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Stratton et al., Nature 2009

Understanding the molecular history of cancer cells



Study #1: Integrating genomic and clinical data to understand 
mutational processes



Source: GLOBOCAN 2012
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Mutational signatures

6 substitution types x 16 trinucleotide contexts = 96 categories
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Mutational profile of an average HCC genome (~10,000 somatic mutations)



Helleday et al., Nat Rev Genet 2014

The mutational spectrum of a tumor reflects the accumulation of several 
mutational processes 



▪ NMF (non-negative matrix factorization) can disentangle mutational signatures and their 
contribution to each tumor genome:

Alexandrov et al., Cell Rep 2013

Extracting mutational signatures from NGS data



10 mutational signatures identified in liver cancers

Alexandrov et al., Nature 2013 Schulze*, Imbeaud*, Letouzé* et al., Nature Genetics 2015

Fujimoto, Furuta, Totoki, Tsunoda, Kato et al., Nature Genetics 2016Poon et al., STM 2013



Clock-like mutational signature

▪ C>T mutations at CpG sites

▪ Ubiquitous and correlated with age

Alexandrov et al., Nat Genet, 2017



Alcohol-related signature

Signature 16 may be due to a product of liver metabolism, which production is
increased in males, smokers and drinkers.

▪ Signature 16 is significantly associated with age, gender, alcohol and tobacco:
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Aflatoxin B1-related signature

Schulze*, Imbeaud*, Letouzé* et 
al., Nat Genet 2015

Signature 24

• Only detected in African patients exposed to aflatoxin B1.

Aflatoxin B1

Zhang, He, Zang, Wu, Zhao, Lu 
et al., Gastroenterology 2017



How do mutational processes evolve during tumor evolution?

Subclonal mutations

Early mutational
processes

Late mutational 
processes

Clonal mutations



Mutational signature evolution in an African migrant
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Study #2: Multi-omics data integration identifies a new 
subtype of liver cancer 



Categories of structural rearrangements



Structural rearrangements in liver cancers

▪ HCC display heterogeneous patterns of structural rearrangements:

CHC892T CHC2449T CHC218T



Structural rearrangement signatures in HCC

▪ NMF reveals 6 rearrangement signatures operative in HCC:

Letouzé*, Shinde* et al., Nat Commun 2017



Extreme structural rearrangement phenotypes

▪ These signatures reveal rare phenotypes of highly rearranged tumors:



Extreme structural rearrangement phenotypes

▪ These signatures reveal rare phenotypes of highly rearranged tumors:

Associated with CCNA2/E1 activation



Cyclin activation leads to DNA replication stress

Cyclin A2/E1
activation

Premature
S phase entry

Replication
stress

Hypothesis:

Signature RS1



Cyclin A2/E1 activation defines a homogenous HCC subclass
(CCN-HCC)

CCN-HCC Other HCC

Replication stress 

response



Multiple template switching 

Complex rearrangements result from multiple template switching events

Bayard et al. Cancer Res 2022

Long molecule optical mapping



Wrap-up: The natural history of CCN-HCC

A targetable vulnerability?
- chemotherapy
- PARP inhibitors
- ATR pathway inhibitors



Study #3: Multi-omics data integration highlights 
chemoresistant cells in hepatoblastoma



Integrated genomic analysis of hepatoblastoma

< 5 years old
5-year survival

~ 80%

Hepatoblastoma (HB) Cisplatin-based chemotherapy
+ surgery

Chemoresistant HB

Whole genome sequencing + 
single-nucleus RNA-seq

Hirsch et al., Cancer Discov 2021



Mutational signature of cisplatin-induced mutations

Cisplatin-exposed cell line (Boot et al. 2018)

4 mutational signatures identified in hepatoblastoma



Cisplatin signature is subclonal in primary tumors

4 cisplatin cycles

Diagnosis Surgery

~6 weeks

SBS 1 (mCpG deamination)

SBS 5 (age-related)

SBS 18 (ROS)

SBS 35 (cisplatin)

Mutational signatures

Treatment protocol



'Liver progenitor' cells resist to chemotherapy and give rise to 
metastases

Hepatocytic
Liver 

Progenitor

6,662 SBS35
mutations

No SBS35 
signature

Normal cell
Common 
precursor

CTNNB1 del exon 3
+1q, +2q, +5q, +15q

Primary tumor

Hepatocytic (H)

Liver 
Progenitor
(LP) 

Mesenchymal (M)

Resistance

HM

LP

Metastasis

BCORL1 G78A
+1Xq

Single-cell analysis

Cisplatin signature is specific of 'liver progenitor' cells

Hirsch et al., Cancer Discov 2021



Identification of targetable genes in chemoresistant cells
Genes overexpressed in liver progenitor cells

PLK1 inhibitor is highly efficient against
chemoresistant hepatoblastoma
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Multi-omics integration

Multiple myeloma

Single-cell Multiome
RNA-seq + ATAC-seq

Genetic evolution

Transcriptional states

Epigenetic regulation

Complete molecular 
evolution of the tumor

Whole genome sequencing

IGL

MYC

Genetic evolution and molecular plasticity in multiple myeloma



Resistant tumors Relapses

-> Molecular markers of response

Sensitive tumors

-> Molecular mechanisms of treatment resistance

Patient 1

Patient 3

Patient 2

Patient 4

Patient 5

Patient 6

Patient 7

Patient 8

Patient 99

Patient 100

Innovative 
treatment 

(clinical trial)

Diverse molecular 
histories

Genetic evolution and molecular plasticity in multiple myeloma
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Translational single-cell multi-omics in 
multiple myeloma
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