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The Epithelial-Mesenchymal Transition 
Its role in metastasis? 

Can Theory Help Cancer Biology? 



Roles a physicist can play in cancer research 

• Inventing new experimental methods (MRI, e.g.) 
• Enhancing existing treatments (radiation therapy) 
• Applying physical perturbations to tissues (heating via 

nanoparticles, for example) 
• Developing sophisticated data analysis tools 
• … 
 
• Here: Using mathematical models to isolate the 

mechanisms underlying observed phenomena. 
Analogous to the use of physics in other complex 
systems, such as climate change. 
 



We are … 

• Not inferring networks by data-mining from 
“omics” data 

• Not focusing exclusively on one dataset or 
even on one type of cancer 
 

• We are attempting to build a conceptual 
framework, a quantitative version of the 
framework that biologists build to help think 
through their data 
 
 



The Physics of Cancer? 

• “One day, we imagine that cancer 
biology and treatment……… will 
become a science with a 
conceptual structure and logical 
coherence that rivals that of 
chemistry or physics.” (Weinberg, 
2000) 
 

• “And, as before, we continue to 
foresee cancer research as an 
increasingly logical science, in 
which myriad phenotypic 
complexities are manifestations of 
a small set of underlying 
organizing principles.” (Weinberg, 
2011) 
 

“Gentlemen, we have run out of 
money. It's time to start thinking.” 
 
Ernest Rutherford 
Nobel Prizewinner in Physics 



Hallmarks of cancer 

The hallmarks of cancer are 
mostly hallmarks of incorrect 
cell behavior in certain 
places at certain times 
 
Example: Tissue invasion as 
a consequence of EMT; a 
case study of our approach 



Epithelial plasticity – a hallmark of metastasis 

Tam and Weinberg, Nat Med 2013 



EMT 1.01 

• Tight cell-cell adhesion 
• Apico-basal polarity 
• Nonmotile, non-invasive 
• Cobblestone shaped 
• E-cadherin … 

• Single cells, no adhesion 
• Front-back polarity 
• Motile and invasive 
• Spindle shaped 
• N-cadherin 

Biophysics                  Genetics 

“understanding .. fundamental mechanisms underlying cancer progression”   



Connection to Chemotherapy Resistance? 

Prostate cancer;  Kim et al Journal of Cellular Biochemistry (2013) 



Suppression of antigen presentation 

• Non-small-cell lung cancer cell lines, 
proteomics analysis 

• Components of the immunoproteasome 
are suppressed by EMT 

• Work with Hanash group, Tripathy et al 
PNAS (2016) 

Akalay et al Cancer Research (2014) 



Caution! 

There is an ongoing debate about which aspects 
of EMT are most relevant for metastasis 
 
 
See Nature News and Views Nov 11, 2015 
Cell fate: Transition loses its invasive edge 
Shyamala Maheswaran & Daniel A. Haber 
and references therein to two new studies 



How do we approach this system? 

• Decisions about phenotypic fate are made by 
genetic networks, based on input information 
 

• These networks consist of regulatory interactions 
at both the transcriptional and translational level 
 

• These regulatory interactions control the 
expression of genes encoding different functional 
proteins for the different cell fates. 



Example of input data for modeling 

An autocrine TGF-β/ZEB/miR-
200 signaling network 
regulates establishment and 
maintenance of epithelial-
mesenchymal transition  
Gregory et al MolBio (2011) 
 
• Many experiments of this kind 

establish the core components of 
the circuits that drive EMT 
 

• Assumption: Basic mechanism is 
the same in normal cells, different 
cancers, but details differ 

 
 



The core EMT genetic circuit 

• 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 
                   



Modeling the miRNA Circuit 
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E. Levine, E. Ben-Jacob and H. Levine Biophys J 2007 
Lu M, Jolly MK, Gomoto R, Huang B, Onuchic J, Ben-Jacob E,  J Phys Chem B 2013 



Biology since I went to high school 



Generalized equations 

These sums define 
• L = translation suppression 
• Yμ = degradation increase 
• Ym= decay increase 

 
• H – standard Hill form for 

transcription regulation 



Translation repression varies strongly with the 
number of miRNA binding sites 

5 sites 1-2 sites 

2 sites 1 site 

(Goodall et al. Nature Cell Biol, 2008) 

(Kim et al. J Cell Biol 2011) 

Lu et al, J Phys Chem 2013) 



Coexistence of multiple phenotypes 

• Note that at intermediate EMT driving, population with this 
network is expected to be multimodal 

• Other cell lines with other modulating factors (e.g. GRHL2) 
can create unimodal hybrid states 
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Shetler, Somarelli et al, Duke; unpublished date on DU145 (prostate cancer) 



Bifurcation structure can be modulated 



Theory of epithelial 
spreading 



Tissues under Tension (Trepat et al) 



Role of cadherin-based adhesion 

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



With Hanash group, MD Anderson Cancer Center  

How can our approach be validated? 

• Three types identified; E, 
M and E/M 

• Correlates with motility 
• Can be de-stabilized by 

knockdown of predicted 
stability factors 



Phenotypic stability factors 

Form of coupling to baseline 
circuit can predict effect of 
specific perturbations 

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



Can E/M be stem-like?     

(Ombrato and Malanci Crit Rev Onco 2014) “…. normal and neoplastic 
stem cells arising in epithelial 
tissues generally exhibit a 
mixture of epithelial and 
mesenchymal traits….” 
(Pattabiraman and Weinberg Nat Rev Drug 
Discovery 2014) 

Das et al. Trends Mol Med 2014 

 
 Coupling the modules of EMT and stemness: 
A tunable ‘stemness window’ model  
Jolly et al,  Oncotarget 2015. JR Interface (2014) 



What do we expect happens in vivo? 

• For that, we need to understand what can cause cells 
in a tumor to undergo EMT 

 

• One possibility is a change in the background 
environment that turns out new signaling systems 

 

• Of course there can also be new mutations, but 
these may not be necessary 



Notch can be cause of progression 

Golan et al, Mol Cell (2015) 
 
Phenotypic transition is not 
caused by additional 
mutations 
 
Requires multicellular model 
to make progress 
 
 



Coupling EMT and Notch circuits: Notch induces EMT 

Boareto et al., JRI Interface, 2016 

NICD activates SNAIL 
miR-34 inhibits Notch, Delta 

miR-200 inhibits Jagged 

• Notch-Delta signaling-> lateral inhibition  
• Notch-Jagged signaling->lateral induction 



N-J signaling and clusters of E/M cells 

E/M cells organize 
spatially to form clusters 

CD44 

Cl. Notch 

Overlay 

231-Parent DTC 

Notch 

Jagged 

Delta 

DTCs have high N-J, low N-D signaling 
The more stable the E/M phenotype,  

the more the likelihood of it gaining resistance; 
Collaboration with Goldman, MIT To be studied further 

Delta 
dominant 

Jagged 
dominant 



Collective motility leads to clusters  

Main tumor = red, multicellular buds = green, from Bronsert et J. Path (2014)) 
 
Clusters can chemotax more effectively – Camley et al, PRL (2016) 
 
There is a role for the Notch signaling pathway in coordinating EMT changes  
in neighboring cells, to allow for clusters; 
  Boareto et al, JRI Interface (2016) 

• Clusters are typically 
composed of several cells 

• Cells in cluster express 
ZEB1, reduced membrane 
resident E-cadherin 

• Hypothesized to be 
partial EMT phenotype 
 



Clusters of CTCs co-express epithelial  
and mesenchymal features 

32 

Yu et al. Science 2013 

Why is this important? 

Aceto et al. Cell 2014 
Ewald group, PNAS 2016 

Clusters of CTCs are 
associated with poor 
prognosis, have more 

metastatic potential and are 
more apoptosis-resistant 



Ongoing hypothesis 

• Hybrid E/M cell are the “bad actors” of metastatic spread 
• These cells can enter the bloodstream as clusters, which make 

them more durable  
• These cells find it easier to go back to an epithelial phenotype 
• Hybrid cells are more naturally stem-like and hence can more 

easily initiate new tumors 
• Stem-like cells are more resistant to chemotherapy and 

possibly immunotherapy 
 

• Current efforts: Connection to cell metabolism, role of the 
large number of other network components, cluster size 
distribution in various scenarios, … 



Why does having a theory help? 

• What do we mean by theoretical framework? 
–  helps to create an integrated understanding of how all the 

complex pieces fit together to get cancer phenotypes 
– Understanding the connections between EMT and other 

“hallmarks” will help prevent surprise side effects of 
treatment options 

 
• Theory can point to the most critical experiments and 

most useful data analysis approaches 
–  this role is becoming increasingly prevalent in basic cell 

biology and should be imported to the cancer field  
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