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Epithelial plasticity — a hallmark of metastasis
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Questions to ponder

 What is the physics underlying cell motility as
needed for cancer cell dispersal?

 How do cells dynamically change their
“phenotype” from one state to another?

* Can understanding these issues help us better
understand and treat cancer?



Questions to ponder

* What is the physics underlying cell motility as
needed for cancer cell dispersal?

— Active Media, A New Branch of CMT

* How do cells change their “phenotype” from
one state to another?

* Can understanding these issues help us better
understand and treat cancer?



The world of Active Media




Single cell dynamics
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Here cell is polarized into protruding and contracting regions
by an external chemical field = “chemotaxis”, a story unto itself



Collective cell motility

Cells have self-propulsion just like
other living systems

Direction of the propulsive forces is
determined by cell polarization

Here polarization is determined
collectively by cell-cell interactions;
cells “go with the flow”

System can order even in 2d due to
non-equilibrium effects; gave rise to
the field of “active media”

Seminal papers
Vicsek, Ben-Jacob et al PRL (1995)
Toner and Tu, PRE (1998)

Dictyostelium rotating aggregate
Rappel, Levine et al, PRL 1999



The making of a motility model
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CIL decreases traction forces at cell-cell contact

M. Basan et al PNAS (2013)
New version; Zimmerman PNAS (2016)



Lin et al, Nat Comm (2014) — another guidance mechanism!
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Theory of epithelial
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Tissues under Tension (Trepat et al)
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Spreading
around an
obstacle

compare to
Trepat
experiment




Returning to tumors

e Cancer biologists have suggested that cells at
the margin become motile, involving a
reduction in cell-adhesion and remodeling of
their internal cytoskeleton

 What does this type of active media motility
model predict for the edge of a tumor when
the cells have become motile?



Role of cadherin-based adhesion
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Simulation of motility, with different proteomes of M vs E/M states
Based on Basan, et al PNAS (2013); Zimmerman et al, PNAS (2016)




Under some circumstances, collective motion can lead to fingers
and streaming — Yang and Levine, Physical Biology, (2020)

Linear instability of the
moving front due to curvature
dependence of leader cell
emergence

May be other mechanisms
such as growth or
orientational ordering but
these have not yet been
shown to lead to stable
fingers



Lessons so far

e Cells are self-propelled objects that can
cooperatively organize their motion

* One can expect that some cells will move
individually, other as collective objects

* This transition is controlled by biophysical
parameters such as cell-cell adhesion versus
the strength of self-propulsion forces



Questions to ponder

 What is the physics underlying cell motility as
needed for cancer cell dispersal?

* How do cells change their “phenotype” from
one state to another?

— Dynamical systems and bifurcation theory

* Can understanding these issues help us better
understand and treat cancer?



Epidermis

Dermis

Focus on change in microenvironment
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Melanoma example
Golan et al, Mol Cell (2015)

Phenotypic transition is not
caused by additional mutations

Cells become metastatic
competent by being exposed to a
new chemical environment;
seems to be irreversible

Notch pathway plays the critical
role in this transition



The World of Networks
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The core EMT genetic circuit

I (HGF, NF-xB, Wnt, TGF-B, HIF1a)

I [ E-cadherin ]

-
Polarity J

complexes
\_

\ N-cadherin ]

* Each arrow is a quantitative relationship between the input and output levels
* This has been done for many transcription circuits, e.g. in microorganisms
 We needed to develop a new method for translation regulation



Biology since | went to High School
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Levine, Erel, Eshel Ben Jacob, and Herbert Levine. "Target-specific and global effectors
in gene regulation by MicroRNA." Biophysical journal 93.11 (2007): L52-L54

Loinger, A., Shemla, Y., Simon, |., Margalit, H. and Biham, O., 2012. Competition
between small RNAs: a quantitative view. Biophysical journal, 102(8), pp.1712-1721.



Generalized equations
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Coexistence of multiple phenotypes
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* Note that at intermediate EMT driving, population with this
network is expected to be multimodal

e Other cell lines with other modulating factors (e.g. GRHL2)
can create unimodal hybrid states
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With Hanash group, MD Anderson Cancer Center



Phenotypic stability factors

SNAIL _ B , SNAIL * Form of coupling to baseline
¢ 6 N Y Y o W N :
-8y -8y circuit can predict effect of
@-®° @@ it can predict
\1 ) 3/1 specific perturbations
! / .. .
: : e Key is increased frustration
@/ 0oL
A Mock siGRHL2 siOVOL2
— 0 hrs
E 400
=}
E
z
200
% o oillo y
& £ 18 hrs &

300 400 500 600
SNAIL (103 molecules)

With Hanash, MDACC; Pienta (JHU) — (Oncotarget, 2016)



Results are robust upon going to
more complete EMT circuit
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Most recent ideas

26-node EMT network 0.4 72-node EMT network 04 Pluripotency network
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* Physiological networks are designed to have small number of
“phenotypes” with large basins of attraction

* Hybrid states specifically require expression of phenotypic stability factors.
i.e. added frustration, for stabilization

» See Tripathi, Kessler and Levine, PRL (2020)



From sequencing of head and neck tumors
classification based on scRna-seq

MESENCHYMAL Cells Subtype Niche
- -
FullEMT [ o7 . o
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Sidharth V. Puram, Anuraag S. Parikh & Itay Tirosh (2018) Single cell
RNA-seq highlights a role for a partial EMT in head and neck cancer,

Molecular & Cellular Oncology, based on Cell paper (2017)




Collective motility leads to clusters

* Clusters are typically
composed of several cells

e Cellsin cluster express
ZEB1, reduced membrane
resident E-cadherin

 Hypothesized to be
partial EMT phenotype

Main tumor = red, multicellular buds = green, from Bronsert et J. Path (2014))
Patient- derlved CTCs

----- s

E/M/DAPI




At this point in the story ...

e Cells can undergo motility transformation at the edge
of the tumor

* This can create individually moving cells (full EMT) or
collectively moving cells (partial EMT)

* Evidence that partial EMT is common and leads to
the formation of clusters of metastasizing cells



Questions to ponder

 What is the physics underlying cell motility as
needed for cancer cell dispersal?

 How do cells change their “phenotype” from one
state to another?

* Can understanding these issues help us better
understand and treat cancer?

— Key insight relates to “tumor initiation potentia

|”



The World of Cancer Research
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Hybrid Clusters Seem to be More Metastatic

Patient- derlved CTCs D so
E/M/DAPI % e BE® aF o*
Clusters of CTCs co-express epithelial °""‘—$—‘“‘—“’—0®«5 A

and mesenchymal features
Yu et al. Science 2013

70 * 35 *
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% z 304 ES 05 prognosis, ha\{e more
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51 ! T s _ . more apoptosis-resistant
’ Single TCs~ CTC-dlusters ’ Single (s~ CTC-clusters Aceto et al. Cell 2014

Ewald group, PNAS 23916



More recent evidence

|dentification of the tumour transition states occurring during EMT
Pastushenko et al, Nature 556, 463 (2018) — GEM model of SCC

Epithelial-cell EMT - Mesenchymal-cell
characteristics ~  characteristics
CD61
CD106 ;51 o )2, £
Vimentin EpCAM P / : i 38
| 553 : . r " Rl T oA
/8 :
Keratin-14

Most metastatic
cells

enature

"It was particularly exciting to observe that, in contrast to what one would expect,
the tumor cells in the early stage of EMT with intermediate epithelial and
mesenchymal hybrid phenotype, rather that tumor cells that underwent complete
EMT, are the most metastatic populations,”" comments levgenia Pastushenko, the
first author of the study.



EMT coupling to “stemness”;

the breakdown of modularity

 The E/M state can be more
likely to become stem-like
than either the E or M states

e This is strongly dependent
on state of the network

 (Can evaluate statistical
correlation between
different states

Jolly et al, J. Roy Soc Interface (2014),
Oncotarget (2015); with Mani grop,
MDACC; Pienta group at JHU




Why are hybrid cell clusters more metastaic?

A De-differentiation Switch to mesenchymal phenotype-»

Cancer Stem Cells @ Mesenchymal

] high tumour g > high motility
initiation ability T i and invasion
l Microenvironment dependent status

(Ombrato and Malanci Crit Rev Onco 2014)

Epithelial [ i s
markers |55

Coupling the modules of EMT and

stemness: A tunable ‘stemness e 2
window’ Jolly et al, Oncotarget " 55‘5)0'0'0044: 0024:"
« 0
(2015); JR Interface (2014) e 450 { ™ CD44™ CD24
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-+--growing evidence that a ? ggg* initiate more tumors
cell that has only undergone g in vitro
partial EMT is best 3 100+
positioned to acquire stem ng_' Goldman et al.

cell properties.” 069 111315171921 Nat Comm 2015
Pattabiraman and Weinberg 2016 Days post-injection



Results keep on coming

Acquisition of a hybrid E/M state is essential for tumorigenicity of
basal breast cancer cells

Cornelia Kroger, Alexander Afeyan, ... and R. A. Weinberg

PNAS published ahead of print March 25, 2019
https://doi.org/10.1073/pnas.1812876116

Showed that hybrid subpopulation of HMLER cells the most
tumorigenic and this cannot be matched by mixing E and M cells;
plasticity at the single cell level is absolutely the key.

New paradigm: Treatments must target hybrid, plastic cells in order to
prevent metastasis. This is hard because these cells are naturally
resistant to many different types of treatment.


https://doi.org/10.1073/pnas.1812876116

The take-home message

 Dynamical network models predict new types of cell
phenotypes, hybrid E/M states

* These cells move collectively in vitro and in vivo lead
to metastasizing clusters, as seen in pathology
images and in the bloodstream

* These clusters can be a major contributor to the
growth of new secondary tumors and hence are a
priority for proposed treatments



Summary

“Many worlds” interpretation of how to make progress
in this type of problem

— Soft-matter physics + information processing via networks
+ cancer biology

This talk: role of hybrid phenotypes in getting the right
combination of properties to effectively metastasize

Have we made progress?
— At a scientific level, yes
— At a clinical level, ???
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