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Casein kinase 2 promotes the TGF-B-induced activation of
o-tubulin acetyltransferase 1 in fibroblasts cultured on a soft

matrix
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Cell signals for growth factors depend on the mechanical pro-
perties of the extracellular matrix (ECM) surrounding the cells.
Microtubule acetylation is involved in the transforming growth
factor (TGF)-B-induced myofibroblast differentiation in the soft
ECM. However, the mechanism of activation of o-tubulin acetyl-
transferase 1 (o-TAT1), a major o-tubulin acetyltransferase, in
the soft ECM is not well defined. Here, we found that casein
kinase 2 (CK2) is required for the TGF-f-induced activation of
o-TAT1 that promotes microtubule acetylation in the soft mat-
rix. Genetic mutation and pharmacological inhibition of CK2
catalytic activity specifically reduced microtubule acetylation
in the cells cultured on a soft matrix rather than those cultured
on a stiff matrix. Immunoprecipitation analysis showed that CK2q,
a catalytic subunit of CK2, directly bound to the C-terminal do-
main of o-TAT1, and this interaction was more prominent in
the cells cultured on the soft matrix. Moreover, the substitution
of alanine with serine, the 236th amino acid located at the
C-terminus, which contains the CK2-binding site of o-TAT1, sig-
nificantly abrogated the TGF-B-induced microtubule acetylation
in the soft matrix, indicating that the successful binding of CK2
and the C-terminus of o-TAT1 led to the phosphorylation of
serine at the 236th position of amino acids in o-TAT1 and reg-
ulation of its catalytic activity. Taken together, our findings pro-
vide novel insights into the molecular mechanisms underlying
the TGF-B-induced activation of o-TAT1 in a soft matrix. [BMB
Reports 2022; 55(4): 192-197]
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INTRODUCTION

Microtubules are composed of o/B-tubulin heterodimers that
coordinate diverse cellular functions including mitosis, motility,
polarization, and intracellular transport (1). Being highly dyna-
mic structures, microtubules continuously undergo polymeriza-
tion and depolymerization via interactions with various motor
and microtubule-associated proteins. In addition, post-transla-
tional modifications including acetylation, polyglycylation, poly-
glutamylation, and tyrosination/detyrosination of microtubules
are essential modulators of microtubule-related functions (2).
Acetylation of microtubules occurs at the lysine 40 (K40) re-
sidue of artubulin, a marker for stable and long-lived micro-
tubules, that regulates cellular cargo transport, gene expression,
migration, and adhesion (2, 3). The level of tubulin acetylation
is regulated by the balance among the activities of histone
deacetylase 6 (HDAC6), NAD-dependent deacetylase sirtuin 2
(SIRT2), and ortubulin acetyltransferase 1 (o-TAT1/MEC-17), a
major acetyltransferase (4). Since the discovery of o-TAT1, sev-
eral studies have focused on clarifying its structural character-
ization to understand its fundamental role (5). Moreover, lysine
56 and 146 (K56 and 146) are close to the acetyl-CoA binding
site, suggesting that these residues might act as mediators for
the transfer of acetyl groups to o-tubulin (6). Although the N-
terminal domain of o-TAT1 as a catalytic subunit is compara-
tively well known, the role of its C-terminal domain remains
elusive. Phosphorylation at serine 237 (5237) of o-TAT1 by
TGF-B-activated kinase 1 (TAK1) increases the acetyl-transferase
activity upon TGF-f stimulation (7). Additionally, adenosine mo-
nophosphate-activated protein kinase phosphorylates o-TAT1
under oxidative stress, resulting in high levels of microtubule
acetylation (8). These results imply that o-TAT1 activation may
be controlled via phosphorylation by an upstream kinase.
Microtubule acetylation is closely associated with various
diseases, including cancer, fibrotic diseases, and neurodegene-
rative diseases, such as Parkinson’s and Alzheimer’s diseases
(9-11). Proinflammatory cytokines are important in the patho-
physiology of various diseases (12). Interestingly, TGF-B, reactive
oxygen species, and lipopolysaccharides act as inducers of
inflammation signaling and commonly increase the acetylation
of microtubules (7, 8, 13). Incident increase in microtubule
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acetylation by inflammation signaling may offer a fertile envi-
ronment to break out of pathogenesis, resulting in the loss of
neuronal cell structure and function. Therefore, targeting micro-
tubule acetylation induced by inflammatory signals in normal
tissues may be a new strategy for overcoming neurodegenera-
tive diseases.

Casein kinase 2 (CK2) is ubiquitously expressed and highly
conserved in eukaryotic cells. It is composed of two catalytic
subunits (o and o) and two regulatory B-subunits that form a
hetero-tetrameric structure (14). Accumulating evidence suggests
that CK2 is involved in a wide variety of cellular processes
including cell cycle, apoptosis, and signal transduction (15).
CK2 is also associated with the regulation of microtubule re-
organization. CK2 catalytic subunits (o and o) bind to tubulin
and modulate microtubule dynamics and stabilization (16).
Moreover, CK2 directly interacts with HDAC6 and phosphory-
lates S458, resulting in the activation of its deacetylase activity
(17). Although the role of CK2 in microtubule function remains
controversial, these findings suggest that CK2 is involved in
the regulation of microtubule cytoskeletal dynamics.

We have previously reported that microtubule acetylation of
fibroblasts cultured on a soft matrix that mimics normal tissue
rigidity is specifically increased upon TGF-§ stimulation. How-
ever, the molecular mechanism by which o-TAT1 is activated
under soft matrix conditions remains unknown. In this study,
we investigated the o-TAT1 activation mechanism by using a
soft matrix that mimics the mechanical properties of normal
tissues. We found that the C-terminus of o-TAT1 interacts with
CK20.. Point mutation of putative phosphorylation sites by CK2
further revealed that the serine residue in the 236th amino
acid likely regulates o-TAT1 activation via phosphorylation by
CK2 in the soft matrix. Collectively, our results suggested that
CK2 targeting can be considered a key strategy for microtubule
acetylation-targeted therapies for diseases affecting soft tissues
such as the brain.

RESULTS

Inhibition of CK2 impairs microtubule acetylation induced by
TGF-B on the soft matrix

To investigate the molecular mechanisms by which TGF-8 can
induce microtubule acetylation of fibroblasts in a soft matrix,
we first screened the kinases involved in the TGF-B-induced
microtubule acetylation of fibroblasts cultured on a soft matrix
using diverse pharmacological inhibitors and found that the
TGF-B-induced microtubule acetylation was effectively inhibited
by 4,5,6,7-tetrabromobenzotriazole (TBB), a CK2 inhibitor (Fig.
1A).

To test the inhibitory effect of TBB on microtubule acetyla-
tion based on the stiffness of the matrix, cells were treated
with TBB and TGF-B under various matrix mechanical condi-
tions. As shown in Fig. 1B, the inhibition of CK2 catalytic acti-
vity by TBB notably downregulated the level of microtubule
acetylation in cells cultured on a 0.5 kPa matrix. Cells cultured
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Fig. 1. Casein kinase 2 (CK2) is required for the transforming growth
factor (TGF)-B-induced microtubule acetylation on the soft matrix.
(A, B) Mouse embryonic fibroblasts (MEFs) were seeded on fibro-
nectin (10 pg/ml)-coated ~0.5 kPa polyacrylamide gel (PAG) in a
plastic culture dish with or without TGF-B (2 ng/ml), 4,5,6,7-tetrabro-
mobenzotriazole (TBB) (10 uM), and blebbistatin (10 uM). After 8 h
of incubation, protein lysates obtained from individual conditions were
subjected to western blotting with the indicated antibodies. (C, D)
Immunocytochemistry of MEFs seeded on fibronectin-coated ~0.5
kPa PAG and coverslips with or without TGF-$ (2 ng/ml) and TBB
(10 uM) for 8 h. Graphs show the projected cell area of 30 cells
randomly incubated on ~0.5 kPa PAGs and coverslips. Statistical
significance was determined via one-way analysis of variance (ANOVA)
with Tukey’s post hoc test. Projected cell area; one-way ANOVA,
F3116 = 75.84. ***P < 0.005, n.s. not significant. Scale bar, 25 um.
For each value, measurements were made on 30 randomly photographed
cells. (E) Wild-type (WT) and CK2a knockout (KO) MEFs were seeded
on 0.5 kPa PAG in a plastic culture dish upon TGF-B stimulation
for 8 h. (F) Measurement of projected cell area of WT and CK2a
KO MEFs on ~0.5 kPa PAGs (n = 30, each group). Statistical signifi-
cance was determined via one-way ANOVA with Tukey’s post hoc
test. Projected cell area; one-way ANOVA, F3q16 = 42.02. ***p <
0.005, n.s. not significant. For each value, measurements were made
on 30 randomly photographed cells.

with blebbistatin, a myosin inhibitor, showed significant inhibi-
tion of microtubule acetylation after TBB treatment. The phos-
phorylation status of the signal transducer and activator of tran-
scription 3 (STAT3) was determined to confirm the CK2 catalytic
activity induced by TGF- (15). Moreover, the formation of acety-
lated-o-tubulin along with elongated cells induced by TGF-8
was inhibited by TBB treatment on 0.5 kPa polyacrylamide
hydrogel (PAG) (Fig. 1C). However, it only changed the cell
morphology, but there was no change in the level of acety-
lated ortubulin on the stiff matrix (Glass) (Fig. 1D). These results
suggest that the requirement of CK2 for microtubule acetyla-
tion is dependent on the tensional status of cell-matrix interactions.

To verify the functional role of CK2 in the TGF-B-induced
microtubule acetylation in the soft matrix, we generated a
CK2a. (catalytic subunit of CK2) knockout cell line (CK2o KO)
using the clustered regularly interspaced palindromic repeat-
caspase 9 (CRISPR-Cas9) system (Supplementary Fig. 1A-C). In
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the wild-type (WT) cells, microtubule acetylation is markedly
downregulated on the soft matrix upon TGF-B stimulation in
CK20. KO cells compared with that on the stiff matrix (Fig. 1E).
Furthermore, CK2o. KO mouse embryonic fibroblasts (MEFs)
showed a significant reduction in the projected cell area upon
TGF-B stimulation of the soft matrix (Fig. 1F). Taken together,
these results show that the catalytic activity of CK2 is required
for the TGF-B-induced microtubule acetylation in cells cultured
on a soft matrix.

CK2 specifically interacts with o-TAT1 under low tension status
To provide insight into the underlying mechanism by which
CK2 regulates microtubule acetylation, we first performed im-
munoprecipitation (IP) experiments using the cells transfected
with Flag-CK2o and green fluorescent protein (GFP)-o-TAT1 to
demonstrate the association between CK2a and o-TAT1. Fig.
2A and B show that CK2a. can interact with o-TAT1. As shown
in Fig. 1B, the downregulation of microtubule acetylation by CK2o
inhibitor was predominant in cells on the soft matrix (0.5 kPa)
and under low tension status of the cell-matrix interaction
(blebbistatin) (Fig. 1B). We examined whether the binding of
CK2o and o-TAT1 is dependent on the tensional status of the
cell. Compared with mock-treated cells, the binding of CK2a
and o-TAT1 was predominant under blebbistatin treatment
(Fig. 2Q). Cellular localization of o-TAT1 and CK2a by im-
munostaining also showed that Flag-CK2ow was dispersed in
the cytosol, whereas o-TAT1 was localized in the tubules and
its colocalization was rarely partial. Interestingly, both proteins
in the cells cultured with blebbistatin exhibited colocalization
with an elongated cell axis (Fig. 2D). Taken together, these
results indicate that the interaction of CK2o and o-TAT1 occurs
under the low tension status of cells, such as in the soft matrix.
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Fig. 2. CK2a strongly binds to o-tubulin acetyltransferase 1 (o-TAT1)
on the soft matrix. (A, B) Co-immunoprecipitation (Co-IP) assay was
performed to analyze the interaction between Flag-CK20 and green
fluorescent protein (GFP)-0-TAT1 in HEK293T cells. (C) Co-IP assay
was performed to analyze the interaction between Flag-CK2o. and
GFP-0-TAT1 with or without blebbistatin in WT MEFs. (D) Cellular
localization of Flag-CK2o. and GFP-0-TAT1 in MEFs with or without
blebbistatin was observed via immunocytochemistry using anti-FLAG
antibodies. White arrows indicate the colocalization of Flag-CK2c and
GFP-0-TAT1. Scale bars: 25 um and 5 um (cropped image). Graphs
show the fluorescence intensities of Flag(K2o: (red) and GFP-0-TATT (green).
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CK20. binds to the C-terminal domain of a-TATT1 to regulate its
acetyltransferase activity

Next, we generated truncated mutants of o-TAT1 to dissect the
functional domain of the a-TAT1-CK2a interaction (Fig. 3A).
For o-TAT1, we constructed two truncated mutants: one was
the C-terminal-deleted mutant (GFP-o-TAT1) that retained its
catalytic activity, and the other was a catalytic domain-deleted
mutant that only had a C-terminal domain (GFP-o-TAT1Y).
Co-immunoprecipitation (Co-IP) assay showed that CK2a. speci-
fically interacted with the C-terminal domain of o-TAT1 (Fig. 3B).

Given these results, we expected that the C-terminal domain
of a-TAT1 (GFP-0-TAT1*") would act as a dominant-negative
inhibitor by competing with WT o-TAT1 for binding to CK2a..
Transient overexpression of the GFP-o-TAT1*™ construct sig-
nificantly inhibited the interaction between o-TATT" and CK20:
by approximately 60%, but the N-terminal domain of o-TAT1
(GFP-0-TAT1% did not affect this interaction (Fig. 3C).

The C-terminal domain of o-TAT1 functions as a regulatory
region via phosphorylation of TAK1 (7). Thus, we speculated that
the interaction of CK2a. with the C-terminus of a-TAT1 enables
the control of its acetyltransferase activity. GFP-o-TAT1"", GFP-
oc-TAT1AC, and GFP-o-TAT1*N constructs were overexpressed
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Fig. 3. Cterminal domain of o-TAT1 is essential for the regulation of
its acetyltransferase activity. (A) Schematic representation of GFP-o<TAT1""
(1-421 aa), GFP-o-TAT1“" (1211 aa) and GFP-o-TAT1™Y (190421 aa).
(B) HEK293T cells were transfected with the indicated plasmids, and
Co-IP was performed with anti-mouse 1gG and anti-Flag antibodies.
(C) Co-IP assay shows the binding affinities of Flag-CK2o. and
GFP-0-TAT1 by overexpression of GFP-0-TAT1“® and GFP-0-TAT1*".
(D) o-TAT1 KO MEFs were transfected with GFP-C1, GFP-a-TAT1"",
GFP-0-TAT1%", and GFP-0-TAT1*" and treated with TGF-B and bleb-
bistatin. Lysates from cells were subjected to western blotting with
the indicated antibodies. (E) WT MEFs were overexpressed with
Myc-empty vector or o-TAT1*"Myc and treated with blebbistatin
and/or TGF-B. Next, the cells were fixed and immunostained with
anti-Myc and anti-acetylated o-tubulin antibodies. The number of cells
having dendrites whose lengths were more or less than two-times
the lengths of their cell bodies was counted. For each value, mea-
surements were made on 50 randomly photographed cells. White
arrows indicate the long tail-like dendrites. Scale bar, 50 um.
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in the o-TAT1 KO MEFs, and the level of microtubule acetyla-
tion induced by TGF-§ was analyzed. Western blotting results
showed that GFP-0-TAT1“ expression significantly reduced micro-
tubule acetylation even though CK2 activity was increased by
TGF-B (based on the level of STAT3 phosphorylation) (Fig.
3D), suggesting that the C-terminal domain of o-TAT1 controls
its acetyltransferase activity via interaction with CK2a.

Next, we examined whether the overexpression of the C-ter-
minal domain of o-TAT1 causes a decrease in microtubule
acetylation upon TGF-f stimulation, as the C-terminal domain
of 0-TAT1 acts as a dominant-negative inhibitor by competing
with o-TAT1 for binding to CK2ao.. Cells overexpressing the
Myc-tagged C-terminal of 0-TAT1 (a-TAT1*™-Myc) in WT MEFs
showed shortened dendritic extensions with a lack of micro-
tubule acetylation upon TGF-§ stimulation compared to that in
the mock-transfected cells under blebbistatin treatment (Fig.
3E). Taken together, these results indicate that the interaction
of CK2a with the Cterminal domain of o-TAT1 and is crucial
for the regulation of o-TAT1 acetyltransferase activity by TGF-3
in the soft matrix.

Phosphorylation of o-TAT1 at $236 by CK2 is essential for the
acetyltransferase activity
We found that the C-terminus of o-TAT1 contains various put-
ative phosphorylation sites (Supplementary Fig. 2). We attempted
to determine the putative phosphorylation sites that are critical
for the regulation of microtubule acetylation on the soft matrix.
First, we divided the C-terminus of o-TAT1 into three clusters
(Cluster 1: 315-421 aa, Cluster 2: 261-314 aa, and Cluster 3:
211-260 aa) based on the closely located putative phosphory-
lation sites and generated truncated mutants (Fig. 4A). Although
the level of microtubule acetylation was decreased in o-TAT1
KO MEFs expressing all truncated mutants compared with that
observed in WT o-TAT1-expressing cells, the expression levels
of GFP-0-TAT1°“", and GFP-o-TAT1°“" likely increased micro-
tubule acetylation by TGF-B stimulation. Notably, overexpres-
sion of GFP-=TAT1*“““"™ in o-TAT1 KO MEFs failed to
increase microtubule acetylation (Fig. 4A). Based on this result,
we expected that the putative phosphorylation sites in Cluster
3 might be responsible for the regulation of -TAT1 acetyltrans-
ferase activity induced by TGF-B under soft matrix conditions.
After speculating that the overall reduction in microtubule
acetylation in the samples that expressed every C-terminal del-
eted construct of o-TAT1 (Fig. 3D) was due to structural problems
or low binding affinity with polymerized microtubules, we gen-
erated another o-TAT1 mutant by deleting the Cluster 3 region
alone (GFP-0-TAT1*?). Interestingly, 0-TAT1 KO MEFs expressing
GFP-0-TAT1%“ did not induce microtubule acetylation upon
TGF-B stimulation and did not affect the basal level of acetyl-
transferase activity (Fig. 4B). o-TAT1 with deleted Cluster 3
maintained its binding affinity to polymerized microtubules
compared with the WT o-TAT1. However, GFP-o-TAT1*“" drama-
tically reduced the microtubule binding affinity to ~65%, which
was consistent with a decrease in the basal level of microtu-
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Fig. 4. Phosphorylation of o+TAT1 at S236 regulates the TGF--induced
microtubule acetylation. (A, B) The C-terminal domain (190-421 aa)
is divided into three clusters, and each cluster and mutants with
deleted Cluster 3 region are indicated. o-TAT1 KO MEFs were trans-
fected with the indicated plasmids and treated with blebbistatin and/or
TGF- for 8 h. Graphs show the relative band intensity of acety-
lated-or-tubulin. Biological significance of the acetylated o-tubulin
levels in o-TAT1 KO MEFs by TGF-B was assessed using Student’s
ttest and compared with that of the control. *P < 0.05, **P < 0.01,
***p < 0.005, n.s. not significant. (C) o-TAT1 and its mutants, in
which the conserved serine residues (S) (5236, S237, and S238) were
mutated to alanine (A) (S236A, S237A, S238A and S237/238A). o-TAT1
KO MEFs were transfected with the indicated mutants, and the level
of acetylated-o-tubulin upon TGF-f stimulation was determined.

bule acetylation when Cluster 1 was deleted (Supplementary
Fig. 3). These results show that Cluster 3 (211-260 aa) of o-TAT1
may be required for the regulatory function of its acetyltrans-
ferase activity following TGF-B stimulation.

Cluster 3 had three putative serine phosphorylation sites
(236, 237, and 238), which were highly conserved between
the mouse and human species (Supplementary Fig. 4). To deter-
mine which serine residue is critical for the induction of micro-
tubule acetylation by TGF-8, we constructed o-TAT1 mutants
by substituting $236, S237, and S238 residues with alanine
(S236A, S237A, and S238A, respectively) via site-directed muta-
genesis. Western blotting results showed that TGF-3 suppressed
the acetylation of microtubules when they expressed the GFP-o-
TAT1 S236A mutant instead of other alanine mutants (Fig. 4C),
suggesting that phosphorylation of 5236 of o-TAT1 promotes
microtubule acetylation upon TGF-f stimulation.

DISCUSSION

o-TAT1 was first identified as a major acetyltransferase over a
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decade ago; however, the regulatory mechanism of its enzymatic
activity is still not fully understood. In this study, we demon-
strated that CK2a. binds to the C-terminal domain of o-TAT1.
Moreover, the substitution of serine at the 236th position, one
of the serine residues that may be phosphorylated by CK2, at
the C-terminus of o-TAT1 with alanine did not cause micro-
tubule acetylation. Although we could not confirm whether
CK2 directly phosphorylated 5236 of o-TAT1, these results sug-
gest the possibility of CK2 controlling the activity of o-TAT1.

CK2 is well known for its intracellular functions through the
phosphorylation of proteins related to actin rearrangement (18,
19). For example, phosphorylation of cortactin by CK2 leads to
the formation of an actin-related protein 2/3 complex, which
regulates actin-based invadopodia formation for tumor progres-
sion (18). However, in the case of a soft matrix, actin-related
signaling is not abundant due to the lack of integrin-mediated
actomyosin activity; instead, microtubule lattices function as
signaling mediators (20, 21). Meanwhile, the regulatory mecha-
nism of microtubule dynamics in the soft matrix is well defined.
In this study, we demonstrated that the requirement of CK2 for
microtubule acetylation is limited to the soft matrix. Inhibition
of CK2 activity with TBB caused changes in the cell mor-
phology on stiff matrix but did not affect the level of micro-
tubule acetylation, whereas treatment with TBB completely
downregulated microtubule acetylation in the cells cultured
on a soft matrix. Therefore, our results suggest that CK2 may
be a critical regulator of microtubule dynamics by controlling
o-TAT1 activity in a soft matrix.

o-TAT1 stochastically enters the microtubule ends to transfer
the acetyl group to o-tubulin. Coombes et al. demonstrated
that o-TAT1 enters the microtubule lumen through the micro-
tubule ends and bends or breaks in the lattice by mechanical
shearing (22). Additionally, the binding affinity between o-TAT1
and its binding sites is critical for determining its mobility
within the microtubule lumen. Kalebic et al. suggested that the
autoacetylation of o-TAT1 at K56, 146, 210, and 221 is essen-
tial for its catalytic activity (23). Although we propose that the
acetyltransferase activity of a-TAT1 is also controlled by phos-
phorylation of S236 at the C-terminal domain, the mechanism
by which the phosphorylation of o-TAT1 could increase
microtubule acetylation remains elusive. We suppose that the
phosphorylation of o-TAT1 by CK2 occurs in the cytosol or
outside the microtubules considering the localization of CK2.
Therefore, it could be possible that the phosphorylation of
o-TAT1 allows it to increase the binding affinity with the micro-
tubule lattice, which needs to be elucidated.

Although the role of microtubule acetylation in neurodegene-
rative diseases, such as Alzheimer’s and Parkinson’s diseases,
remains controversial, the level of microtubule acetylation has
been reported to increase in oxidative stress environments, such
as neuroinflammation (11, 24, 25). In addition, this increase is
required for breast cancer progression and involved in forming
an active tumor microenvironment through the modulation of
myofibroblast differentiation (26, 27). Microtubules function as
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a track where vesicle trafficking can be modulated. Acetylated
microtubules preferentially recognize the kinesin-1 motor protein,
thereby promoting the exocytosis of exosomes and various
cytokines through polarized vesicle trafficking caused by the
enhanced binding and motility of kinesin (28). These findings
suggest the potential of modulating microtubule acetylation for
breast cancer and neurodegenerative disease therapy. The phar-
macological inhibitors of o-TAT1 have been identified, but
they are yet to be fully explored (29). Therefore, o-TAT1 acti-
vity can be effectively controlled by using the CK2 inhibitor in
a soft matrix mimicking the stiffening of normal tissues; this
result is meaningful because it serves as a basis for developing
a new bypass strategy to control microtubule acetylation.
Taken together, we have demonstrated through this research
that the acetylation of microtubules increased in soft matrix
can be effectively blocked through downregulation of CK2
activity. Thus, it is expected to present a new treatment method
for malignant tumors or brain diseases such as Alzheimer’s dis-
ease occurring in a mechanical and soft matrix environment.

MATERIALS AND METHODS

Materials and methods are available in the supplemental material.
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