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Resistant phenotypes are not necessarily associated 

with genetic changes. In many cases, therapeutic resist-

ance can be linked to altered gene expression patterns 

without associated changes in DNA sequence80,81. A 

recent study demonstrated that drug resistance can be 

a consequence of a stochastic phenotype switch that can 

persist for multiple generations82. Whereas epigeneti-

cally mediated drug-resistant states are not strictly per-

manent, the stochastic nature of the transition and its 

heritability within therapeutically relevant time frames 

allows for the emergence of resistant clones owing to 

selection. However, phenotypes that are associated 

with non-genetic resistance can also be a consequence 

of stochastic heterogeneity. Populations of genetically 

identical cells in a homogeneous environment show 

substantial cell-to-cell variability in response to cyto-

toxic83 or ligand-based84 apoptotic stimuli. This vari-

ability has been linked to noise-driven variability in the 

expression levels of proteins that are involved in apop-

tosis. Interestingly, even this resistance mechanism can 

be heritable for a few population doublings, thereby 

providing a pool of resistant cells that can potentially 

acquire resistance via more stable genetic or epigenetic 

mechanisms.

In summary, both genetic and non-genetic sources of 

heterogeneity limit the ability of therapies to kill tumour 

cells, whereas clonal diversity feeds therapeutic relapse 

by the outgrowth of heritable genetic or epigenetic  

variants that are resistant to therapy.

Conclusions and future directions

In this Review, we have considered distinct sources of 

phenotypic heterogeneity in tumour cell populations. 

Tumour cell phenotypes are the result of the integra-

tion of inputs from genotype, environmental stimuli 

and stochastic processes that occur within cells (FIG. 2). 

Genetic and epigenetic changes that arise during onco-

genic transformation and tumour progression alter and 

diversify cellular phenotypes, posing a major obstacle 

to the understanding and clinical management of can-

cers. We suggest that the phenomenon of intra-tumour 

phenotypic heterogeneity, especially aspects that are 

related to clonal diversity, deserves to be recognized and 

accounted for during the analysis of primary tumours, 

building of experimental models and design of thera-

peutic approaches. Furthermore, because tumours 

contain phenotypically distinct populations of both 

tumour and stromal cells that interact in a dynamic and 

reciprocal manner, these interactions are likely to result 

in the emergence of networks of interactions the prop-

erties of which can be understood from an ecological 

perspective40,46,85,86.

How can intra-tumour heterogeneity be accounted 

for in our quest to understand and treat cancers? 

We see several major possibilities. First, it is worth 

interrogating whether intra-tumour phenotypic 

hetero geneity is l inked to cl inical ly impor tant 

aspects of primary human cancers, such as subtype, 

prognosis, risk of metastases and therapeutic resist-

ance. Indeed, the degree of intra-tumour genetic 

heterogeneity has been associated with poor prog-

nosis in oesophageal cancer 65 and breast cancer 87. 

However, the subject remains mostly unexplored. 

Furthermore, given the major contribution of non-

genetic sources to phenotypic heterogeneity, it may 

be worth exploring the link between non-genetic  

phenotypic diversity and clinical outcomes.

Whereas the quanti tat ive measures of clonal 

diversity can be adopted from other fields88, adequate 

methods allowing unbiased and cost-effective interro-

gation of tumours remain to be developed. Recent 

developments in sequencing technologies hold prom-

ise in this regard89. In addition, advances in the stud-

ies of clonal diversity will require the development 

and refinement of sampling techniques46. Although 

biologically and clinically relevant insights can be 

gained from the analysis of multiple spatially distinct 

regions of the same tumour without prior knowledge 

of clonal composition2, the application of methods 

that allow the separation of clonal populations before 

the analyses, such as fluorescence-activated cel l 

sorting based on ploidy status10,90, can provide fur-

ther improvements in resolution. Multi-parameter 

high-throughput analysis at the single-cell level is 

the most desirable approach; however, despite suc-

cessful application of single cell-based analysis in 

several recent studies47,91,92, the widespread applicabil-

ity of this approach will require additional technical 

improvements.

Second, the intra-tumour heterogeneity of tumour 

cells, stromal cells and non-cellular components of 

Figure 4 | Tumour heterogeneity in diagnostics. Similar to inter-tumour 

heterogeneity, intra-tumour heterogeneity of cellular phenotypes that result from 

genetic and non-genetic influences can complicate definitive diagnostics and can 

obstruct therapeutic decision-making. First, spatial phenotypic heterogeneity  

can lead to a situation in which a biopsy does not provide an adequate reflection of  

the phenotypic composition of the whole tumour. Second, decisions made based on 

scoring the dominant phenotype in a given sample might be misleading if they do not 

account for minor subpopulations with clinically and biologically important distinct 

features.
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Implication of EMT for tumor heterogeneity and 
metastasis



Squamous cell carcinoma

• 2nd most frequent cancer

• 500.000 patients /year in US 

• Surgical excision

• 5%  with metastasis leading to 
poor survival prognosis

Mutations of the Ras pathway in mice and human SCC
Hras (Kamino et al., 1991, Corominas et al., 1989, Nassar et al. Nature Medicine
2015)
Kras (Spencer et al., 1995;  Sutter et al., 1993; van der Schroeff et al., 1990, Nassar
et al. Nature Medicine 2015)
RRas2 (Nassar et al. Nature Medicine 2015)



Genetic lineage tracing in mouse model of skin SCC
that undergo spontaneous EMT

Latil et al, Cell Stem Cell 2017



Loss of Epcam expression during EMT
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Does EMT occur through distinct transitional states ?

Nieto et al. Cell 2016



Identification of the tumor transition states occuring
during EMT in vivo   
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Identification of cell surface markers heterogenously
expressed during EMT in vivo   
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Identification of the tumor transition states occuring
during EMT in vivo   
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Uncovering the order of transition during EMT
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EMT transition states revealed by tumor by 
single cell RNA-seq
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Metaplastic mammary tumors progress 
through the same EMT transition states



EMT transition states in MMTV-PyMT mammary tumors



EMT transition states in human cancer



EMT transition states present similar TPC 
capacity but exhibit different plasticity
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Different EMT transition states present different 
metastatic potential  
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Transcriptional landscape of EMT transition 
states 



Uncovering transcription factors operating 
during EMT at each transition states
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TGFb/Smad2 inhibition accelerates 
tumorigenesis and blocks EMT progression
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p63 overexpression blocks late steps of EMT 
progression
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Different EMT transition states are localized in 
different niches  



Different EMT niches are associated with different 
immune and vascular infiltration  



Histological  analysis
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Macrophages regulate EMT transition states 



Transition through the different EMT states

Pastushenko et al. Nature 2018

• EMT occurs through distinct transition states 
• Early hybrid EMT exhibit the highest metastatic capacity
• Different transition states are associated with different microenvironment
• Depletion of macrophages prevents progression towards complete EMT  



Role of Netrin-1 in EMT
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Netrin-1 inhibition reverts EMT upon subcutaneous grafting of 
Epcam- tumor cells
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Impact of Netrin1 inhibition in tumor initiation and 

EMT in mouse model of HF-derived skin SCC 
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EMT in mouse model of HF-derived skin SCC 

a 8w0w

10mg
Tamoxifen 

IP

Lgr5/Kras/

p53KO/RYFP

Anti-Netrin1  
antibody / 48 hours

Number of tumors 

FACS profile

Histology

d

C
ontr

ol

N
et

ri
n 

N
u

m
b

e
r 

o
f 

tu
m

o
rs

e

C
ontr

ol

N
P13

7

p<0.0001

p=0.0001

f

%
 i
n

 t
o

ta
l 
T

C
s

0 2 4 6 8 10 12 14
0

20

40

60

80

100

Weeks

%
 m

ic
e
 w

it
h

o
u

t 
tu

m
o

rs

Control NP137b

Control

p=0.02

NP137

c 14 weeks after induction

0

10

20

30

0

20

40

60

80

100

C
ontr

ol 

N
P
13

7
0

10

20

30

40

50

60

%
 M

a
c
ro

p
h

a
g

e
s
 i
n

 C
D

4
5
%

 p<0.0001

Impact of Netrin1 inhibition in tumor initiation and 

EMT in mouse model of HF-derived skin SCC 
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Netrin-1 inhibition reduces tumorigenesis and prevents EMT in 
primary skin SCC



Netrin-1 inhibition reduces macrophage infiltration in primary 
skin SCC

Impact of Netrin1 inhibition in tumor initiation and 

EMT in mouse model of HF-derived skin SCC 
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NETRIN INHIBITION REDUCES MACROPHAGE
INFILTRATION 
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Netrin-1 inhibition prevents lung colonization upon 
intravenous injection of Epcam- TCs



Regulation of EMT and metastasis through modulation of
the microenvironment 

A Neutrophils I Cancer (VCAM1)

B DC/Macrophages J Melanocytes

C M2 Macrophages K M1 Macrophages

D T-Cells L Osteoclast markers

E Endothelial M Cluster 9 macrophages 
(total)

F Fibroblasts N NK

G Fibroblasts (special) O Cluster 16 (total)

H Cancer (EPCAM +)

Pastushenko & Lengrand, unpublished data



Can genetic hints stabilize specific EMT state?  



Fat1 mutations in human 
cancers

Head and neck SCCs

Lung SCCs

Oral SCCs

Pan Cancer



Fat1 deletion promotes hybrid EMT in SCC
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Deletion of Fat1  promotes hybrid EMT state in 
human SCCs0
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Somatic mutations in Fat1 is associated with hybrid 
EMT state in human cancers
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Fat1 deletion increases lymph node and lung 
metastasis 
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• EMT occurs through distinct transition states 
• Early hybrid EMT exhibit the highest metastatic capacity
• Different transition states are associated with different 

microenvironment
• Depletion of macrophages prevents progression towards complete EMT

• Role of microenvironment in the modulation of EMT can be explored as 
therapeutic opportunity

• Specific mutations can stabilize highly metastatic hybrid EMT state and 
should be be explored as predictive factor of poor outcome




