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Modeling continuum of epithelial mesenchymal transi-
tion plasticity’

Mousumi Mandal®, Biswajoy Ghosh*¢, Anji Anura®, Pabitra Mitra?, Tanmaya Pathak¢,
and Jyotirmoy Chatterjee”

Living systems respond to ambient pathophysiological changes by altering their phenotype, a phe-
nomenon called ‘phenotypic plasticity’. This program contains information about adaptive biolog-
ical dynamism. Epithelial-mesenchymal transition (EMT) is one such process found to be crucial
in development, wound healing, and cancer wherein the epithelial cells with restricted migratory
potential develop motile functions by acquiring mesenchymal characteristics. In the present study,
phase contrast microscopic images of EMT induced HaCaT cells were acquired at 24 h intervals
for 96 h. The expression study of relevant pivotal molecules viz. F-actin, vimentin, fibronectin
and N-cadherin was carried out to confirm the EMT process. Cells were intuitively categorized
into five distinct morphological phenotypes. A population of 500 cells for each temporal point was
selected to quantify their frequency of occurrence. The plastic interplay of cell phenotypes from
the observations was described as a Markovian process. A model was formulated empirically us-
ing simple linear algebra, to depict the possible mechanisms of cellular transformation among the
five phenotypes. This work employed qualitative, semi-quantitative and quantitative tools towards
illustration and establishment of the EMT continuum. Thus, it provides a newer perspective to
understand the embedded plasticity across the EMT spectrum.

Insight, innovation, integration Epithelial mesenchy-
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nomenon, wherein the epithelial cells gradually develop
motile characteristics in certain physiological and patho-
logical conditions. Such an adaptive phenomenon has

¢ Department of Chemistry, Indian Institute of Technology Kharagpur, Kharagpur, India. been proposed to progresses though a continuum with
T Electronic Supplementary Information (ESI) available. See DOI: epithelial—like and mesenchymal_like cells at two distinct

10.1039/b000000x/

ends and several intermediate phenotypic forms in be-
tween. In this study we have identified these intermedi-
ates from randomly selected representative populations
in phase contrast images, estimated their conversion rates
based on their frequency of occurrence and mathemat-
ically modeled their inter-conversion or in other words
plasticity, along a temporal frame.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol.], 1-12 |1
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1 Introduction

Adaptation is a fundamental trait for any living organism. In or-
der to fulfill this, both unicellular and multi-cellular species un-
dergo morphological and physiological changes. The presence
of several altered phenotypes coexisting in a population due to
change in environmental conditions is called phenotypic plastic-
ityl. The impact of such changes is reflected at the cellular and
molecular levels of organization as well. Metazoan body orga-
nization comprises of epithelial and mesenchymal cells?. Ep-
ithelial Mesenchymal Transition (EMT) is a dynamic, cellular,
multistep phenomenon where polarized, comparatively less mi-
gratory epithelial cells alter their morphology, intercellular con-
nections, cytoskeletal organization, and gene expression to ac-
quire mesenchymal phenotype with actively migratory and in-
vasive behaviour3. E. D. Hay pioneered the study of EMT as a
principal regulatory entity in embryogenesis®.
in EMT research have demonstrated its role in wound healing®”7,
fibrosis 810 inflammation 11, stemness12-1>, and cancer metasta-
sis16-18  TLater on, the mirror phenomenon of mesenchymal ep-
ithelial transition (MET) was also reported 19 .

More recent developments in EMT research have indicated the
existence of a fine interplay between the epithelial, mesenchymal
and intermediate cells altering morphologically to adapt changes
in microenvironment (like drug resistive response)2°-22. Such
an interdependent and partially complete phenomenon has been
referred differently as epithelial mesenchymal plasticity (EMP) 23,
EMT-like phenomenon 2425 semi-mesenchymal phenotype 22, hy-
brid phenotype2:26 intermediate phenotype?2’, and metastable
stage 2829,

Advancements

Limitations in clinico-pathological identification of EMT30-32
has been attributed mainly to its extremely low cellular incidence
and understanding of its heterogeneity 2933, Contemporary EMT
developments have found highlights in omics research34-37 sig-
naling pathway 3839 and molecular marker studies“%*!. Gene ex-
pression based kinetic models have been suggested to understand
the switching among EMT phenotypes+>44
associations .

In the present study (refer to ESL 7 Fig. S1), cellular hetero-
geneity during EMT progression was documented from phase
contrast images of in vitro EMT induced cells. The observations
were supported by immunofluorescence (IF) labeling of filamen-
tous actin (F-actin), vimentin, and fibronectin. Actin cytoskele-
tal protein regulates cell morphology and behavior which in-
clude shape, size, locomotion, and mechanotransduction?®. It
undergoes continuous remodelling during EMT“7. Vimentin (also
known as intermediate filament) is a cytoskeletal protein of mes-
enchymal cells regulating cellular shape, adhesion, migration and
signaling#8:*°. Fibronectin, on the other hand, is an extra cellu-
lar matrix (ECM) protein that plays a major role in cell adhe-
sion, migration, and differentiation®0. This dual-level finding of

and their stemness
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EMT manifestation was further validated by expression study of
N-cadherin in addition to vimentin and fibronectin. N-cadherin is
a cell junctional protein expressed in mesenchymal cells®!.

Thus a critical modeling of cellular plasticity within the inter-
mediate stages of EMT axis was attempted using simple linear
algebra based discrete Markov model. Markovian models range
from simple Markov chains to discrete, hidden or random field
models>2. The fundamental theory behind any Markovian pro-
cess is the satisfaction of what is called the "Markov property”
which states that the conditional prediction for the occurrence of
a future event depends entirely on the present state and not the
series of preceding states. Being a probabilistic model, it enjoys
a range of applications in real world problems including weather
forecast, signal processing, artificial intelligence, finance, com-
putational research to name a few. In this paper we exploit dis-
crete Markov tools to identify the dynamism displayed by the cells
while undergoing EMT. This may have important implications in
aiding histopathologists to appreciate EMT in their routine prac-
tices.

2 Methods

A flow diagram briefing the experimental steps for the work has
been elaborated (refer to ESL T Fig. S2).

2.1 HacCaT culture and EMT induction

HaCaT cells (Human keratinocyte cell line procured from Na-
tional Centre for Cell Science, Pune, India) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (HiMedia, India) with
10% fetal bovine serum (FBS) and 1% antibiotic solution (HiMe-
dia), maintained at 5% CO, and 37°C. About 1.0 x 10* per cm?
cells were seeded on cell culture plates. 50% confluent cells were
serum starved and treated with 2 ng/ml of transforming growth
factor - beta 1 (TGF - B1) (HiMedia) and 10 ng/ml of epider-
mal growth factor (EGF) (Sigma, USA) in serum free DMEM for
EMT induction. The EMT changes were monitored for 96 h af-
ter growth factor treatment. HaCaT cells without treatment were
taken as ‘0’ h study group. This group has been considered as the
control throughout. For the purpose of experimental validation,a
second cell line (AW13516- human tongue squamous cell carci-
noma, provided by Dr. Milind Vaidya, ACTREC, Mumbai, India)
was tested using the protocol.

2.2 Phase contrast imaging

The morphological changes of EMT in HaCaT cells were moni-
tored at 24 h intervals for 96 h by acquiring microphotographs
under an inverted phase contrast microscope (Zeiss Observer Z1,
Carl Zeiss, Germany) with 10x objective (NA 0.25) and a CCD
camera (Model: AxioCam MRm) with final magnification 100x.
Phase contrast microscope images were grabbed from a random
region of interest consisting of evenly distributed cells through-

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Visual classification and nomenclature of HaCaT cells undergoing EMT on the basis of observed morphological and F-actin expression
features from representative cell population.
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out.

2.3 Immunofluorescence (IF) labelling

Cells were fixed in 4% paraformaldehyde for 15 minutes and
permeabilized with 0.25% Triton X-100 in PBS for 5 minutes.
Rhodamine-phalloidin (Cat. No. R415, Molecular Probe, USA)
was used to visualize Actin filaments. Cells were blocked with
10% goat serum in 1% bovine serum albumin in PBST and im-
munostained with mouse anti-human vimentin monoclonal anti-
body ( Cat. No. [RV202] (ab8978), Abcam, UK) and rabbit anti-
human fibronectin polyclonal antibody (Cat. No. (H-300): sc-
9068, Santa Cruz Biotechnology, USA). After a series of PBS wash,
cells were incubated with Alexa Fluor®594 conjugated goat anti-
mouse secondary antibody (Cat. No. A-11005, Molecular Probe)
and Alexa Fluor® 488 conjugated goat anti-rabbit secondary an-
tibodies (Cat. No. A-11008, Molecular Probe) for 1 h. Cells
were counterstained with DAPI (4’, 6-diamidino-2-phenylindole)
(Sigma-Aldrich, USA). Microphotographs were taken under Zeiss
Microscope (Zeiss Observer Z1, Carl Zeiss, Germany) in fluores-
cence mode with 20x objective (NA 0.40), CCD camera (Model:
AxioCam MRm) with the total magnification of 200x.

2.4 Quantitative Real Time Polymerase Chain Reaction (qRT-
PCR) for gene expressions

Total RNA of untreated and treated cells at different temporal
points (0, 24, 48, 72, and 96 h) were extracted by Trizol reagent
(Life Technologies, USA) by following manufacturer’s instruc-
tions. Complementary DNA (cDNA) was synthesized by reverse
transcription of mRNA using cDNA synthesis kit (Promega, USA)
in Arktik Thermal Cycler (Thermo Fisher Scientific, USA). qRT-
PCR was performed for the quantification of genes —vimentin,
fibronectin, and N-cadherin in the LightCycler LC480 (Roche Di-
agnostics, Germany) using Light Cycler Fast Start DNA Mastermix
- iQTM SYBR Green Supermix (BIO-RAD, California, USA). 18S
rRNA gene was taken as an endogenous control. Each sample was
taken in triplicate reactions. Primer sequences, annealing temper-
ature and their cycling conditions are mentioned in ESI,{ Table
S1. The expression analysis study was based upon the relative-
quantification method >3.

2.5 Cell population analysis

Bias minimization in this study of phenotypic state changes
among the selected representative cell population was achieved
by random sampling. A group of 100 cells was selected (phase
contrast images) from each of the five microscopic field of view
(1040 x 1388 pixels, 10x objective). Thus, from each time point,
500 cells were used in this study. This kind of sampling was
repeated at different temporal points of 24 h interval for a pe-
riod of 96 h (i.e. images were acquired at 0, 24, 48, 72, and

4| Journal Name, [year], [vol.],1—12

96 h). Thus, a total of 2,500 randomly selected cells were stud-
ied to understand and model the phenotypic plasticity of cells.
Based on cell size, cell shape, membrane roughness (podia struc-
tures), and intercellular interactions, all the cells marked (refer
to ESLT Fig. S3) at specified time points were visually classi-
fied into five phenotypic groups (viz. «,f,7,8, and €) (Fig. 1).
However, in our experiment, 2-4 among 100 cells (as our region
of interest) were found to exhibit ambiguous morphology i.e. a
phenotype showing mixed characteristics. To address this, we
have considered two features in the order of importance - shape
and peripheral podia structure. This was done since change in
shape symmetry and development of migratory structures (po-
dia) are strongly indicative of EMT. The morphological attributes
of the cell phenotypes- area, perimeter, major to minor-axis ra-
tio, and eccentricity were quantified and statistically validated to
differ visibly among the cell categories in Matlab®R2014b plat-
form (image processing, statistics and machine learning toolbox)
(refer to ESI,j Fig. S4). The population was analyzed using cell
frequency plot and a probabilistic model was created to describe
the EMT plasticity.

3 Results and Discussions

3.1 EMT and its plasticity
3.1.1 Morphological plasticity

The morphological changes in EMT-induced HaCaT cell popu-
lation was assessed from phase contrast images. It revealed
changes in cellular shape, size, and connectivity (Fig. 2 a - e).
In the untreated condition (Fig. 2 a) almost all the cells ap-
peared polygonal and cobblestone in shape. They were closely
connected to each other displaying colonial patterns (epithelial
sheet-like monolayer arrangement). However, post treatment,
a subset (subset gradually expanding with time) of the popula-
tion acquired elongated shape (marked by arrows in Fig. 2 c,
d, e), loosely attached to neighbouring cells and were dispersed
throughout the microscopic field of view. Such an event was in-
dicative of mesenchymal morphology. These observations were
found to be corroborative with previous in vitro studies>*5°. Al-
though subtle changes were noticeable from 24 h (Fig. 2 b) of
intervention itself, marked phenotypic changes were observed 48
h onwards (Fig. 2 d, e) post EMT induction.

3.1.2 Behavioral plasticity

Morphological and migratory structure alterations were evalu-
ated with IF labelling of F-actin. Immunofluorescence micro-
graphs (Fig. 2 a-e) exhibited changes in localization, orienta-
tion, and organization of F-actin in EMT induced HaCaT popula-
tion. F-actin molecules in the untreated condition were found to
be localized in close proximity to the cell membrane (Fig. 2 f),
also referred to as cortical actins4®56. The actin filaments forms
stress fibres during EMT induced by TGF-B1°%57, In the present

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Figure illustrating morphological changes, population heterogeneity, and relevant molecular expression during EMT (EMT was induced in
HaCaT population by TGF-$1 and EGF) at different time points. (a-e) Phase Contrast micrographs (Objective 10 x). The arrows indicate occurrence
of elongated mesenchymal-like cells (c-e). (f-t) Immunofluorescence micrographs* showing progressive molecular expression of (f-j) F- Actin (red),
(k-0) Vimentin (red), (p-t) Fibronectin (green) at 20 x objective magnification.The arrows indicate the development of stress fibers (j) and vimentin

expression (I-0). (*DAPI was used for nuclear staining (blue))

study, F-actin gradually formed thick bundles, parallelly aligned
throughout the cytoplasm with treatment of TGF-f1 and EGF in
progressing time intervals (Fig. 2 g, h, i, j). Actin forms the back-
bone to lamelliopodia and filopodia®8. At 48 h (Fig. 2 h) and 72
h (Fig. 2 i), bundled actin were observed to strengthen the newly
formed filopodias. Stress fibres were clearly observed at 96 h im-
age frame (indicating arrows Fig. 2 j). These fibres were found
to connect the focal adhesion points of cell membrane, oriented
parallel to the longitudinal axis of cells (Fig. 2 j). This observa-
tion is well backed by the fact that stress fibres are responsible
for maturation of focal adhesions>®. Hence, morphological and
behavioural modifications were found in the HaCaT cells during
the in vitro EMT experiment.

3.1.3 Molecular plasticity

The incidence of EMT in the cells was validated by molecular ex-
pressions of vimentin and fibronectin through IF labelling. Addi-
tionally, QRT-PCR was performed with N-cadherin in addition to
vimentin and fibronectin. In vitro and in vivo studies have re-
ported that vimentin is expressed during EMT and possess strong
correlation with mesenchymal morphology during tumor progres-
60-63 and migratory behavior of cells in wound and can-
cer8:6465  1n our experiment, IF labelling of vimentin demon-
strated a progressive up-regulation in vimentin expression (Fig.
2 k-0), corroborative with the fold changes as seen in qRT-PCR

sion

This journal is © The Royal Society of Chemistry [year]

(Fig. 3 a). The untreated cells showed almost no sign of vimentin
expression. The 24 -72 h temporal window witnessed vimentin
expression limited to the perinuclear region. However, at 96 h, it
was observed to be distributed throughout the cell, possibly to re-
inforce cytoskeletal networks as reported by Tirino et al., 20136,

The expression of fibronectin during EMT in the HaCaT popu-
lation illustrates a step-wise but rapid increment (Fig. 2 p-t and
3 b). Though fibronectin is principally secreted by fibroblast into
ECM, it is also synthesized in keratinocytes after stimulation by
TGE-B%7. Recent study on breast epithelial cell line (MCF-10A)
illustrated the time dependent increase of fibronectin expression
during EMT induction, also responsible for cell migration®8. Fi-
bronectin, being an ECM protein, ensures the preference of cell-
ECM interaction over cell-cell interaction with its elevated expres-
sion. More ECM-cell interaction is indispensible for cellular mi-
gration of § and € cells.

Furthermore, qRT-PCR results displayed a sudden up-
regulation of N-cadherin. Cadherin switching from E-cadherin
to N-cadherin is a common phenomena in carcinoma as well as
EMT %970, N-cadherin has been considered to form dynamic cel-
lular associations which execute both attachment and detachment
during migration’!. On the other hand, N-cadherin —F-actin
dynamism was reported to be essential during collective migra-
tion’2 and regulated by Rho GTPase’3. It was found that N-

Journal Name, [year], [vol.], 1-12 |5
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Fig. 3 Gene expression profile of vimentin, fibronectin, N-cadherin at 0,
24, 48, 72, 96 h of EMT progression in HaCaT population.

cadherin expression was consistently low up to 72 h (Fig. 3 c).
However, a substantial but sudden rise was observed at the 96 h
time frame. Sudden increase in N-cadherin expression might be
indicative of collective migration executed by a and J cells beside
individual migration by the € cells.

There is a trend of gradual change in molecular expression of
EMT marker genes in a population. But the degree of how gradual
it is, subjectively varies. The expression of fibronectin was found
to be fast with a substantially high magnitude. On the other hand
vimentin and N-cadherin expressions were moderate to slow as
is depicted in IF and qRT-PCR results. The vimentin expression
was not as prominent as fibronectin which concurs to previous in
vitro studies74. Thus, this study correlates three EMT-associated
cardinal gene expressions, with the changed cellular phenotype
and migratory potential of the cells. The molecular expression of
vimentin was performed in AW13516 (refer to ESI,} Fig. S5d-f)
to confirm EMT progression. In this carcinoma cell, perinuclear
vimentin expression was found in control (0 h), gradually acquir-
ing a partial spread-out appearance by 48 h of intervention.

Phase contrast micrographs of AW13516 (refer to ESL T Fig.
S5a-c) indicated prominent changes from 24 h. Most cells at 48 h
were detached from substratum for acquiring a migratory pheno-
type. Being a cancer cell line, the changes observed were found
to be more rapid compared to a normal cell line.

3.2 The continuum of EMT
3.2.1 Phenotypic continuum

All the cells were classified on the basis of their shape, intercel-
lular space (ICS), migratory structures and F-actin configuration
(Fig. 1). The cells showing highest resemblance to epithelial
properties were designated as ‘epithelial’ phenotype or . These
cells were polygonal shaped; with least ICS i.e. closely packed
neighboring cells. Additionally, the F-actin IF micrographs re-
vealed its cortical distribution. The next category of cells demon-
strated mostly epithelial-like properties infused with some mes-
enchymal traits. These were named as ‘epithelial-like’ phenotypes
or . The o types were polygonal shaped that were marginally lo-
cated and expressed partial migratory structures (lamelliopodia-
like) on the free surface. The actin filaments near the free surface

6| Journal Name, [year], [vol.],1-12

gressive mesenchymal’ phenotypes or y were the cells with com-
parable levels of epithelial and mesenchymal traits with slightly
higher epitheliality. The cells bore non-epithelial characters like
elongated dumbbell/spindle shape. Conversely, they exhibited
smooth surface devoid of noticeable migratory structure, low ICS,
and presence of cortical F-actin as non-mesenchymal features.
The phenotypes that resembled relatively higher mesenchymal
traits were referred to as ‘mesenchymal-like’ or & cells. These
cells were stellate shaped with distinct migratory structures all
around (filopodia), sparsely distributed in the microscopic field
of view. The actin bundles fortified the filopodia, as observed in
the IF. Lastly, the category of cells with the most mesenchymal
features was the ‘mesenchymal’ phenotype or €. Apart from its
fusiform shape (distinctly tailed) and high ICS, prominent migra-
tory structures (lamelliopodia and filopodia) were observed. IF of
vimentin and fibronectin supports the evidence of cells acquiring
mesenchymal phenotype towards the advanced temporal points
(Fig. 2 k-t).

3.2.2 Morphometric continuum

The morphological attributes of the cell phenotypes- area,
perimeter, major-minor axis ratio, and eccentricity were quanti-
fied and statistically validated to differ visibly among the cell cat-
egories (refer to ESL T Fig. S4). It was found that the features
that showed good demarcation among phenotypes were major to
minor axis ratio and the eccentricity. Since both the features are
representative of how elongated the cells are, it can be inferred
that the phenotypes gradually acquire an elongated morphology
as they further progress along the EMT timeline. It is to be noted
that based on quantified cell morphometric variations across phe-
notypes along with their visual features and migratory behavior,
the transition may be broadly stated as a lineage in the order
B—oa—y—d—e.

3.3 EMT heterogeneity and dynamism

3.3.1 Dynamism in cell population

The salient observations of the population plot (Fig. 4) unveiled
some notable findings (Table 1): (i) prominence in the number of
B cells at initial stages and a step-wise decrease in its frequency
with advancement of time, (ii) maintenance of average cell num-
ber among the « and the y subset, (iii) a mirror-like symmetrical
relation observed between the f and the § phenotypes, (iv) the
prevalence of the § and the &€ cells towards the terminal phase of
the experiment. The slopes of curves during each interval were
used as a measure to empirically estimate the probable tendencies
of phenotypic plasticity across the whole range of 96 h.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Frequency of cell phenotype («, 3,7, 9, ¢) at different temporal
points (24 h interval) during EMT. The high prevalence of the B cells and
its gradual decrease was suggestive of its ‘epitheliality’. Conversely, the
extremely low number of the 6 and the ¢ at the beginning and high
occurrence towards the end marks their ‘mesenchymality’. The o and
the y subtypes maintained a low rate of change in frequency with time
throughout the entire timeline.

3.4 Mathematical model

To understand the plasticity continuum during EMT and the
temporal interplay of intermediate phenotypes, we modeled the
cellular transitions. The hypothesis of the model follows Marko-
vian process in which the distinct number of states undergoes
change at equal intervals of time. Such changes occur from one
state to other (here a state resembles a cell phenotype) with the
origin state being epithelial cells. Each transition is denoted with
its respective state transition probability that predicts the prob-
able tendency of each phenotype (state) to the next eventually
leading to the formation of the goal state (mesenchymal cells). It
is to be noted that in biological systems during EMT, cell cycle
arrest occurs, our experimental protocol has taken this under
consideration. In our in vitro experiment, serum starvation and
application of TGF-f31 were responsible for arresting the cell cycle
and progressively inducing mesenchymality. In normal epithelial
tissues and initial stages of cancer it has been found that TGF-f is
a tumor suppressor (arresting cell cycle) 7>. Furthermore, it also
acts as pro-metastatic factor (promoting EMT) 76-78, At this stage
TGE-f has been studied to show anti-apoptotic role by increased
expression of anti-apoptotic factor DEC17°. Hence, with our
experimental framework we have minimised the incidence of
cell proliferation and apoptosis. Thus while modeling, it was
assumed that the state transitions among phenotypes as the
predominant players in population plasticity. In order to simplify
computation and provide an overall picture we used linear matrix
algebra to estimate the state transition weights.

This journal is © The Royal Society of Chemistry [year]
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To describe EMT and the changes occurring in their population
temporally, Markovian process was deployed. Similar to the dis-
crete Markov process, this study of EMT, consists of five (N = 5)
observable states (S = «, 3,7, 8, €) at the five equally spaced time
points (r = 0,24,48,72,96). At a fixed time the overall represen-
tation of the states may be denoted as X;. The system undergoes
a change in phenotype according to a set of probabilities associ-
ated with the state. Additionally, the population specifications of
each phenotype at the current and all the preceding time frames
can provide a full probabilistic description of the current states>2.
Thus, the probability description can be given as:

PIXi = SulX(—1) =Su-1)X1-2) =S@u-2)-- - Xo =S (1)

Additionally, following from Eq. (1) each state change in a
given interval is denoted with a state transition probability a(,; .
of the form

A1 2) = PXe = SulX(1—1) = S(u—1)] 2

where nl,n2 are the phenotypic states that may or may not have
changed in a single time interval.

Here, in this work, we have used state transition weights
(Wn1,n2)) as a representative of state transition probability
(a(n1n2)) after observing the phenotypic modifications during
EMT for a total of 2500 cells. The task of obtaining the values
of (W(n1,2)) for a phenotype change (due to switching and phe-
notypic plasticity) was performed in several steps of evaluation.
Cell number (F) vs. time (t) was plotted for all the cells to es-
timate the number of cells of a phenotype at a given time in the
population. The slope (or the rate constant (k) for first order) of
the curve of increasing/decreasing number for a given phenotype
(Table 1) was determined at every interval.

dF| (n1,n2)
dt
Since the system was completely conserved (i.e. each time
point has a fixed number of 500 cells), an increased frequency
of a phenotype will correspond to the decreased frequency of an-
other, i.e. the sum of all the rate constants will be zero.

= k(nl,nZ) 3

o

ki=0 @

i=1

where, i is the number of phenotype changes within an interval.
On evaluation of the specific rate constants, all the phenotypes
with a positive slope were designated as ‘forming cells’. Alter-
natively, the negatively sloped phenotypes were the ‘contributory
cells’. In other words the assumption that the contributory cells
(¢) underwent plasticity by phenotypic switching to give rise to
the newly forming cells (f) was the basis of our hypothesis to

Journal Name, [year], [vol.], 1-12 |7



Integrative Biology

Table 1 Rate of change of the five cellular phenotypes elucidating their
interplay during EMT for a period of 96 h for 500 cells (100 cells each
randomly collected from five phase contrast images in three
experimental trials). The table demonstrates the rate of formation or

decline of cell phenotypes as observed in the four studied intervals in a

. dFy, .
fully conserved system i.e. #’2) = k(u1,2) is always equal to zero. (F:

cell number, i: time interval in hours, 7: time and k: cell growth/decline
rate constant.)

Phenotypes ¥ (ki x24)

i=0-24 | i=24-48 | i=48-72 | i=72-96
alpha -36 9 7 -1
beta -80 -3 -81 -32
gamma -18 21 -25 -38
delta 103 -47 112 -1
epsilon 20 20 -13 72

map the dynamism of this phenomenon.

[f[]:[kli k; k3i}

3

where, 1 <i <5 and ky;, kp;, k3; are the estimated state transition
weights W(nl n2) I which the contributory phenotypes c;,¢;,¢3 (in
this case) produced the ith forming phenotype respectively. It is
to be noted that the contributory and forming cells were allocated
purely on the basis of time rate of change among the phenotypes.
The observed transitions with assigned weights were estimated
(Table 1). Furthermore, transitions were categorized as strong,
moderate, and weak based on the assigned values (observed as
solid, thick dotted and dotted line respectively in Fig. 5). A 3-fold
cross validation was performed on a disjoint set of cells collected
by the same sampling method with 200 cells in each fold (refer
to ESL 1 Fig. S6) to test the model coefficients for each of the four
time intervals. The sampling method helped minimizing the bias
to reduce error. At the same time, the relatively high sample size
to feature dimentionality ratio was instrumental to counter over-
fitting of the model. Prediction of the model was estimated on
the mean population and the error values were calculated (Table
2). Furthermore the model can provide us with probabilities of
a future state conditionally based on the preceding observation
given as:

P[O|Model] = P[s1,s2,83, -+ ,sn|Model] (5)

where, O is the observation and s, is the state of the phenotype

in the nth observation.

Although EMT broadly occurs via a progressive directionality
as pointed out in previous sections, an interesting interplay is
observed between the phenotypes endorsing the dynamism of

8| Journal Name, [year], [vol.],1—12

Table 2 Error estimation during four intervals to evaluate/predict
forming-cell frequencies using state transition weights (established from
model) on the central tendency (mean) of five experiments each
containing 100 cells. (Dependent variable range = 0-100).

Interval (hours)  MSE RMSE
0-24 0.076 0.276
24-48 0.033 0.182
48-72 0.078 0.279
72-96 0.202 0.450

the cell plasticity. The step-like changes in the 8 phenotype is
one of such observations. This may be suggestive of marked al-
ternating ‘active-passive-active’ trends in them. During the oc-
casion of passiveness among f states, a marked increase in the
other transient states may be indicative of compartmentalization
of role for each phenotype. This kind of distributed delegation
of load reduces the continuous pressure on the epithelial pheno-
type (B) and ensures an order in the entire transition, visually
analogous to looping-earthworm movement.
tion diagram shows that the f cells never belong to the ‘form-
ing’ subset of cells and has strong contributory role in the in-
termediate mesenchymal-like (&) and terminal mesenchymal (€)
phenotypes. However, even though week, it has contributory ef-
fect towards formation of the epithelial-like (r) and progressive
mesenchymal (y) as well. These demonstrate stemness among
the B cells in terms of being a source to all other sub-population
but formed by none. While major incidences of cancer stem cell
(CSC) have been reported to be mesenchymal in nature, one of
its many reasons is attributed to the EMT process itself contribut-
ing to the generation of CSC13:80, However, notionally, CSC has
multiple origins®!. Normal stem cells have also been seen to be
one of the sources of CSC. But the relation is not one to one. Nor-
mal stem cells, after several steps of differentiation form CSC82.
In our in vitro experiment, f cells in initial population bear a cer-
tain degree of “stemness” as exhibited by the tissue resident stem
cells. B cells demonstrating the property of stemness has thus
been derived from the perspective of normal epithelial stem cell
as it gives rise to other cell phenotypes (, ¥, 8, €) without any
evidence of it being formed by the other phenotypes.

A typical mirror-like symmetry observed between the  and the
d phenotypes, intersecting at around (60 h), suggested a highly
coordinated and complementary switching between the two. Fur-
thermore, the terminal mesenchymals (€) that was lying dormant
all this time started to show increment after 72 h (right after the
establishment of predominance in & cells over the other near-
epithial phenotypes i.e 8, a, 7). The o and the y sub-population
maintained a nearly similar but low-levels of frequency, like a
cell-bridging buffer.

The hypothesis that EMT is a multistep dynamic process, ob-

The state transi-

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Modeling of phenotypes along with the state transition weights to denote the strength of plasticity.

servable at the cellular dimension was proved with a multitude
of approaches. The a priori knowledge of the phenomenon lead
us to assume that the progression of EMT will reveal certain de-
grees of diversity among the transforming cells as each of them
will be responding differently to the induction depending on their
microenvironment and adaptive needs?227-83, According to the
theory of phenotypic plasticity in biology, an altered ambience
impacts the living entities to change differently!. In times of
strong phenotype to environment stimuli a highly variable re-
sponse is observed among the phenotypic entities®*. In many
cases switching between phenotypes has also been reported at the
gene level*2, implying the interdependence of phenotypes in an
enclosed population during the transition from one equilibrium
(stable) state to the other. In this case the epithelial and mes-
enchymal states were the stable states for the cells. Post induc-
tion, the cells exhibiting differential phenotypic properties were
sampled at selected time points to observe their individual as
well as relative changes. We broadly classified the phenotypes in
five morphological categories and critically observed their relative
changes in frequency. The actual process of EMT was confirmed
using immunofluorescence of F-actin, vimentin, and fibronectin
and marker gene expression analysis. Using semi-quantitative
tools we estimated the morphological parameters of our five study
components and based on their structural closeness in terms of
surface smoothness, neighborhood interaction and elongation we
primarily concluded a possible lineage of cell development from
epithelial to mesenchymal type ie. f - a —y— 5 — €. On

This journal is © The Royal Society of Chemistry [year]

further evaluation of the outcome of phenotypic frequency at
progressive temporal locations, we obtained subtle to strong evi-
dences to infer interplay of phenotypic plasticity including switch-
ing between them and moving to and fro along the EMT axis (not
just a linear chain of transitions) (Fig. 6). The linear transition
sequence is a representation strictly based on progressive alter-
ations in morphological properties of phenotypes. This is done
to demonstrate how based on the increasing value of mesenchy-
mal cell features like major-minor axis ratio and eccentricity, how
the transition from an epithelial to mesenchymal is expected to
progresses. However, the Markovian model demonstrates a more
holistic way to illustrate how the transition actually may occur
among the phenotypes, as a population (i.e. through a dynamic
continuum) (Fig 5) and not as a single set of same phenotype
cells.

The study of cell populations indicated a dynamic interplay
of phenotypes. This led to the idea of modeling the tempo-
ral changes and their interdependence. As the state transitions
among the phenotypes with time was the primary basis of our
model, we chose Markovian laws to explain the phenomenon.
The Markovian process is a simple probabilistic modeling that
predicts the future outcome of a given state based on the prior
likelihoods (state transition coefficients) of a state to occur (new
phenotype) given that it was previously in another state (preced-
ing phenotype). The weights provided a distinguishing insight
into the phenotype switches and their interdependent temporal
behavior.

Journal Name, [year], [vol.], 1-12 |9
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Epithelial Cells Mesenchymal Cells

Intermediate Phenotypes

Fig. 6 Simplified schematic representing interplay of different
phenotypic forms along the EMT spectra. An analogy has been drawn
between EMT continuum and the electromagnetic spectrum of visible
light where the two ends are contrasting while there exists a continuum
of colors in between, made of intermediate phenotypes. The loops
denote the continuous withdrawal and merging of diversified hybrid
phenotypes into the central band.

4 Conclusion and prospects

The novelty of this work lies in its integrated qualitative to
quantitative evaluation of representative cell population in EMT
to address their hidden dynamism embedded in the cellular plas-
ticity. In this context present work demonstrated that highly vari-
able phenotypic plasticity in a population is not independent but
follows a trend defined by laws of probability. It also translated
the known molecular facts of EMT on the cellular level endors-
ing their implication on morphological transitions. However, as
this study has been performed on representative cell populations,
the knowledge of the transition occurring at the tissue level is
still quite limited. But, this study has definitely created a futur-
istic interface for value addition to histopathological and molec-
ular pathology practices in addressing ambiguities related to as-
sessment of EMT and associated cellular plasticity in the main
stream diagnostic practices. Lastly, our model shows at later
stages of EMT progression, the predominance of the mesenchy-
mal/forming phenotypes. Even at these stages, some contribu-
tory cells (epithelial) continue to reappear from forming pheno-
types (6 — a in 24 - 48 h and € — o in 48 - 72 h). Thus the
cells advancing into EMT (even with the given experimental lim-
itation) demonstrate the reappearance of epithelial phenotypes
which may be an implicit indication of low but simultaneous oc-
currence of MET.
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