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Abstract: The nuclear architecture describes the organization of the various compartments in the
nucleus of eukaryotic cells, where a plethora of processes such as nucleocytoplasmic transport, gene
expression, and assembly of ribosomal subunits occur in a dynamic manner. During the different
phases of the cell cycle, in post-mitotic cells and after oncogenic transformation, rearrangements of
the nuclear architecture take place, and, among other things, these alterations result in
reorganization of the chromatin and changes in gene expression. A member of the tubulin family,
tubulin, was first identified as part of a multiprotein complex that allows nucleation of
microtubules. However, more than a decade ago, tubulin was also characterized as a nuclear
protein that modulates several crucial processes that affect the architecture of the nucleus. This
review presents the latest knowledge regarding changes that arise in the nuclear architecture of
healthy cells and under pathological conditions and, more specifically, considers the particular
involvement of tubulin in the modulation of the biology of the nuclear compartment.
Keywords: tubulin; nuclear architecture; cytoskeleton; nuclearskeleton; cancer; differentiation

1. Introduction
The constituents of an organism are determined by the inherited DNA, which is passed from
parent to offspring. While the chromosomal DNA in prokaryotes is membraneless, in eukaryotes, the
DNA is divided up into several chromosomes and separated from the rest of the cell by a double
bilayer of phospholipids, forming two distinct DNA-containing compartments: the nucleus and the
mitochondria [1,2]. The mitochondrial (mt)DNA are small circular chromosomes that are organized
into nucleoprotein structures and encode for genes that are essential for normal mitochondrial
function. This implies that the vast majority of the approximately 3 m long human DNA (3.2 Gb [3])
is compacted in the nucleus in an orderly manner by histone and non-histone proteins that fold the
flexible DNA molecule into a chromatin fiber. Additional chemical modifications of the histone
proteins cause higher-order compaction of the chromatin [4] and assist in keeping DNA accessible
for the maintenance of a controlled gene expression.
For the rapid transmission of environmental signals into a tissue response, spatial organization of the
chromatin and gene expression are affected by environmental changes. To this end, in the cytoplasm
of a metazoan cell, cytoskeletal elements, such as actin polymers, intermediate filaments, and
microtubules, are interlinked and anchored to networks of filaments in the nucleus (nucleoskeleton)
such as lamin intermediate filaments [5]. The nucleoskeleton together with the chromatin constitutes
the nuclear architecture, which is crucial for maintaining the different appearances of the nuclear
compartments of differentiated cells such as granulocytes, megakaryocytes, and fibroblasts [6].
Modifications of the nuclear architecture occur as part of physiological processes such as cell
differentiation [6], as well as due to a wide range of pathologies such as cancer [7] and
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neurodegenerative diseases [8,9]. Knowledge on changes in nuclear morphology has been used for
decades by pathologists as a diagnostic tool for various malignancies.
Within eukaryotic cells, the self-polymerizing ability of the protein gamma () tubulin results in
the formation of an interlinked protein meshwork, composed of strings, tubules, and centrosomes,
in both the cytosol (including all cellular organelles) and the nuclear compartment [10-14]. Here, we
review and discuss the latest knowledge regarding changes that arise in the nuclear architecture of
healthy cells and under pathological conditions, and, more specifically, consider the particular
involvement of tubulin in the modulation of the biology of the nuclear compartment.
2. Nuclear morphology
The degree of chromatin compaction together with the cytoskeletal/ nucleoskeletal architecture mold
the nuclear morphology. The different nuclear shapes in the various cell types impact cellular
function, and changes in the nuclear shape of a cell type may be linked to various pathologies.
2.1 Nuclear envelope
The delimitating double bilayer of phospholipids enclosing the nuclear chromatin is referred to
as the Nuclear Envelope (NE). The Outer Nuclear Membrane (ONM) of the NE is in contact with the
cytoplasm and is fused with the endoplasmic reticulum, whereas the Inner Nuclear Membrane (INM)
is in contact with the nucleoplasm [15]. The ONM and the INM are separated by a lumen. To ensure
bidirectional traffic between the cytoplasm and the nucleus, there are large protein complexes
embedded in the NE that form Nuclear Pore Complexes (NPCs), which allow the diffusion of small
nonpolar molecules (below the 30–60-kDa size threshold) [16].
Each NPC is formed by multiples copies of proteins called Nucleoporins (Nups), which are
organized to form an ~50 nm open wide channel in the NE [16]. Molecules with a molecular weight
of ~35 kDa are able to freely diffuse through the NPC [17], whereas larger molecules require an active
mechanism of transport mediated by Nuclear transport receptors (NTR), such us the karyiopherin
family [18]. Karyiopherin proteins, such as Importin,  or Exportin/CRM1, recognize and bind to
specific amino acid sequences localized on the protein (cargo), which determines its subcellular
localization, either in the cytoplasm or the nucleus. Two different amino acid motifs target the
carrying protein to a karyiopherins-dependent transport. The first motif is the Nuclear Localization
Signal (NLS), which targets the cargo to the nucleus, and the second is the Nuclear Exclusion Signal
(NES), which sends the cargo to the cytoplasm. The small GTPase RAs related Nuclear (Ran)
regulates the transport of karyiopherins and their cargo proteins across the NPC. This mechanism
depends on the nature of the nucleotide bound to Ran, either Guanosine Diphophaste (GDP) or
Guanosine Triphosphate (GTP). Ran interacts with regulatory proteins such as Ran Binding Protein
1 (BP1) or RanGTPase-Activating Protein 1 (AP1) to increase its catalytic activity, and it interacts with
Ran Guanine nucleotide Exchange Factor (GEF) to exchange the hydrolyzed GDP for GTP. The
subcellular localizations of these regulatory proteins (RanBBP1 and RanGAP1 in the cytoplasm,
RanGEF in the nucleus) create a RanGTP gradient, with a high concentration of RanGTP in the
nucleus and a high concentration of RanGDP in the cytoplasm [19]. Importins bind to their cargo
under the low concentration of RanGTP in the cytoplasm and release it in the nucleus where the
concentration of RanGTP is higher. Exportins work in the opposite manner, releasing their cargo in
the cytoplasm.
Inside the nucleus, the INM is in direct contact with both the chromatin and the intermediate
nuclearskeletal filaments, named the nuclear lamina. In mammalian cells, the nuclear lamina is a
structural meshwork composed of lamin A, B1, B2, and C. Lamin A and C are alternative splice
variants of the LMNA gene, whereas lamin B1 and B2 are encoded by LMNB1 and LMNB2 genes,
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respectively [20]. Changes in the nuclear shape occur following mutations of LMNA [21,22] or
knockdown of lamin B1 [23]. Lamin B provides elastic properties, supporting nuclear envelope
deformation, whereas LaminA and C determine the stiffness of the cell nucleus [24,25].

Figure 1. The tubulin meshwork interacts with cellular components that affect the nuclear
architecture. The meshwork is composed of centrosomes, tubules, and strings. A tubule consists
of a tubulin ring complex (TURC), and pericentrin and can lie close to the outer nuclear membrane
(ONM). Hypothetical representation of how strings connect cytosolic organelles (centrosome,
mitochondria) and cytoskeletal elements (microtubules, actin and tubules) with the nuclear
compartment. In the nucleus, tubulin interacts with laminB [13] (lamina), the nucleoporin
Embryonic Large molecule derived from Yolk Sac (ELYS), which is part of the nuclear pore complex
(NPC) [26], the inner nuclear membrane (INM) protein Samp1 [27], the chromatin associated proteins
Rad51 [28] and C53 [29], and the transcription factor E2F1 [30]. The black arrows indicate the
positions of the fibrillar centre (FC), granular centre (GC), and dense fibrillar component (DFC) in the
nucleolus. The magenta lines indicate inhibition.
2.2 Force balance between cytoskeleton and nucleoskeleton
Outside the nucleus, cytoplasmic filaments are connected to the nuclear lamina through the LInker
of Nucleo and cytoskeleton complexes (LINCs), which act as protein bridges that connect the
cytoskeleton with the nucleoskeleton [31]. LINCs are composed of two families of interacting
transmembrane proteins: Sad1 Unc-84 domain protein (SUN) proteins embedded in the INM and
KASH (named Nesprin in mammal cells) proteins embedded in the ONM. While SUN proteins
interact with the nuclear lamina and NPCs [32,33], KASH proteins interact with all cytoskeletal
components, including actin filaments [34], intermediate filaments [35], microtubules [36], and the
tubulin meshwork [37]. These interactions allow actin stress fibers to exert both contractile and
compressive forces, whereas the microtubules employ compressive forces on the nucleus, thereby
affecting the plasticity, size, shape, and chromatin organization of this cellular compartment [38].
The force balance created by the link between lamin proteins and the cytoskeleton through the
LINCs is altered in various laminopathies such as Hutchinson–Gilford Progeria Syndrome (HGPS)
[39,40]. HGPS is the consequence of the accumulation of a lamina A mutant isoform termed progerin,
which results in an abnormal nuclear morphology driven by the microtubule network [40]. In
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Drosophila embryos, polymerization of cytosolic microtubules in bundles caused deformations of the
NE and affects the dynamics of chromatin [41]. Thus, the cytoplasm, the LINCs, the NE, the NPCs,
and the nuclear lamina are tightly associated, and modulation of one of these components alters the
force balance, causing changes in the nuclear architecture.
2.3 Nuclear bodies
Nuclear chromatin is further compartmentalized in membraneless nuclear domains known as the
Nuclear Bodies (NBs) [42]. The absence of lipid boundaries delineating a NB supports the view that
the appearance and the structural maintenance of the NBs is the result of self-association properties
of the components in the NB. NBs, such as nucleolus, Cajal bodies, and promyelocytic leukemia
protein (PML) bodies, are specialized to perform specific nuclear processes, and their structures are
maintained by protein–RNA interactions. The size, shape, and number of NB´s varies depending on
the cell type and tissue and may change in response to cellular conditions. For example, nucleoli are
formed at the end of mitosis around ribosomal (r) DNA repeats, named Nucleolar Organization
Centres (NOR), on multiple chromosomes that cluster in response to transcriptional activity of these
genes [43,44]. The nucleolus harbors a tripartite architecture with three distinct areas: the inner part
of the nucleolus is called the Fibrillar Centre (FC), the outer is the Granular Centre (GC), and inbetween them is the Dense Fibrillar Component (DFC) [45]. The main function of a nucleolus is to
assemble the transcription and processing machineries that are responsible for generating ribosome
subunits. Transcription of rRNA mediated by RNA Polymerase I occurs at the interface of the FC and
DFC, whereas maturation and association of rRNA with proteins to form premature ribosomal
subunits occur within both the GC and DFC [45]. The number of nucleoli changes in different tissues
and cell types, as well as during cell proliferation [46,47].
3 Show me your nuclear architecture and I will tell you who you are
The dynamic interactions between cytoskeletons and the NE with the NPC inside it and the lamina
below in connection with the cytoskeleton through LINCs as well as the chromatin and chromatinassociated RNA and proteins included in NBs influence the nuclear architecture depending on the
activity of a cell and its environment. This complex balance leads to the varying appearance of the
nuclear compartment in different cell types. For example, the fusiform nucleus of smooth muscle is
adapted to facilitate muscle contraction. Other examples are the lobed nuclei in leukocytes, which
assist with the migratory behaviour of these immune cells, and the condensed nucleus in sperm,
which aids in their swimming efficiency [6]. The nuclear architecture of cells is also altered during
disease development, and the aberrant changes in the nuclear morphology have been used for
decades as a diagnostic tool. One of such tool is the Papanicolaou (PAP) smear test, which is based
on aberrant changes in the morphology of neoplastic cells and is used by pathologists to diagnosed
cervical cancer [48].
3.1 The organization of the nucleus influences gene expression
In situ hybridization and chromosome painting techniques have revealed that the nuclear chromatin
is organized in chromosome territories that occupy well defined nuclear regions, establishing spatial
patterns [49]. There is a tendency for small or gene-rich chromosomes to be located towards the
interior, whereas larger or gene-poor chromosomes are positioned next to the nuclear periphery [50].
This organization results in the positioning of genes in the nuclear interior, for example, NBs are
found in the interchromatin region of the nuclei, whereas tightly packed chromatin, known as
heterochromatin, which plays an important roles in nuclear architecture and gene silencing, is either
randomly distributed or localized near the nuclear periphery [51-53]. This spatial pattern is partially
kept by the lamina, as demonstrated by an analysis of LMNA mutant mice that had lost the expression
of Lamin A and Lamin C. In these mice, cells had misshaped nuclei, and the repartition of
heterochromatin foci next to the INM was also altered [21,22]. Work in human fibroblasts [54] and
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drosophila melanogaster cells [55] confirmed that lamins interact with specific lamin-associated DNA
domains (LAD) [56], which are regions with a low density of genes, as reflected by the presence of
low amounts of two markers for active transcription: RNA polymerase II, and methylated histone 3
at lysine 4 [54,55]. The anchoring of chromosomes with the nuclear envelope provides a supporting
platform for the chromosomes. Chromosome–NE interactions affect the degree of chromatin
movements, resulting in a plastic cell nucleus with more dynamic chromatin in stem cells, and a
stiffer and lineage-specific chromosome arrangements in differentiated cells [57-59].
Next to INM and the lamina meshwork, around NPCs there exists a gene-transcription-prone
environment, known as euchromatin, which is partially maintained through the functions of one of
the components of the NPC nuclear basket (NB): the protein Translocated Promoter Region (TPR)
[60]. This microenvironment allows, for example, the recruitment of the transcription factor avian
Myelocytomatosis viral oncogene homolog (MYC) to the NB, which ensures the formation of active
transcription complexes that facilitate both proliferation and migration [61]. In this way, genes
involved in specific transcription pathways are spatially close to each other and to the transcriptional
and post-translational machinery [62]. During oncogenic-induced senescence, TPR mediates the
formation of the Senescence Associated Heterochromatin Foci (SAHF), which delocalizes peripheral
heterochromatin to inner parts of the nucleus [63].
Alterations in the organization of chromosomes and of the nuclear morphology are associated
with tumour progression. Specific chromosomal translocations increase the amount of
heterochromatin and alter the nuclear lamina, contributing to the formation of misshaped nuclei [64].
The new genomic rearrangements can create proto-oncogenic gene clusters that are transcriptionally
active [65]. Also, the chromatin organization of nuclear bodies is altered, and NBs become larger and
numerous [7].
3.2 During differentiation
Environmental mechanical, chemical, and biological cues trigger cell differentiation. These
extracellular signals are transmitted by the cytoskeleton into the nuclear compartment, resulting in
changes in gene expression. Cytoskeleton networks provide the mechanical support for the cytosolic
transmission of the signal but can also transmit force, which affects the nuclear architecture through
LINCs. Major changes in the cytoskeleton occur during the transition from stem cells to differentiated
offprints, and these changes may facilitate differentiation.
Actin and microtubules are highly dynamic cytoskeletons that can rapidly change after a signal
is initiated. Indeed, during mesenchymal stem cell differentiation, increased numbers of cytosolic
stress fibres formed from actin promote osteoblastic differentiation, whereas disruption of actin
polymerization with small molecule inhibitors or actin–myosin (a motor protein) interactions
favoured adipogenic differentiation [66-68]. Actin is also present in the nucleus, where it regulates
nuclear processes like transcriptional regulation and chromatin remodelling, leading to the
differentiation and development of mesenchymal stem cells and epidermal progenitors [69].
Cellular differentiation also causes the reorganization of microtubules. In eukaryotic cells, a
microtubule usually consists of 13 laterally associated protofilaments that form hollow tubes in the
cytoplasm, axons, and mitotic spindles [6]. Each protofilament is made up of - and -tubulin
heterodimers. Microtubules are polar structures, and a large number of microtubule-associated
proteins regulate the dynamic behaviour of the plus and minus ends. In cells, a new microtubule
nucleates from the minus end on a complex formed of tubulin and various tubulin complex
proteins (GCPs); this is known as the tubulin ring complex (TURC). The TURC–microtubule
interactions can remain after the microtubule is formed and can both cap the minus ends of noncentrosomal microtubules or anchor microtubules to microtubule-organizing centres (MTOC;
centrosomes in animal cells and spindle pole bodies in fungi) [70,71]. TURCs are enriched at the
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centrosome, and these membraneless organelles are specialized to ensure a higher rate of microtubule
polymerisation in proliferative cells [72]. However, differentiation reorganizes microtubules from
centrosomal into non-centrosomal microtubules arrays, and this altered organization causes, for
example, during granulopoiesis, the interaction between microtubules and the NE to influence the
nuclear shape by mediating nuclear lobulation [73].
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Figure 2. Chromosomes, centrosomes, tubules, and strings are connected and facilitate the
formation of chromatin domains (yellow dashed line). Structured illumination microscopy images of
two fixed U2OS cells show the localization of endogenous tubulin with an anti-tubulin (Tub),
lamina with the anti-laminB (lmB; a marker of the nuclear membrane) antibody, and DNA with DAPI
in U2OS cells in the interphase. Sequential confocal images (6 stacks per cell) were collected at 0.2 μm
intervals to enable a comparison of the network of fibers. White arrowheads and arrows show
tubules and strings, respectively, and yellow arrows indicate the centrosomes. White boxes show
the magnified areas displayed in the insets. The scale bar is 10 m. The yellow boxes show colocalized
pixel maps (CM) of the red (R), green (G), and blue (B) channels of the magnified areas illustrated in
the inset. Grey areas in the maps denote pixels colocalized between channels. The cartoon represents
interactions between tubules, strings, and centrosomes at the nuclear envelope, which act as a
protein scaffold for the formation of chromatin domains.
Alterations in the nuclear architecture may result in differentiation into a specific lineage or in
the development of pathologies due to, for instance, modification of lamin functions or an altered
nucleocytoplasmic transport. Large scale mapping of the interaction of nuclear lamina with
chromatin demonstrates the dynamic changes in the localisation and geography of the chromatin in
the nucleus during different stages of differentiation [74,75]. Changes in the expression of
nucleoplasmic proteins in NPCs, such as Nup153, contribute to the maintenance of pluripotency by
repressing the expression of genes necessary for cellular differentiation in embryonic stem cells,
independently of the cargo [76]. Nup153 interacts with transcription factors such as Sox2 [77] or with
proteins such as the Polycomb Repressive Complexes (PRC1) [76], and depletion of Nup153 increases
the expression of genes necessary for the differentiation of Neural Stem Cells into neuronal and glial
cells [77]. In this way, Nup153 modulates gene expression and thereby forms a
pluripotency/differentiation switch that affects the architecture of the chromatin.
The complex balance between cell proliferation and differentiation drives commitment into a
lineage while ending cell proliferation. Thus, impeded lineage differentiation may result in cell
proliferation and cancer, and these changes are reflected in the morphology and architecture of cells
[78,79]. The degree of differentiation in a tumour is used to distinguish malignant from benign
tumours, and it is a central aspect in the histopathological classification of solid tumours [80].
 The tubulin meshwork
The compartmentalization of eukaryotic cells into several organelles creates the need for structure,
communication and transport between compartments. In the cytoplasm and nucleus, three main
families of structures ensure these functions—actin filaments, intermediate filaments, and
microtubules—and the LINCs are one of the linking structures between compartments [81]. In
addition, the tubulin meshwork establishes a connection between the cytoplasmic and nuclear
compartments [10,13,82].
4.1 Tubulins
Tubulin is part of a family of GTPases called the tubulins, which are involved in shaping the
architecture of the human centrosome [83]. In humans, there are five known tubulin isoforms,
αtubulin, βtubulin, tubulin, δtubulin, and εtubulin [84], of which only α-, β-, and -tubulins are
ubiquitous. Multiple genes encode for α- and for β-tubulin, but the number of genes encoding tubulin ranges from one to three, with two genes found in mammals and up to three genes found in
flowering plants (http://genome.ucsc.edu/) [85]. Studies of human U2OS osteosarcoma cells and
murine NIH3T3 embryonic fibroblasts revealed that in the tubulin family, tubulin is the only
member that contains an NLS [86] and a helix-loop-helix DNA-binding motif on the C terminus [87].
In humans, two proteins, tubulin1 and tubulin2, are encoded by two genes: TUBG1 and TUBG2.
Tubulin1 is a ubiquitously expressed protein, whereas tubulin2 is highly expressed in the brain
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[88]. Tubulin1 and tubulin2 proteins exhibit an amino acid level identity of 97%, and the main
differences in the protein sequence are localised to the DNA binding domain at the C-terminus of the
protein [10,30].
The shared characteristics among αtubulin, βtubulin, and tubulin explain the similarities
between microtubules and the tubulin meshwork. In eukaryotic cells, α- and β-tubulin heterodimers
and monomers of tubulins form protofilaments [88-91] and strings, respectively (Figure 1). Strings
are located in the cytoplasm, the pericentriolar material (PCM) of the centrosome, and the nuclear
compartment (Figure 1 and 2) [10,13,82], whereas cytosolic α- and β-tubulin protofilaments nucleate
on a TuRC [88-91] to form a microtubule [92-94]. In mammalian cells, in the absence of - and tubulin heterodimers, TuRCs and pericentrin assemble a tubule (Figure 2), resulting in the
formation of a fibre of similar size as a microtubule [95]. TuRCs are found in the cytoplasm and the
centrosomes, and are also associated with cellular membranes [88-91]. In contrast to strings, which
are static structures, tubules and microtubules are temperature-sensitive polar structures that vary
in both in size and location, and both can emanate from centrosomes (Figure 2) [96,97].
4.2 The dynamics of the tubulin meshwork
Cellular tubulin has been described as being associated with all of the following compartments: the
nucleus, the Golgi, the endoplasmic reticulum, the endosomes, the mitochondria, and the
centrosomes [27,28,82,89-91,98-100]. Due to its self-polymerizing features, tubulin produced by
bacteria assembles in vitro strings that support the formation of lamin B3 protofilaments [13].
During cell division, the inherited centrosome and genome duplicate synchronously in the Sphase. At the onset of mitosis, the two centrosomes ensure the assembly of a bipolar mitotic spindle
and the strict segregation of sister chromatids between offspring cells, resulting in two cells with one
centrosome and one genome set each. During nuclear formation in mammalian cell lines and X. laevis
egg extracts, strings establish a nuclear protein boundary around chromatin that connects the
cytoplasm and the nuclear compartment together throughout interphase (Figure 1) [13]. This
chromatin-associated string boundary serves as a supporting scaffold for the formation of a nuclear
envelope around chromatin by facilitating the nucleation of lamin B1 during nuclear formation.
Moreover, at the nuclear envelope, tubulin is associated with Ran and with nuclear pore proteins
(Figure 1) [13,26,101,102]. In the nuclear compartment, mass spectrometry analyses of purified
fractions of human nucleoli identified tubulin at that location together with nucleolin, the most
abundant RNA-binding protein at that site (Figure 1) [29,100]. At the G1/S transition, the
phosphorylation of tubulin on Ser131 and Ser385 regulates the recruitment of this protein to the nascent
centriole, where it enables centrosome replication and also promotes the accumulation of tubulin in
the nucleus [28,86,98,103-107]. In human U2OS osteosarcoma cells, mutations in the
GTP/magnesium-interacting residue Cys13 of tubulin are cytotoxic [12,82,108,109], and treatment
with either of the tubulin GTPase binding domain inhibitors citral dimethyl acetyl (CDA) and
dimethyl fumarate (DMF,) disassembles tubules [12,97]. These observations strongly suggest that
the GTPase domain of tubulin is essential for the dynamics of the tubulin meshwork. The “where”
and “when” characteristics of the self-polymerizing ability of tubulin are most likely regulated by
GTP acting together with phosphorylation-dependent changes in the conformation of tubulin.
4.2 The tubulin meshwork and gene transcription
In a genetic screen to identify proteins required for the proper functioning of homeotic genes in
drosophila melanogaster, mutations in the brahma (brm) gene, a gene product related to the chromatin
remodelling complex SWI/SNF, showed a genetic interaction with Tub23C (tubulin1) mutations
[110], suggesting a role of tubulin1 in transcription. In this context, tubulin interacts with the
transcription factor family E2 promoter-binding factor (E2F) in animals and plants (Figure 1)
[30,111,112]. Indeed, nuclear tubulin was found to bind to the DNA on the same DNA binding motif
as E2F, leading to the view that the tumor suppressor retinoblastoma (RB1) and tubulin proteins
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complement each other in the regulation of gene expression [103]. The RB1/tubulin signal network
governs E2Fs, whose transcriptional activities induce the expression of the target genes that are
indispensable for centrosome duplication and DNA replication [113]. Interestingly, besides
interacting with E2Fs, RB1 can recruit remodeling factors, including histone deacetylases, members
of the chromatin remodeling complex SWI/SNF, and DNA methyltransferase, aiding in the
modification of the structure and organization of chromatin [114-116]. Altogether, these data indicate
that tubulin may be involved in the recruitment of DNA-remodeling factors.
In the nucleoli, electronic microscopy experiments, performed by Hořejší and colleagues [29],
showed that nucleolar tubulin is present in the GC, where RNA transcription takes place. It was also
shown that, at that position, tubulin is localized with the tumor suppressor C53, and this interaction
is necessary for modulating the activity of C53 after treatment with DNA-damaging compounds,
suggesting that the activity of tubulin is necessary for DNA repair. In line with this assumption,
tubulin associates with Rad51, BRCA1, p53, Chk2, and ATR, which are proteins that are involved in
checkpoint activation and DNA repair [28,105,117-123].
4.3 The tubulin meshwork and nuclear architecture
Depletion of tubulin in Xenopus laevis egg extracts was shown to impaired nuclear membrane
formation [13]. Furthermore, live imaging of cells expressing tubulin1 mutants, showed that
impairment of the string boundary around chromatin led to the formation of chromatin empty
nuclear-like structures, which collapsed into cytosolic lamin aggregates [13]. Moreover, in A. thaliana,
tubulin was found to be colocalized with SUN1 in the INM (Figure 1) [37]. It is worth noting that at
the INM, both SUN1 and tubulin interact with Samp1 and the nuclear lamina (Figure 1) [27,124].
Depletion of Samp1 impairs the proper recruitment of tubulin to the mitotic spindle, revealing an
important link between the interaction of nuclear proteins with tubulin for the completion of cell
division [27]. In the NE, tubulin interacts with Mel-28/ELYS (Figure 1) [26], a nucleoporin protein
whose depletion impairs the proper formation of the NPC due to the inefficient recruitment of the
nucleoporin complex Nup107-160 [125].
The fact that the PCM and strings are important sites that affects the nucleation and dynamics
of microtubules, actin filaments, and intermediate filaments [13,126,127], suggests that strings may
function as a nucleating platform. With this in mind, the large number of strings associated with
cellular membranes may support those membranes and provide a nucleating platform for
cytoskeleton elements such as actin, microtubules, or lamins, allowing them to mold and transmit
signals into different cellular compartments (Figure 1). Accordingly, the interaction of TURC with
the Golgi membrane-linked GMAP-210 protein regulates the proper positioning and biogenesis of
the Golgi apparatus [91]. Also, tubulin is associated with endosomes [89], and it is an important
mitochondrial infrastructure that connects the mtDNA with the nuclear chromatin (Figure 1) [82,90].
Similarly, DNA-bound strings fasten the chromatin to the cytosol, and the site for the formation of
a nuclear envelope around the chromatin is marked by the transition between cytosolic and nuclearassociated strings [13,26,101,102]. Accordingly, in U2OS cells, treatment with either CDA or DMF
(to increase the endogenous levels of the metabolite fumarate [112,128]), disassembled strings,
disrupting the association between mitochondria and the nuclear compartment [82]. Altogether,
these data support the notion that tubulin is indispensable for structuring cellular compartments
and coordinating the cytoplasm with the nuclear compartment.
Finally, in the cytoplasm, various tubules emanating from a centrosome can intertwine, forming
macro-tubules, and the formation of those structures may influence the shape of the NE [10].
Altogether findings may suggest that cytosolic tubules, NE-inserted strings, and centrosomes work
as structural docking sites for nuclear tubulin, resulting in the recruitment of chromatin-remodeling
factors necessary for the remodeling of the genome (Figure 2).
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4.4 The tubulin meshwork and cell differentiation
Among the TUBG genes, TUBG1 is the most ubiquitous and predominantly expressed gene
among all species, whereas TUBG2 and TUBG3 are expressed in the human brain and flowering
plants, respectively. This implies that the expression of TUBG2 and TUBG3 isoforms is restricted to
differentiated cells [85,88]. Indeed, in mice, TUBG1 is expressed in the cortex during embryonic
development, but the expression of TUBG2 increases as the brain develops [129]. Differentiated
neuroblastoma cells also express higher levels of tubulin2, which further supports the idea that
tubulin1 and tubulin2 have different functions during differentiation [90].
TUBG1 knock-out in mice is lethal. In contrast, TUBG2 knock-out mice are viable but exhibit
some defects, including abnormalities in their circadian rhythm and painful stimulation [88]. In
humans, mutations in the TUBG1 gene have been reported in children suffering of malformations
related to cortical development [130,131]. Mice expressing the TUBG1 pathogenic variants suffer from
cortex malformation and behavioural defects [129], proving the importance of tubulin proteins in
the development of the central nervous system.
A study conducted in isolated hippocampal neurons has shown that during the process of
maturation, the centrosomal expression of tubulin decreased after two weeks in culture [132].
Furthermore, in neurons, the nucleation of MTs does not rely on the centrosomal functions of tubulin
[133,134]. In general, in differentiated cells, there is a loss of MTOC activity in the centrosome and in
the novel acquisition of MTOC activity at other cellular sites. This is partially achieved by altering
the centrosomal localization of various proteins present in the PCM, which can be achieved in various
ways [135-137]. For example, during differentiation of the mammalian epidermis, there is a
transcriptional downregulation of genes encoding centrosomal proteins [138], whereas in neurons,
the alternative splicing of the centrosome-targeting domain of the centrosomal protein ninein results
in ninein dispersal [139]. In Drosophila oocytes, the MTOC pushes the nucleus, causing the formation
of a groove on the NE, which results in the migration of the nucleus and the establishment of a dorsalventral axis [140].
 tubulin in Cancer
As described above, tubulin is involved in many crucial cellular processes, including cell
proliferation and differentiation, processes that are hijacked during oncogenesis [141]. At the
genomic level, few mutations or amplifications of TUBG genes have been reported in patients with
cancer. According to the cbioportal [142], TUBG1 and TUBG2 have been observed to be amplified in
rare subtypes of breast cancer (2 cases of adenoid cystic adenocarcinoma, N= 16 patients) and prostate
cancer (Neuroendocrine Prostate Cancer, 19 cases, N= 114). Moreover, high levels of TUBG1 mRNA
coincide with high levels of cell cycle-related genes in various tumour types, supporting the notion
that tubulin1 expression is necessary for proliferation [30]. Accordingly, in various tumours
(retinoblastoma, bladder, breast, colorectal and small cell lung carcinoma (SCLC) tumors), tubulin
and RB1 moderate each other's expression, and in the absence of tubulin and RB1, the uncontrolled
transcriptional activity of E2Fs upregulates apoptotic genes, causing cell death [98,103]. The RB
pathway is one of the most well described tumour suppressor pathways, and it is found to be highly
mutated in a large spectrum of cancers [143,144]. Using the cbioportal [142], we found that among 31
subtypes of cancer, 30% exhibit defects in the RB pathway, with 7% of the patients exhibiting a loss
of RB1 [143]. In brain tumours, high expression of tubulin is associated with high grade astrocytomas
and glioblastomas, as compared to low grade astrocytomas, which exhibited weaker tubulin
staining [145]. We can also point out that in medulloblastoma samples in areas of the tumours with
high staining of the neuronal differentiation marker 3tubulin, the staining of tubulin is low,
whereas in tumour areas with low staining of 3tubulin, there is a strong co-staining of tubulin and
the proliferative marker proliferating cell nuclear antigen (PCNA) further confirming that there is a
connection between tubulin expression and highly proliferative tumours [146].
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It is tempting to speculate that the high expression of tubulin1 in proliferating cells may provide
chromatin with more anchoring sites at the NE, which might assist in the maintenance of a plastic
cell nucleus in proliferating cells, whereas, low expression of tubulin1 will result in a stiffer nucleus
that favours lineage-specific chromosome arrangements in less aggressive tumour cells [57].
Due to the functions of tubulins in the biology of the cell and, specifically, due to their
involvement in mitotic spindle formation, since the 1960s, MTs have been the target of various
chemotherapies that impair microtubule function, cell division and angiogenesis and thus reduce
tumour growth [147-149]. These compounds are widely prescribed as antineoplastic drugs for a
broad range of malignancies including lung, breast, gastric, esophageal, bladder, and prostate
cancers, Kaposi’s sarcoma, and squamous cell carcinoma of the head and neck [148]. However, the
effectiveness of MT-targeting drugs for cancer therapy is limited by drug resistance and severe side
effects in treated patients [148]. The target for MT-targeting drugs is / tubulins heterodimers, but
more recently, MT-targeting drugs that inhibit tubulin have also been developed [150].
The recently discovered functions of tubulin in the nucleus and their inverse correlation with
the tumour suppressor RB1, together with the high expression of tubulin in proliferating cells
suggest that drugs specifically designed to inhibit the nuclear activity of tubulin may pave the way
for chemotherapies that target a broad range of malignant tumours but have no impact on healthy
cells. The natural product, citral, affects αβ- and tubulin activities [151], but the citral analog, CDA,
specifically inhibits the nuclear activities of tubulin without affecting MT dynamics [112]. CDA has
been proven to have an in vivo antitumorigenic activity. Furthermore, the drug dimethyl fumarate
(DMF) also targets the nuclear activities of tubulin. DMF is an FDA-approved drug for the treatment
of multiple sclerosis and psoriasis [152,153] and, in addition, has been reported to diminish
melanoma growth and metastasis in animal models [154]. Thus, based on the functions of tubulin in
the nucleus, the development of drugs that inhibit its nuclear activity may act specifically on tumour
cells while sparing healthy tissue.
Conclusion and perspectives
Alterations in the nuclear cell morphology are signs of malignancy and are used as a diagnostic
method for human cancers. The equilibrium between proliferation and differentiation is reflected in
the appearance of the nucleus and is controlled by the balance established among expressed proteins
in a cell. For example, the expression of different αtubulin and βtubulin genes in the different tissues
provides fine tunes for the functions of microtubules [85].
Mutations in the TUBG genes have been found to cause brain malformations [155,156]. Thus,
knowledge concerning the function of TUBG genes is a prerequisite for understanding the roles of
tubulin in disease development. This review summarizes the known functions of tubulin in the
regulation of cell morphology and differentiation. However, our knowledge on the functions of the
different tubulin isoforms in controlling the nuclear architecture and cell differentiation is limited.
Consequently, we need to gain more knowledge on the potential roles of the tubulin meshwork in
health and disease, as this may aid in the discovery of novel therapeutic regimens that target the
activities of tubulin.
Abbreviations:
CDA: Citral dimethyl acetyl
Fibrillar Centre
fumarate
molecule derived from Yolk Sac
GC: Granular Centre
GCP: Gamma tubulin Complex Proteins

DFC: Dense
DMF: Dimethyl
ELYS: Embryonic Large
FC: Fibrillar Centre

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

12 of 23

GDP: Guanosine Diphosphate
Guanine nucleotide Exchange Factor
GTP: Guanosine TriPhosphate
TuRC: Tubulin Ring Complex
Hutchinson–Gilford Progeria Syndrome
INM: Inner Nuclear Membrane
LINC: Linker of Nucleo and Cytoskeleton
MT: Microtubule
mitochondrial DNA
MYC: Myelocytomatosis viral oncogene homolog
MTOC: Microtubule Organizing Centre
NB: Nuclear Bodies
NE: Nuclear Envelope
NES: Nuclear Exclusion Sequence
NLS: Nuclear Localisation Sequence
NOR: Nucleolar Organization Centres
NPC: Nuclear Pore Complex
NSCLC: Non-Small Cell Lung Cancer
NTR: Nuclear transport receptors
Outer Nuclear Membrane
PAP: Papanicolaou
Proliferating Cell Nuclear Antigen
PRC1: Polycomb Repressive Complexes
SAHF: Senescence Associated Heterochromatin Foci
Sad1 Unc-84 domain protein
Translocated Promoter Region

GEF:

HGPS:

mtDNA:

ONM:
PCNA:

SUN:
TPR:

Author Contributions: M.C and M.A-K conceived and designed the manuscript, collected the relevant
references, and wrote and revised the paper. M.A-K provided guidance and funding.
Funding: This research was funded by the Swedish Cancer Society (grant number 19 0137 Pj), the Swedish
Childhood Cancer Foundation (grant number PR2016-0084), Skane University Hospital in Malmö Cancer
Research Fund (grant number PR2018-0083), and the Royal Physiographic Society in Lund (grant number 20172018).
Acknowledgments: The authors apologize to all authors whose work could not be cited due to space constraints.
The authors thank the Centre for Cellular Imaging, University of Gothenburg for support with the 3D superresolution structured illumination microscope.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

Lusk, C.P.; King, M.C. The nucleus: keeping it together by keeping it apart. Curr Opin Cell
Biol 2017, 44, 44-50, doi:10.1016/j.ceb.2017.02.001.

2.

Schon, E.A.; DiMauro, S.; Hirano, M. Human mitochondrial DNA: roles of inherited and
somatic mutations. Nat Rev Genet 2012, 13, 878-890, doi:10.1038/nrg3275.

3.

Filipski, A.; Kumar, S. Comparative Genomics in Eukaryotes. In The evolution of the genome,
Academic press: 2005.

4.

Allis, C.D.; Jenuwein, T. The molecular hallmarks of epigenetic control. Nat Rev Genet 2016,
17, 487-500, doi:10.1038/nrg.2016.59.

5.

Simon, D.N.; Wilson, K.L. The nucleoskeleton as a genome-associated dynamic 'network of
networks'. Nat Rev Mol Cell Biol 2011, 12, 695-708, doi:10.1038/nrm3207.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

13 of 23

6.

Skinner, B.M.; Johnson, E.E. Nuclear morphologies: their diversity and functional
relevance. Chromosoma 2017, 126, 195-212, doi:10.1007/s00412-016-0614-5.

7.

Zink, D.; Fischer, A.H.; Nickerson, J.A. Nuclear structure in cancer cells. Nat Rev Cancer
2004, 4, 677-687, doi:10.1038/nrc1430.

8.

Kim, H.J.; Taylor, J.P. Lost in Transportation: Nucleocytoplasmic Transport Defects in ALS
and Other Neurodegenerative Diseases. Neuron 2017, 96, 285-297,
doi:10.1016/j.neuron.2017.07.029.

9.

Freibaum, B.D.; Lu, Y.; Lopez-Gonzalez, R.; Kim, N.C.; Almeida, S.; Lee, K.H.; Badders, N.;
Valentine, M.; Miller, B.L.; Wong, P.C., et al. GGGGCC repeat expansion in C9orf72
compromises nucleocytoplasmic transport. Nature 2015, 525, 129-133,
doi:10.1038/nature14974.

10.

Rosselló, C.A.; Lindström, L.; Eklund, G.; Corvaisier, M.; Kristensson, M.A. γ-Tubulin⁻γTubulin Interactions as the Basis for the Formation of a Meshwork. Int J Mol Sci 2018, 19,
doi:10.3390/ijms19103245.

11.

Chumová, J.; Trögelová, L.; Kourová, H.; Volc, J.; Sulimenko, V.; Halada, P.; Kučera, O.;
Benada, O.; Kuchařová, A.; Klebanovych, A., et al. γ-Tubulin has a conserved intrinsic
property of self-polymerization into double stranded filaments and fibrillar networks.
Biochim Biophys Acta Mol Cell Res 2018, 1865, 734-748, doi:10.1016/j.bbamcr.2018.02.009.

12.

Lindstrom, L.; Alvarado-Kristensson, M. Characterization of gamma-tubulin filaments in
mammalian cells. Biochim Biophys Acta 2018, 1865, 158-171, doi:10.1016/j.bbamcr.2017.10.008.

13.

Rossello, C.A.; Lindstrom, L.; Glindre, J.; Eklund, G.; Alvarado-Kristensson, M. Gammatubulin coordinates nuclear envelope assembly around chromatin. Heliyon 2016, 2, e00166,
doi:10.1016/j.heliyon.2016.e00166.

14.

Lindström, L.; Li, T.; Malycheva, D.; Kancharla, A.; Nilsson, H.; Vishnu, N.; Mulder, H.;
Johansson, M.; Rosselló, C.A.; Alvarado-Kristensson, M. The GTPase domain of gammatubulin is required for normal mitochondrial function and spatial organization. Commun
Biol 2018, 1, 37, doi:10.1038/s42003-018-0037-3.

15.

English, A.R.; Voeltz, G.K. Endoplasmic reticulum structure and interconnections with
other organelles. Cold Spring Harb Perspect Biol 2013, 5, a013227,
doi:10.1101/cshperspect.a013227.

16.

Hampoelz, B.; Andres-Pons, A.; Kastritis, P.; Beck, M. Structure and Assembly of the
Nuclear Pore Complex. Annu Rev Biophys 2019, 48, 515-536, doi:10.1146/annurev-biophys052118-115308.

17.

Mohr, D.; Frey, S.; Fischer, T.; Güttler, T.; Görlich, D. Characterisation of the passive
permeability barrier of nuclear pore complexes. EMBO J 2009, 28, 2541-2553,
doi:10.1038/emboj.2009.200.

18.

Cautain, B.; Hill, R.; de Pedro, N.; Link, W. Components and regulation of nuclear transport
processes. FEBS J 2015, 282, 445-462, doi:10.1111/febs.13163.

19.

Cook, A.; Bono, F.; Jinek, M.; Conti, E. Structural biology of nucleocytoplasmic transport.
Annu Rev Biochem 2007, 76, 647-671, doi:10.1146/annurev.biochem.76.052705.161529.

20.

de Leeuw, R.; Gruenbaum, Y.; Medalia, O. Nuclear Lamins: Thin Filaments with Major
Functions. Trends Cell Biol 2018, 28, 34-45, doi:10.1016/j.tcb.2017.08.004.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

14 of 23

21.

Sullivan, T.; Escalante-Alcalde, D.; Bhatt, H.; Anver, M.; Bhat, N.; Nagashima, K.; Stewart,
C.L.; Burke, B. Loss of A-type lamin expression compromises nuclear envelope integrity
leading to muscular dystrophy. J Cell Biol 1999, 147, 913-920, doi:10.1083/jcb.147.5.913.

22.

Nikolova, V.; Leimena, C.; McMahon, A.C.; Tan, J.C.; Chandar, S.; Jogia, D.; Kesteven, S.H.;
Michalicek, J.; Otway, R.; Verheyen, F., et al. Defects in nuclear structure and function
promote dilated cardiomyopathy in lamin A/C-deficient mice. J Clin Invest 2004, 113, 357369, doi:10.1172/JCI19448.

23.

Shimi, T.; Pfleghaar, K.; Kojima, S.; Pack, C.G.; Solovei, I.; Goldman, A.E.; Adam, S.A.;
Shumaker, D.K.; Kinjo, M.; Cremer, T., et al. The A- and B-type nuclear lamin networks:
microdomains involved in chromatin organization and transcription. Genes Dev 2008, 22,
3409-3421, doi:10.1101/gad.1735208.

24.

Broers, J.L.; Peeters, E.A.; Kuijpers, H.J.; Endert, J.; Bouten, C.V.; Oomens, C.W.; Baaijens,
F.P.; Ramaekers, F.C. Decreased mechanical stiffness in LMNA-/- cells is caused by
defective nucleo-cytoskeletal integrity: implications for the development of laminopathies.
Hum Mol Genet 2004, 13, 2567-2580, doi:10.1093/hmg/ddh295.

25.

Swift, J.; Ivanovska, I.L.; Buxboim, A.; Harada, T.; Dingal, P.C.; Pinter, J.; Pajerowski, J.D.;
Spinler, K.R.; Shin, J.W.; Tewari, M., et al. Nuclear lamin-A scales with tissue stiffness and
enhances matrix-directed differentiation. Science 2013, 341, 1240104,
doi:10.1126/science.1240104.

26.

Yokoyama, H.; Koch, B.; Walczak, R.; Ciray-Duygu, F.; Gonzalez-Sanchez, J.C.; Devos, D.P.;
Mattaj, I.W.; Gruss, O.J. The nucleoporin MEL-28 promotes RanGTP-dependent gammatubulin recruitment and microtubule nucleation in mitotic spindle formation. Nature
communications 2014, 5, 3270, doi:10.1038/ncomms4270.

27.

Larsson, V.J.; Jafferali, M.H.; Vijayaraghavan, B.; Figueroa, R.A.; Hallberg, E. Mitotic
spindle assembly and gamma-tubulin localisation depend on the integral nuclear
membrane protein Samp1. Journal of cell science 2018, 131, doi:10.1242/jcs.211664.

28.

Lesca, C.; Germanier, M.; Raynaud-Messina, B.; Pichereaux, C.; Etievant, C.; Emond, S.;
Burlet-Schiltz, O.; Monsarrat, B.; Wright, M.; Defais, M. DNA damage induce gammatubulin-RAD51 nuclear complexes in mammalian cells. Oncogene 2005, 24, 5165-5172,
doi:1208723.

29.

Hořejší, B.; Vinopal, S.; Sládková, V.; Dráberová, E.; Sulimenko, V.; Sulimenko, T.; Vosecká,
V.; Philimonenko, A.; Hozák, P.; Katsetos, C.D., et al. Nuclear γ-tubulin associates with
nucleoli and interacts with tumor suppressor protein C53. J Cell Physiol 2012, 227, 367-382,
doi:10.1002/jcp.22772.

30.

Höög, G.; Zarrizi, R.; von Stedingk, K.; Jonsson, K.; Alvarado-Kristensson, M. Nuclear
localization of γ-tubulin affects E2F transcriptional activity and S-phase progression.
FASEB J 2011, 25, 3815-3827, doi:10.1096/fj.11-187484.

31.

Isermann, P.; Lammerding, J. Nuclear mechanics and mechanotransduction in health and
disease. Curr Biol 2013, 23, R1113-1121, doi:10.1016/j.cub.2013.11.009.

32.

Crisp, M.; Liu, Q.; Roux, K.; Rattner, J.B.; Shanahan, C.; Burke, B.; Stahl, P.D.; Hodzic, D.
Coupling of the nucleus and cytoplasm: role of the LINC complex. J Cell Biol 2006, 172, 4153, doi:10.1083/jcb.200509124.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

15 of 23

33.

Liu, Q.; Pante, N.; Misteli, T.; Elsagga, M.; Crisp, M.; Hodzic, D.; Burke, B.; Roux, K.J.
Functional association of Sun1 with nuclear pore complexes. J Cell Biol 2007, 178, 785-798,
doi:10.1083/jcb.200704108.

34.

Zhen, Y.Y.; Libotte, T.; Munck, M.; Noegel, A.A.; Korenbaum, E. NUANCE, a giant protein
connecting the nucleus and actin cytoskeleton. J Cell Sci 2002, 115, 3207-3222.

35.

Postel, R.; Ketema, M.; Kuikman, I.; de Pereda, J.M.; Sonnenberg, A. Nesprin-3 augments
peripheral nuclear localization of intermediate filaments in zebrafish. J Cell Sci 2011, 124,
755-764, doi:10.1242/jcs.081174.

36.

Gimpel, P.; Lee, Y.L.; Sobota, R.M.; Calvi, A.; Koullourou, V.; Patel, R.; Mamchaoui, K.;
Nédélec, F.; Shackleton, S.; Schmoranzer, J., et al. Nesprin-1α-Dependent Microtubule
Nucleation from the Nuclear Envelope via Akap450 Is Necessary for Nuclear Positioning in
Muscle Cells. Curr Biol 2017, 27, 2999-3009.e2999, doi:10.1016/j.cub.2017.08.031.

37.

Chumová, J.; Kourová, H.; Trögelová, L.; Halada, P.; Binarová, P. Microtubular and Nuclear
Functions of γ-Tubulin: Are They LINCed? Cells 2019, 8, doi:10.3390/cells8030259.

38.

Uhler, C.; Shivashankar, G.V. Nuclear Mechanopathology and Cancer Diagnosis. Trends
Cancer 2018, 4, 320-331, doi:10.1016/j.trecan.2018.02.009.

39.

Lombardi, M.L.; Jaalouk, D.E.; Shanahan, C.M.; Burke, B.; Roux, K.J.; Lammerding, J. The
interaction between nesprins and sun proteins at the nuclear envelope is critical for force
transmission between the nucleus and cytoskeleton. J Biol Chem 2011, 286, 26743-26753,
doi:10.1074/jbc.M111.233700.

40.

Tariq, Z.; Zhang, H.; Chia-Liu, A.; Shen, Y.; Gete, Y.; Xiong, Z.M.; Tocheny, C.; Campanello,
L.; Wu, D.; Losert, W., et al. Lamin A and microtubules collaborate to maintain nuclear
morphology. Nucleus 2017, 8, 433-446, doi:10.1080/19491034.2017.1320460.

41.

Hampoelz, B.; Azou-Gros, Y.; Fabre, R.; Markova, O.; Puech, P.H.; Lecuit, T. Microtubuleinduced nuclear envelope fluctuations control chromatin dynamics in Drosophila embryos.
Development 2011, 138, 3377-3386, doi:10.1242/dev.065706.

42.

Mao, Y.S.; Zhang, B.; Spector, D.L. Biogenesis and function of nuclear bodies. Trends Genet
2011, 27, 295-306, doi:10.1016/j.tig.2011.05.006.

43.

Shaw, P.J.; Jordan, E.G. The nucleolus. Annu Rev Cell Dev Biol 1995, 11, 93-121,
doi:10.1146/annurev.cb.11.110195.000521.

44.

Boisvert, F.M.; van Koningsbruggen, S.; Navascués, J.; Lamond, A.I. The multifunctional
nucleolus. Nat Rev Mol Cell Biol 2007, 8, 574-585, doi:10.1038/nrm2184.

45.

Németh, A.; Grummt, I. Dynamic regulation of nucleolar architecture. Curr Opin Cell Biol
2018, 52, 105-111, doi:10.1016/j.ceb.2018.02.013.

46.

Smirnov, E.; Hornáček, M.; Kováčik, L.; Mazel, T.; Schröfel, A.; Svidenská, S.; Skalníková,
M.; Bartová, E.; Cmarko, D.; Raška, I. Reproduction of the FC/DFC units in nucleoli. Nucleus
2016, 7, 203-215, doi:10.1080/19491034.2016.1157674.

47.

Boulon, S.; Westman, B.J.; Hutten, S.; Boisvert, F.M.; Lamond, A.I. The nucleolus under
stress. Mol Cell 2010, 40, 216-227, doi:10.1016/j.molcel.2010.09.024.

48.

Smith, E.R.; George, S.H.; Kobetz, E.; Xu, X.X. New biological research and understanding
of Papanicolaou's test. Diagn Cytopathol 2018, 46, 507-515, doi:10.1002/dc.23941.

49.

Cremer, T.; Cremer, C. Chromosome territories, nuclear architecture and gene regulation in
mammalian cells. Nat Rev Genet 2001, 2, 292-301, doi:10.1038/35066075.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

16 of 23

50.

Chen, H.; Chen, J.; Muir, L.A.; Ronquist, S.; Meixner, W.; Ljungman, M.; Ried, T.; Smale, S.;
Rajapakse, I. Functional organization of the human 4D Nucleome. Proc Natl Acad Sci U S A
2015, 112, 8002-8007, doi:10.1073/pnas.1505822112.

51.

Kozubek, S.; Lukásová, E.; Rýznar, L.; Kozubek, M.; Lisková, A.; Govorun, R.D.; Krasavin,
E.A.; Horneck, G. Distribution of ABL and BCR genes in cell nuclei of normal and
irradiated lymphocytes. Blood 1997, 89, 4537-4545.

52.

Parreira, L.; Telhada, M.; Ramos, C.; Hernandez, R.; Neves, H.; Carmo-Fonseca, M. The
spatial distribution of human immunoglobulin genes within the nucleus: evidence for gene
topography independent of cell type and transcriptional activity. Hum Genet 1997, 100, 588594, doi:10.1007/s004390050558.

53.

Weimer, R.; Haaf, T.; Krüger, J.; Poot, M.; Schmid, M. Characterization of centromere
arrangements and test for random distribution in G0, G1, S, G2, G1, and early S' phase in
human lymphocytes. Hum Genet 1992, 88, 673-682, doi:10.1007/BF02265296.

54.

Guelen, L.; Pagie, L.; Brasset, E.; Meuleman, W.; Faza, M.B.; Talhout, W.; Eussen, B.H.; de
Klein, A.; Wessels, L.; de Laat, W., et al. Domain organization of human chromosomes
revealed by mapping of nuclear lamina interactions. Nature 2008, 453, 948-951,
doi:10.1038/nature06947.

55.

Pickersgill, H.; Kalverda, B.; de Wit, E.; Talhout, W.; Fornerod, M.; van Steensel, B.
Characterization of the Drosophila melanogaster genome at the nuclear lamina. Nat Genet
2006, 38, 1005-1014, doi:10.1038/ng1852.

56.

Kind, J.; Pagie, L.; de Vries, S.S.; Nahidiazar, L.; Dey, S.S.; Bienko, M.; Zhan, Y.; Lajoie, B.;
de Graaf, C.A.; Amendola, M., et al. Genome-wide maps of nuclear lamina interactions in
single human cells. Cell 2015, 163, 134-147, doi:10.1016/j.cell.2015.08.040.

57.

Maharana, S.; Iyer, K.V.; Jain, N.; Nagarajan, M.; Wang, Y.; Shivashankar, G.V.
Chromosome intermingling-the physical basis of chromosome organization in
differentiated cells. Nucleic Acids Res 2016, 44, 5148-5160, doi:10.1093/nar/gkw131.

58.

Meshorer, E.; Yellajoshula, D.; George, E.; Scambler, P.J.; Brown, D.T.; Misteli, T.
Hyperdynamic plasticity of chromatin proteins in pluripotent embryonic stem cells. Dev
Cell 2006, 10, 105-116, doi:10.1016/j.devcel.2005.10.017.

59.

Pajerowski, J.D.; Dahl, K.N.; Zhong, F.L.; Sammak, P.J.; Discher, D.E. Physical plasticity of
the nucleus in stem cell differentiation. Proc Natl Acad Sci U S A 2007, 104, 15619-15624,
doi:10.1073/pnas.0702576104.

60.

Krull, S.; Dörries, J.; Boysen, B.; Reidenbach, S.; Magnius, L.; Norder, H.; Thyberg, J.;
Cordes, V.C. Protein Tpr is required for establishing nuclear pore-associated zones of
heterochromatin exclusion. EMBO J 2010, 29, 1659-1673, doi:10.1038/emboj.2010.54.

61.

Su, Y.; Pelz, C.; Huang, T.; Torkenczy, K.; Wang, X.; Cherry, A.; Daniel, C.J.; Liang, J.; Nan,
X.; Dai, M.S., et al. Post-translational modification localizes MYC to the nuclear pore basket
to regulate a subset of target genes involved in cellular responses to environmental signals.
Genes Dev 2018, 32, 1398-1419, doi:10.1101/gad.314377.118.

62.

Belyaeva, A.; Venkatachalapathy, S.; Nagarajan, M.; Shivashankar, G.V.; Uhler, C. Network
analysis identifies chromosome intermingling regions as regulatory hotspots for
transcription. Proc Natl Acad Sci U S A 2017, 114, 13714-13719, doi:10.1073/pnas.1708028115.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

17 of 23

63.

Boumendil, C.; Hari, P.; Olsen, K.C.F.; Acosta, J.C.; Bickmore, W.A. Nuclear pore density
controls heterochromatin reorganization during senescence. Genes Dev 2019, 33, 144-149,
doi:10.1101/gad.321117.118.

64.

Underwood , J.C.E. Pathology of the nucleus; Underwood , J.C.E., Ed. Springer-Verlag: 1990.

65.

Hnisz, D.; Weintraub, A.S.; Day, D.S.; Valton, A.L.; Bak, R.O.; Li, C.H.; Goldmann, J.; Lajoie,
B.R.; Fan, Z.P.; Sigova, A.A., et al. Activation of proto-oncogenes by disruption of
chromosome neighborhoods. Science 2016, 351, 1454-1458, doi:10.1126/science.aad9024.

66.

Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage
specification. Cell 2006, 126, 677-689, doi:10.1016/j.cell.2006.06.044.

67.

McBeath, R.; Pirone, D.M.; Nelson, C.M.; Bhadriraju, K.; Chen, C.S. Cell shape, cytoskeletal
tension, and RhoA regulate stem cell lineage commitment. Dev Cell 2004, 6, 483-495,
doi:10.1016/s1534-5807(04)00075-9.

68.

Ruiz, S.A.; Chen, C.S. Emergence of patterned stem cell differentiation within multicellular
structures. Stem Cells 2008, 26, 2921-2927, doi:10.1634/stemcells.2008-0432.

69.

Misu, S.; Takebayashi, M.; Miyamoto, K. Nuclear Actin in Development and
Transcriptional Reprogramming. Front Genet 2017, 8, 27, doi:10.3389/fgene.2017.00027.

70.

Wiese, C.; Zheng, Y. A new function for the gamma-tubulin ring complex as a microtubule
minus-end cap. Nat Cell Biol 2000, 2, 358-364, doi:10.1038/35014051.

71.

Anders, A.; Sawin, K.E. Microtubule stabilization in vivo by nucleation-incompetent γtubulin complex. J Cell Sci 2011, 124, 1207-1213, doi:10.1242/jcs.083741.

72.

Bornens, M. The centrosome in cells and organisms. Science 2012, 335, 422-426,
doi:10.1126/science.1209037.

73.

Olins, A.L.; Olins, D.E. Cytoskeletal influences on nuclear shape in granulocytic HL-60
cells. BMC Cell Biol 2004, 5, 30, doi:10.1186/1471-2121-5-30.

74.

Peric-Hupkes, D.; Meuleman, W.; Pagie, L.; Bruggeman, S.W.; Solovei, I.; Brugman, W.;
Gräf, S.; Flicek, P.; Kerkhoven, R.M.; van Lohuizen, M., et al. Molecular maps of the
reorganization of genome-nuclear lamina interactions during differentiation. Mol Cell 2010,
38, 603-613, doi:10.1016/j.molcel.2010.03.016.

75.

Brookes, E.; Riccio, A. Location, location, location: nuclear structure regulates gene
expression in neurons. Curr Opin Neurobiol 2019, 59, 16-25, doi:10.1016/j.conb.2019.03.009.

76.

Jacinto, F.V.; Benner, C.; Hetzer, M.W. The nucleoporin Nup153 regulates embryonic stem
cell pluripotency through gene silencing. Genes Dev 2015, 29, 1224-1238,
doi:10.1101/gad.260919.115.

77.

Toda, T.; Hsu, J.Y.; Linker, S.B.; Hu, L.; Schafer, S.T.; Mertens, J.; Jacinto, F.V.; Hetzer, M.W.;
Gage, F.H. Nup153 Interacts with Sox2 to Enable Bimodal Gene Regulation and
Maintenance of Neural Progenitor Cells. Cell Stem Cell 2017, 21, 618-634.e617,
doi:10.1016/j.stem.2017.08.012.

78.

Gu, X.; Ebrahem, Q.; Mahfouz, R.Z.; Hasipek, M.; Enane, F.; Radivoyevitch, T.; Rapin, N.;
Przychodzen, B.; Hu, Z.; Balusu, R., et al. Leukemogenic nucleophosmin mutation disrupts
the transcription factor hub that regulates granulomonocytic fates. J Clin Invest 2018, 128,
4260-4279, doi:10.1172/JCI97117.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

18 of 23

79.

Enane, F.O.; Shuen, W.H.; Gu, X.; Quteba, E.; Przychodzen, B.; Makishima, H.; Bodo, J.; Ng,
J.; Chee, C.L.; Ba, R., et al. GATA4 loss of function in liver cancer impedes precursor to
hepatocyte transition. J Clin Invest 2017, 127, 3527-3542, doi:10.1172/JCI93488.

80.

Jögi, A.; Vaapil, M.; Johansson, M.; Påhlman, S. Cancer cell differentiation heterogeneity
and aggressive behavior in solid tumors. Ups J Med Sci 2012, 117, 217-224,
doi:10.3109/03009734.2012.659294.

81.

Fletcher, D.A.; Mullins, R.D. Cell mechanics and the cytoskeleton. Nature 2010, 463, 485-492,
doi:10.1038/nature08908.

82.

Lindstrom, L.; Li, T.; Malycheva, D.; Kancharla, A.; Nilsson, H.; Vishnu, N.; Mulder, H.;
Johansson, M.; Rossello, C.A.; Alvarado Kristensson, M. The GTPase domain of gammatubulin is required for normal mitochondrial function and spatial organization.
Communications Biology 2018, doi:10.1038/s42003-018-0037-3.

83.

Gönczy, P. Towards a molecular architecture of centriole assembly. Nat Rev Mol Cell Biol
2012, 13, 425-435, doi:10.1038/nrm3373.

84.

Dutcher, S.K. The tubulin fraternity: alpha to eta. Curr Opin Cell Biol 2001, 13, 49-54.

85.

Findeisen, P.; Muhlhausen, S.; Dempewolf, S.; Hertzog, J.; Zietlow, A.; Carlomagno, T.;
Kollmar, M. Six subgroups and extensive recent duplications characterize the evolution of
the eukaryotic tubulin protein family. Genome Biol Evol 2014, 6, 2274-2288,
doi:10.1093/gbe/evu187.

86.

Eklund, G.; Lang, S.; Glindre, J.; Ehlen, A.; Alvarado-Kristensson, M. The Nuclear
Localization of gamma-Tubulin Is Regulated by SadB-mediated Phosphorylation. J Biol
Chem 2014, 289, 21360-21373, doi:10.1074/jbc.M114.562389.

87.

Alvarado-Kristensson, M. γ-tubulin as a signal-transducing molecule and meshwork with
therapeutic potential. Signal Transduct Target Ther 2018, 3, 24, doi:10.1038/s41392-018-0021-x.

88.

Yuba-Kubo, A.; Kubo, A.; Hata, M.; Tsukita, S. Gene knockout analysis of two gammatubulin isoforms in mice. Dev Biol 2005, 282, 361-373, doi:S0012-1606(05)00187-9.

89.

Hehnly, H.; Doxsey, S. Rab11 endosomes contribute to mitotic spindle organization and
orientation. Dev Cell 2014, 28, 497-507, doi:10.1016/j.devcel.2014.01.014.

90.

Draberova, E.; Sulimenko, V.; Vinopal, S.; Sulimenko, T.; Sladkova, V.; D'Agostino, L.;
Sobol, M.; Hozak, P.; Kren, L.; Katsetos, C.D., et al. Differential expression of human
gamma-tubulin isotypes during neuronal development and oxidative stress points to a
gamma-tubulin-2 prosurvival function. FASEB J 2017, 31, 1828-1846,
doi:10.1096/fj.201600846RR.

91.

Rios, R.M.; Sanchis, A.; Tassin, A.M.; Fedriani, C.; Bornens, M. GMAP-210 recruits gammatubulin complexes to cis-Golgi membranes and is required for Golgi ribbon formation. Cell
2004, 118, 323-335, doi:10.1016/j.cell.2004.07.012.

92.

Moritz, M.; Zheng, Y.; Alberts, B.M.; Oegema, K. Recruitment of the gamma-tubulin ring
complex to Drosophila salt-stripped centrosome scaffolds. The Journal of cell biology 1998,
142, 775-786.

93.

Moritz, M.; Braunfeld, M.B.; Sedat, J.W.; Alberts, B.; Agard, D.A. Microtubule nucleation by
gamma-tubulin-containing rings in the centrosome. Nature 1995, 378, 638-640,
doi:10.1038/378638a0.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

19 of 23

94.

Zheng, Y.; Wong, M.L.; Alberts, B.; Mitchison, T. Nucleation of microtubule assembly by a
gamma-tubulin-containing ring complex. Nature 1995, 378, 578-583, doi:10.1038/378578a0.

95.

Lindström, L.; Alvarado-Kristensson, M. Characterization of gamma-tubulin filaments in
mammalian cells. Biochim Biophys Acta Mol Cell Res 2018, 1865, 158-171,
doi:10.1016/j.bbamcr.2017.10.008.

96.

Lindstrom, L.; Alvarado-Kristensson, M. Characterization of gamma-tubulin filaments in
mammalian cells. Biochim Biophys Acta 2017, 1865, 158-171, doi:10.1016/j.bbamcr.2017.10.008.

97.

Alvarado-Kristensson, M. A simple and fast method for fixation of cultured cell lines that
preserves cellular structures containing gamma-tubulin. MethodsX 2018, 5, 227-233,
doi:10.1016/j.mex.2018.02.003.

98.

Hoog, G.; Zarrizi, R.; von Stedingk, K.; Jonsson, K.; Alvarado-Kristensson, M. Nuclear
localization of gamma-tubulin affects E2F transcriptional activity and S-phase progression.
FASEB J 2011, 25, 3815-3827, doi:fj.11-187484.

99.

Korver, W.; Guevara, C.; Chen, Y.; Neuteboom, S.; Bookstein, R.; Tavtigian, S.; Lees, E. The
product of the candidate prostate cancer susceptibility gene ELAC2 interacts with the
gamma-tubulin complex. Int J Cancer 2003, 104, 283-288, doi:10.1002/ijc.10945.

100.

Andersen, J.S.; Lyon, C.E.; Fox, A.H.; Leung, A.K.; Lam, Y.W.; Steen, H.; Mann, M.;
Lamond, A.I. Directed proteomic analysis of the human nucleolus. Current biology : CB 2002,
12, 1-11, doi:S0960982201006509.

101.

Batzenschlager, M.; Masoud, K.; Janski, N.; Houlne, G.; Herzog, E.; Evrard, J.L.;
Baumberger, N.; Erhardt, M.; Nomine, Y.; Kieffer, B., et al. The GIP gamma-tubulin
complex-associated proteins are involved in nuclear architecture in Arabidopsis thaliana.
Frontiers in plant science 2013, 4, 480, doi:10.3389/fpls.2013.00480.

102.

Xue, J.Z.; Woo, E.M.; Postow, L.; Chait, B.T.; Funabiki, H. Chromatin-bound Xenopus
Dppa2 shapes the nucleus by locally inhibiting microtubule assembly. Dev Cell 2013, 27, 4759, doi:10.1016/j.devcel.2013.08.002.

103.

Ehlen, A.; Rossello, C.A.; von Stedingk, K.; Hoog, G.; Nilsson, E.; Pettersson, H.M.; Jirstrom,
K.; Alvarado-Kristensson, M. Tumors with nonfunctional retinoblastoma protein are killed
by reduced gamma-tubulin levels. J Biol Chem 2012, 287, 17241-17247,
doi:10.1074/jbc.M112.357038.

104.

Draberova, E.; D'Agostino, L.; Caracciolo, V.; Sladkova, V.; Sulimenko, T.; Sulimenko, V.;
Sobol, M.; Maounis, N.F.; Tzelepis, E.; Mahera, E., et al. Overexpression and Nucleolar
Localization of gamma-Tubulin Small Complex Proteins GCP2 and GCP3 in Glioblastoma.
Journal of neuropathology and experimental neurology 2015, 74, 723-742,
doi:10.1097/NEN.0000000000000212.

105.

Horejsi, B.; Vinopal, S.; Sladkova, V.; Draberova, E.; Sulimenko, V.; Sulimenko, T.; Vosecka,
V.; Philimonenko, A.; Hozak, P.; Katsetos, C.D., et al. Nuclear gamma-tubulin associates
with nucleoli and interacts with tumor suppressor protein C53. Journal of cellular physiology
2012, 227, 367-382, doi:10.1002/jcp.22772.

106.

Alvarado-Kristensson, M.; Rodriguez, M.J.; Silio, V.; Valpuesta, J.M.; Carrera, A.C. SADB
phosphorylation of gamma-tubulin regulates centrosome duplication. Nat Cell Biol 2009, 11,
1081-1092, doi:ncb1921.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

20 of 23

107.

Carrera, A.C.; Alvarado-Kristensson, M. SADB kinases license centrosome replication. Cell
cycle 2009, 8, 4005-4006, doi:10178.

108.

Lowe, J.; Li, H.; Downing, K.H.; Nogales, E. Refined structure of alpha beta-tubulin at 3.5 A
resolution. Journal of molecular biology 2001, 313, 1045-1057, doi:10.1006/jmbi.2001.5077.

109.

Aldaz, H.; Rice, L.M.; Stearns, T.; Agard, D.A. Insights into microtubule nucleation from the
crystal structure of human gamma-tubulin. Nature 2005, 435, 523-527,
doi:10.1038/nature03586.

110.

Vázquez, M.; Cooper, M.T.; Zurita, M.; Kennison, J.A. gammaTub23C interacts genetically
with brahma chromatin-remodeling complexes in Drosophila melanogaster. Genetics 2008,
180, 835-843, doi:10.1534/genetics.108.093492.

111.

Kállai, B.M.; Kourová, H.; Chumová, J.; Papdi, C.; Trögelová, L.; Kofroňová, O.; Hozák, P.;
Filimonenko, V.; Mészáros, T.; Magyar, Z., et al. γ-Tubulin interacts with E2F transcription
factors to regulate proliferation and endocycling in Arabidopsis. J Exp Bot 2020, 71, 12651277, doi:10.1093/jxb/erz498.

112.

Lindström, L.; Villoutreix, B.O.; Lehn, S.; Hellsten, R.; Nilsson, E.; Crneta, E.; Olsson, R.;
Alvarado-Kristensson, M. Therapeutic Targeting of Nuclear γ-Tubulin in RB1-Negative
Tumors. Mol Cancer Res 2015, 13, 1073-1082, doi:10.1158/1541-7786.MCR-15-0063-T.

113.

Meraldi, P.; Lukas, J.; Fry, A.M.; Bartek, J.; Nigg, E.A. Centrosome duplication in
mammalian somatic cells requires E2F and Cdk2-cyclin A. Nat Cell Biol 1999, 1, 88-93,
doi:10.1038/10054.

114.

Brehm, A.; Miska, E.A.; McCance, D.J.; Reid, J.L.; Bannister, A.J.; Kouzarides, T.
Retinoblastoma protein recruits histone deacetylase to repress transcription. Nature 1998,
391, 597-601, doi:10.1038/35404.

115.

Dunaief, J.L.; Strober, B.E.; Guha, S.; Khavari, P.A.; Alin, K.; Luban, J.; Begemann, M.;
Crabtree, G.R.; Goff, S.P. The retinoblastoma protein and BRG1 form a complex and
cooperate to induce cell cycle arrest. Cell 1994, 79, 119-130.

116.

Robertson, K.D.; Ait-Si-Ali, S.; Yokochi, T.; Wade, P.A.; Jones, P.L.; Wolffe, A.P. DNMT1
forms a complex with Rb, E2F1 and HDAC1 and represses transcription from E2Fresponsive promoters. Nat Genet 2000, 25, 338-342, doi:10.1038/77124.

117.

Hsu, L.C.; White, R.L. BRCA1 is associated with the centrosome during mitosis. Proc Natl
Acad Sci U S A 1998, 95, 12983-12988.

118.

Hubert, T.; Vandekerckhove, J.; Gettemans, J. Cdk1 and BRCA1 target gamma-tubulin to
microtubule domains. Biochemical and biophysical research communications 2011, 414, 240-245,
doi:10.1016/j.bbrc.2011.09.064.

119.

Starita, L.M.; Machida, Y.; Sankaran, S.; Elias, J.E.; Griffin, K.; Schlegel, B.P.; Gygi, S.P.;
Parvin, J.D. BRCA1-dependent ubiquitination of gamma-tubulin regulates centrosome
number. Molecular and cellular biology 2004, 24, 8457-8466, doi:10.1128/MCB.24.19.84578466.2004.

120.

Zhang, S.; Hemmerich, P.; Grosse, F. Centrosomal localization of DNA damage checkpoint
proteins. Journal of cellular biochemistry 2007, 101, 451-465, doi:10.1002/jcb.21195.

121.

Morris, V.B.; Brammall, J.; Noble, J.; Reddel, R. p53 localizes to the centrosomes and
spindles of mitotic cells in the embryonic chick epiblast, human cell lines, and a human

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

21 of 23

primary culture: An immunofluorescence study. Experimental cell research 2000, 256, 122-130,
doi:10.1006/excr.2000.4800.
122.

Kanai, M.; Tong, W.M.; Sugihara, E.; Wang, Z.Q.; Fukasawa, K.; Miwa, M. Involvement of
poly(ADP-Ribose) polymerase 1 and poly(ADP-Ribosyl)ation in regulation of centrosome
function. Molecular and cellular biology 2003, 23, 2451-2462.

123.

Chouinard, G.; Clement, I.; Lafontaine, J.; Rodier, F.; Schmitt, E. Cell cycle-dependent
localization of CHK2 at centrosomes during mitosis. Cell Div 2013, 8, 7, doi:10.1186/17471028-8-7.

124.

Gudise, S.; Figueroa, R.A.; Lindberg, R.; Larsson, V.; Hallberg, E. Samp1 is functionally
associated with the LINC complex and A-type lamina networks. J Cell Sci 2011, 124, 20772085, doi:10.1242/jcs.078923.

125.

Rasala, B.A.; Orjalo, A.V.; Shen, Z.; Briggs, S.; Forbes, D.J. ELYS is a dual
nucleoporin/kinetochore protein required for nuclear pore assembly and proper cell
division. Proc Natl Acad Sci U S A 2006, 103, 17801-17806, doi:10.1073/pnas.0608484103.

126.

Farina, F.; Gaillard, J.; Guérin, C.; Couté, Y.; Sillibourne, J.; Blanchoin, L.; Théry, M. The
centrosome is an actin-organizing centre. Nat Cell Biol 2016, 18, 65-75, doi:10.1038/ncb3285.

127.

Trevor, K.T.; McGuire, J.G.; Leonova, E.V. Association of vimentin intermediate filaments
with the centrosome. J Cell Sci 1995, 108 ( Pt 1), 343-356.

128.

Zheng, L.; Cardaci, S.; Jerby, L.; MacKenzie, E.D.; Sciacovelli, M.; Johnson, T.I.; Gaude, E.;
King, A.; Leach, J.D.; Edrada-Ebel, R., et al. Fumarate induces redox-dependent senescence
by modifying glutathione metabolism. Nat Commun 2015, 6, 6001, doi:10.1038/ncomms7001.

129.

Ivanova, E.L.; Gilet, J.G.; Sulimenko, V.; Duchon, A.; Rudolf, G.; Runge, K.; Collins, S.C.;
Asselin, L.; Broix, L.; Drouot, N., et al. TUBG1 missense variants underlying cortical
malformations disrupt neuronal locomotion and microtubule dynamics but not
neurogenesis. Nat Commun 2019, 10, 2129, doi:10.1038/s41467-019-10081-8.

130.

Poirier, K.; Lebrun, N.; Broix, L.; Tian, G.; Saillour, Y.; Boscheron, C.; Parrini, E.; Valence, S.;
Pierre, B.S.; Oger, M., et al. Mutations in TUBG1, DYNC1H1, KIF5C and KIF2A cause
malformations of cortical development and microcephaly. Nat Genet 2013, 45, 639-647,
doi:10.1038/ng.2613.

131.

Brock, S.; Stouffs, K.; Scalais, E.; D'Hooghe, M.; Keymolen, K.; Guerrini, R.; Dobyns, W.B.;
Di Donato, N.; Jansen, A.C. Tubulinopathies continued: refining the phenotypic spectrum
associated with variants in TUBG1. Eur J Hum Genet 2018, 26, 1132-1142, doi:10.1038/s41431018-0146-y.

132.

Stiess, M.; Maghelli, N.; Kapitein, L.C.; Gomis-Rüth, S.; Wilsch-Bräuninger, M.;
Hoogenraad, C.C.; Tolić-Nørrelykke, I.M.; Bradke, F. Axon extension occurs independently
of centrosomal microtubule nucleation. Science 2010, 327, 704-707,
doi:10.1126/science.1182179.

133.

Sánchez-Huertas, C.; Freixo, F.; Viais, R.; Lacasa, C.; Soriano, E.; Lüders, J. Non-centrosomal
nucleation mediated by augmin organizes microtubules in post-mitotic neurons and
controls axonal microtubule polarity. Nat Commun 2016, 7, 12187,
doi:10.1038/ncomms12187.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

22 of 23

134.

Müller, H.; Fogeron, M.L.; Lehmann, V.; Lehrach, H.; Lange, B.M. A centrosomeindependent role for gamma-TuRC proteins in the spindle assembly checkpoint. Science
2006, 314, 654-657, doi:10.1126/science.1132834.

135.

Yang, R.; Feldman, J.L. SPD-2/CEP192 and CDK Are Limiting for Microtubule-Organizing
Center Function at the Centrosome. Curr Biol 2015, 25, 1924-1931,
doi:10.1016/j.cub.2015.06.001.

136.

Muroyama, A.; Seldin, L.; Lechler, T. Divergent regulation of functionally distinct γ-tubulin
complexes during differentiation. J Cell Biol 2016, 213, 679-692, doi:10.1083/jcb.201601099.

137.

Pimenta-Marques, A.; Bento, I.; Lopes, C.A.; Duarte, P.; Jana, S.C.; Bettencourt-Dias, M. A
mechanism for the elimination of the female gamete centrosome in Drosophila
melanogaster. Science 2016, 353, aaf4866, doi:10.1126/science.aaf4866.

138.

Sen, G.L.; Reuter, J.A.; Webster, D.E.; Zhu, L.; Khavari, P.A. DNMT1 maintains progenitor
function in self-renewing somatic tissue. Nature 2010, 463, 563-567, doi:10.1038/nature08683.

139.

Zhang, X.; Chen, M.H.; Wu, X.; Kodani, A.; Fan, J.; Doan, R.; Ozawa, M.; Ma, J.; Yoshida, N.;
Reiter, J.F., et al. Cell-Type-Specific Alternative Splicing Governs Cell Fate in the
Developing Cerebral Cortex. Cell 2016, 166, 1147-1162.e1115, doi:10.1016/j.cell.2016.07.025.

140.

Zhao, T.; Graham, O.S.; Raposo, A.; St Johnston, D. Growing microtubules push the oocyte
nucleus to polarize the Drosophila dorsal-ventral axis. Science 2012, 336, 999-1003,
doi:10.1126/science.1219147.

141.

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: the next generation. Cell 2011, 144, 646674, doi:10.1016/j.cell.2011.02.013.

142.

Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne,
C.J.; Heuer, M.L.; Larsson, E., et al. The cBio cancer genomics portal: an open platform for
exploring multidimensional cancer genomics data. Cancer Discov 2012, 2, 401-404,
doi:10.1158/2159-8290.CD-12-0095.

143.

Knudsen, E.S.; Nambiar, R.; Rosario, S.R.; Smiraglia, D.J.; Goodrich, D.W.; Witkiewicz, A.K.
Pan-cancer molecular analysis of the RB tumor suppressor pathway. Commun Biol 2020, 3,
158, doi:10.1038/s42003-020-0873-9.

144.

Knudsen, E.S.; Wang, J.Y. Targeting the RB-pathway in cancer therapy. Clin Cancer Res
2010, 16, 1094-1099, doi:10.1158/1078-0432.CCR-09-0787.

145.

Katsetos, C.D.; Reddy, G.; Dráberová, E.; Smejkalová, B.; Del Valle, L.; Ashraf, Q.;
Tadevosyan, A.; Yelin, K.; Maraziotis, T.; Mishra, O.P., et al. Altered cellular distribution
and subcellular sorting of gamma-tubulin in diffuse astrocytic gliomas and human
glioblastoma cell lines. J Neuropathol Exp Neurol 2006, 65, 465-477,
doi:10.1097/01.jnen.0000229235.20995.6e.

146.

Caracciolo, V.; D'Agostino, L.; Dráberová, E.; Sládková, V.; Crozier-Fitzgerald, C.;
Agamanolis, D.P.; de Chadarévian, J.P.; Legido, A.; Giordano, A.; Dráber, P., et al.
Differential expression and cellular distribution of gamma-tubulin and betaIII-tubulin in
medulloblastomas and human medulloblastoma cell lines. J Cell Physiol 2010, 223, 519-529,
doi:10.1002/jcp.22077.

147.

JOHNSON, I.S.; ARMSTRONG, J.G.; GORMAN, M.; BURNETT, J.P. THE VINCA
ALKALOIDS: A NEW CLASS OF ONCOLYTIC AGENTS. Cancer Res 1963, 23, 1390-1427.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2020

doi:10.20944/preprints202010.0049.v1

23 of 23

148.

Zhou, J.; Giannakakou, P. Targeting microtubules for cancer chemotherapy. Curr Med Chem
Anticancer Agents 2005, 5, 65-71.

149.

Hotchkiss, K.A.; Ashton, A.W.; Mahmood, R.; Russell, R.G.; Sparano, J.A.; Schwartz, E.L.
Inhibition of endothelial cell function in vitro and angiogenesis in vivo by docetaxel
(Taxotere): association with impaired repositioning of the microtubule organizing center.
Molecular cancer therapeutics 2002, 1, 1191-1200.

150.

Chinen, T.; Liu, P.; Shioda, S.; Pagel, J.; Cerikan, B.; Lin, T.C.; Gruss, O.; Hayashi, Y.;
Takeno, H.; Shima, T., et al. The γ-tubulin-specific inhibitor gatastatin reveals temporal
requirements of microtubule nucleation during the cell cycle. Nat Commun 2015, 6, 8722,
doi:10.1038/ncomms9722.

151.

Chaimovitsh, D.; Abu-Abied, M.; Belausov, E.; Rubin, B.; Dudai, N.; Sadot, E. Microtubules
are an intracellular target of the plant terpene citral. The Plant journal : for cell and molecular
biology 2010, 61, 399-408, doi:10.1111/j.1365-313X.2009.04063.x.

152.

Linker, R.A.; Gold, R. Dimethyl fumarate for treatment of multiple sclerosis: mechanism of
action, effectiveness, and side effects. Current neurology and neuroscience reports 2013, 13, 394,
doi:10.1007/s11910-013-0394-8.

153.

Mrowietz, U.; Asadullah, K. Dimethylfumarate for psoriasis: more than a dietary curiosity.
Trends in molecular medicine 2005, 11, 43-48, doi:10.1016/j.molmed.2004.11.003.

154.

Loewe, R.; Valero, T.; Kremling, S.; Pratscher, B.; Kunstfeld, R.; Pehamberger, H.;
Petzelbauer, P. Dimethylfumarate impairs melanoma growth and metastasis. Cancer Res
2006, 66, 11888-11896, doi:10.1158/0008-5472.CAN-06-2397.

155.

Poirier, K.; Lebrun, N.; Broix, L.; Tian, G.; Saillour, Y.; Boscheron, C.; Parrini, E.; Valence, S.;
Pierre, B.S.; Oger, M., et al. Mutations in TUBG1, DYNC1H1, KIF5C and KIF2A cause
malformations of cortical development and microcephaly. Nat Genet 2013, 45, 639-647,
doi:10.1038/ng.2613.

156.

Bahi-Buisson, N.; Poirier, K.; Fourniol, F.; Saillour, Y.; Valence, S.; Lebrun, N.; Hully, M.;
Bianco, C.F.; Boddaert, N.; Elie, C., et al. The wide spectrum of tubulinopathies: what are
the key features for the diagnosis? Brain 2014, 137, 1676-1700, doi:10.1093/brain/awu082.

