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Abbreviations

H-ABC: Hypomyelination with Atrophy of the Basal Ganglia and Cerebellum.
CNS: Central Nervous System.

OL: Oligodendrocyte.

MTs: Microtubules.

MTAs: Microtubule Targeting Agents.

WT: Wild Type.

PhC: Phase Contrast.

PTX: Paclitaxel.

Epo: Epothilone.

NDZ: Nocodazole.

ROI: Region of interest.
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Abstract

In this work, we analyzed the cytoskeleton changes produced by drugs that affect
microtubular dynamics on three cultured human cell lines to generate molecular models to
explain the pathophysiological processes that give rise to hypo-demyelination and central
malformations of the H-ABC tubulinopathy. Tubulinopathies are diseases characterized by
mutations in the genes that code for tubulin; specifically, mutations in TUBB4A produce
hypomyelination with atrophy of the basal ganglia and cerebellum (H-ABC). Clinically, it is
characterized by spasticity, extrapyramidal movements, ataxia, and cognitive and sensory
deficits. Morphologically it has been observed that oligodendrocytes (OL) present an
abnormal abundance of microtubules (MTs). The molecular mechanisms that trigger these
cytoskeletal alterations are unknown, so their study will allow us to understand the
pathophysiological processes that give rise to hypo-demyelination and the characteristic
central malformations of H-ABC.

We found that paclitaxel and epothilone B (Epo B) induced a higher tubulin density, thus
suggesting that treatment with these drugs could generate microtubular behavior, similar
to that observed in OL from patients with H-ABC.

These results allowed us to have a better understanding of H-ABC disease, since the changes
produced by these drugs in MTs can be used as pharmacological models to study the
structural modifications that occur in the cytoskeleton of patients with this disease.

As future work, OLs with and without the mutation will be exposed to different drugs that
affect the dynamics of MTs. These experiments will allow mimicking the microtubular
defect observed in H-ABC, which will be analyzed later using other microscopy techniques,
such as electron microscopy, following the MTs in detail.



Introduction

Tubulinopathies

Tubulinopathies are a group of recently described diseases characterized by mutations in
tubulin isotypes (TUBB4A, TUBA1A, TUBB2A, TUBB2B, TUBB3, TUBB, and TUBG1), which in
turn, cause neurodevelopmental and neurodegenerative disorders [1], [2].

H-ABC disease

Hypomyelination with atrophy of the basal ganglia and cerebellum is a particular case of
tubulinopathy, caused by mutations in TUBB4A which is expressed mainly in OLs. More than
40 mutations have been reported in the TUBB4A gene [2]. It is clinically characterized by
extrapyramidal movement abnormalities, spasticity, cerebellar ataxia, and sometimes
epilepsy [3]. These extrapyramidal movement disturbances are often a remarkable feature
of H-ABC because cerebellar ataxia and spasticity are the typical manifestations of
hypomyelination. The presumptive diagnosis of H-ABC is made by magnetic resonance
imaging [4] which is corroborated by genetic tests.

Our laboratory described the first case of this tubulinopathy in Mexico, and two mutations
in TUBB4A were evidenced, one that generates the H-ABC disease in humans (D249N) [5]
and the other one in an animal model, the taiep rat (A302T). In this rat OLs, there is an
abnormal abundance of MTs [6]. They are arranged in linear rows, either alone or aligned
around the endoplasmic reticulum and the outer nuclear envelope (Fig.1) [7]. This
microtubular defect affects the myelinating capacity of the OLs.

The classic H-ABC mutation in humans, c. 745G> A (p.D249N), locates in the T7 loop in the
protein, involved in the longitudinal contacts of tubulin. The D249 residue is close to the
GTP site and is believed to play an important role in the interaction between the T7 loop
and a-tubulin-bound GTP. It has also been reported that other mutations close to GTP, such
as p.A352T, p.C354Y, and p.M323R, cause the typical phenotypes of H-ABC [8].



Figure 1. Transmission electron micrographs of OLs in the taiep rat. right OLs
contain_packed microtubules linking adjacent (arrowheads) or aligned with endoplasmic
reticulum (ER) (arrows) [7].

MTs are part of the cell cytoskeleton, and therefore they are involved in essential processes
for the maintenance of the cell, for example, a) proliferation, since they participate in
mitosis, allowing the correct separation of chromosomes; b) cellular functionality depends
on the cytoskeleton for the intracellular transport of proteins, organelles, and vesicles; and
c) cell fate, the migratory capacity of a cell depends on the proper functioning of the MTs
[9]. MTs are characterized by their dynamic, which varies between growth (polymerization)
and shortening (depolymerization) processes. A disruption in these mechanics generates
major failures in the maintenance of the cytoskeleton and microtubule-dependent
transport.

Structure and formation of MTs

The structural and functional subunit of the MTs is a heterodimer of two highly conserved
globular proteins, namely a- and B-tubulin. The a- and B-tubulin dimers polymerize to form
13 laterally associated protofilaments constituting a polar hollow cylinder [10] composed
of two ends, a plus-end (increasing) and a minus end (depolymerizing). The structures of a-
and B-tubulin are highly conserved throughout eukaryotes, and therefore the structural
conformation of longitudinal protofilaments is tightly regulated [11].

The lateral contacts are homotypic (a-a and B-B), except in a single site or "seam" (a- and
B-a) (Fig.2), and their functional relevance is not yet understood, although it seems to be
linked to the ring structure of y-TURC explained later [10]. Polarity will determine the
direction of the molecular motors along the MTs, and an alteration in this property will have
significant consequences in their conformation.



Microtubule

Homotypic contacts

Figure 2. Schematic of a microtubule, showing the seam [72].

MTs undergo rapid assembly and disassembly cycles through polymerization and
depolymerization of tubulin dimers. Each tubulin monomer binds to a guanosine 5'-
triphosphate (GTP) molecule, not exchangeable in a-tubulin (N-site) and interchangeable in
B-tubulin (E-site). GTP bound to PB-tubulin hydrolyzes to GDP immediately after
polymerization, thus weakening the binding affinity between tubulin dimers and causing
depolymerization, that is, a rapid loss of GDP-bound tubulin molecules at the plus end.

The correct intracellular organization of the MTs involves the participation of the central
organizing center of the MTs or centrosome, where the minus ends join. From there, they
start their growth towards the cell periphery. It is the initiation of MTs growth in the
centrosome that establishes their polarity in the cell. The main component of the
centrosome is another tubulin, y-tubulin, associated with other proteins to compose a ring-
shaped structure known as the y-tubulin ring complex (y -TURC) [11] (Fig 3).
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Figure 3. Microtubule nucleation scheme from the y-tubulin ring complex. The y-tubulin
subunits (pink) are arranged into a pseudo-helical conical structure that caps the microtubule
minus ends and interacts with the alpha tubulin (blue). Modified from [17].

In the cell, the minus end of the MTs is composed of a monomers, anchored to the y-TURC.
In the plus end, B-tubulin monomers are the most dynamic [12] (Fig. 4A). GTP must be
present at the E-site for tubulin to polymerize, but if it is hydrolyzed to GDP, the MTs are in
a metastable structure (Fig. 4B). It is the accelerated hydrolysis of GTP at the end plus that
results in rapid depolymerization. Therefore, the stability of the MTs is determined by the
presence or absence of tubulin-GTP at the + end (GTP-CAP). The existence of this cap will
determine whether the MTs will grow or depolymerize, and this characteristic gives rise to
the process known as "dynamic instability," an essential property of MTs [13], [14] (Fig. 4C).
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Figure 4. Instability dynamic of MTs (A) Schematic view of the MTs structure. (B) Shown is a cartoon
representation of the a-B tubulin heterodimer, which serves as the basic building block of the MT. The
nonexchangeable nucleotide binding site (N-site), located at the intradimer interface, can only bind GTP
molecules. In contrast, the E-site, exposed at the top of B tubulin domains, can bind either GTP or GDP
molecules. (c) lllustration of MTs dynamic instability. MTs can switch between the growth state and shrinkage
state, depending on the presence of the GTP cap [73].

MTs growth continues as long as there is a high concentration of GTP-bound tubulin. In this
case, the GTP-bound tubulin molecules are added faster than the GTP is hydrolyzed, thus
maintaining a GTP cap at the growing end (+). On the other hand, if the GTP is hydrolyzed
faster than the new subunits are added, the presence of tubulin bound to GDP leads to
disassembly and shortening [11]. Both in vivo and in vitro, the plus end of MTs undergoes
such commutations between growth and depolymerization phases. This characteristic
behavior is a vital property for cell function, especially during mitosis, as highlighted, for
example, agents against cancer such as paclitaxel (PTX) inhibit cell division by stabilizing
MTs and suppressing their particular "dynamic instability" [10].

Microtubule-associated proteins (MAPs) regulate the dynamic behavior of MTs. Based on
their mode of action, MAPs can be classified into (a) motile MAPs, motor proteins that
generate forces and movement [15], (b) enzymes that break or depolymerize MTs [16], (c)
microtubule nucleators, and [17] (d) end-binding proteins that specifically associate with
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plus- or minus-ends of MTs [18]. In turn, the growth or shortening of the end plus is
regulated by MAPs that promote the polymerization or depolymerization of tubulin dimers.
The polymerases bind to the end plus and multiply their growth rate by increasing the
incorporation of tubulin-GTP. The depolymerases stimulate its shortening by accelerating
the dissociation of tubulin-GDP. In turn, another class of MAPs called CLASP (CLIP-
associating proteins) suppress the catastrophe and promotes the rescue of MTs by stopping
their disassembly and restarting their growth [11].

To incorporate subunits of alpha and beta-tubulin into the MTs, the transformation of GDP
to GTP in B-tubulin is required. These heterodimers then assemble head-to-tail to compose
an initially open sheet of polar longitudinal protofilaments. The lateral interactions between
the filaments cause the passage of an open sheet to form a hollow tube. MAPs interact with
the outer surface of MTs to regulate their dynamic property and stability, as well as motor
proteins (dynein and kinesin) that also bind in these regions.

Due to the large number of functions in which MAPs are involved, it is not surprising that
they are also involved in various pathological conditions [19]. It has been reported that
transgenic mice for mutant/missing MAPs are models supporting MAPs structure
maintenance and functions of the mammalian brain relevance [20]. In this regard, it is
known that mutations located in the outer helices of tubulins will affect the correct
interaction with these proteins (Fig. 5).

12



c GTP -P-/‘ GDP \ ~1p GTP
06 7, eSTe -
®a ‘88 a a

/‘ GTP GTP GTP

%88

Figure 5. Folding of tubulin heterodimers and interactions with MAPs and motor proteins. The brown
spheres represent the B-tubulin monomers, the gray spheres represent the a-tubulin monomers. The rest of the
spheres symbolize the chaperones that collaborate in the stability and formation of the heterodimer [24].

Structural domains in tubulins

The a- and B-tubulin monomers are very similar in their compact structure. The secondary
and tertiary structures of the monomers are essentially identical. There is 40% of identity
in their sequence of approximately 450 amino acids [21]. Each monomer comprises three
sequential and functionally distinctive domains: N-terminal, intermediate, and C-terminal
domains (Fig.6). Each of them is composed of both a-helix structure and B-chains, and they
develop at least six different functions participating in the stability of the heterodimer,
longitudinal and lateral interactions of the protofilament, nucleotide exchange and
hydrolysis, and the protein-microtubule interactions.

The N-terminal region is formed by six parallel B chains (S1 — S6) that alternate with helices
(H1 — H6). In this way, each loop (T1-T6) is composed by the end of a strand joined at the
beginning of the subsequent helix, directly involved in interactions with the nucleotide. The
GTP-binding pocket is a vital structure for the folding, the design and the stability of tubulin
heterodimers, as well as for the assembly of protofilaments and their necessary lateral
interactions for the final structure of the MTs [21], [22].
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In the intermediate domain, the loops H6—H7, T7, and the helix H8 fall in the longitudinal
intra- and inter-dimer interfaces during MTs assembly. The loop T7 interacts with the
nucleotide of the next subunit along the protofilament [2].

N-TERMINAL DOMAIN

C-TERMINAL DOMAIN
B- tubulin

Nucleotide Binding Interdomain
Domain a- tubulin

INTERMEDIATE DOMAIN

Figure 6. functional domains and 3D structure of the tubulin heterodimer. Left shows the three structural
domains of tubulin heterodimer. The N-terminal domain includes the first 205 residues. The intermediate domain
comprises residues 206-381 and the C-terminal domain is made up of two structures, which overlap on the N-
terminal and intermediate domains. This domain appears to be involved in the binding of MAPs and motor
proteins. Right corresponds to the three-dimensional structure of tubulin heterodimer: o- tubulin (blue)
and B- tubulin (pink)_[23], [71].

The N site is formed principally by a-tubulin residues; there, GTP is buried in the intra-
heterodimeric interface between the two monomers, which prevents it from been
hydrolyzed to GDP. On the other hand, the E-site is composed of residues located at the
plus end of B-tubulin; therefore, it is partially exposed on the surface of the dimer. Thus,
GTP from B-tubulin may eventually hydrolyze when heterodimers are incorporated into the
MTs (Fig.7) [24].
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Figure 7. Representation of the tubulin heterodimer. The GTP of a-tubulin (N-site) and the GDP of (3-
tubulin (E-site). It can be seen how the GTP of a-tubulin is buried in the intradimeric face, while the GDP of 3-
tubulin is exposed on the surface of the dimer [75].

The C-terminal domain is formed mainly by two antiparallel helices (H11-H12) that cross
the other domains [12]. The a helices contain residues that are important for the stability
of the protofilaments. Motor proteins bind directly to the helices exposed in the outer
surface, allowing correct intracellular transport and, in turn, other MAPs extrinsically
control microtubular dynamics [25], [26].

Intermediate domains allow the interactions necessary for stability between the monomers
within the heterodimer and the MT. Other residues of the intermediate domain interact
with adjacent N-terminal domains to participate in structural rearrangements of GTP
hydrolysis products within B-tubulin. When this hydrolysis occurs, the heterodimer turns
from its initial straight structure to an open curve that favors depolymerization [22], [27].

Longitudinal interactions are mediated by highly conserved residues located in the inter and
intra-heterodimeric regions. Their primary function is to preserve the dimer's stability and
the protofilament's assembly. Lateral interactions between the protofilaments are made by
residues located on the lateral and internal faces of the heterodimer. They are essential to
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compress the protofilament sheet into a definitive hollow cylindrical structure and regulate
the MT's dynamics [24].

Microtubule Targeting Agents (MTAs).

Besides the importance of the dynamic properties of MTs for several cellular functions, e.g.,
the transport of intracellular organelles and the development and maintenance of cell
shape, they are also essential for the mitotic spindle formation during mitosis [28].

The MTs of the mitotic spindle are between ten and one hundred times more dynamic than
during the interphase [29]. This is essential for the correct anchorage of the chromosomes
to the spindle after the rupture of the nuclear membrane during prometaphase [30] and
for the complex movements that align them in the metaphase plate. In addition, the MTs
of the mitotic spindle are also necessary for their synchronized separation during anaphase
and telophase after the metaphase-anaphase checkpoint has been completed [31]. Thus,
an alteration in the dynamics of the MTs affects all these functions. Consequently, the
normal progression of the cycle is blocked, leading the cell to apoptosis [32] (Fig 8).

DNA/Microtubules

—
‘ bipolar spindle

—

telophase e ‘ )

anaphase metaphase

Jo dduasad

Apoptotic cell death

Mitotic aberrations
(abnormal spindles)

Figure 8. Microtubule changes during the cell cycle and mitotic
aberrations. The behavior of the MTs (shown in green), changes throughout
the cell cycle, being very dynamic during mitosis and with a slower dynamic
at interphase. MTAs cause a mitotic arrest at metaphase, inducing apoptosis
upon exit from the cell cycle. Adapted from [76].
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MTs are targets for treatment of cancer, because an alteration in their dynamics can
activate the spindle checkpoint, stopping the progression of the cell cycle in mitosis and
eventually lead to apoptotic cell death [33].

The discovery of microtubule-binding drugs date back some 50 years [34], when vinca
alkaloids were isolated from the leaves of Madagascar flower (Catharanthus roseus) and
used like agents against cancer. Conventionally, antimitotic compounds directed against
MTs are classified into two groups: stabilizers and destabilizers [35]. It has been reported
that high concentrations of stabilizing agents induce MTs polymerization [36], while
destabilizers inhibit its polymerization, favoring depolymerization.

The specific effects of each of these compounds on MTs mass, stability, and dynamics are
guite complex and vary from one to another. Therefore, they have been classified based on
their binding sites (Fig. 9), in addition to their effect on MTs. Most MTAs bind one of four
main sites/domains within MTs impacting tubulin stability:

Binding sites of MTAs

Effect on laulamide Taxane/epothilone  colchicine vinca

microtubule
stabilizing destabilizing

Table 1. Binding sites of MTAs to tubulin and their effect on MTs [77]

vinbiastine

Laulamide

Figure 9. Tubulin binding sites of microtubule targeting agents. A Molecules of vinblastine bound to
high affinity sites at the positive ends of the MTs. B Colchicine complexes with tubulin dimers and
copolymerizes in the network of MTs. C a cut microtubule is shown to view the inner surface and show
PTX binding sites. D laulimalide site is shown in alpha tubulin (yellow). Adapted from [31].
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The site of paclitaxel

Paclitaxel (PTX), isolated from the bark of the Pacific yew tree Taxus brevifolia was the first
microtubule-stabilizing agent described [37]. This MTA has its binding site in the lumen of
the MT, near to the lateral interface between
protofilaments (Fig. 9C). It is believed to have Q

access by diffusing through small openings or >¥O
fluctuations in the protofilament network that

make its passage possible. It binds to GDP-bound

B-tubulin and induces a change in its conformation @A)j\o fHs

to GTP-bound B-tubulin, which is more stable than OH @Ciko >_
the former. In this way, PTX stabilize the MT, thus o O

favoring its polymerization [38].
Figure 10. Structure of PTX.

Recently, several high-resolution cryo-electron microscopy studies comparing MTs in
different nucleotide states have reported that GTP hydrolysis generates compaction at the
longitudinal interdimeric interface, contiguous to the nucleotide in B-tubulin [39]. PTX
appears to reverse, at least partially, the effect of GTP hydrolysis, leading to a more
expanded network after GTP hydrolysis. However, its mechanism of action at the
longitudinal interface has not been detailed [40].

At the amino acid level, the binding site for PTX resides in a deep hydrophobic cleft near the
surface of the B (where the A302T mutation of the
Leps). taiep rat localizes), where it interacts with the

= M-oop protein through three hydrogen bonds. Helix
segments H1, H6, H7, and the loop between H6 and
H7 interact with 3'-benzamido phenyl, 3'-phenyl, and
2-benzoyl phenyl of PTX. In addition, 3'-phenyl has

Therefore, it interacts with the following tubulin
amino acids: [Leu-230, Ala-233 (H7); Phe 272, Pro-
274, Thr-276, Leu-286, Leu-291 (M loop); Pro-360,
Leu-371 (loop B9-B10); and Ser-374 (B10)] (Fig 11)
[41].

Figure 11. Binding interactions between
PTX and B-Tubulin [41].
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New antimitotic agents that bind to the PTX site
Epothilones

Epothilones are macrolactones, originally
isolated from the myxobacterium
Sorangium cellulosum. These agents
induce mitotic arrest by suppressing MTs
dynamics, and the comparison of the
effects of Epothilone (Epo) B on MTs
dynamics with those of PTX indicated that
both drugs alter the same MTs dynamic
parameters to a similar extent [42].
Epothilones favor the polymerization and
subsequent stabilization of MTs.

Figure 12. Structure of Epothilone B.

Epothilones are more soluble in water than PTX, eliminating the need for a vehicle, as in
PTX treatment. Therefore, they are more effective against PTX-resistant cells that
overexpress P-glycoprotein, a membrane efflux pump that significantly decreases
intracellular PTX concentrations [43]. On the other hand, Epo B has the same effects as PTX
on in vitro purified MTs and on mitotic spindle structure and function in cell culture. Both
drugs alter the same MTs dynamic parameters and to a similar degree, causing mitotic
arrest during metaphase [44].

Figure 13. Electron-crystallography-derived 3D models of (A) PTX (cyan carbon) and (B) Epo
B (brown carbon) bound to zinc-stabilized a, B-tubulin sheets. Colors represent elements: gray = C
and H, blue = N, red = O, and yellow = S [47].

19



Epo B shares the same binding site as PTX to B-tubulin (Fig 13 A), except for some amino
acids [45]. Recently, a model of the conformation and binding mode of Epo B was reported,
based on electron crystallography of Zn?* induced tubulin sheets [46]. Fig 13 B shows the
interaction of Epo B with tubulin, which forms hydrogen bonds with Arg282, Thr274 and
Arg276, and thiazole nitrogen with His227 on the H7 helix.

Both PTX and Epothilones cause stiffness and alignment of the M loop and H7 helix leading
to a conformational change in the a, B-tubulin dimer. This mechanism explains its stabilizing
effect on MTs after GTP hydrolysis [47].

The site of Colchicine

Colchicine >—NH

Colchicine was extracted from the poisonous meadow
saffron Colchicum autumnale. Colchicine binds with
high affinity to tubulin, which can copolymerize into
MTs. The binding of colchicine to B-tubulin results in a /
curved tubulin dimer and prevents it from adopting a
linear structure due to steric shock between colchicine
and a-tubulin, which inhibits MTs assembly [48]. O\

Figure 14. Structure of colchicine.

0
|

Colchicine binds with high affinity to the B subunit, interacting mainly with H7. Cys-241
forms hydrogen bonds with the trimethoxy phenyl ring of colchicine (ring A, Fig 15), while
Thr-179 and Val-181 within a-tubulin form hydrogen bonds with the tropolone ring (ring B)
(Fig 15) [49].

Ala316

Figure 15. Binding site of colchicine and tubulin [49].
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Nocodazole (NDZ)

NDZ is an antimitotic drug discovered as part of O e
an effort to find effective agents against the S H yo/
helminth parasite Ascaris lumbricoides. NDZ \ / @ >—N
belongs to a group of competitive inhibitors of %

colchicine binding to tubulin [48]. This drug has

been reported to bind with high affinity to

tubulin and inhibit MTs assembly [50]. Figure 16. Structure of NDZ.

Although the binding site of NDZ overlaps with that of colchicine, the two drugs are
structurally quite different [51]. NDZ, for example, does not have a trimethoxy phenyl ring,
typical of many colchicine-site binders. It is thought that the phenyl (Fig 16A) group may act
in the same role and bind to the same site as the trimethoxy phenyl ring of colchicine [52].

Figure 17. Interaction between NDZ and tubulin. A superimposition of the drug
and tubulin as found in straight protofilaments. B interaction with amino acids of
tubulin [54].

Recently, a coupling model based on drug resistance-associated mutations has placed NDZ
in a deeper pocket of B- tubulin [53]. It interacts via hydrogen bonding with N165 in S5 and
E198 in S6 (Fig 17B). Fig. 17A shows the superposition of the NDZ molecule (sphere
representation) and tubulin as found in straight protofilaments. The drug's interaction with
S8,59, H7,T7,and H8 is evidenced [54], indicating its proximity to the classic H-ABC (D249N)
mutation site in T7 [2].

Even though all these drugs affect MTs dynamics differently, they attach tubulin close to
the sites of the most frequent mutation of H-ABC (D249N) and the mutation in the taiep rat
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(A302T), which makes them attractive to study the effects of tubulin mutations on the
development of tubulinopathies.

At the cellular level, mutations in the TUBB4A gene exhibits an accumulation of MTs in the
oligodendrocytes; however, the molecular mechanisms responsible for this microtubular
defect have not been described. In this work we focus on providing a pharmacological
model that will allow us to understand the pathophysiological processes that give rise to
hypo-demyelination and central malformations characteristic of H-ABC.
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General Objective

To develop an in vitro pharmacological model that allows understanding the molecular
processes in MTs due to mutations in TUBB4A.

Specific objectives
a) To characterize the concentration of each drug by means of a cell survival test and an

analysis of the morphological changes observed by phase contrast microscopy (PhC).

b) To identify changes in the cytoskeleton induced by pharmacological treatment with
the proposed drugs through fluorescent tubulin labeling.

c) To determine which drugs, induce a similar phenotype to that occurring in
oligodendrocytes carrying the mutations to understand the structural changes
present in these conditions.
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Materials & methods

Drugs preparation

For cell treatments, we used the following drugs: PTX (Sigma Aldrich, T7402), NDZ (Sigma
Aldrich, M1404), colchicine (Sigma Aldrich, C3915) and Epo B (Sigma Aldrich, E2656). Stock
solutions were prepared in dimethylsulfoxide (DMSO) to obtain a concentration of 10 mM,
16.66 mM, 125 mM, and 5 mM, respectively. Subsequently, they were diluted in culture
medium to obtain final concentrations for cell culture treatments, as indicated in table 2.

Drugs

paclitaxel epothilone B nocodazole colchicine

Concentrations

. 1.25,2.5and5 0.3,3and 30 0.1,1and 10 0.25,2.5 and 25
in cell culture

nM nM uM uM
Incubation time  12,24,36 15,20,25 6,12,18 4,8,12
(hr)
Table 2. Concentrations of each drug in cells
cultures.
Cell culture

All cell lines we used in these experiments were of human originé SHSY5Y neuroblastoma
cells, which express TUBB4A, further differentiate into neurons (a cell type affected by H-
ABC) and HEK 293 embryonic kidney cells, which are widely used in biological research as
they are easy to grow and have an exponential growth rate. The base medium for HEK 293
cells is Dulbecco's modified Eagle medium (DMEM), and for SH-SY5Y cells DMEM- F12. The
complete growth medium contains fetal bovine serum to a final concentration of 10% and
100 pg / ml of penicillin and 100 pg / ml of streptomycin.

The procedure for cell maintenance and passage is detailed in the annexes (annex 8 page
53).
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Treatment with Drugs

After 48 hours of growth, different concentrations of each drug were added to Petri dishes
of 35 mm diameter containing coverslips with adherent cells attached to them as showed
in table 2. at different times. Subsequently, cells were washed with PBS and trypsinized.

PhC images

Phase-contrast images were taken using the ZEISS microscope, model Axio observer Al,
with a 10x or 40x dry objective.

Survival Assay

For cell viability, 600 ul of trypan blue were added to 600 pl of cells resuspended in 1 ml,
15 ul were placed in the Neubauer chamber, and the viable cells were counted.

Details of the survival assay in annexes.

Preparation of cells and immunofluorescence

1ml of PBS at 37°C and 1ml formaldehyde 8% were added to the dish containing the same
volume of growth medium (2ml) so the final concentration was 4% formaldehyde and were
incubated for 15 minutes. The solution was aspirated, and the coverslips were set in
agitation with PBS 3 times for 5 minutes. After that, PBS was removed and 0.1 % triton X-
100 in PBS was added for 10 minutes. PBS Triton and a blocking buffer, composed of 10 %
Bovine Serum, 0.04% Triton X-100 in PBS, were added for 30 minutes. The staining process
was done in a humidified chamber: in a close recipient, a wet paper was placed at the
bottom, with parafilm above it. Coverslips were moved to this humidified chamber and
placed upside down over 40 pl of medium containing the blocking buffer and antibodies.
Every coverslip was incubated upside down over a 40 pl, 1:500 dilution of primary antibody
Anti- Tubulin sheep polyclonal (Cytoskeleton, ATNO2) in blocking buffer, overnight at 4°C.
Then, the coverslips were washed three times with PBS at room temperature for 5 minutes.
For two hours, every coverslip was incubated upside down with a 40 pl dilution of 0.2 ul
Alexa fluor 488 (Thermo Fisher A-11015), 0.17 ul of DAPI (Thermo Fisher 62247), and 0.8
Alexa fluor phalloidin 647 at room temperature in the dark. Then, the coverslips were set in
agitation with PBS for 10 minutes. The minimal volume of fluorescence mounting medium
(Prolong Diamond, P36961) was added to the glass slide. The coverslips containing the
sample were removed from PBS and dried by tilting the glass on an adsorbent paper. Finally,
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the coverslips were placed down onto the mounting medium, avoiding bubbles. The
coverslip was sealed with transparent nail polish.

Statistical analysis

A minimum of three repetitions were done for each of the four conditions, i.e., control and
three different concentrations of each drug. Two-way ANOVA was applied to determine the
concentration or time as significant (p <0.05). Subsequently, a one-way ANOVA was applied
(to the variable resulting from the previous test) and, finally, the Tukey test to analyze
simple main effects. A bidirectional ANOVA test was used, assuming equal variances. For all
experiments, statistical significance was determined by a value of p <0.05.

Based on statistical significance and morphological changes observed by PhC microscopy,
the optimal concentration for each drug was selected. After treatment with them, cells
were immunostained.

Image acquisition

For fluorescence microscopy, HEK 293 and SHSY5Y slides images were obtained with a LSM
710 Zeiss confocal microscope, using LCl Plan-Neofluar 25x/0.08 Imm Korr DIC M27 and
alpha Plan- Apochromat 63X/1.46 Oil Korr M27 immersion objectives. It used FIJI'™ to
process the images.

Imaging Analysis

Fluorescence density was used as a metric for the analysis of fluorescence in the images
obtained. Which corresponds to the fluorescence intensity/number of pixels of each ROI
(Region Of Interest). Python was used for the analysis.

Details of procedure in the annexes (annex 9 page 53).

Determination of dose and exposure time for each drug

For the characterization of each drug, two parameters were considered: a) morphological
changes observed by PhC microscopy and b) the effects on cell survival. The range of
pharmacological dose/time to induce the effect of drug in each cellular type was obtained
from the literature. The cell cultures were treated with three different concentrations at
different incubation times. The survival data were analyzed to determinate the better
conditions (concentration and time) for each cellular type. Then, the effect on MTs were
analyzed by IHF.
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1. Stabilization of microtubules induced by PTX reduced the number of cytoplasmic
processes in embryonic and neuroblastoma cells at 5nM concentration for 24 hr.

To select the ideal concentration and time for PTX treatment, first the effects of microtubule
stabilization on cell proliferation were evaluated. Three different doses of PTX were tested
(1.25, 2.5, 5.0 nM) at three time points (12, 24, 36 hr). The cellular survival was evaluated
by a cell survival assay. The number of surviving cells at each concentration and time point
was plotted in a linear graph for HEK 293 (Fig. 17A) and for SHSY5Y (Fig. 18A). No significant
differences in the number of surviving cells were observed at 12 hr between any tested
dose compared to the control.
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Figure 18. Ideal conditions for treatment with PTX in HEK 293 cells. A The curves
represent the changes in the percentage of cell survival after treatment with different
concentrations of PTX at different times. B Bar graphs, showing a significant decrease (***
P <0.05) in cell survival for PTX 1.25, 2.5 and 5 nM during 24 hr and 36 hr. C. Phase contrast
images of HEK 293 cells treated with different concentrations and times of the drug where
their cell morphology is compared with the untreated control. 5nM PTX was found to induce
loss of cytoplasmic processes and cell clusters (arrow). Data reported as mean + SD and
ANOVA with correction for the Tukey test (HSD). Scale bar: 100 um.
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In contrast, the effect of all tested doses was significant (***p<0.05) at 24 and 36 hr for
both cell lines (Figs 18B and 19B).

Morphological analysis using phase contrast microscopy, showed no major changes during
the first 12 hr of treatment of either cell line due to the cytoplasmic extensions presence
that bound to neighboring cells similar to the control (Figs 18C and 19 C) and after 36 hr of
exposure to the drug, apoptotic vesicles appeared. However, incubation with the drug for
24 hrinduced the loss of cytoplasmic processes (arrowheads in Figs 18C) and the formation
of "cell islands" in the case of HEK 293 cells (arrow in Fig 87C). Therefore, the ideal
incubation time with PTX for both cell lines was 24 hr at the dose of 5nM.
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Figure 19. Ideal conditions for treatment with PTX in SHSY5Y cells. A The curves
represent the changes in the percentage of cell survival after treatment with different
concentrations of PTX at different times. B Bar graphs, showing a significant decrease (***
P <0.05) in cell survival for PTX 1.25, 2.5 and 5 nM during 24 hr and 36 hr. C. Phase contrast
images of SHSY5Y cells treated with different concentrations and times of the drug where
their cell morphology is compared with the untreated control. 5nM PTX was found to induce
loss of cytoplasmic processes (arrowheads). Data reported as mean + SD and ANOVA with
correction for the Tukey test (HSD). Scale bar: 100 um.
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2. Stabilization of microtubules induced by Epo B produced the contraction of cytoplasmic
processes in embryonic and neuroblastoma cells at 30nM concentration for 20 hr.

To determine the ideal concentration and time for Epo B treatment, its stabilizer effect on
cell proliferation was evaluated. Like in PTX treatment, it was evaluated the changes that
Epo B induces on cell survival. Three concentrations of the drug were tested (0.3, 3, 30 nM)
at different times (15, 20, 25 hr). The percentage of surviving cells at each concentration
and time point was plotted in a linear graph for HEK 293 (Fig 20A) and for SHSY5Y (Fig. 21A).
it was found that the exposure of both cell lines to the three concentrations of Epo B at all
point times was significant (***p<0.05), except the concentration of 0.3 nM at 15 hr. (Figs.
20B and 21B).

To identify the morphological changes induced by Epo B, the images obtained by PhC
microscopy of drug-treated cells and control cells were compared. The exposure of both
cell lines to the drug for 15 hr, did not produce important changes, since the cells preserved
their cytoplasmic processes like those of the control; however, after 20 hr of incubation
with EpoB, the cells exhibited remarkable contraction of their processes (Figs 20C and 21C)
the effect of "cell islands" was much more evident in HEK 293 cells (arrow in Fig 20C). After
25 hr both cell lines presented apoptotic vesicles that increased with dose dependent
manner.

Based on cell survival analysis and the morphological changes observed by PhC microscopy,

it was concluded that the ideal concentration and time for Epo B treatment were 30nM for
20 hr.
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Figure 20. Ideal conditions for treatment with Epo B in HEK 293 cells. A The curves
represent the changes in cell survival after treatment with different concentrations of Epo B
at different times. A significant decrease (*** P <0.05) in cell survival was obtained for Epo
B 0.3, 3 and 30 nM. B. Bar graphs, showing a significant decrease (*** P <0.05) in cell
survival for three concentrations of Epo B during all times. C. Phase contrast images of HEK
293 cells treated with different concentrations and times of the drug where their cell
morphology is compared with the untreated control. Epo B 30nM was found to induce loss
of cytoplasmic processes and “island of cells”. Scale bar: 100 um. Data reported as mean +
SD and ANOVA with correction for the Tukey test (HSD).
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Figure 21. Ideal conditions for treatment with Epo B in SHSY5Y cells. A The curves
represent the changes in cell survival after treatment with different concentrations of Epo B
at different times. A significant decrease (*** P <0.05) in cell survival was obtained for Epo
B 0.3, 3 and 30 nM. B Bar graphs, showing a significant decrease (*** P <0.05) in cell
survival for three concentrations of Epo B during all times. C. Phase contrast images of
SHSY5Y cells treated with different concentrations and times of the drug where their cell
morphology is compared with the untreated control. Epo B 30 nM was found fo induce
remarkable contraction of cytoplasmic processes. Data reported as mean + SD and ANOVA
with correction for the Tukey test (HSD). Scale bar: 100 um.

3. Destabilization of microtubules induced by NDZ exhibits the appearance of

"protrusions” in the cell membrane in embryonic and neuroblastoma cells at 1uM
concentration for 11 hr.

To select the ideal concentration and time for PTX treatment, first the effect of microtubule
stabilization on cell proliferation was evaluated. Three different doses of PTX were tested
(0.1, 1, 10 uM) at three time points (5, 11, 18 hr). The cellular survival was evaluated by a
cell survival assay. The ideal conditions for treatment with NDZ were determined by the
analysis of cell survival and morphological changes observed by PhC microscopy. Exposure
of both cell lines to NDZ affected cell survival in a dose-dependent manner. Three
concentrations of the drug were tested (0.1, 1, 10 uM) at different times (5, 11, 18 hr). The
number of surviving cells at each concentration and time point was plotted in a linear graph
for HEK 293 (Fig. 22A) and for SHSY5Y (Fig. 23A). the exposure of both cell lines to the three
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concentrations of NDZ at all times point was significant (***p<0.05), except at the
concentration of 0.1uM during 5 hr. (Figs. 22B and 23B).

The images obtained by phase contrast microscopy showed that the treatment with NDZ,
during the first 5 hr, did not present major changes in the morphology of both cell lines
compared to the control, however, after 11 hr of exposure to the drug, similar to treatment
with Epo B, the cells exhibited a notable loss of their cytoplasmic processes (Figs 22C and
23C), in addition, the appearance of "protrusions” in their cell membrane (which is much
more evident in HEK 293 cells) (arrows in Fig 22C). Many apoptotic vesicles appeared after
18 hr of exposure to NDZ, indicating cell death. These results and those obtained from the

analysis of cell survival confirm that the ideal concentration and time for treatment with
NDZ were 1pM and 11 hr respectively.
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Figure 22. Ideal conditions for treatment with NDZ in HEK 293 cells. A The curves
represent the changes in cell survival after treatment with different concentrations of at
different times B. Bar graphs, showing a significant decrease (*** P <0.05) in cell survival for
three concentrations of NDZ during all times. C. Phase contrast images of HEK 293 cells
treated with different concentrations and times of the drug where their cell morphology is
compared with the untreated control. It was found that NDZ 1 uM induced the formation of

“protrusions” in the cell periphery (arrows). Scale bar: 100 um. Data reported as mean + SD
and ANOVA with correction for the Tukey test (HSD).
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Figure 23. Ideal conditions for treatment with NDZ in SHSY5Y cells. A The curves
represent the changes in cell survival after treatment with different concentrations of NDZ at
different times B. Bar graphs, showing a significant decrease (*** P <0.05) in cell survival for
three concentrations of NDZ during all times. C. Phase contrast images of SHSY5Y cells
treated with different concentrations and times of the drug where their cell morphology is
compared with the untreated control. It was found that NDZ 1 uM produced contraction of
cytoplasmic prolongations. Scale bar: 100 um. Data reported as mean + SD and ANOVA
with correction for the Tukey test (HSD).

4. Destabilization of microtubules induced by colchicine produce the contraction of

cytoplasmatic process in embryonic and neuroblastoma cells at the dose of 2.5 uM during
8 hr.

To select the ideal concentration and time for PTX treatment, first the effect of colchicine
on the proliferation rate was evaluated, a cell survival analysis was performed for both cell
lines. Three different doses of colchicine were tested (0.23 2.5, 25 uM) at three time points
(4, 8, 12 hr). The number of surviving cells at each concentration and time point was plotted
in a linear graph for HEK 293 (Fig. 24A) and for SHSY5Y (Fig. 25A). It was determined that
the treatment of both cell lines with the three concentrations of colchicine at all point times
was significant (***p<0.05), except for concentration of 0.25 uM at 4 hr (Figs. 24B and 25B).
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Regarding the morphological analysis, it was found that the exposure of both cell lines to
colchicine did not produce important changes in cell morphology during the first 4 hr,
however, after 8 hr like the other drugs, contraction of their cytoplasmic processes, loss of
contact with neighboring cells and protrusions in the cell membrane (arrows in Figs 23C and
24C) were evidenced. In addition, the formation of "cell islands" in the case of HEK 293 cells

was maintained (Figs 24C and 25C). Both cell lines presented apoptotic vesicles after 12 hr
of drug treatment.

Based on the morphological changes and the survival analysis, it was concluded that the
ideal incubation time with colchicine for both cell lines was 8 hr at the dose of 2.5 uM.
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Figure 24. Ideal conditions for treatment with colchicine in HEK 293 cells. A The curves
represent the changes in cell survival after treatment with different concentrations of
colchicine at different times B. Bar graphs, showing a significant decrease (*** P <0.05) in
cell survival for three concentrations of colchicine during all times. C. Phase contrast images
of HEK 293 cells treated with different concentrations and times of the drug where their cell
morphology is compared with the untreated control. Colchicine 2.5 uM was found to induce
retraction of cytoplasmic prolongations and protrusions on the cellular periphery (arrows).

Scale bar: 100 um. Data reported as mean + SD and ANOVA with correction for the Tukey
test (HSD).
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Figure 25. Ideal conditions for treatment with colchicine in SHSY5Y cells. A The curves
represent the changes in cell survival after treatment with different concentrations of
colchicine at different times B. Bar graphs, showing a significant decrease (*** P <0.05) in
cell survival for three concentrations of colchicine during all times. C Phase contrast images
of SHSY5Y cells treated with different concentrations and times of the drug where their cell
morphology is compared with the untreated control. Colchicine 2.5 uM was found to induce
retraction of cytoplasmic prolongations and protrusions on the cellular periphery (arrows).
Scale bar: 100 um. Data reported as mean + SD and ANOVA with correction for the Tukey
test (HSD).

The concentration and time selected for each drug are shown in the following table (table
3.). Subsequently, fluorescence immunohistochemistry was performed for tubulin, in order
to identify by means of confocal microscopy, the structural changes in the cultures treated
with the drugs.
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Drugs

Concentration paclitaxel epothilone B nocodazole colchicine
5nM 30 nM 1uM 2.5uM

Incubation time 24 20 11 8

(hr)

Table 3. Concentration and time selected for each drug.

Results

1. Treatment with PTX and Epo B induces higher tubulin density.

1.1 Cells treated with PTX 5nM.

In the cell, PTX acts as stabilizer of tubulin dimers inhibiting the MTs depolymerization. Since
in H-ABC-tubulinopathy, the accumulation of MTs around the endoplasmic reticulum was
described, these drugs, which affect microtubule dynamics were used to understand the
defect in MTs that occurs in the disease. Fluorescence images of HEK 293 cells treated with
PTX 5nM were consistent with PhC microscopy images (Fig 18C), in which the formation of
“cell islands" with very short cytoplasmic extensions was evident (Figs 26 B-B’ and C-C’). The
fluorescent tubulin labeling is homogeneous in the control (Figs 26 A and A’), while tubulin
in the cells treated with PTX is concentrated mainly in the periphery of the "cell islands"
with the nuclei located in the center (Figs 26 B and C). This effect is seen in greater detail in
the Figs 26 B’ and 26 C’, where only the tubulin labeling is shown. It was also observed a
greater fluorescence intensity of the marker in this area, suggesting a greater tubulin
density. This assumption was corroborated by fluorescence density analysis, where the
density was defined as the intensity divided by the number of pixels in the region of interest
(ROI), it was found that cells exposed to PTX 5nM exhibited a significant increase (*** p
<0.05, one-way ANOVA with Tukey's test correction (HSD)) in fluorescence density
compared to the untreated control.
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Figure 26. PTX 5nM induced accumulation of tubulin in the periphery of HEK 293 cells Confocal
immunofluorescence images of tubulin (green), nucleus (blue), and actin (red). In HEK 293 cells treated with
PTX, a higher density of tubulin fluorescent label is observed in the cell periphery (B-B’ and C-C’F), compared
to the control (A and A’). Scale: 50 um. Cells treated with PTX exhibit higher tubulin density. The graph
represents the fluorescence density (intensity / number of pixels) of tubulin in HEK 293 cells treated with
paclitaxel 5nM. The treated cells show a fluorescence density significantly higher than the untreated controls
(*** p <0.05); One-way ANOVA with Tukey's test correction (HSD). Scale bar: 50 um

1.2 Cells treated with Epo B 30nM.

Like PTX, epothilone B is a microtubule stabilizer, thus promoting their polymerization. In
confocal images, it was observed that Epo B induced contraction of cytoplasmic processes
and association of cells in clusters (Figs 27 B-B’ and C-C’). Unlike the control condition,
where tubulin extends radially from the MTOC (Figs 27 B-B’ and C-C’)., in cells treated with
Epo B tubulin distributes in the cell periphery, oriented in parallel bundles radiating out
from the nucleus (Figs 27 B-B’ and C-C’). The areas where tubulin is more concentrated also
showed a higher intensity of fluorescent labeling for tubulin, which was correlated with a
significant increase in fluorescence density (*** p <0.05), using One-way ANOVA with
Tukey's test correction (HSD).
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Figure 27. Epo B 30nM produced bundles of tubulin in HEK 293 cells. Confocal immunofluorescence
images of tubulin (green), nucleus (blue), and actin (red). In HEK 293 cells treated with Epo B, a mayor
fluorescent label is observed in the cell periphery (B-B’ and C-C’), compared to the control (A and A’). Cells
treated with Epo B show higher tubulin density. The graph represents the fluorescence density (intensity /
number of pixels) of tubulin in HEK 293 cells treated with epothilone B 30 nM. The treated cells show a
fluorescence density significantly higher (*** p <0.05) than the untreated controls); One-way ANOVA with
Tukey's test correction (HSD). Scale: 50 um.

This result suggests that the increase in tubulin density, induced by treatment with PTX and
Epo B could be related to the microtubular defect observed in OLGs with the mutation in
TUBBA4A, due to the abnormal abundance of MTs.

1.3 Cells treated with NDZ 1 uM.

Nocodazole acts as a microtubule destabilizer, which binds to B tubulin, promoting its
depolymerization. Since it affects microtubule dynamics, it was used to study the molecular
mechanisms that could produce the microtubule defect in H-ABC. Fluorescence images of
HEK 293 cells exposed to 1 uM NDZ show, like the other drugs, contraction of cytoplasmic
processes and clustering of cells (Figs 28 B-B’ and C-C’) compared to the control.
Particularly, with this drug, protrusions are observed in the membrane, which, as observed
in the tubulin images (Figs 28 B-B’ and C-C’) appeared as small punctate aggregates in the
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cell periphery, suggesting that they could be abnormal spindles, as a product of the mitotic
arrest, according to previous studies with this drug [51].

Furthermore, the fluorescent signal of tubulin appears slightly weak and diffuse in the
cytoplasm of the cells treated with NDZ (Figs 28 B-B’ and C-C’) compared to the control,
where a homogeneous labeling is observed throughout the cell (Figs 28 A and A’).

On the other hand, the fluorescence density analysis showed that there is no significant
change (ns) between the cells treated with the drug and the control condition, thus
suggesting that the aggregates of tubulin in the periphery could "compensate" for the weak
signal, which is observed in the cell cytoplasm.
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Figure 28. NDZ 1M induces depolymerization of MTs with the formation of tubulin aggregates in the
cellular periphery. Confocal immunofluorescence images of tubulin (green), nucleus (blue), and actin (red).
In HEK 293 cells treated with NDZ 1uM, aggregates of tubulin are observed in the cell periphery (arrows) (B-
B’ and C-C’), compared to the control (A and A’). Scale: 50 um. Fluorescence density (intensity / number of
pixels) of tubulin in HEK 293 cells treated with NDZ 1uM. The treated cells did not show significant changes
(ns) in fluorescence density compared to the untreated control; One-way ANOVA with Tukey's test correction
(HSD).
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1.4 Cells treated with colchicine 2.5uM.

Colchicine inhibits the assembly of MTs, affecting their stability, however, at high
concentrations (such as those used in this work), it induces the catastrophe of MTs. The
exposure of HEK 293 cells to 2.5 uM colchicine produced a weaker tubulin signal (Figs 29 B-
B’ and C-C’), than the treatment with NDZ (Figs 28 B-B’ and C-C’), the tubulin labeling in the
treated cells is not clearly appreciated (Figs 29 B-B’ and C-C’), compared to the control (Figs
29A and A’), which suggests an almost complete disruption of the microtubule network,
possibly due to depolymerization. [55]. This effect is correlated with the diffuse signal of
tubulin, observed in the Figs 29 B’ and C’. The data obtained with fluorescence density
analysis confirm this result, since the cells treated with colchicine exhibited a significant (*p
<0.05) decrease in tubulin density compared to the control.

: Confluence & 75% colchicine 2.50M \malges
L
! | I >
DO D3 ghr D3 D5
130000 cel. 540000 cel.
Control Colchicina 2,5 pM

—

Intensity / area

60 80 100

1
control 2.5uM

Concentration

DAPI / / Phalloidin

Figure 29. Colchicine 2.5uM produced a disruption in tubulin lattice. Confocal
immunofluorescence images of tubulin (green), nucleus (blue), and actin (red). In HEK 293 cells
treated with Colchicine 2.5uM a very weak and diffuse signal of the tubulin labeling is observed (B-
B’ and C-C’), compared to the control (A and A’). Scale: 50 um. G The graph represents the
fluorescence density (intensity / number of pixels) of tubulin in HEK 293 cells treated with Colchicine
2. 5uM. The treated cells showed a lower fluorescence density compared to the untreated controls
("p <0.05) One-way ANOVA with Tukey's test correction (HSD).
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2. The corpus callosum of taiep rat show a higher tubulin density than WT.

The corpus callosum is a group of nerve fibers that connects the cerebral hemispheres, and
its main function is to maintain interhemispheric communication. This structure is formed
mainly by myelinated axons, so it is to be expected to find many OLs there.

Coronal slice images of the 9-month-old taiep rat brain showed a higher number of cells in
the corpus callosum, probably OLs, which exhibit more intense tubulin signal (Figures 30 B
and B’) compared to the wild type (WT) rat (Figures 30 A-A’). This observation can be related
with the previously described abnormal abundance of MTs in the OLs of the taiep rat, which
persisted up to two years of age [6], [7].

The areas where tubulin labeling is more intense also showed a significant increase in
fluorescence density (** p <0.05, using One-way ANOVA with Tukey’s test correction (HSD)
(Fig 30 C).

(@]

Intensity / area
60 100

WT
0

WT taiep

Condition

taiep

DAPI / / Phalloidin

Figure 30. The corpus callosum (CC) of the taiep rat exhibits higher tubulin density.
Confocal immunofluorescence images of tubulin (green), nucleus (blue), and actin (red). In the
taiep rat it is observed that the fluorescent labeling of tubulin is more intense (arrows) (Figs A
and A’) compared to the WT rat (arrowheads) (Figs B and B’).
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3. The effect of paclitaxel and epothilone B depends on the differentiation phase of
SHSY5Y cells.

To investigate the effect of PTX and Epo B on the differentiation process, undifferentiated SHSY5Y
cells were compared with SHSYS5Y cells in phase of differentiation, exposed to 20 uM retinoic acid
for 4 days.

It was found that the treatment of undifferentiated SHSY5Y cells with PTX 5nM and Epo B induced
multinucleation, since the cells contained evenly stained nuclear fragments, as well as abnormal
spindles (Figs 31 B-B’, C-C’) (arrows), possibly because of a mitotic arrest in the metaphase, which
these MTA usually cause.

Regarding their morphology, the treated cells are completely contracted (Figs 31 B-B’, C-C)),
compared to the control, where tubulin (in green) is observed fully distributed in the cytoplasm,
with actin filaments in the periphery and a condensed core (Figs 31 A-A’).
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control

Paclitaxel 5nm

Epothilone B 30 nM

DAPI / / Phalloidin

Figure 31. PTX 5nM and Epo B 30nM induce multinucleation and abnormal
spindle formation. Confocal immunofluorescence images of tubulin (green),
nucleus (blue), and actin (red). SHSY5Y cells treated with PTX5 nM and Epo B 30
nM exhibit multipolar spindles (arrow) with chromosomes close to their poles
(arrowheads) (B-B’ and C-C’), an effect not observed in the control no treated (A and
A’). Scale: 50 um.
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The exposure of SHSY5Y cells to retinoic acid induces their differentiation, since it promotes
the expression of adrenergic receptors, in addition to changes in their morphology, as an
extension of their processes and neurite development [56];[57].

Cells were treated with retinoic acid as indicated in the following timeline:

cells grown in DMEM- F12 cells treated with RA 20 Drug
medium uM treatment

| | | | | | &

'~ | &3 1
D O e L9}
S/ e o SN

The fluorescence images of SHSY5Y cells treated during four days with retinoic acid, showed
prolongations and neurites (Figs 32 A and B), compared to the untreated ones (Figs 31 A-
A'), as reported in previous studies. Cells in differentiation phase were then exposed to Epo
B 30 nM for 20 hr and the changes in their cytoskeleton were analyzed. It was found that
the cells treated with Epo B could be classified into two groups: the first one corresponded
to cells with quite extensive processes (Figs 32 C and D) (arrows) and the second one
consisted of cells with almost complete contraction of their processes (Figs 32 C and D,
arrowheads). These results suggesting that the effect of contraction of the processes and
the fragmentation of the nucleus could correspond to undifferentiated SHSY5Y cells (Fig 31
Cand C'), however, the maintenance of extensive prolongations in another group of cells
could be since Epo B is a microtubule stabilizer, which could be favoring polymerization in
this type of cells [58].

Another group of cells treated with retinoic acid were exposed to PTX 5nM for 24 hr. In the
fluorescence images, it is observed that, unlike Epo B treatment, most of them exhibit
extended prolongations (Figs 32 E and F), similar to those of the control (Figs 32 A and B),
however they appeared to have longer neurites (Figs 32 E and F) (arrows) compared to the
control (Figs 32 A and B), suggesting that MTs might still be dynamic in the differentiation
phase of SHSY5Y and that stabilization of microtubule induced by PTX contributes to the
lengthening of neurites.

These findings together suggest that PTX and Epo B act differently according to the
differentiation phase of the SHSY5Y cells, since it was found that both drugs induced
multinucleation in an undifferentiated stage (Figs 31 B-B’ and C-C’) while, after treatment
with retinoic acid, the drugs seem to stabilize and elongate the processes of the cells, being
much more evident in the treatment with PTX.
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Figure 32. PTX 5nM and Epo B 30nM induce extension of process in differentiated
SHSYS5Y cells. Confocal immunofluorescence images of cells treated with AR/Epo B 30
nM (C and D) and AR/PTX 5nM (E and F). Arrowheads: Contraction of prolongations an
multinucleation; Arrows: Extension of processes; Neurites of extensions. Tubulin (green),
nucleus (blue). Scale: 50 um.
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Discussion

In this work we identify the effect of specific drugs on the cytoskeleton of two human cell
lines, in order to develop a pharmacological model that allows to understand the
pathophysiological processes that trigger hypo-demyelination and central malformations
characteristic of H-ABC.

We demonstrated that treatment with PTX and Epo B induces a higher tubulin density. This
result could be related to the changes produced by the mutation in H-ABC, since there is an
abnormal abundance of microtubules [59]; [6], suggesting that these drugs can be used as
pharmacological tools to study the structural modifications that occur in the cytoskeleton
of patients with H-ABC. Furthermore, it was observed that in the taiep rat, the cells in the
corpus callosum present more intense tubulin labeling than in the WT rat. Knowing that
corpus callosum is composed principally by OL [78] this finding suggests that the cells
accumulating tubulin in their cytoplasm corresponds to OLs. This finding is consistent with
previous studies, in which the accumulation of MTs in H-ABC as a consequence of mutation
is reported [6]; [7];[60].

H-ABC is a tubulinopathy produced by mutations in TUBB4A [2]. Our laboratory has
identified the taiep rat as the first animal model of tubulinopathies [61]. Both in humans
and in the taiep rat, it has been shown that they present severe damage in the central
myelin and atrophy in the corpus callosum and cerebellum [61]. At the cellular level, the
patient and taiep rat have an excess of MTs organized in longitudinal arrays, many of which
are closely related to the profiles of the smooth endoplasmic reticulum [6], [7]. These
microtubular defect could interfere with transport from endoplasmic reticulum to the Cis
portion of the Golgi apparatus [62], affecting the components necessary for forming and
maintaining the myelin sheath [63].

Diverse intrinsic factors influence microtubule dynamic: tubulin isotype, post-translational
modifications, and its interaction with different microtubule-associated proteins (MAPs)
[64]. For example, the assembly of neuronal MTs is slower than in glial cells because they
are in contact with MAP 2 or tau [65]. Likewise, detyrosination promotes the state of
polymerization of the microtubule [66], and it is used as a marker of stable MTs. The post-
translational modifications can also influence the localization of microtubule-associated
proteins. Plus end-tracking proteins (+TIPs) accomplish important functions for MTs, such
as regulating their dynamics by acting as an anti-catastrophe factor [67].

A possible explanation to the different effects obtained with the treatment of PTX and Epo
B in cell cultures, could be the isotype of tubulin that they express. For example, HEK 293
cells express TUBA1A, TUBA1B, TUBB2, TUBB4, and TUBB5 [68], while SHSY5Y cells express
TUBB1, TUBB2, TUBB3[69] and TUBB4A [70]. It has been reported that MTs assembled from
TUBB2 and TUBB4 are less dynamic than those assembled from TUBB3, due to the fact that
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they nucleate slower and exhibit a lower catastrophe rate [64]. This could be related to
resistance to PTX. In previous studies, it was shown that the overexpression of TUBB2 and
TUBB4 results in resistance to PTX and its stabilizing effect on MTs, as it is the case of MCF-
7 cells. However, the results reported in this work suggest high sensitivity of HEK 293 and
SHSY5Y cells to this drug, possibly because they do not exhibit overexpression of these
tubulin isotypes. Furthermore, it is possible that in the case of HEK 293 cells, PTX and Epo B
stabilizes the microtubules of the cell periphery (which are generally more dynamic, Figs 29
and 31), this hypothesis could be related to the fluorescence images in which a more intense
tubulin labeling is observed, correlated with the significant increase in fluorescence density
in image analysis (Figs 30 and 32). On the other hand, in the case of undifferentiated SHSY5Y
cells, multinucleation and abnormal spindle formation with chromosomes outside the
metaphase plate is quite evident with PTX and Epo B treatment (Fig 38 B-C’), suggesting
their sensitivity to these drugs. However, the cells treated with retinoic acid, which were in
a differentiation phase, showed a different effect to PTX and Epo B, i.e., they had longer
prolongations and the appearance of neurites (Fig 39 E and F). These results are consistent
with previous studies, which indicate that during neuronal differentiation the expression of
TUBB3A increases [69], which is also related to resistance to taxanes probably because the
MTs formed from this kind of tubulin are more dynamic [64]. Interestingly, differentiated
SHSY5Y cells treated with PTX were not significantly affected; they even exhibited longer
neurites (Figs C- C’). This result is consistent with that reported by Park and his
collaborators, suggesting that the differentiated neurons still present a population of
dynamic microtubules, which PTX stabilizes [77].

Based on these findings, it is possible that the microtubular defect observed in the
oligodendrocytes of H-ABC is that their dynamics changes. Electron microscopy images
show MTs aligned around the endoplasmic reticulum with their membranes joined [7]. A
hypothesis to this is that it is the result of an alteration in dynamic instability, it is possible
that the microtubules are not depolymerizing adequately, or a defect in polymerization is
occurring, given the abnormal abundance of MTs. However, there is also a higher number
of them [7]; [59], suggesting an alteration in the synthesis of tubulin. /n vitro studies show
that PTX slightly increases the rate of tubulin synthesis [71]. Furthermore, it has been
described that PTX induces a notable increase in cytoplasmic MTs in OLs in CNS organotypic
cultures [72], a pattern almost identical to that observed in OLs of the taiep rat. Thus, PTX
in CNS organotypic cultures model could provide insights about the changes in the
microtubules observed in the taiep rat.

The microtubule abnormalities in OLs observed in patients and the taiep rat, are responsible
for the reduced membrane sheets and decreased levels of myelin proteins [59]. Previous
experiments demonstrated that NDZ treatment allowed the correct distribution of PLP in
OLs in the spinal cord of the taiep rat [58], pointing out a possible alteration in microtubule
dynamics that affect myelin synthesis in OLs.
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In conclusion, these results suggest that treatment with drugs that affect the microtubular
dynamics will be a helpful tool to study the structural modifications that occur in the
cytoskeleton of patients with H-ABC.

More experiments are required to confirm that the increase in tubulin density observed
with PTX, and Epo B treatment corresponds to polymerized MTs. In turn, experiments with
molecular modeling that would allow understanding whether the effect on MTs induced by
these drugs is related to the microtubular defect observed in OLs with H-ABC.

Similarly, performing these experiments with OLs suggests a good mechanism to describe
the pathological processes that occur in the cytoskeleton of patients with H-ABC.
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Conclusions

PTX and Epo B induce higher tubulin density, an effect similar to that described in
OLs with the TUBB4A mutation. Therefore, the microtubular defect of the OLs could
be the product, among other aspects, of an alteration in the dynamics of the MTs.

High concentrations of NDZ and colchicine induce a disruption of the microtubule
network suggesting depolymerization.

Treatment of SH-SY5Y cells with PTX and Epo B resulted in the formation of
abnormal spindles and a multinucleated effect, indicating that these drugs have a
range of results depending on the type of tubulin isoform that the cells express.

The corpus callosum of the taiep rat exhibits a higher number of OLs with a more
intense fluorescent tubulin labeling compared to WT, which could suggest a higher
density of MTs; however, more experiments are required to confirm this.

The use of drugs that affect microtubule dynamics can be a helpful tool to study the
structural modifications in the cytoskeleton of patients with H-ABC.
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Annex 1. Tukey's test for the treatment of HEK 293 cells with PTX.
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Annex 2. Tukey's test for the treatment of SH-SY5Y cells with PTX.
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Annex 3. Tukey's test for the treatment of HEK 293 cells with Epo B.
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Annex 4. Tukey's test for the treatment of SHSY5Y cells with Epo B.
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5. Tukey's test for the treatment of HEK 293 cells with NDZ
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Annex 7. Tukey's test for the treatment of HEK 293 cells with colchicine.
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8. Tukey's test for the treatment of SHSY5Y cells with colchicine.
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Annex 8. protocol for cell passage

The procedure for 25 cm? flask was the following:

1. Remove culture medium.

2. Add PBS to rinse and discard.

3. Add 1.5 ml of trypsin solution, place at 37 °C for 2 minutes.

4. Add 3.5 ml of complete growth medium and aspirate cells by gently pipetting.

5. Centrifuge at 95xg for 3 minutes. Discard the supernatant.

6. Add 4.5 ml to the new flask.

7. Suspend the centrifuged cells in 3 ml of complete medium growth, take 0.5 ml, and

add to a new flask.

8. Incubate cultures at 37°C with an atmosphere composed of 95% air, 5% (CO,).

Annex 9. Protocol and code for computing of fluorescence density.

Code in Python

# Read image as gray scale.
gray img = cv2.imread("/content/drive/MyDrive/méscara/imdgenes/control
_63x.Jpg", 0) # images/imagen pacli 63x.Jpg

mask = cv2.adaptiveThreshold(gray img, 255, cv2.ADAPTIVE THRESH MEAN C
, cv2.THRESH BINARY, 199, -8) / 255.0

mask gray = np.multiply(gray img, mask)

density = np.sum(mask gray) / np.sum(mask)

print ("Density: ", density)

fig, axs = plt.subplots(figsize = (40, 30))
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plt.subplot(l, 3, 1)

plt.imshow(gray img, cmap = 'Greens')
plt.title('Original')

plt.subplot(l, 3, 2)
plt.imshow (mask, cmap = 'gray') #
plt.title('Mask")

plt.subplot(l, 3, 3)
plt.imshow (mask gray, cmap = 'Greens')
plt.title('Masked gray image')

° Density: 1©3.30942110095205
Orig_ina!

Masked gray Iimage n
~f A N

L )

N
f

L

photo of dead and living cells observed in the hemocytometer
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For the cell count the following formula was used:

nlalivecell

concentrationcell /ml) =
/mD) n°countedquadrants

In this case, dilution factor was 2.

* dilutionfactor
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Annex 11.1 Data of survival HEK 293 cells (NUM.CELL in the table) treated with PTX.

CONCENTRATION (nM)  TIME (hr) NUM.CELL

1.25 12 220000
1.25 12 210000
1.25 12 235000
1.25 24 150000
1.25 24 165000
1.25 24 185000
1.25 36 135000
1.25 36 140000
1.25 36 150000
2.5 12 135000
2.5 12 150000
2.5 12 165000
2.5 24 120000
2.5 24 135000
2.5 24 150000
2.5 36 105000
2.5 36 115000
2.5 36 120000
5 12 110000

5 12 125000

5 12 135000

5 24 110000

5 24 115000

5 24 120000

5 36 55000

5 36 75000

5 36 90000

0 12 245000

0 12 255000

0 12 265000

0 24 380000

0 24 400000

0 24 410000

0 36 580000

0 36 605000

0 36 615000



Annex 11.2 Data of survival HEK 293 cells (NUM.CELL in the table) treated with Epo B.

CONCENTRATION (nM)  TIME (hr) NUM.CELL

0.3 15 280000
0.3 15 260000
0.3 15 275000
0.3 20 255000
0.3 20 240000
0.3 20 265000
0.3 25 205000
0.3 25 215000
0.3 25 195000
3 15 145000
3 15 130000
3 15 155000
3 20 110000
3 20 135000
3 20 100000
3 25 85000
3 25 105000
3 25 90000
30 15 95000
30 15 105000
30 15 110000
30 20 75000
30 20 90000
30 20 85000
30 25 55000
30 25 65000
30 25 40000
0 15 290000
0 15 295000
0 15 285000
0 20 380000
0 20 362500
0 20 350000
0 25 395000
0 25 410000
0 25 420000



Annex 11.3 Data of survival HEK 293 cells (NUM.CELL in the table) treated with Colchicine.

CONCENTRATION (pM)
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130000
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195000
135000
155000
125000
100000
110000

95000
140000
155000
135000

75000

90000

85000

50000

65000

40000
215000
240000
225000
262500
280000
255000
295000
290000
285000
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Annex 11.4 Data of survival HEK 293 cells (NUM.CELL in the table) treated with
NDZ.

CONCENTRATION (pM) TIME (hr)  NUM.CELL
0.1 5 250000
0.1 5 260000
0.1 5 230000
0.1 11 210000
0.1 11 215000
0.1 11 190000
0.1 18 165000
0.1 18 175000
0.1 18 145000

1 5 200000
1 5 215000
1 5 185000
1 11 125000
1 11 140000
1 11 110000
1 18 65000
1 18 80000
1 18 55000
10 5 165000
10 5 175000
10 5 145000
10 11 70000
10 11 80000
10 11 55000
10 18 25000
10 18 35000
10 18 20000
0 5 275000
0 5 280000
0 5 260000
0 11 295000
0 11 285000
0 11 300000
0 18 355000
0 18 370000
0 18 350000



Annex 11.5 Data of survival SHSY5Y cells (NUM.CELL in the table) treated with PTX.

CONCENTRATION (nM) TIME (hr)
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45000
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85000
100000
125000
115000
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115000

90000

35000

90000

65000
225000
205000
215000
265000
325000
310000
415000
330000
380000
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Annex 11.6 Data of survival SHSY5Y cells (NUM.CELL in the table) treated with Epo

B.

CONCENTRATION (nM)
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Annex 11.7 Data of survival SHSY5Y cells (NUM.CELL in the table) treated with Colchicine.

CONCENTRATION (M) TIME (hr)
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Annex 11.8 Data of survival SHSY5Y cells (NUM.CELL in the table) treated with
NDZ.
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dicha tesis retine los requisitos y méritos suficientes para poder continuar con sus trimites de
solicitud de examen de grado.

Agradezco mucho su atencitn y aprovecho para enviarle un saludo cordial.

ATENTAMENTE

Dra. Valeria Piazza

arna el ResgUe Mo, 115, Col | armas el CARpesrre, © . ITISN, | s, G Mk,
teliin aal a2m b AAABGE T T
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Oficio nimero: AGV-2021-11-002

Asunto: Carta conformidad

Tesis de Maestria en Ciencias Aplicadas de Carla Marla Jaramillo Restrepo.
Ledn Gto., 29 de noviembre de 2021.

Dr. David Yves Ghislain Delepine
Director.
Divisidn de Ciencias e Ingenierfas Campus Ledn

Estimado Dr. Delepine:

Sirva la presente para hacer de su conocimiento que he revisado el trabajo titulado "Andlisis
biofoténico y molecular de tubulinopatias®, cuyo documento de tesis estd escrito en idioma
inglés bajo el titulo “Blophotonic and Molecular Analysis of Tubulinopathies” que para
obtener el grado de Maestra en Ciencias Aplicadas pone a ideracién la Ing. Carla Maria
Jaramillo Restrepo.

Le comunico que en mi opinién el trabajo redne las caracteristicas de nivel y calidad necesarias
para una tesis de maestria. Asimismo, he discutido con la Ing. Jaramillo algunos aspectos de su
trabajo y le he indicado las correcciones que considero pertinentes, las cuales ha incluido en la
version final del trabajo. De esta manera no tengo objeciones para el desamollo de su defensa de
acuerdo con la reglamentacion respectiva.

Agradeciendo la atencidn prestada a la presente, me despido

ATENTAMENTE
“LA VERDAD OS HARA LIBRES®

Dr. Arturo Gonzélez Vega
Profesor Titular "A”

C.c.p Carla Marta Jaramnilla Rastrupa.
Cacp. Archive AGV.

DEFARTAMENTO DE INGENIERIAS QUIMICA, ELECTRONICA ¥ BIOMEDICA
Lomas del Bosque #103,
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