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Heterogeneity in pancreatic adenocarcinoma

Does it happen? Is it important?



Study of tumor heterogeneity and issues with samples….
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3. What kind of tumor sample are accessible? How suitable are they?
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Spatialized sampling…
…yes but usually with formalin fixed paraffin embeded samples…
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Inter-tumor morphological heterogenetity
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Heterogeneity of the tumor cells – stroma ratio

Inter-tumor morphological heterogene1ty



Stroma abundance– pronostic role?

Bever et al. HPB 2015, 292

Heid et al. Clin can res 2017, 1461 
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Inter-tumor morphological heterogenetity



Hétérogénéité morphologiue intertumorale

NGS/IHC KRAS/CDKN2A/SMAD4/TP53

Schlitter et al. Sci reports 2017

Inter-tumor morphological heterogenetity



More frequent MYC amplifica,on?

Schlitter et al. Sci reports 2017

NGS/IHC KRAS/CDKN2A/SMAD4/TP53
No major difference
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Inter-tumor morphological heterogenetity



Genomic

3 large datasets (ICGC (456 pts), TCGA (150 pts), Connor et al. (148 pts) – similar results

Connor et al. JAMA Oncol 2016 

TCGA, Cancer cell 2017
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Benefit from PARPi
in maintenance 
therapy (POLO trial)



Genomic

MSI, DSBR
Sensibility to immunotherapies?

Connor et al. JAMA Oncol 2016 



Genomic

Type of stroma
Type of immune infiltrate

+ +
Mutationnal
profile
(WES)

=

Knudsen et al. Clin can res 2017
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Mature stroma mature
Low neoAg
Low mutation in driver genes
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Scarce stroma
Immature stroma
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Low mutation in driver genes
Glycolytic stroma
M2 Macrophages +++

Intermediate stroma
High neoAg
TIL
Low macrophage

Intermediate stroma
High neoAg
Pleomorphic immune 
infiltrate



Epigenomic

More studies are needed+++, possible interest in diagnostic (circulating DNA)

Nones et al. IJC 2014

Axon guidance pathway genes SLIT2, SLIT3, ROBO1, ROBO3

⬆ MET 



Epigenomic

TCGA, Cancer cell 2017See also Lomberk et al. Nat Com 2018
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 better than individuals with QM-PDA sub-
type tumors after resection (P = 0.038, log 
rank, Fig. 1b). In this same data set, stage 
and grade were not significantly related (P > 
0.99) and stage was not significantly associ-
ated with subtype (P = 0.40), whereas grade 
was (P = 0.041) (univariate analyses). In a 
multivariate Cox regression model including 
stage and subtype, subtype was an indepen 
dent predictor of overall survival (P = 0.024), 
indicating that PDA subtype independently 
contributed prognostic information to 
pathological staging in PDA. Associations 
of PDA subtype with other clinical variables 
are summarized in Supplementary Table 4.  
This analysis supports the use of subtypes  
(as defined with PDAssigner) as an independent prognostic  
indicator in resected PDA.

Further validation of PDA subtypes and preclinical identification of 
subtype-specific therapeutic agents would be facilitated by the availabil-
ity of laboratory models of the subtypes. Therefore, we asked whether 
the PDA subtypes were represented in a collection of 19 human and  
15 mouse PDA cell lines. The 19 human PDA cell lines were selected 
from publicly available PDA lines, whereas the 15 mouse lines were 
derived by us from genetically engineered Trp53Lox/+ (lacking the tumor 
suppressor p53) and Cdkn2aLox/+ (lacking cyclin-dependent kinase 
inhibitor 2A) models of PDA16. The analyses of the human and mouse 
PDA cell lines using the 62 PDAssigner genes are shown (Fig. 1c,d, 

Supplementary Fig. 2b–e and Supplementary Tables 5 and 6). These  
cell line collections contain representatives of the classical and QM-
PDA subtypes, but not the exocrine-like subtype. The absence of the 
exocrine-like subtype in the cell line collection raises the possibil-
ity that this subtype is an artifact of contaminating normal pancreas 
 tissue adjacent to tumor. However, the UCSF samples were prepared 
by microdissection to enrich for PDA cancer cells, thereby minimiz-
ing contaminating tumor-associated stroma and adjacent normal exo-
crine pancreas. This data set includes the exocrine-like subtype, which 
argues that it is a bona fide PDA subtype. Thus, we conclude that the 
cell line collections model two of the PDA subtypes, thereby enabling 
exploration of biological differences between these two PDA subtypes 
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Figure 2 Classical PDA subtype and the GATA6 transcription factor. (a) Relative log expression of GATA6 in PDA cell lines, transduced with shRNA 
against GATA6 (shGATA6) or control (shLuc), as determined by quantitative RT-PCR. (b) Colonies per low-powered field (LPF) in PDA cell lines 
transduced with shRNA against GATA6 or control. Error bars indicate s.d.
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Figure 1 Subtypes of PDA in tumors and cell 
lines and their prognostic significance. (a) Heat 
map showing three subtypes of PDA in DWD-
merged UCSF and GSE15471 (ref. 5) PDA 
microarray data sets using the PDAssigner gene 
set. (b) Kaplan-Meier survival curve comparing 
survival of individuals with classical (red), QM-
PDA (blue) and exocrine-like (green) subtypes.  
P value is by log-rank test. (c) Heat map showing 
three subtypes of PDA in a DWD-merged core 
clinical and human PDA cell line microarray data 
sets using the PDAssigner gene set. (d) Heat map 
showing three subtypes of PDA in a DWD-merged 
core clinical and mouse PDA cell line microarray 
data sets using PDAssigner gene set. The bars on 
the side denote PDAssigner genes upregulated in 
classical (violet), QM-PDA (gray) and exocrine-like  
(green). See Supplementary Table 3 for  
gene descriptions.
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head and neck cancer defined in the Cancer Genome Atlas (TCGA) 
pan-cancer studies18, which was the reason we termed them squamous 
(Fig. 2a). As in these other cancer types, the pancreatic squamous sub-
type was associated with mutations in TP53 (P = 0.01) and KDM6A 
(P = 0.02), which interacts with ASCOM complex constituents MLL2 
and MLL3 (Figs 1a and 2b). Although previous immunohistochemical 
studies have identified increased TP63 expression in adenosquamous 
pancreatic tumours19, RNA-seq identified high TP63∆N expression 
and its target genes as a key feature (Fig. 2c). TP63∆N, in the presence 
of TP53 mutation, is known to regulate epithelial cell plasticity, tum-
origenicity and epithelial to mesenchymal transition in a variety of 
solid tumours20. Squamous tumours were enriched for activated α6β1 
and α6β4 integrin signalling, and activated EGF signalling, (Extended 
Data Fig. 6 and Supplementary Table 16). The squamous subtype is 
associated with hypermethylation and concordant downregulation of 
genes that govern pancreatic endodermal cell-fate determination (for 
example, PDX1, MNX1, GATA6, HNF1B) leading to a complete loss of 
endodermal identity (Fig. 2d, e and Supplementary Table 17).

Pancreatic progenitor subtype
Transcriptional networks containing transcription factors PDX1, 
MNX1, HNF4G, HNF4A, HNF1B, HNF1A, FOXA2, FOXA3 and HES1 
primarily define the pancreatic progenitor class (Extended Data Fig. 7).  
These transcription factors are pivotal for pancreatic endoderm cell-fate 
determination towards a pancreatic lineage and are linked to maturity 
onset diabetes of the young (MODY). PDX1, in particular, is critical 
for pancreas development with ductal, exocrine and endocrine cells all 
derived from embryonic progenitor cells that express PDX1 (ref. 21). 
Gene programmes regulating fatty acid oxidation, steroid hormone 
biosynthesis, drug metabolism and O-linked glycosylation of mucins 
also define pancreatic progenitor tumours. Importantly, apomucins 
MUC5AC and MUC1, but not MUC2 or MUC6, are preferentially 
co-expressed in pancreatic progenitor tumours. The expression of 
these apomucins defines the pancreatobiliary subtype of IPMN and 
is consistent with PDAC-associated IPMN clustering within this class 
(Supplementary Tables 14–16). TGFBR2 inactivating mutations were 
also enriched in this subtype (P = 0.029).

ADEX subtype
The ADEX class is defined by transcriptional networks that are impor-
tant in later stages of pancreatic development and differentiation, and 
is a subclass of pancreatic progenitor tumours. Transcriptional net-
works that characterize both exocrine and endocrine lineages at later 
stages are upregulated, rather than one or the other as is the case in 
normal pancreas development. The key networks identified include 
upregulation of: (i) transcription factors NR5A2, MIST1 (also known as 
BHLHA15A) and RBPJL and their downstream targets that are impor-
tant in acinar cell differentiation and pancreatitis/regeneration22,23; 
and (ii) genes associated with endocrine differentiation and MODY 
(including INS, NEUROD1, NKX2-2 and MAFA (Extended Data  
Fig. 8 and Supplementary Table 16)). Importantly, several patient- 
derived pancreatic cancer cell lines were enriched with gene pro-
grammes associated with the ADEX class. Moreover, these cell lines 
expressed multiple genes associated with terminally differentiated 
pancreatic tissues, including AMY2B, PRSS1, PRSS3, CEL and INS. In 
addition, the methylation pattern of ADEX tumours was distinct from 
normal pancreas and clustered with other PCs (Extended Data Fig. 9).
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Figure 1 | Molecular classes and transcriptional networks defining 
PDAC. a, Unsupervised analysis of RNA-seq identified 4 PDAC classes: 
squamous (blue); ADEX (abnormally differentiated endocrine exocrine; 
brown); pancreatic progenitor (yellow); and immunogenic (red). 
*P < 0.05, Fisher’s exact test. b, Heatmap of gene programmes significantly 
enriched in PDAC. Black dot denotes transcriptional networks showing 
highest significance for an individual class. c, Kaplan–Meier analysis of 
patient survival stratified by class.

© 2016 Macmillan Publishers Limited. All rights reserved

Collisson et al. Nat Med 2011

Bailey et al. Nature 2016
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head and neck cancer defined in the Cancer Genome Atlas (TCGA) 
pan-cancer studies18, which was the reason we termed them squamous 
(Fig. 2a). As in these other cancer types, the pancreatic squamous sub-
type was associated with mutations in TP53 (P = 0.01) and KDM6A 
(P = 0.02), which interacts with ASCOM complex constituents MLL2 
and MLL3 (Figs 1a and 2b). Although previous immunohistochemical 
studies have identified increased TP63 expression in adenosquamous 
pancreatic tumours19, RNA-seq identified high TP63∆N expression 
and its target genes as a key feature (Fig. 2c). TP63∆N, in the presence 
of TP53 mutation, is known to regulate epithelial cell plasticity, tum-
origenicity and epithelial to mesenchymal transition in a variety of 
solid tumours20. Squamous tumours were enriched for activated α6β1 
and α6β4 integrin signalling, and activated EGF signalling, (Extended 
Data Fig. 6 and Supplementary Table 16). The squamous subtype is 
associated with hypermethylation and concordant downregulation of 
genes that govern pancreatic endodermal cell-fate determination (for 
example, PDX1, MNX1, GATA6, HNF1B) leading to a complete loss of 
endodermal identity (Fig. 2d, e and Supplementary Table 17).

Pancreatic progenitor subtype
Transcriptional networks containing transcription factors PDX1, 
MNX1, HNF4G, HNF4A, HNF1B, HNF1A, FOXA2, FOXA3 and HES1 
primarily define the pancreatic progenitor class (Extended Data Fig. 7).  
These transcription factors are pivotal for pancreatic endoderm cell-fate 
determination towards a pancreatic lineage and are linked to maturity 
onset diabetes of the young (MODY). PDX1, in particular, is critical 
for pancreas development with ductal, exocrine and endocrine cells all 
derived from embryonic progenitor cells that express PDX1 (ref. 21). 
Gene programmes regulating fatty acid oxidation, steroid hormone 
biosynthesis, drug metabolism and O-linked glycosylation of mucins 
also define pancreatic progenitor tumours. Importantly, apomucins 
MUC5AC and MUC1, but not MUC2 or MUC6, are preferentially 
co-expressed in pancreatic progenitor tumours. The expression of 
these apomucins defines the pancreatobiliary subtype of IPMN and 
is consistent with PDAC-associated IPMN clustering within this class 
(Supplementary Tables 14–16). TGFBR2 inactivating mutations were 
also enriched in this subtype (P = 0.029).

ADEX subtype
The ADEX class is defined by transcriptional networks that are impor-
tant in later stages of pancreatic development and differentiation, and 
is a subclass of pancreatic progenitor tumours. Transcriptional net-
works that characterize both exocrine and endocrine lineages at later 
stages are upregulated, rather than one or the other as is the case in 
normal pancreas development. The key networks identified include 
upregulation of: (i) transcription factors NR5A2, MIST1 (also known as 
BHLHA15A) and RBPJL and their downstream targets that are impor-
tant in acinar cell differentiation and pancreatitis/regeneration22,23; 
and (ii) genes associated with endocrine differentiation and MODY 
(including INS, NEUROD1, NKX2-2 and MAFA (Extended Data  
Fig. 8 and Supplementary Table 16)). Importantly, several patient- 
derived pancreatic cancer cell lines were enriched with gene pro-
grammes associated with the ADEX class. Moreover, these cell lines 
expressed multiple genes associated with terminally differentiated 
pancreatic tissues, including AMY2B, PRSS1, PRSS3, CEL and INS. In 
addition, the methylation pattern of ADEX tumours was distinct from 
normal pancreas and clustered with other PCs (Extended Data Fig. 9).
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Figure 1 | Molecular classes and transcriptional networks defining 
PDAC. a, Unsupervised analysis of RNA-seq identified 4 PDAC classes: 
squamous (blue); ADEX (abnormally differentiated endocrine exocrine; 
brown); pancreatic progenitor (yellow); and immunogenic (red). 
*P < 0.05, Fisher’s exact test. b, Heatmap of gene programmes significantly 
enriched in PDAC. Black dot denotes transcriptional networks showing 
highest significance for an individual class. c, Kaplan–Meier analysis of 
patient survival stratified by class.

© 2016 Macmillan Publishers Limited. All rights reserved
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PDAC transcriptomic subtypes, how many? Do they all exist?

Janky et al. BMC Cancer 2016 
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Noll et al. Nat Med 2015 

231pa,ents

???

PDAC transcriptomic subtypes, how many? Do they all exist?



Transcriptomique

TCGA, Cancer cell 2017

PDAC transcriptomic subtypes, how many? Do they all exist?
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We try our best to give you pure tumor area….

Puleo et al, Gastroenterology 2018
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2 main transcriptomic tumor subtypes with different prognosis



Transcriptomic

Molecular subtypes may have an important clinical utility++++

Aung et al. Clin can res 2018

COMPASS trial



Transcriptomic

True challenge! How to define (clearly) the molecular
subtype in samples with few tumor cells???



Transcriptomic

Noll et al. Nat Med 2015 

231pts

What do we do with double +?

True challenge! How to define (clearly) the molecular subtype in samples with few
tumor cells???



Transcriptomic

True challenge! How to define (clearly) the molecular subtype in samples with few
tumor cells???

IHC markers



Transcriptomic

And the stroma is also heterogeneous…
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Figure 2 The dual action of stroma is described by distinct gene expression patterns, which are not present in PDAC cell lines. (a) Consensus- 
clustered heat map of University of North Carolina (UNC) primary tumor samples, metastases and cell lines generated using genes from stromal 
factors. Samples clustered into three groups, describing samples with activated stroma, samples with normal stroma and samples with low or absent 
stromal gene expression. (b) Kaplan-Meier survival analysis of patients with resected PDAC from the activated and normal stromal clusters shows that 
samples in the activated stroma group have worse prognosis, with a hazard ratio of 1.94 (CI = 1.11–3.37, P = 0.019). (c) Stromal signature genes are 
overexpressed in CAFs as compared to tumor cell lines. (d) Genes from both stromal signatures are specifically overexpressed by the mouse stroma in 
PDX tumors and are not expressed by the human tumor cells.

Moffitt et al. Nature genetics 2015



Transcriptomic

Puleo et al, Gastroenterology 2018



Transcriptomic

Puleo et al, Gastroenterology 2018



Transcriptomic

There is also heterogeneity in non coding RNA…

Namkung et al. J Gastroenterol Hepatol. 2016

109 Pts, 1733 miARN



Transcriptomique

TCGA, Cancer cell 2017

There is also heterogeneity in long non coding RNA…



Proteomic

Phosphoproteome heterogeneity….(cell lines)…..

Humphrey et al. Moll cell proteomics 2016

Very few studies!



Proteomic

Humphrey et al. Moll cell proteomics 2016

Type 1: EMT, low global phosphorylation

Type 2: Gene processing

Phosphoproteome heterogeneity….(cell lines)…..



Proteomic

Humphrey et al. Moll cell proteomics 2016

Type 3: Strong tyrosine kinase activity

Sensitivity to TKi? 



Proteomic

TCGA, Cancer cell 2017

Unperfect overlap with the 
subtypes…
Therapeuthic opportunities?



Metabolomic

Daemen et al. PNAS 2015

Critical in PDAC growth. Numerous publications on individual mechanisms++++



Métabolomic

Daemen et al. PNAS 2015

Human tumors ?



Inter-tumor heterogeneity - conclusion

Major impact of purity (tumor cells) on classifications++++
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Intra-tumor heterogeneity - genomic

Makohon-Moore et al. Nat Gen 2017
Yachida et al. Nature 2010

- Low heterogeneity of classical
driver genes

- Most genomic events happen
early

- No « mestastasis » gene

- Physical and genomic
spatialisation are 
different+++



- Most genomic events happen before the first 
metastase

- 50% of tumeurs are not diploïd (T ou H)

- Multiples simultaneous genomic alterations

Notta et al. Nature 2016

Intra-tumor heterogeneity - genomic



Notta et al. Nature 2016

How to follow high risk patients???

Intra-tumor heterogeneity - genomic



Genomic heterogeneity
Epigenomic heterogeneity

Intra-tumor heterogeneity - epigenomic

Tumor progression



Maddipati et al. Cancer discovery 2015

Intra-tumor heterogeneity - epigenomic

Genomic heterogeneity
Epigenomic heterogeneity



Mc Donals Nat Gen 2016

Intra-tumor heterogeneity - epigenomic



KRAS	
hTERT

Parental	clone

SC1

SC2

SC3

Liv	M1

Liv	M2

SC4

Perit M1

Perit M2
SC5Lung	M

Epigenetic remodeling

Catastrophic chromosomic event (1):	
SMAD4/CDKN2A….

Catastrophic chromosomic event (2):	
TP53,	MYC…

Genetic/chromosomic
altérations

(Mutations	in	driver	genes)

Germ line

Catastrophic chromosomic event (X):	
Polyploidization

Intra-tumor heterogeneity - epigenomic

Genomic heterogeneity
Epigenomic heterogeneity



Intra-tumor heterogeneity - morphology

If tumor were pure, that would be too easy…..

N Kalimuthu S, et al. Gut 2019



Intra-tumor heterogeneity - morphology

If tumor were pure, that would be too easy…..

N Kalimuthu S, et al. Gut 2019



Intra-tumor heterogeneity – morphology/transcriptomic

If tumor were pure, that would be too easy…..

N Kalimuthu S, et al. Gut 2019



If tumor were pure, that would be too easy…..

N Kalimuthu S, et al. Gut 2019

« classical » tumors with a basal like subpopulation?

Intra-tumor heterogeneity – morphology/transcriptomic



Class marker 1

BL marker 1

BL marker 2



BL marker 1



Classical marker 1



Intra-tumor heterogeneity - transcriptomic

Is there an epigenetic-driven plasticity between subtypes?

Lomberk et al. Nat Com 2018



Intra-tumor heterogeneity - stroma



Ohlund et al., J Exp Med 2017

Intra-tumor heterogeneity - stroma



Intra-tumor heterogeneity - stroma



Intra-tumor heterogeneity - stroma



Intra-tumor heterogeneity - stroma

In humans, it may be a but more complicated….

Neuzillet et al. J Pathol 2019

Patient-derived CAF



Neuzillet et al. J Pathol 2019

Multiple CAF subtype co-exist in the same tumor, albeight with different ratio and distribution?

Intra-tumor heterogeneity - stroma



Conclusion – PDAC heterogeneity

- Major inter-tumor heterogeneity, at multiple level

- Therapeutic opportunity? 

- 2 tumor subtypes, how many stroma subtypes….?

- How to best define the subtype in routine practice?

- Most genomic events happen early

- Epigenetic intratumor heterogeneity >>> genetic

- Probable massive spatial transcriptomic heterogeneity….



GOOD LUCK!!!!!!!!!!!!!!!



Jerome Cros
Dpt of Pathology – INSERM U1149

Beaujon Hospital, Paris, France

Heterogeneity in pancreatic adenocarcinoma

Does it happen? Is it important?





PANCREATIC ADENOCARCINOMA

Tumor cells Stroma

PANCREATIC NEUROENDOCRINE TUMOR

Tumor cells Stroma


