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Prague 2020



Abstract

Cancer is one of the main mortality causes worldwide, and the majority of cancer-related deaths

occur due to metastasis. During the metastatic cascade, cancer cells acquire a specific and highly

plastic phenotype that enables them to detach from the primary tumor and invade the surrounding

tissue, migrate avidly, evade host immunity, survive in different hostile environments and colonize

secondary sites to establish metastases. Changes in microtubule dynamics together with other

parts of cell cytoskeleton regulation are crucial for cancer cells undergoing the metastatic process.

In the first part of this thesis, I review critical moments of the metastatic cascade in relation to

microtubule-associated signaling, while detailed information on important microtubule-associated

proteins and their role in metastasis is provided in the second section.
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Abstrakt

Rakovina je celosvětově jednou z hlavńıch př́ıčin smrti, přičemž většina úmrt́ı souvisej́ıćıch

s rakovinou je d̊usledkem metastáz. Rakovinné buňky nabývaj́ı během metastatické kaskády

specifického a vysoce plastického fenotypu, který jim umožńı oddělit se od primárńıho nádoru

a invadovat okolńı tkáň, pohotově migrovat, vyhnout se imunitě hostitele, přež́ıt v r̊uzných

nepřátelských prostřed́ıch, kolonizovat vzdálené tělesné orgány a založit metastázy. Změny

v dynamice mikrotubul̊u společně s daľśımi aspekty regulace buněčného cytoskeletu jsou podstatné

pro rakovinné buňky během metastatického procesu. V prvńı části této bakalářské práce shrnuji

zásadńı momenty metastatické kaskády ve vztahu k signalizaci spojené s mikrotubuly, ve druhé

části jsou uvedeny podrobné informace o d̊uležitých proteinech asociovaných s mikrotubuly a jejich

roli v metastazováńı.

Kĺıčová slova: Metastazováńı, mikrotubulus, rakovina, migrace, proteiny asociované

s mikrotubuly.
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CTC Circulating tumor cell mRNA Messenger RNA

CSC Cancer stem cell MT-MMP Membrane-type matrix metalloproteinase
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DTC Disseminated tumor cells NSCLC Non-small cell lung carcinoma

DOCK Dedicator of cytokinesis N-WASP Neuronal Wiskott-Aldrich syndrome protein

EB End-binding protein p38 MAPK p38 mitogen-activated protein kinase

ECM Extracellular matrix Pak p21-activated kinase

EMT Epithelial-to-mesenchymal transition PKA Protein kinase A

ERK Extracellular signal-regulated kinases Pkd Protein kinase D

ESCC Esophageal squamous-cell carcinoma Plk Polo-like kinase

FA Focal adhesion PPR motif Pentatricopeptide motix

FAK Focal adhesion kinase Rac Ras-related C3 botulinum toxin substrate

GAP GTPase-activating protein Rho Ras homolog family member

GDP Guanosine diphosphate ROCK Rho-associated protein kinase

GEF Guanine nucleotide exchange factor SCC Squamous cell carcinoma

GFP Green fluorescent protein Ser Serine

GMPCPP Guanosine methylenotriphosphate siRNA Small interfering RNA

GSK Glycogen synthase kinase Src Sarcoma kinase

GTP Guanosine triphosphate Syk Spleen tyrosine kinase

GTPase Guanosine triphosphatase TGF Transforming growth factor

HGF Hepatocyte growth factor Tyr Tyrosine

hnRNP Heterogeneous nuclear ribonucleoprotein VEGF Vascular endothelial growth factor

JNK c-Jun N-terminal kinase VEGFR Vascular endothelial growth factor receptor

Kif Kinesin superfamily protein WASP Wiskott-Aldrich syndrome protein

KXGS motif Lysine-any amino acid-glycine-serine motif WAVE WASP-family verprolin-homologous protein

LIMK LIM domain kinase WHO World Health Organization

LRP Low-density lipoprotein receptor-related protein WIP WASP-interacting protein

LRPPRC Leucine-rich PPR motif-containing protein Wnt Wingless-related integration site

MAP Microtubule-associated protein XMAP215 Xenopus microtubule-associated protein, 215 kDa

MAPT Microtubule-associated protein tau gene +TIP Microtubule plus-end tracking protein

SLAIN Serine-leucine-alanine-isoleucine-asparagine motif-containing protein
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1 Introduction

Cancer contributed to about 9.5 million deaths in 2018, making it one of the leading causes

of death worldwide. As estimated by the WHO, there were roughly 18 million new cases of cancer

in 2018 with lung, breast and colorectum being the most common sites of origin of the diseasei.

Almost 44 million people, which approaches 0.6% of the total human population, were living within

5 years after receiving the diagnosis of cancer [1]. In 2016 in the Czech Republic, cancer of the

colorectum, prostate, breast and lung were the most prevalent. In approximately 22% of colorectal

cancer patients, 8% of prostate cancer patients, 6% of breast cancer patients and 51% of lung

cancer patients the disease had already established distant metastases at the time of diagnosis [2].

The ability of cancer cells to invade surrounding and distant organs of the body is the main culprit

in the mortality of cancer: 90% of cancer-associated deaths occur due to metastasis [3, 4].

To establish a metastasis, cancer cells undergo a complex process of changes in expression and

thus their phenotype, during which they gain the ability to detach from the primary lesion, migrate

through extracellular matrix, evade host immunity, invade vessels or body cavities, extravasate, and

proliferate at the site of a prospective secondary tumor [5–8]. This process is called the metastatic

cascade. Even though the mechanisms involved in metastasis have been studied extensively in the

past years, many unknowns still remain. Cell cytoskeleton and its differential regulation are

important factors in the metastatic cascade [6]. This bachelor thesis attempts to summarize

the relevant knowledge on microtubules and highlight important parts of microtubule-associated

signaling in metastasis.

iNon-melanoma skin cancer is traditionally excluded from this statistic, due to the inaccuracy of its recording.
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2 The metastatic cascade

Although cells of malignant tumors share numerous typical features such as dedifferentiation

and anaplasia, pleomorphism, irregular cell division, loss of polarity or abnormal morphology

of nuclei, it is the ability to form a metastasis that definitively classifies the tumor as malignant.

The metastatic cascade, albeit possibly described as a linear chain of consecutive steps, is in fact

a dynamic interplay between cancer cells, host immunity, and tissue surrounding primary as well

as secondary tumors [7, 8]. The process is summarized in Figure 1.

Figure 1: The metastatic cascade. Cancer cells that have detached from the primary tumor
migrate individually or collectively through the extracellular matrix (ECM). While single cells
have undergone complete or partial epithelial-to-mesenchymal transition (EMT), cells with
epithelial, mesenchymal or intermediate phenotypes can be found in clusters of migrating cells.
To move through the ECM and intravasate, cells employ matrix-degrading enzymes (MDEs) or
squeeze through the matrix and between endothelial cells. Single or clustered circulating tumor
cells (CTCs) get trapped in the microvasulature and extravasate to secondary sites. Under
permissive conditions, disseminated tumor cells (DTCs) survive and establish metastases. Adapted
from [9].

2.1 Metastasis initiation

During tumor formation and further development, heterogenic subpopulations with an inner

hierarchy are established through the accumulation of distinct epigenetic modifications and,

less commonly, newly acquired mutations. All cells of an established tumor are descendants

of cancer stem cells (CSCs), which are, just as stem cells in normal tissues, capable of self-renewal
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and generation of more differentiated progeny of cancer cells by virtue of their asymmetric

division [8, 10]. The differentiated phenotype of tumor cells is reversible, as shown in a study on

transformed human mammary epithelial cells, in which subpopulation of differentiated basal-like

cells were able to dedifferentiate back into stem-like cells (measured by expression of CD44, highly

enriched in plasmatic membranes of CSCs) [11].

To successfully form a metastasis, the cells must not only display the highly plastic

stem-cell phenotype to ensure growth of the secondary tumor but also acquire additional

characteristics enabling tissue invasion, effective migration, survival in the lymphatic or blood

vessels and host immunity evasion [12, 13]. Metastasis-initiating carcinoma cells typically undergo

complete or partial epithelial-to-mesenchymal transition (EMT), which increases their motility

and invasive properties [14, 15]. Predictably, EMT has been observed to generate stem-like cells

of a CD44high/CD24low phenotype [16]. The process of EMT is initiated by signaling pathwaysii

that are switched on as a result of mutual interaction of tumor cells and the underlying stroma [15].

Consequent to activation of transcription factors Snail, Twist and Zeb, the cells loose their

epithelial phenotypeiii and take on a mesenchymal phenotypeiv.

Tumor cells need to travel through surrounding connective tissue before they reach and

penetrate blood or lymphatic vessels. The tumor cells interact readily with the resident

stromal cells or even recruit non-resident immune cells using plethora of secreted soluble factors.

The non-tumor cells then assist the migration of the malignant cells by secreting promigratory

cytokines, remodeling the extracellular matrix (ECM) or promoting angiogenesis of immature,

pericyte-lacking capillaries. Altogether, a microenvironment rich in growth factors, ECM cleavage

products, cytokines and proteolytic enzymes is created by an interplay between the tumor

and non-tumor cells to maintain the primary tumor and support the migrating cells on their

journey [19].

2.2 Cancer cell migration

There are three pathways that malignant tumors may use to metastasize: direct dissemination

inside body cavities, lymphatic spread and hematogenous spread. Direct dissemination may occur

when the tumor infiltrates the inside of a body cavity and the malignant cells directly implant on

its surface, such is the case of ovary tumors establishing peritoneal metastases. Epithelial cancers

commonly spread first via lymphatic vessels to set up metastases in lymphatic nodules. Later or

at the same time, carcinoma cells may penetrate into blood vessels and exit them at different body

organs to form distant metastases, just as the disseminating cells of sarcomas most frequently do.

Of course, tumor cells can also travel through lymphatic vessels up to thoracic or right lymphatic

ducts that drain the lymph into blood vessels of the neck, dissemination of the cells is then de facto

both lymphogenous and hematogenous.

iiNamely transforming growth factor-β (TGF-β) family signaling [17].
iiiTypical features of the epithelial phenotype include apico-basal polarity, adherens junctions containing

E-cadherin and other protein complexes anchoring the cells to each other and to the basement membrane, cytokeratin
intermediate filaments [15, 18].

ivCells of the mesenchymal phenotype have a typical spindle-like cell shape with numerous protrusions, they attach
to the extracelular matrix via focal adhesions (FAs), express N-cadherin, contain intermediate filaments composed
of vimentin, and their movement ir regulated by Rho GTPases RhoA, Rac1 and Cdc42 [15, 18].
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Under different influences from the surrounding environment, namely cytokine

signalization [17, 20, 21] or tissue stiffness [22, 23], cancer cells can employ several migratory

patterns [24–26]. Transformed cells exhibit high plasticity and can therefore dynamically switch

between collective migration in clusters of cells and individual migration, while displaying

varying degrees of mesenchymal or ameboid phenotype (reviewed in detail in [25]). For instance,

TGFβ-stimulated breast cancer cells switched to individual migration in vitro and in vivo

and were capable of hematogenous metastatic spread, while cells that were unable to convey

TGFβ-mediated signals moved collectively and reached lymph nodes only [20]. Migrating cancer

cells of any phenotype share some common features: directional polarity, wherein a leading and

a lagging edge of cells can be distinguished, major role of cytoskeleton formation and turnover

in the cell motility, and its regulation by Rho family GTPases [25]. Migrating cells of various

phenotypes extend delicate, needle-like protrusions termed filopodia [27]. Filopodia are supported

by about 10 mostly parallel actin filaments [28] and are involved in chemotactic signal reception

(observed in neuronal and endothelial cells [29, 30]) and initial ECM attachment before more

mature adhesions are formed [31, 32]. In carcinomas, the invading cells must first breach the basal

membrane of the epithelium. To achieve this, special membrane protrusion called invadopodia are

used (discussed in separate section, see 2.5.3).

2.2.1 Individual migration

In addition to the loss of epithelial features after EMT, some cancer cells cannot retain

cell-cell junctions, and migrate individually. Mesenchymal and ameboid are the two well studied

migratory phenotypes [25, 33], although some less extensive information on other uncommon modes

of migration have emerged lately [34, 35].

2.2.1.1 Mesenchymal migration

Classical model of mesenchymal migration was formulated in accordance with findings

obtained from 2D cell cultures. The migrating cells form flat, wide membrane protrusions called

lamellipodia at their leading edges. Lamellipodia are underlaid by a network of branched actin

filaments, while microtubules extend from the centre of the cell almost to the lamellar membrane in

a fan-like manner [36, 37]. Lamellipodia attach to the ECM via integrins clustered with a complex

of adaptor proteins into focal adhesions (FAs) [33]. While the activity of Rho family GTPases

Rac1 and Cdc42 [38–41] is crucial for formation of the protrusions, RhoA activity regulates

maturation of the FAs [42]. ECM-degrading enzymes such as matrix metalloproteinases (MMPs)

are transported to the vicinity of the FAs to make way for further movement of the cells

by virtue of matrix degradation [43, 44]. Actomyosin complex generates a contractile force

to retract the rear of the cell and move forward. Contractility is reinforced by the activity

of Rho and Cdc42 GTPases as well as their effectors Rho-associated protein kinase (ROCK)

and myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK), which work together to

promote phosphorylation of myosin-II light chain (MLC2) [45]. The velocity of the cell movement

during mesenchymal migration is low compared to ameboid migration due to the relatively lengthy

process of FA turnover [46].
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In soft 3D matrices, mesenchymally migrating cells acquire slender spindle-like shape with

the nucleus and organelles localized in the widest part of the spindle [25, 33]. The leading

edge of the cells comprises of one or more thin pseudopodia that contain actin filaments and

microtubules [37, 47]. Substrate attachment via adhesions with characteristics similar to FAs

observed in 2D cultures is crucial for 3D mesenchymal migration [48–51]. In addition, function

of Src kinases was shown to be important for correct adhesion turnover, and their inhibition

resulted in cells switching to ameboid migration, which is apparently independent of Src signaling

in some cancer cells [51, 52]. Rac1 enables 3D mesenchymal migration, as its inhibition dampened

mesenchymal migration of various cancer cell lines, while its activation had an opposite effect [53].

2.2.1.2 Ameboid migration

During ameboid migration, cancer cells do not assemble integrin-dependent FAs and only

weakly interact with the ECM [33, 43, 52, 54, 55]. Multiple delicate globose membrane

protrusions termed blebs extend from the round cell body, primarily at the leading edge [25, 56].

The exact physical mechanism that enables directional formation of blebs and thus migration

has not been determined yet, different models have however been proposed. These include

the osmotic engine model [57], membrane flow model [58] or the proposed weakening of

membrane-cortex contacts at the leading edges of migrating cells [59, 60]. Rho/ROCK signaling

is critical for ameboid migration, as it promotes actomyosin contractility to propel the cells

forward [55, 61]. Cells moving by mesenchymal migration switched to ameboid migration upon

inhibition of pericellular proteolysis, which suggests that ameboid migration does not require ECM

degradation [43, 61]. Ameboid cells are more deformable and thus capable of squeezing through

gaps in the matrix [33, 43]. Furthermore, ameboid carcinosarcoma and breast adenocarcinoma

cells were able to generate sufficient mechanical force to push the ECM fibres apart [62, 63].

However, some ameboid cancer cell lines do in fact express high levels of MMPs and other

ECM-targeting proteinases to remodel the ECM, at times even more efficiently than migrating

cells of the mesenchymal phenotype. Additionally, in an autocrine stimulatory loop, MMP-9

promoted ameboid migration and actomyosin contractility after binding to the membrane receptor

CD44 in melanoma cells [64].

2.2.2 Collective migration

In addition to individual migration, cancer cell clusters invading the surrounding tissues were

discovered in histopathological samples. In some adenocarcinomas, collective migration seems to be

more frequent than individual migration [65]. The cells may acquire both mesenchymal or ameboid

phenotypes but the key feature shared by all collectively migrating cells is the maintenance of

cell-cell contact, be it short-lived or long-lasting [24, 25, 66]. Multicellular streaming is a borderline

mode of collective migration: cells move independently one after another along ECM microtracks

and keep only transient cell-cell adhesions between each other [66]. Similar velocities of cell

movement as in individual migration can therefore be achieved [33].

Conversely, cells move rather slowly during collective migration sensu stricto [25, 67],

which is characterized by long-lived cell-cell adhesions in the cohesive cell clusters and

supracellular coordination of motility. The cells at the leading edge of the cluster are commonly
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of the mesenchymal phenotype. Similarly to individual mesenchymal migration, these cells form

thin protrusions in 3D cultures, adhere to the ECM via integrins, proteolytically cleave the

surrounding ECM and their movement depends on actomyosin contractility [54, 66, 68–70]. Other

cells of the cluster are passively pulled forward by the active leading cells [25]. Inhibition of

MMPs abrogated collective migration of colon adenocarcinoma and fibrosarcoma cells [69, 70].

In melanoma explants, treatment with β1 integrin antibodies prevented ECM adhesion and

abolished multicellular migration; individual ameboid mode of migration was thereafter employed

by the cells [54].

2.3 In the circulation

As previously mentioned, tumor environment is characterized by an intricate interplay

between tumor cells, surrounding non-tumor cells (fibroblasts, macrophages) and recruited immune

cells. This pro-inflammatory setting promotes angiogenesis and lymphangiogenesis of fragile, leaky

and permeable vessels that the tumor cells are able to enter easily [71–73].

In the bloodstream, tumor cells might either circulate individually or aggregate into homotypic

(composed of tumor cells only) or heterotypic (composed of tumor as well as non-tumor cells)

clusters [74–78]. Clustering protects the cells from anoikis [79] and facilitates cancer cell trapping

in the microvasculature, as even small clusters marginate more often than single cells and roll

along the endothel at lower velocity, while larger clusters might even get directly intercepted in the

capillaries [80, 81]. In addition, clusters often contain heterogenic population of cancer cells, some

of which have undergone complete or partial EMT, while others might have kept their epithelial

features [82, 83]. Metastatic potential of these clusters is indeed increased because of the advantages

the high plasticity offers when dealing with different stress situations [83–85]. Moreover, when

circulating colon carcinoma cell clusters associated with platelets, their mesenchymal phenotype

and metastatic potential were reinforced by platelet-derived TGFβ [77]. The cytokine also

abrogated antitumor activity of natural killer cells [86]. Overall, clustering greatly contributes

to the success of the metastatic cascade [81, 87, 88].

After adhesion to the vessel wall via adhesion molecules such as selectins and integrins [89–92],

cancer cells (and eventually the associated non-tumor cells) remodel the endothelium: endothelial

glycocalyx is degraded, cell-cell junctions are disrupted, and the vessel wall therefore becomes more

permeable. Cancer cells then squeeze through the narrow intercellular slits in the endothelium [93].

Alternatively, large cancer cell clusters can proliferate while still in the bloodstream after getting

trapped in the microvasculature, resulting in rupture of the capillary. Cancer cells then escape the

vasculature and seed the new microenvironment [19, 94].

2.4 Colonization of a new microenvironment

Carcinoma cells must repress the EMT program and undergo an opposite process named

mesenchymal-to-epithelial transition (MET) to be able to proliferate and successfully colonize the

secondary site [95–97]. The cells that retained their epithelial phenotype during the previous

events possess an advantage, as they might start to colonize the microenvironment virtually

immediately [19]. However, the new habitat is often extremely inhospitable and does not permit
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outgrowth of the secondary tumor right away. Cells survive in a dormant non-proliferative state,

sometimes up to decades, until the environment becomes less hostile. By a gradual involvement of

the local non-tumor cells and recruitment of immune cells, a microenvironment rich in growth

factors and other signaling molecules is created, similarly to the site of the primary tumor.

Submicrometastasis, micrometastasis, and eventually macrometastasis arise [19, 98].

Alternatively, formation of the so-called premetastatic niches has been observed to facilitate

growth of secondary tumors in some cases [99]. During this process, cells of primary tumors

secrete numerous growth factors, enzymes and other signaling molecules to prepare a suitable

microenvironment at the site of future metastatic growth [100–103]. The secreted factors often

educate and recruit bone marrow derived cells to the premetastatic niches to supress the activity

of host anti-tumor immunity [101, 102, 104]. In addition, ECM remodelation induced by factors

secreted by pancreatic ductal or breast adenocarcinoma cells contributes to metastatic outgrowth

in liver and bone, respectivelly [100, 101], while lung angiogenesis is promoted by microvesicles

originating from renal carcinoma cells [105]. miRNA-122 secreted by breast adenocarcinoma cells

decreases glucose consumption in the non-tumor niche cells in lungs and brain, so that this source

of readily available energy can instead be used by the colonizing cancer cells [103].

Overall, as the cells must endure numerous threats during the metastatic cascade, it is quite

an ineffective process. More than 80% of cells injected into portal veins of laboratory mice were

extravasated in their livers by the third day of the experiment but only 44% of these cells were

found on day 13. Less than 0.1% of the original amount of cells were observed to proliferate on day

13 [106]. However, as previously mentioned, tumor cells might enter a resting phase and remain

unnoticed for many years, just to reactivate and commence their metastatic outgrowth at a more

convenient timev.

2.5 Cytoskeleton and the metastatic cascade

The main structural components of cell cytoskeleton are actin filaments, intermediate

filaments and microtubules. These filamentous protein polymers are interconnected by a highly

complex system of binding proteins and regulated by related signaling cascades [107]. Ultimately,

cytoskeleton is a dynamic intertwined network of proteins that is essential for basic cellular

functions such as cell division, maintenance of cell shape and resistance to deformation, intracellular

trafficking and migration. Cancer cells must be motile during key parts of the metastatic cascade,

including invasion of tissue surrounding the primary tumor, intravasation and extravasation,

colonization of secondary sites. To be able to migrate, cells readily reorganize and adjust their

cytoskeletal system [108].

2.5.1 Rho GTPases

Activity of small guanine nucleotide-binding proteins of the Rho GTPase family greatly

influences cancer cell migration during metastasis [38, 39, 41, 42, 45]. Rho GTPases are

differentialy regulated in response to extracellular cues received by cell membrane receptors [6].

Briefly, guanine nucleotide exchange factors (GEFs) work downstream of the signaling pathways

vMore convenient time for the cancer cells, most likely not for the patient.
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to enhance the activity of Rho GTPases, whereas GTPase-activating proteins (GAPs) inhibit

Rho GTPases [109]. As mentioned before, Rho GTPases Rac1 and Cdc42 are essential for

mesenchymal migration, while RhoA potentiates actomyosin contractility in both mesenchymal

and ameboid migration [39, 41, 45].

Cdc42 and Rac1 interact with Wiskott-Aldrich syndrome protein (WASP) and

WASP-family verprolin-homologous protein (WAVE), respectivelly [110, 111]. WASP and

WAVE in turn activate a complex of actin-related proteins 2 and 3 (Arp2/3) to promote

polymerization of a branched actin network with a constant branching angle of 70◦ [112, 113].

This network serves as a foundation for lamellipodia formation at leading edges of cells [110, 112].

Moreover, p21-activated kinase 1 (Pak1) is mobilized by Rac1 and Cdc42 and Pak1 activates

LIM domain kinase 1 (LIMK1) to phosphorylate cofilin. Cofilin is an actin-severing protein

that generates free barbed ends of actin filaments, which are crucial for the activity

of Arp2/3 in lamellipodia [114, 115]. While cofilin is inhibited by the LIMK1-mediated

phosphorylation [116, 117], this does not abrogate cancer cell motility because careful regulation

of cofilin activity, in part via inhibitory phosphorylation by LIMK1, is necessary for directional

sensing and migration [118]. In addition, Rac1 and Cdc42 might regulate microtubule dynamics.

The GTPases trap microtubule plus ends at the leading edges of migrating cells [119]. Pak1

phosphorylates stathmin on serine residue Ser16. Stathmin is a microtubule-associated protein that

depolymerizes microtubules but is inactivated by Pak1-mediated Ser16 phosphorylation (discussed

further in 3.3.2.1). This leads to elongation and stabilization of microtubules in cell protrusions

during mesenchymal migration [120, 121].

Cdc42 activates formin family members mammalian diaphanous 2 (mDia2) and formin-like

protein 3, which in turn bind to barbed ends of actin filaments, stabilize them and promote

their polymerization to form filopodia [122, 123]. Cdc42, through its effector MRCK, enhances

myosin-II light chain (MLC2) phosphorylation and thus actomyosin contractility, especially

during mesenchymal migration [45]. Furthermore, squamous cell carcinoma (SCC) cells employ

the Cdc42/MRCK/MLC2 pathway during collective migration [124]. When Cdc42 is activated in

melanoma cells by its GEF called dedicator of cytokinesis 10 (DOCK10), ameboid migration is

switched on. It should be noted that Cdc42 silencing impedes both mesenchymal and ameboid

migration, suggesting a supreme role of Cdc42 signaling in cancer cell invasion [125].

Similarly to Pak1, ROCK works downstream of RhoA to activate

LIM domain kinase 2 (LIMK2), which in turn regulates cofilin activity [126, 127]. ROCK

also abrogates the autoinhibition of mDia1. mDia1 stimulates actin polymerization and merging

with myosin II into unbranched long bundles called stress fibres [45, 128, 129]. Stress fibres

attach to the ECM via FAs and their contraction pushes the cell forward [130]. The contractile

force is further enhanced by ROCK-mediated increase in MLC2 phosphorylation [45]. mDia1

has also been shown to initiate the formation of linear actin filaments that are later branched

by the action of Arp2/3 [131]. Additionally, mDia1 stabilizes microtubules and polarizes them

in a wound scratch assay of fibroblasts [132]. Moreover, expression of mDia1 in breast cancer

cells enhances their invasive potential in 3D cultures. Membrane-type 1 MMP (MT1-MMP)

localization at the plasma membrane as well as its interaction with and trafficking along the

microtubules was decreased in mDia1-silenced breast cancer cells [133]. Loss of another member
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of the formin family, mDia2, promotes microtubule destabilization and ameboid migration. This

ultimately worsens the prognosis of patients with tumors weakly expressing mDia2 [134, 135].

RhoA activity is markedly increased during ameboid migration [38, 39]. ROCK

ensures low activity of Rac1 in cells with ameboid migratory phenotype by activating Rac

GAPs [38, 136]. Ameboid migration is further reinforced by microtubule depolymerization.

GEF-H1 is a RhoA GEF that is normally sequestered by microtubules. Upon disruption

of microtubule network with nocodazole or vincristine, GEF-H1 is released from the bond

with microtubules, which switches on the RhoA/ROCK/MLC2 signaling cascade and increases

contractility of cancer cells [137, 138]. Ameboid migration was observed in gastric adenocarcinoma

cells after treatment with high concentrations of vincristine [137].

2.5.2 Focal adhesions

FAs provide cells with contact with the ECM and enable generation of forward traction

during migration [139, 140]. The main component of FAs are integrins, which localize to the cell

membrane and bind their respective ECM ligands. Actin filaments connect to the intracellular part

of the focal adhesion via adaptor proteins. Simple nascent adhesions emerge at the leading edge of

a migrating cell and later mature into focal adhesions as the cell body slides over them. FAs are

then disassembled in the cell rear [141]. Tension generated by stress fibre contraction downstream

of RhoA is essential for FA maturation [142]. Local microtubule depolymerization in the vicinity of

the FA further enhances FA maturation, as RhoA-activating GEFs (such as GEH-H1) are released

from the unstable microtubules [143–145]. Indeed, treatment with nocodazole induces FA assembly

in breast adenocarcinoma cells, as it is a microtubule depolymerizing agent [146].

Cargo trafficking along microtubules influences FA turnover. Kinesin KIF1C activity is

necessary for cancer cell migration because it transports integrins toward FAs to maintain the

cell-ECM adhesion [147]. Conversely, kinesin KIF15 promotes FA dissasembly via α2 integrin

endocytosis and recycling. It employs clathrin adaptor protein disabled homolog 2 (Dab2) to

assist during the endocytosis [148]. It is noteworthy that proteins involved in clathrin-dependent

endocytosis (Dab2, clathrin, dynamin) are neccessary for FA disassembly [149, 150]. Dynamin

is recruited to the FAs by focal adhesion kinase (FAK), which is another key player in FA

turnover [150]. Moreover, microtubule stabilization has been associated with FA disruption [151].

Cytoplasmic linker protein-associated proteins (CLASPs, further explored in 3.3.3.3) anchor

microtubules to FAs to provide tracks for MT1-MMP exocytosis [152]. The proteinase than breaks

down the integrin-ECM contacts, which prompts FA turnover [153].

2.5.3 Invadopodia

Invadopodia are specialized cell protrusions that are formed by migrating cancer

cells [154–156]. The key metastasis-associated advantage that invadopodia bring to the cells

is localized proteolytic ECM degradation [156, 157]. Cancer cells use invadopodia to breach

basement membranes and other rigid substrates [158, 159]. Activity of Src kinase is essential for

invadopodia formation and ECM degradation [160–162]. In addition, small GTPases such as Rac3,

Cdc42, Rab40b, and Rab5a together with Rab4 promote invadopodia formation and function after
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cells are stimulated by growth factors [163–168]. Arp2/3 complex controls actin polymerization

in nascent invadopodia. Arp2/3 is activated by interaction with neural WASP (N-WASP),

WASP-interacting protein (WIP) and cortactin [169–171]. In mature invadopodia of breast cancer

cells, branched actin creates an intricate network along the length of the protrusion, while parallel

actin bundles were observed at the very tip. Moreover, vimentin intermediate filaments and one

or two stable microtubules are located to the core of mature invadopodia. Intermediate filaments

and microtubules are not essential for the formation of invadopodia but enable their elongation

and maturation (as shown in Figure 2) [172].

Apart from its stimulatory effect on actin nucleation and polymerization, cortactin plays a

major role in the recruitment of MMPs to invadopodia [162, 173]. Cortactin knockdown in SCC

cells results in dramatic decrease in MMP-2 and MMP-9 exocytosis and abrogates MT1-MMP

expression on invadopodial plasma membrane [173]. Additionally, new evidence for the role of

Tks adaptor proteins in MMP recruitment to invadopodia has emerged in the last few years.

Tks4 colocalizes with MT1-MMP in melanoma cells [174], while Rab40b effector Tks5 recruits

MT1-MMP as well as MMP-2 and MMP-9 to invadopodia of breast cancer cells [167, 175].

Furthermore, a novel function of MT1-MMP, independent of its proteolytic activity, has been

discovered in breast cancer cells. As the invadopodium squeezes through the dense ECM, it might

bend around confining collagen fibrils. MT1-MMP binds to these collagen fibrils, which triggers

a signaling cascade that results in Tks5 recruitment and a specific actin polymerization at the

inner curvature of the bent plasma membrane. This actin network consequentialy exerts pushing

force onto the collagen fibrils and augments the proteolytic activity of MT1-MMP to expand the

invasive pores in the ECM [175].

Figure 2: Cell cytoskeleton during formation and elongation of invadopodia. Actin filaments
are required for both formation and elongation of invadopodia. Intermediate filaments and
microtubules locate to the core of mature invadopodia and enable invadopodial elongation.
BM stands for basal membrane, ECM stands for extracellular matrix. Adapted from [172].
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3 Microtubules and their role in cancer metastasis

3.1 Microtubule structure

Microtubules are polarized polymers of a hollow tube shape measuring 25 nm in diameter.

They comprise of 8 nm long heterodimers of αβ-tubulins that are connected head-to-tail

to form protofilaments, 13 of which are organized adjacent to each other to make up

a microtubule [176–179]. Contrary to the filamentous nature of microtubules, the α- and β-tubulins

are globular proteins of molecular weight of 55,000 ± 2000 Da [180]. Their N-terminal domains

contain nucleotide-binding region, which bind GTP in the case of α-tubulin and GTP or GDP

in the case of β-tubulin. The intermediate domain of β-tubulin enables binding of taxanes via

the taxol-binding site. The C-terminal domain likely cooperates with motor proteins [181] and

microtubule-associated protein Tau [182].

βIII-tubulin isotype is associated with cancerogenesis. βIII-tubulin is normally expressed

in neurons [183] but is also upregulated in number of cancers of epithelial origin [184–189].

Its expression correlates with agressive invasive behaviour of some tumors and thus poor

prognosis [190]. Moreover, specific post-translational modifications of tubulin occur with increased

frequency in breast and prostate cancers [191–193]. Acetylation of α-tubulin was more pronounced

in metastatic breast cancer cells than in cells from primary tumors. At the same time, decreased

α-tubulin acetylation resulted in inhibition of migration of two breast cancer cell lines [191].

γ-tubulin is another type of tubulin. Unlike α- and β-tubulins, it is not a part of microtubule

filaments. Instead, γ-tubulin acts as the main nucleation agent of microtubules. Together with

a complex of associated proteins, it anchors microtubule minus ends (discussed in the next

paragraph) in microtubule-organizing centres (MTOCs) to provide spatiotemporal control over

their architecture [194]. Typically, centrosome is the main MTOC in a cell, microtubules can

nevertheless grow out from non-centrosomal MTOCs as well [195].

3.2 Microtubule dynamics

α-tubulin subunits are oriented towards a minus end of a microtubule, which shows

slower rates of microtubule polymerization and depolymerization. β-tubulin subunits point to

its more dynamic plus end that demonstrates higher rates of growth and shrinkage. During

assembly, both the α-tubulin subunit and the β-tubulin subunit bind GTP. The emerging

protofilaments with bound GTP assume a straight conformation that aids the formation and

elongation of the microtubule. The α-subunit does not hydrolyze the bound GTP. Conversely,

while the β-subunit itself is not able to hydrolyze GTP, it acquires this ability upon docking

of the next α-subunit that provides amino acid residues needed for the hydrolysis. This way

the plus end is protected by at least a monolayer cap of GTP-binding β-subunits that provide

resistance against depolymerization. In the event of loss of this cap, GDP-binding β-tubulins are

exposed. Since the lateral interactions between them are weak, the protofilaments curve outwards

and the microtubule breaks down rapidly from its plus end (termed microtubule catastrophe).

Contrarily, the lateral contact between α-subunits at the minus end is considered strong enough

to safeguard its stability [196–198]. In the cell, microtubules are found in a state of continuous
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switching between microtubule growth, pausing, and shrinkage, described as dynamic instability

(as depicted in Figure 3).

Figure 3: Microtubule dynamic instability. Adapted from [199].

3.3 Microtubule-associated proteins

Microtubule-associated proteins (MAPs), as reviewed in [200], bind microtubules to facilitate

their organization and crosslinking with other cellular structures, namely other cytoskeletal fibres

and membranes. They further allow control over spacing between microtubule fibres or their

bundling. They also regulate their turnover, since some MAPs exert severing and depolymerizing

effect on microtubules, whilst others nucleate and stabilize them. Lastly, motor proteins (kinesins

and dyneins) make possible the transport of cargo along the microtubule tracks and play a

critical role in cell division and movement. It is clear that MAPs are important for the control

of microtubules during plethora of cellular functions. In the following section I mention some

of the major MAPs involved in the regulation of cell migration throughout the process of metastasis.

3.3.1 Structural MAPs

Microtubule-associated proteins 1, 2 (MAP1, MAP2) and Tau were the first MAPs to be

discovered as factors regulating microtubule assembly [201, 202]. Later followed the identification

of multiple other MAPs and their subtypes that are involved in the stabilization, spacing and

bundling of microtubules, as well as crosslinking cytoskeletal fibres, hence their denomination

structural MAPs [200].

3.3.1.1 MAP1

The MAP1 subtype MAP1S is an ubiquitously expressed member of the MAP1 protein

family. After synthesis, it is cleaved into heavy and light chains which in turn associate with

microtubules in the form of a MAP1S complex [203]. MAP1S knockdown affects microtubule

dynamics: the microtubules grow faster but are highly unstable and depolymerize quickly [204].
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MAP1S-depleted mice exposed to the carcinogen diethylnitrosamine developed higher number

of hepatocellular carcinomas than wild-type controls. After exposure to the carcinogen,

an immediate elevation of MAP1S levels and autophagy induction were noted in the wild-type

mice [205]. Survival of prostate cancer patients with tumors expressing low levels of MAP1S

and high levels of autophagy-repressing leucine-rich PPR motif-containing protein (LRPPRC) was

poor [206]. Depending on a complex regulatory network, autophagy can both support or suppress

tumor progression and metastasis [207]. Autophagy is switched on during stress and may stimulate

apoptosis or be itself a mechanism of cell death. Conversely, it may prevent cell death by removing

damaged cellular components and providing energetic resources along with building blocks in

times of scarcity [208] that can be experienced by tumor cells circulating in the bloodstream or by

metastasizing cells that have just extravasated into a new hostile microenvironment. Autophagy

also provides resistance to anoikis during metastasis [209]. In addition, it might protect cancer

cells against the effect of chemotherapy and targeted therapyvi [210]. In the mentioned cases,

autophagy seems to have a protective role against cancer progression. On the other hand, inhibition

of autophagy increased the number of various cancer cells undergoing apoptosis after treatment

with microtubule targeting agents used in chemotherapy [211–213], disclosing a role of autophagy

in cell defense against disruption of the microtubule scaffold.

Not much information is available on the molecular regulation of MAP1S function.

miRNA-216a targets 3’ untranslated region of MAP1S mRNA in colorectal cancer cells, this

in turn attenuates autophagy [214]. Additionally, MAP1S is phosphorylated on Ser900 by

cyclin-dependent kinase-like 5 (CDKL5) [215]. This kinase is an immunotherapy target in

adult T-cell leukemia [216], all the while its expression is a predictor of poor overall survival

in glioblastoma [217] and its somatic mutation has been identified in gastric carcinomas [218].

MAP1A and MAP1B are predominantly expressed in neurons. MAP1B is expressed

mainly in the developing brain, where it localizes to growth cones and distal parts of the

nascent axons [219, 220], while MAP1A is found in the dendrites of adult neurons [219].

MAP1A and MAP1B bind to microtubules, promote their polymerization and stabilize them.

In addition, MAP1 light chains contain actin binding domains and might thus link microtubule

network to actin microfilaments [221]. Some significance of MAP1B has been revealed in

bladder [222], breast [223], colorectal [224, 225] and lung [226, 227] cancers. As in neural

tissue, MAP1B seems to have a stabilizing effect upon binding to microtubules in cancer cells.

Downregulation of MAP1B expression in lung cells was proposed to lead to the emergence of

non-small cell lung carcinoma (NSCLC), as MAP1B promoter methylation was more pronounced

in carcinoma cells than in normal lung tissue [227]. Paradoxically, MAP1B also works together

with heterogeneous nuclear ribonucleoprotein K (hnRNP K) to stabilize microtubules during

TGFβ-induced EMT [226] (discussed in 2.2), an important step in metastasis initiation.

MAP1B is phosphorylated by Syk tyrosine kinase in breast cancer cells, this might

enhance MAP1B interaction with microtubules. Increased stabilization of microtubules

as well as attenuation of cell motility and increased adhesion were observed after

expression of Syk [223]. In colon adenocarcinoma cells, MAP1B downregulation was

described after acid adaptation of the cells that enhanced their metastatic potential [224].

At the same time, MAP1B was hypophosphorylated in colon adenocarcinoma cells overexpressing

viMonoclonal antibodies or small inhibitory molecules.
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low-density lipoprotein receptor-related protein 6 (LRP6) [225]. LRP6 is a co-receptor in the Wnt

signaling pathway that is often deregulated in colorectal cancer. In this hypophosphorylated state,

MAP1B binds and stabilizes microtubules [228, 229] in a way that potentially enables the formation

of cell membrane protrusions that are used during cancer cell migration [225].

Glycogen synthase kinase 3B (GSK-3β) also phosphorylates MAP1B to regulate its

microtubule stabilizing properties [225, 229]. GSK-3β activity might be important in maintaining

the microtubule dynamics in a physiologic state, as GSK-3β inhibition amplifies cancer-associated

Wnt signaling [225, 230, 231] and was also observed after emergence of rapamycin resistance in

glioblastoma [228]. Lastly, c-Jun N-terminal kinases (JNKs) phosphorylate MAP1B [232, 233].

Their activity has been associated with microtubule depolymerization and cell cycle arrest in

breast cancer cells treated with microtubule targeting chemotherapy [234].

3.3.1.2 MAP2

Just as MAP1A and MAP1B, MAP2 is predominantly expressed in neurons, where it localizes

to dendrites and cell bodies [235–237]. MAP2 binds microtubules to increase their rigidity and

induce assembly of microtubules into straight long bundles [238, 239]. Shortening of dendrites was

observed in MAP2-deficient mice [240].

Expression and phosphorylation of MAP2 might also play a role in cancerogenesis and cancer

cell migration. MAP2 was strongly expressed in dysplastic nevi and primary melanoma samples

but the expression was weak in metastatic melanoma [241, 242]. It might be the downregulation of

MAP2 that renders the melanoma cells capable of metastasis, as MAP2 expression in melanoma

cells in vitro led to inhibition of growth and invasion and induced differentiation [243]. In a different

study, melanoma cells expressing MAP2 behaved similarly: their growth was arrested and more

cells were apoptotic. MAP2 colocalized with microtubules and increased the ratio of polymerized to

soluble tubulin [244]. A concordant inhibitory effect on growth of melanoma tumors was observed

also in vivo after inoculation of the MAP2-expressing cells into nude mice [243].

MAP2 function is mainly controlled by phosphorylation, correspondingly to MAP1.

In vitro, protein kinase A (PKA) phosphorylates MAP2 on Ser319, Ser350 and Ser382 within

KXGS microtubule-binding motifs, whereas only Ser350 and possibly Ser319 were observed to

be phosphorylated in vivo. In GFP-MAP2 expressing HeLa cells (originating from cervical

carcinoma), the protein colocalized to the cell periphery with thick microtubule bundles that

bent under the cytoplasmatic membrane. After PKA-mediated phosphorylation, the protein lost

its microtubule-binding ability and interacted with actin in peripheral membrane ruffles [245].

Phosphorylation by the microtubule affinity-regulating kinases (MARKs) within the KXGS motifs

impedes MAP2 ability to bind microtubules [246] and leads to microtubule destabilization [247].

JNK1 is capable of MAP2 phosphorylation [233], similarly to JNKs interaction with MAP1B).

As aforementioned, JNKs mediate microtubule depolymerization in breast cancer cells exposed

to chemotherapeutic agents [234]. Apart from phosphorylation, MAP2 mRNA is also targeted

by miRNA-484 in glioma. Patients with high-grade gliomas had shorter survival times and their

tumors displayed low MAP2 and high miRNA-484 levels [248].
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3.3.1.3 MAP4

Similarly to MAP1S, MAP4 is expressed in various tissues of the body and is one of the

main regulators of microtubule stability in non-neuronal tissues [249]. In the central nervous

system, MAP4 is restricted to glial cells only [250]. MAP4 binding stabilizes microtubules

and increases their resistance to the depolymerizing agent nocodazole [251, 252]. Migration

and invasion of NSCLC cells [253] and esophageal squamous-cell carcinoma (ESCC) cells [254]

is stimulated by MAP4 expression. Indeed, upregulation of MAP4 is a negative prognostic

factor for overall survival in ESCC [254] and lung adenocarcinoma [253]. High-grade

bladder transitional-cell carcinoma (BTCC) expresses twice as much MAP4 as a low-grade

carcinoma of the same type [255]. p38 mitogen-activated protein kinase (p38 MAPK)

contibutes to MAP4 phosphorylation in hypoxic HeLa cells, which results in prompt microtubule

disruption [256]. Moreover, when PKA was activated by cAMP-elevating agents to phosphorylate

MAP4 in BTCC cells, microtubule depolymerization was observed together with lowered invasive

and migratory capabilities of the cells [255]. Microtubule depolymerization was likewise described

after MAP4 phosphorylation by MARKs [247].

MAP4 induces expression of vascular endothelial growth factor A (VEGFA) in ESCC

cells. It activates the extracellular signal-regulated kinases 1 and 2 (ERK1/2) signaling

pathway, which in turn results in phosphorylation of the transcription factor c-Jun that

is able to bind to VEGFA promoter and activate its transcription. High level of

vascular endothelial growth factor receptor 1 (VEGFR1) detected in some ESCC cell lines might

provide a possible autocrine stimulation loop. In an in vivo study on nude mice, MAP4 silencing

or treatment with bevacizumab (monoclonal antibody that inhibits VEGFA binding to VEGFR1)

halted the growth of tumors after inoculation of ESCC cells [254].

VEGF signaling is crucial for tumor angiogenesis [257]. The newly formed blood vessels

are disorganized and highly fragile. They often fail to adequately supply the rapidly growing

tumor, the tumor cells and the surrounding stroma may therefore be exposed to hypoxia.

Of course, low oxygen levels stimulate VEGFR1 and VEGFA synthesis in both endothelial

and tumor cells to further promote angiogenesis and ensure better oxygenation [257–259].

Additionally, MAP4 phosphorylation on Ser768 and Ser787 by p38 MAPK was observed in

hypoxic endothelial cells. This resulted in dissociation of MAP4 from microtubules and their

consequent depolymerization, especially around the nuclei and at the cell periphery. Activity

of the p38 MAPK/MAP4 pathway induces morphological changes in endothelium and increases

its permeability [260]. Altogether, a crosstalk of MAP4 and VEGF signaling might promote

endothelial cell migratory properties [247, 261–263] and likely provides strong proangiogenic stimuli

in the tumor microenvironment.

3.3.1.4 Tau

The neuronal protein Tau is encoded by the MAPT (for microtubule-associated protein tau)

gene. Tau binds axonal microtubules to increase their rigidity [237, 238, 264]. It cooperates with

MAP1B to promote migration of neurons and axonal elongation [265, 266]. Abnormalities of Tau

are the main point of interest in common neurodegenerative diseases termed tauopathies [267].

Prognostic value of Tau expression in breast adenocarcinoma has been reported repeatedly in the
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last 15 years. Briefly, high Tau expressors had better overall survival [268–271], although one study

challenged this opinion, only revealing a predictive value of Tau expression for disease-free survival

within a group of estrogen receptor-positive tumors [272]. Moreover, silencing of the MAPT via

promoter hypermethylation shortens overall survival of patients with colorectal cancer [273].

Some deleterious effects of Tau overexpression have nonetheless been noted as well. Patients

with breast cancer metastases to the brain had higher Tau serum levels than patients without

brain metastases [274]. Metastatic breast cancer cells express more Tau protein than cells of the

primary tumor. Breast cancer cells expressing Tau form plasma membrane protrusions underlaid

with microtubules (termed microtentacles). After injection into the tail vein of nude mice, these

protrusions enabled the cells to get retained in lung microvasculature to potentially establish

a metastasis [275]. Low Tau levels were proposed to sensitize tumor cells to microtubule stabilizing

chemotherapeutic paclitaxel, as more molecules of the drug were able to bind microtubules in the

absence of Tau in in vitro investigations [276, 277]. Later studies however did not confirm Tau to

be a marker for patients who would profit from taxane-containing chemotherapy [268–272].

As with other MAPs, kinases regulate Tau by phosphorylation. Upon phosphorylation by

MARKs on Ser262, Tau affinity to microtubules is distinctly diminished, Tau dissociates from

microtubules and they depolymerize [247, 278, 279]. MARKs are overexpressed and partake in

cancer signalization in NSCLC, hepatocellular carcinoma and glioblastoma [280–282]. MARK1

has been implicated in increasing the migration speed of rat bladder carcinoma cells [283].

miRNA-515-5p mediated silencing of MARK4 slows migration of breast cancer cells and limits the

establishment of metastases after injection into immunodeficient mice. Furthermore, lower levels of

miRNA-515-5p were detected in patients’ lymph node metastases than in the primary tumors of the

breast [284]. Protein kinase D1 (Pkd1) phosphorylates Tau on Tyr231 and Ser396, which in turn

promotes microtubule destabilization [285, 286]. Pkd1 activity was required for loss of adhesion

and enhanced invasion and migration of breast cancer cells in a 3D culture. After Pkd1 knockdown,

basal-like breast cancer cells transplanted into fat pads of immunodeficient mice were less invasive

and rarely established lung metastases. High Pkd1 mRNA levels shorten distant metastasis-free

survival of breast cancer patients, especially in patients with basal-like breast cancer [285].

Tau mRNA is proposedly protected against degradation by long non-coding RNA

MAPT-AS1. The expression levels of both Tau mRNA and Tau protein correlate with the

intracellular level of MAPT-AS1 in estrogen receptor-negative breast carcinoma. siRNA-mediated

MAPT-AS1 knockdown inhibited migration, invasion and proliferation of breast cancer cells

in vitro, tumor growth after subcutaneous injection of the cells into nude mice slowed down at

the same time [287]. Correspondingly to conflicting results on patient prognosis mentioned in

the previous paragraph, in a different study on triple negative breast cancer (lacking estrogen

and progesterone receptors as well as human epidermal growth factor receptor 2), overexpression

of MAPT-AS1 meant longer disease-free and overall survival [288].
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3.3.2 Destabilizing MAPs

3.3.2.1 Stathmin

Members of the stathmin family are examples of microtubule destabilizing proteins.

They promote catastrophes by direct interaction with microtubule protofilaments and binding

of tubulin heterodimers [289–291]. Upon decreasing the intracellular level of stathmin by

microinjection of anti-stathmin antibodies or by antisense oligonucleotides, 2.2- to 3-fold less

microtubule catastrophes occured and microtubule polymer levels increased [292]. On the contrary,

overexpression of stathmin leads to rampant microtubule depolymerization [293].

Increased expression of stathmin has been identified to promote motility, invasion

and metastasis in numerous cancers, including gallblader carcinoma [294], pancreatic ductal

adenocarcinoma [295] and neuroendocrine tumors [296], lung adenocarcinoma [297, 298]

and SCC [298], hepatocellular carcinoma [299], endometrial carcinoma [300], ESCC [301],

leiomyosarcoma and malignant fibrohistiocytoma [302]. The promigratory effect of stathmin is

likely achieved by destabilization of microtubules [302]. In addition, stathmin might be involved

in regulation of MMP expression. After siRNA-mediated silencing of stathmin1 in Ishikawa

endometrial cancer cells, levels and enzymatic activity of MMP-2 and MMP-9 decreased, whereas

after stathmin1 overexpression the enzymatic activity of these enzymes involved in tumor cell

migration (discussed in 2.2) increased [300].

Stathmin activity is controlled by phosphorylation by multiple kinases on serine residues

Ser16, Ser25, Ser38 and Ser63 [303]. In HT-1080 fibrosarcoma cells, stathmin was phosphorylated

on Ser16, Ser25 and Ser38 upon cell interaction with fibronectin, which is a part of the ECM.

The microtubule destabilizing effect of stathmin was attenuated and the fraction of polymerized

tubulin in the cells increased: 15 % of total tubulin content was polymerized in cells harvested in

suspension versus 55 % in cells that adhered to fibronectin for 2 hours [302]. In ESCC cells treated

with paclitaxel, phosphorylation on Ser16 resulting in reduced 2D motility was observed [304].

In breast cancer patients, tumors displaying phosphorylation on Ser16 and Ser63 were linked

to longer survival, whereas prognosis was poor in tumors with phosphorylation on Ser25 and

Ser38 [305].

3.3.2.2 MCAK

Another microtubule destabilizing protein is the mitotic centromere-associated kinesin

(MCAK). It forms processing complexes at microtubule ends, where it hydrolyzes ∼ 5 ATP

for each tubulin heterodimer removed [306]. MCAK plays an important part in mitotic spindle

formation and correct attachment of chromosomes to microtubules. Its aberrant function might

thus add to chromosomal instability in cancer cells. In promethaphase, MCAK is degraded after

Ser621 phosphorylation by polo-like kinase 1 (Plk1). Cells then advance to the next phase of

mitosis. Plk1 depletion in cervical carcinoma cells disrupts mitosis and induces mitotic arrest [307].

Furthermore, overexpression of Plk1 induces chromosomal instability in breast cancer cells [308]

and is associated with worse overall survival, more advanced stages and lymph node metastasis in

patients with colorectal cancer [309].
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Ser192 phosphorylation of MCAK by Aurora B kinase is needed for passage through

normal mitosis. Expression of both non-phosphorylable and phosphomimetic mutants of MCAK

halted HeLa cells in metaphase and induced mitotic defects such as segregation catastrophes.

Of note, HeLa cells expressing the mutant forms of MCAK displayed decreased migratory and

invasive properties when compared to wild-type MCAK expressing cells [310], indicating another

role of MCAK besides cell division. In migrating endothelial cells, MCAK colocalized with

Aurora A kinase and microtubules. MCAK and Aurora A kinase collaborated to lenghten

the time of growth phases of microtubules pointing towards the leading edges of cells, whereas

the microtubule growth phases in the cell rears were limited. This enhanced directional migration

of the cells [311].

3.3.2.3 Microtubule-severing enzymes

Similarly to MCAK, microtubule-severing enzymes employ ATP hydrolysis to disturb

the structure of microtubule filaments. Unlike the mentioned destabilizing MAPs,

microtubule-severing enzymes cause internal breaks in microtubule filaments. This group

of enzymes consists of katanin, spastin and fidgetin [312]. By localized microtubule destabilization

accompanied with the production of short microtubule fragments, they permit a dynamic

rearrangement of their architecture.

Expression of the enzymatically active subunit of katanin, katanin p60, was observed in

primary tumors and metastases of breast [313] and prostate [314] cancers. Moreover, patients

with breast cancers expressing katanin p60 had higher incidence of lymph node metastases

and poorer overall survival [315]. In cultured cells of both breast and prostate carcinoma,

katanin p60 overexpression stimulated migration while slowing down proliferation [313, 314].

This phenomenon may pose a problem in chemotherapy of tumors expressing katanin. Since cells

with high proliferative index are usually targeted, the migrating cells might evade the effect of the

therapy. Spastin exhibits similar effect on glioblastoma cells: upon siRNA-mediated depletion

of spastin, the velocity and mean trajectory length in migratory assays decreased, while the

proliferation was increased. In addition, spastin accumulated at the leading edge of migrating

cells, proposedly influencing the microtubule dynamics. The expression of spastin in glioblastoma

was shown to be higher than in normal human astrocytes and even low-grade gliomas [316].

In cultured rat astrocytes, knockdown of fidgetin inhibited migration and induced microtubule

bending underneath the plasma membrane [317].

3.3.3 +TIPs

A specific heterogenous group of MAPs can be identified by their association with

microtubule plus ends and is therefore called microtubule plus-end tracking proteins (+TIPs).

Some of these proteins are able to promote microtubule polymerization, whilst others promote their

disintegration and yet another subgroup rescues microtubules from ongoing catastrophes [318].
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3.3.3.1 EBs

End-binding proteins (EBs) regulate microtubule dynamics and coordinate the formation

of complex protein networks at the plus ends. EB1 was shown to preferentially bind

GMPCPP-tubulinvii, which explains its ability to track growing ends of microtubules [319]

where GTP is bound. It is then able to recruit other +TIPs through their specific

EB-binding domains [320, 321]. EB1 increases the rate of microtubule maturation, presumably

by promoting GTP hydrolysis and establishment of lateral contacts between protofilaments [322].

This in effect contributes to destruction of local EB1 binding sites, the protein then shifts further

along the growing end of the microtubule.

EB1 is upregulated in breast adenocarcinoma, especially in high grade and metastatic

tumors, and shortens patients’ survival [323, 324]. Congruous observations were made in oral SCC

and sporadic colorectal adenocarcinoma [325, 326]. Likewise, glioblastoma patients with tumors

overexpressing EB1 had worse prognosis then patients with tumors expressing low levels of EB1.

High EB1 expression in glioblastoma cells increased their migration in in vitro assays, as well as

their proliferation after orthotopic implantation into nude mice. EB1 appeared to stabilize

microtubule cytoskeleton in the cells to some extent, with microtubule growth rate increasing and

the frequency of catastrophes decreasing. This effect of EB1 was reverted after treatment with

microtuble polymerization-blocking chemotherapeutics vincristine and vinflunine. Interestingly,

cells overexpressing EB1 were more sensitive than control cells to inhibition of migration induced

by the drugs [327].

Indanocine, another inhibitor of microtubule assembly, blocked directional migration of

metastatic breast cancer cells. The migrating cells lost their polarization (leading and trailing

edges) and asymmetric distribution of FAs, and they were not able to form lamellipodia.

While in control cells EB1 preferentially bound microtubule plus ends oriented toward the

leading edge, EB1 binding to microtubules in indanocine-treated cells was haphazard and

weak [328]. Non-cytotoxic concentration of microtubule stabilizing agent epothilone B also halted

the migration of glioblastoma cells. This was accompanied by an observed decrease in EB1 content

at the microtubule plus ends and induction of microtubule catastrophes [329].

The need for EB1 to enable effective cell migration, albeit notable even in 2D melanoma

cultures [330], is especially highlighted in 3D models. Fibrosarcoma cells extend dendritic

protrusions with a microtubule core and an outer layer of actin filaments to migrate through

3D collagen matrices. Treatment with microtubule stabilizing chemotherapeutic taxol blocked

migration and decreased the number and branching of these protrusions, illustrating the necessity

of microtubule dynamics for cell movement. EB1 depletion had similar effect: the distances

the cells travelled were shorter, all the while only sparse, less branched protrusions were observed.

Furthermore, the activity of RhoA was low in EB1 depleted cells. EB1 knockdown in fibrosarcoma

cells might proposedly promote a strong binding of RhoA-activating GEFs to microtubules so that

they cannot stimulate the function of RhoA [331]. Prostate adenocarcinoma cells employ analogous

protrusions consisting of microtubules and actin filaments to migrate through 3D Matrigel. EB1

and EB3 were required for the cell movement, with EB3 siRNA-mediated silencing having greater

viiGMPCPP is a slowly hydrolyzable analogue of GTP.
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inhibitory effect on migration. In addition, cells expressing dominant negative EB3 mutant were

rounded and lacked any protrusions [332].

3.3.3.2 XMAP215

Proteins of the XMAP215 family are processive enzymes that promote microtubule

polymerization. They bind tubulin heterodimers in a 1:1 complex and facilitate their

addition to the microtubule plus end [333]. Cytoskeleton-associated protein 5 (CKAP5)

is a member of the XMAP215 family that was first described as a product of

colonic and hepatic tumor overexpressed gene (ch-TOG) [334]. Strong expression of CKAP5 was

associated with more advanced stage of hepatocellular carcinoma at the time of histopathological

diagnosis, and shortened overall survival of patients by 15.16 months (mean) [335]. Eribulin is an

inhibitor of microtubule dynamics that targets CKAP5. CKAP5 detached from microtubule plus

ends after breast cancer cells were treated with eribulin, resulting in decreased speed of microtubule

growth [336]. Cells were not capable of chemotactic orientation during migration [336] and

exhibited decreased migratory and invasive properties in vitro. Fewer lung metastases were

detected after athymic mice were intravenously injected with eribulin-pretreated cells [337].

CKAP5 is recruited to microtubule plus ends by another TIP+,

SLAIN motif-containing protein 2 (SLAIN2). Depletion of CKAP5 or SLAIN2 in breast

cancer and fibrosarcoma cells grown in 3D collagen matrices decreased the growth rate and

stability of microtubules. Cells were less invasive and migration speed was significantly lowered.

At the same time, loss of invasive pseudopodia at the leading edge of migrating cells was noted.

To confirm and further study this effect, immunodeficient mice were orthotopically transplanted

with breast adenocarcinoma cells expressing SLAIN2 dominant negative mutant. Derived tumors

had clearly defined borders, signifying low invasive potential of the cells. The lung metastases

that occurred in the mice consisted only of cells that did not express the mutant protein [338].

3.3.3.3 CLIPs and CLASPs

Cytoplasmic linker proteins (CLIPs) attenuate microtubule catastrophes. In cells expressing

a dominant negative mutant of CLIP-170, 65 % of microtubules that reached the cell margin

were not rescued when undergoing catastrophe and disintegrated up to the centrosome MTOC.

In a proposed model, CLIPs form a complex with tubulin heterodimers first, then the complex

binds to a shortening microtubule and enables switching to a growth phase by promoting

polymerization [339–341].

CLIP-170 facilitates movement of vesicles containing Met receptor tyrosine kinase (Met

RTK) towards plasmatic membrane by linking the vesicles to growing microtubule plus ends [342].

Signaling cascade of Met and its ligand hepatocyte growth factor (HGF) has been identified to

promote invasion and metastasis in multiple cancers [343]. HeLa cells treated with HGF exhibited

greater motility and formed numerous stable membrane protrusions. After CLIP-170 knockdown,

the protrusions associated with HGF signaling became sparse. Moreover, the protrusions were

irregular, more randomly spaced, and their membranes dynamically extended and retracted. The

change in the architecture of the protrusions was coupled with a decrease in cell migration velocities.
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Altogether, this indicates that loss of CLIP-170 rendered the cells incapable of effective migration

in response to HGF [342].

HGF signaling also enhanced directional lamellipodia formation in a 2D culture of breast

adenocarcinoma cells and increased their invasive properties in a 3D basement membrane matrix

culture. Even though CLIP-170 knockdown resulted in increased formation of lamellipodia in these

cells, they were randomly oriented [344]. Non-physiological hyperactivity of Rac1 GTPases, which

promote actin polymerization in lamellipodia [345], was proposed to contribute to the random

distribution of lamellipodia in this case. Expression of constitutively active Rac mutant increases

nondirectional motility in both 2D and 3D fibroblast cultures [346]. Rac1 was observed to be bound

and inhibited by CLIP-170 [344], which could explain the haphazard orientation of lamellipodia

upon CLIP-170 knockdown.

An early study on the effect of paclitaxel treatment in eight breast cancer cell lines revealed

that high expression of CLIP-170 was associated with increased sensitivity to the chemotherapeutic.

CLIP-170 facilitated binding of paclitaxel to microtubules, which prompted mitotic arrest and

induction of apoptosis in the cells [347]. However, later studies on metastatic breast cancer

cells that had been rendered resistant to paclitaxel by long-term cultivation in the presence of

the drug identified CLIP-170 and MCAK to be important mediators of the acquired resistance.

Microtubules in the resistant cells recruited more CLIP-170 and MCAK, which in turn counteracted

the stabilizing action of paclitaxel on microtubules by increasing their dynamics: the duration of

pauses in microtubule growth decreased while the frequencies of MCAK-endorsed catastrophes

and CLIP-170-promoted rescues were increased [348, 349].

Plk1, which can act both as a tumor supressor and an oncogene in different cancer

types [350]), confers resistance to paclitaxel in prostate cancer cells [351]. Plk1 phosphorylates

CLIP-170 on Ser195 [352], which consequently promotes microtubule dynamics and lessens

the microtubule-stabilizing effect of paclitaxel. In addition, an increase in microtubule-dependent

translocation of androgen receptor from cytoplasm to the nucleus has been observed upon CLIP-170

phosphorylation by Plk1. This process is an important step in the origin of castration resistance

in prostate cancer [351, 353], a highly unfavorable event in prostate cancer progression. It results

in a quick establishment of systemic metastases and an early death [354].

CLIPs interact with cytoplasmic linker protein-associated proteins (CLASPs) which have

a similar function to CLIPs. Schizosaccharomyces pombe CLASP Cls1p promotes microtubule

rescues upon its association with a tubulin heterodimer in a 1:1 complex (similarly to

XMAP215) [355]. Interestingly, after siRNA-mediated depletion of CLASPs (CLASP1 and

CLASP2) in multiple human cell lines, EB1 and EB3 localized along the entire length of

microtubules as well as at their plus ends. GTP-tubulin concentration at the microtubule lattice

was revealed to be higher in CLASPs-depleted cells. It can therefore be assumed that CLASPs

promote GTP hydrolysis and help maintain normal positioning of EBs only at the microtubule

plus ends where unhydrolyzed nucleotides are normally found [356].

Both CLASP1 and CLASP2 anchor microtubules near FAs in migrating transformed

keratinocytes, while their depletion results in discoordination of FA turnover. Directional migration

is ultimately made impossible. Moreover, function of CLASPs is important for exocytosis of

migration-promoting MT1-MMP at the sites of FAs [152]. MT1-MMP enhances cell migration
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in multiple ways [357]: it has been implicated in the direct ECM degradation that is associated with

a release of migration-stimulating molecules and fragments from the ECM [358, 359], it increases

FA turnover [152, 360] and even activates other MMPs [361]. Indeed, CLASP upregulation is

a negative prognostic factor in bladder and ovarian cancers [362–364].

3.3.3.4 Kinesins

Kinesins of the MCAK family also concetrate at microtubule plus ends and can thus be

considered +TIPs. Other types of kinesins, such as kinesin-4 and kinesin-8 families, exert

effects on microtubule dynamics when they reach microtubule plus ends. Kinesin-4 KIF4A

is mainly known to be involved in regulation of mitosis, where it assists in condensation

and segregation of chromosomes [365], coordinates microtubule dynamics in anaphase and is

indispensable for cytokinesis [366]. It is upregulated and indicates unfavorable prognosis in

numerous cancers, such as carcinomas of the breast [367, 368], cervix [369], colorectum [370],

liver [368, 371], kidney [368] and lung [368, 372] as well as low-grade glioma and melanoma [368].

In hepatocellular and colorectal carcinoma cell lines, KIF4A was shown to enhance migratory and

invasive properties [368, 370].

KIF18A, a kinesin-8 family member, abolishes microtubule assembly and dampens plus-end

dynamics by 25 %. It reduces time and length of growth and shrinkage and increases the

amount of time spent pausing in between growth and shrinkage [373]. High expression of

KIF18A has an unfavorable prognostic value in patients with breast [374], colorectal [375],

liver [376], lung [377, 378], prostate [379] and renal [380] cancer. In breast, colorectal, lung

and prostate carcinomas, the probability of lymph node metastasis increased with KIF18A

overexpression [374, 375, 378, 379], KIF18A was also upregulated in breast cancer visceral

metastases [381].

KIF18A downregulation induced microtubule instability and higher microtubule turnover

at the leading edges of breast cancer cells, effectively lowering their migration rates [382].

Similar effect on migration was observed in colorectal and lung adenocarcinoma as well as

hepatocellular carcinoma cells [375, 377, 383]. Simultaneously, KIF18A was neccessary to halt

anoikis [382]. Moreover, its knockdown mediated by shRNA decreased the expression of MMP-7

and MMP-9 [383]. Taken together, KIF18A is seemingly essential for careful regulation of

microtubule dynamics during invasion and at the same time, it upregulates the expression

of enzymes that cleave the surrounding extracellular matrix to make way for the migrating

anoikis-resistant cells.
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4 Conclusion

In summary, impaired regulation of cytoskeleton plays a major role in the deadly process of

metastasis. Microtubules take part in the key steps of the metastatic cascade. In cooperation with

other cytoskeleton proteins, microtubules provide cells with a dynamic scaffold to maintain cell

shape, resist external and internal deforming forces, transport various cargo and migrate. Avid

motility is especially important for cancer cells during metastasis. After EMT, cancer cells acquire

slender mesenchymal or rounded ameboid phenotype and migrate either individually or collectively.

Cells of malignant tumor often exhibit high plasticity, even with regard to cytoskeleton turnover

and dynamics, hence transitions between the different migratory modes can be observed.

Plethora of MAPs are deregulated in cancer cells and might promote, or converesely,

abrogate metastasis. Structural MAPs exert ambivalent effects on migrating cancer cells: both

pro-metastatic and anti-metastatic features of these proteins have been described. Overexpression

of destabilizing MAPs is often associated with more aggressive, highly-motile phenotype of cancer

cells, which worsens patients’ prognosis. Multiple +TIPs stabilize microtubules and promote

metastatic behaviour. EB1 is an important +TIP that enables assembly of complex protein

aggregates at microtubule plus ends.
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