the treatment of in-
flammatory and allergic diseases.
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FIGURE S1. Correlation between formation of microtubule protrusions and 

degranulation in activated mast cells. Control or activated BMMCL cells were either fixed 

and stained for -tubulin or used for determination of β-glucuronidase release. (A) IgE-

sensitized (1 μg/ml) cells activated with different concentrations of Ag for 5 min. (B) Cells 

activated with different concentration of thapsigargin for 20 min. (C) IgE-sensitized cells 

activated with Ag (100 ng/ml) for various time intervals. (D) Cells activated with thapsigargin 

(2 μM) for various time. Three independent experiments were performed, each involving 

500 cells and examined for the presence of microtubule protrusions. Values indicate means ± 

SD (n=3). Data for β-glucuronidase release represent means ± SD (n=3). 

 

 

 

 

 

 



 

 

FIGURE S2. Activation of mast cells with Ag increases the number of growing 

microtubules in cell periphery as determined by TIRFM time-lapse imaging. (A) Time-

lapse imaging of resting (a-b) and FcεRI aggregation-activated (c-d) BMMCL cells 

expressing EB1-GFP. Still images of EB1 (a, c) and tracks of EB1 comets over 20 sec created 

by maximum intensity projection of the 20 consecutive frames (b, d). Scale bar, 5 m. 

(B) Histogram of microtubule growth rates in cell periphery of resting (-Ag) and Ag-activated 

(+Ag) cells. Total 10 different cells were tracked in 3 independent experiments. Values 

indicate mean ± SE, n=10 (*, p<0.05;**, p<0.01). 

 

 

 



 

 

FIGURE S3.  Degranulation and Ca2+ responses in cells with reduced STIM1 levels. 

 (A-B) Changes in the degree of degranulation quantified as β-glucuronidase release. IgE-

sensitized (1 μg/ml) cells infected with empty pLKO.1 vector (Control) or cells with reduced 

STIM1 after infection with shRNA2 (KD2) were activated with different concentrations of 

DNP-albumin for 30 min (A) or thapsigargin for 20 min (B) and the release of 

β-glucuronidase was determined. Data in (A) and (B) represent means ± SD (n=3, both for 

controls and KD2). (C-D) Changes in 45Ca2+ uptake. IgE-sensitized (1 μg/ml) control cells 

(empty pLKO.1vector) or STIM1 KD2 cells were activated for various time intervals with 

100 ng/ml DNP-albumin (C) or 2 μM thapsigargin (D) in the presence of extracellular 45Ca2+ 

(1 mM). Data in (C) and (D) represent means ± SD (n=6, both for controls and KD2). (E-F) 

Changes in intracellular Ca2+ mobilization. IgE-sensitized (1 μg/ml) control cells (empty 

pLKO.1vector) or STIM1 KD2 cells loaded with Fluo 3-AM were activated (arrows) by 100 

ng/ml DNP-albumin (E) or 2 μM thapsigargin (F). Data in (E) and (F) represent means ± SD 

(n=3, both for controls and KD2). (***, p<0.001; in E and F the line under asterisks indicate 

time interval of significant differences). 



Movie S1. Time-lapse imaging of EB1-GFP in quiescent cells. BMMCL cells were imaged, 

with 0.5 s exposure time and 1 s interval between frames, for 3 min in TIRFM. 
(http://www.jimmunol.org/content/suppl/2010/12/15/jimmunol.1002074.DC1/1.mov) 

 

Movie S2. Time-lapse imaging of EB1-GFP in thapsigargin activated cells. BMMCL cells 

were imaged, with 0.5s exposure time and 1 s interval between frames, for 3 min in TIRFM. 

Imaging started 13 min after addition of thapsigargin at final concentration 2 μM. 
(http://www.jimmunol.org/content/suppl/2010/12/15/jimmunol.1002074.DC1/2.mov) 

 

Movie S3. Time-lapse imaging of YFP-hSTIM1 in quiescent cells. BMMCL cells were 

imaged, with 0.5s exposure time and 1 s interval between frames, for 3 min in TIRFM. 
(http://www.jimmunol.org/content/suppl/2010/12/15/jimmunol.1002074.DC1/3.mov) 

 

Movie S4. Time-lapse imaging of YFP-hSTIM1 in the course of thapsigargin activation 

of cells. BMMCL cells were imaged, with 0.5s exposure time and 1 s interval between 

frames, for 3 min in TIRFM. Thapsigargin was added 30s after starting the movie. 
http://www.jimmunol.org/content/suppl/2010/12/15/jimmunol.1002074.DC1/4.mov) 

 

Movie S5. Time-lapse imaging of YFP-hSTIM1 and EB3-mRFP1 in the course of 

nocodazole treatment of cells, folowed by thapsigargin activation. BMMCL cells were 

imaged, with exposure time ranging from 0.5-0.8s and 2 s interval between frames, for 3 min 

in TIRFM. Nocodazole and thapsigargin were added to the final concentration of 10 μM and 

2 μM, respectively. Elapsed time in minutes and seconds is depicted in the upper right.  
(http://www.jimmunol.org/content/suppl/2010/12/15/jimmunol.1002074.DC1/5.mov) 
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Abstract
We studied the expression and distribution of the microtubule-

severing enzyme spastin in 3 human glioblastoma cell lines
(U87MG, U138MG, and T98G) and in clinical tissue samples rep-
resentative of all grades of diffuse astrocytic gliomas (n = 45). In
adult human brains, spastin was distributed predominantly in neu-
rons and neuropil puncta and, to a lesser extent, in glia. Compared
with normal mature brain tissues, spastin expression and cellular
distribution were increased in neoplastic glial phenotypes, espe-
cially in glioblastoma (p G 0.05 vs low-grade diffuse astrocytomas).
Overlapping punctate and diffuse patterns of localization were iden-
tified in tumor cells in tissues and in interphase and mitotic cells

of glioblastoma cell lines. There was enrichment of spastin in the
leading edges of cells in T98G glioblastoma cell cultures and in
neoplastic cell populations in tumor specimens. Real-time polymer-
ase chain reaction and immunoblotting experiments revealed greater
levels of spastin messenger RNA and protein expression in the glio-
blastoma cell lines versus normal human astrocytes. Functional
experiments indicated that spastin depletion resulted in reduced cell
motility and higher cell proliferation of T98G cells. To our knowl-
edge, this is the first report of spastin involvement in cell motility.
Collectively, our results indicate that spastin expression in glio-
blastomas might be linked to tumor cell motility, migration, and
invasion.

Key Words: Astrocyte, Brain tumor, Cell motility, Glioblastoma,
Glioma, Microtubule severing, Spastin.

INTRODUCTION
Gliomas are the most frequent group of central nervous

system (CNS) neoplasms, accounting for more than 70% of
all brain tumors (1). Diffuse gliomas are particularly ominous
forms because they are highly invasive within the brain and
are difficult to treat. Glioblastoma multiforme (GBM) is the
most common and malignant, as well as the deadliest, glioma
in adults (1).

One of the most effective strategies for treating malig-
nant tumors has focused on disrupting the integrity of the
microtubule system and preventing mitotic division (2Y4).
Microtubules are dynamic polymers that undergo rapid bouts
of assembly and disassembly during interphase and then re-
organize into a bipolar spindle during mitosis (5). Targeting
microtubules represents a strategy for attenuating the inva-
sive properties of tumor cells because these cytoskeletal struc-
tures are implicated in tumor cell motility, the formation of
long dynamic protrusions (6), and the elongation of invad-
opodia (7). Unfortunately, despite the potential usefulness of
a new generation of tubulin-binding agents from the bench
to the bedside, the emergence of drug-resistant tumor cells
remains an overriding problem that contributes to treatment
failures (8). As a result, the efficacy of drugs such as the
taxanes, which aggressively stabilize microtubules in tumor
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cells, is hindered by the development of resistance ascribed,
in part, to cytoskeletal alterations; these include the aber-
rant overexpression of class III A-tubulin isotype (4, 9Y11).
Moreover, many of these drugs do not readily cross the blood-
brain barrier (12), whereas they also exert deleterious effects
on host neural tissues, as exemplified in paclitaxel-induced
peripheral neuropathy (13). Hence, there is great urgency in
expanding the body of knowledge about the regulation of
microtubules in cancer cells so that more sophisticated strat-
egies can be developed.

A number of different proteins affect the dynamic
properties of the microtubules, such as stathmin, which pro-
motes microtubule disassembly, and the classic microtubule-
associated proteins, which promote their assembly and
stabilization (14). Molecular motor proteins are also needed
to organize microtubules into higher-level structures such
as the mitotic spindle; motor proteins such as kinesin-5
have recently been proposed as potential targets for anti-
cancer drugs (15, 16). Another category of microtubule-
related proteins is endowed with the specialized property
of severing or breaking the lattice of microtubules, but to
date, these proteins have received little attention in the con-
text of cancer. These so-called microtubule-severing pro-
teins are enzymes capable of severing long microtubules
generated at the centrosome by breaking the microtubules
into short pieces that are able to translocate through the
axonal and glial cytoplasm (5, 17).

The microtubule-severing protein spastin, encoded by
the SPG4 gene, is a member of the ATPases associated with
various cellular activities (AAA) family of proteins. Spastin
has a 220-amino acid AAA domain at its carboxy terminus,
as well as other functional domains (18). A microtubule-
interacting and endosomal-trafficking domain is located at
the amino terminus; whereas the microtubule-binding domain
comprises amino acids 270 to 328 (19). Two functional nu-
clear localization signals responsible for targeting to the nu-
cleus and 2 nuclear export signals have also been identified,
but their functional significance is not understood (18). Bio-
chemical and cell biologic experiments demonstrated that
both microtubule-binding domain and AAA domains are es-
sential for the microtubule-severing activity of spastin (19).

Various spastin isoforms with heterogeneous patterns
of distribution among different tissues have been demon-
strated (20). These isoforms mainly result from a combina-
tion of translation at 2 different start codons (18, 21) and the
inclusion/exclusion of exons 4, 8, and 15 within these tran-
scripts (20). Distribution studies in rat tissue showed that
the longest spastin isoform (hereafter referred to as M1) is
selectively expressed in the adult spinal cord, whereas the
shorter isoform (referred to as M87) has a more ubiquitous
tissue distribution (22). To date, the main interest in spastin
has derived from the fact that mutations in this gene account
for 40% of cases of hereditary spastic paraplegias (23).

In the normal human and mouse CNS, spastin is ex-
pressed constitutively in neurons (24, 25), but induced spastin
expression has been reported in reactive astrocytes of the
hippocampus in pilocarpine-induced status epilepticus (25).
To our knowledge, the expression of spastin in brain tumors,
in general, and in gliomas, in particular, is hitherto unknown.

Given the role of microtubules on the invasive properties of
tumor cells and the high propensity of GBM cells for brain in-
vasion, we hypothesized that the microtubule-severing ATPase
spastin might be aberrantly expressed and/or regulated in these
cells. To test this hypothesis, we evaluated the expression levels
and the intracellular distribution of spastin in human GBM cell
lines and in surgically excised tumor samples representative
of all grades of diffuse astrocytic gliomas. In addition, we per-
formed functional experiments to evaluate the effects of spas-
tin depletion on cell motility and proliferation in GBM cells.

MATERIALS AND METHODS

Cell Lines
All cell lines were obtained from American Type Cul-

ture Collection (Manassas, VA). Human GBM cell lines
T98G, U87MG, and U138MG; human neuroblastoma cell
lines SH-SY5Y and SK-N-SH; as well as human embryonic
kidney (HEK) cells were maintained in Dulbecco modified
Eagle medium (Invitrogen, Prague, Czech Republic) con-
taining 10% fetal bovine serum (PAA Laboratories, Cölbe,
Germany), 4 mmol/L l-glutamine, and antibiotics. SH-SY5Y
cells were cultivated for 4 days in the presence of 1 Kmol/L
of all trans-retinoic acid (Sigma-Aldrich, Prague, Czech
Republic) to induce neurite formation (26). Proliferating non-
immortalized, nontransformed human fetal astrocytes, iso-
lated from the cerebral hemisphere of an 18 gestational week
human male fetus were purchased as ‘‘Clonetics Astrocyte Cell
System’’ from Cambrex Bio Science (Walkersville, MD) and
cultivated as previously described (27).

Antibodies
A rabbit polyclonal antibody (Sp/AAA) (22) and 2

mouse monoclonal antibodies, Sp3G11/1 (catalog no.
MAB5634; Millipore, Temecula, CA) and Sp6C6 (catalog
no. S7074 [Sigma-Aldrich] and catalog no. sc-81624 [Santa
Cruz Biotechnology, Santa Cruz, CA]), were used for im-
munohistochemistry, immunofluorescence, and immunoblot-
ting experiments. The Sp/AAA antibody was raised against
the recombinant fragment coding mouse spastin polypeptide
(amino acids [a.a.] 337Y446) (22); the Sp3G11/1 (IgG2a)
was prepared using full-length recombinant human spastin
for immunization. For the preparation of antibody Sp6C6
(IgG2a), the recombinant human M87 spastin lacking the
32 amino acids encoded by exon 4 (a.a. 197Y228) was used
as an immunogen (21) (Fig. 1). Mouse monoclonal antibody
TU-01 to >-tubulin (IgG1) (28, 29) and affinity-purified poly-
clonal rabbit antibody to >A-tubulin dimer (30) were described
previously. A rabbit antibody to actin and a mouse mono-
clonal antibody to Golgi matrix protein GM-130 were pur-
chased from Sigma-Aldrich and BD Biosciences (San Jose,
CA), respectively. A rabbit antibody to kinesin-like protein
KIF11 (Eg5) was from Cytoskeleton, Inc (Denver, CO).
5Cy3-conjugated anti-mouse and anti-rabbit antibodies and
DY 488Yconjugated anti-mouse and anti-rabbit antibodies
for multiple staining were obtained from Jackson Immunore-
search Laboratories (West Grove, PA). Horseradish peroxidase
(HRP)Yconjugated anti-mouse and anti-rabbit antibodies were
obtained from Promega (Madison, WI).
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RNA Silencing
T98G cells in 24-well plates were transfected with small

interfering RNAs (siRNA; final concentration, 20 nmol/L)
using Lipofectamine RNAi MAX (Invitrogen) according to
the manufacturer’s instructions. Two Silencer Select siRNAs
(Applied Biosystems/Ambion, Prague, Czech Republic) that
target regions present in all human spastin isoforms (siRNA 1,
5¶-CAACCTTGCTAACCTTATA-3¶; and siRNA 2, 5¶-GGA
AGUCCATTGACCCAAA-3¶) were used. dTdT overhangs
were added to the 3¶ of the oligomers with the exception of
siRNA 1 antisense strand where dCdT overhang was used. The
maximal depletion was reached 48 to 72 hours after siRNA
transfection. Negative control siRNA was from Ambion
(Silencer Negative Control 1 siRNA).

Real-Time Quantitative Polymerase
Chain Reaction

Total RNA from GBM cell lines and normal human
astrocytes (NHAs) was isolated by the RNeasy Mini kit
(QIAGEN, Valencia, CA). Aliquots of 1 Kg of total RNA in a
20-Kl reaction mixture were converted to complementary DNA
(cDNA) using the ImProm-II RT kit (Promega) with random
hexamers in a 20-KL reaction volume. These cDNA reaction
mixtures were diluted 5 times in diethyl pyrocarbonate-treated
water to prevent inhibition of Taq polymerase in a subsequent
polymerase chain reaction (PCR). One microliter of diluted
cDNA product was used for each PCR. Amplifications were
performed in 10-KL PCR mixtures containing QuantiTect
SYBR Green PCR Master Mix (QIAGEN) and 0.5 Kmol/L of
each human gene-specific primers for spastin (SPAST; National
Center for Biotechnology Information RefSeq ID: NM_014946
and NM_199436; primers anneal to both M1 and M87 tran-
script isoforms) or A-actin (ACTB; National Center for Bio-
technology Information RefSeq ID: NM_001101). Primer
sequences were as follows: spastin forward 5¶-TCAGGCTGGT
CTTGAACTCC-3¶, reverse 5¶-ATGCATCTTCTGGCTGGG-
3¶; and A-actin forward 5¶-TCCTTCCTGGGCATGGAGT-3¶,
reverse 5¶-AAAGCCATGCCAATCTCATC-3¶.Oligonucleotides

FIGURE 1. (A) Reactivity of antibodies used in this study with
spastin isoforms. Human embryonic kidney (HEK) cells were
infected with lentiviral vectors encoding full-length versions of
human M1 and M87 spastin isoforms; lysates derived from
these cells were probed with anti-spastin antibodies Sp6C6,
Sp3G11/1, and Sp/AAA. All antibodies similarly recognized
overexpressed M1 and M87 spastin isoforms. (B) Lysates of
HEK cells overexpressing full-length M1 or M87 spastin as in
A were run along with lysates derived from T98G human
glioblastoma cells, normal human astrocytes (NHAs), and
cultured cortical neurons (Neu). Samples were run on Bis-Tris
sodium dodecyl sulfateYpolyacrylamide gel electrophoresis
to increase M1/M87 separation. Under these gel conditions,
immunoblotting with Sp6C6 antibody indicates that T98G
cells, NHA, and cultured cortical neurons all predominantly ex-
press the spastin M87 isoform. A faint Sp6C6-immunoreactive
band running at a slightly lower molecular weight than full-
length M87 (asterisk) was observed in T98G cells. This band
likely represents the M87 isoform without exon 4 (M87 $

Ex. 4) (20) and was more prominent in NHA and cultured
cortical neurons.
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were from East Port (Prague, Czech Republic). Real-time
quantitative PCRs were carried out on MasterCycler RealPlex
(Eppendorf, Wesseling-Berzdorf, Germany) as described
(27). Experiments were performed twice with triplicate sam-
ples (cDNA isolated from 3 separate cultures of tested cells).
The expression of analyzed genes was normalized to the
expression of A-actin. Levels of A-actin did not differ sig-
nificantly between cell lines and NHAs. The identity of spastin
PCR product was verified by cDNA sequencing. Statistical
analysis was performed with the Student unpaired t-test.

Spastin Constructs
Full-length human spastin constructs M1 (Swiss-Prot

identifier Q9UBP0-1, 616 a.a.) and M87 (Swiss-Prot identifier
Q9UBP0-3, 530 a.a) were subcloned in the lentiviral plasmid
vector FCbAGW-IRES-GFP (D. Huang and G. Morfini, un-
published data). Lentiviral constructs were cotransfected
into 293T HEK cells, along with VSVg and $R8.9 envelope
and packaging plasmids by calcium phosphate transfection.
Viral supernatants were harvested 24 to 36 hours after trans-
fection, concentrated by ultracentrifugation, resuspended in
sterile phosphate-buffered saline (PBS), and stored at j80-C.
HEK cells were then infected with functional lentivirus at a
multiplicity of infection of 100. HEK cells lysates were obtained
72 hours after infection. Lysates derived from HEK cells over-
expressing full-length M1 and M87 spastin isoforms facilitated
the identification of specific spastin isoforms in immunoblots.

Gel Electrophoresis and Immunoblotting
Whole-cell extracts were prepared by washing the cells

in cold PBS, solubilizing them in hot sodium dodecyl sulfate
(SDS) sample buffer (31) and boiling for 5 minutes. Proteins
were separated by SDSYpolyacrylamide gel electrophoresis
(PAGE) on 7.5% Tris gels and transferred to nitrocellulose
membranes. Cultured T98G cells, NHA, and cortical neurons
were lysed in 1% SDS, and protein concentration was mea-
sured using a BCA protein assay kit (catalog no. 23225;
Pierce, Rockford, IL). Lysates were run on NuPAGE Novex
4% to 12% Bis-Tris gels (to increase M1/M87 separation)
and were transferred to PDF membranes. Details on the im-
munoblotting procedure have been described elsewhere (32).
Monoclonal antibodies to spastin (Sp6C6, Sp3G11/1) and
polyclonal antibody to actin were diluted 1:1000 and 1:3000,
respectively. The polyclonal anti-spastin antibody (Sp/AAA)
was diluted from 1:2000 to 1:20000. The polyclonal antibody
to Eg5 was diluted 1:5000. Monoclonal antibody to >-tubulin
(TU-01) was used as an undiluted hybridoma culture super-
natant. Primary antibodies were detected after incubating
the blots with HRP-conjugated secondary antibody diluted
1:10,000. The HRP signal was detected with chemilumines-
cence reagents (Pierce) in accordance with the manufacturer’s
instructions.

Immunofluorescence on Cell Lines
Immunofluorescence microscopy on fixed cells was per-

formed as described previously (33). Briefly, cells grown on
coverslips were rinsed with a microtubule-stabilizing buffer
(MSB; 1 mol/L Mes adjusted to pH 6.9 with KOH, 2 mM
EGTA, 2 mM MgCl2) supplemented with 4% polyethylene

glycol 6000, fixed for 20 minutes in 3% formaldehyde in MSB,
and thereafter extracted for 4 minutes in 0.5% Triton X-100 in
MSB. Anti-spastin antibodies Sp/AAA, Sp3G11/1, and Sp6C6
were diluted 1:1000, 1:100, and 1:100, respectively. Anti-
bodies to GM130 and tubulin were diluted 1:100 and 1:20,
respectively. Cy3-conjugated anti-mouse and anti-rabbit anti-
bodies were diluted 1:500. DY 488Yconjugated anti-mouse
and anti-rabbit antibodies were diluted 1:100. Fluorescein
isothiocyanateYconjugated phalloidin (Sigma-Aldrich) was
used at a concentration of 0.2 Kg/ml to detect microfilaments.
4,6-Diamidino-2-phenylindole was used to label cell nuclei.
Preparations were mounted in MOWIOL 4Y88 (Calbiochem,
San Diego, CA) and examined with a microscope (A70 Provis;
Olympus Optical Co., Hamburg, Germany). Conjugates alone
did not give any detectable immunoreactivity.

Time-Lapse Imaging
T98G cells were transfected with either spastin-specific

siRNA or negative control siRNA as described previously.
Seventy-two hours after transfection, cells were detached,
counted, and diluted in culture media. A total of 2 � 104

transfected cells were plated in a single well of a 6-well tis-
sue culture dish and allowed to adhere for 24 hours. Cells
were thereafter incubated in medium containing Hoechst
33342 (Sigma-Aldrich) at a final concentration of 0.5 Kg/mL
and imaged by 10�/NA 0.30 dry objective on a micro-
scope (IX-81; Olympus) equipped with platform for live cell
imaging, motorized stage and objectives, and a temperature-
controlled chamber at 37-C and 5% CO2. Images were ob-
tained in a bright-field channel to visualize whole cells and in
a fluorescence channel (excitation, 350 nm; emission: 460 nm)
to visualize nuclei. The total imaging time was 10 hours with
10-minute intervals. For each experiment, time-lapse sequences
of 10 different fields were acquired for negative control or
spastin-depleted cells (n = 3). Time-lapse sequences were
adjusted, and nuclei movement was analyzed using an object-
tracking plug-in written in-house; 8-bit grayscale images were
used for nuclei detection. Images were initially smoothed by
Gaussian filter (R = 2 pixels) to increase the signal-to-noise
ratio. Then the morphologic opening by octagon (16 pixels
wide) grayscale opening with cone (slope = 4 gray levels per
pixel) and Gaussian smoothing (R = 2 pixels) were applied
to simplify the images and to filter out small artifacts. Maxima
of the image intensity were then detected by morphologic
reconstruction, and coordinates of nuclei were calculated as
centers of mass of the maxima dilated by an octagon 20 pixels
wide (34). The corresponding nuclei in subsequent images
were detected by pairing the mutually closest particles with a
distance less than 100 pixels. The particle trajectories were
constructed from corresponding particles connecting the mu-
tually closest ends and origins of trajectories with a time
interval less than 6 frames and with a distance less than
100 pixels. The speed of particles was calculated as the ratio
of the particle trajectory length to the trajectory duration.
The algorithms were implemented as plug-in modules of the
Ellipse program, version 2.07 (ViDiTo Systems, Koxice,
Slovakia). Statistical analysis was performed with the Stu-
dent 2-tailed unpaired t-test using Microsoft Excel (Micro-
soft Corp, Redmond, WA).
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Evaluation of Cell Growth
Cell proliferation was assessed by manual cell counting

of T98G cells transfected with either spastin-specific siRNA
or negative control siRNA. Twenty-four hours after trans-
fection, cells were detached, diluted in culture medium, and
counted. A total of 2 � 105 transfected cells were plated on a
6-cm-diameter Petri dish. Cells were counted at various time
intervals from 2 to 6 days after transfection. Samples were
counted in doublets in a total of 3 independent experiments.

Clinical Tumor Samples
Formaldehyde-fixed, paraffin-embedded biopsy/resection

samples from adults (n = 37) and children (n = 8) represen-
tative of all World Health Organization (WHO) grades of
astrocytic gliomas (WHO grades IYIV; n = 45) were collected
retrospectively from the Gade Institute, Department of Pa-
thology, University of Bergen, Haukeland Hospital (Bergen,
Norway); Department of Pathology, University of Patras Hos-
pital (Rion, Patras, Greece); and St. Christopher’s Hospital
for Children (Philadelphia, PA) under the approval by an in-
stitutional review board (IRB) exempt review (Drexel Uni-
versity IRB protocol no. 16660). A number of tumor specimens
used in this study were also used in previous studies (35Y37).

Histologic classification was according to the recom-
mendations of the 2007 WHO classification of tumors of
the CNS (38). Tumor specimens from adult patients included
low-grade diffuse astrocytomas (WHO grade II; n = 7),
anaplastic astrocytomas (WHO grade III; n = 5), and GBM
(WHO grade IV; n = 25). Pediatric glioma specimens in-
cluded diffuse gliomas (WHO grade II) of the cerebral
hemispheric white matter (n = 2) and brainstem (n = 2) and
anaplastic gliomas of the thalamus and brainstem (WHO
grade III; n = 4). Histologic features of the tumor samples
were evaluated independently by 2 neuropathologists (Sverre
J. Mörk and Christos D. Katsetos) and a pediatric patholo-
gist (Jean-Pierre de Chadarévian) who were blinded to the
original histopathologic diagnosis for each specimen.

Five-micrometer-thick microtome sections from ar-
chived formalin-fixed, paraffin-embedded tissue blocks were
placed on electromagnetically charged slides and stained with
hematoxylin and eosin for morphologic evaluation. Adjacent,
serially cut, and sequentially numbered sections were pro-
cessed for immunohistochemistry.

Control tissues included surgical and autopsy tissue sam-
ples from cases devoid of tumor (n = 10). Nonneoplastic cere-
bral and cerebellar autopsy tissue samples (n = 10) were
examined from 3 infants (aged 2, 4, and 8 months), 2 children
(6 and 7 years old), and 5 adults (21, 49, 54, 59, and 63 years
old) who had died of nonneurologic conditions and the post-
mortem CNS examination of whom was devoid of pathologic
findings. Some of these tissues have been used in previous
studies (27). The use of existing autopsy tissue specimens was
approved by an IRB exempt review protocol (Drexel Univer-
sity IRB protocol no. 17148). No patient identifiers were used.

Immunohistochemistry
Immunohistochemistry was performed according to the

avidin-biotin complex (ABC) peroxidase method using Rab-

bit and Mouse IgG ABC Elite Detection Kits (Vector Labs,
Burlingame, CA), as previously described (35Y37). Five-
micrometer-thick paraffin-embedded tissue sections were sub-
jected to nonenzymatic antigen retrieval using 0.01 mol/L
sodium citrate buffer (pH 6.0) (for immunostaining with
Sp6C6 and Sp/AAA antibodies) and Tris-EDTA (pH 9.0) (for
immunostaining with Sp3G11/1 monoclonal antibody) at 95 to
100-C for 30 minutes. Slides were then allowed to cool to
room temperature and endogenous peroxide activity quenched
with 3% H2O2 (vol/vol) in methanol for 30 minutes.

Tissues were incubated at room temperature in corre-
sponding blocking solution (5% normal horse serum or 5%
normal goat serum in 0.1% PBSYbovine serum albumin for
mouse monoclonal antibodies or rabbit polyclonal antibod-
ies, respectively) for 2 hours. Tissues were then incubated
overnight at room temperature in primary antibodies di-
luted in blocking solution diluted as follows: Sp/AAA 1:2000,
Sp3G11/1 1:20, and Sp6C6 1:50 to 1:100. Prediluted second-
ary antibodies from the ABC Elite Detection Kits were ap-
plied at room temperature for 1 hour, followed by a 1-hour
incubation with ABC solution under the same condition.
Negative controls included omission of primary antibody, as
well as substitution with nonspecific mouse IgG2a or non-
specific rabbit antibody (Becton Dickinson, Franklin Lakes,
NJ). Experiments using isotype-matched control antibodies
did not show any nonspecific binding of secondary antibodies.

Immunodetection visualizations were performed using
3¶3-diaminobenzidine solution (DAB Substrate Kit; Vector
Labs) and were allowed to develop on tissues for 3 to 7 min-
utes. Slides were counterstained for 4 minutes in Harris hema-
toxylin (Fisher, Norristown, PA), dehydrated through a graded
alcohol-water sequence, cleared in xylene, and mounted with
cover slides (Fisher) using Permount (Fisher).

Cell Counting
Manual cell counting of spastin-labeled tumor cells

in immunohistochemical preparations was performed inde-
pendently by 3 observers (Christos D. Katsetos, Pei S. Liu,
and Kandan Kulandaivel). Cell counting and statistical anal-
ysis were carried out on preparations immunostained with
Sp3G11/1 and Sp/AAA only in the adult group of diffuse
astrocytic gliomas for which clear spastin immunoreactivity
was detected (n = 27). Preparations stained with Sp6C6 were
evaluated qualitatively/semiquantitatively. Between 568 and
928 tumor cells were evaluated per case in 20 nonoverlap-
ping high-power (40�) fields, and a labeling index was de-
termined for each case. The labeling index was expressed as
the percentage (%) of spastin-labeled cells of the total num-
ber of tumor cells counted in each case and for each anti-
body, as previously described (35). The level of interobserver
agreement was quantitated using generalized J and pairwise
J statistics (39, 40). Immunohistochemical preparations were
reviewed at a multiheaded microscope to achieve consensus.
Interobserver agreement was substantial (J = 0.65). For pur-
poses of labeling index recording, the consensus opinion was
considered as conclusive. The median labeling index (MLI)
and the interquartile range (IQR)Vdelimited by the 25th and
75th percentilesVwere determined for the set of cases in
each histologic grade using one-way analysis of variance
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(SigmaStat; SPSS, Chicago, IL). The statistical significance of
differences in labeling indices between WHO histologic grades
was examined with nonparametric statistical techniques using
Kruskal-Wallis analysis of variance tests. A p value of less
than 0.05 was considered as statistically significant. Because of
the small number of pediatric gliomas with spastin immuno-
reactivity included in this study, only qualitative assessment
was performed in these cases.

RESULTS

Subcellular Distribution and Expression of
Spastin in Human GBM Cell Lines

Immunofluorescence staining of various cell lines was
first performed using the Sp3G11/1 anti-spastin monoclonal
antibody. In NHA, a faint granular staining was observed
throughout the cytoplasm (Fig. 2A). In contrast, there was
more prominent and widespread spastin localization in the
form of confluent punctate and diffuse cytoplasmic aggre-
gates in human GBM cell lines (T98G, U138MG, U87MG)
(Figs. 2B, D). Comparable staining patterns were observed for
T98G cells stained with the anti-spastin monoclonal anti-
body Sp6C6 (Fig. 2E) or the polyclonal antibody Sp/AAA
(Fig. 2F). In control human neuroblastoma cell lines (SHSY5Y,
SK-N-SH), both prominent cytoplasmic diffuse and granular
staining were observed (Figs. 2G, H).

When SH-SY5Y cells are grown for 4 days in the
presence of 1 Kmol/L of all trans-retinoic acid, prominent
neurites are generated (26). Spastin labeling was detectable
along these neurites and in the cell periphery (Figs. 3AYC).
Interestingly, vesicle-like immunoreactivity for spastin was
also observed at the leading edges of migrating T98G cells,

a cellular compartment where few microtubules are present
(Figs. 3DYI). The association of spastin with leading edges
was confirmed by double-label fluorescence in T98G cells
with an antibody to spastin and fluorescein isothiocyanateY
conjugated phalloidin as a marker of microfilaments. The dis-
tribution of spastin and microfilaments is shown in Figure,
SupplementalDigital Content 1, http://links.lww.com/NEN/A262.
Spatial dissociation of spastin and GM-130 was noted in GBM
cells (Figs. 4AYC). Interestingly, strong spastin staining was
observed near mitotic spindle microtubules, as well as the cyto-
plasm of roundGBMcells undergoingmitosis (Figs. 4DYF). All
3 anti-spastin antibodies used in this study rendered similar
patterns of immunoreactivity in T98G cells (data not shown).

Differences in the staining intensity with anti-spastin
antibodies between NHA (Fig. 2A) and GBMs (Figs. 2BYD)
were confirmed by immunoblotting experiments. Under our
SDS-PAGE Tris-glycine conditions, antibodies Sp6C6 and
Sp3G11/1 recognized a major band of È54 kd when probed
against T98G human GBM cell lysates (Fig. 5A). The anti-
body Sp/AAA stained only very faintly blotted proteins in
the 70- to 50-kd region (not shown). To verify that the
band recognized by Sp6C6 and Sp3G11/1 antibodies indeed
corresponds to endogenous spastin, T98G cells were treated
with either control or spastin-specific siRNAs, and lysates
derived from these cells were probed by immunoblotting.
Immunoreactivity of the È54-kd band was substantially di-
minished by spastin-specific siRNA 1 and siRNA 2, but not
by control siRNA, confirming its identity as endogenous spas-
tin (Fig. 5B). Immunoblotting experiments showed higher
levels of spastin expression in GBM cell lines compared with
NHA cells (Fig. 5C), consistent with results from immuno-
cytochemical experiments (Fig. 2). Immunoblots of HEK cell

FIGURE 2. Spastin localization in human astrocytes (NHA), human glioblastoma cell lines (T98G, U138MG, U87MG), and human
neuroblastoma cell lines (SH-SY5Y, SK-N-S H). (AYH) Cells were stained with monoclonal antibody Sp3G11/1 (AYD, GYH), mono-
clonal antibody Sp6C6 (E), or polyclonal antibody Sp/AAA (F). DNA in nuclei was stained by 4,6-diamidino-2-phenylindole. Fluo-
rescence images were captured and processed in the same manner. Scale bar = 20 Km.
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lysates overexpressing full-length versions of human M1 and
M87 spastin isoforms showed that all anti-spastin antibod-
ies used in this study similarly recognized both M1 and M87
spastin isoforms (Fig. 1A). Moreover, immunoblots of T98G,
NHA, and cortical cell lysates indicate that the main spastin
isoform predominantly expressed in these cells corresponds to
M87 (Fig. 1B). A weaker immunoreactive band running at a
slightly lower molecular weight than M87 was also observed,
likely corresponding to M87 lacking exon 4 (Fig. 1B) (20).

Consistent with results from immunoblotting experi-
ments, quantitative real-time PCR experiments showed in-
creased expression of spastin transcripts in human GBM
(U138MG, U87MG, and T98G) and neuroblastoma (SK-
N-SH) cell lines compared with NHA (Fig. 6). Collectively,
these results indicated increased expression of spastin in hu-
man GBM cell lines.

Spastin Depletion Affects Cell Motility and
Proliferation in T98G Cells

To determine whether spastin affects cell motility, this
protein was depleted in T98G cells using spastin-specific
siRNA, and cell motility was monitored using time-lapse im-
aging for 10 hours. When compared with cells transfected with
control siRNA, spastin-depleted cells displayed lower migra-
tion velocities (Fig. 7A). Velocities in control and spastin-
depleted cells were 21.7 T 13.48, and 16.5 T 8.37 Km/h
(mean T SD; n = 503 in control cells, n = 615 in spastin-
depleted cells), respectively (p G 1 � 10j14) (Fig. 7A). When
compared with controls, spastin-depleted cells also had
shorter mean trajectory length. Mean track lengths dur-
ing the 10-hour time-lapse imaging in control and spastin-
depleted cells were 176 T 114 and 139 T 80 Km (mean T
SD; n = 503 in control cells, n = 615 in spastin-depleted

FIGURE 3. Spastin localization in differentiated SH-SY5Y cells (AYC) and migrating glioblastoma T98G cells (DYI). Cells were
double-labeled with antibodies to spastin Sp6C6 (A, D, G) and tubulin dimer (B, E, H). Superposition of spastin and tubulin
staining after DNA staining with 4,6-diamidino-2-phenylindole is shown in (C, F, I). An enrichment of spastin in the cell periphery
(arrows in D, F, G, I) was observed for populations of glioblastoma cells. Scale bar = (I) 20 Km.
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cells), respectively (p G 1 � 10j9) (Figure, Supplemen-
tal Digital Content 2, http://links.lww.com/NEN/A264). Ex-
amples of cell trajectories in control and spastin-depleted
cells are shown in Figure 7B. Time-lapse imaging of con-
trol and spastin-depleted T98G cells revealed that some cells
within the spastin-depleted cell population had distinctively
long protrusions. Video, Supplemental Digital Content 3,
http://links.lww.com/NEN/A265, demonstrates motility in con-
trol and spastin-depleted cells. One long protrusion was ob-
served typically per moving cell, as documented by still images
from time-lapse experiments (Figs. 8A, B). These protrusions,
characteristic of spastin-depleted T98G cells, were packed by
dense arrays ofmicrotubules (Fig. 8D). Protrusions and changes
in the organization of microtubules were not detected in control
cells (Fig. 8C).

To assess the effect of spastin depletion on cell divi-
sion, growth curves were determined in control and spastin-
depleted cells (Days 1Y6 after siRNA transfection) together
with immunoblot analysis of spastin expression. The number
of viable cells was clearly higher in spastin-depleted cells;
statistically significant differences were observed on Day 3
after transfection (Fig. 9A); effective spastin depletion at
this time point was confirmed by immunoblotting (Fig. 9B).

Higher proliferation of spastin-depleted cells was also con-
firmed by demonstrating a higher amount of kinesin-like
protein KIF11 (Eg5), which associates with mitotic spindles
and represents a marker of mitotic cells (Figure, Supplemen-
tal Digital Content 4, http://links.lww.com/NEN/A266). Col-
lectively, these results document substantial changes in cell
motility and proliferation in spastin-depleted GBM T98G
cells.

Distribution of Spastin in the Normal Brain
In the normal brain, antibodies Sp/AAA, Sp3G11/1,

and Sp6C6 produced similar, yet not identical, immunoreac-
tivity profiles. In the cerebellum, Sp/AAA rendered wide-
spread staining in Purkinje cell perikarya and apical dendrites
in the molecular layer (Fig. 10A), Golgi II neurons (Fig. 10B),
and, to a lesser extent, glial cells of the molecular layer
(Fig. 10C). In contrast, antibodies Sp3G11/1 and Sp6C6 did
not stain Purkinje cell bodies but instead rendered discrete
punctate staining in the neuropil of the Purkinje cell and
molecular layers (Fig. 10D) and in the cerebellar white mat-
ter (Fig. 10E, arrows), suggesting localization in axoden-
dritic or axoaxonal synapses. Scant cytoplasmic staining was

FIGURE 4. Double-label immunofluorescence staining of glioblastoma cell line T98G for spastin, GM130 and microtubules.
(AYC) Interphase cells were stained with antibodies to spastin Sp/AAA (A) and the Golgi marker protein GM130 (B). Super-
position of images after DNA staining with 4,6-diamidino-2-phenylindole is shown in (C). (DYF) A cell undergoing mitosis was
stained with antibody Sp6C6 to spastin (D) and an antibody to tubulin dimer (E). Superposition of images after DNA staining
with 4,6-diamidino-2-phenylindole is shown in F. Scale bars = 20 Km.
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detected in glial cells with Sp3G11/1 (Fig. 10F), much as
observed with the Sp6C6 antibody.

Expression and Cellular Distribution of Spastin
in Clinical Tumor Samples

Compared with the normal brain, spastin immunoreac-
tivity profiles were significantly increased in diffuse astrocytic
gliomas according to an ascending gradient of malignancy.
Immunolabeling with all 3 anti-spastin antibodies used in
this study was detected in 27 of 37 adult diffuse astrocytic
gliomas. Ten of 37 tumor specimens (9 GBM and 1 grade III
anaplastic astrocytoma) showed no spastin immunoreactiv-
ity. Grade for grade, spastin immunoreactivity was signifi-
cantly increased in GBM (p G 0.05 vs grade II astrocytoma).
Among the 27 tumor specimens exhibiting positive labeling
by immunohistochemistry, the spastin MLI for GBM was
17.2% (IQR = 6.4%Y38.4%) and 15.4% (IQR = 5.5%Y36.7%)
using antibodies Sp3G11/1 and Sp/AAA, respectively, com-
pared with the low-grade (grade II) diffuse astrocytomas
(MLI = 2.1%, IQR = 1.4%Y5.6% and MLI = 1.7%, IQR =
0.7%Y3.8%) also with antibodies Sp3G11/1 and Sp/AAA,

respectively (p G 0.05). A similar trend was noted in pedia-
tric tumors, but the number of available cases was too small
for statistical analysis.

Spastin immunoreactivity profiles varied widely among
different tumor specimens of the same histologic grade and
among different areas within individual samples, consistent
with marked intratumoral staining heterogeneity. In diffuse
low-grade astrocytomas (Figs. 11A, B, D, E) and anaplas-
tic astrocytomas (Figs. 11C, F, I, J), spastin staining was
detected in randomly dispersed tumor cells (Figs. 11B, D),
including in areas of gray matter infiltration (Figs. 11A, B,
G, H). Aside from robust somatodendritic spastin labeling in
entrapped neurons of the cerebral cortex and deep gray nu-
clei (Figs. 11AYC, G, H), overlapping diffuse and punctate
localizations (Figs. 11E, F) (some with a distinctive tendency
for the cell periphery) were noted in neoplastic glial cells
(Figs. 11F, I, J). As a consistent trend (but not invariably),
distinctive punctate staining (with a predilection for the cell
periphery) was present in large pleomorphic/multinucleated
(‘‘ganglioid’’) tumor cells with ample cytoplasm (Figs. 11F,
I, J). Immunostaining of such tumor cells was almost indis-
tinguishable from the punctate pattern of spastin localization
in entrapped indigenous neurons (Figs. 11G, H), except for
the presence of supernumerary and/or atypical nuclei in neo-
plastic glial cells (Figs. 11F, I, J).

Robust, mostly diffuse and multipunctate spastin immu-
noreactivity was detected in tumor cells clustered around tumor
blood vessels in GBM (Figs. 12AYC) but was also variously
distributed throughout the tumor parenchyma (Figs. 12DYK).
In contrast to spastin-expressing neoplastic cells, there was
a paucity of spastin labeling in hypertrophic endothelial cells
in foci of angiogenesis (Figs. 12A-C). There was a diffuse
and dense cytoplasmic staining pattern in the preponderant
nondescript tumor cells (Figs. 12E, F). Randomly scattered

FIGURE 5. Immunoblot analysis of cell extracts with anti-
spastin antibodies. (A) Immunoblot of whole cell extracts
from T98G cells using anti-spastin antibodies Sp6C6 (lane 1)
and Sp3G11/1 (lane 2). Bars on the left margin denote posi-
tion of molecular weight markers in kilodalton. (B) Immuno-
blots of whole cell extracts from T98G cells transfected with
negative control or spastin-specific siRNAs were revealed using
antibodies against spastin (Sp6C6) and actin. (C) Quantita-
tive immunoblot of whole cell extracts from human astro-
cytes (NHA) (1), human glioblastoma cell lines U138MG
(2), U87MG (3), T98G (4), and human neuroblastoma cell
line SK-N-SH (5) using anti-spastin antibody Sp6C6. There
is a marked increase in spastin expression in glioblastoma
and SK-N-SH cells versus NHA. Immunoblotting with an
antiY>-tubulin antibody served as a loading control.

FIGURE 6. Analysis of spastin (SPAST) mRNA levels. Spastin
transcripts were increased in the glioblastoma cell lines
U138MG, U87MG, and T98G and in neuroblastoma cell line
SK-N-SH relative to normal human astrocytes (NHAs). Data
are presented as the mean fold change T SD obtained from
2 independent experiments with triplicate samples. Mean
values different from NHA levels are indicated: ***, p G 0.005,
*, p G 0.05.
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tumor cells with an irregular multipolar astroglial-like morphol-
ogy exhibited a variant robust fibrillary/filamentous staining
(Fig. 12G). Strong, diffuse, and/or micropunctate, juxtanu-
clear staining was also noted in small (‘‘anaplastic’’) GBM
cells and in the intervening tumor-infiltrated brain paren-
chyma in areas of pseudopalisading necrosis (Figs. 12HYJ).
Mitotic figures were, for the most part, spastin-negative in
these sections (Fig. 11C), although weak spastin labeling was
noted in a small number of mitoses (Fig. 12L). There was
an overall trend for increased spastin expression in overtly
astroglial morphologic phenotypes compared with neoplas-
tic cells with spindle cell/sarcomatoid features (not shown).

Immunoreactivity with Sp3G11/1 and Sp/AAA was
qualitatively and semiquantitatively more robust than that of
Sp6C6. The labeling pattern with Sp3G11/1 was also more
micropunctate compared with that of Sp/AAA on paraffin
sections. However, no statistically significant differences were
detected in tumor labeling indices obtained using Sp3G11/1
and Sp/AAA antibodies.

Collectively, the immunohistochemical findings on the
tumor samples suggest that increased spastin expression rep-
resents a distinct feature of neoplastic glial phenotypes, es-
pecially in GBM.

DISCUSSION
This study demonstrates that in the context of human

gliomas, the microtubule-severing ATPase spastin is ex-
pressed at higher levels in neoplastic glial phenotypes, es-
pecially in GBM, than in normal brain tissue. In the latter,
spastin localization is predominantly neuronal and, only to
a lesser extent, glia-associated. Increased spastin protein and
transcripts levels were confirmed by immunofluorescence, im-
munoblotting, and quantitative RT-PCR experiments in 3 hu-
man GBM cell lines compared with cultured NHA. Notably,

all 3 antibodies used in this study yielded similar immuno-
fluorescence profiles on cultured GBM cell lines. The lack of
colocalization of spastin and GM-130 in these cells suggests
that spastin does not undergo trafficking along the early se-
cretory pathway. By immunohistochemistry, the anti-spastin
antibodies Sp3G11/1 and Sp/AAA gave statistically significant
increases in spastin labeling indices in primary, surgically
excised, GBM specimens versus grade II diffuse astrocytic
gliomas. Collectively, these results indicate that increased ex-
pression of spastin is linked to an overall tendency toward
high-grade glioma malignancy.

Spastin Expression in Brain
Spastin expression has been documented in brain, spi-

nal cord, heart, kidney, liver, lung, pancreas, placenta, and
skeletal muscle (23). Our results in the normal human CNS
confirm previous studies reporting a predominantly neuronal
trend for spastin localization (24, 25). Our immunohistoche-
mical studies also revealed different patterns of spastin im-
munoreactivity for different spastin antibodies in neuronal
cells in situ. Specifically, the antibody Sp/AAA gave strong
somatodendritic and axonal Purkinje cell immunoreactivity.
In contrast, antibodies Sp3G11/1 and Sp6C6 produce no
Purkinje cell staining but instead rendered discrete puncta-
like localizations in the neuropil, for example, at the bound-
ary of Purkinje and molecular layers near the basket fibers
and the white matter. Because spastin localization has also
beendescribed in synapses (41), we speculate that these spastin-
immunopositive puncta may represent axodendritic and/or
axoaxonal synaptic sites. Also, the Sp/AAA antibody stained
glial cell populations in the cerebellar molecular layer and
white matter, whereas the Sp3G11/1 and Sp6C6 showed
no significant glial cell immunoreactivity besides weak/scanty
labeling in occasional astrocytes. Consistent with these

FIGURE 7. Effect of spastin depletion on migration of T98G cells. (A) Box plot of migration velocities in negative control and
spastin-depleted glioblastoma cells (Spastin KD). Bold and thin lines within the box represent mean and median (the 50th per-
centile), respectively. The bottom and top of the box represent the 25th and 75th percentiles. Whiskers below and above the box
indicate the 10th and 90th percentiles; n = 503 (control), n = 615 (Spastin KD). ****, p G 1 � 10j14. (B) Migration tracks in
negative control and spastin-depleted glioblastoma cells (Spastin KD). Randomly chosen time-lapse sequences were analyzed, and
all tracks were aligned, with their starting points at the coordinate position [0, 0]. Tracks resulting from detection errors and tracks
crossing the border of the image were not included (G10% of all tracks). Thirty-eight trajectories were analyzed in control and
spastin-depleted cells.
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observations, deletion experiments mapped the Sp3G11/1 and
Sp6C6 epitopes to a region within a.a. 87 and 274, far away
from the Sp/AAA epitope(s) located between a.a. 337 and 465
(M. A. Burns and G. Morfini, unpublished data). Thus, differ-
ences in Sp3G11/1-Sp6C6 versus Sp/AAA immunoreactivity
most likely result from differential epitope availability in situ.

Spastin Isoform Expression in GBM Cells
The human spastin gene yields 2 major isoforms (M1

and M87) that result from 2 different translational start sites
(18, 21). The exclusion of specific exons (exons 4, 9, and 15)
further increases the heterogeneity of spastin isoforms in dif-
ferent tissues (20). In normal human brain, 2 major spastin
transcripts have been identified by RT-PCR, the most prom-
inent one corresponding to full-length M87 and a less abun-
dant one corresponding to M87 lacking exon 4 (20). Previous
immunoblotting studies established selective expression of
M87, but not M1, in the adult rat hippocampus and cerebral
cortex (22). These observations, coupled with immunoblotting
data herein, strongly suggest that NHA and GBM cells mainly
express M87 spastin. A weaker spastin-immunoreactive band

running at a slightly lower molecular weight than full-length
M87 was also observed. On the basis of prior studies, this
band likely represents M87 lacking exon 4 (20). However, the
expression of M87 spastin isoform variants was not directly
evaluated in the present study.

Role of Spastin in Cell Motility and
Proliferation of GBM Cells

Overlapping punctate and diffuse patterns of spastin
localization were identified in primary tumors and in inter-
phase cells of GBM cell lines, independent of Golgi staining,
as well as in mitoses. Intriguingly, recruitment of spastin to
the leading edges of growing tumor cells, where few micro-
tubules are present, was detected both in T98G cells and in
tumor cells from clinical samples. Aside from actin-driven
protrusions, including >-actininYenriched ruffled membranes
and lamelipodia (42), a similar recruitment to the leading
edges of GBM cells has been observed with the intermediate
filament protein synemin, which contributes to the migratory
properties of astrocytoma cells by influencing the dynamics
of the actin cytoskeleton (43). We observed a substantial
decrease in cell motility in spastin-depleted versus control

FIGURE 9. Effect of spastin depletion on cell proliferation of
T98G cells. (A) Growth curves in negative control and spastin-
depleted glioblastoma cells (Spastin KD). A total of 2 � 105

cells were plated 1 day after transfection both in control and
spastin-depleted cells. Values indicate mean T SD; n = 3. (B)
Immunoblots of whole cell extracts from T98G cells transfected
with spastin-specific siRNAi were probed with antibodies to
spastin (Sp6C6) and actin (loading control).

FIGURE 8. Effect of spastin depletion on morphology of T98G
cells. (A, B) Still images from time-lapse imaging of negative
control (A) and spastin-depleted glioblastoma cells (B).
Combination of bright field and fluorescence; nuclei are
visualized with Hoechst 33342 labeling. (C, D) Distribution of
microtubules (red) and microfilaments (green) in control cells
(C) and glioblastoma cells with depleted spastin (D). DNA
staining with 4,6-diamidino-2-phenylindole. Scale bars = (B)
100 Km; (D) 20 Km.
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cells. These results were also supported by a radial cell
migration assay (44) using T98G cells attached on laminin
(E. Dráberová, unpublished data). In some cells, spastin de-
pletion resulted in generation of long protrusions but immu-
nofluorescence microscopy in T98G cells did not reveal overt
changes in microtubule organization in the close vicinity of
plasma membranes. On the other hand, depletion of katanin,
another microtubule-severing protein, in addition to affecting
cell migration, reportedly results also in the generation of
dense arrays of microtubules running parallel to the inner face
of the plasma membrane (cell cortex) (45). Both proteins
might therefore regulate different microtubule functions in
moving cells. To our knowledge, there are no previous reports
indicating involvement of spastin in cell motility.

Gene expression profiling experiments in gliomas have
shown upregulation of genes related to motility, and functional
studies demonstrated that increased cell motility may be the
main contributor to the invasive phenotype of diffuse gliomas
(46). Similarly, the commitment of glioma cells to migrate and
invade seems to be inversely related to proliferative activity
(47). Intriguingly, depletion of spastin in T98G cells in the
present study also resulted in inhibition of cell migration and
stimulation of cellular proliferation. These data suggest that
spastin levels may correlate with changes in proliferation and
migratory rates, thus making spastin a novel determinant in
the emergence of divergent proliferating or invasive cell pop-
ulations in gliomas. Accordingly, the inverse and dichoto-

mous role(s) of spastin in cell motility versus proliferation
in GBM cells are consistent with the concept that migration
and proliferation constitute antagonistic cellular behaviors
within a glioma cell population (46). Further studies are
needed to elucidate the role of spastin in the growth and in-
vasion of gliomas because this microtubule-severing enzyme
may be subject to differential regulation by divergent sig-
naling effectors within the brain tumor microenvironment.
The permissiveness of the cellular environment may promote
migration and decrease proliferation and proapoptotic dis-
position in tumor cells; collectively, these effects may con-
tribute to tumor resistance to chemotherapy and radiation
therapy (46).

Role of Spastin-Mediated Microtubule Severing
in Brain Cancer Cells

Abnormalities in microtubule dynamics and organiza-
tion underlie a common mechanism for genetic instability in
cancer cells and for altered tumor cell architecture; however,
the molecular mechanisms underlying such changes are poorly
understood (48). In normal CNS development, spatial control
of microtubule severing is important for mobilizing large
numbers of microtubules at growth-related sites, such as cen-
trosomes/microtubule-organizing centers (49), sites of branch
formation (50), and growth cones (51). Previous studies have
shown that spastin is enriched in cell regions containing
dynamic microtubules including the spindle pole, the central

FIGURE 10. Spastin immunoreactivity in normal brain. (AYF) Immunohistochemical staining of normal brain with anti-spastin
Sp/AAA (AYC) and Sp3G11/1 antibodies (DYF). Sp/AAA renders widespread staining in Purkinje cell (PC) perikarya and apical
dendrites in the molecular layer (ML), as well as fibers of the ML (A), PC and Golgi II neurons (B), and, to a lesser extent, glia in the
molecular layer (C). In contrast, Sp3G11/1 antibody renders discrete staining in neuropil puncta near the Purkinje and molecular
layers (D) and cerebellar white matter (E) as well as scanty cytoplasmic staining in glial cells (F). Note the lack of Sp3G11/1
immunoreactivity in PC or Golgi II neurons (D, arrow). IGL indicates internal granule layer; ML, molecular layer; PC, Purkinje cell.
Avidin-biotin complex (ABC) peroxidase with hematoxylin counterstain. Original magnifications: (AYC, F) 500�; (D, E) 100�.
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spindle, and the midbody, as well as the distal axon and the
branching points (52).

Microtubule severing may increase polymer mass by
generating shorter microtubules that can serve as seeds for
nucleating new microtubules (53, 54). In previous studies, we
and others demonstrated overexpression and aberrant pat-
terns of noncentrosomal F-tubulin compartmentalization in
diffuse astrocytic gliomas and GBMs (36, 37, 55), as well as
in breast cancer cell lines (56), suggesting ectopic microtu-
bule nucleation in cancer cells (55, 56). Interestingly, spastin
interacts with centrosomal proteins and cofractionates with
F-tubulin (52), a form of tubulin essential for centrosomal
(57, 58) and noncentrosomal (59, 60) microtubule nucleation.
Future studies are warranted to determine whether F-tubulin
overexpression may affect abnormal microtubule severing

activity and aberrant microtubule nucleation in cancerous
glial cells.

Intratumoral Staining Heterogeneity in Clinical
Tumor Samples

Spastin labeling was present in both human cell lines
and tumor cells of surgically excised GBM, but more robust
and widespread labeling was consistently encountered the
former. A striking feature in GBM specimens was markedly
heterogeneous immunoreactivity profiles associated with large
areas of nonstaining of the tumors. This cellular distribution
pattern contrasts with that of perivascular and/or randomly dis-
persed aggregates of tumor cells that exhibited unequivocal
spastin staining. This again raises the question of differential
epitope availability. Moreover, hindered detection of spastin by

FIGURE 11. Spastin immunoreactivity profiles in diffuse low-grade (grade II) and anaplastic (grade III) astrocytomas. (AYJ)
Immunohistochemical staining of diffuse astrocytoma (grade II) infiltrating gray matter (A, B, D, E) and anaplastic astrocytomas
(grade III) also infiltrating gray matter (C, FYJ). Staining with antibodies Sp/AAA (AYC) and Sp3G11/1 (DYJ). Compared with
normal brain, spastin immunoreactivity is markedly increased in diffuse astrocytic gliomas (AYF, I, J). Note overlapping of diffuse
(E) and micropunctate localizations with a tendency for the periphery of tumor cells (F, I, J, arrows). (G, H) Presumed entrapped
neurons with spastin localization in the cell periphery (G) or perikaryal puncta (H). Arrow in C depicts spastin-negative mitosis and
that in D depicts an immunoreactive tumor cell. Avidin-biotin complex (ABC) peroxidase with hematoxylin counterstain. n indi-
cates neuron. B: *, cluster of immunoreactive tumor cells. Original magnification: (AYJ) 500�.
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immunohistochemistry in formalin-fixed tissues may be due to
epitope loss as a consequence of proteolysis in deeper por-
tions of surgically excised or biopsy tissue samples because of
slower tissue penetration by the fixative. Alternatively, it may
be related to epitope masking due to protein conformational
changes by formaldehyde-induced cross linkages or other fac-
tors related to histologic processing and/or embedding.

SUMMARY AND FUTURE DIRECTIONS
To our knowledge, this is the first study to demon-

strate increased levels of spastin expression in human GBM
cell lines versus NHA. Moreover, greater spastin immunore-
activity was found in clinical samples of GBM compared with
low-grade diffuse astrocytic gliomas or nascent indigenous

astrocytes, albeit with markedly heterogeneous cellular dis-
tribution. These results indicate that spastin overexpression in
GBM is linked to a trend toward high-grade malignancy and
aggressive growth potential. Although aberrant upregulation
of spastin in a subset of tumor cells may not necessarily have
functional significance, the observation of spastin enrich-
ment in the leading edges of GBM cells in vitro and in situ,
coupled with results from functional experiments, calls for
future investigations into the possible role of spastin in tu-
mor cell motility and invasion. Because increased spastin
expression may promote cellular migration in the face of de-
creasing proliferation, targeting spastin may offer a promis-
ing therapeutic strategy directed against glioma cell invasion
with a potentially added benefit on tumor cell response(s) to
conventional cytotoxic and/or tubulin-targeted treatments.

FIGURE 12. Spastin immunoreactivity profiles in glioblastoma. (AYL) Staining with antibodies Sp3G11/1 (AYG, K) and Sp/AAA
(H, J, L). Perivascular distribution of tumor cells and lack of labeling in foci of angiogenesis (AYC). Asterisk in C depicts a tumor
blood vessel with endothelial hypertrophy (e). Spastin labeling in primary tumors (DYG). Arrow in F depicts diffuse staining in
small anaplastic cells; arrow in G depicts fibrillary/filamentous staining in a multipolar cell. Spastin immunoreactive tumor cells
from areas of pseudopalisading necrosis (H, J; asterisk denotes necrotic center [n]). Higher magnification of H with the arrow
pointing to a spastin-positive nuclear pseudoinclusion (J). (K) Juxtanuclear labeling in small (anaplastic) cells. (L) Weak spastin
labeling of a mitotic cell (arrow). Avidin-biotin complex (ABC) peroxidase with hematoxylin counterstain. Original magnifica-
tions: (A) 100�; (B, D, H) 200�; (C, EYG, JYL) 500�.
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VĚRA VOSECKÁ,1 ANATOLY PHILIMONENKO,2 PAVEL HOZÁK,2
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g-Tubulin is assumed to be a typical cytosolic protein necessary for nucleation ofmicrotubules frommicrotubule organizing centers. Using
immunolocalization and cell fractionation techniques in combination with siRNAi and expression of FLAG-tagged constructs, we have
obtained evidence that g-tubulin is also present in nucleoli of mammalian interphase cells of diverse cellular origins. Immunoelectron
microscopy has revealed g-tubulin localization outside fibrillar centers where transcription of ribosomal DNA takes place. g-Tubulin was
associated with nucleolar remnants after nuclear envelope breakdown and could be translocated to nucleoli during mitosis. Pretreatment
of cells with leptomycin B did not affect the distribution of nuclear g-tubulin, making it unlikely that rapid active transport via nuclear pores
participates in the transport of g-tubulin into the nucleus. This finding was confirmed by heterokaryon assay and time-lapse imaging of
photoconvertible protein Dendra2 tagged to g-tubulin. Immunoprecipitation from nuclear extracts combined with mass spectrometry
revealed an association of g-tubulin with tumor suppressor protein C53 located at multiple subcellular compartments including nucleoli.
The notion of an interaction between g-tubulin and C53 was corroborated by pull-down and co-immunoprecipitation experiments.
Overexpression of g-tubulin antagonized the inhibitory effect of C53 onDNA damage G2/M checkpoint activation. The combined results
indicate that aside from its known role in microtubule nucleation, g-tubulin may also have nuclear-specific function(s).
J. Cell. Physiol. 227: 367–382, 2012. ! 2011 Wiley Periodicals, Inc.

Microtubules, assembled from ab-tubulin heterodimers, play a
decisive role in many cellular functions such as intracellular
transport, cell organization, and cell division. One of the key
components required for microtubule organization is g-tubulin
(Oakley and Oakley, 1989), a highly conserved, albeit minor,
member of the tubulin superfamily concentrated mainly in
microtubule organizing centers (MTOCs) (Stearns et al., 1991).
In mitotic cells g-tubulin is distributed along spindle fibers
(Lajoie-Mazenc et al., 1994) and is found in midbodies during
cytokinesis (Julian et al., 1993). However, the greater part of g-
tubulin is associated in cytoplasmic complexes with other
proteins. Large g-tubulin-ring complexes (gTuRCs) are formed
by g-tubulin small complexes (gTuSCs), comprising two
molecules of g-tubulin and one molecule each of g-tubulin
complex protein 2 (GCP2) and g-tubulin complex protein 3
(GCP3), along with other proteins, including GCP4, 5, and 6
(Raynaud-Messina and Merdes, 2007). The gTuRCs embedded
in MTOC matrix then nucleate microtubules. In addition to
nucleation from MTOC, gTuRCs are also involved in the
regulation of microtubule minus-end dynamics (Wiese and
Zheng, 2000).We and others have demonstrated thatg-tubulin
is associated with cellular membranes (Chabin-Brion et al.,
2001; Dryková et al., 2003; Bugnard et al., 2005) where it can
participate in non-centrosomal microtubule nucleation
(Chabin-Brion et al., 2001; Efimov et al., 2007; Macurek et al.,
2008). g-Tubulin complexes apparently also play a role in the
regulation of microtubule plus-end dynamics and in the spindle
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assembly checkpoint signaling (Raynaud-Messina and Merdes,
2007).

Whereas multiple families encode the a- and b-tubulins,
there are only two functional genes in mammalian cells
(TUBG1, TUBG2) that code very similar g-tubulins (Wise et al.,
2000; Yuba-Kubo et al., 2005). g-Tubulin is post-translationally
modified (Moudjou et al., 1996; Sulimenko et al., 2002), and
phosphorylation (Vogel et al., 2001; Kukharskyy et al., 2004) as
well as mono-ubiquitination (Starita et al., 2004) of g-tubulin
have been described.

Notwithstanding the entrenched view that g-tubulin
constitutes a typical cytosolic protein, there is a growing body
of evidence documenting that g-tubulin interacts with nuclear
proteinswhich take part inDNAdamage checkpoint and repair.
g-Tubulin co-immunoprecipitated from nuclear fraction the
DNA damage checkpoint kinase ATR (Zhang et al., 2007) as
well as the Rad51, protein involved in recombination repair
(Lesca et al., 2005). The role(s) of g-tubulin in these assemblies
are not fully understood, and the mechanism responsible for
the translocation of g-tubulin into nucleus is unknown.
Interestingly, aberrant presence of class II b-tubulin in the
nucleus has been linked to cancerous transformation (Walss-
Bass et al., 2002; Yeh and Luduena, 2004).

Previously we have demonstrated excessive and ectopic
accumulation of g-tubulin in glioblastoma cell lines and in
primary gliomas corresponding to the acquisition of a malignant
state (Katsetos et al., 2006; Katsetos et al., 2009). To gain a
deeper insight into the function of g-tubulin in malignant cells,
we have examined the expression, distribution, and
compartmentalization of this protein in glioblastoma
cell lines. Here we report evidence of an enhanced
expression and nucleolar accumulation of g-tubulin in tumor
cells. However, unlike overexpression of g-tubulin in
glioblastoma cells, nucleolar localization was not limited to
neoplastic cells, as it was also found in both transformed
and non-transformed cultured mammalian cells. Interestingly,
both endogenous and exogenous g-tubulins were
detected in the nucleoli. Our data also indicate that g-tubulin
can be translocated into nucleoli during mitosis while rapid
active transport ofg-tubulin via nuclear pores during interphase
was not detected. Finally, we report on interaction of nucleolar
g-tubulin with tumor suppressor protein C53. Collectively, our
findings indicate that aside from microtubule nucleation g-
tubulin might also be engaged in nuclear-specific function(s).

Material and Methods
Cell cultures and transfections

Human glioblastoma cell lines U138MG, U118MG, and T98G,
human osteogenic sarcoma cells U2OS, human epitheloid
carcinoma HeLa S3 cells, mouse embryonal carcinoma cells
P19, mouse neuroblastoma Neuro-2a, mouse embryonal
fibroblasts NIH 3T3 and Madin-Darby canine kidney cells
MDCK were obtained from the American Type Culture
Collection (Manassas, VA). Human kidney embryonal cells
HEK293-FT (HEK) were from Promega Biotec (Madison, WI).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, penicillin
(100 units/ml), and streptomycin (0.1mg/ml). Cells were grown
at 378C in 5% CO2 in air and passaged every 2 or 3 days using
0.25% trypsin/0.01% EDTA in PBS, pH 7.5. Proliferating non-
immortalized, non-transformed normal human fetal astrocytes
(NHA; Clonetics1 Astrocyte Cell Systems), were from
Cambrex Bio Science (Walkersville, MD) and were maintained
as described (Dráberová et al., 2008). Proliferating non-
immortalized, non-transformed normal human small airway
epithelial cells (SAEC) were from Lonza (Cologne, Germany),
and were maintained in supplemented SAEC Basal Medium
according to manufacturer’s directions. In some cases, U2OS

cells were incubated for 3 h with 20 nM leptomycin B (LMB;
Sigma, St. Louis, MO) before fixation. To induce genotoxic
stress, U2OS cells were incubated for 3 or 20 h in 20mM
etoposide (Sigma, St. Louis, MO).

U138MG cells were transfected with 500 ng DNA/well in a
24-well plate using Lipofectamine LTX reagent and Opti MEM
medium according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). After 5 h, the transfection mixture
was replaced with fresh complete medium, and cells were
incubated for 48 h. U2OS cells were transfected with 2.5mg
DNA per 3.5-cm tissue culture dish using Lipofectamine LTX
reagent. HEK cells were transfected with 17mg DNA per 9-cm
tissue culture dish using 51mg polyethylenimine (Polysciences,
Warrington, PA) and serum-free DMEM. After 24 h, the
transfection mixture was replaced with fresh medium
supplemented with serum, and cells were incubated for
additional 24 h.

DNA constructs

C-terminally FLAG-tagged g-tubulin 1 was constructed by PCR
amplification of full length cDNA of human g-tubulin 1 from
pH3-16 vector (Zheng et al., 1991) using forward 50-
ACGAATTCTGCCTGAGGAGCGATGC-30 and reverse 50-
TCAAGTCGACCTGCTCCTGGGTGCC-30 primers
(restriction sites underlined) to allow subcloning into the
pFLAG-CMV-5a vector (Sigma). For preparation of the
construct expressing N-terminally FLAG-tagged g-tubulin 1,
forward 50-AGTCAAGCTTCCGAGGGAAATCATCACC-30

and reverse 50-CCGAGATCTACCAGTAAGGCAGAT
GAGG-30 primers were used for PCR amplification. The PCR
product was then cloned into pFLAG-CMV-4 (Sigma). TUBG1,
digested from pH3-16 by EcoRI, was also subcloned into pCI-
NEO expression vector (Promega). For preparation of the
construct expressing C-terminally Dendra2-tagged g-tubulin 1,
forward 50-CAAGATCTACCATGCCGAGGGAAATCATC-30

and reverse 50-ATTGGTACCTTCTGCTCCTGGGTGCC-30

primers were used for amplification from pH3-16 vector. The
PCR product was then cloned into pDendra2-N1 vector
(pEGFP-N1 vector fromClontech in which EGFP sequence has
been replaced by Dendra2 sequence). GST-tagged g-tubulin 1
was described (Macurek et al., 2008).

Full length cDNA of mouse protein tyrosine kinase p59Fyn

(Fyn) was amplified from pBSRaEN vector (Gauen et al., 1992)
by PCR using forward 50-ACGAATTCATGGGCTGTGTGCA
ATG-30 and reverse 50-CGTCGTCTAGATCACAGG TTTTC
ACCG-30 primers, and the isolated fragment was ligated into
pCI-NEO vector. The constructed vector served as template
for additional PCR amplification of Fyn, using forward 50-
ACGAATTCATGGGCTGTGTGCAATG-30 and reverse 50-
ACTGTCGACTAACAGGTTTTCACCG-30 primers. C-
terminally FLAG-tagged Fyn was generated by the insertion of
isolated fragment into pFLAG-CMV5a vector. N-terminally
FLAG-tagged human nucleophosmin was described previously
(Bertwistle et al., 2004).

Total RNA from BALB/c adult mouse brain was isolated by
the RNeasy Mini kit (QIAGEN, Valencia, CA) and reverse
transcription was performed with oligo(dT) primers and
ImProm-II RT kit (Promega). The fragment codingmouseGCP5
(TUBGCP5, Refseq ID: NM_1469) was amplified by PCR using
forward 50-AGTCGGATCCAAAGCTGCTAGTTGGAAG
AG-30 and reverse 50-AAGCGTCGACTCTCGGAAGCG
CCTGGTTGTC-30 primers and total cell cDNA as template.
The isolated fragment was ligated into pGEX-6P-1 vector
(AmershamBiosciences, Freiburg, Germany) for preparation of
GST-tagged fusion protein. All constructs were verified by
sequencing.

N-terminally GST-tagged CDK5 regulatory subunit-
associated protein 3 (C53) was prepared by PCR amplification
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of full length cDNA of C-terminally Myc-FLAG-tagged human
C53 clone (#RC209901;Origene, Rockville,MD) using forward
50TAATCCCGGGTGAGGACCATCAGCAC-30 and reverse
50-ATTATGCGGCCGCTCACAGAGAGGTTC-30 primers.
Isolated fragment was ligated into pGEX-6P-1 vector
(Amersham Biosciences). C-terminally EGFP-tagged C53
(pC53-EGFP) was prepared by PCR amplification of full length
cDNA of human C53 clone (#RC209901; Origene) using
forward 50-TGCTAGCGGAGGAAAGATGGAGGAC-30 and
reverse 50-TGTCGACCAGAGAGGTTCCCATCAG-30

primers carrying NheI and SalI restriction sites, respectively.
PCR product was inserted in the pCR-2.1-TOPO vector
(Invitrogen). Coding sequence of C53 was digested from this
vector using NheI and SalI restriction enzymes and the isolated
fragment was ligated into EGFP-N3 vector (Clontech,
Laboratories, Mountain View, CA). C-terminally FLAG-tagged
a-tubulin was constructed by PCR amplification of full-length
cDNA of human a-tubulin from pEGFP-Tub vector (Clontech
Laboratories) using forward 50-CAAGATCTATGCGTGAGT
GCATCTCCA-30 and reverse 50-CTGGTACCGTATTCCT
CTCCTTCTTCCTC-30 primers to allow subcloning into the
pFLAG-CMV-5a vector (Sigma).

U2OS cells stably expressing C53-EGFP were obtained by
transfection of cellswith pC53-EGFP, and selection in 1.1mg/ml
geneticin (G418, Sigma) for 2 weeks. Cells were then diluted to
one cell/well on 96-well plate and allowed to grow for 2 weeks.
Homogenous colonies expressing C53-EGFP were propagated
and used for further studies.

Antibodies

The following anti-peptide antibodies (Abs) to human g-tubulin
were used: monoclonal antibodies (mAbs) TU-30, TU-31, and
TU-32 to the sequence 434–449 (Nováková et al., 1996); Ab
DQ-19 to the sequence 433-451 (Sigma, T3195) and Ab (Sigma,
T5192) to the sequence 38–53. a-Tubulin and b-tubulin were
detected with mAbs TU-01 and TU-06, respectively (Dráber
et al., 1989). Microtubule structures were visualized by Ab to
ab-tubulin dimer (Dráber et al., 1991). Pericentrin was
detected with Ab M8 (Doxsey et al., 1994) and centrin 2 with
Ab from Biolegend (San Diego, CA; 628801). Abs to coilin
(C1862), nucleolin (N2662), GAPDH (G9545), actin (A2066),
FLAG peptide (F1804 and F7425), and p53 (P5813) were from
Sigma. Abs toUBF (sc-9131), fibrillarin (sc-25937), andCdk1-p-
Y15 (sc-136014) were from Santa Cruz Biotechnology (Santa
Cruz, CA). Abs to C53 were fromNovus Biologicals (Littleton,
CO; NB110-40617) or Abcam (Cambridge, MA; ab70776),
mAb to C53was from Santa Cruz (sc-101093). Abs to cyclin B1
(4138), H2AX-p-S139 (ab18311), myosin (BT-561), and Fyn
(1562-1) were from Cell Signaling (Danvers, MA), Abcam,
Biomedical Technologies (Stoughton, MA) and Epitomics
(Burlingame, CA), respectively. Ab to cyclophilin A was from
Millipore (Schwalbach/Ts, Germany; 07-313). MAb to fibrillarin
(ab4566) and Ab to ATM-p-S1981 (ab8192) were from Abcam.
MAbs NF-09 to neurofilament NF-M protein (Dráberová et al.,
1999) and VI-01 to vimentin (Dráberová et al., 1986) served as
controls. Secondary Cy3-conjugated and FITC-conjugated Abs
were from Jackson Immunoresearch Laboratories (West
Grove, PA). Anti-rabbit Ab conjugatedwithAlexa 488was from
Invitrogen. Secondary horseradish peroxidase-conjugated Abs
were from Promega. The anti-rabbit Ab conjugated with 10 nm
gold particles was from British Biocell International (Cardiff,
United Kingdom). Anti-mouse Ab conjugated with 6 nm gold
particles was from Jackson Immunoresearch Laboratories.

To prepare mAbs specific for GCP2, GST-tagged fragment
coding mouse GCP2 (Swiss-Prot accession no. Q921G8)
polypeptide (a.a. 2-194), was prepared (Macurek et al., 2008)
and used as antigen. Immunization of F1(B10AxBALBc) mice,
fusion with mouse myeloma cells Sp2/0, screening by ELISA and

cloning have been described previously (Viklický et al., 1982;
Dráber et al., 1988). ThemAbGCP2-01 (IgG2b) stainedMTOC
in cell lines of various origin and recognizedGCP2on blots from
total cell lysates or after immunoprecipitation with anti-g-
tubulin Ab.

Anti-GCP5 rabbit Ab was prepared according to a method
described previously (Dráber et al., 1991), and was affinity-
purified on GST-GCP5 coupled to CNBr-activated Sepharose
(Amersham). The Ab was eluted using 3.5M MgCl2 in 5%
dioxane and dialyzed against PBS, pH 7.5. The Ab specificity was
verified by immunoblotting and immunofluorescence
microscopy.

RNA silencing

U2OS cells in 24-well plates were transfected with siRNAs
(final concentration 10 nM) using Lipofectamine RNAi MAX
(Invitrogen) according to the manufacturer0s instructions. Two
siRNAs (Dharmacon, Lafayette, CO) that target regions
present in human g-tubulin 1 and g-tubulin 2 isoforms at
nucleotide positions 1230-1247 (50-GGAGGACAUGUUCAA
GGA-30; siRNA#1) and 259-279 (50-AACCCAGAGA
ACAUCUACCUG-30; siRNA#2) were used. dTdT overhangs
were added to the 30 of the oligomers. Maximal depletion was
reached by transfecting the siRNA twice with a 96-h time
interval and with harvesting cells 48 h after the second
transfection (Haren et al., 2006). siRNA (Ambion) that targets
the region present in human C53 at nucleotide positions 438-
456 (50- GGUUCGGAAUGUCAACUAU-30) was used. dTdT
overhang was added to the 30 of the oligomer. Cells were
harvested 48 h after transfection with siRNA. Negative control
siRNA was from Applied Biosystems (Prague, Czech Republic;
Silencer Negative Control #1 siRNA).

Quantitative real-time PCR (qRT-PCR) analysis

Total cellular RNA from cultured cells was extracted as
described above. Aliquots of total RNA were converted to
cDNA using the ImProm-II RT kit (Promega) with oligo(dT)
primers. Amplifications were performed with gene-specific
primers for human g-tubulin 1 (TUBG1, NM_001070), g-
tubulin 2 (TUBG2, NM_016437), or b-actin (ACTB,
NM_001101). Primer sequences are summarized in
Supplemental Table S1). Oligonucleotides were from East Port
(Prague, Czech Republic). qRT-PCRs were carried out on
Master-cycler realplex (Eppendorf, Wesseling-Berzdorf,
Germany) as decribed (Dráberová et al., 2008). The expression
of analyzed genes was normalized to the expression of b-actin.
Levels of b-actin did not differ significantly between
glioblastoma cell lines and NHA. Identity of PCR products was
verified by sequencing. Statistical analysis was performed with
the Student0s unpaired t-test.

Cell fractionation

Nucleoli were prepared from T98G cells at 48C essentially as
described (Andersen et al., 2002). Briefly, washed cells were
resuspended in buffer A (Andersen et al., 2002), supplemented
with protease (Protease inhibitor cocktail tabletes; Roche,
Basel Switzerland) and phosphatase (1mM Na3VO4 and 1mM
NaF) inhibitors, disrupted in Dounce homogenizer and
centrifuged at 228 g for 5min. Supernatant represented the
cytosolic fraction. The pellet was resuspended in 10mMMgCl2
in 0.25M sucrose and layered over 0.35M sucrose containing
0.5mM MgCl2. After centrifugation at 1,430 g for 5min, the
pellet (nuclear fraction) was resuspended in 0.35M sucrose
containing 0.5mM MgCl2 and sonicated. Absence of intact
nuclei was verified by phase contrast microscopy. Sonicated
sample was layered over 0.88M sucrose containing 0.5mM
MgCl2 and centrifuged at 2,800 g for 10min. Supernatant
represents the nucleoplasmic fraction. The pellet was
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resuspended in 0.35M sucrose containing 0.5mM MgCl2 and
centrifuged at 2,000 g for 2min to obtain highly purified
nucleoli.

For immunoprecipitation experiments or gel filtration
chromatography nuclei or nucleoli were extracted by RIPA
buffer (50mM Tris pH 8.0, 150mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate and 0.1% SDS) supplemented with
protease and phosphatase inhibitors.

Whole-cell extracts for GST pull-down assays were
prepared in 1% NP-40 in Hepes buffer (50mM Hepes pH 7.6,
75mMNaCl, 1mMMgCl2 and 1mMEGTA) supplementedwith
inhibitors. Whole-cell extracts for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) were
prepared solubilizing cells in hot SDS-sample buffer.

Gel filtration chromatography

Gel filtration was performed using fast protein liquid
chromatography (AKTA-FPLC system, Amersham) on
Superose 6 10/300 GL column (Amersham). Column
equilibration and chromatography was performed in RIPA
buffer. Column was eluted at 30ml/hod, and 0.5-ml aliquots
were collected. Samples for SDS-PAGE were prepared by
mixing with 5x concentrated SDS-sample buffer. The following
molecular mass standards were used: immunoglobulin IgM
(900 kDa), thyroglobulin (669 kDa), ferritin (440 kDa), catalase
(232 kDa), and BSA (66 kDa).

Immunoprecipitation, GST pull-down assay, gel
electrophoresis, and immunoblotting

Immunoprecipitation was performed as described (Kukharskyy
et al., 2004). Cell extracts were incubatedwith beads of protein
A (Pierce, Rockford, IL) saturated with: (i) mAb TU-31 (IgG2b)
to g-tubulin, (ii) rabbit Ab to C53, (iii) rabbit Ab to non-muscle
myosin (negative control), (iv) mAb NF-09 (IgG2a; negative
control), or with (v) immobilized protein A alone.

For large-scale immunoprecipitation experiments, HeLa S3
cells grown in suspension to cell density 3.5! 105 cells/ml (total
1.5 L) were collected and nuclei isolated as described above.
Nuclei were solubilized in 2ml RIPA buffer with inhibitors for
10min at 48C, and suspension centrifuged at 28,000 g for 10min
at 48C. Supernatant was thereafter incubated with anti-peptide
mAb TU-31 immobilized onto 500ml of protein A-Sepharose.
After extensive washing, protein A with bound proteins was
loaded into column and eluted with immunizing peptide
(Nováková et al., 1996) at concentration 200mg/ml in dd
water. Fractions containing g-tubulin were collected and
concentrated to 25ml in vacuum concentrator (SpeedVac SC
110, Savant).

GST pull-down assays with whole-cell extracts were
performed as described (Kukharskyy et al., 2004). Gel
electrophoresis and immunoblotting were performed using
standard protocols. Two-dimensional electrophoresis (2D-
PAGE) was performed as described (Sulimenko et al., 2002).

For immunoblotting Abs to g-tubulin (Sigma T5192),
cyclophilin A, FLAG, Fyn, GCP5, and UBF were diluted
1:10,000, 1:5,000, 1:5,000, 1:500, 1:500, and 1:200, respectively.
Abs to GAPDH, fibrillarin and centrin 2 were diluted 1:10,000,
1:5,000, and 1:3,000, respectively. Abs to cyclin B1, Cdk1-p-
Y15, ATM-p-S1981 and H2AX-p-S139 and were diluted
1:1,000, 1:1,000, 1:1,000, and 1:5,000, respectively. MAbs to a-
tubulin (TU-01), b-tubulin (TU-06), g-tubulin (TU-32), GCP2
(GCP2-01), and vimentin (VI-01), in the form of spent culture
supernatants, were diluted 1:10. MAb to C53 was diluted
1:1000. Peroxidase-conjugated secondary Abs were diluted
1:10,000. Bound Abs were detected by SuperSignal WestPico
Chemiluminescent reagents (Pierce).

Mass spectrometry

Following large-scale immunoprecipitation, concentrated
samples after peptide elution were dissolved in 2x Laemmli
sample buffer and separated on 8% SDS-PAGE (50ml sample/
well) using Multigel-Long electrophoretic system (Biometra,
Goettingen, Germany). Gels were stained by Coomassie
Brilliant Blue G-250. The spots of interest were cut out from
the gel, and trypsin gel-in digestion, peptide extraction, and
spotting on matrix-assisted laser desorption ionization
(MALDI) plate (Bruker Daltonics, Billerica, MA) were
performed as described (Heneberg et al., 2010). Samples were
ionized using Dual II ion source (Bruker Daltonics). Mass
spectra were acquired on an APEX-Qe Fourier transformation
mass spectrometry instrument equipped with 9.4 tesla
superconducting magnet (Bruker Daltonics) at the Core facility
of Biomedical Institutes, Prague-Krc, Czech Republic. The
spectra were processed by Data Analysis 4.0 software (Bruker
Daltonics) and searched by Mascot search engine against the
data base (SwissProt) created from all known Homo sapiens
proteins.

Heterokaryon assay

Heterokaryon assay was performed as described (Ma et al.,
2008). Shortly, transfected humanU2OS cells (5! 105) in a 3.5-
cm tissue culture dish with coverslips were cultured for 24 h,
washed, and then overlaid with mouse NIH 3T3 cells (5! 105),
and cultured for another 12 h. Cycloheximide (Sigma) was then
added to final concentration 100mg/ml for 30min in order to
block proteosynthesis. Cells were washed with PBS and fused
with 50% polyethylene glycol 3350 (Sigma) in PBS for 2min,
washed again three times in PBS and incubated for 2 h in culture
medium containing cycloheximide (100mg/ml). Cells were then
fixed for immunostaining.Murinenucleiwereeasily recognizedby
the presence of bright chromatin aggregates (Hache et al., 1999).

Immunofluorescence

Immunofluorescence microscopy was performed as previously
described (Dráberová andDráber, 1993). A brief description of
the fixation protocols, with abbreviations in parentheses,
follows. Cells on coverslips were rinsed with microtubule-
stabilizing buffer (MSB; 1M Mes, pH 6.9, 2mM EGTA, 2mM
MgCl2), fixed in 3% formaldehyde in MSB and extracted with
0.5% Triton X-100 in MSB (F/Tx). Preparations were further
post-fixed in methanol (F/Tx/M). Alternatively, cells were
extracted with 0.2% Triton X-100 in MSB, fixed in 3%
formaldehyde, and post-fixed inmethanol (Tx/F/M); or cells were
directly fixed inmethanol (M).Cellswere also extracted for 1min
with 0.2% Triton X-100 in MSB at 378C and thereafter incubated
(2! 5min) with 3:1 mixture of glacial acetic acid and methanol at
48C (Tx/HAc/M). Samples were then washed in PBS.

Abs to g-tubulin (Sigma, T3195 and T5192) and ab-tubulin
dimer were diluted 1:300 and 1:10, respectively. Abs to
nucleolin, Fyn, cyclophilin A, and GCP5 were diluted 1:800,
1:100, 1:500, and 1:500, respectively. Abs to fibrillarin (Santa
Cruz, sc-25937), pericentrin, C53 (Abcam ab70776) and UBF
were diluted 1:200. MAbs TU-30, TU-31, and TU-32 to g-
tubulin, as well as TU-01 to a-tubulin and TU-06 to b-tubulin,
were used as undiluted spent culture medium. MAbs to FLAG
peptide, coilin, p53, and fibrillarin were diluted 1:1,000, 1:100,
1:200, and 1:200, respectively. Cy3-conjugated, FITC-
conjugated, and Alexa 488 secondary Abs were diluted 1:500,
1:200, and 1:200, respectively.

For double-label immunofluorescence, the coverslips were
incubated separately with the primary Abs, and simultaneously
with the secondary conjugated Abs. The preparations were
mounted in MOWIOL 4-88 (Calbiochem, San Diego, CA)
supplemented with 4,6-diamidino-2-phenylindole (DAPI) to
label nuclei, and examined with Olympus A70 Provis
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microscope equipped with 40x or 60x water-immersion and
100x oil-immersion objectives. Conjugates alone did not give
any detectable staining. Alternatively, samples were examined
with a confocal laser scanningmicroscope LeicaTCS SP5 (Leica)
equipped with 63x oil-immersion objective. Excitation and
emission wavelengths were 405 nm and 408–532 nm for DAPI
(UV diode laser), 488 nm and 492–542 nm forAlexa 488 (Argon
laser) and 561 nm and 565–633 nm for Cy3 (diode pumped
solid-state laser). Optical sections were acquired in 0.2mm
steps, and z-series were made from 25 to 30 sections.

Quantification of immunofluorescence was performed on
Olympus ScanR screening station equipped with 40x (1.3N.A.)
oil-immersion objective. Control and LMB-treated cells were
stained for g-tubulin, p53, or DAPI, and 500 images ("3,000–
10,000 cells) were collected. Acquired images were segmented
and evaluated using ScanR analysis software. Mean intensity of
fluorescence signals forg-tubulin or p53wasmeasured in nuclei
(defined by DAPI) and cytoplasm (defined as 4.8mm wide area
around nuclei), and ratios of nucleoplasmic to cytoplasmic
signals (localization indexes) were calculated.

In some experiments, the TU-30mAbwas preabsorbedwith
peptides corresponding to the human g-tubulin sequence 434–
449 (peptide used for immunization) or to the sequence 38–53
(negative control). Two molar Ab to peptide ratios were used,
1:10 and 1:100. Mixtures of Abs and peptides were incubated
for 30min at room temperature.

Time-lapse imaging

For time-lapse imaging, U2OS cells expressing green to red
photoconvertibleg-tubulin-Dendra2 protein orDendra2 alone
were grown on glass-bottom-dishes (MatTek). Time-lapse
sequences were collected at 15 sec intervals with Delta Vision
Core system (Applied Precision) equipped with 40x/1.35 NA
oil-immersion objective. At each time point 3 optical sections in
0.75mm steps were collected. Dendra2 was activated with
405 nm diode laser line (75% laser power) 30 sec after starting
the time-lapse imaging. The intensity of red fluorescence was
determined in nuclei and cytoplasm (ROI "100mm2), and
ratios of nucleoplasmic to cytoplasmic signals were calculated.

Immunoelectron microscopy

Cells on coverslips were fixed for 30min in 3%
paraformaldehyde, 0.1% glutaraldehyde in Sörensen buffer (SB;
0.1M Na/K phosphate buffer, pH 7.3). They were washed
(2! 10min) in SB and then incubated in 0.2M glycin in SB for
10min. Samples were then dehydrated in ethanol. Ethanol was
replaced in two steps with LR White resin (Polysciences), and
the resinwas polymerized byUV light (48 h, 48C). Alternatively,
cells were grown on sapphire discs (Leica, 1.4mm), immersed
quickly in 20% dextran in culture medium, transferred to the
membrane specimen carrier (Leica, 1.5mm cavity diameter),
and frozen in the Leica EM PACT2 high pressure freezer.
Frozen samples in the carriers were transferred under liquid
nitrogen to the Leica AFS2 automatic freeze substitution
machine equipped with Leica EM FSP. Cells were freeze
substituted in acetone at #908C for 2 days, the temperature
was then elevated at a rate of 58C/h to#508C, and the samples
were incubated for the next 24 h. The samples were then
infiltrated in 2:1 (v/v), 1:1 (v/v), and 1:2 (v/v) acetone/Lowicryl
HM20 (Polysciences)mixtures (3 h each at#508C), followedby
five changes of pure Lowicryl HM20 at#508C, for 32 h in total.
After a next change of pure resin, the temperaturewas elevated
to #108C at a rate of 1.78C/h (24 h in total), and the samples
were covered with fresh resin. Polymerization was effected by
UV light (48 h,#108C) and by gradual temperature elevation to
208C in the course of the following 32 h.

After cutting 80 nm sections, non-specific labeling was
blocked by preincubation with 10% normal goat serum (British

BioCell International), 1% BSA and 0.1% Tween 20 in PBS for
30min at room temperature. The sectionswere incubatedwith
anti-g-tubulin Ab DQ-19 or anti-C53 mAb diluted 1:200 and
1:100, respectively, washed three times in PBT (0.005% Tween
20 in PBS), incubatedwith 10 nm gold-conjugated anti-rabbit Ab
or 6 nm gold-conjugated anti-mouse Ab, diluted 1:50, washed
twice in PBT, and twice in bidistilled water, and then air-dried.
Finally, sections were contrasted with a saturated solution of
uranyl acetate in water (4min) and inspected in Morgagni 268
electron microscope (FEI) equipped with SIS MegaView III
digital camera. Control incubations without primary Ab proved
that the signal was highly specific.

Results
Differential expression of g-tubulins in human
astrocytes versus glioblastoma cell lines

First, we compared the subcellular distribution of g-tubulin in
non-immortalized, non-transformed human fetal astrocytes,
hereafter referred as normal human astrocytes (NHA) and
human glioblastoma cell lines. In the former, g-tubulin was
localized mainly to MTOC (Fig. 1A, a), while in the latter it
showed a robust, dense and diffuse distribution of g-tubulin
throughout the cytoplasmextending into the cell periphery (Fig.
1A, c). In contrast, the spatial distribution of microtubules in
glioblastoma cells T98G (Fig. 1A, d) and NHA (Fig. 1A, b) was
similar. Prominent punctuate cytoplasmicg-tubulin stainingwas
observed in all three tested cell lines (T98G, U138MG,
U118MG) prepared under different conditions of fixation.
Immunofluorescence labeling for g-tubulin was strikingly more
robust and widespread in glioblastoma cells as compared to
NHA when probed with a panel of five well-characterized Abs
recognizing distinct epitopes in the C-terminal region mAbs
TU-30, TU-31, TU-32, and polyclonal Ab from Sigma T3195) as
well as in the N-terminal region (polyclonal Ab from Sigma
T5192) of the g-tubulin molecule (data not shown).

To compare the expression of g-tubulin in NHA and
glioblastoma cell lines, blots of whole cell extracts were probed
with Abs to g-tubulin and vimentin. A higher amount of g-
tubulin was detected in glioblastoma cell lines (Fig. 1B, g-Tb),
while no substantial differences were observed in the
expression level of vimentin (Fig. 1B, Vim) or a-tubulin (results
not shown). Densitometry measurements of immunoblots
showed that the amount of g-tubulin was approximately
threefold in glioblastoma cell lines.

To decide whether both g-tubulin genes (TUBG1 and
TUBG2) are expressed in NHA and glioblastoma cell lines, the
expression levels of mRNA for g-tubulin 1 and g-tubulin 2were
determined using qRT-PCR. The expression of both g-tubulin 1
and g-tubulin 2 mRNA significantly rose in all three
glioblastoma cell lines tested as compared to NHA (Fig. 1C).

Collectively taken, these data demonstrate that the
significant increase in transcripts for g-tubulin 1 and g-tubulin 2
in glioblastoma cell lines, as compared to NHA, is associated
with higher amounts of g-tubulin protein, as determined by
both immunoblotting and immunofluorescence.

Nucleolar localization of g-tubulin

Immunofluorescence experiments on glioblastoma cell lines
subjected to various types of fixations revealed discrete nuclear
regions very faintly stained with anti-g-tubulin Abs in
preparations fixed by cold methanol. This staining was more
prominent when methanol-fixed samples were stored for
prolonged time (up to 5 days) in PBS at 48C. Bright nuclear
staining for g-tubulin was directly observedwhen samples were
extracted with Triton X-100 and then fixed in a mixture of
methanol and acetic acid (Tx/HAc/M). A comparison of the
staining intensities obtained in preparations fixed by methanol
or by Tx/HAc/M and immediately stained by anti-g-tubulin Ab is
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illustrated in Figure 2-I. Double-label experiments with
nucleolar markers were designed to improve the accuracy of g-
tubulin localization in the nucleus. Labeling with mAb to g-
tubulin andAbs to nucleolin (Fig. 2-II, A–C), UBF (Fig. 2-II, D–F),
or fibrillarin (Fig. 2-II, G–I) clearly demonstrated that g-tubulin
was concentrated in the nucleoli. Staining of MTOC was
preserved (arrows in Fig. 2-II, A, D, G). The Abs toa-tubulin,b-
tubulin, pericentrin, GCP5, and cyclophilin A failed to decorate
nucleoli. Interestingly, the mAb to GCP2 decorated nucleoli
(not shown). Upon closer inspection diffuse g-tubulin staining
was also detectable in the nucleoplasm. Double-labeling with
Abs to g-tubulin and coilin revealed that g-tubulin staining was
clearly located outside the Cajal bodies, which are
characterized by the presence of coilin (results not shown).
Highermagnification of double-label stained nucleolus with Abs
to g-tubulin and fibrillarin is shown in Figure 3A. Fluorescence
intensity scanning did not reveal co-localization either in the
combination ofg-tubulin and fibrillarin (Fig. 3B) org-tubulin and
UBF (data not shown). When anti-peptide mAb TU-30 was
preabsorbed with its immunization peptide, no staining of
nucleoli was observed.On the other hand, preabsorption of the
TU-30with g-tubulin peptide derived from a different part of g-
tubulinmolecule did not extinguish the staining, thus confirming
the specificity of immunolabeling. Interestingly, nucleolar
localization ofg-tubulinwasmore prominentwith Abs directed
to epitopes located in the C-terminal region of the g-tubulin
molecule (TU-30, TU-31, TU-32, polyclonal Ab DQ19), while
polyclonal Ab T5192 directed against an epitope in the N-
terminal region rendered amuchweaker staining. This suggests
a preferential exposure of the C-terminal region of g-tubulin in
nucleoli after fixation.

The nucleolus consists of three different regions: fibrillar
centers (FC), dense fibrillar components (DFC), and granular
components (GC) (Raška et al., 2006). To obtain data on
subnucleolar localization of g-tubulin, post-embedding
immunoelectron microscopy was carried out on 80 nm
sections of T98G cells. Electron microscopy examination of
formaldehyde-fixed preparation disclosed that g-tubulin in
interphase T98G cells was located in GC or on the boundary
between DFC and GC, and did not accumulate in FC where
transcription of ribosomal DNA takes place (Fig. 3C). Large
clusters of gold particles were occasionally also detected
(Fig. 3C, insert). Different samples from three experiments on
T98G cells were tested, and the labeling pattern was similar.
The same staining pattern was obtained with cryofixation
(Fig. 3D).

Nucleolar localization of g-tubulin was not limited to
glioblastoma cell lineswith high expression ofg-tubulin, butwas
also detected in human NHA, SAEC, U2OS, and HEK cells, in
canine MDCK as well as in murine P19 andNeuro-2a cells. This
suggests that nucleolar g-tubulin is present both in transformed
and non-transformed cells of divergent cell and tissue origins.
Immunostaining of nucleolar g-tubulin in NHA, SAEC, U2OS,
HEK, and MDCK cells is shown in Fig. S1.

To strengthen the evidence of nucleolar localization of
g-tubulin, U2OS cells were transfected with siRNAs that target
g-tubulin 1 and g-tubulin 2. The level of g-tubulin, including
nucleolar g-tubulin, in transfected cells was substantially lower,
as revealed by immunofluorescence microscopy (Fig. S2A).
g-Tubulin knock-down was also confirmed by immunoblotting
results (Fig. S2B) and by qRT-PCR (Fig. S2C). No marked
impairment of nucleolar integrity was detectable in cells with
knock-down of g-tubulin on the basis of immunostaining with
Ab to fibrillarin (Fig. S2D).

Distribution of g-tubulin upon subcellular fractionation

To corroborate independently the presence of g-tubulin in
nucleoli, immunoblotting experiments were performed with

Fig. 1. Comparison of g-tubulin expression in NHA and
glioblastoma cell lines. A: NHA (a–b) and T98G cells (c–d) were
stainedwithmAb tog-tubulin (a, c) andAb toab-tubulin dimer (b, d).
Images were collected and processed in exactly the same manner.
Fixation F/Tx/M. Scale bar 20mm. B: Immunoblot analysis of whole
cell extracts from NHA and glioblastoma cell lines. Staining with
mAbs to g-tubulin (g-Tb) and vimentin (Vim). C: Transcription of
genes for g-tubulin 1 (TUBG1) and g-tubulin 2 (TUBG2) in cell lines
T98G (T98), U118MG (U118), and U138MG (U138) relative to the
level in NHA. Data are presented as the mean fold changeW s.e.m.
obtained from two independent experiments with triplicate samples.

JOURNAL OF CELLULAR PHYSIOLOGY
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cytosolic, nuclear, and nucleolar extracts from T98G cells. The
purity of isolated nucleolar preparations was checked by phase
contrast light microscopy. When blots were probed with
different Abs to g-tubulin, a single band with relative mobility
corresponding to g-tubulin was obtained in tested fractions
(Fig. 4A, g-Tb). When the blots were probed with Ab to UBF,

immunoreactivity was substantially higher in the nucleolar
fraction (Fig. 4A, UBF). Stronger signal in nucleolar fraction was
also detected with Abs to fibrillarin and nucleolin (not shown).
No signal in nucleolar fraction was detected with Ab to
cyclophilin A (Fig. 4A, Cycl.), indicating that the nucleolar
fractionwas free of cytosolic contaminants. Similarly, when Abs

Fig. 2. Immunofluorescence stainingofnucleolarg-tubulin inT98Gcells. I: Effectoffixationong-tubulin localization.A:Cellsfixedbymethanol.
B: Cells extracted with Triton X-100 and then fixed by methanol/acetic acid mixture (Tx/HAc/M). Fixed cells were immediately stained with
mAbTU-30tog-tubulin.Scalebar25mm.(II)Nucleolarlocalizationofg-tubulin.Cellsweredouble-labelstainedwithmAbTU-30(A,D,G;red)and
polyclonal Abs to nucleolar markers (green): nucleolin (B), UBF (E), fibrillarin (H). DAPI (C, F, I; blue). Arrows denote positions of MTOC.
Fixation Tx/HAc/M. Scale bar 20mm.
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to centrin 2 (Fig. 4A, Centrin), a-tubulin (Fig. 4A, a-Tb), or
GCP5 (Fig. 4A, GCP5)were applied, no stainingwas detected in
the nucleolar fraction. Nor was any staining observed with Abs
to b-tubulin (not shown). These data suggest that ab-tubulin
dimers do not co-distribute with g-tubulin in nucleoli in T98G
cells. Interestingly, GCP2 characteristic for gTuSCs was
detected in the nucleolar fraction (Fig. 4A, GCP2). After
separation of nucleolar fraction by 2D-PAGE, at least three
charge variants of g-tubulin were distinguished by
immunoblotting (Fig. 4B). This suggests that nucleolar g-tubulin
is post-translationally modified.

Exogenous g-tubulin associates with nucleoli

FLAG-tagged human g-tubulin expression constructs served to
further prove that g-tubulin is indeed associated with nucleoli.
g-Tubulin-FLAG had lower electrophoretic mobility compared
with endogenous g-tubulin (Fig. 5-I, g-Tb) as confirmed by anti-
FLAGAb (Fig. 5-I, FLAG). FLAG-tagged protein tyrosine kinase
p59Fyn (Fyn) served as a negative control (Fig. 5-I, Fyn). To verify
proper localization of tagged g-tubulin, U138MG cells
expressing g-tubulin-FLAG were first fixed by methanol and
then directly processed for immunostaining. In such case,
exogenousg-tubulinwas located on centrosomes of interphase

Fig. 3. Ultrastructural localization of g-tubulin in nucleolus of T98G
cells. A: Double-label staining with mAb TU-30 to g-tubulin (a; red)
and polyclonal Ab to fibrillarin (b; green). Fixation Tx/HAc/M. Scale
bar 7mm. (B) A plot of the change in intensity along the white line in
Figure 3A. C: Immunoelectron microscopy with Ab DQ-19 to g-
tubulin on a sample prepared by aldehyde fixation. Clusters of gold
particles are shown in the insert. D: Immunoelectron microscopy
with Ab DQ-19 on a sample prepared by cryofixation. Arrowheads in
C and D indicate position of gold particles. FC, fibrillar center; DFC,
dense fibrillar component; GC, granular component. Scale bar
0.5mm.

Fig. 4. Immunoblot analysis of subcellular fractions. A:
Immunoblotting of cytosolic (1), nuclear (2), and nucleolar (3)
fractions of T98G cells with Abs to g-tubulin (g-Tb), UBF, cyclophilin
A (Cycl.), centrin-2 (Centrin), a-tubulin (a-Tb), GCP5, and GCP2.
The same amount of proteins was loaded into each lane. Bars on the
margins indicate positions of molecular mass markers in kDa. B:
Immunoblotting of nucleolar fraction separated by 2D-PAGEwithAb
to g-tubulin.
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Fig. 5. Effectoffixationonsubcellular localizationofFLAG-taggedg-tubulin. I: ImmunoblotanalysisofU138MGcellsexpressingg-tubulin-FLAG
or control Fyn-FLAG. Wild-type cells (1), cells expressing g-tubulin-FLAG (2), or Fyn-FLAG (3) were probed with Abs to g-tubulin (g-Tb), Fyn
or FLAG. White and black arrowheads point to position of endogenous g-tubulin and Fyn kinase, respectively. II: Cells fixed by methanol
weredouble-labelstainedwithAbstoFLAG(A,D;red)pericentrin (B;green)orFyn(E;green).DAPI(C,F;blue).g-Tubulin-FLAGconcentratesat
centrosomes in interphase cells and on spindle poles in mitotic cells (insert in A) in contrast to Fyn-FLAG. Scale bar 20mm. III: Cells fixed by
Tx/HAc/Mweredouble-label stainedwithAbstoFLAG(A,D;red)andnucleolin (B,E;green).DAPI (C,F;blue).g-Tubulin-FLAG(A)wasdetected
in nucleoli in contrast to Fyn-FLAG (D). Scale bar 20mm.
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cells and spindle poles of mitotic cells (Fig. 5-II, A), as confirmed
by staining with Ab to pericentrin that served as a marker of
MTOC (Fig. 5-II, B). Diffuse cytoplasmic staining was also
detectable. On the other hand, FLAG-tagged Fyn was
concentrated on cell periphery and did not localize to
centrosomes (Fig. 5-II, D–E) or spindle poles (results not
shown). When transfected cells were subjected to Tx/HAc/M

fixation, g-tubulin-FLAG was localized both to the cytoplasm
and the nucleoli (Fig. 5-III, A). Nucleolin served as a marker of
nucleoli (Fig. 5-III, B). On the other hand, Fyn-FLAG was not
detected in nucleoli (Fig. 5-III, D–E). Nucleolar localization of g-
tubulin was also discernible in fixed U2OS cells expressing
green to red photoconvertible g-tubulin-Dendra2 protein
(data not shown).

Additional evidence of exogenous g-tubulin association with
nucleoli was obtained when nucleoli were isolated from cells
expressing untagged g-tubulin in pCI-NEO vector. g-Tubulin
and Fyn (control) were overexpressed in HEK cells, and blots
were prepared from cytosol and isolated nucleoli of transfected
and not transfected cells. Higher amounts of the two proteins
were found in cytoplasm of transfected cells, and increased
amount of g-tubulin was detected in nucleoli isolated from
transfected cells (Fig. S3), while Fynwas not detected in isolated
nucleoli (results not shown). Collectively, these data strongly
suggest that exogenous g-tubulin can associate with nucleoli.

Mechanism of localization of g-tubulin into the nucleoli

To test whether or not g-tubulin can shuttle between the
nucleus and cytoplasm via nuclear pores, cells were pretreated
with LMB, an effective inhibitor of nuclear export (Ullman et al.,
1997). The p53 protein, which is known to shuttle between
nucleus and cytoplasm and to contain both the nuclear location
signals (NLS) and the nuclear export signals (NES) (Zhang and
Xiong, 2001) served as a positive control. Whereas p53 clearly
accumulated in the nucleus of LMB-treated U2OS cells,
enrichment of g-tubulin was lacking (Fig. 6A). These
observations were verified by screening of a large number of
cells ("3,000–10,000). Localization indexes (ratio of
nucleoplasmic to cytoplasmic mean fluorescence intensity) of
g-tubulin and p53 in control and LMB-treated cells were
calculated to compare the distribution of those proteins
(Fig. 6B). Whereas the index for p53 significantly increased
(1.33$ 0.16-fold; mean$ s.d., n% 4, P< 0.05) after LMB
treatment, its value for g-tubulin remained unchanged
(1.01$ 0.18-fold; mean$ s.d., n% 4, P< 0.05). Possible
nucleocytoplasmic shuttling was also tested by means of
heterokaryon analysis. Human U2OS cells were transfected
with vectors encoding either FLAG-tagged g-tubulin or
nucleophosmin (positive control). Two hours after fusion of
transfected U2OS cells with mouse NIH 3T3 cells,
nucleophosmin-FLAG was clearly detected in nucleoli of NIH
3T3 cells (Fig. 6C, a), while g-tubulin-FLAG was absent in
nucleoli of NIH 3T3 cells (Fig. 6C, c). However, faint staining of
g-tubulin-FLAG in nuclear region of NIH 3T3 was detectable
6 h after fusion (data not shown). The dynamics of g-tubulinwas
also followed in living cells by time-lapse imaging using U2OS
cells expressing green to red photoconvertible protein
Dendra2 tagged to g-tubulin. When g-tubulin was

Fig. 6. Evaluation of nucleocytoplasmic shuttling of g-tubulin. A:
Effect of nuclear transport inhibition on the distribution of nucleolar
g-tubulin. Immunostaining of control or leptomycin B-treated
(RLMB) U2OS cells with TU-30 to g-tubulin (g-Tb) and Ab to p53.
Methanol fixation. Scale bar 10mm. B: Quantification of
immunofluorescence signals for g-tubulin and p53 in LMB-treated
cells relative to the level in control cells. Mean intensity was
determined in nuclei and cytoplasm, and the ratio of nucleoplasmic to
cytoplasmic signals was calculated (localization index). Data are
presented as the mean fold changeW s.d. obtained from four
independent experiments. MP<0.05. C: Subcellular distribution of
FLAG-tagged g-tubulin in heterokaryon assay. U2OS cells
transfected with FLAG-nucleophosmin (FLAG-NPM) or g-tubulin-
FLAG (TUBG1-FLAG) were fused with NIH 3T3 cells and fixed after
2 hwithmethanol. Immunofluorescence stainingwithAb toFLAG (a,
c).DAPI (b, d).NIH3T3nuclei in heterokaryons, recognized bybright
chromatin aggregates, are marked by arrows. Scale bar 10mm.
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photoactivated in cytoplasm, red g-tubulin was detected in
cytoplasm but not in nuclei for as long as 2 h after activation.
Photoactivated Dendra2 without g-tubulin was found in
nucleus within 2min as documented in a typical experiment
shown in Fig. S4. Collectively, these data strongly suggest that
rapid nucleocytoplasmic transport of g-tubulin, detectable by
fluorescence microscopy, does not take place in interphase
cells. On the other hand, the possibility that g-tubulin can reach
nucleus in interphase cells by yet another mechanism cannot be
ruled out.

The nucleolus is a dynamic structure that assembles around
the clusters of rRNA gene repeats during late telophase,
persists throughout interphase, and then disassembles as the
cells enter mitosis (Lam et al., 2005). During the nuclear
envelope breakdown, nucleolar proteins are still associated

with nucleoli remnants that are shifted to mitotic spindle and
form a new nucleoli after cytokinesis (Raška et al., 2006). To
determine whether g-tubulin also can follow such trail, double
label staining for g-tubulin and nucleolin was performed at
different stages of the cell cycle. In all stages, interphase,
prophase,metaphase, and telophase,g-tubulinwas found to co-
distribute with nucleolin (Fig. 7). This suggests that g-tubulin is
able to translocate to nucleolus via mitosis.

Nucleolar g-tubulin associates with tumor suppressor
protein C53

To identify the potential nuclear/nucleolar binding partner for
g-tubulin, nuclei were isolated from HeLa S3 cells growing in
suspension. Extract from nuclei was precipitated with anti-

Fig. 7. Confocal laserscanningmicroscopyofg-tubulinandnucleolin indifferentstagesofcellcycle. ImmunofluorescencestainingofU2OScells in
interphase, prophase, metaphase, and telophase with mAb TU-30 to g-tubulin (g-Tb, red) and polyclonal Ab to nucleolin (green). DAPI (blue).
Images represent maximum intensity projections of z-series made from 25–30 optical sections. Arrows indicates the positions of MTOCs,
arrowheads the same positions in telophase cells. Fixation methanol. Scale bar 10mm.
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peptide mAb TU-31 to g-tubulin and the bound proteins were
eluted with peptide used for immunization. Proteins were
separated on SDS-PAGE and subjected to MALDI/MS
fingerprint analysis. Out of three independent experiments
CDK5 regulatory subunit-associated protein 3 (also known as
C53, Cdk5rap3, or LZAP; Swiss-Prot identifier Q96JB5),
hereafter denoted as C53, was identified three times. Typical
example of mass spectrometry identification is shown in Table

S2. To ascertain whether C53 associates with g-tubulin,
immunoprecipitation experiments were performed with Ab to
C53 from nuclear extracts. Immunoblot analysis revealed co-
immunoprecipitation of g-tubulin with C53 (Fig. 8A, left part,
lane 3). In addition, the reciprocal precipitation with Ab to
g-tubulin confirmed an interaction of C53 with g-tubulin
(Fig. 8A, right part, lane 3). Relatively low amounts of C53 and
g-tubulin in the extract (Fig. 8A, right part, lane 1) reflect

Fig. 8. Association of g-tubulin with C53 in T98G cells. A: Co-immunoprecipitation of g-tubulin and C53. Nuclear extracts were
immunoprecipitated with Abs to C53 or g-tubulin. Blots were probed with Abs to C53 or g-tubulin (g-Tb). Extracts (1), immobilized Abs not
incubatedwith extract (2), immunoprecipitated proteins (3), protein Awithout Abs incubatedwith extracts (4). B: Size distribution of nucleolar
proteins. Proteins extracted fromnucleoliwere fractionatedonSuperose6.Blots of collected fractionswereprobedwithAbs tog-tubulin (g-Tb).
C53 and GCP2. Calibration standards (in kDa) are indicated on the top. Numbers at the bottom denote individual fractions. C: Nucleolar
localizationofC53andg-tubulin.Cellsweredouble-labelstainedwithmAbTU-31tog-tubulin(a;red)andpolyclonalAbtoC53(Abcam)(b;green).
DAPI (c; blue). Fixation withmethanol. Scale bar 20mm. D: Interaction of g-tubulin with C53 in GST pull-down assay.Whole-cell lysates (Load)
were incubated with immobilized GST alone (GST), beads used for immobilization (Carrier), or immobilized GST-fusion proteins (GST-C53;
GST-g-tubulin). Blots of boundproteinswereprobedwithAbs tog-tubulin (g-Tb),C53, andGCP2.Positionofmolecularmassmarkers (in kDa) is
indicated on the right in A, B, and D.
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dilution of the extract (1:5) used for precipitation. The similar
co-immunoprecipitation results were obtained when nucleolar
extracts were used (Fig. S5). On the other hand, negative
control Abs did not co-immunoprecipitate C53 or g-tubulin
(data not shown).

Evidence of exogenous C53 association with nucleoli was
obtainedwhen nucleoli were isolated from cells expressing FLAG-
taggedC53 or FLAG-taggeda-tubulin (control). The FLAG-tagged
proteins were expressed in HEK cells, and blots were prepared
from cytosol and isolated nucleoli of transfected and non-
transfected cells. Both FLAG-tagged proteins were found in
cytoplasmof transfected cells,whereas only FLAG-taggedC53was
detected in nucleoli isolated from transfected cells (Fig. S6A).

In order to decide whether nucleolar g-tubulin and C53
appear in the form of complexes, nucleolar extracts were
subjected to gel filtration chromatography on Superose 6
column. g-Tubulin was distributed through a large zone in
complexes of various sizes. Large complexes of "2MDa, that
could possibly represent gTuRCs, were not detected.
Interestingly, C53 was also present in complexes, but their
distribution only partially overlapped with g-tubulin. Similarly,
GCP2 also appeared in complexes that only partially
overlapped with those of g-tubulin (Fig. 8B).

To estimate the localization of C53, T98G cells were double-
label stained with Abs to C53 and g-tubulin. Under the fixation
conditions when g-tubulin was detectable in nucleoli
(Fig. 8C, b), theC53was located in cytoplasm, nucleoplasm, and
co-distributed with g-tubulin in nucleolar regions (Fig. 8C, a).
No obvious concentration of C53 in MTOC was detected
(Fig. 8C, c). Localization of C53 in nucleoli was further
confirmed by immunofluorescence double-label staining of cells
with Abs to C53 and fibrillarin (Fig. S6B). Besides, electron
microscopy examination of formaldehyde-fixed preparations
disclosed that C53 was located in GC or on the boundary
betweenDFCandGC (Fig. S6C). Large clusters of gold particles
were also detected (Fig. S6, insert).

To confirm independently the interaction of C53 and
g-tubulin, pull-down assays were performed, using whole-cell
extracts and GST-tagged C53 and g-tubulin fusion proteins.
The experiments revealed that bothg-tubulin andGCP2 bound
to GST-C53, but not to GST alone (Fig. 8D, left part). Similarly,
both C53 and GCP2 bound to GST-g-tubulin (Fig. 8D, right
part). The amounts of immobilized GST fusion proteins were
similar, as evidenced by staining with anti-GST Ab (data not
shown). Collectively, these data strongly suggest that g-tubulin
interacts with C53, and both proteins are able to localize to
nuclei and nucleoli.

g-Tubulin antagonizes the inhibitory effect of C53 on
DNA damage G2/M checkpoint activation

Cyclin-dependent kinase 1 (Cdk1)/cyclin B1 complex is the
driving force formitotic entry. In response toDNAdamageG2/
M checkpoint system (ATM/ATR and checkpoint kinases)
inactivates phosphatase Cdc25C by phosphorylation, which in
turn leads to accumulation of Cdk1 phoshorylated at Y15 and
inactivation of Cdk1 (Lindqvist et al., 2009). It has previously
been demonstrated that C53 overexpression overrides theG2/
M DNA damage checkpoint induced by genotoxic agents as
etoposide (Jiang et al., 2005). As shown in Figure 9, treatment of
U2OS cells with etoposide (20 h) caused Cdk1 inactivation
indicated by the increase in inhibitory phosphorylation of Cdk1
at Y15. The C53 overexpression (U2OS-C53 cells) attenuated
the inhibitory phosphorylation of Cdk1. Intriguingly, the
overexpression of FLAG-tagged g-tubulin in U2OS-C53
antagonized the C53 action and led to accumulation of Cdk1-p-
Y15. With control plasmid for FLAG-tagged Fyn, the
accumulation was absent (Fig. 9, Cdk1-p-Y15). No obvious
changes in the amount of endogenous g-tubulin (Fig. 9, g-Tb) or

its nucleolar localization were detected in etoposide-treated
U2OS cells. It has been reported that C53 overexpression
promotes Cdk1/cyclin B1 activation which is followed by cyclin
B1 degradation at the exit of mitosis (Jiang et al., 2005). In the
course of etoposide treatment, cyclin B1 accumulated in U2OS
but its amount was significantly lower in U2OS-C53 cells.
Overexpression of g-tubulin in U2OS-C53 cells restored cyclin
B1 accumulation (Fig. 9, Cyclin B1). This result indirectly shows
that activation of Cdk1/cyclin B1 by C53 overexpression is
diminished by an excess of g-tubulin. Phosphorylation of ATM
at S1981 and histone H2AX at S139 were used as indicators of
ATM/ATR activity responsible for phosphorylation of
checkpoint kinases (Fig. 9, ATM-p-S1981 and H2AX-p-S139);
actin served as loading control (Fig. 9, Actin). Shorter etoposide
treatment (3 h) provided similar results, however the
differences between control and etoposide-treated cells were
less prominent (Fig. S7). Similar results were obtained when
nuclei isolated from control or etoposide-treated HEK cells
were used for the immunoblotting. In this case overexpression
of g-tubulin also antagonized the C53 action (data not shown).
In etoposide-treated U2OS cells depletion of g-tubulin
inhibited accumulation of Cdk1-p-Y15, while depletion of C53
led to more pronounced accumulation of Cdk1-p-Y15 (Fig. S8).

Collectively taken, the data suggest that interaction between
g-tubulin and C53 is functionally relevant and that g-tubulin can
modulate the C53 activity during G2/M DNA damage
checkpoint.

Discussion

g-Tubulin is the key protein for microtubule nucleation from
MTOCs. According to a long-standing and deeply entrenched
view, g-tubulin is a typical cytosolic protein in mammalian cells.

Fig. 9. Overexpression ofg-tubulin antagonizes the inhibitory effect
of C53 on DNA damage G2/M checkpoint activation. U2OS cells
expressingGFP-C53were transfectedwith vector encodingg-tubulin
(Rg-Tb) or control vector encoding Fyn (RFyn). After 48h the cells
were treated with 20mM etoposide for 20 h. U2OS cells served as
control. Immunoblot analysis of whole cell extracts withAbs toCdk1-
p-Y15, cyclin B1, g-tubulin (g-Tb), Fyn, ATM-p-S1981, H2AX-p-S139,
and actin. Numbers under the blots indicate relative amounts of
proteins normalized to cells not treated with etoposide. MeansW s.d.
were calculated from three experiments.
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Contrary to that view, novel data generated in the present
study show that g-tubulin is also located in nucleoli of cultured
cells. Several lines of new evidence support this conclusion.
First, nucleolar g-tubulin was detected by double-labeling
immunofluorescence microscopy using different Abs to g-
tubulin and Abs to nucleolar markers. Second, the
immunofluorescence stainingwas inhibited by preabsorption of
Abs with immunizing peptide or by knock-down of g-tubulin.
Third, nucleolar g-tubulin was visualized by immunoelectron
microscopy on fixed and cryofixed samples. Fourth,
immunoblot analysis of isolated nucleoli has confirmed that
they contain g-tubulin but not cytosolic proteins. Fifth,
exogenous FLAG-tagged g-tubulins were detected in nucleoli
using anti-FLAG Ab, ruling out the possibility that nucleolar
staining of g-tubulin reflects the cross-reactivity of Abs to
g-tubulin with nucleolar proteins. Moreover, untagged
exogenous g-tubulin accumulated in nucleoli. Finally, nucleolar
g-tubulin was detected in cultured cells of diverse cellular
origins and cells in primary culture.

It is well documented that fixation conditions can
substantially influence the exposition of epitopes onab-tubulin
dimers in microtubule wall (Dráberová et al., 2000). The same
holds true for g-tubulin labeling of MTOCs as it is variable,
depending on the Ab used and the employed fixation protocol
(Lajoie-Mazenc et al., 1994; Moudjou et al., 1996; Nováková
et al., 1996; Robinson and Vandre, 2001). Similarly,
immunofluorescence detection of g-tubulin in nucleoli is
dependent on the used Abs, fixation procedure and cell type
examined. We have first noted the presence of nucleolar
g-tubulin in glioblastoma cell lines with substantially enhanced
expression of g-tubulin. Nucleolar g-tubulin was detected after
acetic alcohol fixation when, however, microtubule structures
are not properly preserved. Alternatively, nucleolar g-tubulin
was detected after prolonged washing of methanol-fixed
preparations. The most likely explanation for the observed
findings is an unmasking of g-tubulin epitopes within the
compact structure of interphase nucleolus. This might explain
why in general nucleolar g-tubulin is not detected by
immunofluorescence microscopy in mammalian cells.
Moreover, a GFP-tag on either end of the protein prevented
g-tubulin visualization in nucleoli of living cells (E. Dráberová,
unpublished). Reports on g-tubulin presence in nucleoli are
very scarce. g-Tubulin was found in the nucleolus by proteomic
analysis (Andersen et al., 2002); besides, there is just one
tangential remark on nucleolar g-tubulin detected by
immunoelectron microscopy of formaldehyde fixed CHO cells
overproducing Rad51 protein (Lesca et al., 2005). Our data
corroborate these findings and provide the first direct
visualization of nucleolar g-tubulin in cultured mammalian cells.
Multiple charge variants of g-tubulin indicate that interactions
of nucleolar g-tubulin might be modulated by its post-
translationalmodification(s).While the presence of g-tubulin in
nuclei/nucleoli of mammalian cells is unexpected, we have
already documented nuclear g-tubulin in plants that have a
higher amount of g-tubulin (Binarová et al., 2000).

g-Tubulin associateswithGCP2 ingTuSCs andwithGCP5 in
gTuRCs.Wehave clearly detectedGCP2 in isolated nucleoli by
immunoblotting, while the signal for GCP5 was undetectable.
The fractionation of nucleoli by gel filtration failed to reveal
large complexes corresponding to gTuRCs, but GCP2
complexes of intermediate sizes were detected. Considering
the data obtained so far, it is unlikely thatgTuRCs are present in
nucleoli, but the presence of gTuSCs cannot be completely
excluded. Stabilizing effect of nucleolar and centrosomal
protein HCA66 on gTuSCs was reported (Fant et al., 2009).

In agreement with the overexpression of g-tubulin in
glioblastoma cell lines, a significant increase in g-tubulin staining
was detected by immunohistochemistry on tissue sections from
glioblastoma multiforme, the most prevalent form of brain

cancer (Katsetos et al., 2006; Katsetos et al., 2007). Increased
g-tubulin expression occurs in thyroid carcinoma (Montero-
Conde et al., 2007) and carcinomas of breast (Niu et al., 2009).
Interestingly, the bII isotype of tubulin has been detected in the
nuclei of a variety of human cancer cell lines (Walss-Bass et al.,
2002), denoting that the presence of nuclear bII-tubulin may
correlate with the cancerous state of cells (Yeh and Luduena,
2004). However, nucleolar g-tubulin does not necessarily
signify a malignant state in cells as it was also detected in
proliferating non-immortalized, non-transformed fetal
astrocytes and SAECs.

There are several main mechanisms as to how tubulin can
enter into the nucleus. In principle, it can be transported
(i) actively via nuclear pore complex, (ii) passively by diffusion
through nuclear pore complex, or (iii) during mitosis. Since
there is putative NLS (http://www.rostlab.org) and NES (http://
www.cbs.dtu.dk) in human g-tubulin, it might be actively
transported via nuclear pores. Alternatively, it could
‘‘hitchhike’’ on other proteins that are endowed with such
signals. Inhibition of nuclear export should lead to a rapid
accumulation of g-tubulin in the nucleus. However, when
nuclear export was inhibited by LMB, the distribution of
g-tubulin was unchanged, while the control p53 protein readily
accumulated in nucleus. Similarly in heterokaryon assay,
FLAG-tagged g-tubulin did not rapidly accumulate in nuclei of
NIH 3T3 cells, in contrast to FLAG-tagged nucleophosmin/B23.
Finally, time-lapse imaging of cells expressing green to red
photoconvertible Dendra2 protein tagged to g-tubulin failed to
reveal translocation of red signal from cytoplasm to nucleus
when photoactivation occurred in cytoplasm. Protein kinase
D3, which shuttles between cytoplasm and nucleus, appeared in
the nucleus within a few minutes when photoactivated in
cytoplasm (Rey et al., 2006). Collectively, these data suggest
that neither rapid diffusion nor rapid active shuttling based on
exportin1/CRM1 pathway (Ohno et al., 1998) are the major
mechanisms accounting for the localization of g-tubulin in the
nucleus. On the other hand, during nuclear envelope
breakdown, g-tubulin was associated with nucleolar remnants
that were later detected on themitotic spindle and formed new
nucleoli after cytokinesis. Thus, in principle, g-tubulin can enter
the nuclei of daughter cells through mitosis. A similar
mechanism was described for bII-tubulin in transformed cells
(Walss-Bass et al., 2001). However, one cannot exclude the
possibility that additional g-tubulin might get into the nucleus
via passive diffusion after dilation of the pore gate. Such
mechanism was proposed for nuclear import of ab-tubulin
dimers in cells under conditions when the amount of soluble
tubulin in the cytoplasm was increased by depolymerization of
microtubules (Schwarzerová et al., 2006; Akoumianaki et al.,
2009).

Combination of immunoprecipitation with mass
spectrometry revealed that nuclear g-tubulin interacted with
C53, and this interaction was confirmed by co-
immunoprecipitation and pull-down experiments. It has been
previously reported that C53 localizes at multiple subcellular
compartments, including cytosol, nucleus, centrosome,
endoplasmic reticulum and microtubules (Jiang et al., 2009). In
the present study we have noted localization of endogenous
C53 in cytosol and nucleus/nucleolus. Observed staining was
specific, since the immunoreactivity was substantially
diminished after knock-down of C53 (E. Dráberová,
unpublished result). The differences in immunofluorescence
localization of C53 could reflect an exposition of epitopes for
used Abs. It was found that in U2OS cells overexpressing C53
and tumor suppressor ARF, the C53 was located both in
nucleus and nucleolus while its cytoplasmic localization was
substantially reduced (Wang et al., 2006). Differential
subcellular distribution indicates that C53 may be a
multifunctional protein. The C53 plays a role in modulation of
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Cdk1/cyclin B1 complex both inG2/MDNAdamage checkpoint
activation (Jiang et al., 2005) and in unperturbed cells (Jiang et al.,
2009). However, C53 is also associated with regulation of
tumor suppressor ARF functions (Wang et al., 2006) and
regulation of transcriptional activity of nuclear factor-kB (NF-
kB) by direct binding and inhibition of DNA-binding protein
RelA (Wang et al., 2007).While our data indicate that g-tubulin
can modulate C53 function during DNA damage G2/M
checkpoint activation in U2OS cells (Fig. 9), it remains unclear
whether g-tubulin affects other C53 functions.

In conclusion, we show here that in transformed as well as in
non-transformed interphase mammalian cells g-tubulin is
present not only in cytoplasm but also in nuclei and nucleoli
where it can be translocated during mitosis. Nuclear g-tubulin
interacts with tumor suppressor protein C53 that is involved in
regulation of DNA damage G2/M checkpoint activation, and
g-tubulin affects this C53 function. We suggest that next to its
well-established role in microtubule nucleation, g-tubulin also
participates in nuclear-specific function(s).
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Dráberová E, Dráber P. 1993. A microtubule-interacting protein involved in coalignment of
vimentin intermediate filaments with microtubules. J Cell Sci 106:1263–1273.
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Fig. S1. Immunofluorescence detection of nucleolar γ-tubulin in various cell types. 

Normal human astrocytes (NHA), normal human small airway epithelial cells (SAEC), 

human osteogenic sarcoma cells (U2OS), human embryonal kidney cells HEK and Madin-

Darby canine kidney cells (MDCK) were double-label stained with mAb TU-30 to γ-tubulin 

(γ-Tb; red) and Ab to nucleolin (green). DAPI (blue). Fixation Tx/HAc/M. Scale bar 20 μm. 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

Fig. S2. Effect of γ-tubulin knock-down on nucleolar integrity. (A) Comparison of 

γ-tubulin distribution in U2OS cells transfected with negative control siRNA (control) and 

with γ-tubulin specific siRNA (siRNA#1). Cells were stained with anti-γ-tubulin Ab TU-30 

(γ-Tb), DNA was labelled with DAPI. Methanol fixation. Fluorescence images of cells 

stained for γ-tubulin were captured under identical conditions and processed in exactly the 

same manner. Scale bar 20 μm. (B) Immunoblot analysis of whole cell extracts from cells 

transfected with negative control or γ-tubulin specific siRNAs. Staining with Abs to γ-tubulin 

(γ-Tb) and GAPDH. (C) Transcription of γ-tubulin genes in cells transfected with γ-tubulin 

specific siRNA#1 and siRNA#2 relative to the level in cells transfected with negative control 

siRNA (contr.) Data are presented as the fold change  s.e.m. , P0.005. 

(D) Immunofluorescence staining of U2OS cells after γ-tubulin knock-down with Ab TU-30 

to γ-tubulin (γ-Tb; red) and polyclonal Ab to fibrillarin (green). DAPI (blue). Arrows point to 

remnants of γ-tubulin concentrated in the MTOC region. Methanol fixation. Scale bar 20 μm. 

 



 
 

 

 

 

Fig. S3. Enrichment of γ-tubulin in nucleoli isolated from cells transfected with 

γ-tubulin. Immunoblot analysis of cytosolic and nucleolar fractions from non-transfected 

HEK cells or cells expressing exogenous γ-tubulin or Fyn (control). Wild-type cells (1, wt), 

cells expressing exogenous γ-tubulin (2, + γ-Tb) or exogenous Fyn (3, + Fyn) were stained 

with Abs to γ-tubulin (γ-Tb), Fyn, α-tubulin (α-Tb, loading control for cytosolic fractions) and 

UBF (loading control for nucleolar fraction). 

 

 

 

 

 

 

 

 

 



 
 

 

 

Fig. S4. Distribution of photoactivated γ-tubulin-Dendra2. U2OS cells expressing green to 

red photoconvertible γ-tubulin-Dendra2 protein or Dendra2 alone were photoactivated and 

time-lapse sequences were collected for 15 minutes at 15 second intervals. Dendra2 in 

cytoplasm was activated in depicted regions (white circles) 30 seconds after starting the time-

lapse imaging. (A) Still images of fluorescence at various time points. (B) Quantification of 

red fluorescence, ratio of nucleoplasmic to cytoplasmic intensity during time-lapse 

experiment shown in panel A. Scale bar 10 μm. 

 

 

 

 



 
 

 

 

 

Fig. S5. Co-immunoprecipitation of γ-tubulin with C53 in nucleolar fraction of T98G 

cells. Nucleolar extracts were immunoprecipitated with Abs to C53 or γ-tubulin, and blots 

were probed with Abs to C53 or γ-tubulin (γ-Tb). Extracts (1), immobilized Abs not 

incubated with extract (2), immunoprecipitated proteins (3), protein A without Abs incubated 

with extracts (4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 
Fig. S6. C53 associates with nucleoli. (A) Immunoblot analysis of cytosolic and nucleolar 
fractions from non-transfected HEK cells (wt), cells expressing FLAG-tagged C53 or control FLAG-
tagged α-tubulin. Blots were probed with Abs to FLAG, C53, α-tubulin (α-Tb), cyclophilin A (Cycl.) 
and fibrillarin (Fibril.) (B) Immunofluorescence microscopy. T98G cells were double-label stained 
with polyclonal Ab to C53 (red) and mAb to fibrillarin (green). DAPI (blue). Fixation with methanol. 
Scale bar 20 μm. (C) Ultrastructural localization of C53 in nucleolus of T98G cells. Immunoelectron 
microscopy with mAb to C53 on a sample prepared by aldehyde fixation. Clusters of gold particles are 
shown in the insert. Arrowheads indicate position of gold particles. FC, fibrillar center; DFC, dense 
fibrillar component; GC, granular component. Scale bar 0.2 μm. 



 
 

 
 
 

 

Fig. S7. Overexpression of γ-tubulin antagonizes the inhibitory effect of C53 on DNA 

damage G2/M checkpoint activation. U2OS cells expressing GFP-C53 were transfected 

with vector encoding γ-tubulin (+ γ-Tb) or control vector encoding Fyn (+Fyn). After 48 

hours the cells were treated with 20 μM etoposide for 3 h. U2OS cells served as control. 

Immunoblot analysis of whole cell extracts with Abs to Cdk1-p-Y15, H2AX-p-S139 and 

actin. Numbers under the blots indicate relative amounts of proteins normalized to cells not 

treated with etoposide. Means ± s.d. were calculated from three experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

Fig. S8. Effect of γ-tubulin or C53 depletion on DNA damage G2/M checkpoint 

activation. U2OS cells were transfected with γ-tubulin or C53 specific siRNAs or 

corresponding negative controls. Cells with depleted γ-tubulin (γ-Tb KD) or C53 (C53 KD) 

were treated with 20 μM etoposide for 3 h. Immunoblot analysis of whole cell extracts with 

Abs to Cdk1-p-Y15, cyclin B1, γ-tubulin (γ-Tb), C53, H2AX-p-S139 and actin. Negative 

control for γ-Tb KD is shown (negative control for C53 KD gave similar results). Numbers 

under the blots indicate relative amounts of proteins normalized to cells not treated with 

etoposide. Means ± s.d. were calculated from three experiments. 

 

 

 

 

 

 

 

 

 

 

 



 
 

TABLE S1. Sequence of oligonucleotides used for quantitative RT-PCR analysis 
 
Name    Sequence  
γ-tubulin 1, forward   5’-ATCGCCATCCTCAACATCATCCAG-3’ 

γ-tubulin 1, reverse   5’-GTGTTTGCAGGCCAACAGAGAGTC-3’ 

γ-tubulin 2, forward   5‘-CTGCGGAAGCGGGATGC-3’ 

γ-tubulin 2, reverse   5’-CACGGGCTGGAGATGAACC-3’ 

γ-tubulin 1+2, forward 5‘-TGGGTTCGAGTTCTGGAAA-3‘ 

γ-tubulin 1+2, reverse  5‘-CATCGTCTGCCTGGTAGAAA-3‘ 

β-actin, forward   5’-TCCTTCCTGGGCATGGAGT-3’ 

β-actin, reverse   5’-AAAGCCATGCCAATCTCATC-3’ 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

TABLE S2.  Mass spectrometry identification of the C53 
______________________________________________________________________ 
Measured Computed Error   Peptide    Peptide  
mass  mass  (ppm)  sequence   position 
[M+H]  [M+H]  
_______________________________________________________________________ 
 
1028.566 1028.565 1  LLDWLVDR    16 -  23 
1110.509 1110.509 0  GNSTVYEWR   234 - 242 
1114.649 1114.649 0  WQSLVLTIR    30 -  38 
1175.618 1175.618 0  NVNYEIPSLK   121 - 130 
1184.667 1184.666 1  LLDWLVDRR    16 -  24 
1409.695 1409.697 1  YSGRPVNLMGTSL  494 - 506 
1577.791 1577.793 1  GPDALTLLEYTETR  337 - 350 
1620.872 1620.872 0  DNTYLVELSSLLVR  107 - 120 
1681.839 1681.838 1  MKDWQEIIALYEK   94 - 106 
_______________________________________________________________________ 
 
  1 MEDHQHVPID IQTSKLLDWL VDRRHCSLKW QSLVLTIREK INAAIQDMPE SEEIAQLLSG  
 
 61 SYIHYFHCLR ILDLLKGTEA STKNIFGRYS SQRMKDWQEI IALYEKDNTY LVELSSLLVR  
 
121 NVNYEIPSLK KQIAKCQQLQ QEYSRKEEEC QAGAAEMREQ FYHSCKQYGI TGENVRGELL  
 
181 ALVKDLPSQL AEIGAAAQQS LGEAIDVYQA SVGFVCESPT EQVLPMLRFV QKRGNSTVYE  
 
241 WRTGTEPSVV ERPHLEELPE QVAEDAIDWG DFGVEAVSEG TDSGISAEAA GIDWGIFPES  
 
301 DSKDPGGDGI DWGDDAVALQ ITVLEAGTQA PEGVARGPDA LTLLEYTETR NQFLDELMEL  
 
361 EIFLAQRAVE LSEEADVLSV SQFQLAPAIL QGQTKEKMVT MVSVLEDLIG KLTSLQLQHL  
 
421 FMILASPRYV DRVTEFLQQK LKQSQLLALK KELMVQKQQE ALEEQAALEP KLDLLLEKTK  
 
481 ELQKLIEADI SKRYSGRPVN LMGTSL 
____________________________________________________________________ 
 
Amino acids of the identified peptides in the human CDK5 regulatory subunit-associated 
protein 3 (UniProtKB/Swiss-Prot Q96JB5) are indicated in bold and underlined (bottom part 
of the table). The matched peptides cover 18% of the protein sequence. 
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Abstract

c-Tubulin is the key protein for microtubule nucleation. Duplication of the c-tubulin gene occurred several times during
evolution, and in mammals c-tubulin genes encode proteins which share ,97% sequence identity. Previous analysis of
Tubg1 and Tubg2 knock-out mice has suggested that c-tubulins are not functionally equivalent. Tubg1 knock-out mice died
at the blastocyst stage, whereas Tubg2 knock-out mice developed normally and were fertile. It was proposed that c-tubulin
1 represents ubiquitous c-tubulin, while c-tubulin 2 may have some specific functions and cannot substitute for c-tubulin 1
deficiency in blastocysts. The molecular basis of the suggested functional difference between c-tubulins remains unknown.
Here we show that exogenous c-tubulin 2 is targeted to centrosomes and interacts with c-tubulin complex proteins 2 and 4.
Depletion of c-tubulin 1 by RNAi in U2OS cells causes impaired microtubule nucleation and metaphase arrest. Wild-type
phenotype in c-tubulin 1-depleted cells is restored by expression of exogenous mouse or human c-tubulin 2. Further, we
show at both mRNA and protein levels using RT-qPCR and 2D-PAGE, respectively, that in contrast to Tubg1, the Tubg2
expression is dramatically reduced in mouse blastocysts. This indicates that c-tubulin 2 cannot rescue c-tubulin 1 deficiency
in knock-out blastocysts, owing to its very low amount. The combined data suggest that c-tubulin 2 is able to nucleate
microtubules and substitute for c-tubulin 1. We propose that mammalian c-tubulins are functionally redundant with respect
to the nucleation activity.
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Introduction

c-Tubulin is a highly conserved member of the tubulin

superfamily essential for microtubule nucleation in all eukaryotes

[1–3]. It assembles together with other proteins, named Gamma-

tubulin Complex Proteins (GCPs) in human, into two main c-

Tubulin Complexes (cTuCs): the c-Tubulin Small Complex

(cTuSC) and the c-Tubulin Ring Complex (cTuRC). The cTuSC,

a vital component of microtubule nucleation machinery in all

eukaryotes, is composed of two molecules of c-tubulin and one

copy each of GCP2 and GCP3. The cTuRCs are found only in

metazoa and consist of seven cTuSCs and additional GCPs,

including GCP4-6 [4,5]. The cTuRC is a ring structure with an

arrangement of c-tubulin molecules that matches the 13-fold

symmetry of a microtubule. It serves as a template for microtubule

polymerization [6]. It has recently been shown that the budding

yeast cTuSCs alone form in vitro ring structures similar to cTuRCs

[7]; it supports the general template model of microtubule

nucleation [6].

cTuCs are concentrated at Microtubule Organizing Centers

(MTOCs) such as centrosomes and basal bodies in animals or

spindle pole bodies in fungi. They are also found on nuclear

membranes in acentrosomal plants and on Golgi membranes,

condensed mitotic chromosomes, midbodies and along microtu-

bules in mitotic spindles [8]. We have recently reported nucleolar

localization of c-tubulin [9]. However, the majority of cTuCs exist

in cytoplasm in soluble form [10]. In addition to its function in

microtubule nucleation, c-tubulin is also involved in centriole

biogenesis [11,12], regulation of microtubule (+) end dynamics

[13–15], regulation of the anaphase-promoting complex/cyclo-

some during interphase in Aspergillus [16] or regulation of bipolar

spindle assembly in fission yeast [17].

Many organisms including Arabidopsis [18], Paramecium [19],

Euplotes [20], Drosophila [21] and mammals [22–24] possess two

genes encoding c-tubulin. Nevertheless, phylogenetic analyses

revealed that c-tubulin gene duplication in mammals occurred

independent of the others [23,24]. Mammalian c-tubulin genes

are located on the same chromosome in tandem, and their coding

sequences share very high sequence similarity (.94% in

human)[22]. Although it was initially assumed that c-tubulin

genes are functionally redundant [22], gene knock-out analysis of

Tubg1 and Tubg2 in mice suggested that they might have different

functions [23]. While Tubg1 was expressed ubiquitously, Tubg2 was

primarily detected in brain and also in blastocysts. Tubg1-/-

embryos stopped their development at the morula/blastocyst stage

because of severe mitotic defects. Tubg2-/- mice developed
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normally and produced fertile offspring. However, adults exhibited

some behavioral changes including abnormalities in circadian

rhythm and different reaction to painful stimulations. These

findings led to a conclusion that c-tubulin 1 is the conventional c-

tubulin, whereas c-tubulin 2, which lacks the capability to rescue

the consequences of c-tubulin 1 deficiency, might have specific

function(s) in the brain [23]. Nevertheless, the molecular basis of

suggested functional differences between c-tubulin 1 and c-tubulin

2 is unknown.

To gain a deeper insight into the potential functional differences

of mammalian c-tubulins, we have examined subcellular distribu-

tion of c-tubulin 2 in cultured cells, its interactions with GCPs,

capability to nucleate microtubules and substitute for c-tubulin 1.

We have also analyzed c-tubulin 2 expression in the course of

mouse preimplantation development. Our results indicate that

even though c-tubulins are differentially expressed during mouse

early embryogenesis and in adult tissues, they are functionally

redundant with respect to their nucleation activity.

Results

c-Tubulin 2 is indistinguishable from c-tubulin 1 in
subcellular localization and interactions with GCPs

To decide whether or not c-tubulin 2 differs from c-tubulin 1 in

subcellular localization, we examined U2OS cells expressing

FLAG-tagged mouse or human c-tubulin 2 (Tubg2-FLAG,

TUBG2-FLAG) by immunofluorescence microscopy with anti-

FLAG antibody. Centrosomes were marked with antibody to

pericentrin. U2OS cells expressing FLAG-tagged mouse and

human c-tubulin 1 (Tubg1-FLAG, TUBG1-FLAG) served as

controls. As expected, exogenous mouse (Fig. 1A, a) and human

(Fig. 1A, c) c-tubulin 1 localized to the centrosomes in both

interphase and mitotic cells. FLAG-tagged c-tubulin 1 was also

found along mitotic spindle and diffusely in cytoplasm. The same

staining pattern was detected in cells expressing exogenous mouse

(Fig. 1A, b) and human (Fig. 1A, d) c-tubulin 2. Fully displayed

immunofluorescence of Fig. 1A appears in Fig. S1.

Next we checked by coimmunoprecipitation the ability of c-

tubulin 2 to interact with GCP2 (cTuSC marker) and GCP4

(cTuRC marker). FLAG-tagged mouse c-tubulin 1, c-tubulin 2 or

Fyn kinase (negative control) were immunoprecipitated from HEK

293FT cells with rabbit anti-FLAG antibody. Immunoblot analysis

revealed that both FLAG-tagged c-tubulins interacted with GCP2

and GCP4, yet no coimmunoprecipitation was observed in case of

FLAG-tagged Fyn kinase (Fig. 1B, upper panel). Negative control

rabbit antibody failed to coimmunoprecipitate GCP proteins (not

shown). In addition, the reciprocal precipitation with antibody to

GCP2 (IgG2b), confirmed the interaction of FLAG-tagged c-

tubulins with GCP2 (Fig. 1B, lower panel). Again, negative control

antibody (IgG2b) did not coimmunoprecipitate FLAG-tagged c-

tubulins (not shown). We obtained the same results when lysates

from HEK 293FT cells expressing FLAG-tagged human c-tubulin

1 and c-tubulin 2 were used for immunoprecipitation with anti-

FLAG and anti-GCP2 antibodies (Fig. S2). Altogether the data

indicate that mammalian c-tubulin 2 is indiscernible from

c-tubulin 1 as far as the subcellular distribution and interactions

Figure 1. Exogenous c-tubulin 2 locates to centrosomes and
interacts with GCPs. (A) Localization of FLAG-tagged c-tubulins.
Human U2OS cells expressing mouse c-tubulin 1 (a, Tubg1-FLAG),
mouse c-tubulin 2 (b, Tubg2-FLAG), human c-tubulin 1 (c, TUBG1-FLAG)
and human c-tubulin 2 (d, TUBG2-FLAG) were stained for FLAG (red)
and pericentrin (green). DNA was stained with DAPI (blue). Arrows
denote positions of MTOCs where FLAG-tagged c-tubulins co-localize
with pericentrin. Final images were made by maximum intensity
projection of 3 deconvolved z-sections spaced at 0.25 mm. Scale bar
10 mm. (B) Coimmunoprecipitation of mouse c-tubulins with GCP2 and
GCP4 proteins. Extracts from HEK cells expressing FLAG-tagged c-

tubulin 1 (Tubg1-FLAG), c-tubulin 2 (Tubg2-FLAG) or control mouse Fyn
(Fyn-FLAG) were immunoprecipitated with antibodies to FLAG or GCP2,
and blots were probed with antibodies to FLAG, GCP2, GCP4 and c-
tubulin (c-Tb). Extracts (1), immunoprecipitated proteins (2), protein A
without antibodies incubated with extracts (3), immobilized antibodies
not incubated with extracts (4). Arrowheads indicate the positions of
exogenous c-tubulins.
doi:10.1371/journal.pone.0029919.g001

c-Tubulin 2 and Microtubule Nucleation

PLoS ONE | www.plosone.org 2 January 2012 | Volume 7 | Issue 1 | e29919



with components of small and large c-tubulin complexes are

concerned.

c-Tubulin 2 rescues mitotic progression in c-tubulin 1-
depleted cells

To find out whether or not c-tubulin 2 is able to take the place

of c-tubulin 1, we performed phenotypic rescue experiments in

U2OS cells depleted of c-tubulin 1 by RNAi. As demonstrated by

immunoblotting, transfection of TUBG1-specific siRNAs (KD1

and KD2) led to a substantial reduction of total c-tubulin content

when compared to negative control cells (Fig. S3A). Noticeably, it

means that c-tubulin 1 is the dominant c-tubulin in U2OS cells,

because the specificity of both KD1 and KD2 siRNAs was verified

in silico (NCBI BLAST) and by means of RT-qPCR (data not

shown). Since KD2 siRNA proved to be more efficient, it was used

in further experiments. Effective c-tubulin depletion by KD2

siRNA was further confirmed by immunofluorescence microscopy

(Fig. 2A). The most prominent phenotypic feature of c-tubulin 1

depletion was mitotic arrest in metaphase (Fig. 2B), most likely

induced by severe mitotic spindle defects (Fig 2C). Basically, cells

in anaphase, telophase or cytokinesis were absent in the

population of c-tubulin 1-depleted cells.

FLAG-tagged mouse c-tubulin 1, used as a positive control,

restored the original phenotype in c-tubulin 1-depleted U2OS.

Cells expressing exogenous c-tubulin 1 were able to pass the

spindle assembly checkpoint, as demonstrated by the presence of

cells in anaphase, whereas the untrasfected cells were not (Fig. 3,

a–d). Interestingly, FLAG-tagged mouse c-tubulin 2 (Fig. 3, e–h)

and FLAG-tagged human c-tubulin 2 (Fig. 3, i–l) also rescued the

normal mitotic division similarly to mouse c-tubulin 1. Detailed

microscopic examination of rescued cells revealed that they

regained the ability to build properly arranged metaphase (Fig.

S4, a–c) and anaphase (Fig. S4, d–f) mitotic spindles. Importantly,

we failed to detect any mitotic spindle defects in the rescued cells.

Figure 2. Depletion of human c-tubulin 1 leads to mitotic spindle defects and metaphase arrest. (A) Interphase U2OS cells transfected
with negative control siRNA (Control) or with c-tubulin 1 specific siRNA (KD2). Cells were stained for c-tubulin (a, d; red ). DNA was stained with DAPI
(b, e; blue). Images of cells stained for c-tubulin were captured under identical conditions and processed in exactly the same way. Scale bar 20 mm. (B)
Aberrant spindle formation and metaphase arrest in U2OS cells depleted of c-tubulin 1 (KD2). Cells were stained for b-tubulin (a; green). DNA was
stained with DAPI (b; blue). Scale bar 20 mm. (C) Detailed images of aberrant mitotic spindles. Cells were stained for b-tubulin (a–d; green). DNA was
stained with DAPI (a–d; blue).Maximum intensity projections of 30–40 deconvolved confocal z-sections spaced at 0.125 mm. Scale bar 10 mm.
doi:10.1371/journal.pone.0029919.g002
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Immunoblot tests in performed rescue experiments confirmed an

effective expression of FLAG-tagged c-tubulins in c-tubulin 1-

depleted cells (Fig. S3B). These findings suggest that c-tubulin 2 is

capable of replacing c-tubulin 1 during mitosis.

c-Tubulin 2 nucleates microtubules
Taking advantage of the above described phenotypic rescue

experimental set-up, we further investigated the microtubule

nucleating capability of c-tubulin 2 in microtubule regrowth

experiments. The amount of c-tubulin on prophase/metaphase

centrosomes is significantly higher than that in interphase due to

the process called centrosome maturation [25,26]. We therefore

first focused on mitotic centrosomes, where one could expect a

prominent effect of c-tubulin depletion on microtubule nucle-

ation. Microtubules were depolymerized by nocodazole, washed

by ice-cold PBS, and allowed to regrow before fixation and

staining for b-tubulin. Mitotic cells became more abundant in the

course of nocodazole treatment. While the regrowth of

microtubules from centrosomes was easily observable in cells

transfected with negative control siRNA (Fig. 4A, a–d), it was

substantially delayed and/or impaired in c-tubulin 1-depleted

cells (Fig. 4A, e–h). Clearly recognizable microtubule asters were

seen in 97% (n = 369) of negative control mitotic cells. In c-

tubulin 1-depleted cells, however, microtubule asters were

indistinct and formed in only 18% (n = 274) of mitotic cells. As

expected, FLAG-tagged mouse c-tubulin 1 (positive control)

rescued the microtubule aster formation in c-tubulin 1-depleted

cells (Fig. 4B, a–d). In accordance with our previous results, both

FLAG-tagged mouse c-tubulin 2 (Fig. 4B, e–h) and FLAG-tagged

human c-tubulin 2 (Fig. 4B, i–l) also rescued aster formation.

Clear microtubule regrowth was observed in all c-tubulin 1-

depleted cells expressing exogenous c-tubulin 2; it indicates that

c-tubulin 2 is capable of centrosomal microtubule nucleation in

mitotic cells.

In order to strengthen the evidence of microtubule nucleation

capability of c-tubulin 2, we quantified microtubule formation in

vivo by the tracking microtubule (+) ends marked by EB1-GFP in

interphase U2OS cells (U2OS-EB1). For live cell imaging we used

the shRNA system based on pLKO.1 vectors. Puromycin selection

for 6 days made it possible to analyze only c-tubulin-depleted cells.

We constructed TUBG1-specific shRNA expressing vectors based

on siRNAs (KD1 and KD2), and tested their effectivity by

immunoblotting (Fig S5A). Since KD2 shRNA was found more

efficient, further experiments were limited to that. Substantial c-

tubulin depletion by KD2 shRNA was confirmed by immunoflu-

orescence microscopy (Fig. S5B). Additionally, we prepared

TagRFP-tagged mouse c-tubulin 1 (pmTubg1-TagRFP) and

TagRFP-tagged human c-tubulin 2 (phTUBG2-TagRFP) for

phenotypic rescue experiments. TagRFP (pCI-TagRFP) served

as control.

Following puromycin selection, transfected U2OS-EB1 cells

were subjected to live cell imaging; time-lapse sequences of EB1-

GFP dynamics were acquired only from cells coexpressing

TagRFP or TagRFP-tagged proteins. Immunoblotting confirmed

an effective expression of tagged c-tubulins in c-tubulin 1-depleted

cells (Fig. S6). Results of typical experiments are presented in

Fig. 5, where single-frame (Fig. 5, a–d) as well as 60-frame

projections (Fig. 5, e–h) of time-lapse sequences are shown. While

TagRFP was found in both cytoplasm and nuclei (Fig 5, a–b),

TagRFP-tagged c-tubulins were concentrated to MTOC (Fig. 5,

c–d). This is more distinctly demonstrated in Fig. S7, where green

and red channels are depicted separately. The density of

microtubule (+) end tracks, reconstructed by maximum intensity

projection of time-lapse sequences, was markedly reduced in c-

Figure 3. c-Tubulin 2 restores normal mitotic spindle functioning in c-tubulin 1-depleted cells. U2OS cells depleted of c-tubulin 1 and
expressing FLAG-tagged mouse c-tubulin 1 (a-d, Tubg1-FLAG), mouse c-tubulin 2 (e-h, Tubg2-FLAG) or human c-tubulin 2 (i–l, TUBG2-FLAG) were
stained for FLAG (a, e, i; red) and b-tubulin (b, f, j; green). DNA was stained with DAPI (c, g, k; blue). Scale bar 20 mm.
doi:10.1371/journal.pone.0029919.g003
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tubulin 1-depleted cells (Fig. 5, f) when compared with negative

control cells (Fig. 5, e). This most likely reflects an impaired

microtubule nucleation. In contrast, the density of EB1 tracks in

cells rescued by exogenous mouse c-tubulin 1 (Fig. 5, g) resembled

that seen in negative controls cells (Fig. 5, e). Clear phenotypic

rescue was also observed in cells expressing exogenous human

c-tubulin 2 (Fig. 5, h). These findings were confirmed by

evaluation of statistical data as documented in histograms of the

microtubule growth rates, where the number of EB1 tracks was

normalized by the cell area and tracking time (Fig. 6). To compare

whole populations of EB1 tracks in analyzed cells, we applied

Bonferroni correction of p-values to velocity histograms (Fig. 6).

Figure 4. c-Tubulin 2 rescues centrosomal microtubule nucleation in c-tubulin 1-depleted mitotic cells. A) U2OS cells transfected with
negative control siRNA (Control) or with c-tubulin 1 specific siRNA (KD2) were treated with 10 mM nocodazole for 6 h and fixed after 3 min incubation
in medium without nocodazole. Cells were stained for c-tubulin (a, e; red ) and b-tubulin (b, f; green). DNA was stained with DAPI (c, g; blue).
Fluorescence images of cells stained for c-tubulin were captured under identical conditions and processed in exactly the same way. Scale bar 10 mm.
(B) U2OS cells depleted of c-tubulin 1 and expressing FLAG-tagged mouse c-tubulin 1 (a–d, Tubg1-FLAG), mouse c-tubulin 2 (e–h, Tubg2-FLAG) or
human c-tubulin 2 (i–l, TUBG2-FLAG) were treated with 10 mM nocodazole for 6 h and fixed after 3 min incubation in medium without nocodazole.
Cells were stained for FLAG (a, e, i; red) and b-tubulin (b, f, j; green). DNA was stained with DAPI (c, g, k; blue). Scale bar 10 mm.
doi:10.1371/journal.pone.0029919.g004
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Calculated p-values for differences among individual growth

velocity groups were multiplied by the number of all growth

velocity groups in the histogram (n = 13). Based on this correction,

the number of EB1 tracks was significantly reduced in c-tubulin 1-

depleted cells when compared with negative control cells

(p,0.0001, Fig. 6A). Conversely, the number of EB1 tracks was

significantly higher in cells rescued by exogenous mouse c-tubulin

1 (p,1.1026, Fig. 6B) or human c-tubulin 2 (p,1.1025, Fig. 6C)

than in c-tubulin 1-depleted cells. Differences between negative

control (blue columns in Fig. 6A) and c-tubulin 2 expressing cells

(blue columns in Fig. 6C) were statistically insignificant. Interest-

ingly, the number of EB1 tracks in cells expressing exogenous

mouse c-tubulin 1 (blue columns in Fig. 6B) exceeded that seen in

negative control (p,0.05; blue columns in Fig. 6A) or in cells

expressing exogenous c-tubulin 2 (p,0.05; blue columns in

Fig. 6C). Taken collectively, our experimental data demonstrate

that mammalian c-tubulin 2 is able to nucleate microtubules and

substitute for c-tubulin 1 even in interphase cells.

Tubg2 is downregulated in mouse preimplantation
development

Since c-tubulin 2 was capable to substitute for c-tubulin 1 in

cultured cells, its inability to do so in blastocysts [23] is intriguing.

We therefore quantified by RT-qPCR the mRNA levels of Tubg1

and Tubg2 in mouse oocytes, 2-cell stage embryos, 8-cell stage

embryos and blastocysts. Adult mouse liver and brain tissues

served as controls, because Tubg2 expression is high in brain and

low in liver [23,24]. Geometric mean of mouse peptidylprolyl

isomerase A (Ppia) and mouse glyceraldehyde-3-phosphate dehy-

drogenase (Gapdh) mRNA levels were used for normalization.

Tubg1 mRNA level decreased 17 times, when 2-cell stage embryos

were compared with blastocysts, and was almost equal in liver and

brain (Fig 7A). In contrast, Tubg2 mRNA level decreased

dramatically by almost three orders of magnitude (815 times),

when these two developmental stages were compared. Tubg2

expression in blastocysts was comparable to that in liver and was

38 times lower than in brain (Fig. 7B). For comparison, mRNA

levels were also ascertained for Tubgcp2 and Tubgcp5 that encode,

respectively, GCP2 and GCP5 proteins. While Tubgcp2 mRNA

level remained relatively stable (Fig. 7C), that of Tubgcp5 decreased

9 times when comparing the 2-cell stage embryos and blastocysts

(Fig. 7D). Notably, the highest mRNA levels of tested genes were

detected in oocytes, which probably reflects the high content of

stored maternal mRNA [27]. Taken together, our data clearly

show that Tubg2 mRNA level is appreciably decreasing during

mouse preimplantation development.

RT-qPCR analysis disclosed that blastocyst contains a very low

amount of Tubg2 mRNA. However, c-tubulin 2 protein might still

be present. To analyze the expression of Tubg2 at the protein level,

we first identified the positions of mouse c-tubulin 1 and c-tubulin

2 in samples separated by 2D-PAGE. Different antibodies reacting

with both c-tubulins were used for immunoblotting. The exact

positions of c-tubulin 1 and c-tubulin 2 were determined by

overexpression of, respectively, untagged mouse c-tubulin 1 and c-

tubulin 2 in P19 cells, where Tubg2 was undetectable by RT-qPCR

(Fig. S8). Immunoblotting of untransfected and transfected cells

with anti-c-tubulin antibodies revealed that the signal of main c-

tubulin isoforms in P19 cells (Fig. 8, wt) was enhanced in cells

overexpressing the c-tubulin 1 (Fig. 8, +c-Tb1). In cells

overexpressing c-tubulin 2, a new signal appeared in a more

basic position compared to c-tubulin1 isoforms (Fig. 8, +c-Tb2).

This was in agreement with theoretical isoelectric points for c-

tubulin 1 (5.66) and c-tubulin 2 (5.80). These experiments

demonstrate that mouse c-tubulins can be easily discriminated

on 2D-PAGE.

To rule out the possibility that the isoelectric point of exogenous

c-tubulin 2 expressed in P19 cells substantially differs from that in

mouse tissues, we compared the expression of c-tubulins in mouse

Figure 5. c-Tubulin 2 rescues microtubule formation in c-tubulin 1-depleted cells during interphase. Time-lapse imaging of U2OS-EB1
cells for quantitative evaluation of microtubule (+) end dynamics. Cells with depleted c-tubulin 1 (KD2) expressing either TagRFP (pCI-TagRFP), mouse
c-tubulin 1 (pmTubg1-TagRFP) or human c-tubulin 2 (phTUBG2-TagRFP). Cells with empty vector (pLKO.1) expressing TagRFP (pCI-TagRFP) served as
negative control. (a–d) Still images of typical cells selected for evaluation. Only cells expressing both EB1-GFP (green) and TagRFP (red) or c-tubulin-
TagRFP fusions (red) were evaluated. In contrast to freely diffusible TagRFP (a, b), c-tubulin-TagRFP fusions properly localized to MTOCs (c, d) marked
by white arrows. (e–f) Maximum intensity projections of 60 consecutive time-frames from acquired time-lapse sequences. Note the markedly lower
density of microtubule tracks in cell with depleted human c-tubulin 1 (f). Microtubule track density is rescued in cells expressing exogenous mouse c-
tubulin 1 (g) or exogenous human c-tubulin 2 (h). Scale bar 10 mm.
doi:10.1371/journal.pone.0029919.g005
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brain and mouse liver, where Tubg2 expression is high and low,

respectively [23,24]. For this, we used immunoblotting after

2D-PAGE separation of samples containing similar total protein

amounts. c-Tubulin 1 was clearly detectable in both brain and

liver. In contrast, a strong signal in the position of c-tubulin 2 was

detected merely in brain, whereas it was undetectable in liver

(Fig. 9A). Again, these results correlated with data obtained in RT-

qPCR experiments (Fig. 7B). The performed experiments

confirmed that c-tubulin 2 can be discriminated by 2D-PAGE

also in mouse tissues. Using the same approach, we compared the

expression of c-tubulin 1 and c-tubulin 2 in mouse oocytes and

blastocysts. Samples were prepared from 150 fully grown oocytes

at the GV stage and from 197 early blastocysts to ensure that the

total protein amount in blastocyst sample was not underestimated.

A fully grown oocyte (from adult animals) at GV stage contains

approximately 30 ng of protein. Zona pellucida contributes to this

amount some 4–5 ng [28]. An early blastocyst contains approx-

imately 25 ng of protein [29]. c-Tubulin 1 was clearly detectable

in both oocytes and blastocysts. On the other hand, while there

was a strong signal detectable in the position of c-tubulin 2 in

oocytes, the relevant signal in this position was dramatically

reduced in blastocysts (Fig. 9B). Expression of c-tubulin 2 at the

protein level in oocytes and blastocysts thus correlated with its

mRNA level (Fig. 7B). Collectively taken, these data strongly

indicate that a very low amount of c-tubulin 2 is present in wild-

type blastocysts due to its transcriptional downregulation.

Discussion

Mammalian c-tubulins are encoded by two closely related genes

[22,24], and specific functions have been attributed to them. [23].

The molecular basis of suggested functional differences between c-

tubulins is however unknown. In this study we document that

mammalian c-tubulin 2 is able to nucleate microtubules and

substitute for c-tubulin 1. In addition, we show that Tubg1 and Tubg2

are differentially transcribed during mouse early embryogenesis,

with Tubg2 transcription being progressively downregulated.

In general, c-tubulins are highly conserved proteins in all

eukaryotes. At the amino acid sequence level, human c-tubulin 1

and c-tubulin 2, respectively, show 98.9% and 97.6% identity with

the corresponding mouse isoforms (Table S1) [23]. To study the

subcellular localization and function of human and mouse c-

tubulin 2, we have chosen human osteosarcoma cells U2OS.

Because of their flat shape, they are excellent for immunofluores-

cence analysis and are easily transfectable. Moreover, the the

selection of U2OS made it possible to answer the question whether

or not the mouse c-tubulin 2 is capable of replacing human c-

tubulin 1. We have used exogenously expressed FLAG-tagged

mouse and human c-tubulins to evaluate the subcellular

localization of c-tubulin 2 proteins and their interactions with

GCPs. It was reported previously that exogenous mouse c-tubulin

2 located to interphase and mitotic centrosomes in mouse Eph4

epithelial cells [23]. Our data corroborate this finding by showing

that both human and mouse c-tubulin 2 are recruited to

interphase and mitotic centrosomes in human U2OS cells. By

immunoprecipitation experiments we found that c-tubulin 2

interacted with GCP2, an integral component of cTuSCs.

Reciprocal coimmunoprecipitations of c-tubulin 2 and GCP4

(T. Sulimenko, unpublished data) indicated that c-tubulin 2

normally also incorporated in cTuRCs. We found no differences

between c-tubulin 1 and c-tubulin 2 with regard to their

localization and interactions. Intriguingly, antibody to GCP2

coimmunoprecipitated more endogenous than exogenous c-

tubulins (Fig. 1B, Fig. S2). A similar result was obtained with

Figure 6. Quantitative evaluation of microtubule formation in
phenotypic rescue experiments. Microtubule (+) end dynamics in
U2OS-EB1 cells presented as velocity histograms. Cells with depleted c-
tubulin 1 (KD2) or negative control cells (pLKO.1), expressing either
TagRFP (pCI-TagRFP), mouse c-tubulin 1 (pmTubg1-TagRFP) or human
c-tubulin 2 (phTUBG2-TagRFP). (A) Comparison of negative control cells
(pLKO.1+pCI-TagRFP; n = 19) with c-tubulin 1 depleted cells (KD2+pCI-
TagRFP; n = 15). (B) Comparison of cells rescued with mouse c-tubulin 1
(positive control; KD2+pmTubg1-TagRFP; n = 18) with c-tubulin 1
depleted cells. (C) Comparison of cells rescued with human c-tubulin
2 (KD2+hTubg2-TagRFP; n = 19) with c-tubulin 1 depleted cells. Data are
from 3 independent experiments. Bars represent means6SD. Asterisks
represent the p-values (p) of two-sided unpaired t-test (****, p,
0.00001; ***, p,0.0001; **, p,0.001; *, p,0.01).
doi:10.1371/journal.pone.0029919.g006
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antibody to GCP4 (T. Sulimenko, unpublished data). This fact

might indicate a slow turnover of cTuCs, because precipitations

were performed 48 hours after transfection. Alternatively, FLAG

tags might interfere with interaction of c-tubulin with GCPs.

However, this seems unlikely as FLAG tags were fused to the C-

termini of c-tubulins, which probably is not involved in the

interaction with GCP2 and GCP3 [30]. Moreover, FLAG-tagged

c-tubulins rescued normal mitotic progression in c-tubulin 1-

depleted cells (Fig. 3).

The most remarkable phenotypic sign of c-tubulin 1-depleted

U2OS cells was arrest in metaphase caused by mitotic spindle defects

such as monopolar or collapsed spindles (Fig. 2C), previously

described in mammalian cells depleted of c-tubulin [11,23,31].

Similar defects were detected in cells in which c-tubulin localization

to centrosomes, mitotic spindle and mitotic chromatin was damaged

by depletion of cTuRC recruitment factors like GCP-WD/NEDD1

[11,31] or components of augmin complex [32,33]. As expected, the

observed phenotype was reverted by expression of mouse c-tubulin

1. Both human and mouse c-tubulin 2 likewise rescued the normal

mitotic progression in c-tubulin 1-depleted cells, indicating that

mammalian c-tubulin 2 is able to substitute for c-tubulin 1 in vivo

(Fig. 3). Consistent with these findings are the results of microtubule

regrowth experiments on mitotic cells which reveal that c-tubulin 2

does have microtubule nucleating capability (Fig. 4). We used only

KD2 siRNA and corresponding shRNA for phenotypic rescue

experiments, because it was more efficient than KD1 (Fig. S3A, Fig.

S5A) and its specificity was verified in an independent study [34].

Rescue experiments also ruled out potential off-target RNAi effects.

When testing the microtubule (+) end dynamics in c-tubulin 1-

depleted cells, we observed a significant reduction in the number

of EB1 tracks in interphase cells (Fig. 5, f; Fig. 6A), a sign of

impaired microtubule nucleation. Alternatively, reduction in the

EB1 track number might be explained by changes in microtubule

dynamics; the nucleation is not affected but the fraction of growing

microtubules relative to pausing or depolymerizing microtubules is

diminished. Although one cannot exclude a potential contribution

of impaired microtubule (+) ends dynamics to the observed

phenotype, we consider this possibility much less probable because

it has been previously demonstrated by regrowth experiments that

microtubule nucleation is impaired and/or delayed in interphase

cells depleted of c-tubulin [31]. We therefore conclude that c-

tubulin 2 is able to nucleate microtubules also in interphase cells.

Interestingly, a higher number of EB1 tracks was in c-tubulin 1-

depleted cells expressing exogenous c-tubulin 1 than in cells

expressing exogenous c-tubulin 2 (Fig. 6). It might imply that for

interphase cells c-tubulin 1 is a more potent nucleator of

microtubules than c-tubulin 2. However, no corresponding

differences in microtubule regrowth were observed in mitotic cells

(Fig. 4), where centrosomes are highly enriched with cTuCs

[25,26], and where consequently the potential differences in

nucleation capability ought to be stronger. In addition, statistical

significance (p,0.05) of this difference is relatively low. We

therefore do not think that c-tubulin 1 and c-tubulin 2

substantially differ in nucleation activity.

Functional redundancy of mammalian c-tubulins was expected

because of their high sequence similarity [22]. Importantly, only 6

Figure 7. Tubg2 mRNA level is decreasing during mouse preimplantation development. mRNA levels of Tubg1 (A), Tubg2 (B), Tubgcp2 (C)
and Tubgcp5 (D) in mouse oocyte, 2-cell stage embryo, 8-cell stage embryo, blastocyst and liver relative to the level found in brain. Data are
presented as mean fold change (columns) with individual samples displayed (diamonds). Three biological replicates were measured twice under
identical conditions. Note that the Y-axis is in the logarithmic scale.
doi:10.1371/journal.pone.0029919.g007
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amino acids specific for c-tubulin 1- or c-tubulin 2 are conserved

in the majority of mammalian species. They are located in two

clusters in helixes H11 (3 amino acids) and H12 (3 amino acids) of

c-tubulins (Table S2). These regions might be important for

hypothetical divergent functions of mammalian c-tubulins.

However, when c-tubulin in fission yeast was replaced by human

c-tubulin 1, with all three c-tubulin 1-specific amino acids in helix

H11 (R390, T391, R393) or one amino acid in helix H12 (I427)

mutated to alanines, no deleterious effect on cell viability was

observed [35]. It indicates that these regions are not essential for

conserved c-tubulin functions; this is in line with our data

suggesting that c-tubulin 2 is able to substitute for c-tubulin 1.

Yuba-Kubo et al. reported that c-tubulin 2 is expressed in the

wild-type mouse blastocyst [23]. In contrast, our 2D-PAGE

analysis indicates that there is very low level of c-tubulin 2 protein

in the wild-type blastocyst, whereas c-tubulin 1 is abundant (Fig. 9).

This is in a good agreement with our RT-qPCR data, indicating

that Tubg2 mRNA level is dramatically decreasing during

preimplantation development unlike mRNA levels of Tubg1,

Tubgcp2 and Tubgcp5 (Fig. 7). The reason for such discrepancy is

unclear. Previously blastocysts were analyzed only by immuno-

blotting after one-dimensional PAGE. Anti-c-tubulin antibody

recognized two bands that were supposed to represent c-tubulin 1

and c-tubulin 2 [23]. However, reported separation of c-tubulins

in blastocysts by SDS-PAGE need not reflect only the presence of

different genes, but proteolysis or posttranslational modification(s)

as well.

A common fate of the members of duplicate-gene pairs is the

partitioning of tissue-specific patterns of expression of the ancestral

gene [36]. Analyses of expression of mammalian c-tubulin genes

showed differential expression in many tissues [23,24]; the same

holds also for this study. It suggests that an important mechanism

acting on c-tubulin gene pair is the subfunctionalization. It was

reported that some gene segments of c-tubulin genes had been

evolving together in the process known as ’’concerted evolution‘‘

[24]. It was proposed that concerted evolution might have been

operative to maintain perfect homology at essential binding sites.

Indeed, exons 2–3 and 7–10 of the two c-tubulin genes

homogenized by concerted evolution [24] encode regions which

are probably critical for interaction of c-tubulin with GCP2 and

GCP3 [30]. Thus, concerted evolution together with subfunctio-

nalization foster the preservation of highly similar and functionally

redundant c-tubulin genes in mammalian genomes [24].

Figure 8. Electrophoretic distinction of mouse c-tubulins on
2D-PAGE. Immunoblots of mouse P19 cell extracts separated by 2D-
PAGE probed with antibody to c-tubulin. Wild-type cells (wt), cells
expressing exogenous untagged mouse c-tubulin 1 (+c-Tb1) or mouse
c-tubulin 2 (+c-Tb2). Molecular mass markers (in kDa) are indicated on
the right. The pI scale is shown along the bottom of the figure. IEF,
isoelectric focusing. Arrowhead indicates the position of mouse c-
tubulin 2.
doi:10.1371/journal.pone.0029919.g008

Figure 9. Differences in the expression of mouse c-tubulin 2
protein in oocytes and blastocysts. Immunoblot analysis of tissue
and cell extracts separated by 2D-PAGE with antibody to c-tubulin. (A)
Comparison of control adult mouse brain and liver. (B) Comparison of
mouse oocytes and blastocysts. Molecular mass markers (in kDa) are
indicated on the right. The pI scale is shown along the bottom of the
figure. IEF, isoelectric focusing. Arrowheads indicate the position of c-
tubulin 2 as defined in Fig. 8.
doi:10.1371/journal.pone.0029919.g009
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Our data allow an alternative interpretation of Tubg1-/- and

Tubg2-/- phenotypes previously described in mice [23]. Endoge-

nous c-tubulin 2 cannot rescue c-tubulin 1 deficiency in Tubg1-/-

blastocyst, even though it can nucleate microtubules, because it is

not present in a sufficient amount. It was previously reported that

knock out of single gene resulted in overexpression of related genes

[37–39]. Our data do not strictly exclude the possibility that c-

tubulin 2 expression could be up-regulated in Tubg1-/- blastocysts,

however, c-tubulin 2 may be insufficient to fully replacer the

lacking c-tubulin 1. On the other hand, whole-mount immuno-

staining with anti-c-tubulin antibody in Tubg1-/- blastocyst cells

did not identify any c-tubulin 2-positive foci, even though one

pericentrin-positive focus occurred in each cell [23]. It was

suggested that c-tubulin 1 was necessary for recruitment of c-

tubulin 2 to blastocyst centrosomes [23]. We propose that such

observation can be alternatively explained by the absence of c-

tubulin 2 at the blastocyst stage both both in wild type and

Tubg1-/- embryos. Behavioral abnormalities of Tubg2 -/- mice do

not necessarily imply unknown function(s) of c-tubulin 2. They

might also reflect a reduction of total c-tubulin in brain of Tubg2-/-

mice, since Tubg2 is highly expressed in the brain [23,24] as

demonstrated also in this study. Yet, we cannot exclude the

possibility that brain c-tubulin 2 has some additional still unknown

function(s). Thorough phenotype analysis of Tubg2-/- mice could

shed more light on c-tubulin 2 function(s) in brain and its

development. Further, elucidation of transcriptional regulation of

c-tubulin genes would by very important not only from the

developmental point of view but also with respect to tumorigen-

esis. Significantly higher expression of c-tubulin was found in high-

versus low-grade gliomas, common brain cancers [40,41].

In conclusion, the findings indicate that mammalian c-tubulin 2

is able to nucleate microtubules and substitute for c-tubulin 1.

Although c-tubulins are differentially expressed during mouse

early embryogenesis and in adult tissues, they are functionally

redundant with respect to their nucleation activity.

Materials and Methods

Ethics statement
All mice were maintained in accordance with the Institute of

Molecular Genetics Guidelines. Experiments were approved by

the Committee on the Ethics of Animal Experiments of the

Institute of Molecular Genetics (permit number 18/2009).

Cell cultures and transfections
Human osteogenic sarcoma cells U2OS, human glioblastoma

cell line T98G, mouse embryonal carcinoma cells P19, mouse

neuroblastoma Neuro-2a and mouse embryonal fibroblasts NIH

3T3 were obtained from the American Type Culture Collection.

Human kidney embryonal cells HEK293-FT (HEK) were from

Promega Biotec. Mouse bone marrow-derived mast cell line

(BMMC) was kindly provided by M. Hibbs (Ludwig Institute for

Cancer Research, Melbourne, Australia). Cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) containing 10%

fetal bovine serum, penicillin (100 units/ml), and streptomycin

(0.1 mg/ml). Cells were grown at 37uC in 5% CO2 in air, and

passaged every 2 or 3 days using 0.25% trypsin/0.01% EDTA in

PBS. BMMC were cultured in RPMI 1640 medium supplemented

with serum, antibiotics and interleukin 3 (PeproTech) as described

previously [42].

U2OS cells were transfected with 2.5 mg (single plasmid) or 4 mg

(cotransfection of 2 plasmids) DNA/well in a 6-well plate using

Lipofectamine LTX reagent (Invitrogen) (DNA[mg]: LTX [ml]

ratio was 1:2.5) and Opti MEM medium (Gibco) according to the

manufacturer’s instruction. After 12 h, the transfection mixture

was replaced with fresh complete medium, and cells were

incubated for 48 h. HEK cells were transfected with 17 mg DNA

per 9-cm tissue culture dish using 51 mg polyethylenimine

(Polysciences) and serum-free DMEM. After 24 h, the transfection

mixture was replaced with fresh medium supplemented with

serum, and cells were incubated for additional 24 h.

Some of the U2OS cells, growing on coverslips, were treated

with 10 mM nocodazole (Sigma) for 6 h. Afterwards, cells were

washed 5 times in ice-cold PBS, transferred to new medium and

incubated for 3 min at 28uC before fixation.

Mouse oocytes, embryos and tissues
Oocytes and embryos were obtained from 6–8 week old

C57BL/6 mice. Fully grown germinal vesicle (GV) oocytes were

liberated from ovaries by puncturing the antral follicles with

syringe needle and collected in M2 medium (Sigma) containing

0.2 mM isobutylmethylxanthine (IBMX; Sigma). To obtain

preimplantation embryos, mice were superovulated with 5 IU of

Folligon (pregnant mare serum gonadotropin; PMSG) (Intervet)

followed by stimulation with 5 IU of human chorionic gonado-

trophin (hCG, Sigma) 47 hours post-PMSG. The stimulated mice

were mated with 8–10 week old C57BL/6 males immediately after

hCG injection. Two-cell and eight-cell stage embryos were

collected 48 and 68 hours post-hCG, respectively, by flushing

the oviducts with M2 medium. Blastocyst stage embryos were

collected 96 hours post-hCG by flushing the uteri with M2

medium. Oocytes and embryos were washed 5 times in PBS prior

to transfer into TRI reagent (Ambion) for RNA isolation or into

buffer for 2D-PAGE. Liver and brain were dissected from 6–8

week old female C57BL/6 mice.

DNA constructs
Total RNA from BALB/c adult mouse brain or from human

cell line T98G was isolated by the RNeasy Mini kit (QIAGEN)

according to the manufacturer’s directions. The purity and

integrity of the RNA preparations were checked using Experion

automated electrophoresis system for microfluidic chip-based

analysis and RNA StdSens analysis kit (Bio-Rad Laboratories).

The quantity of RNA was checked by Nanodrop spectrophotom-

eter (NanoDrop Technologies). Reverse transcription was per-

formed with oligo(dT) primers and SuperScript III Reverse

Transcriptase kit (Invitrogen).

The full length human c-tubulin 2 (TUBG2, Refseq ID:

NM_016437) was amplified by PCR using forward 59-

GCCCACGTCTGAAGAGCGATGC-39 and reverse 59-CTG-

GAGATGAACCAAGAAGGGTTG-39 primers and T98G cell

cDNA as template. The full length mouse c-tubulin 1 (Tubg1,

Refseq ID: NM_134024) and mouse c-tubulin 2 (Tubg2, Refseq

ID: NM_134028) were amplified by PCR using the following

specific primers - Tubg1: forward 59-GAGAGACTGCAACGCC-

GATGTCTG-39 and reverse 59-TTGTGAGGTCCCTGATC-

TGTGCTC-39; Tubg2, forward 59- GGCAGGAGTTCCTCT-

CAGTCGTGAC-39 and reverse 59-TGTGAGGCGAAGTTGG-

GTCAGAG-39 - and mouse brain cDNA as template.

PCR products were ligated into pCR 3.1 vector (Invitrogen) by

TA-cloning method. Sequencing revealed that the M413V variant

of human c-tubulin 2 was isolated (refSNP ID: rs1046097). The

constructed vectors (pCR-hTUBG2, pCR-mTubg1, pCR-

mTubg2) served as templates for additional PCRs with following

specific forward and reverse primers carrying EcoRI/SalI restric-

tion sites (underlined): human TUBG2, forward 59-CTGAATTC-

CACGTCTGAAGAGCGATGC-39 and reverse 59-TCAAGTC-

GACCTGCTCCTGGGTGCC-39; mouse Tubg1: forward
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59-ACGAATTCTGCCTGAGGAGCGATGC-39 and reverse 59-

TCAAGTCGACCTGCTCCTGGGTGCC-39; mouse Tubg2:

forward 59- CTGAATTCGGTCTGATCGGCGATGC-39 and

reverse 59-TCAAGTCGACCTGCTCCTGGGTGCC-39. PCR

products without stop codon were digested with EcoRI/SalI

restriction enzymes and inserted into pFLAG-CMV5a vector

(Sigma) resulting in C-terminally FLAG-tagged human c-tubulin 2

(phTUBG2-FLAG), mouse c-tubulin 1 (pmTubg1-FLAG) and

mouse c-tubulin 2 (pmTubg2-FLAG). Constructs encoding C-

terminally FLAG-tagged human c-tubulin 1 (phTUBG1-FLAG)

or mouse Fyn (pFyn-FLAG) were described previously [9].

Complete coding sequences of mouse Tubg1 and Tubg2 were cut

out from pCR-mTubg1 and pCR-mTubg2, respectively, by EcoRI

and inserted into pCI-NEO (Promega) to create vectors expressing

untagged mouse c-tubulin 1 (pCI-mTubg1) and c-tubulin 2 (pCI-

mTubg2).

Coding sequence of monomeric red fluorescent protein

TagRFP-T (GenBank: EU582019.1) was amplified from

pcDNA3.1-TagRFP (kind gift of Dr. R.Y. Tsien, HHMI at the

University of California, San Diego, USA) by PCR with the

following specific forward and reverse primers carrying SalI and

NotI restriction sites (underlined): forward 59-AGTCGACG-

GAGGTGGTGGAGGTATGGTGTCTAAGGGCGAAGA-39 (add-

ed 5x glycine coding motif in italic) and reverse 59- TGC-

GGCCGCTTACTTGTACAGCTCGTCCATGCCA -39. PCR

products were ligated into pCR 2.1 vector (Invitrogen) by TA-

cloning method. TagRFP coding sequence was digested from this

vector using SalI/NotI restriction enzymes and inserted into pCI-

Neo (Promega) resulting in a vector encoding TagRFP (pCI-

TagRFP) and allowing construction of C-terminally TagRFP-

tagged fusion proteins. Coding sequences of mouse Tubg1 and

human TUBG2 without stop codon were cut out from pmTubg1-

FLAG and phTUBG2-FLAG, respectively, by EcoRI/SalI restric-

tion enzymes and ligated into pCI-TagRFP resulting in vectors

encoding TagRFP-tagged mouse c-tubulin 1 (pmTubg1-TagRFP)

and human c-tubulin 2 (phTUBG2-TagRFP). All constructs were

verified by sequencing.

U2OS cells stably expressing EB1-GFP (U2OS-EB1) were

obtained by transfection of cells with pEB1-GFP, obtained from

Dr. Y. Mimori-Kiyosue [43], and selection in 1.1 mg/ml geneticin

(G418, Sigma) for 2 weeks. Cells were then diluted to one cell/well

on 96-well plate and allowed to grow for 2 weeks. Homogeneous

colonies expressing EB1-GFP were propagated.

Antibodies
The following anti-peptide antibodies prepared to human c-

tubulin were used: mouse monoclonal antibodies TU-30 (IgG1)

and TU-32 (IgG1) to the sequence 434–449 [44]; monoclonal

antibody GTU 88 (IgG1; Sigma, T6657) and rabbit antibody

(Sigma, T5192) to the sequence 38–53. The anti-c-tubulin

antibodies react with both c-tubulin 1 and c-tubulin 2 in mouse

and human. b-Tubulin was detected with monoclonal antibody

TUB 2.1 conjugated with FITC (IgG1; Sigma F2043) and

pericentrin with rabbit antibody (Covance PRB-432C). Rabbit

antibodies to GAPDH (G9545) and FLAG peptide (F7425) as well

as monoclonal antibody M2 (IgG1) to FLAG peptide (F1804) were

from Sigma. Monoclonal antibodies to GCP2 protein, GCP2-01

(IgG2b) and GCP2-02 (IgG1), were described previously [9].

Monoclonal antibody to GCP4 (IgG1) was from Santa Cruz (sc-

271876). Monoclonal antibody NF-09 (IgG2b) to neurofilament

NF-M protein [45] and rabbit antibody to non-muscle myosin BT-

561 (Biomed Techn. Inc) served as controls.

The Cy3-conjugated anti-mouse and anti-rabbit antibodies

were from Jackson Immunoresearch Laboratories. Anti-rabbit

antibody conjugated with Alexa 488 was from Invitrogen.

Secondary horseradish peroxidase-conjugated antibodies were

from Promega.

RNAi
U2OS cells in 6-well plates were transfected with siRNAs (final

concentration 20 nM) using Lipofectamine RNAi MAX (Invitro-

gen) according to the manufacturer’s instruction. Five siRNAs

(Ambion/Applied Biosystems) that target the regions present in

human c-tubulin 1, namely, (59-GGGAGAAAAGATCCAT-

GAG-39; siRNA ID #9227), (59-CGCATCTCTTTCTCA-

TATA-39; siRNA ID #120194), (59-GGACATTTTTGACAT-

CATA -39; siRNA ID #9317), (59-GAACCTGTCGCC-

AGTATGA-39; siRNA ID #120784), (59-GGTATCCTAA-

GAAGCTGGT-39; siRNA ID #9396) were tested. Maximal

depletion was reached by transfecting the siRNA twice with a 72-h

time interval and harvesting cells 72 h after the second

transfection. Negative control siRNA was from Ambion/Applied

Biosystems (Silencer Negative Control #1 siRNA).

Immunoblotting and immunofluorescence analyses revealed

that the highest reduction of c-tubulin was obtained with siRNA

ID#9396 (KD1) and siRNA ID#120194 (KD2; results not

shown). These siRNAs were used for some phenotypic rescue

experiments. In that case siRNA was mixed with the plasmid of

interest and transfected into cells which already underwent the first

round of 72 h-long siRNA treatment, using Lipofectamine LTX.

Cells were analyzed 72 h after the second transfection.

The selected siRNAs were also used for construction of shRNA

vectors based on pLKO.1 (Addgene, #8453) that enabled

puromycin selection. Corresponding sense and antisense oligonu-

cleotides were synthetized by Sigma-Aldrich: 9396sh-sense 59-

CCGGGGTATCCTAAGAAGCTGGTTTCTCGAGACCAGC-

TTCTTAGGATACCTGTTTTTG-39, 9396-antisense 59-AAT-

TCAAAAACAGGTATCCTAAGAAGCTGGTCTCGAGAA-

ACCAGCTTCTTAGGATACC-39; 120194sh-sense 59- CCGGC-

GCATCTCTTTCTCATATATTCTCGAGTATATGAGAAAG-

AGATGCGTGTTTTTG-39, 120194sh-antisense 59- AATT-

CAAAAACACGCATCTCTTTCTCATATACTCGAGAATAT-

ATGAGAAAGAGATGCG-39. Sense and antisense oligonucleo-

tides, at final concentration 45 mM of each, were annealed in 1x

NEB 2 buffer (New England Biolabs) by initial warming up to

95uC followed by slow (3 h) cooling down to the room tem-

perature. Annealed oligonucleotides were inserted into pLKO.1

previously linearized with AgeI/EcoRI resulting in human TUBG1

shRNA expressing vectors p9396sh (KD1) and p120194sh (KD2).

Correct sequences of all vectors were verified by sequencing.

shRNA vectors were transfected in the same way as other

plasmids used in the study. To select shRNA expressing cells, the

transfection mixture was replaced with fresh complete medium

12 h later. Puromycin (Sigma) at final concentration 2.5 mg/ml

was added after 12 h incubation, and cells were selected in

puromycin for 6 days before analysis.

Reverse transcription quantitative real-time PCR (RT-
qPCR) analysis

Total cellular RNA was extracted in three independent

isolations from 20 mouse oocytes and 5–10 embryos using TRI

reagent (Ambion) according to manufacturer’s instructions. Three

independent isolations of total cellular RNA were also made from

four mouse cell lines Neuro2a, P19, BMMC and 3T3 using

RNeasy Mini kit (QIAGEN). In three independent experiments

mouse livers and brains were frozen in liquid nitrogen,

homogenized under liquid nitrogen using mortar and pestle, and

total RNA was extracted from 10–15 mg of homogenized tissue
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using RNeasy Minikit (QIAGEN). Concentration of the purified

RNA was determined with spectrophotometer NanoDrop

(Thermo Scientific). The quality of RNA was checked on Agilent

2100 Bioanalyzer. All RNA samples were of good qPCR quality

(RNA integrity number [RIN] $7.6 for all tissue samples;

RIN$9.8 for all cell lines samples). Purified RNA was stored at

270uC. Purified RNAs from oocytes and embryos were converted

to cDNA immediately after isolation. RNA from each sample was

converted to cDNA using the ImProm-II RT kit (Promega). For

tissues and cell lines, each reaction sample (20 ml) contained 1 mg

RNA, random hexamer primers (25 ng/ ml), ImPROM-II reac-

tion buffer, 5.6 mM MgCl2, dNTP mix (0.5 mM each dNTP),

0.5 ml RNasin and 1 ml ImProm-II reverse transcriptase. For

oocytes and embryos, all isolated RNA was used for reverse

transcription.

Quantitative PCR was performed with gene-specific primers for

mouse c-tubulin 1 (Tubg1, NM_134024), mouse c-tubulin 2

(Tubg2, NM_134028), mouse GCP2 (Tubgcp2, NM_133755),

mouse GCP5 (Tubgcp5, NM_146190), mouse peptidylprolyl

isomerase A (Ppia, NM_008907) and mouse glyceraldehyde-3-

phosphate dehydrogenase (Gapdh, NM_008084). All primers were

tested in silico by NCBI BLAST to amplify specific targets. Primer

sequences are summarized in Table S3. Oligonucleotides were

from East Port (Prague, Czech Republic).

Quantitative PCRs were carried out on LightCycler 480 System

(Roche). Each reaction (5 ml) consisted of 2.5 ml LightCyclerH 480

SYBR Green I Master (Roche), 0.5 ml mixed gene-specific forward

and reverse primers (5 mM each) and 2 ml diluted cDNA. cDNA

samples from brain, liver and cell lines were diluted 1:50. In case

of oocyte and embryonal cDNA samples, the used amounts of

cDNA per reaction corresponded to 1/4 of oocyte, 1/2 of 2-cell

stage embryo, 1/10 of 8-cell stage embryo and 1/10 of blastocyst.

Calibration curves for tested genes were made by serial dilutions

(dilution factor 4) of brain cDNA. Each sample was run in

duplicate. Thermocycling parametres are described in Text S1.

Identity of PCR products was verified by sequencing.

Preparation of cell extracts
Whole-cell extracts for SDS-PAGE were prepared by rinsing

the cells twice in Hepes buffer (50 mM Hepes adjusted to pH 7.6

with NaOH, 75 mM NaCl, 1 mM MgCl2 and 1 mM EGTA),

scraping them into Hepes buffer supplemented with protease

(Roche; Complete EDTA-free protease mixture) and phosphatase

(1 mM Na3VO4 and 1 mM NaF) inhibitors, and solubilizing in

hot SDS-sample buffer [46] without bromphenol blue and boiling

for 5 min.

When preparing the extracts for immunoprecipitation, cells

were rinsed twice in cold Hepes buffer and extracted for 10 min at

4uC with Hepes buffer supplemented with protease and phospha-

tase inhibitors and 1% Nonidet P-40. The suspension was then

spun down (20,000 g, 15 min, 4uC).

For preparation of samples for 2D-PAGE, oocytes and

blastocysts were directly lysed in 2D-PAGE sample buffer [47].

Brain and liver were mixed with cold Hepes buffer supplemented

with protease and phosphatase inhibitors in tissue/buffer ratio

1:10 and homogenized in teflon/glass grinder. The suspension was

then spun down (20,000 g, 15 min, 4uC) and 10–15 ml aliquots of

supernatant were mixed with 200 ml of sample buffer. Similarly,

20 ml aliquots of supernatants from 1% NP-40 extracts of P19 cells

were mixed with 200 ml of sample buffer.

Protein quantifications in lysates and SDS-PAGE-samples were

performed, respectively, with bicinchoninic acid assay and silver

dot assay [48].

Immunoprecipitation, gel electrophoresis and
immunoblotting

Immunoprecipitation from 1% NP-40 extracts was performed as

described [49]. Cell extracts were incubated with beads of protein A

(Pierce, Rockford, IL) saturated with: (I) rabbit antibody to FLAG,

(II) monoclonal antibody GCP2-01 (IgG2b) to GCP2 (III) rabbit

antibody to non-muscle myosin (negative control), (IV) monoclonal

antibody NF-09 (IgG2a; negative control) or with (V) immobilized

protein A alone. Gel electrophoresis and immunoblotting were

performed using standard protocols. Two-dimensional electropho-

resis (2D-PAGE) was performed as described [47] using for the first

dimension 7 cm long Immobiline DryStrip gels with a linear pH 4-

7 gradient (Amersham Biosciences). Comparable protein amounts

were loaded in case of P19, liver and brain extracts (,25 mg).

For immunoblotting, rabbit antibodies to GAPDH, c-tubulin

(Sigma T5192) and FLAG peptide (Sigma F7425) were diluted

1:20,000, 1:5,000 and 1:2,000, respectively. Monoclonal antibod-

ies to c-tubulin (GTU88) and GCP4 were diluted 1:10,000 and

1:2,000, respectively. Monoclonal antibodies to c-tubulin (TU-32)

and GCP2 (GCP2-02), in the form of spent culture supernatants,

were diluted 1:10. Peroxidase-conjugated secondary antibodies

were diluted 1:10,000. Bound antibodies were detected by

SuperSignal WestPico Chemiluminescent reagents (Pierce).

Immunofluorescence
Immunofluorescence staining was performed as previously

described [50]. Samples were fixed in methanol at 220uC, air-

dried and washed in PBS. Rabbit antibodies to FLAG peptide and

pericentrin were diluted 1:1000 and 1:750, respectively. Mono-

clonal antibodies to FLAG peptide and b-tubulin were diluted

1:1,000 and 1:100, respectively. Monoclonal antibody TU-30 to c-

tubulin was used as spent culture medium diluted 1:50. Cy3-

conjugated anti-mouse and ant-rabbit antibodies were diluted

1:1,000, Alexa 488-conjugated anti-rabbit antibody was diluted

1:200. For double-label immunofluorescence, coverslips were

incubated separately with the primary antibodies, and simulta-

neously with the secondary conjugated antibodies. The prepara-

tions were mounted in MOWIOL 4–88 (Calbiochem) supple-

mented with 4,6-diamidino-2-phenylindole (DAPI, Sigma) to label

nuclei, and examined on Delta Vision Core system (Applied

Precision) equipped with 60x/1.42 NA oil-immersion objective.

Optical z-sections were acquired in 0.25–0.30 mm steps. Z-stacks

were deconvolved by a built-in deconvolution program (Softworx)

using default parameters. Alternatively, some preparations were

examined on Olympus AX-70 equipped with 40x/1.0 NA water

objective. Some preparations were also examined on confocal

microscope Leica SP5 with 60x/1.4 NA oil objective. Optical z-

sections were acquired at 0.125 mm. Z-stacks were deconvolved by

Huygens Professional software (SVI, The Netherlands). All

presented Maximum Intensity Projections (MIP) of deconvolved

z-stacks were prepared in ImageJ (NIH/USA). Conjugates alone

gave no significant staining.

Time-lapse imaging
For time-lapse imaging, U2OS cells expressing EB1-GFP were

grown on glass-bottom-dishes (MatTek) and transfected with

different sets of plasmids, as specified in Result section. Before

imaging, DMEM was replaced with medium for live cell imaging

(DMEM without phenol red, riboflavin, folic acid, pyridoxal,

Fe[NO3]3 and puromycin). Only cells expressing TagRFP or

TagRPF-fusion proteins were selected for time-lapse imaging.

Time-lapse sequences of EB1-GFP dynamics were collected for

2 min at 1 sec intervals on Delta Vision Core system (Applied
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Precision) equipped with 60x/1.42 NA oil-immersion objective.

The focus plane was near the coverslip where the best resolution of

EB1 comets was observed. Time-lapse sequences were adjusted in

ImageJ (NIH, USA) by manual cropping of individual cells,

enhancement of brightness and contrast, and converting sequences

to a depth of 8 bits. Adjusted time-lapse sequences of individual

cells were analyzed by in-house-written particle tracking plug-in

implemented in Ellipse program version 2.07 (ViDiTo, Systems,

Košice Slovakia; http://www.ellipse.sk) as described [42]. The

particle speed was calculated as the ratio of particle trajectory

length and trajectory duration. Statistical analysis was performed

with the Student’s two-tailed unpaired t-test using Microsoft Excel.

Supporting Information

Figure S1 Exogenous c-tubulin 2 locates to centro-
somes. Human U2OS cells expressing FLAG-tagged mouse c-

tubulin 1 (a–d, Tubg1-FLAG), mouse c-tubulin 2 (e–h, Tubg2-

FLAG), human c-tubulin 1 (i–l, TUBG1-FLAG) and human c-

tubulin 2 (m–p, TUBG2-FLAG) were stained for FLAG (red) and

pericentrin (green). DNA was stained with DAPI (blue). Final

images were made by maximum intensity projection of 3

deconvolved z-sections spaced at 0.25 mm. Scale bar 10 mm.

(TIF)

Figure S2 Coimmunoprecipitation of human c-tubulins
with GCP2 and GCP4 proteins. Extracts from HEK cells

expressing FLAG-tagged human c-tubulin 1 (TUBG1-FLAG),

human c-tubulin 2 (TUBG2-FLAG) or control mouse Fyn (Fyn-

FLAG) were immunoprecipitated with antibodies to FLAG or

GCP2, and blots were probed with antibodies to FLAG, GCP2,

GCP4 and c-tubulin (c-Tb). Extracts (1), immunoprecipitated

proteins (2), protein A without antibodies incubated with extracts

(3), immobilized antibodies not incubated with extracts (4).

Arrowheads indicate the positions of exogenous c-tubulins.

(TIF)

Figure S3 Immunoblot analysis of U2OS cells in
phenotypic rescue experiments with FLAG-tagged c-
tubulins. (A) Immunoblot analysis of whole cell extracts from

cells transfected with negative control (Control) or c-tubulin

specific siRNAs (KD1 and KD2). Staining with antibodies to c-

tubulin (c-Tb) and GAPDH. (B) Cells with depleted c-tubulin 1

(KD2), expressing FLAG-tagged mouse c-tubulin 1 (Tubg1-

FLAG), mouse c-tubulin 2 (Tubg2-FLAG) or human c-tubulin 2

(TUBG2-FLAG). Immunoblots of whole cell lysates probed with

antibodies to c-tubulin (c-Tb), FLAG and GAPDH (loading

control). Arrowhead indicates the position of endogenous c-

tubulin.

(TIF)

Figure S4 c-Tubulin 2 rescues mitotic spindle organi-
zation and function in c-tubulin 1-depleted cells. U2OS

cells depleted of c-tubulin 1 and expressing FLAG-tagged mouse

c-tubulin 1 (a, d; Tubg1-FLAG), mouse c-tubulin 2 (b, e; Tubg2-

FLAG) or human c-tubulin 2 (c, f; TUBG2-FLAG). Cells were

stained for FLAG (red) and b-tubulin (green). DNA was stained

with DAPI (blue). Final images were made by maximum intensity

projection of 30–40 deconvolved confocal z-sections spaced at

0.125 mm. Scale bars 5 mm.

(TIF)

Figure S5 Depletion of c-tubulin 1 in U2OS cells by
shRNA. Cells transfected with empty pLKO.1 vector (Control),

TUBG1 shRNA expressing vectors p9396sh (KD1) or p120194sh

(KD2). (A) Immunoblots of whole cell lysates probed with

antibodies to c-tubulin (c-Tb) and GAPDH (loading control). (B)

Immunofluorescence staining with antibody to c-tubulin (red) and

with DAPI (blue). Fluorescence images of cells stained for c-

tubulin were captured under identical conditions and processed in

exactly the same manner. Scale bar 20 mm.

(TIF)

Figure S6 Immunoblot analysis of U2OS cells in
phenotypic rescue experiments with TagRFP-tagged c-
tubulins. U2OS-EB1 cells with depleted c-tubulin 1 (KD2;

shRNA) or negative control cells (NC; pLKO.1), expressing

TagRFP, tagged mouse c-tubulin 1 (Tubg1-TagRFP) or tagged

human c-tubulin 2 (TUBG2-TagRFP). Immunoblots of whole cell

lysates probed with antibodies to c-tubulin (c-Tb) and GAPDH

(loading control). Arrowhead indicates the position of endogenous

c-tubulin.

(TIF)

Figure S7 c-Tubulin 2 rescues microtubule formation in
c-tubulin 1-depleted cells during interphase. Time-lapse

imaging of U2OS-EB1 cells for quantitative evaluation of

microtubule (+) end dynamics. Cells with depleted c-tubulin 1

(KD2) expressing either mouse c-tubulin 1 (pmTubg1-TagRFP) or

human c-tubulin 2 (phTUBG2-TagRFP). Single frame coloured

images Fig 5c and Fig. 5d were separated to red and green

channels for a better evaluation of c-tubulin-TagRFP fusions (red)

and EB1-GFP (green). White arrows mark MTOCs.

(TIF)

Figure S8 Comparison of c-tubulin 2 expression in
mouse brain and cell lines. Expression of gene for c-tubulin

2 (Tubg2) in neuroblastoma (Neuro2a), bone marrow mast cells

(BMMC), embryonal fibroblasts (3T3) and embryonic carcinoma

cells (P19) relative to the level in brain. Data are presented as

mean fold change (columns) with individual samples displayed

(diamonds). Three biological replicates were quantified twice

under identical conditions. *, undetectable level in P19 cells.

(TIF)

Table S1 Sequence alignments of human and mouse c-
tubulins.
(PDF)

Table S2 Multiple sequence alignment of carboxy-
terminal domains of mammalian c-tubulins.
(PDF)

Table S3 Sequences of primers used for RT-qPCR
analysis of mouse genes.
(PDF)

Text S1 Thermocycling parameters at quantitative
PCR.
(PDF)
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Figure S1. Exogenous γ-tubulin 2 locates to centrosomes. Human U2OS cells expressing 

FLAG-tagged mouse γ-tubulin 1 (a-d, Tubg1-FLAG), mouse γ-tubulin 2 (e-h, Tubg2-FLAG), 

human γ-tubulin 1 (i-l, TUBG1-FLAG) and human γ-tubulin 2 (m-p, TUBG2-FLAG) were 

stained for FLAG (red) and pericentrin (green). DNA was stained with DAPI (blue). Final 

images were made by maximum intensity projection of 3 deconvolved z-sections spaced at 

0.25 μm. Scale bar 10 μm. 

 

 

 



 

 

Figure S2. Coimmunoprecipitation of human γ-tubulins with GCP2 and GCP4 proteins. 

Extracts from HEK cells expressing FLAG-tagged human γ-tubulin 1 (TUBG1-FLAG), 

human γ-tubulin 2 (TUBG2-FLAG) or control mouse Fyn (Fyn-FLAG) were 

immunoprecipitated with antibodies to FLAG or GCP2, and blots were probed with 

antibodies to FLAG, GCP2, GCP4 and γ-tubulin (c-Tb). Extracts (1), immunoprecipitated 

proteins (2), protein A without antibodies incubated with extracts (3), immobilized antibodies 

not incubated with extracts (4). Arrowheads indicate the positions of exogenous γ-tubulins. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S3. Immunoblot analysis of U2OS cells in phenotypic rescue experiments with 

FLAG-tagged γ-tubulins. (A) Immunoblot analysis of whole cell extracts from cells 

transfected with negative control (Control) or γ-tubulin specific siRNAs (KD1 and KD2). 

Staining with antibodies to γ-tubulin (γ-Tb) and GAPDH. (B) Cells with depleted c-tubulin 1 

(KD2), expressing FLAG-tagged mouse γ-tubulin 1 (Tubg1-FLAG), mouse γ-tubulin 2 

(Tubg2-FLAG) or human γ-tubulin 2 (TUBG2-FLAG). Immunoblots of whole cell lysates 

probed with antibodies to γ-tubulin (γ-Tb), FLAG and GAPDH (loading control). Arrowhead 

indicates the position of endogenous γ-tubulin. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S4. γ-Tubulin 2 rescues mitotic spindle organization and function in γ-tubulin 1-

depleted cells. U2OS cells depleted of γ-tubulin 1 and expressing FLAG-tagged mouse 

γ-tubulin 1 (a, d; Tubg1-FLAG), mouse γ-tubulin 2 (b, e; Tubg2-FLAG) or human γ-tubulin 2 

(c, f; TUBG2-FLAG). Cells were stained for FLAG (red) and β-tubulin (green). DNA was 

stained with DAPI (blue). Final images were made by maximum intensity projection of 30–40 

deconvolved confocal z-sections spaced at 0.125 μm. Scale bars 5 μm. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S5. Depletion of γ-tubulin 1 in U2OS cells by shRNA. Cells transfected with empty 

pLKO.1 vector (Control), TUBG1 shRNA expressing vectors p9396sh (KD1) or p120194sh 

(KD2). (A) Immunoblots of whole cell lysates probed with antibodies to γ-tubulin (γ-Tb) and 

GAPDH (loading control). (B) Immunofluorescence staining with antibody to γ-tubulin (red) 

and with DAPI (blue). Fluorescence images of cells stained for γ-tubulin were captured under 

identical conditions and processed in exactly the same manner. Scale bar 20 μm. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S6. Immunoblot analysis of U2OS cells in phenotypic rescue experiments with 

TagRFP-tagged γ-tubulins. U2OS-EB1 cells with depleted γ-tubulin 1 (KD2; shRNA) or 

negative control cells (NC; pLKO.1), expressing TagRFP, tagged mouse γ-tubulin 1 (Tubg1-

TagRFP) or tagged human γ-tubulin 2 (TUBG2-TagRFP). Immunoblots of whole cell lysates 

probed with antibodies to γ-tubulin (γ-Tb) and GAPDH (loading control). Arrowhead 

indicates the position of endogenous γ-tubulin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S7. γ-Tubulin 2 rescues microtubule formation in γ-tubulin 1-depleted cells 

during interphase. Time-lapse imaging of U2OS-EB1 cells for quantitative evaluation of 

microtubule (+) end dynamics. Cells with depleted γ-tubulin 1 (KD2) expressing either mouse 

γ-tubulin 1 (pmTubg1-TagRFP) or human γ-tubulin 2 (phTUBG2-TagRFP). Single frame 

coloured images Fig 5c and Fig. 5d were separated to red and green channels for a better 

evaluation of c-tubulin-TagRFP fusions (red) and EB1-GFP (green). White arrows mark 

MTOC 

 

 

 

 

 



 

 

 

Figure S8. Comparison of γ-tubulin 2 expression in mouse brain and cell lines. 

Expression of gene for γ-tubulin 2 (Tubg2) in neuroblastoma (Neuro2a), bone marrow mast 

cells (BMMC), embryonal fibroblasts (3T3) and embryonic carcinoma cells (P19) relative to 

the level in brain. Data are presented as mean fold change (columns) with individual samples 

displayed (diamonds). Three biological replicates were quantified twice under identical 

conditions. *, undetectable level in P19 cells.  
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