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Intertumor heterogeneity Intratumor heterogeneity Cellular heterogeneity

2

Tumor heterogeneity is a major hurdle for cancer precision medicine 

Adapted from Gerlinger M et al. NEJM, 2012; Swanton C. et al. Nature, 2013

associates with drug resistance, tumor metastasis, and relapse



McGranahan N. Cell, 2021
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Underneath the heterogeneity —— tumor clonal evolution

Darwin’s branching evolutionary

tree of speciation, 1837

Mel Greaves & Carlo C. Maley. Nature, 2012

Tree structure

How to distinguish these tumors?

Which one develops faster?
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Primary liver cancer (PLC):

Hepatocellular carcinoma (HCC) 

Intrahepatic cholangiocarcinoma (ICC)

Combined hepatocellular-cholangiocarcinoma  (cHCC-ICC)

Dual-phenotype

Liver cancer

El-Serag, et al., NEJM, 2011

GLOBOCAN, CA, 2021

Cancer Statistics in China, CA, 2015

Xia, et al., CMJ, 2022

More than half of new incidences worldwide are from China

• HBV Aflatoxin 

• HCV

• NAFLD NASH 

• ASH
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• Molecular subtype

• Patient stratification

• Diagnostic Biomarker

Intertumor heterogeneity Intratumor heterogeneity Cellular heterogeneity

See all the leaves

Branch 

Subclonal driver

Individual treeSee the forest 

Trunk 

Clonal driver 

Design better therapy

CoconutGinkgo

and their states

• Distinguish tumor and non-tumor cells

• Ultimate resolution

Investigation of tumor heterogeneity on three levels

Multi-omics, single cell, spatial & Bioinformatics & Functional validation



Reconstructing the evolutionary history
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Reconstructing the evolutionary history



Spreading patterns of tumor cells
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Zhang, C. et al., Nature Commun  2020



Nature versus Body
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Tumor clonal evolution tree is shaped by its microenvironment



Outline
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➢Tumor clonal evolution

➢Tumor immune microenvironment (TIME) 

➢ Interplay between tumor and TIME
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Liver cancer frequently develops intrahepatic metastasis, rather than distant metastasis

Multiple lesions:

Lesions in the liver tissue
• P: Primary
• IM: Intrahepatic Metastasis
• MO: Multiple Occurrence 
       or MCT: Multicentric Tumor
• SN：Satellite Nodule

Lesions in veins and ducts
• PVTT: Portal Vein Tumor Thrombus 
• BDTT: Bile Duct Tumor Thrombus 

Genomic studies are very limited.
Q: The clonal relationship among multiple lesions in HCC?



Research strategy 

P
IM

PVTT BDTT

Exome 
sequenceing

Whole 
genome 

sequencing

SNV CNV

N

Comparison of lesions

DNA  isolation

ITH  in HCC

MCT

S
N



Variable extent of ITH as determined by SNV

ubiquitous mutations ranged from 0 to over 90% among the 10 patients



Branched evolution in HCC

15

Coconut

Banian

Xue et al., Gastroenterology, 2016



Physically separate HCC and ICC lesions shared the same clonal origin 

intrahepatic cholangiocarcinoma

hepatocellular carcinoma

68%

Phenotypic transition? Which one is the origin?



We know very little about cHCC-ICC

17Marquardt, et.al  Nature Reviews Cancer, 2015

The very first pathological 

report about cHCC-ICC

Allen and Lisa  1949

The American Journal of Pathology

L. Connell & G. K. Abou-Alfa  2016 Chin Clin Oncol



cHCC-ICC: Unmet clinical need
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HCC
80%

ICC
15%

cHCC-ICC
1~5%

Primary liver cancer (PLC):

Hepatocellular carcinoma (HCC) 

Intrahepatic cholangiocarcinoma (ICC)

Combined hepatocellular and intrahepatic cholangiocarcinoma  (cHCC-ICC)

hepatocellular differentiation

(HCC component) 

biliary epithelial differentiation

(ICC component)

cHCC-ICC 

Worst prognosis

Clinical challenges:

• Often mis-diagnosed as HCC or ICC

• No specialized treatment

Scientific questions 

• Clonal origin

• Phenotypic transition 



Research design

19133 cHCC-ICC cases from China, Singapore and Japan



Separate type - Monoclonal origin and multiclonal origin
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• Cancer cell fraction (CCF) analysis revealed the clonal structure

• Clonal analysis deduced the metastatic routes of two monoclonal cases



Combined type – Monoclonal origin with both early and late divergence
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Late phenotypic bifurcation

Early phenotypic bifurcation



Integrative comparison of cHCC-ICC to HCC and ICC
reveals distinct molecular subtypes
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Combined

Mixed

Published datasets

HCC

(Fujimoto et al., n=213)

ICC

(Fujimoto et al., 

(Farshidfar et al., n=49)

4 PLC molecular clusters

P1 :

Combined type cHCC-ICC similar to ICC

P2

Mixed type cHCC-ICC

similar to HCC 
(Hoshida-S2-poorly differentiated)



Genomic comparison of PLC
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cHCC-ICC

Highest TP53 mutation%

lower CTNNB1 mutation% than HCC

lower KRAS mutation% than ICC
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TP53-Nestin axis regulates cellular plasticity in liver cancer

• High TP53 dysfunction in cHCC-ICC

• Low mutational frequency in lineage-related genes in cHCC-ICC 

• Q: Nestin highly expressed in cHCC-ICC ? 

Nestin (NES), a marker for the bipotent progenitor oval cell (Gleiberman et al., 2005). 

Wnt

Notch



Nestin is a Biomarker for cHCC-ICC Diagnosis and Prognosis

25
Nestin might be a new therapeutic target.



• Editorial by Cancer Cell

• News and Views by Nature Reviews G & H

• Liver cancer in 2019 by Nature Reviews G & H

• Cell Press 2019 Paper of the year China
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AUC:0.86

Highlights

Xue, R. et al., Cancer Cell  2019 Nestin in European cHCC-ICC 2022
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Investigating the underlying reason of ITH by scDNA-seq

by scDNA-seq

Copy number alterations (CNAs), 
elicited by genome instability, are 
a major source of ITH.
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Investigating the underlying reason of ITH by scDNA-seq

• Navin, et al, Nature, 2012

• Baca, et al, Cell, 2013

• Navin, et al, Nature, 2014

• Sottoriva, et al, Nature Genetics, 2014

• Gao & Navin, et al, Nature Genetics, 2016

• …

Evolutionary 
bottleneck
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Investigating the underlying reason of ITH by scDNA-seq

Navin’s data (PCNE) Our data

Gradual or punctuated?  Our data do not fit with the punctuated evolution



Dual phase copy number evolution (DPCNE) model
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DPCNE is better for

• Liver

• Breast

• Colorectal
Guo, L et al. Gastroenterology, 2022



Dual phase copy number evolution (DPCNE) model
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Liver is a mixture of diploid and polyploid cells

32
Duncan AW, Semin Liver Dis, 2021

What is the origin of HCC? Diploid or Polyploid？

• A unique feature of liver tissue

• Accounts for 25-50% of hepatocytes

• Some HCC are diploid, some are polyploid



Previous investigation of polyploidy in murine models 
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Suggests a protective role for polyploid cells, which can endure more mutagenic hits for TSG 

Acute injury model Chronic injury model

Zhang et al., 2018, Developmental Cell Lin et al., 2020, Gastroenterology



A big proportion of human HCC samples are polyploid
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Suggests that human HCC are from polyploid cells?

Bou- nader, et al, Gut, 2020



scDNA-seq to infer the origin
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Ploidy-scDNA-seq
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Two key observations in this case

• Anueploid 2N 与 4N 8N 共同起源

• Aneuploid 富集在多倍体（4N 8N）

Diploid to Polyploid?

Polyploid to Diploid?

T_2N > WGD > T_4N, T_8N

Reconcile the conflict

Supported the diploid origin

scDNA-seq to infer the origin
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Summary

Guo, L et al., Gastroenterology  2022

Andrew Duncan

✓ A new clonal evolution model

✓ A diploid origin of HCC 
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A conflicting point remains: catastrophic event

• Chromothripsis• Kataegis • Chromoplexy

✓ Generate multiple alteration in a single event

✓ Regarded as evidence for Punctuated Evolution

✓ Need WGS data with high depth !
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Few whole genome studies on Chinese HCC

PCAWG

336 Liver cancer cases

305 HCC cases

Japanese HCC WGS cohort:

 ~300 cases 
Depth: ～40x

TCGA HCC WES cohort:

363 cases 
Depth: ～100x

• PCAWG• ICGC • TCGA



40

Deep Whole Genome Sequencing of Chinese HCC



Mutational landscape— 6+28 novel drivers

• 23 candidate coding drivers, 6 novel;  31 candidate noncoding drivers, 28 novel
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CRISPR
Prime editing
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Pervasive involvement of candidate noncoding drivers during HCC evolution
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First evidence for subclonal catastrophic event

✓ Support our DPCNE model !
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New X factor for clonal evolution and intratumor heterogeneity: ecDNA

All single tumor cells are different, at least true for these with ecDNA
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Clonal evolution of HCC

Chen, L. et al., Nature, 2024

Guo, L. et al., Gastroenterology, 2022

Xue, R. et al., Cancer Cell, 2019

Xue, R. et al., Gastroenterology, 2016



Outline
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➢Tumor clonal evolution

➢Tumor immune microenvironment (TIME) 

➢ Interplay between tumor and TIME



Low response rate of immunotherapy asks for TIME classification 

Johnson, et al., Nature Reviews Clinical Oncology, 2022

Low response rate

➢ First-line immunotherapy 

➢ ORR low as 27.3%

➢ Lacks suitable biomarker

No suitable subtypes 

➢ Pathology, not quantitative

➢ Bulk data, not accurate

➢ FACS sorting, cells missed

Our understanding of the baseline TIME landscape in PLC is limited, 

precluding biomarker identification for better patient stratification.

Finn, et al., NEJM, 2020

aPD-L1+aVEGF
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TP53-Nestin axis regulates cellular plasticity in liver cancer

• High TP53 dysfunction in cHCC-ICC

• Low mutational frequency in lineage-related genes in cHCC-ICC 

• Q: Nestin highly expressed in cHCC-ICC ? 

Wnt

Notch



A large-scale scRNA-seq analysis of 124 PLC patients
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• 124 patients, 160 libraries

HCC (79 patients, 100 libraries )

ICC (25 patients, 37 libraries )

CHC (7 patiens, 9 libraries)

SLC (9 patients, 10 libraries)

Others (4 patients, 5 libraries)

• 8 mice (Alb-cre/Trp53fl/fl)

  Myc-∆90Ctnnb1, pTMC

  Myc-KrasG12D, pTMK

 

Experimental design

QC, ~1.1 M high quality cells

Can we quantitively deduce the TIME subtypes across PLC and their molecular features?



Decoding 13 major populations further divided into 89 subpopulations of TIME

50



Molecular features of TIMELASER
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Rosetta stone

• Bulk data

• scRNA-seq data
• Spatial data

Features

• Cancer type enrichment

• Chemokine network

• Driver mutations

• Patient prognosis

• Spatial organization

Therapeutic relevance:

 

• TIME-IE, aPD-L1+aVEGF

• TIME-ISS, anti-CAF

• TIME-ISM, anti-TAM, anti-TAN



• Fragile and short-lived

• Low RNA content

Improvement

• Experiment: quick and no Ab-enrichment

• Analysis: custom cutoff (UMI > 200)

• 34,307 neutrophils
Ramachandran, Nature Reviews G&H, 2020

First identification of neutrophils in scRNA-seq of liver cancer

Paul Kubes. Nature Reviews Immunology, 2013
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• ∼70% of all peripheral leukocytes in humans

• Granules, an arsenal of cytotoxic factors

• First responders to infection and inflammation, a 

critical component of innate immune defense



• 11 clusters enriched in PB, AL and tumor

• 6 clusters of TANs

• A clear tissue separation and differentiation order

• Key TF for each subset

CCL4+ TAN and PD-L1+ TAN for functional validation

ATAC-seq validation

11 subsets of neutrophils

53



• mIHC validation

• In vitro induced TANs • Ex vivo patient-derived TANs

• Gene expression

CCL4+ TAN secretes CCL4 to recruit macrophage

54



• mIHC validation

• In vitro induced TANs

• Ex vivo patient-derived TANs

• Ex vivo patient-derived TANs

• Gene expression
CD274 (encoding PD-L1)

PD-L1+ TAN suppresses CD8+ T cell

55



Conserved neutrophil subsets in human and mouse liver cancer

56

• two new spontaneous liver 

cancer mouse models

• Neutrophils in mice

• Cross-species data integration

• Good in vivo model



Neutrophil depletion in vivo attenuates tumour progression
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• Before HDTVi • After tumor growth

• attenuate macrophage recruitment and T cell suppression, resulting in tumour inhibition



Xue, R. et al., Nature 2022

Summary
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TIMELASER

• Distinctive features

• Suit for different therapies

TAN

• Different pro-tumor functions

• Neutrophil based therapies

aPD-L1+aVEGF combo



Our TAN subsets are validated in multiple cancer types

59



The heterogeneity of tumor cells on the transcriptomic level
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Driver mutations (KRAS and IDH1/2) and neutrophils



Outline
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➢Tumor clonal evolution

➢Tumor immune microenvironment (TIME) 

➢ Interplay between tumor and TIME



An early stage tumor model—— Acral melanoma

62

The most frequent type of melanoma in Chinese population

A good model to investigate the tumor & TME cooperation 



An early stage tumor model—— Acral melanoma
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Two distinct evolutionary patterns during regional expansion
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Early seeding 

Two patterns



Three molecular subtypes of AM

65

C3 shows the worst prognosis.

C3：subclonal diversification, high ITH, high genomic instability
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APOE+/CD163+ macrophages are enriched in the C3 subtype

Single cell level Bulk tissue level 



APOE+CD163+ TAMs promote tumor EMT via IGF1-IGF1R interaction

67



Spatial analyses confirms the direct and close interaction between mph and EMT

68

Spatial transcriptome 



Spatial analyses confirm the direct and close interaction between mph and EMT

69

Spatial proteome 



APOE+CD163+ TAMs promote tumor EMT via IGF1-IGF1R interaction

70

✓ Ex vivo ✓ Co-culture ✓ IGF1- IGF1R

✓ Inhibition 



APOE+CD163+ staining is a biomarker for inferior AM prognosis

71



Subclonal evolution cooperates with TAMs during AM invasion

72
Liu, H. et al., Cancer Cell 2024

⚫ Invasion-preferred drivers and adnexal involvement predict early 

invasion of AMis

⚫ Subclonal diversification accelerates the regional expansion of iAM

⚫ APOE+/CD163+ macrophages promote tumor EMT via IGF1-IGF1R 

interaction

⚫ APOE and CD163 staining is a prognostic biomarker for AM



Selected as Cover Story of the June Issue

73Liu, H. et al., Cancer Cell 2024
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