






Fig 4. Adding transition layers can further accelerate the EMT Process.
(A) Diagram of cell state transition through nine intermediate states with multiple
transition layers. (B) Dependence of FAT distribution on Nly with three different ∆E
and Nint = 9. (C) Phase diagrams showing MFAT subjected to Nly and ∆E with
Nint = 9. Dashed lines represent two thresholds for monotonic and nonmonotonic
dependence of MFAT on Nly. (D) Three typical examples show monotonic and
nonmonotonic dependence of MFAT on Nly according to ∆E value. (E) The
dependence of minimum MFAT (blue curve) and the Nly the minimum occurs on (red)
for ∆E = 5.

November 1, 2019 16/26

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 1, 2019. ; https://doi.org/10.1101/828343doi: bioRxiv preprint 



A

B

C D

k1 k1 k1 k1 k1 k1 k1 k1 k1k2

k1 k1 k1 k1 k1 k1 k1 k1 k1k2

1

2

ΔE2:ΔE1 (m) Comparision

p8, m=1

P8, m=1

s8, m=6

S8, m=6

s8, m=6

s6, m=6

S6,8, m=6

m=1

m=12
m=5
m=4

P
er

ce
n

ta
g

e 
o

f 
C

el
ls

P
er

ce
n

ta
g

e 
o

f 
C

el
ls

P
er

ce
n

ta
g

e 
o

f 
C

el
ls

P
er

ce
n

ta
g

e 
o

f 
C

el
ls

Time (Days)Time (Days) Time (Days)

E

Stabilized Microstate
Constant ΔE

Constant ΔE case:

Stabilized Microstate
Varying ΔE Varying ΔE

Δ
E

ΔE2:ΔE1 ΔE2:ΔE1

Varying ΔE case:

Mesenchymal State

Constant ΔE
Mesenchymal State

F

NInt • ΔE1 + ΔE2 = ΔE

(NInt +1) • ΔE1 = ΔE

ΔE2 = mΔE1

ΔE2 = mΔE1

Fig 5. A stabilized intermediate state traps a cell within its current
phenotype. (A) The metaphorical landscape of EMT with one stabilized state, which
has a deeper well (∆E2) than the others (∆E1). Two cases were considered here: (1)
the constant ∆E case in which ∆E2 increases and ∆E1 decreases but overall energy
barrier ∆E remains the same, and (2) the varying ∆E case in which only ∆E2 increases
and ∆E1 remains the same. (B) Example of a stablized state occurring within the EMT
process. Orange represents the stabilized intermediate state and the gray dashed arrow
represents the transition from this stabilized state (k2). (C) The distribution of cells at
the stabilized state and the mesenchymal state under different energy barrier ratio, m
(= ∆E2 : ∆E1). (D) Upper: The distribution of the cell at the stabilized microstate
(solid lines) or at the corresponding macrostate (dash lines) with m = 1 (green) or 6
(blue). Bottom: The distribution of the cell at the stabilized microstate (solid lines) or
at the corresponding macrostate with the stabilized state in 6th place (blue) or the 8th
place (purple). The placement does not affect macrostate distribution. (E-F) Phase
diagrams showing mean stabilized dwelling time of the stabilized state (E) and MFAT
to mesenchymal (F) subjected energy barrier ratio m and the total energy barrier ∆E,
in the constant ∆E case.
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Supplementary Figures 516

B ΔE = 0.1A

Fig S1. (A) The dynamics of the EMT process with the stochastic model overlaid with
experimental data [6]. The simulation data is sampled with 10,000 cells from the
stochastic model. (B) The FAT distribution to the mesenchymal state with different
numbers of intermediate states and ∆E = 0.1.
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Fig S2. Fitting the experimental data with a model that considers
reversible cell state transitions suggests more microstates during EMT. .
(A) EMT progression through a continuum of reversible intermediate states. (B) The
fitting score, root mean squared error (RMSE), for the model with reversibility at the
space of NE and NP gives the best fit at NE = 9 and NP = 8
(RMSE=0.0064, k1 = 7.1258 and k−1 = 0.6694). (C) The dynamics of the EMT
process with the best-fitted model of reversible intermediate states overlaid with
experimental data from Ref. [6].
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Fig S3. Adding parallel paths changes the dependence of MFAT to the
mesenchymal state on the number of intermediate states. MFAT as a function
of Nint under various Npth with ∆E = 6.

517
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B

A

Fig S4. Adding transition layers changes the dependence of MFAT to the
mesenchymal state on the number of intermediate states. Minimum MFAT
(A) and the corresponding number of layers in the space of number of intermediates
states Nint and ∆E.
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C D

Fig S5. Comparison of two mechanisms of stabilizing one intermediate
state on EMT dynamics. (A-B) Phase diagram showing mean stabilized dwelling
time of the stabilized state (A) and MFAT to the mesenchymal state (B) with energy
barrier ratio ∆E1 : ∆E2, and total energy barrier ∆E in the varying ∆E case. (C-D)
MFAT for ∆E ≤ 1 with energy barrier ratio ∆E1 : ∆E2 and total energy barrier ∆E in
the constant ∆E case (C) and the varying ∆E case (D).

November 1, 2019 22/26

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 1, 2019. ; https://doi.org/10.1101/828343doi: bioRxiv preprint 

https://doi.org/10.1101/828343


Supplementary 518

Transition Rate and Energy Barrier 519

In this work, we assume that the total energy barrier one epithelial cell has to cross to 520

be transitioned to the mesenchymal state is ∆E. If there is no intermediate state, then 521

following the Arrhenius equation, the transition rate of EMT is k = k0e
−∆E/kBT , where 522

the value of k0 is a pre-exponential factor, which determines the time scale of the 523

system. For simplicity, we define the energy unit as kBT , thus we can simplify the 524

equation to k = k0e
−∆E . Suppose there are Nint intermediate states between the 525

epithelial and mesenchymal states and that the energy is divided into Nint + 1 steps; 526

the transition rate for step i is ki = k0e
−δEi where δEi is the energy barrier for this 527

step and
∑
δEi = ∆E. We considered two scenarios: 528

(1) The energy is divided evenly into all the steps, then the transition rate for each 529

step is same as ki = k0e
−∆E/(Nint+1). 530

(2) If there is one stabilized intermediated state, where the energy barrier is 531

δEs = mδEi. We considered two cases, a) δEs +
∑
i 6=s δEi = ∆E. The transition rate 532

is ki = k0e
−∆E 1

(Nint+m) for the transition from the regular intermediate states, and 533

ks = k0e
−∆E m

(Nint+m) for the transition from the stabilized intermediate state; b) The 534

transition rate is ki = k0e
−∆E 1

(Nint+1) for the transition from the regular intermediate 535

states (same as scenario 1), and ks = k0e
−∆E m

(Nint+1) for the transition from the 536

stabilized intermediate state; 537

Estimation of k0 and the Energy Barrier ∆E 538

The total energy barrier from epithelial to mesenchymal, ∆E, was estimated by the 539

following equations: 540

kfit = k0e
−∆E/(Nfit+1),

∆E = −(Nfit + 1) ln(kfit),

where Nfit = 9 is the number of intermediate states and the transition rate 541

kfit = 3.4261 from the best fitting of the experimental data in Fig. 1. 542

Parameter Fitting 543

Based on One Intermediate State and an Irreversible EMT Process 544

First, we considered one intermediate state in the model to fit the parameters. We 545

assumed EMT to be an irreversible process under high dose of inducer TGF-β. 546

~p(t) = [pE(t), pP (t), pM (t)] are the probability of cells in each state during the process 547

of EMT. Thus, the equation governing the dynamics of ~p is 548

d

dt
~p =

−k1 0 0
k1 −k2 0
0 k2 0

 ~p
where, with k1 as the transition rate from the epithelial state to the pEMT state, and 549

k2 is the transition rate from the pEMT state to the mesenchymal state. 550

The equations are solved and the solution is: 551

pE(t) = e−k1t
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pP (t) =
k1

k2 − k1
ek1t − k1

k2 − k1
e−k2t.

pM (t) = 1− k2

k2 − k1
ek1t +

k1

k2 − k1
e−k2t.

Based on a Flexible Number of Intermediate States and an Irreversible 552

EMT Process 553

The above model does not describe the experimental data well (Fig. 1C). Thus, we 554

extended the model by considering Nint + 1 microstates; this is based on an assumption 555

that each macrostate, including the epithelial state and pEMT state, consist of multiple 556

microstates. Suppose that EMT is an irreversible process where the cells transition 557

independently from one microstate to the next at the same rate k. Based on the 558

assumption that the ∆E is evenly divided into these steps, the following equations can 559

be used to represent the dynamics of the probability of the microstates: 560

d

dt
~p =


−k 0 0 ... 0 0 0
k −k 0 ... 0 0 0
...

...
...

. . .
...

...
...

0 0 0 ... k −k 0
0 0 0 ... 0 k 0

 ~p.

The solution of this equation is: 561

pn(t) =
1

(n− 1)!
e−ktkn−1tn−1, (1 ≤ n < Nint + 1),

562

pM (t) = 1−
NI+1∑
n=1

pn(t).

This model is used for fitting the experimental data as shown in Fig. 1F. 563

Based on a Flexible Number of Intermediate States and a Reversible EMT 564

Process 565

EMT has some probability to be reversible even under high dose of inducer TGF-β, 566

which may result from the noise in the cell or other stochasticity. We also considered a 567

case where the EMT process is reversible with the cells transitioning independently 568

between one microstate and the next at the forward rate k1 and backward rate k−1. 569

The following equations can be used to represent the dynamics of the probability of the 570

microstates: 571

d

dt
~p =


−k1 k−1 0 ... 0 0 0
k1 −k−1 − k1 k−1 ... 0 0 0
...

...
...

. . .
...

...
...

0 0 0 ... k1 −k1 − k−1 k−1

0 0 0 ... 0 k1 −k−1

 ~p.

This model was also used for fitting the experimental data as shown in Fig. S2C. 572
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First Arrival Time 573

The first arrival time (FAT) distribution is used to quantify the time cells take to be 574

transited into the mesenchymal state in various cases. In the case of an irreversible 575

EMT process with microstates, the FAT distribution is fM (t) = d
dtpM (t) with 576

normalization (
∫∞

0
fMdt = 1). Then, 577

fM (t) =
1

Nint!
e−ktkNint+1tNint .

The corresponding mean first arrival time (MFAT) can then be found with
〈fM 〉 =

∫∞
0

(fM · t) dt, thus

〈fM 〉 =

∫ ∞
0

1

Nint!
e−ktkNint+1tNint+1dt

=
kNint

Nint!

(
−tNint+1e−kt|∞0 + (Nint + 1)

∫ ∞
0

tNinte−ktdt

)
=
Nint + 1

k
.

The Cases with One Stabilized State 578

For any case that has one stabilized state at S, such that 1 < S < Nint + 1, the pattern 579

goes as follows: 580

PE(t) = e−k1t

581

PP1 = k1te
−k1t

582

...
583

PPS−1
=

kS−1
1

(S − 1)!
tS−1e−k1t

584

PPS
=

kS1
(k1 − k2)S

e−k2t −
S∑
i=1

kS1 t
i−1

(k1 − k2)S+1−i(i− 1)!
e−k1t

585

PPS+1
=

kS+1
1 k2

(k1 − k2)S+1
e−k2t −

S+1∑
i=1

kS+1
1 k2t

i−1

(k1 − k2)S+2−i(i− 1)!
e−k1t

586

...
587

PPN
=

kN1 k2

(k1 − k2)N
e−k2t −

N∑
i=1

kN1 k2t
i−1

(k1 − k2)N+1−i(i− 1)!
e−k1t

588

PM (t) = 1−

(
N∑
i=1

PPi
(t)

)
− PE(t).

Here, the k1 denotes the transition rate from the non-stabilized state and k2 the 589

transition from the stabilized state. In order for the state to be stabilized as described, 590

it must be true that k2 < k1. 591
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Stochastic Model 592

To simulate the stochastically of the cell state transitions during EMT at the single-cell 593

level, we also developed a stochastic model using the Gillespie algorithm. 594

1. Define the system according to the cell state transitions during EMT, using
matrix S is the cell state the transition from, matrix P is the cell state the
transition to, vector K is the transition rates. For example, for the system with
only one path and Nint intermediate states, S and P have Nint + 2 columns and
Nint + 1 rows while K has one column and Nint + 1 rows, with the pattern:

S =


1 0 0 ... 0 0
0 1 0 ... 0 0
...

...
...

...
...

...
0 0 0 ... 1 0

 , P =


0 1 0 ... 0 0
0 0 1 ... 0 0
...

...
...

...
...

...
0 0 0 ... 0 1

 , K =


k
k
...
k

 .

2. Initialize the system. Time t0, the cell state x0 = [1; 0; ...; 0]asonecolumnvector. 595

3. Determine the rate of each cell transition a = Sx0K, and a0 =
∑
a. 596

4. Generate two uniformly distributed random number rn1 and rn2 between [0 1]. 597

5. Determine the time it takes for the cell state transition dt = ln(1/rn1)/a0, 598

6. Determine the step cell state transition occurs r which satisfies 599∑i=r−1
i=1 a(i) < rn2 · a0 <

∑i=r
i=1 a(i). 600

7. Update the system x0 = x0 − S(r, :) + P (r, :) and t = t+ dt. 601

8. Repeat step 3 - 7 until t is more than maximum time Tmax. 602

This stochastic model was used in Fig. 1G-H. The parameters are taken from the best 603

fit in Fig. 1E-F. 604
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