ESAIM: PROCEEDINGS AND SURVEYS, September 2018, Vol. 62, p. 1-16
Muhammad DAUHOO, Laurent DUMAS, Pierre GABRIEL and Pauline LAFITTE

MATHEMATICAL MODELING OF EFFECT OF
MICROTUBULE-TARGETED AGENTS ON MICROTUBULE DYNAMIC
INSTABILITY *

AYUNA BARLUKOVA!, STEPHANE HONORE? AND FLORENCE HUBERT'!

Abstract. Microtubule-targeted agents (MTAs), widely used in chemotherapy, are molecules
that are able to block cancer cell migration and division. Their effect on microtubule
(MT) dynamic instability is measured by their influence on observable parameters of MT
dynamics such as growth speed, time-based catastrophe frequency, time-based rescue fre-
quency, etc. In this paper, we propose a new mathematical model that is able to reproduce
MT dynamics with an appropriate estimation of the main observable parameters. Using
the experimental data on paclitaxel effect in presence of EB proteins, we fitted param-
eters of the model from several drug concentrations. It enable us to understand which
non-observable model parameters are able to reproduce the effect of MTAs and thus to
highlight a new potential mechanism of action associated with MTAs effect in presence
of EB protein.

INTRODUCTION

Microtubule-targeted agents (MTAs) are currently widely used in chemotherapeutic regimens to
treat different types of cancer including breast, lung, myelomas, lymphomas, and leukemias. They
have a cytotoxic effect on dividing cells by affecting the M phase.

MTAs are divided into two groups, i.e. polymerizing and depolymerizing agents, depending on
whether they increase or decrease MT polymer mass at high concentrations. At low concentrations
both groups of MTAs impair MT functions and arrest cells in mitosis with little influence on
polymerized mass [JW98]. It has been proposed that the common cytotoxic mechanism of all
MTAs is kinetic stabilization (inhibition) of MT dynamics (growing and shortening) [JW98]. The
suppression of MT dynamics by MTAs, such as paclitaxel, has been demonstrated both in wvitro
[DWJ95] and in cells [JW98]. More recently, the paradoxical effects of MTAs on MT dynamics in
vitro, in presence of EB protein, has been revealed [PHMT12], [MKD"13]. Our aim is to better
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understand this action of MTAs, such as paclitaxel, in different experimental conditions (i.e. drug
concentration, presence/absence of EBs etc ...) using mathematical modeling. We want to study
how the observable effect on ”macroscopic” level can be produced by the MTA on the ”microscopic”
one. In particular, we reproduce the action of paclitaxel at various concentrations on MT dynamics
in presence of EB protein through the model parameters.

We use the improved model based on the continuous model published by P. Hinow et al [HRT09].
In our previous work, we incorporated into the model [HRT09] a new variable a, called the “MT
age” of the population of growing MTs. The value of the variable a provides, in fact, information
on the MT growth lifetime. It enables us to obtain the reliable estimations of average time- and
distance-based catastrophe frequencies in our model [BGH'17].

In the present work, we use the same idea to evaluate the time-based rescue frequency. Indeed,
we structure MTs in shortening state by the “shortening age” a. We use the information on the
shrinkage lifetime to obtain the estimation on time-based rescue frequency. Thus, our new model
of MT dynamics capture main measurable indicators frequently provided in literature: MT growth
and depolymerization speeds, time-based catastrophe and rescue frequencies. This allows us to
reproduce, through the model parameters, the MTA effect on MT dynamics described by a change
in these four indicators for various drug concentrations.

1. CONTINUOUS MODEL OF MICROTUBULE DYNAMICS

1.1. Model

The model is based on the continuous approach presented in [HRT09]. The time evolution of
concentrations of free GTP- and GDP-tubulin are described by the functions of time ¢, p(t) and
q(t), respectively. We denote the densities of the populations of growing and shrinking MTs by the
functions ¢ — w(t,,-,-) and t — v(t,,-), respectively. We structure growing MTs by the length
x, length of GTP-cap z and MT age a. The variable ¢ has a dimension of time and starts from
zero at the time a MT undergoes a transition from growth to shortening (catastrophe) or vice versa
(rescue event). Growing MTs pass in shortening state when they loss their GTP caps, i.e. z = 0.
The shrinking MTs are structured by the length z and the MT age a. Note that, thanks to this
new variable, we can collect for each MT, the lifetime and the size variation of each of the growing
or shortening events, allowing us to compute accurate indicators of the dynamic instabilites. This
variable will also be use to reflect a possible aging phenomenon on the hydrolysis.

The dynamics of growing MTs is driven by GTP-tubulin addition rate (the growth rate) v,o1(p(t))
and by the rate of GTP hydrolysis Yaydro(a). The scheme of MT dynamics is presented on Fig.
1.1. The time evolution of MTs of this population is described by the following transport equation

ug + ug + divg, (B(t,a)u) =0, B(t,a)= (WpOl(p&Sf;l(_i"gde(a)) ,a>0,2>2z>0 (1)

This model express the fact that the MT growth speed is a function ~y,, of the number of GTP-
tubulin with 7,, an increasing function of GTP-tubulin concentration defined in the following
way

t —

p;:_;?) X Lip.<p<p,)- (2)
The parameter p. stands for the critical concentration of GTP-tubulin required for polymerization.
We assume that the growth speed saturates at high GTP-tubulin concentrations. We denote by the

Ypot (P) = pot X L(psp,y + (Oépol
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FIGURE 1. Main features of MT dynamics

parameter p, the saturating value of GTP-tubulin concentration and oy is the maximal growth
rate. If the quantity of GTP-tubulin p(¢) is between values p. and ps, the growth rate depends
linearly on p(t). The transport equation (1) also says that the growth speed of the GTP-Tubulin
cap is a balance between the polymerisation and hydrolysis velocities :

R(t; a) = Ypor (p(t)) = Yhydro(a)- (3)

In our model, the GTP-hydrolysis mechanism is vectorial, which means that it propagates as a
front along a MT body. The speed of the front dividing GTP- and GDP-tubulin dimers vuydro(a),
which we call GTP-hydrolysis rate is an increasing function of age a

Vhydro(@) = Viogrs X La,<a<a,) + Vigaro X L(a.<a)- (4)

The parameter a. is a critical age that corresponds to the the time, observed in the experiment,
necessary for the freshly incorporated GTP-tubulin dimer to be hydrolyzed. We set the GTP-
hydrolysis to be equal to zero for MT with an age less than a.. For the MT with the age a which
is a. < a < a,, we set the GTP-hydrolysis rate to be equal to the parameter ~;"Y. We call these
MTs “young ones”. We call MTs with the age a > a; “old MTs” and set for them higher value of

young

the GTP-hydrolysis rate yﬁ%m > Vhydro -
The nucleation process appears as a boundary condition on I'y = {a > 0,2 > 0,z = =}

Vhydro(@)u(t, a,z,x) = N(p)ip(z)O(a), N(p) = up®, t € [0,00),

where p is a nucleation rate. We introduce here two non-negative functions ©(a) and #(x) such
that

/OOO O(a)da =1 and /OOO w(z)dz = 1 5)

with © and ¢ supported on supp © = (0,a0), and supp b = (0,x¢), respectively. The function
1 (x) defines the normalized MT length distribution.
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Rescue events appear as a boundary condition on I's = {a > 0,2 > 0,z = 0}
R(t, a)u(t, a,,0) A/n(mm (t,d, 2)da, if R(t,a) > 0, £ € [0,00). (6)
0

Here, A\ characterizes the propensity for shrinking MTs to be rescued. The threshold a...s is used
to restrict the age a of shrinking MTs that can return to the polymerization state.

We finally supply the system with a boundary condition on I's = {(a,z,2) s.t.a = 0,2 > 0,z > 0}
compatible with other boundary conditions

u(t,0,2,2) =0, t€]0,00).

The dynamics of the population of shrinking MTs is described by the transport equation

vt(t,&, -T) + divaw(va) = Iu—w - Iv—)u7 Bv = ( 1 ) 5 (7)
_’ydepol
endowed with
v(t,0,2) =0, t >0, = > 0. (8)
By I, and I,,_,, we denote influx and outflux to the domain of growing MT's that have the form
I, =0O(a /R u(t,a,z,0)da, Iy = A (a>q,, )0y, 0 1), (9)
0

The ” —” operator is given in (10).

=5~ tlal). (10)

The time evolution of GTP- and GDP-tubulin concentrations p and g, respectvely, are described
by following ordinary differential equations

bt = _’Ypollp%u + kg — N(p)a qt = ’ydepollv%q — kg, (11)

o0 o0
where Ip,_,, = f f u(t, a,x, z)dz dz da is the number of MTs in polymerization state, k is the rate
00

C—s8

of transformation of GDP-tubulin into GTP-tubulin, I, = f f t,a,z)dzda is the number of

MTs in shrinkage state and Ygepor is the constant depolymerlzatlon speed.

1.2. Macroscopical output values of the model

In the Table 1 you can find the notations of output macroscopical indicators of MT dynamics
and their estimations. There are two groups of output values: observable and non-observable in the
experiment. Note that in description of distance-based catastrophe frequency, we use the expression
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Notation | Mathematical expression Meaning

Values observable in experiment

The growth (or polymerization)
-t
’Ypol( ) Ypol (p(t)) speed (OI‘ rate)

1L(Rr(t,a)<0)u(t,a,z,0)da dx

o3y
I
Q=

Fctszn,p (t) p— Time-based catastrophe frequency
IS I(R(t,a)<0)u(t,a,a},0)da dx
00
?]{ 1(R(t,a)<0) u(t,a,z,0)da dzx
o0 fél 'ypol(tfa+s) ds
spa po— Distance(or space)-based catastrophe frequency
Fcat (t) da d
f f 1(R(t,a)<0)u(taaama0) a ax
00
oo t 1
IS la>ayes)v(t,a,x)dade
Frtggéﬁe (t) Oof n Time-based rescue frequency
J S Lasapes)v(t,a,x)da d
0 0
Erre o (t) Ff:;’éﬁe (t)/’ydepol Distance-based rescue frequency
Tieco(t) ngp(t)/'}/pol (p(t)) Decoration time
Values non-observable in experiment or hard to estimate
o000 T
Ipﬁu(t) f f f u(t, a,x, z)dz dx da The number of MTs in growth state
000
L® The number of MTs in depolymerization
Iv%q (ﬁ) { { U(t’ @ x)d:l:da (or shrinking or shortening) state
o000 T
L, (¢) f f f xu(t,a,x, z)dz dx da Total tubulin in growing MTs
205
L,(t) f f zv(t, a,x)dxda Total tubulin in shrinking MTs
0 0
Lev(t) L, (t)/fp_w (t) Average length of MTs in growth state
Average length of MTs in state of
av
L@ Lo (t)/IU_)q(t) depolymerization
oo T OO
I J [ zu(t,a,x,z)dadz dzx
ngp (t) 900 Ip—>u (t) Average length of the GTP-cap
[o ol Al o]
S [ | Yhydro(a)u(t,a,xz,z)da dz dx
a 000 )
’Yhyd’l‘o(t) Ip%u (t) Average GTP-hydrolysis rate

TABLE 1. Estimations of indicators of MT dynamics in our model.

Jo Vpor(t—a+s)ds which is an increase in length of MT at time ¢ from time ¢ —a (time from rescue).

Decoration time Tiye., is the time of existence of EB1 binding sites [PHM'12]. This for-
mula of Ty, is provided by the biological estimation. It is based on the assumption that the
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value of the growth rate, which is observable parameter, is probably close to the value of GTP-
hydrolysis rate which is non-observable. In our model, more appropriate alternative formula could
be Lgg,(t)/Viyaro- However, we choose the formula using as a biological estimation to be able to
compare our results with experimental ones, in the future.

Lemma 1 (Conservation of tubulin)

The total quantity of tubulin in the system, which is a sum of free GTP- and GDP-tubulin, and
the quantities of tubulin contained in MTs in both polymerization and depolymerization states,
x(t) = p(t) + q(t) + L,(t) + L (t) is constant.

1.3. Model parameters

Our numerical results provided in [B17] showed that we can divide our parameters on two
groups. In the first group are the parameters that mainly affect output “kinetic” indicators such as
the growth speed, the time-based and distance-based catastrophe frequencies, the time-based and
distance-based rescue frequencies without strong influence on proportion of polymerized-to-free
tubulin mass. In another group are the parameters that poorly affect the “kinetic” indicators but
strongly change the proportion of polymerized-to-free tubulin mass. In our simulation of paclitaxel
effect we will use only the first group of parameters, since we will refer to the biological observations
[PHM™12], describing the effect of MTAs at low concentrations, where few variation in proportion
of polymer-to-free tubulin mass were observed. The description of the parameters of the first group
is below.

Parameters linked to depolymerization.

e The parameter vgepo is directly given by the observable shortening rate.

e The parameter a,.s which is the time-delay before rescue event regulates the value of the
time-based rescue frequency in our model. This time-based rescue frequency can also be
adjusted by the parameter A which is the propensity of rescue. But we choose the parameter
ares to regulate the time-based rescue frequency, since a,¢s is simpler to interpret from the
biological point of view than the parameter A\. Moreover, if we get the information on both
shortening rate and the distance-based rescue frequency then we get an upper bound of
ares- In the case, when the distance based rescue frequency is not much affected by the
drug the increase of the shortening rate probably lead to the decrease of the parameter

Qres-

Thus, by the Ygepor and ares we can fix the observable parameters shortening rate and time-based
rescue frequency at the values that we get from the experiment.

Parameters linked to the GTP-hydrolysis. The parameters defining the GTP-tubulin hydrol-
ysis rate can not be easily estimated in the experiment. These parameters are the initial time
delay of the GTP-tubulin hydrolysis a., the two GTP-hydrolysis rates ;"7 and 7}2%7-07 and the
threshold as defining the age at which MTs undergo the acceleration of GTP-hydrolysis rate from

young old :
Yhydro 1O Vhydro- Our numerical results reveal that

e The parameter a. mainly affects the time-based catastrophe frequency and has a moderate
effect on the growth speed.

e The parameter of the GTP-hydrolysis rate ~
on time-based catastrophe frequency.

young

hydro D@s more effect on the growth speed than
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e The parameter of the GTP-hydrolysis rate ’)’2%7«0 has the similar effect as 775"

growth speed and on time-based catastrophe frequency in the case (7;*)01 > ’yﬁ%f{f ). In the

case (Vo1 < Vipdrs) this parameter has poor or negligible effect on MT dynamics.

o In the case (5, > Viiyare ) the parameter as has the similar effect on the growth speed and
the time-based catastrophe frequency as the parameter a.. Otherwise, this parameter has

a weak or negligible effect on MT dynamics.

on the

Both indicators v, and F!™ change in the same directions if we vary one of the four parameters
Qe s Gsy Vigdre OF 'y%‘fho. If, two parameters a. and ;¢ are sufficient to fit the growth rate and

the time-based catastrophe frequency, we set ’y,‘;;‘fim = fy,szZfog , as = a. that is equivalent to the one

plateau of GTP-hydrolysis rate.

In presence of EB proteins, the experimental data provides information on EB comet length
by fluorescence intensity of +end. As EB comet length is close to the GTP-tubulin cap length,
therefore, one can estimate the decoration time. In our model, the parameter a. (of GTP-tubulin
hydrolysis rate) correlates with this indicator. Thus, in our simulations we can take into account
the data on EB fluorescence intensity adjusting the parameter a..

2. NUMERICAL SCHEME FOR THE SYSTEM

2.1. Meshes

e let 0=ty <...<t, <...tyt =T be a discretization of time interval |0,7[. The non-
constant time step, denoted by dt,, = t,,+1 — t,, is evaluate at each time step to ensure the
stability of the scheme. Note that dt,, < 0.001 in the numerical results presented in this

paper.
e Points of discretization in age will evaluate with each time step dt,,. On n-th iteration the
points of discretization are aj} = az:ll +dt,_1, k=1,...,n. Note that

apyq —ay =dt,_y :=¢ep, with ag =0

and then EZI% =e}, Vk> 1.

e We introduce a mesh 7 in R}F consisting of open intervals K; =|(i — 1)h,ih[, i =1,..., N,
of the length h.

e Let M be a mesh of R? of the domain Z consisting of polygonal bounded convex subsets

of R?. Notations are described in Figure 2.

2.2. Discrete equations

The system (1)-(11) is discretized using an explicit Euler scheme in time, an upwind scheme for
the transport terms and order one quadratures for the integral terms insuring the total preservation
of tubulin. The time evolution of the quantity of free GTP-tubulin p on a discrete level

P = 7 — A (ot (0T + R0" — N (D)), (12)

where
N,

7 n
n _ 2rm n o __ n, n
Ip—m = E E h Uijv Uij = E €k Uk
k=1

i=1 j=1
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The time evolution of the quantity of free GDP-tubulin ¢ on a discrete level

qn+1 =q" + dtn(’YdepolIZ}Aq - an)7

where
= n 3t (S o).
k=1 i=1

The discrete equation for v™*! has the form

n+l _ n Vdepol ; n n n n
Upi = Vg1 T din ( A (VK11 = Vk—1s) — Avg_yi(ag_y > Gres) + O

where I/t =370 eR(RY) " up,,, endowed with vf; = 0, Vi, and R} = v,01(p") — v
Discrete equations for u™! for squares cells Mj,i=2,...,Ng, j=1,...,i—

are given by

n+l _ dt dtn

nn,i
1 u—v

k

Uprs = Ug_145 — Tn%ol (P")(uf_155 — Up—1i—1;) — T( i—1) " (Wh_14j — Wk_1ij41)

dtn

and for triangular cells M;;, i =1,..., N, k=2,...,n

" n 2dt,, o on 2dtn, , o A~ m
“kz‘t‘l = U144 — T'Vpol(p Y14 — T( 1) Uk—_1ii
2dt,, 2dt,,

T( b)) U g+ T%ydro(a;ﬁﬂ)“zim“»

endowed by the following conditions for all n, ¢ =1,...,N,, j=1,...,¢, k=2 ...

n o _ n o __ n _
Uys5 = 0, ugip=0, ug;y =0,

(13)

(14)

).

N

T( Z—l)Jr(uZ—lij_uZ—lij—l)a (15)

(16)
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and the boundary conditions

Vhyd'r‘O(a?)U?nH = ./\/(p)w(xz) T

n
n, n n n,n -
Rlulio :)\@1 E Skvki, for = 17NI
R/ (a2 >ares)

The boundary condition (6) at the discrete level reads as follows

n

Ry, = AOT E epvg, for i=1... N,

k/(ag>ares)

3. BIOLOGICAL OBSERVATIONS

Consider the data from [PHM™'12] given in Table 2 for the low dose of paclitaxel (1 nM, 10 nM,
100 nM) on MT dynamics in vitro, obtained in condition of presence of 75 nM EB3. We can see
that, at all doses of paclitaxel, all observable parameters are changed significantly compared to the
control observation. Note that the shortening rate has the wide range of variability. Paclitaxel
increased MT dynamic instability by increasing both MT growth and shortening rates. MT growth
rates are increased in concentration dependent manner. Paclitaxel increased time-based rescue
and catastrophe frequencies, while the space-based catastrophe frequency was poorly affected. The
experimental data [PHM™12] also contains the information on the fluorescence intensity (mean FI
in the Table 2) of EB3-GFP comets. To simulate the drug effect we use the information given in
Table 2, including the fluorescence intensity of EB-binding site.

Growth rate Shortening Time-based Space-based Time-based Mean FI
rate catastrophe freq | catastrophe freq | rescue freq

ST units [um min~ ] | [um min~ 7] [min~T] [um ™ [min~T] AU
control 3.87£ 1.00 19.09+ 16.03 | 1.72 £ 0.12 0.47 £ 0.03 2.124+0.29 | 79.2+ 12
1nM 4.13+ 1.47 17.87 £ 11.24 | 2.10 £ 0.17 0.58 £ 0.04 3.79£ 0.49 | 72.8 £ 18.8
change in % | +7 -6 +22 +23 +78 -10
10nM 4.89 £1.56 21.30 £15.85 | 2.62 £ 0.20 0.58 £ 0.045 5.77£0.63 | 68.5 £ 11.2
change in % | +26 +12 +52 +23 +172 -15
100nM 5.99 + 1.54 | 28.12 £+ 25.85 | 2.96 £ 0.18 0.50 + 0.033 4.57£0.50 | 58.2 £+ 15.6
change in % | +55 +47 +72 +6 +116 -28

TABLE 2. Parameters of MT dynamic instability of the MT +end in vitro. Control
observation and paclitaxel effect on the parameters in presence of EB-proteins.

Rhomb diagram representation. On Fig. 3 you can see the graph corresponding to the exper-
imental data given in the Table 2. Such kind of a graph, that we call a “rhomb diagram”, was
firstly presented in [LBD*14]. Tt illustrates the action of paclitaxel on four main indicators of MT
dynamics: depolymerization rate, growth rate, time-based catastrophe and rescue frequencies. This
is a convenient representation to analyze the data on four parameters obtained at different drug
concentrations. The diagram allows us visualize the tendency of changing of key parameters, as
well as to see if this changing is in correlation with the drug concentration and also to visualize a
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relative change of the parameter to the control observation. All parameter values are normalized
to the values of the control observation. On the Fig. 3 the red rhomb having its’ vertices at (—1,0)
(shortening rate), (0,1) (time-based rescue frequency), (1,0) (growth speed) and at (0, —1) (time-
based catastrophe frequency) corresponds to the control observation. Other rhombs reflect the
experimental data obtained in presence of paclitaxel at 1 nM, 10 nM and 100 nM concentrations.
Further we will use the rhomb diagrams to represent numerical results of our simulations.

FIGURE 3. Rhomb diagram [LBD"14]. Paclitaxel effect at 1 nM, 10 nM and 100
nM in presence of 75 nM of EB3 on four parameters: growth rate (right vertice),
shrinking rate (left vertice), time-based catastrophe (below vertice) and rescue
(above vertice) frequencies. All values are normalized to the values of the
control observation.

4. STRATEGY OF SIMULATION OF THE PACLITAXEL EFFECT

The aim is to understand which of the model parameters can produce the output values close to
ones obtained in the experiment at time 7', when the system reaches the steady state.
The successive steps to calibrate the main parameters of the model for each drug concentration
are the following:
e At first, we fix the parameters linked to depolymerization process.
(1) Fix vgepor according to the value of the shortening rate obtained in the experiment.
(2) Adjust the parameter a,.s to fit the time-based rescue frequency.
e Then fix the parameters of GTP-hydrolysis.
(3) reduce a. in agreement with the fluorescence intensity. This step is due to our obser-
vation that the parameter a. is found to regulate the decoration time which, in turn,
correlates with fluorescence intensity.
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(4) Adjust 7009

hydro a0 if necessary involve the parameters of the second plateau of GTP

old Ftemp

hydrolysis rate: as and vy, ot With experimental growth speed

and time-based catastrophe frequency. By default, a; = a. and V%dd,« o = Vigdrg (1€

only one plateau is considered), which corresponds to the absence of aging process.

to fit v,,, and

This last step might be tricky and requires to perform a big number of numerical tests. This
is due to the facts that all parameters a., as, Viyqre and ik, defining the function of GTP-
hydrolysis rate, regulate ~;,, and catastrophe frequencies. In particular, Ypor depends on the average
hydrolysis rate which, in turn, depends on interrelation of these four parameters.

Remark. Both ~;75"9 and 'y%‘fim affect more the growth rate than catastrophe frequencies.
In contrast, the time delay a. have stronger influence on time-based catastrophe frequency than on

growth speed [B17].

5. RESULTS

5.1. Numerical results

Fitting the model parameters. We started from the calibration of model parameters referring
to the data corresponding to control observation given in Table 2. The obtained set of parameters
can be found in Table 3. In all simulations, we switch off the nucleation process (i.e. we set u = 0)
at time ¢ = 15 min. The initial conditions are the following

p(0) =15 uM, ¢(0) =0, wu(0,-,-,-)=0, o(0,-,-)=0.

The simulation performed with the set of parameters given in Table 3 we call ”control test”. It
produces the values of growth speed, time- and distance-based catastrophe frequencies and of time-
based rescue frequency which are in strong agreement with the experimental control observations

given in Table 2. The output values provided in Table 4 are obtained at time 7" = 20 min, for which
we already observe the steady state.

Polymerization GTP-hydrolysis Depolymerization Rescue Nucleation | GDP — GTP
Dc Ps Qpol Qc | s ’Yﬁ;;:f 7}3237‘0 Ydepol Ares A 12 K
pM | pM | pm nlill’lul\'rl s s | pmmin~! | gmmin~! pm min~ ! S min~ ! ;Lh'171n1111’1 min~
2 | 15 32 3| - 4.3 - 19 26.7 19 5.9¢-3 24
TABLE 3. Parameter set reproducing the MT dynamics in wvitro of control ob-
servation described in [PHMT12]
Observable output indicators Non-observable output indicators
’7;ol Fctgznp chazc)ta ::;rczge Tdeco 72;dro LlaLv ngp L'La)v p q L“ L'U
pmmin 1 | min~? | gm~T | min ! S pmmin~ pm pm pm | pM | pM | pM | M
3.87 1.79 0.46 2.04 24.19 4.23 59.07 | 1.56 | 39.81 | 3.57 | 0.27 | 9.82 | 1.34

TABLE 4. Output indicators of MT dynamics obtained for simulated “control
observation” corresponding to the parameter set given in Table 3.

Using our strategy we tried to simulate the effect of 1 nM, 10 nM and 100 nM of the paclitaxel
described in the Table 2. For this purpose, we change several parameters (including p = 0) of the
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control set given in Table 3 at ¢ = 15 min. Thus, in all simulations we examine the influence of the
parameter on the same MT population that is formed until 7" = 15 min.

Numerical results obtained at each step of the strategy and the experimental data, as well, are
further represented in rhomb diagrams for each drug concentration.
Simulation of 1 nM paclitaxel effect. At the first step, we fix Ygepor = 17.9 that has a negligible
effect on other parameters (see Fig. 4(a)). After the second step, adjusting the parameter a,es,
the time-based catastrophe frequency is strongly increased (see Fig. 4(b)). The change of this
indicator appeared to be in the same direction as we want to obtain. However, the growth rate
slightly reduced and changed in opposite direction to the one provided in the real data. We fix
the value of a. at the value which is smaller than in the control test (-10%) similar to the 10%
decrease in fluorescence of EB comet [PHM+12]. It results in the slight increase in time-based
catastrophe frequency (see Fig. 4(c)). Then by performing a number of tests, we find the following

set of parameters: Ygepor = 17.9, ares = 0.22, a. = 0.045, ay = 0.11, 'yzZZ:LOg = 3.5, y%‘zm =5.

/\ 1 nM
/’l’ \\

(a) Ydepol = 17.9 (b) Ydepol = 17.9, (C) Ydepol = 17.9, (d) Final simulation: (e) Experimental data
ares = 0.22 ares = 0.22, a. = 0.045 Ydepol = 17.9, Qres =
0.22, a. = 0.045, as =
young
0.11, Yhydro =

old —
3.5, Yhydro = 5

FI1GURE 4. Rhomb diagrams for observable indicators: the simulation of effect of
1 nM paclitaxel.

Observable output indicators Non-observable output indicators
Voot | Fear " | Fear | Frevere | Tacco | Yiparo | La® [ Léw, [ Le® | p [ @ | Lu | Ly
pmmin~ ' | min~T | gm~" | min~? S pmmin~ ' | pm pam pm | pM | pM | pM | M
4.16 2.06 0.5 3.79 13 4.74 54.83 | 0.93 | 45.47 [ 3.69 | 0.3 | 9.21 | 1.8

TABLE 5. Indicators of MT dynamics obtained for simulated effect of 1 nM of paclitaxel.

Simulation of 10 nM paclitaxel effect. After the first step, we observe a weak effect on time-
based catastrophe frequency, which is reduced. After the second step, the catastrophe frequency
changed in the direction corresponding to the drug effect, however a bit exceeded the required value.
The growth speed moderately decreased and became too low compared with the experimental one
which is strongly increased (see Fig. 5(d)). We continue to decrease a. in concentration dependent
manner (see Fig. 5(c)) that does not influence on the parameters. The found set of parameters is

Ydepol = 21.3, res = 0.13, a. = 0.041, 45ty = 6.3, ay = 0.1,
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10°pM

(a) Ydepol = 21.3 (b) Ydepol = 21.3, (C) Ydepol = 21.3, (d) Final simulation: (e) Experimental data
ares = 0.13 ares = 0.13, ac = 0.041 vgepor = 21.3, ares = 0.13,
ac. = 0.041, 'y}‘:lyddro = 6.3,
ag = 0.1

F1GURE 5. The simulation of effect of 10 nM paclitaxel.

Observable output indicators Non-observable output indicators
Voo | Fear " | Fear | Frevene | Taeco | Viparo | Lo [ Léw, | Le® | p | @ | Lu | Lo
pmmin | min~ ! | pgm~" | min~ T s wmmin 1| pm pam pm | pM | pM | pM | pM
5.07 2.64 | 0.52 5.82 7 5.84 52.96 | 0.62 | 48.21 | 4.06 | 0.35 | 8.68 | 1.91

TABLE 6. Indicators of MT dynamics obtained for simulated effect of 10 nM of paclitaxel.

Simulation of 100 nM paclitaxel effect. After the first step, we observe a strong influence on
time-based catastrophe frequency, which is reduced and weak effect on the growth speed which is
increased. After the second step of the strategy, we see the opposite effect on these two parameters.
The growth speed is slightly reduced and the time-based catastrophe frequency is strongly increased
compared to the control one. On the following step, we continue to decrease the parameter a. (see
Fig. 6(c)) that increased the time-based catastrophe frequency and do not changed the growth

speed. On the fourth steps, we increase 7,‘;%7,0 and strongly reduce as. The found set of parameters

IS Ydepot = 28, res = 0.18, a. = 0.036, as = 0.04, vk, =17

Observable output indicators Non-observable output indicators
Voo | Fear " | Fear | Frevere | Taeco | Viparo | Lo [ Léw, | Le® | p | @ | Lu | Lo
pmmin~ ' | min~ ! [ pgm~T | min~T S wmmin~ 1 | pm pam pm | pM | pM | pM | pM
6.17 2.98 | 0.48 4.49 8 6.78 56.62 | 0.82 | 46.64 | 4.51 | 0.39 | 8.55 | 1.55

TABLE 7. Indicators of MT dynamics obtained for simulated effect of 100 nM of paclitaxel.

The comparison of the simulated effect for 1 nM, 10 nM and 100 nM and experimental data are
given on Fig. 7. The parameter values that were changed from the “control” are given in Table 8
for final simulations of the drug effect.
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(a) Ydepol = 28 (b) Ydepol = 28, (C) Ydepol = 28, (d) Final simulation: (e) Experimental data:
ares = 0.18 Ares = 0.18, Ydepot = 28, ares = 0.18,
a. = 0.036 ac = 0.036, as = 0.04,

old  _
Vhydro =

FI1GURE 6. The simulation of effect of 100 nM paclitaxel.

(a) Simulated effect (b) Experimental data 1-100 nM
+ EBs

F1GURE 7. Comparison of the simulated effect of 1 nM, 10 nM, 100 nM of paclitaxel
in presence of EB proteins with biological observations

6. CONCLUSIONS AND DISCUSSIONS

We created a new model of MT dynamics allowing to simulate the MTA effect on four measurable
indicators of dynamics: a growth rate, a depolymerization rate, a time-based catastrophe frequency
and a time-based rescue frequency. We have tested our model by reproducing the paclitaxel effect

in presence of EBs.
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| Control [ 1 nM [ 10 nM | 100 nM
Parameters “observable” in experiment
Ydepol 19 17.9 21.3 28
Qres 0.445 0.22 0.13 0.18
Parameters non-observable in experiment
ae 0.05 0.045 | 0.041 0.036
7222‘?5 4.3 3.5 4.3 4.3
Parameters linked to aging effect in our model
Qs - 0.11 0.1 0.04
fygjlgcfiro - o 6.3 7

TABLE 8. Set of main parameters of the model corresponding to the control and
the simulated effect of paclitaxel in presence of EB3 protein.

Our model proposes a new concept of the GTP-hydrolysis that is vectorial, age-dependent and
delayed. Our analysis showed that the parameter a. as well as parameters linked to MT aging can
play a crucial role in regulation of the MT dynamics.

According to the model, we can determine the effect of paclitaxel on non-observable parameters
in experiment. We find that in order to fully explain experimental results in presence of EBs
paclitaxel might have an effect on the initial time delay of GTP-hydrolysis a. and increase the
aging properties of a MT described by parameters as; and fy%ddm in our model. The parameter
as (the time at which the GTP-hydrolysis accelerates) decreases and the second plateau of GTP-
hydrolysis fyﬁ%m increases for higher concentrations of paclitaxel in presence of EB proteins.

Our results highlight a new potential mechanism of action associated with MTAs effect in pres-
ence of EB protein which is induction of MT aging by the GTP hydrolysis during MT growth,
including the effect of the initial delay a.. Such effect can be observed on kymographs in EB3-tip
tracking assay. Further, we intend to test our strategies on simulation of destabilizing drug effects,
such as Vinca Alcaloids.

One of the limits of our model is that it comprises the fixed shortening rate. The fluctuations
in shortening rate among one population of MTs can be very strong. In further work, we can
represent the depolymerization rate as a fragmentation of MTs to improve our model. We also do
not consider in this work the pause state of MTs. It can be important in modeling of drug effects
that are known to induce a pause state for a big part of MT population. The pause state can be
introduced, for example, by the delay in depolymerization rate.
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