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Epithelial–mesenchymal transition (EMT) and its reverse mesenchymal–epi-
thelial transition (MET) are critical during embryonic development, wound
healing and cancer metastasis. While phenotypic changes during short-term
EMT induction are reversible, long-term EMT induction has been often
associated with irreversibility. Here, we show that phenotypic changes
seen in MCF10A cells upon long-term EMT induction by TGFβ need not
be irreversible, but have relatively longer time scales of reversibility than
those seen in short-term induction. Next, using a phenomenological math-
ematical model to account for the chromatin-mediated epigenetic silencing
of the miR-200 family by ZEB family, we highlight how the epigenetic
memory gained during long-term EMT induction can slow the recovery
to the epithelial state post-TGFβ withdrawal. Our results suggest that
epigenetic modifiers can govern the extent and time scale of EMT reversi-
bility and advise caution against labelling phenotypic changes seen in
long-term EMT induction as ‘irreversible’.
1. Introduction
Cellular plasticity—the ability of cells to reversibly alter their phenotypes—is a
hallmark of cancer metastasis [1]. One of the most well-investigated axes of
cellular plasticity is epithelials–mesenchymal plasticity (EMP) which involves
reversible transitions between epithelial (E), mesenchymal (M) and hybrid
E/M phenotypes. Aside from metastasis, EMP is also implicated in embryonic
development, wound healing, tissue repair and fibrosis [2]. Initially thought of
as a binary process, EMP is now understood to encompass many hybrid E/M
states and incorporate reversible spontaneous or induced switching among
these multiple phenotypes [3]. Studying the dynamics of EMP in cancer
cell lines (patient or animal derived) have revealed a phenotypically
heterogeneous distribution of E–M states. For instance, the PMC42 breast
cancer cells consisted of 80% EpCAMhigh (epithelial) cells and 20% EpCAMlow

(mesenchymal) cells. When purified and cultured independently, these two
subpopulations recapitulated the phenotypic steady-state distribution of the
parental population (80% EpCAMhigh, 20% EpCAMlow) [4]. Similar spon-
taneous cell-state transitions have been witnessed in other cancer subtypes as
well, demonstrating an inherent plasticity [5,6]. The proportion of cells present
in E, M and hybrid E/M states in a population at a given time can be regulated
by external conditions, including changes in the concentrations of growth fac-
tors in culture media and the presence of cytotoxic/cytostatic drugs [6–8].
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Further, cell–cell communication through juxtacrine, auto-
crine and paracrine signalling can also influence cell-state
switching and modulate phenotypic heterogeneity [9–11].
All these observations suggest dynamic interconversion
among the E, M and hybrid E/M phenotypes.

At an intracellular level, EMP is enabled by a complex
interplay of diverse molecules and signalling pathways
involved in feedback loops. For instance, epithelial–
mesenchymal transition (EMT) is promoted by families of
transcription factors such as ZEB, encompassing ZEB1 and
ZEB2, the reverse mesenchymal–epithelial transition (MET)
is driven by microRNA families such as miR-200, encom-
passing miRs-200a, -200b, -200c, -141 and -429. ZEB and
miR-200 engage in mutually inhibitory feedback loop,
wherein the miR-200 family post-transcriptionally inhibits
ZEB expression (thus promoting the epithelial state), whereas
ZEB represses the miR-200 family transcriptionally [12–15].
Hysteresis, a general term describing the dependence of the
state of a system on its history, leads to the lack of recovery
to the same state under the same external conditions for a
fixed observation time. It has been a useful concept for quan-
tifying the EMT response [16–18]. The phenomenon of
hysteresis has often been associated with irreversible EMT,
i.e. once cells are induced to attain a M state, it is difficult
for them to regain an E state even if the external inducer
(e.g. TGFβ) is removed from the culture media. However,
recent in vivo and in vitro studies report that not every EMT
induction is irreversible. In vivo, during cancer metastasis,
reversible EMT has been observed where disseminated
cancer cells often regain the epithelial traits of cell–cell
adhesion and rapid cell proliferation during metastatic colo-
nization [19,20]. Importantly, the loss of EMT factors such
as PRRX1 has been shown to be essential for BT549 cells to
form metastases upon extravasation after tail vein injection
in immunocompromised mice, thus highlighting the role
of reversibility or plasticity in enabling metastasis [20].
Similarly, while epithelial cells can attain a M state within a
short-term exposure to EMT inducers in vitro, it is only
prolonged exposure to these signals that enables a subpopu-
lation of cells to exhibit seemingly ‘effectively irreversible’
change or a ‘stabilized EMT’ state [21,22]. The extent of
EMT reversibility can vary depending on genetic background
of the cell, the specific induction factor and/or dose. For
instance, long-term treatment of MCF10A cells with TGFβ
induced chromatin accessibility changes among genes associ-
ated with EMT, apico-basal polarity and stemness. However,
most cells also regained certain epithelial traits such as E-cad
localization, morphology, and loss in migratory ability in the
experimental time window [23]. Thus, further investigation is
needed to better understand the dynamics of reversible EMT
and MET in vitro and in vivo.

Epigenetic modifications such as gain and loss of DNA
methylation and histone-level methylation and acetylation
at various promoter and enhancer regions can underlie
such effectively ‘irreversible’ changes. When immortalized
HMEC cells expressing oncogenic Ras were cultured in 10%
serum for multiple passages, the promoter region of CDH1
became increasingly methylated at the DNA level [24]. Simi-
larly, in MDCK cells, autocrine TGFβ signalling maintained
promoter methylation of MIR200C, contributing to a stabil-
ized M state [25]. Inhibiting this autocrine signalling
reduced the MIR200C promoter methylation levels and thus
allowed MET. Consistently, overexpression of miR-200
together with the knockdown of chromatin remodelling
protein BRG1 was required to induce a MET in RD sarcoma
cells [26]. Together, these reports suggest that chromatin
reprogramming can control the reversible dynamics of
EMT/MET.

Aside from chromatin-mediated epigenetic aspects, dis-
tinct modules of genes whose expression patterns are altered
during EMT induction can revert to their pre-treatment levels
at varying rates upon withdrawal of the EMT-inducing
signal; this has been explicitly seen in prostate cancer cells
[27]. Differences in the rate of return to pre-EMT induction
expression levels can lead to distinct expression patterns
during EMT and MET which can be resolved at the single-
cell level. [18,28]. Such variations in expression recovery rates
were also observed during the drug holidays after transient
24 h VINC exposure to HL60 leukemia cells and may have
implications in rapid switching to a drug-resistant state
when cells were re-exposed to drugs [29]. However, it remains
unclear whether the observed recovery time differences among
genes to their basal expression levels are due to differences in
half-lives of mRNAs and/or proteins, slowly evolving and/
or accumulating epigenetic modifications, or a combination
of these effects.

Here, using joint experiment and mathematical modelling
approaches, we show that the time to recover an E state
at the population level post-EMT induction depends on
induction duration. We used TGFβ to induce EMT in
MCF10A cells for two different durations (13 days, 22 days)
and measured, at the population level, both gain in epithelial
gene products (miR-200b, miR-200c and E-cad) expression
and loss of mesenchymal gene (ZEB) expression, up to 18
days post-TGFβ withdrawal (for 13 days induction) and up
to 45 days post-withdrawal (for 22 days induction). We
hypothesized that the epigenetic repression of miR-200
by ZEB, and consequent accumulation of ‘epigenetic
memory’ can prevent MET, thus explaining the time-scale
differences in reversibility as seen experimentally for short
versus long treatment with TGFβ. We adopted our earlier
mathematical modelling formalism describing the chroma-
tin-mediated epigenetic repression of miR-200 by ZEB in a
phenomenological manner, i.e. the model accounts for
chromatin-mediated epigenetic regulation without delving
into molecular-level details of histone modification/DNA
methylation [21]. The model assumptions are based on
the notion that the long-term EMT-induced changes are
indeed of a different character than the those caused by
the standard parts of the genetic network, and we speculate
that differences are caused by chromatin modifications
[30,31]. Our model predicts that while prolonged treatment
with an EMT inducer can lead to a slower MET due to
differences in signalling activation levels, the accumulation
of epigenetic memory appears to be the major determinant
of the difference in reversal time scales between short-
and long-term EMT induction. Thus, altering the rate of
accumulation and/or decay of epigenetic memory, through
treatment with various epigenetic modifiers, can govern
the extent of reversibility of EMT. Further, our stochastic
simulations demonstrate population heterogeneity at a
single-cell level by quantifying the time taken to revert to
an epithelial state post-withdrawal of the EMT-inducing
signal. Overall, our analysis highlights how the time scale
of EMT reversibility may depend on the duration of EMT
induction and consequent epigenetic changes, and advises
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Figure 1. Time taken to regain basal expression of epithelial and mesenchymal marker (at population level) after short- (13 days) and long-term (22 days) EMT
induction. (a) Experimental strategy—MCF10A cells were treated for 13 and 22 days with 5 ng ml−1 TGFβ. After removal of TGFβ, cells were cultured until basal
expression levels of epithelial and mesenchymal genes, prior to EMT, were regained. (b,c) Reversal of (b) ZEB1, (c(i)) E-cad, (c(ii)) miR200c, and (c(iii)) miR200c to
their basal expression levels (relative to vehicle control) after short- and long-term EMT induction. Data shown are averaged over three independent replicates. For 13
days EMT induction, E-cad and ZEB1 transcripts were quantified at 0, 6, 18 days post-withdrawal and miR-200b-c transcripts were quantified at 0, 18 days post-
withdrawal. For 22 days EMT induction, all transcripts above were quantified at 0, 18, 27, 36, 45 days post-withdrawal.
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caution against mislabelling changes witnessed during
long-term EMT induction as ‘irreversible’.
2. Results
2.1. TGFβ-treated MCF10A cells for extended durations

require longer withdrawal time to revert to an
epithelial state

Earlier experiments in MCF10A cells suggest an effectively
‘irreversible’ switch to a mesenchymal state, by treatment
with TGFβ for up to 15 days and withdrawal for 15 days
post-treatment [21]. To interrogate the dependence of EMT
reversibility on TGFβ induction duration aswell as that ofwith-
drawal, we considered two different time scales: (i) short term,
i.e. exposure of MCF10A cells to TGFβ for 13 days and under
observation for up to 18 days post-withdrawal, and (ii)
long term, i.e. exposure of MCF10A cells to TGFβ for 22 days
and under observation for up to 45 days post-withdrawal
(figure 1a). We found that for the short-term treatment of 13
days, the expression level of epithelial genes (CDH1, miR-
200b, miR-200c) and that of mesenchymal marker ZEB1
returned to their pre-treatment levels within roughly 18 days
of withdrawal (figure 1b,c). However, the time taken to
return to the pre-treatment level was much higher when the
EMT induction consisted of 22 days of TGFβ exposure. With
this protocol, it took almost 45 days after withdrawal to
revert to pre-treatment levels (figure 1b,c). Together, these
observations clearly suggested that the time scale of MET—
observed through canonical markers measured at the bulk
level—depended strongly on the time period of induction,
and thatMETneednot be completely ‘irreversible’ as proposed
earlier, even after chronic treatment.

Next, we observed a marked difference in the temporal tra-
jectories defining the recovery of expression levels for CDH1
and ZEB1 mRNAs and miR-200 under 22 days of TGFβ treat-
ment. Here, CDH1 levels did not increase for the first 18 days
post-withdrawal, showing an initial silenced phase, but then
exhibited a sigmoidal increase trend over the next 27 days,
before ultimately saturating (figure 1c(i)). Similar patterns
showing an initial lag period were observed for miR-200b
and miR-200c levels as well (figure 1c(ii,iii)). ZEB1 levels, on
the other hand, followed near-linear decrease for the first 27
days and later plateaued (figure 1b). Together, these trends
highlight that different genes may exhibit varying dynamics
of recovery, reminiscent of similar observations in LNCaP
cells [27].

We further performed gene expression analysis of a specific
set of genes associated with EMT, using the NanoString
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technology. Principal component analysis (PCA) confirmed
that cells induced for 13 days showed large variability in
gene expression levels during withdrawal periods compared
with 22-day induced cells (compare ranges of PC1 values for
13 days (short-term, ST), and 22 days (long-term, LT) cases in
electronic supplementary material, figure S1A, B). Upon clus-
tering the genes based on similarities in expression profiles
during 18 days of withdrawal, we found three major groups:
the first one consists of mesenchymal genes (e.g. VIM, ZEB1;
red bar in electronic supplementary material, figure S1C)
whose expression decreases during the withdrawal period;
the second one consists of epithelial genes whose expression
levels increase after 18 days of withdrawal for short-term (13
days) induction but not for 22 days induction (e.g. CDH1,
CD24, JAG1; purple bar in electronic supplementary material,
figure S1C); and the third one with invariable expression
during the withdrawal period after short-term treatment, but
highly expressed at 18th day of withdrawal after long-term
treatment (cyan bar in electronic supplementary material,
figure S1C). These observations suggest that the recovery of
epithelial genes is often delayed with an increasing duration
of EMT induction, thereby possibly rendering the cell in a
hybrid phenotype. Further, during recovery of the epithelial
cell-state post inducer treatment, the long-term treated cells
take a different trajectory than short-term treated cells by
expressing an additional set of genes (cyan bar electronic sup-
plementary material, figure S1C). This difference in trajectory
indicates the presence of hysteresis phenomena in long-term
treated cells.

2.2. Mathematical model of epigenetic regulation in
epithelial–mesenchymal transition

The above-mentioned recovery dynamics of E-cadherin, miR-
200b and miR-200c expression levels suggest a transient
locking or stabilization of the mesenchymal state observed
post-withdrawal (figure 1c). These observations are reminis-
cent of the durable silencing of miR-200b and miR-200c
expression observed in MDCK cells, post TGFβ withdrawal,
due to methylated promoter regions [25]. The extent of
promoter methylation was shown to increase with the stabil-
ization of mesenchymal state, caused either by the extended
duration of TGFβ exposure or prolonged activation of self-
sustaining autocrine loops such as those mediated between
TGFβ signalling and ZEB1. Therefore, to better understand
the role of epigenetic changes in mediating the recovery
dynamics upon TGFβ exposure and withdrawal, we adapted
our mechanism-based mathematical model of the EMT
network [3] to also incorporate epigenetic regulation. In our
modelling framework, we consider that upon extended
durations of treatment, ZEB1 can elicit methylation of the
miR-200 promoter region [32].

The regulatory network considered in our model includes
interactions among miR-200, ZEB and SNAIL at transcrip-
tional and translational levels (figure 2a, inset) [3]. Both
SNAIL and ZEB are zinc finger proteins which suppress the
expression of epithelial genes such as CDH1 (E-cadherin)
and miR-200 by binding to their E-box regions. On the
other hand, the miR-200 family binds to the mRNA of ZEB,
preventing its translation and consequent EMT. Thus, ZEB
and miR-200 inhibit each other [12,13]. SNAIL activates
ZEB and inhibits miR-200 indirectly. In this regulatory net-
work, SNAIL represents the cumulative effects of the TGFβ
pathway regulating of EMT [16]. In the absence of any epi-
genetic regulation, the emergent dynamics of interactions
among SNAIL, miR-200 and ZEB can allow for (co)existence
of multiple cell-states (phenotypes): mesenchymal (M; low
miR-200, high ZEB), epithelial (E; high miR-200, low ZEB)
and hybrid E/M (medium miR-200, medium ZEB)
(figure 2a; blue curves). In this bifurcation diagram, approxi-
mately, ZEB mRNA> 600 molecules correspond to a
M state, ZEB mRNA< 150 molecules denote an E state, and
ZEB mRNA between 150 and 600 molecules show a hybrid
E/M state.

First, we investigate the dynamics of this network in
absence of any epigenetic influence of ZEB on the miR-200
family promoters. In our simulation framework, the dynamics
of SNAIL in a cell is modelled as a deterministic variable
which tends to approach a saturation value (equation (4.4)
in Material and methods, with zero noise amplitude), and we
modulate the SNAIL saturating values to mimic EMT and
MET induction in our model. Prior to EMT induction, a cell
exhibits SNAIL levels corresponding to an E phenotype
(approx. 100k molecules (figure 2a)). During EMT induction,
the cellular SNAIL level increases and eventually saturates at
a much higher value (approx. 350k molecules), with a
corresponding increase in ZEB levels (figure 2b, left), and
acquisition of a mesenchymal state (figure 2a). Upon with-
drawal of the EMT-inducing signal, the levels of SNAIL and
ZEB gradually return to their initial values, thus reflecting
MET (figure 2b, right). Thus, in absence of any epigenetic
regulation, our model could recapitulate the reversible EMT/
MET dynamics.

Next, we examine how incorporating the epigenetic influ-
ence on miR-200 mediated by ZEB1 can alter the dynamics of
EMT/MET. Experimental data, including ours (figure 1),
suggests that the longer a cell stays in the M state, the
slower will be its reversibility dynamics following induction
withdrawal [24,25]. To obtain these dynamics, we assumed
the threshold of ZEB levels needed to suppress miR-200 in
the corresponding Hills function (Z0u200) to be a time-
dependent function of ZEB levels (Material and methods,
equation (4.1)) [21]. Thus, a higher saturating level of ZEB
during EMT will continue to decrease the levels of Z0u200,
enabling lower levels of ZEB to repress miR-200, and thereby
incorporating the impact of epigenetic changes caused by
ZEB (figure 2c, left panel green curve versus figure 2b, left
panel green curve). The dynamics of SNAIL and ZEB, how-
ever, remain unchanged during induction, as expected
(compare corresponding blue and violet curves in figure 2c,
left panel versus that in figure 2b, left panel).

We further calculated how the temporally varying levels
of Z0u200 during EMT induction and withdrawal altered
the bifurcation diagram for the EMT network. As the levels
of Z0u200 decreased during EMT induction, we saw no
observable change in the tipping point levels of SNAIL
required for cells to switch from the E to M state, but noticed
a complementary decrease in the tipping point for an M to E
state switch (dashed arrows in figure 2d ). In other words, the
epigenetic influence mediated by ZEB can reshape the pheno-
typic stability landscape such that it becomes more difficult
for cells to revert to an epithelial state post-withdrawal.
Such changes are not seen in the scenario where epigenetic
changes are absent (compare orange curve in figure 2c, left
panel versus that in figure 2b, left panel). The longer the
EMT induction period, the lower the Z0u200 levels; this
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trend can explain why short-term EMT induction is expected
to have much weaker epigenetic impact as compared with
long-term induction (figure 2d ). As the EMT-inducing
signal is withdrawn, such accumulated epigenetic changes
decay slowly, thus leading to recovery of Z0u200 molecules
and SNAIL’s M to E tipping point to pre-induction levels
(figure 2c,d, right). This change ends the lag period in the
recovery of levels of EMT/MET regulators (compare orange
and green curves in figure 2c, right panel versus that in
figure 2b, right panel).
Finally, for comparative analysis, we calculated the recov-
ery time for cells induced to undergo EMT with epigenetic
changes versus those without any such changes. We quanti-
fied the number of days for which ZEB levels are in the
above-mentioned numerical ranges corresponding to the E,
M and hybrid E/M states (figure 2a). For the case without
any epigenetic changes, the cells revert to an E state 14
days (= 11 days in the M state, followed by 3 days in the
hybrid E/M state) post-withdrawal (figure 2e). However,
when incorporating epigenetic influence, the cells stay in M
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βfor = 240 h, and βrev = 720 h.
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and hybrid E/M states longer and return to an E state after 19
days (= 14 days in the M state, followed by 5 days in the
hybrid E/M state), thus causing delayed recovery, or in
other words, a slower MET (figure 2f ). The slower the
decay of ‘epigenetic memory’ [33,34] thus accumulated,
the higher the delay in cells reverting to an epithelial state
post-withdrawal of EMT-inducing signals.
2.3. Longer EMT induction can delay the reversal to an
epithelial state post-withdrawal of an EMT-
inducing signal

Next, we interrogated how the duration of EMT induction
can influence the build-up of ‘epigenetic memory’ and conse-
quently the time scales of reversal to an epithelial state post-
withdrawal of the EMT-inducing signal. We consider the
response of a cell that is switching between two different
values of SNAIL: S01 (prior to EMT induction) and S02
(post EMT-induction; thus S02 > S01). The time scale of epi-
genetic changes during induction or withdrawal is denoted
by the rate of change of Z0u200 levels, given by βfor and
βrev respectively. The higher the value of βfor, the slower the
reduction in Z0u200 levels and thus the slower the build-up
of epigenetic memory. The higher the value of βrev, the
slower the return to pre-induction Z0u200 levels and thus
the slower the decay of epigenetic memory. We simulated
the dynamics of a cell exposed to short-term (13 days)
and long-term (39 days) duration of EMT induction, and
quantified the reversal time in these two scenarios.
For both short-term and long-term induction cases, EMT
was induced by changing SNAIL levels from S01 = 100k mol-
ecules to S02 = 350k molecules, with epigenetic regulation
time scales taken as βfor = 240 h, and βrev = 720 h. Although
ZEB levels increased and then saturated around 15 days of
induction, a longer-term induction led to lower Z0u200
levels as compared with short-term induction. Thus, a
longer induction conferred a relatively stronger epigenetic
memory, as denoted by changes in bifurcation diagrams
(electronic supplementary material, figure S2) and thus in tip-
ping points levels of SNAIL required for cells to switch from
M to E state (figure 3a versus b; left panels). Consequently,
upon withdrawal of the EMT-inducing signal (i.e. reducing
SNAIL levels from S02 = 350k molecules to S01 = 100k mol-
ecules), the time taken to recover the levels of ZEB and
Z0u200 to pre-induction values is slower for long-term induc-
tion as compared with short-term induction (figure 3a versus
b; right panels).

A quantitative comparative analysis showed the differ-
ence in recovery time for cells induced to undergo EMT for
different durations. For short-term induction, the cells
revert to an E state 15 days (= 11 days in the M state, followed
by 4 days in the hybrid E/M state) days post-withdrawal
(figure 3c). However, for long-term induction, this return
happens after 24 days (= 15 days in the M state, followed
by 9 days in the hybrid E/M one), possibly prolonging the
residence of cells in hybrid E/M phenotype(s) (figure 3d ).
These differences are much less prominent if the epigenetic
feedback is not considered (electronic supplementary
material, figure S3), thus showcasing the impact of a
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long-term EMT induction on epigenetic-level reprogram-
ming, and increased residence time in M and E/M states.

To assess whether similar results hold for dynamic altera-
tions in other parameters and not just the Hill function
threshold (Z0u200), we varied other factors involved in
miR200 regulation by ZEB to account for possible epigenetic
changes during EMT. First, we made the fold change of
miR-200 repression by ZEB into a dynamic variable and a
function of ZEB levels (Material and methods, equation
(4.2)). This framework provided us with another way to
modulate the strength of miR-200 suppression with the
increasing duration of EMT induction. However, the fold
change (lm200Z ) variation did not alter the stability of the M
state significantly even after long-term EMT induction, and
thus, we observed no difference in epithelial state return
times between short- and long-term induction (electronic
supplementary material, figures S4 and S5). Next, we con-
sidered that increasing the duration of EMT induction
could modulate the basal synthesis rate of miR-200 pro-
duction (Material and methods, equation (4.3)). In this case,
the higher the EMT induction time period, the more
prominent the change in the bifurcation diagram, thus influ-
encing the SNAIL levels for both M–E and E–M transitions.
Hence, we did observe differences in the return time to an
epithelial state for an increasing duration of induction (elec-
tronic supplementary material, figures S6 and S7), similar
to the observations for dynamic Z0u200 levels. Overall,
more than one parameter modulation (here, Z0u200 and
gμ200) can reflect the impact of epigenetic changes on EMT
induction.
2.4. The rate of epigenetic changes during EMT
induction and withdrawal determines the time
taken to regain an epithelial cell state

The rate and extent of epigenetic reprogramming can depend
on multiple factors, such as whether epigenetic changes are
mediated via DNA methylation or by histone modification
[33]. For instance, GRHL2, a canonical MET inducer, is a pio-
neering transcription factor capable of directly binding to
condensed chromatin to initiate its opening, leading to cell-
state changes [35,36]. Such diverse modes of epigenetic regu-
lation can alter the rate of accumulation (βfor) and decay (βrev)
of epigenetic memory.

We modulated the values of βfor and βrev to assess their
impact on epigenetic reprogramming and the time scales
of cell-state transitions. First, we varied βfor (2x = doubled,
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0.5x = halved) while maintaining βrev = 720 h. Reduced βfor
values (= 120 h) enhanced the rate of decrease of Z0u200
levels (electronic supplementary material, figure S8A), leading
to a lower SNAIL’sM to E tipping levels at the end of induction
period, as compared with the case for larger βfor values
(= 480 h) (figure 4a). Higher βfor values result in lower accumu-
lated epigenetic memory and thus a faster reversal to an
epithelial state post-withdrawal, irrespective of the induction
period (figure 4b, electronic supplementary material, figure
S8B). However, the epigeneticmemory also saturates to amaxi-
mal level, as evident for smaller βfor values (figure 4b). Second,
we varied βrev values while maintaining βfor = 240 h. Larger
βrev values (= 1200 h) led to a slower recovery from the acquired
epigenetic memory accumulated during induction (electronic
supplementary material, figure S9A), compared with smaller
βrev values (= 240 hrs) (figure 4c), as witnessed by a difference
in the slopes of curves of SNAIL’s M–E tipping level. The
higher the value of βrev, the slower the decay of the accumu-
lated epigenetic memory and thus the longer the delay in
reversal to an epithelial state post-withdrawal, irrespective of
the induction period (figure 4d, electronic supplementary
material, figure S9B).

Again, while considering the fold change (lm200Z ) dynamics
during EMT induction, variation of both βfor and βrev did not
have significant effects on the return time to an epithelial
state (observe epithelial return time for a given induction dur-
ation with varying βfor and βrev in electronic supplementary
material, figure S10A, B). However, significant delays were
observed in epithelial return times for smaller βfor and larger
βrev while considering dynamic changes in the basal synthesis
rate of miR-200 (gμ200) during EMT induction (observe
epithelial return time for a given induction duration with
varying βfor and βrev in electronic supplementary material,
figure S11A, B). Together, these observations suggest that
slower response at epigenetic regulation level, either during
EMT induction or withdrawal, introduces a latency period
for a cell to gain or lose epigenetic memory, thus impacting
the rates of cell-state switching.

2.5. Recovery time scales also depend on pre- and
post-induction SNAIL levels

The extent of EMT/MET induction in a given cell can depend
on multiple factors. These include the dose and duration of the
inducing signal, pathways activated by the specific EMT/
MET-inducing signal, and variations in the initial cell-state in
terms of protein abundance or epigenetic status [26,28]. To rep-
resent the impact of these factors, we examined the effects of
varying the pre-induction (S01) and post-induction (S02)
SNAIL levels on the time taken to recover to epithelial state
post-withdrawal. We consider these scenarios both in the
presence and absence of epigenetic feedback or memory.

In the absence of epigenetic regulation ofmiR-200 by ZEB1,
we first examined the impact of varying S01. The lower the
levels of S01, the faster the recovery dynamics. For S01 = 100k
molecules, for 39 days of EMT induction, it takes 14 days
(11 days in the mesenchymal state followed by 3 days in the
hybrid E/M state) to regain an epithelial phenotype
(figure 2b,e). However, at S01 = 135k molecules, the recovery
period extends to 18 days, and at S01 = 170k molecules, it
extends to 30 days (electronic supplementary material, figure
S12). These slower dynamics of SNAIL can be attributed to
the difference between post-induction values of SNAIL (S02)
and the post-withdrawal values (S01) (equation (4.2)). How-
ever, on varying S02, the impact on recovery times is rather
small, which can be explained by higher equilibrium levels of
SNAIL achieved at the end of the EMT induction period. For
S02 = 300k molecules, it takes 12 days to revert to an epithelial
state but for S02 = 400k molecules, it increases to 15 days (elec-
tronic supplementary material, figure S13). Thus, varying S01
levels had a stronger impact on the time scales of recovery to
an epithelial state, than variations in S02 levels.

Next, we incorporated the epigenetic regulation of miR200
byZEB and considered the case of a high S01 value (= 135kmol-
ecules). The build-up of epigenetic memory, as seen before,
delayed the time taken for SNAIL’s M-E tipping level to
increase above the cellular SNAIL levels, and to attain pre-
induction values during the period of withdrawal (figure 5a,
electronic supplementary material, figure S14A). Conse-
quently, the cell spent more time in M and E/M states and
showed delayed recovery dynamics to an epithelial state. At
even higher values of S01 (= 170k molecules), the recovery
slows further, eventually tending toward the scenario of irre-
versible EMT (figure 5b, electronic supplementary material,
figure S14B).

Lastly, we varied the post-induction SNAIL levels (S02)
while considering epigenetic changes. With increasing S02,
we observed higher steady levels of ZEB mRNA and protein.
Also, increasing S02 accelerated EMT, thus stabilizing ZEB in
a high state for longer times during the induction period
(figure 5c). This prolonged time in a mesenchymal state
during induction increased the gap between the tipping
point levels of SNAIL for MET and EMT (electronic sup-
plementary material, figure S15), thus acting as a barrier for
MET. As expected, the higher the induction time, the stronger
the extent of epigenetic memory accumulated, and thus the
longer the time required to revert EMT (figure 5d ).

We previously observed that varying levels of gμ200
during EMT induction dramatically alters the SNAIL levels
corresponding to the M–E and E–M tipping points, which
is similar to the response seen with dynamic Z0u200 levels
(compare electronic supplementary material, figure S6 with
electronic supplementary material, figure S2). Thus, we also
expected to observe an increasing return time to the epithelial
state with increasing S01 and S02 levels for dynamic gμ200
levels, as was observed with dynamic Z0u200 (observe the
epithelial return time for a given induction duration with
varying S01 and S02 in electronic supplementary material,
figure S11C, D). However, with the dynamic fold change
(lm200Z ), increasing S01 values but not S02 values caused greater
delay in epithelial state recovery (observe epithelial return
time for a given induction duration with varying S01 and
S02 in electronic supplementary material, figure S10C, D).
This can be explained by observing the slight increase in M
state stability caused by dynamic lm200Z during EMT induction
by lowering SNAIL’s M–E tipping point (electronic sup-
plementary material, figure S4). Now, as the cell’s SNAIL
levels settle back to the S01 value during withdrawal, until
the time that dynamic SNAIL’s M–E tipping point is less
than S01, the cell retains its M state.

2.6. Population-level effects of epigenetic changes
during EMT

So far, we have examined the influence of epigenetic changes
on reversibility towards an epithelial state, through
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simulating individual cells switching between two discrete
levels of SNAIL (S01, S02). These simulations did not consider
any stochastic fluctuations in protein levels. However, fluctu-
ations in protein abundance can prevail at the single-cell level
[37] due to factors such as stochastic gene expression [38,39]
and asymmetry in cell division [40]. To incorporate these fac-
tors, we model stochastic fluctuations around the mean level
using the Ornstein–Uhlenbeck (OU) process. The OU process
determines SNAIL levels by integrating a stochastic differen-
tial equation with both deterministic (drift) and stochastic
(diffusion) terms (equation (4.2)). Numerical implementation
of the OU process provides SNAIL trajectories reflecting dis-
tinct cells that are statistically independent within the
population (figure 6a). The stochastic fluctuations in SNAIL
levels were parameterized based on experimentally estimated
values of the coefficient of variation (CV) of distributions of
protein levels in a cellular population, and the 50% decorrela-
tion time of single-cell expression levels (figure 6b,c) [37,41].

The stochastic simulations revealed heterogeneity in the
dynamics of SNAIL and ZEB among individual cells within
a population during EMT induction, and in the time taken
to revert to an epithelial state upon withdrawal (figure 6d,e;
electronic supplementary material, figure S16, S17). Despite
this heterogeneity, the mean return time (RT) to an epithelial
state for a cell in the population remained close to our earlier
observations from the deterministic analysis for a 39-day
induction period. This similarity was seen for both scen-
arios—with the accumulation of epigenetic memory (mean
RT = 23.25 days in figure 6e, RT = 25 days in figure 4b) as
well as without it (mean RT = 14.9 days in electronic sup-
plementary material, figure S17B, RT = 15 days in figure 4b).

Next, we quantified the recovery dynamics to an epi-
thelial phenotype, when a cell population has undergone
EMT for varying durations, with and without epigenetic
regulation of miR-200 by ZEB. We used two metrics: (i) the
cumulative fractional share of a phenotype in the population
during the 60-day withdrawal period (figure 6f ), estimated
by area under the curve (AUC) of phenotypic distribution
plot, and (ii) the time taken for epithelial phenotype to com-
prise 90% of the population (figure 6g). Without considering
any epigenetic changes during EMT, a short-term (13 days)
induction led to a faster recovery than a long-term (26 days
and beyond) one (compare blue curves in electronic sup-
plementary material, figure S18 versus in figure 6f ),
reminiscent of earlier observations from the deterministic
simulations (electronic supplementary material, figure S3).
Upon accounting for epigenetic changes during EMT, the
differences in recovery times became more pronounced
with an increasing induction duration, suggesting a longer
residence time of cells in M and hybrid E/M states
(figure 6f—compare AUC in left and right panels) and
longer delays in regaining 90% epithelial share in the
population (figure 6g, red curve).

To ascertain how the rate of epigenetic changes during
EMT and the withdrawal period influence the reversibility of
EMT at a population level, we varied βfor and βrev for every
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Figure 6. Effects of epigenetic changes during EMT on its reversibility in a heterogeneous population. (a) Stochastic fluctuation in SNAIL levels around the popu-
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cell in the population. Increasing βfor lowered the residence
time of cells in M and E/M states during withdrawal, thus
speeding up the recovery to 90% E share (electronic sup-
plementary material, figure S19A, B). Conversely, increasing
βrev enhanced the residence time of cells in M and E/M states
during withdrawal, and delayed 90% E share recovery (elec-
tronic supplementary material, figure S19C, D). These results
corroborated our observations during deterministic analysis
(figure 4). Similarities between single-cell and population-
level analyses were also seen for varying S01 and S02 levels,
where the changes in S01 had a more discernible impact on
the dynamics of recovery than variations in S02 (for S01 vari-
ation, compare electronic supplementary material, figure S12
and figure 5b with electronic supplementary material,
figure S20A, C and electronic supplementary material,
figure S14 and figure 5b with electronic supplementary
material, figure S20B, C; for S02 variation, compare electronic
supplementary material, figure S13 and figure 5d with
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electronic supplementary material, figure S21A, C and elec-
tronic supplementary material, figure S15 and figure 5d with
electronic supplementary material, figure S21B, C). Intrigu-
ingly and in contrast to the irreversible M state for higher S01
values (170k, figure 5a, right panel, figure 5b) observed for
deterministic SNAIL dynamics, stochasticity in SNAIL levels
enabled both (i) cell transitions to the E state in the event of
considerable dip in cellular SNAIL levels below M–E tipping
levels (electronic supplementary material, figure S22), and
(ii) spontaneous cell-state switching (electronic supplementary
material, figure S23).

Overall, the dynamics of recovery to an epithelial state
seen for deterministic SNAIL dynamics at individual cellular
level were recapitulated by stochastic simulations for a cellu-
lar population whose SNAIL levels fluctuated around and
switched between predefined mean SNAIL levels.
Interface
20:20220627
3. Discussion
The coexistence of multiple cell-states along the E–M spectrum
can be seen as ‘attractors’ or valleys in a gene expression land-
scape, connected by trajectories that enable cell-state
transitions [42,43]. The degree of resolution among distinct
cell-states depends on the number of biomarkers used exper-
imentally to identify a cell population [5,6,18,44,45]. These
cell-states can transition between each other either spon-
taneously due to factors such as stochastic gene expression
and asymmetric cell division, or under microenvironmental
influence such as TGFβ signalling and altered matrix stiffness
[28,39,46–48]. Recently, frequency of spontaneous cell-state
transition has been shown to depend on the mRNA and
protein half-life. Corre et al. showed that cell-state memory
can extend up to multiple cell generations for stable transcripts
(mRNA and proteins) and that cell-state can occur between
two cell divisions for highly unstable transcripts [49]. Similarly,
in silico mRNA-microRNA interaction dynamics were shown
to give rise to periodic switching in mRNA levels, with oscil-
lation period dependent on mRNA half-life. These periodic
oscillationswhen coupledwith noise inmRNAandmicroRNA
transcription process caused asynchronous cell-state tran-
sitions [50]. The relative rates of cell-state transitions define
the population distribution of cells along the E–M axis, as evi-
dent from dynamics of isolated subpopulations in vitro and in
vivo [4,5,11]. These rates of transition, and thus the equilibrium
state distribution, are determined by the relative stability of
each state [51].

Besides transcriptional and translational control,
chromatin-based epigenetic regulation of E–M states can
influence their relative stability, thus shaping population distri-
butions [52,53]. For instance, the hybrid E/M (EpCAM+Vim+)
and mesenchymal-like (EpCAM- Vim+) cells in the PKV cell
line displayed upregulated levels of HMGA2, an epigenetic
regulator [6]. Inhibiting HMGA2 using an HDACi (Panobino-
stat) reduced the mesenchymal fraction of the population.
Similarly, ectopic expression of EMT-TFs (SNAIL1, SNAIL2,
ZEB1) inMDCKcells conferred amesenchymal phenotype that
included epigenetic silencing of the miR-200 family through
DNA methylation [54]. In cells with ectopic expression of
SNAIL1, suppression of endogenous ZEB1 expression did
not revert cells to an epithelial state; however, SNAIL1 repres-
sion led to demethylation of the MIR200C gene, causing
MET. In another context, ZEB1 recruited the epigenetic
remodelling enzyme BRG1 at the CDH1 promoter and
this regulation served as a barrier preventing GRHL2 from
inducingMET [26]. Thus, different EMT/MET-TFs can epigen-
etically control cellular plasticity. Consequently, combinatorial
or sequential treatment with epigenetic regulators can govern
the patterns of intratumour heterogeneity during metastasis
and/or drug treatment [6,55].

Our mathematical model, which captures epigenetic
changes during EMT, explains how epigenetic memory can
accumulate as a function of the duration of an EMT-inducing
signal, and how the reversibility of EMT depends on the rate
of decay of this memory and thus the time point of withdrawal
at which reversibility is experimentally assessed [23–25]. For
instance, the loss in chromatin accessibility of the EPCAM
gene was observed upon treatment of MCF10A cells with
TGFβ showed recovery to pre-treatment levels for 4 days
treatment but not for 10 days [23]. Irreversible chromatin acces-
sibility of many epithelial genes was demonstrated, but the
withdrawal period was for 10 days only. Our data suggest
that epithelial gene expression can be recovered after long-
term EMT induction upon extended withdrawal periods
(figure 1), and this is probably reflected in the chromatin
state of the cell. Therefore, it is possible that a re-opening of
the chromatin state for EPCAM and other epithelial genes
would have occurred over longer withdrawal times in the
aforementioned study. Different time scales of cell-state rever-
sal can be attributed to the dynamics of heterochromatin. For
instance, in embryonic stem cells, a long-term recruitment
(4.5 weeks) of heterochromatin protein 1 (HP1) to theOct4 pro-
moter accumulated both H3K9me3 and DNAmethylation that
silenced Oct4 expression for multiple generations. However, a
short-term recruitment (7 days) accumulated only H3K9me3
and did not silenceOct4 gene expression for long [34]. Consist-
ently, in pluripotent stem cells, the ratio of rate of methylation
by DNMTs to the rate of demethylation Nanog-Tet complex
determines the stability of the epigenetically silenced Oct
gene [56]. Similar differences in time scales of acquiring histone
modification and DNA methylation was seen in the CDH1
promoter in HMLE cells grown in 10% serum condition [24].

In our model formalism, the parameters βfor and βrev cap-
ture distinct response times resulting from a variety of
possible epigenetic regulators to reversibly and/or irreversi-
bly silence a gene. While direct empirical identification of
these individual rates is complicated by the fact that diverse
epigenetic regulators often act in concert, synthetic biology
approaches may be helpful in dissecting the dynamics of epi-
genetic regulation through different modifications: DNA
methylation, histone acetylation and histone methylation.
For instance, in CHO-K1 cells, a synthetic genetic circuit
was constructed to recruit histone methyl-transferase (EED,
KRAB), histone deacetylase (HDAC4) and DNA methyltrans-
ferase (DNMT3B) to the fluorescent reporter gene [33]. These
diverse regulators caused varied histone modification, with
only DNMT3B recruitment leading to DNA methylation at
the promoter region. The distribution of gene silencing time
at a single-cell level was quite distinct among these epigenetic
modifiers after 80 h of recruitment, with silencing due to
DNMT3B being the slowest of all epigenetic regulators.
While DNMT3B-mediated silencing did not lead to re-
activation of expression during 30 days of observation time
post-withdrawal, considerable recovery was observed for
EEB, KRAB recruitment and full recovery to pre-treatment
levels for HDAC4-mediated silencing. Further, increasing



Table 1. qPCR primer sequences.

primer sequence

ZEB1 for 50 GCACAACCAAGTGCAGAAGA
ZEB1 rev 50 CATTTGCAGATTGAGGCTGA
CDH1 for 50 TGCCCAGAAAATGAAAAAGG
CDH1 rev 50 GTGTATGTGGCAATGCGTTC
ACTB for 50 CCCTGGCACCCAGCAC
ACTB rev 50 GCCGATCCACACGGAGTAC
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the duration of EED, KRAB and HDAC4 recruitment
enhanced the fraction of cells showing silenced expression
in the population after 30 days of withdrawal [33]. This
observation corroborates our findings that the extent and
durability of epigenetic changes depend on duration of
epigenetic modifier recruitment (in our case, maintenance
of high ZEB levels during EMT, and its recruited epigenetic
modifiers). It is conceivable that we can capture both
the short- and long-term memory effects of epigenetic
changes by allowing a cell transition between three gene
expression states: (i) active gene expression state, (ii) reversi-
bly silent state, and (iii) irreversibly silent gene state, such
that the transition rates among these states are dependent
on the dose and/or duration of a specific epigenetic modifier
treatment [33,57].

Another factor that can vary the cellular response to exter-
nal exposure to an EMT inducer (such as TGFβ) is cell-to-cell
variability in protein levels. For instance, variation in the con-
centrations of TGFβ receptor and SMAD TFs among cells
dictated their response to TGFβ stimulation in terms of
nuclear localization of SMAD2 protein [58]. The cells were
clustered into six response classes, whose proportions in the
population varied with the concentration of TGFβ treatment.
Similarly, cellular variability in levels of multiple proteins
(DR4/5 receptors, DISC components, CASP8 and BID) con-
trolled the time of apoptotic event in HeLa cells, in the case
of TRAIL-induced apoptosis [59]. Additionally, the inclusion
of cellular variability in our simulations, achieved by incor-
porating the fluctuating dynamics of SNAIL, resulted in
certain observable differences when compared with determi-
nistic simulations: (i) individual cells had variable return
times to an epithelial state, despite identical exposure dose
and duration, and (ii) cells were able to switch phenotype
among E, M and hybrid E/M states, establishing a dynamic
equilibrium in the phenotypic distribution.

Our simulation results showed that during reduction of
SNAIL levels, the cell spends an extended amount of time
in a hybrid state post long-term EMT induction (figure 2f ).
This happens due to reductions in the critical M-to-E tipping
point levels for SNAIL in addition to steady-state ZEB mRNA
levels (figure 2d ). The accumulation of epigenetic memory, as
accounted for by lowered Z0u200 levels during long-term
EMT, causes a cell to first undergo a continuous transition
from an M to hybrid E/M and then a discrete transition
from a hybrid E/M to an E state upon SNAIL withdrawal.
However, we only see a discrete M to E state transition in a
post short-term induction scenario (figure 3, electronic sup-
plementary material, figure S2). Thus, the epigenetic
memory helps increase the residence time of cells in the
hybrid E/M state. Further, regarding long-term (LT, 22
days) EMT induction, the expression profiles of EMT-related
genes during 18 days of withdrawal showed that while epi-
thelial genes (purple bar in electronic supplementary
material, figure S1) did not gain expression throughout the
withdrawal period, mesenchymal genes expression started
to decrease their expression (red bar in electronic supplemen-
tary material, figure S1). Therefore, it is possible that the
cells attain a hybrid E/M state for an extended duration
during inducer withdrawal as is also seen in our simulations
(figures 3d and 6f ). Similar observations can be made with
our qRT-PCR data where the relative expression of ZEB1
mRNA significantly drops from 0 to 18 days and from 18
to 27 days of withdrawal, while we did not see similar fold
changes in the expression of E-cad, miR200b and miR-200c
(figure 1), which might render the population to be
considered as a hybrid state.

Our analysis has many limitations. First, our mathemat-
ical model considered a reduced EMT regulatory network
comprising a few canonical EMT and MET drivers (SNAIL,
ZEB, miR-200), although networks with teams of epithelial
and mesenchymal genes have been identified [51]. Second,
our model of epigenetic regulation of miR-200 by ZEB is phe-
nomenological and lacks the granularity of including
different epigenetic enzymes recruited by one or more
EMT/MET-TFs, chromatin status of those EMT/MET-TFs
and the dynamics of heterochromatin [60,61]. A few recent
models have combined mechanistic dynamics of transcrip-
tional and epigenetic control [56,62], building on previous
attempts to explain epigenetic memory [63]. Third, by not
considering cell division events, we have excluded the role
of cell cycle in epigenetic regulation [64]. Fourth, we do not
consider the impact of any extracellular changes during
EMT such as increased matrix stiffness, which can give rise
to mechanical memory due to mechanochemical feedback
loops [65–67]. Fifth, regulatory network of a process, in gen-
eral, is embedded in a larger pool with other genes/
regulatory players, and therefore its dynamics also depend
on the local density of interconnections with players not
directly involved in the process [68]. Nonetheless, our
model was able to (i) provide insight into how the dynamics
of epigenetic changes during and post EMT induction can
affect the reversibility to an epithelial cell state, corroborating
with existing quantitative experimental and theoretical analy-
sis; and (ii) explain experimentally observed time-scale
differences for EMT reversibility when cells were exposed
to varying duration of TGFβ treatments.
4. Material and methods
4.1. Cell culture
MCF10A cells were a gift from Dr Jeffrey Rosen and cultured as
previously described [69]. Cells were treated with 5 ng ml−1

recombinant human TGFβ1 (R&D Systems, 240-B) prepared
according to the manufacturer’s specifications. Cells were pas-
saged every 3 days during TGFβ1 treatment and after TGFβ1
withdrawal. TGFβ1 was added to fresh growth medium 2 days
after passaging and upon passaging.

4.2. RNA isolation and qPCR
For mRNA analysed at days 0, 6 and 18, RNAwas extracted from
cells using TriZol (ThermoFisher, 15596026) and isolated using
the RNeasy Mini Kit (Qiagen, 74104) with RNase-Free DNase



Table 2. Regulatory network parameters—rates of production and
degradation; and Hills’ coefficient, threshold and fold change for
transcriptional regulations. Here, mol.≡ molecules / cell.

parameter value parameter value

gm200
2:1� 103 mol:h�1 nm200

Z 3

gmZ
11:0 mol:h�1 nm200

S 2

gZ 0:1� 103 h�1 nmZ
Z 2

km200
0:05 h�1 nmZ

S 2

kmZ 0:5 h�1 l
m200
Z 0.1

kZ 0:1 h�1 l
m200
S 0.1

Sm200
0 180:0� 103 mol: lmZ

Z 7.5

ZmZ
0 25:0� 103 mol: lmZ

S 10.0

SmZ
0 180:0� 103 mol: m0

200 10 000

Z0u200 220:0� 103 mol:
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(Qiagen, 79254). For mRNA analysed at days 27, 36 and 45 and
all miRNAs, RNAwas extracted and isolated from cells using the
miRNeasy Mini Kit (Qiagen, 217084) and treated with RNase-
Free DNase (Qiagen, 79254).

Reverse transcription was performed on 500 ng total RNA
using the High Capacity cDNA Reverse Transcription Kit with
RNase Inhibitor (ThermoFisher, 4374966). Power Up SYBR
Green Master Mix (ThermoFisher, A25776) was used to perform
qPCR using 10 ng cDNA. All qPCR reactions were performed in
triplicate. mRNA qPCR primers are included in table 1.

Reverse transcription and qPCR for miRNAs were performed
as previously described [69]. Taqman reverse transcription pri-
mers and qPCR probes (ThermoFisher) used were as follows:
U6snRNA (001973), miR-200b (002251) and miR-200c (002300).
Reverse transcription was performed using the Taqman micro-
RNA Reverse Transcriptase Kit (ThermoFisher, 4366596). qPCR
was performed using the TaqMan Fast Advanced Master Mix
(ThermoFisher, 4444557).

All qPCR was performed using a CFX96 Touch Real-Time
PCR System (BioRad).
20:20220627
4.3. Nanostring analysis
Each time point was analysed in biological duplicates. RNA was
extracted from cell cultures using TriZol (ThermoFisher,
15596026) and isolated using the RNeasy Mini Kit (Qiagen,
74104) with RNase-Free DNase (Qiagen, 79254). We used
100 ng RNA as input for probe hybridization to a custom Code-
Set. Hybridization was conducted for 16 h at 65°C according to
the manufacturer’s protocol. Raw counts were normalized to
the geometric mean of the count values for the three endogenous
control genes, GAPDH, HPRT1 and PKG1. Nanostring nCounter
was used to quantify probe detection and assign to transcripts.
nSolver 4.0 software was used for clustering of normalized
gene counts between samples. We considered only the genes in
treatment conditions with average expression levels above 10
for further analysis. The filtered expression data was then z-nor-
malized using the formula Z = (x− μ)/σ where x = the observed
value, μ = the mean across all samples, and σ = the standard devi-
ation across all samples. On z-normalized data we performed
principal component analysis (PCA) and hierarchical clustering.
4.4. EMT regulatory network
We considered an EMT regulatory network involving interaction
between canonical epithelial (miR-200) and mesenchymal (ZEB)
markers with miR-200 and ZEB mutually repressing each other
(figure 1a, inset). SNAIL transcription factor acts as an input to
this network, supressing miR-200 and activating ZEB, and it rep-
resents cumulative effects of several EMT-inducing signalling
pathways, such as TGFβ, Wnt and Notch [16]. The rate equations
capturing the production, degradation and complex interactions
between nodes for the network components are as follows:

dm200

dt
¼ gm200

H(Z, lm200
Z )H(S, lm200

S )�mZYm(m200)� km200
m200,

dmZ

dt
¼ gmZH(Z, lmZ

Z )H(S, lmZ
S )�mZYm(m200)� kmZmZ,

dZ
dt

¼ gZmZL(m200)� kZZ

and
dS
dt

¼ 0:

Here, μ200 = [miR-200], mZ = [ZEB1 mRNA], Z = [ZEB1], and
S = [SNAIL1]. [·] represents the concentration of a molecular
species within a cell. H is the shifted Hill function.

H(B, l) ¼ lþ 1:0� l

1:0þ (B=B0)
nB :
The functionsYμ,YmandLdescribe thepost-transcriptional regu-
lation of mRNA activity by micro-RNAs, as described earlier [16].

L(m) ¼
Xn
i¼0

n
i

� �
liMi

n(m),

Ym(m) ¼
Xn
i¼0

n
i

� �
gmi

Mi
n(m),

Ym(m) ¼
Xn
i¼0

n
i

� �
gmi

Mi
n(m)

and Mi
n(m) ¼

(m=m0)i

(1:0þ ðm=m0Þ)n :

Here, μ is the microRNA concentration and n is number of
micro-RNA binding sites on the mRNA. For the inhibition
of ZEB1 mRNA by miR-200, n = 6 and m0 ¼ m0

200: The
values of all other kinetic parameters are listed in tables 2 and 3.
4.5. Framework for incorporating epigenetic regulation
of miR-200 expression from ZEB

Epigenetic regulation of miR-200 can happen through increas-
ingly methylation of its upstream promoter region, as noted
during continued maintenance of mesenchymal state [25]. We
phenomenologically incorporate this epigenetic regulation into
our modelling framework using following three ways:

(1) Strengthening the miR-200 suppression by ZEB depending
on the duration for which ZEB is maintained at high
levels. This is achieved either by making:

(a) Threshold of repression of miR-200 by ZEB a dynamic vari-
able whose rate of change depended on ZEB levels [21], as
shown below,

dZ0u200
dt

¼ ðZ0u2000 � Z0u200� aZÞ
b

: ð4:1Þ

(b) Fold change of repression of miR-200 by ZEB a dynamic
variable whose rate of change depended on ZEB levels, as
shown below,

dlm200Z

dt
¼ (lm200

0

Z � lzu200 � aZ)
b

: ð4:2Þ

(2) Reduce the basal rate of expression of miR-200 depending on
the duration for which ZEB is maintained at high levels. This



Table 3. Parameters for mir200–ZEB mRNA complex translation and degradation.

no. of miRNA binding sites 0 1 2 3 4 5 6

li 1.0 0.6 0.3 0.1 0.05 0.05 0.05

gmi
(h�1) 0.0 0.04 0.2 1.0 1.0 1.0 1.0

gmi
(h�1) 0.0 0.005 0.05 0.5 0.5 0.5 0.5

Table 4. Statistical characteristic of stochastic SNAIL dynamics (at stationary
state). Where, N is a normalizing factor, and τ is lag duration.
τ1/2 represents the average time at which a cell’s SNAIL level changes by
50% due to stochasticity in its expression.

characteristics expression

mean, μ S0

variance, σ2 s2
n S0

2gSNAIL

coefficient of variation, CV sn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2gSNAIL S0

r

probability density function, p.d.f.
1
N
exp

�gSNAIL (S � S0)
2

s2
n S0

� �

autocorrelation function, A (t) exp � gSNAIL t

S0

� �
)

50% decorrelation time, t1=2
S0 ln 2
gSNAIL
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is achieved by making basal rate a dynamics variable, as
shown below,

dgm200
dt

¼ ðgm2000 � gm200 � aZÞ
b

: ð4:3Þ

Here, Z0u200 : threshold for transcriptional repression (vari-
able parameter); Z0u2000 : basal threshold (constant parameter);
lm200Z : fold change of transcriptional repression (variable par-
ameter); lm200

0

Z : basal fold change (constant parameter); gμ200 :
basal rate miR-200 synthesis (variable parameter); gm2000 : basal
rate miR-200 synthesis (constant parameter); Z : ZEB levels; β:
time constant (constant parameter); α : epigenetic regulation
strength (constant parameter).

In simulations where Z0u200 is variable parameter, the
basal threshold Z0u2000 = 220 × 103 molecules [16], and the epi-
genetic regulation strength parameter, α = 0.15, corresponding
to a strong epigenetic regulation. α values greater than 0.15
give a negative value for Z0u200 levels within relevant range
of SNAIL levels (0–600 × 103 molecules), thus becoming biologi-
cally inappropriate. The time constant β scales the response time
of threshold Z0u200 to changes in ZEB levels. To take into
account any possible differences in the molecular mechanisms
and/or reaction rates of epigenetic changes during EMT and
its reversal, we consider two independent β values: (i) βfor,
during induction, and (ii) βrev, during withdrawal. To analyse
the cellular response without epigenetic regulation, we set
α = 0, βfor = 1 h and βrev = 1 h.

For the lm200Z variable case, lm200
0

Z ¼ 0:1 and α = 5 × 10−8; and
when gμ200 is variable, gm2000 ¼ 2100 molecules/hour and α =
0.0013. Note again that α value is adjusted for each case so that
variable parameter (Z0u200=lm200Z /gμ200) remains positive
throughout simulation.
4.6. EMT induction and withdrawal simulation set-up
SNAIL levels are being used to control the induction and reversal
of EMT, based on bifurcation diagram (figure 2a). These levels
can be affected by its stochastic gene expression, variability in
upstream signalling pathway activity, and varying microenviron-
mental cues [58]. To model the temporal variability of SNAIL
levels, we represented its dynamics using Ornstein–Uhlenbeck
(OU) process, as mentioned earlier [37],

dSNAIL(t) ¼ gSNAIL 1 � SNAIL
S0

� �
dtþ sn dW(t): ð4:4Þ

Here, γSNAIL : return rate, S0 : mean cellular SNAIL level,
W(t) : Weiner process, σn : standard deviation of noise. With
the above equation, SNAIL levels follow a stochastic trajectory
whose statistical characteristics at stationary state are highlighted
in table 4.

In the simulations:

(1) For deterministic SNAIL dynamics (figures 2–5), σn = 0.
(2) S0 attains two values:
(a) S01 (pre-induction/post-withdrawal levels): mean

SNAIL level of a cell in the population prior to EMT
induction and to which it returns after a prolonged
withdrawal period.

(b) S02 (post-induction levels): mean SNAIL level of a cell in the
population after long duration of EMT induction.

(3) τ1/2 = 120 h (5 days) following experimental studies which
report mixing times of proteins in human cancer cell lines
[37,41]. We considered τ1/2 to remain conserved irrespective
of the mean SNAIL level of a cell (S0).

(4) With the above constraint, the return rate (γSNAIL) in SNAIL’s
dynamics gets defined

gSNAIL,for ¼
S02 ln 2
t1=2

(during EMT induction)

and

gSNAIL,rev ¼ S01 ln 2
t1=2

(during SNAIL withdrawal)

(5) For stochastic (noisy) SNAIL dynamics, the choice of stan-
dard deviation of noise in SNAIL dynamics, σn, is made
by considering the relation between CV, τ1/2, S0 and σn
values derived by eliminating αSNAIL from CV and τ1/2
expressions (table 4) as shown below,

sn ¼ CV S0

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
t1=2

s
:

(6) Note that the CV of SNAIL levels is inversely proportional
to square root of S0 (table 3). Here, CV value is taken as
0.3 at S0 = 150 000 molecules. This choice of CV lies within
the biological observed range for CVs of several proteins



Table 5. ZEB mRNA ranges and cell’s phenotype.

phenotype ZEB mRNA range (in molecules)

epithelial (E) <160

hybrid (E/M) > = 160 & < = 568

mesenchymal (M) >568
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from variety of pathways [41]. Substituting numerical values
of CV = 0.3, S0 = 150 000 molecules, and τ1/2 = 120 h above,
we get

sn ¼ 4836:7 molecules=(h)1=2:

(7) The above value σn is used during both EMT induction and
withdrawal time points for all stochastic population-level
simulations.

For population-level analysis (figure 6 and corresponding
electronic supplementary material figures), we simultaneously
generate 10 000 independent trajectories of SNAIL (equation
(4.2)), each representing an individual cell (figure 6a).
27
4.6.1. Simulation procedure
A cell in the model is described by six variables: {miR-200,
ZEB mRNA, ZEB, SNAIL, Z0u200 and S0}. The ZEB mRNA
levels, as per bifurcation diagram, are used to assign phenotypes
(table 5).
4.6.2. For deterministic single-cell EMT induction and withdrawal
(1) Initialize model parameters: assign values to α, τ1/2, βfor, βrev,

γSNAIL,for, γSNAIL,rev, S01 and S02 either using the user inputs or
relations described in section 3. Set σn = 0.

(2) Initialize cellular network components: set SNAIL = S01,
Z0u200 = Z0u2000 = 220×103 molecules, mir200 = 0, ZEB
mRNA= 0, and ZEB = 0. Simulate the model for an arbitrary
long time so that variables settle to their steady values for
the given SNAIL level.

(3) Define the time for EMT induction and SNAIL withdrawal.
(4) For EMT induction, assign S0 = S02, β = βfor, and γSNAIL =

γSNAIL,for. Then simulate the model for defined number of
induction days.

(5) When induction duration ends, assign S0 = S01, β = βrev, and
γSNAIL = γSNAIL,rev. Then simulate the model for defined
number of withdrawal days.
4.6.3. For stochastic population-level EMT induction and
withdrawal

(1) Initialize model parameters: assign values to α, CV, S0CV
#,

τ1/2 , βfor, βrev, γSNAIL,for, γSNAIL,rev, S01 , S02 and σn either
using the user inputs or relations described in section 3.

(2) Generate 10k normally distributed SNAIL samples centred
around S0 = S01 with variance, s2 ¼ s2

n S0=2gSNAIL. Assign
one SNAIL sample to each cell with the values of the other
cellular network components as mir200 = 0, ZEB mRNA=
0, ZEB = 0, Z0u200 = Z0u2000, and S0 = sampled SNAIL
value. Simulate the model for 1000 h with σn = 0 so that vari-
ables settle to their steady values for the given SNAIL levels.

(3) Again, for 1000 h, run the system while considering noise in
SNAIL dynamics (use σn as determined above).

(4) Define the time for EMT induction and SNAIL withdrawal.
(5) For EMT induction, assign S0 = S02 for every cell, β = βfor, and

γSNAIL = γSNAIL,for. Then simulate the model for defined
number of induction days.

(6) When induction duration ends, assign S0 = S01 for every cell,
β = βrev, and γSNAIL = γSNAIL,rev. Then simulate the model for
defined number of withdrawal days.
#S0CV : S0 value for which CV value is initialized

For simulating scenarioswith the lm200Z and gm200
parameter vari-

ation, replaceZ0u200 andZ0u2000 in the above stepswith lm200Z and
lm200

0

Z (¼ 0:1), and gm200
and gm2000 ð¼ 2100), respectively.

Data accessibility. The gene expression data using NanoString technol-
ogy and codes used for simulation in this study can be accessed at:
https://github.com/Paras-Jain20/EMT_Epigenetic_Decay.
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