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Multi-Omics & Imaging Data Fusion across Systems and Diseases

Large publicly available archives provide us with complementary views of human disease.
Can we learn more powerful models by translating knowledge across different domains?

Disease (sub)typing Driver discovery Drug discovery

Model SystemsPatient Studies

Perturbation studies
Genetic perturbations for driver discovery
Chemical perturbations for drug discovery

Decipher disease heterogeneity
Multi-omics: (epi)genetics & functional genomics
Driver discovery via regulatory network inference

Bulk & single-cell multi-omics
Non-invasive & histopathology imaging

Multi-omics & imaging
Genetic & chemical perturbations



The *AMARETTO framework

The *AMARETTO framework:
1. the AMARETTO algorithm for inferring regulatory networks via multi-omics and imaging data fusion
2. the Community-AMARETTO algorithm for learning subnetworks shared/distinct across systems and diseases

non-invasive &
histopathology

imaging

driver & drug
discovery &
validation

AMARETTO Community-AMARETTO



The *AMARETTO framework

The *AMARETTO framework:
1. the AMARETTO algorithm for inferring regulatory networks via multi-omics and imaging data fusion
2. the Community-AMARETTO algorithm for learning subnetworks shared/distinct across systems and diseases

non-invasive &
histopathology

imaging

driver & drug
discovery &
validation

AMARETTO Community-AMARETTO



AMARETTO for regulatory network inference within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Core AMARETTO: regulatory network inference



AMARETTO for regulatory network inference within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

Core AMARETTO: regulatory network inference



AMARETTO for regulatory network inference within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

M
odule

genes

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

Core AMARETTO: regulatory network inference



AMARETTO for regulatory network inference within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

(*) Regularized regression: Lee et al., PLoS Genetics 2009; Zou and Hastie, J R Stat Soc 2005; Tibshirani, J R Stat Soc 1996

*

Core AMARETTO: regulatory network inference



AMARETTO for regulatory network inference within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

(*) Regularized regression: Lee et al., PLoS Genetics 2009; Zou and Hastie, J R Stat Soc 2005; Tibshirani, J R Stat Soc 1996

*

Core AMARETTO: regulatory network inference



AMARETTO for regulatory network inference within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

(*) Regularized regression: Lee et al., PLoS Genetics 2009; Zou and Hastie, J R Stat Soc 2005; Tibshirani, J R Stat Soc 1996

Top 25-75% 
varying genes

*

Core AMARETTO: regulatory network inference



AMARETTO for regulatory network inference within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s 100-200 
Modules

Ta
rg

et
 

ge
ne

s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

(*) Regularized regression: Lee et al., PLoS Genetics 2009; Zou and Hastie, J R Stat Soc 2005; Tibshirani, J R Stat Soc 1996

Top 25-75% 
varying genes

*

Core AMARETTO: regulatory network inference



AMARETTO for multi-omics data fusion within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Epigenetics
(DNA methylation)

Genetics
(DNA copy number)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s

Top 25-75% 
varying genes

100-200 
Modules

Ta
rg

et
 

ge
ne

s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

AMARETTO: multi-omics data fusion



AMARETTO for multi-omics data fusion within systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Epigenetics
(DNA methylation)

Genetics
(DNA copy number)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s

Top 25-75% 
varying genes

100-200 
Modules

Ta
rg

et
 

ge
ne

s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

(*) GISTIC: Mermel et al., Genome Biology 2011; Beroukhim et al., Nature 2010
(**) MethylMix: Gevaert, Bioinformatics 2015;  Gevaert et al., Genome Biology 2015; Cedoz et al., Bioinformatics 2018

*

**

AMARETTO: multi-omics data fusion



AMARETTO for multi-omics data fusion in multiple systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Epigenetics
(DNA methylation)

Genetics
(DNA copy number)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

Disease/System Modules

AMARETTO: multi-omics data fusion



AMARETTO for multi-omics data fusion in multiple systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Epigenetics
(DNA methylation)

Genetics
(DNA copy number)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

Disease/System

Disease/System
…

Modules

Modules
…

AMARETTO: multi-omics data fusion



AMARETTO for multi-omics data fusion in multiple systems and diseases

Functional 
genomics
(transcriptomics, 

proteomics)

Epigenetics
(DNA methylation)

Genetics
(DNA copy number)

Driver
genes

M
odule

genes

Dr
iv

er
 

ge
ne

s
Ta

rg
et

 
ge

ne
s

Cancer 
subtype 1

Normal
tissue

Cancer 
subtype 2

Disease/System

Disease/System

Disease/System
…

…

Modules

Modules

Modules
…

…

AMARETTO: multi-omics data fusion



The *AMARETTO framework

The *AMARETTO framework:
1. the AMARETTO algorithm for inferring regulatory networks via multi-omics and imaging data fusion
2. the Community-AMARETTO algorithm for learning subnetworks shared/distinct across systems and diseases

non-invasive &
histopathology

imaging

driver & drug
discovery &
validation

AMARETTO Community-AMARETTO



AMARETTO for learning subnetworks across systems and diseases

Community-AMARETTO: learning communities/subnetworks

Modules

Communities 
Subnetworks

Modules

Modules
…

…



AMARETTO for learning subnetworks across systems and diseases

Modules

Communities 
Subnetworks

Modules

Modules

ALL modules

AL
L 

m
od

ul
es x

…

…

Community-AMARETTO: learning communities/subnetworks



AMARETTO for learning subnetworks across systems and diseases

Modules

Communities 
Subnetworks

Modules

Modules

ALL modules

AL
L 

m
od

ul
es x

Module X Module Y
…

…
Overlap?

Hypergeometric test statistic between all pairs of modules

Community-AMARETTO: learning communities/subnetworks



AMARETTO for learning subnetworks across systems and diseases

Modules

Communities 
Subnetworks

Modules

Modules

ALL modules

AL
L 

m
od

ul
es

(*) Girvan and Newman, Physical Review E. 2004

…

…

Edge betweenness community detection algorithm *

x

Community-AMARETTO: learning communities/subnetworks



Functionalities for optimization and downstream analytics

Optimal generalization performance Stratification for disease phenotypes

Annotation of functional categories Association with imaging features



Functionalities for optimization and downstream analytics

Optimal generalization performance Stratification for disease phenotypes

Annotation of functional categories Association with imaging features



Functionalities for optimization and downstream analytics

Optimal generalization performance Stratification for disease phenotypes

Annotation of functional categories Association with imaging features



Functionalities for optimization and downstream analytics

Annotation of functional categories Association with imaging features

Subtype 1 Normal Subtype 2

Stratification for disease phenotypesOptimal generalization performance



Functionalities for optimization and downstream analytics

Optimal generalization performance Stratification for disease phenotypes

Annotation of functional categories Association with imaging features

Subtype 1 Normal Subtype 2

non-invasive & histopathology imaging



*AMARETTO application 1: pan-cancer study



*AMARETTO application 1: pan-cancer study

AMARETTO

COADREAD

BLCA

BRCA

GBM

HNSC

KIRC

LAML

LIHC

LUAD

LUSC

OV

UCEC

GBM modules

OV modules

UCEC modulesLUSC modules

BLCA modules

BRCA modules

LUAD modules
LAML modules

HNSC modules

COADREAD modules

LIHC modules

KIRC modules



*AMARETTO application 1: pan-cancer study

AMARETTO

COADREAD

BLCA

BRCA

GBM

HNSC

KIRC

LAML

LIHC

LUAD

LUSC

OV

UCEC

GBM modules

OV modules

UCEC modulesLUSC modules

BLCA modules

BRCA modules

LUAD modules
LAML modules

HNSC modules

COADREAD modules

LIHC modules

KIRC modules

Drivers of smoking-induced cancer and 
‘antiviral’ interferon-modulated innate 

immune response across 12 cancers



Pan-cancer communities or subnetworks

*AMARETTO application 1: pan-cancer study



Pan-cancer communities or subnetworks

*AMARETTO application 1: pan-cancer study

Pan-cancer functional categories



Pan-cancer communities or subnetworks

⇒ AMARETTO captures hallmarks of cancer

*AMARETTO application 1: pan-cancer study

Pan-cancer functional categories



*AMARETTO application 1: pan-cancer study

Driver discovery

• OAS2 pan-cancer driver of ‘antiviral’ interferon-
modulated innate immune response 

• GPX2 pan-cancer driver of smoking-induced cancer



*AMARETTO application 1: pan-cancer study

Driver discovery Driver validation

• OAS2 pan-cancer driver of ‘antiviral’ interferon-
modulated innate immune response 

• GPX2 pan-cancer driver of smoking-induced cancer

Genetic perturbation of GPX2 in the A549 (LUAD) cell line
⇒ Knocking down GPX2 represses 

target genes in GPX2-regulated modules



*AMARETTO application 1: pan-cancer study

⇒ AMARETTO facilitates identification of known and novel cancer drivers and their targets

Driver discovery Driver validation

• OAS2 pan-cancer driver of ‘antiviral’ interferon-
modulated innate immune response 

• GPX2 pan-cancer driver of smoking-induced cancer

Genetic perturbation of GPX2 in the A549 (LUAD) cell line
⇒ Knocking down GPX2 represses 

target genes in GPX2-regulated modules



*AMARETTO application 2: virus-induced cancer



*AMARETTO application 2: virus-induced cancer

AMARETTO

Hepatitis C
virus infection

(HCV)

Hepatitis B
virus infection

(HBV)

Hepatocellular 
carcinoma

(HCC)

HCV time courses

HBV time courses HBV single cells

HCC (TCGA LIHC)

HCV single cells

Cell lines

Patients



*AMARETTO application 2: virus-induced cancer

AMARETTO

Hepatitis C
virus infection

(HCV)

Hepatitis B
virus infection

(HBV)

Hepatocellular 
carcinoma

(HCC)

HCV time courses

HBV time courses HBV single cells

HCC (TCGA LIHC)

HCV single cells

Cell lines

Patients

Driver and drug discovery for hepatitis C 
(HCV) and hepatitis B (HBV) virus-induced 

hepatocellular carcinoma (HCC)



*AMARETTO application 2: virus-induced cancer

Chemical perturbations in cell lines
Predict which drugs can reverse disease-associated modules

Alternative treatments with less severe adverse effects

Drug discovery



*AMARETTO application 2: virus-induced cancer

Chemical perturbations in cell lines
Predict which drugs can reverse disease-associated modules

Alternative treatments with less severe adverse effects

Experimental validation of drugs in rat models
⇒ Two novel compounds attenuate HCC development

⇒ Safe and low-cost approach for chemoprevention of HCC?

Drug discovery Drug validation



*AMARETTO application 2: virus-induced cancer

⇒ AMARETTO facilitates identification of known and novel drug compounds 
and how they modulate cancer drivers and their targets
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*AMARETTO source code & analysis tools

Champion et al., EBioMedicine 2018

R packages in GitHub (soon Bioconductor):
- https://github.com/gevaertlab/AMARETTO
- https://github.com/broadinstitute/CommunityAMARETTO

User-friendly analysis modules in GenePattern:
- https://cloud.genepattern.org/ module.analysis:00378
- https://cloud.genepattern.org/ module.analysis:00380

*AMARETTO:
1. Captures hallmarks of cancer
2. Facilitates identification of known and novel cancer drivers and their targets
3. Facilitates identification of known and novel drug compounds and how they modulate cancer drivers and their targets

https://github.com/gevaertlab/AMARETTO
https://github.com/broadinstitute/CommunityAMARETTO
https://cloud.genepattern.org/
https://cloud.genepattern.org/
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AMARETTO report: multi-omics & imaging data fusion in GBM
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Community-AMARETTO report: HCV/HBV virus-induced HCC/LIHC
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AMARETTO infers regulatory cell circuits – cancer 
drivers and their targets – via multi-omics data fusion

(EBioMedicine, 2018)



Community-AMARETTO learns communities across 
regulatory networks inferred from different resources

(EBioMedicine, 2018)
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