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Microtubules play an important role in regulating several vital cellular activities, including cell division and tissue organization,
through their dynamic protofilament network. In addition to forming the cytoskeleton, microtubules regulate the intracellular
trafficking of cytoplasmic components and various signaling molecules, depending on the presence of post-transitional
modifications (PTMs) and binding proteins. Accumulating evidence indicates the significant role of microtubule PTMs on cancer
behavior. The PTMs that frequently occur on microtubules include acetylation, detyrosination, tyrosination, polyglutamylation, and
polyglycylation. Alterations in these PTMs cause global effects on intracellular signal transduction, strongly linked to cancer
pathogenesis. This review provides an update on the role of microtubule PTMs in cancer aggressiveness, particularly regarding cell
death, sensitivity to chemotherapy, cell migration, and invasion. Additionally, it provides a mechanistic explanation of the molecular
signaling pathways involved. This information might prove useful for predictive or therapeutic purposes.
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INTRODUCTION

Microtubules, the major elements of the cytoskeleton, are
assembled from highly-conserved tubulin heterodimers and
required to construct several subcellular organelles. The essential
biological functions of the network of microtubules include the
control of both cell growth and cell movement; they represent a
key signaling phenomenon that regulates several indispensable
cellular activities [1, 2]. Microtubules consist of a- and B-tubulin
heterodimers organized to form a hollow cylindrical structure
[1, 3]. They are highly dynamic and persistently change in form
(rapid shrinkage [microtubule catastrophe] to growth [microtu-
bule rescue]) throughout the cell cycle [3]. Microtubules are
nucleated, and they adhere to microtubule-organizing centers
(MTOCs) such as centrosomes at the minus-end, while the plus-
end is extended toward the cell periphery. Additionally, micro-
tubules function closely with an array of microtubule-associated
proteins (MAPs), which regulate their assembly and dynamic
stability by specifically binding to the plus- or minus-ends and/or
cooperating with the cellular trafficking of organelles and
molecules along the microtubules [4, 5].

Microtubules’ other cellular regulatory functions are carried out
through the spatial and temporal generation of specialized
microtubule identities, particularly the post-translational modifica-
tions (PTMs) [6]. Most modifications are localized at the C-terminus
of tubulin and accumulated on both long-lived and highly
dynamic microtubules [6, 7]. Mechanistically, tubulin PTMs seem
to mediate microtubule functions by directly altering their
mechanical properties or controlling their interactions with other
proteins [7]. Several groups of PTMs specifically preserved on
microtubules, such as tyrosination, detyrosination, glutamylation,
and glycylation, have been explored previously [8]. These

modifications are known to contribute to the various functions
of the microtubules. Accumulative studies report that microtubule
PTMs participate in the tubulin code and act as key regulators of
the functions of microtubules [9, 10]. Although these modifica-
tions affect the single-cell level, alterations in their functions could
cause massive disruptions in tissue homeostasis and eventually
result in disease development [11]. Although alterations in the
tubulin code have been reported in many types of cancer, the
presence of a functional association between tubulin PTMs and
cancer aggressiveness remains largely unknown. In this study, we
have reviewed and summarized the updated information about
the role of tubulin PTMs in cancer cell behavior.

MICROTUBULES AND THEIR DYNAMIC STRUCTURE

Microtubules have a highly dynamic filamentous structure. They
play important roles in sustaining the cell’s shape and transporting
vesicles or other components within eukaryotic cells. Microtubules
consist of a- and B-tubulin heterodimers [1, 2]. Constructing the
tubulin dimer from the a- and B-monomers requires adding a
guanosine triphosphate (GTP) molecule to the B-tubulin subunit-
conjugated to the a-tubulin [12]. The interaction between the a-
and [-tubulins at the interface of growing protofilaments
mediates the process of GTP hydrolysis, which contributes to
the flexibility of the conformation and the catastrophe-rescue
cycle (Fig. 1). Adding and removing the tubulin heterodimers at
the plus-ends of the microtubules is a highly dynamic process [13].
The GTP molecules associated with B-tubulin are hydrolyzed to
guanosine diphosphate (GDP) after polymerization. The GDP-
bound f-tubulins are different from the previously-formed GTP-
associated B-tubulins because they are strongly related to the
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Microtubule polymerization and depolymerization process driven by GTP hydrolysis. o- and p-tubulin dimers are incorporated into

the growing lattice; GTP-B-tubulin (green) forms a GTP-cap and is shortly hydrolyzed to GDP--tubulin (pink). GTP exchange causes a dynamic
switch between microtubule polymerization and depolymerization, resulting in a catastrophe (transition from growth to shrinkage) or rescue
(transition from shortening to growth). The catastrophe occurs due to the loss of the GTP-cap. Tubulin post-translational modifications (PTMs;
in gray) are localized in the tubulin carboxy-terminal tail. They determine the stability of the microtubule and potentially play specific roles in

cancer behavior.

depolymerized state of the microtubule. However, a GTP-tubulin
cap (region at the tip of the polymerizing microtubule) may be
lost. In that case, the microtubule switches to a shrinking state by
a process termed catastrophe [14], which is a crucial determiner of
the stability of the microtubules.

The minus-end of the microtubules bind to microtubule-
organizing centers (MTOCs), such as the centrosome, Golgi
complex, and microtubule-binding proteins, which help with
microtubule nucleation, anchoring, and stabilization [15, 16].
These characteristics are involved in the transition from micro-
tubule growth or polymerization to shrinkage or depolymeriza-
tion, thus allowing for their interaction with other cytoskeletal and
cytoplasmic contents, consequently altering cellular activities and
morphologies [17]. Also, the tubulin isotypes and the dynamic
variations in tubulin PTMs interact with a wide range of signaling
systems and contribute to the various roles of the microtubules
[18, 19].

In humans, microtubules consist of a combination of 7 a-tubulin
and 8 B-tubulin isotypes [20]. The tubulin family members share a
structural homology composed of the formation of a globular
body from the N-terminal with particularly different sequences at
the C-terminal tail [21]. The tail at the C-terminal consists of a
specific site for the tubulin PTMs, which aid in regulating the
protein-protein interactions and their functions, thereby contri-
buting to the remarkable properties of each tubulin isotype [22]
(Fig. 1). Despite their high degree of conservation, microtubules
exhibit varying behaviors and molecular structures among species
and cell types due to the convergence of the tubulin isotypes and
their PTMs.

MICROTUBULE PTMS

The therapeutic strategy of targeting microtubules has gained
attention after reports on differences in microtubule PTMs
between normal and cancer cells [23, 24]. Microtubule PTMs are
thought to regulate protein-protein interactions within the
microtubules, thereby affecting the signaling events within the
cells. Most modifications (tubulin tyrosination, detyrosination,
acetylation, glutamylation, and glycylation) are localized at the
tubulin C-terminus, and each PTM is associated with a specific
function. As shown in Fig. 2, the microtubule PTMs can markedly
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generate binary on and off signals by adding or eliminating single
functional residues (acetylation and detyrosination) or moderately
adding different numbers of residues (glutamylation, amination,
and glycylation) [25].

A range of enzymes catalyzes tubulin PTMs. The acetylation at
lysine 40 found on the luminal surface of the a-tubulin requires the
a-tubulin N-acetyl-transferase 1 (aTAT1), whereas the deacetylation
process is dependent on tubulin deacetylating enzymes such as
histone deacetylase 6 (HDAC6) and sirtuin 2 (SIRT2) [26-28].
Tubulin acetylation appears to increase the stability and longevity
of microtubules. The addition of tyrosine (tyrosination) at the a-
tubulin C-terminal is mediated by tubulin tyrosine ligase (TTL),
whereas its removal requires the catalytic activity of carboxypepti-
dases [25]. Detyrosinated tubulin (referred to as Glu-tubulin)
provides stability to the microtubules [25]. Following the
detyrosination process, the a-tubulin carboxy-terminal tail can be
modified further by removing the penultimate glutamate residue,
which results in the generation of A2-and A3-tubulin [7].
Polyglutamylation and polyglycylation of tubulin are associated
with the addition of glutamine- and glycine-side chains, respec-
tively, which extend from glutamine residues on the tubulin
C-terminal. The tubulin tyrosine ligase-like enzyme family controls
this activity; removing the polyglutamylate reaction is catalyzed by
the cytosolic carboxypeptidase (CCP) family [29-31]. During
polyamination, the polyamines are added to the globular part of
B-tubulin at glutamine (Q15) followed by phosphorylation at serine
(5172), thus impacting the assembly rates and stability of the
microtubules [32].

MICROTUBULES AND THEIR BIOLOGICAL ROLES IN CANCER

Microtubules play a significant role in regulating protein kinases,
which are associated with the behaviors of several cancers [33].
They are known to govern intracellular trafficking and molecular
signaling through their dynamic properties [34], linked with the
behavior and morphology of the cells during both tissue
development and pathological disease. For instance, the interac-
tions between cytoskeletal elements and several signaling
molecules contribute to activating the downstream effectors
related to cancer cell movement and cell survival [35-37]. It has
been reported that tubulin was strongly associated with the
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Fig. 2 Several types of PTMs on microtubules. Tubulin PTMs are generally located on various tubulin dimer regions (a-tubulins, yellow;
B-tubulins, pink). The acetylation occurs at lysine 40 (K40) on the luminal surface of the a-tubulin. Detyrosination/tyrosination and A2- and A3-
tubulin are found at the carboxy-terminal tails of the a-tubulins. Polyglutamylation and polyglycylation involve the addition of glutamine- and
glycine- side chains, respectively, on the carboxy-terminal tails of both o- and p-tubulins. Polyamination at glutamine 15 (Q15) and
phosphorylation at serine 172 (5172) are mostly seen in the globular part of B-tubulin.

functions of the tumor suppressor protein p53; the translocation
of p53 to the nucleus is dependent on the microtubule tracking
protein dynein, in which its function was controlled by tubulin
dynamics [38].

The microtubule can mediate cancer cells to accomplish
intricate functions, such as cell migration and adhesion [39, 40].
The Rho guanosine-5' triphosphatases (GTPases) signaling path-
way is one of the major cellular signaling pathways associated
with the cytoskeletal microtubules [39]. This pathway plays a
powerful role as an indispensable regulator in various biochemical
processes associated with cancer migration, such as cell-cell
junction assembly and disassembly, directional sensing, integrin-
matrix adhesion, and cytoskeletal dynamics [41]. A recent study
demonstrated the role of microtubules in tumor motility. It
reported that alterations in microtubule dynamics enhance the
RhoA activity, which stimulates Rho-associated protein kinase
(ROCK), a downstream signaling molecule in the Rho GTPase
pathway. Consequently, the cytoskeleton is reorganized in gastric
adenocarcinoma cells [42]. Microtubule dynamics influence cancer
motility via the regulation of Rho GEF-H1, which functions on
RhoA-regulating downstream myosin light chain phosphorylation
[43]. Accumulative evidence also demonstrates that microtubules
participate with Rho GTPases in regulating cancer metastasis
[44, 45].

It is of note that microtubules coordinate with the extracellular
environment in the regulation of cell morphology and function.
The indispensable controller for cancer cell-mechanics dependent
function is the mechanical cues such as substrate stiffness, cell
stretch, and shear stress [46]. These mechanical cues are crucial for
intrinsic tumor cell biology, which is governed by mechanical
interactions between cancer cells and their extracellular matrix
(ECM) stiffness. Consequently, these interactions change the
balancing of mechanical force in the ECM and microtubule
organization [47]. Some microtubule PTMs are defined as a
necessary mediator for microtubule network reorganization under
mechanical stress from the tumor microenvironment [48, 49].
Recent work reported that microtubule glutamylation plays a
causative function in response to ECM remodeling, leading to
breast cancer progression [48]. Low shear stress, a biomechanical
force, promotes microtubule dynamics through downregulating
tubulin acetylation, thereby increasing the integrin 1 trafficking
and enhancing breast cancer cell migration [49]. It indicated that
microtubules participate in a biomechanical cue contributed by
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the tumor microenvironment in the regulation of cancer cell
behavior through their PTMs alteration. However, the effect of
mechanical forces on other microtubule PTMs and cancer
aggressiveness required further elucidation.

Microtubules play several roles in response to cellular stress in
cancer by regulating the signaling pathways, particularly those
involved with signaling trafficking throughout the cells [33, 35].
The cytoskeleton network plays an important role in cellular
homeostasis by acting as a scaffold for sequestration or co-
localizing the stress response-related proteins [38, 50]. A previous
study reported that mitogen-activated protein kinase (MAPK)
interacts with the microtubule network via kinesin motor proteins
[51]. The coordination between microtubules and the MAPK
superfamily, including extracellular regulated kinases 1/2 (ERK1/2)
and c-Jun N-terminal protein kinase (JNK), extensively mediates
several stress signaling pathways in cancer cells. An emerging
study revealed that ERK binds to the kinesin family member 26B
(KIF26B) on microtubules and causes an increase in the
chemosensitivity of osteosarcoma cells [52]. Moreover,
microtubule-associated protein 4 (MAP4), a member of the MAP
family, can interact with and activate ERK1/2 leading to an
upregulation in vascular endothelial growth factor A (VEGFA)
expression, which enhances cell invasion and migration in
esophageal cancer [53]. MAP7 has been associated with cancer
metastasis, wherein it activates the MAPK signaling and promotes
both cell growth and motility in cervical cancer [54]. JNK is another
signaling pathway governed by microtubule dynamics in response
to environmental stresses; it has been reported that tubulin-
binding agents trigger JNK-mediated apoptosis in ovarian cancer
cells [55]. The JNK pathway is necessary for apoptosis and
autophagy activation after endoplasmic reticulum (ER) stress [56].
Moreover, the activation states of several signaling molecules,
including protein kinase B (Akt), were induced by their interactions
with tubulin, particularly the acetylated form. The phosphorylation
at serine 473 and threonine 308 by phosphatidylinositol 3-kinase
(PI3K) initiated its activity; however, the extension of the activated
state has shed light on the regulation by microtubules [57]. The
acetylated tubulin plays an important role in sustaining the Akt
activity in a dynactin-dynein motor complex-dependent mechan-
ism in response to decelerated cancer cell death [57]. Heat shock
protein 90 (Hsp90)-mediated Akt stabilization is regulated by the
localization of the Hsp90-Akt complex in the microtubule network
[58]. In addition, microtubules interacting with kinesins KIF2A and
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KIF1B between perinuclear lysosomes regulate mammalian target
of rapamycin (mTOR) signaling leading to autophagic initiation
[59]. The activating molecule of BECN1-regulated autophagy 1
(AMBRAT) plays a vital role as a linker protein among microtubules
and the PI3K signaling complex, which is responsible for the
induction of the autophagy process [60]. Thus, due to their
involvement in cellular trafficking, microtubules are required as a
scaffold for the sequestration of signal transduction in response to
cellular stress.

Microtubule dynamics also play roles in response to hypoxic
stress through several signaling pathways such as p38/MAPK and
hypoxia-inducible factor-1a/vascular endothelial growth factor
(HIF-1a/VEGF) [61-63]. Previous work reported the coordination of
microtubules and p38/MAPK that this signaling interacting to
MAP4 on microtubules was activated under hypoxic condition,
consequently facilitating microtubule depolymerization and
attenuating cervical cancer cell death [61]. Additionally, HIF-1a
protein, one of the main regulators of cellular hypoxia adaptation,
was associated with polymerized microtubules and was trans-
ported into the nucleus by the microtubule-associated motor
dynein protein [62]. Upon an interference to microtubule
dynamics occurred, the nuclear translocation of HIF-1a was
disrupted which inhibits VEGF transcription and thus attenuates
in vitro and in vivo angiogenesis in breast cancer cells [63].
Evidence indicated that microtubule dynamics participated in
several signalings of hypoxic adaptation, and an alteration of their
behaviors might affect these signalings and cellular response.

TYPES OF MICROTUBULE PTMS THAT AFFECT CANCER
BEHAVIOR

Aberrant levels of microtubule PTMs have been reported in
cancers and linked with cancer aggressiveness. Alterations in
tubulin PTM diversity are likely to disturb cellular homeostasis and
affect the behavior of cancer.

Acetylation

Tubulin acetylation is a marker of microtubule stability. The a-
tubulin K40 acetylation site is found on the microtubule’s luminal
surface [26]. Upregulated levels of tubulin PTMs following
acetylation have been reported in breast and head and neck
squamous cell carcinomas in association with both cell growth
and apoptotic cell death [64, 65]. The downregulation of tubulin
acetylation retarded the growth of cells in lung cancer (A549
cells) and cervical cancer (HelLa cells) [66]. Alternatively, the
tubulin deacetylase HDAC6, which decreases tubulin acetylation,
promoted cell proliferation in several cancers [67, 68], suggesting
that its role is possibly a cell-type-specific and/or signaling
participated.

Tubulin acetylation is known to be involved in the chemosensi-
tivity of lung cancer. The upregulation of tubulin acetylation in
paclitaxel-resistant cells, which stabilizes and prevents the anti-
apoptotic degradation of Mcl-1 has been reported previously [69].
Disruption of the microtubule resulted in Akt deactivation leading
to accelerate cell death [57]. In contrast, increased acetylation of
tubulin under nutrient deprivation can regulate kinesin-1-
dependent JNK expression and stimulate autophagosome forma-
tion in Hela cells [56]. Previous studies have demonstrated that a
histone deacetylase inhibitor, which upregulated the level of
acetylated tubulin, induced pancreatic cancer cell death [70] and
enhanced the anticancer effect of paclitaxel [71, 72]. These
findings suggest that the level of tubulin acetylation could predict
the chemosensitivity of paclitaxel in naive cancer cells; however,
after chemotherapy, the cancer cells might develop resistance and
exhibit hyperacetylation of the tubulin. Although, the role of
tubulin acetylation on cell death regulation remains unclear, and
extensive studies are required to confirm its role as a determiner
of the cell’s sensitivity to death.
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Apart from the regulation of cell death, elevated tubulin
acetylation was associated with metastasis; a recent study
reported that tubulin acetylation was upregulated in cases with
lymph node metastases [73]. Increased a-tubulin acetylation
enhanced cell migration and invasion, and a mutation at the
acetylation site lysine 40 could inhibit these activities. The
circulatory cancer cells exhibit a high level of stable tubulin,
suggesting that the tubulin dynamics promote the detachment of
these cells and potentiates metastasis [74]. Our recent study
showed that acetylated tubulin promotes epithelial to mesench-
ymal transition in lung cancer via the CAMSAP3/Akt machinery
[75]. Interestingly, suppression of tubulin acetylation via the aTAT1
knockout approach could suppress cell invasion and migration
through Wnt/B-catenin and matrix metalloproteinase (MMP) 9
[76, 77], thus indicating that tubulin acetylation potentiates the
ability to metastasize.

Tubulin acetylation participates in other cancer behaviors,
including ER stress [78], intracellular trafficking [79], and micro-
tubule dynamics regulation in cancer [80]. For instance, the
disruption of microtubule acetylation inhibits breast cancer
progression via upregulation of ER stress and alterations in the
morphology of the ER [78]. Gao et al. showed that deficiency of
HDAC6 could enhance tubulin acetylation and induce the
microtubule-directed transport of epidermal growth factor recep-
tor (EGFR)-loaded vesicles in lung cancer [79]. Moreover, increased
microtubule stability caused by the pharmacological inhibition of
HDAC6 was observed against cold- and nocodazole-induced
microtubule depolymerization in breast cancer MCF-7 cells [80].
Thus, the effect of tubulin acetylation on cellular functions is
considered to be highly significant in terms of controlling cellular
homeostasis.

Detyrosination/Tyrosination

Detyrosination, observed in highly stabilized microtubules, typi-
cally regulates the C-terminal tails of a-tubulin via TTL and
carboxypeptidases [25]. Alterations in the levels of detyrosination
and the enzymes responsible for these changes have been seen in
a wide range of cancers, particularly the aggressiveness of the
tumor [24, 37, 81]. Increased level of detyrosinated tubulin was
reported in breast cancer associated with poor prognosis [81].
Furthermore, detyrosinated tubulin reportedly regulates Rho/GEF-
mediated actin stress fiber formation, which promotes in vitro cell
motility, thereby indicating microtubules’ significant role in cancer
metastasis [37]. Increased tubulin detyrosination facilitates tumor
development by enhancing the production of a tubulin-based
membrane protrusion called microtentacle, which interacts with
the ECM [82, 83]. Low TTL levels might be frequently observed in
cancer cells and could be involved in promoting cancer cell
escape and invasion into the surrounding stroma. Transient
alterations in microtubule stability at the invasive tumor front
could remarkably affect metastatic efficiency. These assumptions
are supported by studies, which show that microtubules are
required for the attachment of circulating cancer cells to the blood
vessel walls [84].

A recent study identified vasohibins (VASH1 or VASH2) as
enzymes that encode the tubulin carboxypeptidase activity
necessary for detyrosination [85]. VASHs were initially recognized
as secretory proteins stimulated by VEGF during angiogenesis [86].
VASH1 is reported to inhibit tumor lymphangiogenesis and
metastasis [87] and suppress tumor growth in an in vivo xenograft
model of lung cancer [88]. On the contrary, VASH2 functions as a
mediator of proliferation [89]. It promotes tumor growth and
angiogenesis [90-92] and decreases the chemosensitivity to
paclitaxel in various types of cancer [93]. These findings
demonstrate the contradictory roles of VASH1 and VASH2 in
cancers. The distinctive functions of VASH1 and VASH2 might be
depended heavily on the overall homology at the amino acid
level, accounted only for 52% similarity, which contributes to their
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difference in a three-dimensional structure and the molecular
interaction [86]. However, the regulatory role of these VASHSs in
cancers is remaining largely unknown, particularly in association
with microtubule PTMs. Nonetheless, the extensive range of
human carcinoma patients had VASHs mutation that impacts their
tubulin detyrosination activity [94]. Previous evidence also
reported the relation of VASHs and microtubule detyrosination
that co-depletion of VASH1 and VASH2 was able to reduce
microtubule detyrosination level along with the mitotic spindles
[95]. This information suggested that VASHs-mediated microtu-
bule detyrosination regulates the cell cycle by regulation of
chromosome segregation. Moreover, a recent study revealed that
VASH2 markedly increased a-tubulin detyrosination that is
required for cancer cell migration [96], which tubulin detyrosina-
tion is related to metastasis through the formation of cellular
protrusive microtentacles in breast cancer cells [83]. According to
this evidence, VASH2 has a fundamental role in the regulation of
detyrosinated tubulin in such circumstances. The understanding
of VASHs/microtubule detyrosination could be of great impor-
tance for achieving benefits for cancer therapy.

Furthermore, dysregulation of tubulin detyrosination altered the
transportation of the centromere-associated protein E (CENP-E)-
mediated chromosomes to the spindle equator [97]. During
metaphase, chromosomes are aligned at the center in preparation
for their segregation into daughter cells; CENP-E/kinesin-7 is
required to guide the proximal chromosomes to the metaphase
plate along the microtubules at the equator [98]. Microtubule
detyrosination enhanced this process. The suppression of
detyrosinated spindle microtubules led to a delayed mitotic
process [97]. Their highly proliferative activity characterizes cancer
cells, and the inhibition of CENP-E was found to inhibit this activity
[99]. In cooperation with microtubules, the suppression of tubulin
detyrosination might contribute to CENP-E dysfunction and delay
cell division.

Tyrosination of a-tubulin is known to play a vital role in
chemotherapy resistance, cell division, and migratory ability, in
which the alteration of tyrosinated tubulin level is occurred in
some cancers and is associated with tumor aggression [100-102].
Upregulation of tyrosinated a-tubulin levels has been correlated
with paclitaxel resistance in MCF-7 breast cancer cells [100].
Abundant tyrosinated tubulin was observed along with the
cytoplasmic extensions and in the mitotic spindle of dividing
glioblastoma cells [101]. Recently, an elevation in the level of
tyrosinated tubulin due to overexpression of low-density lipopro-
tein receptor-related protein-6 (LRP6) was associated with
metastasis in colorectal cancer [102]. The effects of these PTMs
on cancer behavior remain unclear and have some contradictory
effects on cancer aggressiveness with tubulin detyrosination/
tyrosination status. As above mention, an increasing tubulin
detyrosination level facilitates tumor development, particularly
migration and metastasis activities in breast cancer [82, 83].
Notwithstanding, it has reported that an upregulation of tubulin
tyrosination influences varying cancer behaviors in several cancer
cell types [100-102]. According to all this evidence, tubulin
detyrosination/tyrosination may have disparate mechanisms of
dominant pathways participated for regulating cancer activity and
have dependability on cancer cell-type specificity. Further
investigations on the molecular mechanisms involved are required
to fully understand the potential implications of these tubulin
PTMs in tumorigenesis.

Polyglutamylation/Polyglycylation

Polyglutamylation and polyglycylation occur at the C-termini of
the a-and B-tubulins [29, 30]. Tubulin polyglutamylation is
commonly observed in several organisms. They enhance the
negative charge at the C-terminal tails of the a- and B-tubulins
and alter the surface conformation of the microtubule, thus
impacting the MAPs and the motor protein interactions [103].
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Tubulin polyglycylation has been reported to play an important
role in cell motility and cytokinesis [104]. Mechanistically,
polyglutamylation is carried out by a tubulin tyrosine ligase-like
(TTLL) enzyme and can be reversed by CCP enzymes [29-31].
However, the enzyme responsible for removing polyglycylation
remains unknown [105]. Members of the TTLL enzyme family
catalyze diverse tubulin PTMs; for example, TTLL-1, -4, -5, -6, -7, -9,
-11, -12, and -13 are specific to polyglutamylate a-tubulin or
B-tubulin [106]. TTLL-3 and TTLL-10 have been reported as tubulin
glycine ligases [105].

Downregulation of polyglutamylated a-tubulin after increased
polyglutamylation enzyme TTLL-12 inhibited prostate cancer cell
growth [107]. TTLL-12 also plays an important role as a molecular
marker of invasion and progression in ovarian cancer [108]. On the
contrary, increased polyglutamylation of B-tubulin following an
increased TTLL-4 expression level was associated with a shorter
recurrence-free survival period, brain metastasis, and increased
extracellular vesicles (EV) trafficking in breast cancer [109],
indicating that polyglutamylation of microtubules directly mod-
ulates cancer behavior and provides a metastatic niche by altering
the EV signature. Additionally, a high level of polyglutamylated
tubulin has been observed in prostate cancer [24]. Microtubule
glutamylation was upregulated in breast cancer and associated
with tumor cell proliferation and increased ECM remodeling [48].
In contrast, a lack of tubulin glycine ligase TTLL-3 resulting in low
tubulin glycylation levels strongly mediated tumorigenesis in
colon cancer in vivo, thereby indicating the suppressive role of
tubulin glycylation [110].

The role of tubulin PTMs in chemotherapeutic resistance has
been specifically implicated in cancer. Increased levels of
polyglutamylated tubulin have been related to paclitaxel resis-
tance in breast cancer cells [111, 112]. An extensive investigation
of the roles of tubulin polyglutamylation and polyglycylation in
tumorigenesis, and the clarification of their diverse enzyme
activities that affect cancer progression are necessary to establish
the PTMs as potential diagnostic and/or prognostic biomarkers.

Perspectives

Overall evidence provides the complex model of tubulin PTMs
that emerged the mechanistic details of their different biological
functions in cancers. Many recent works demonstrated correla-
tions between alterations in tubulin PTMs and cancer aggressive-
ness. However, in-depth knowledge about the functions of these
PTMs in many cancer types is largely unknown. Further systematic
and methodical studies on the functions of tubulin PTMs are
required to establish their roles in cancer and their use as
diagnostic and prognostic markers. Additional knowledge regard-
ing these PTMs will elucidate their prospective therapeutic value
for the treatment of human cancers.
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