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Learning	Objectives	

•  Understanding	of	different	data	integration	
approaches	

•  Familiarity	with	tools	for	data	integration	and	
network	visualization	

	



Introduction:	A	Systems	Biology	Framework	

•  The	goal	of	Systems	Biology:	
–  Systems-level	understanding	of	biological	systems	
–  Analyze	not	only	individual	components,	but	their	interactions	as	well	and	

emergent	behavior	
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Internal measurements 
Exposures 

Disease states 

Systems Biology 
“Integrative approach in which scientists study pathways and 

networks will touch all areas of biology, including drug 
discovery” 

C. Henry and C. Washington 



	Dissecting	the	Biological	system	via	-omics	
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Ritchie MD, Holzinger ER, Li R, Pendergrass SA, Kim D. 2015. Methods of integrating data to uncover genotype-phenotype interactions. Nat Rev Genet 
16:85-97. 



	Dissecting	the	Biological	system	via	-omics	
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Ritchie MD, Holzinger ER, Li R, Pendergrass SA, Kim D. 2015. Methods of integrating data to uncover genotype-phenotype interactions. Nat Rev Genet 
16:85-97. 

“Information	Overload”:	>10,000	variables	per	–omics	experiment	



Why	data	integration?	

•  Systems	level	analysis	provides:	
– more	detailed	overview	of	underlying	mechanisms;	
–  exploration	of	interactions	between	different	
biomedical	entities	(genes,	proteins,	metabolites,	etc.)		

•  Combining	multiple	types	of	data	compensates	
for	noise	or	unreliable	information	in	a	single	
data	type	

•  More	confidence	in	results	if	multiple	sources	of	
evidence	pointing	to	the	same	gene	or	pathway	



Paired	integrative	–omics	analysis	

•  Discover	networks	of	associations	or	correlated	
variables	(genes,	proteins,	metabolites,	microbiome,	
epigenetic	alterations,	clinical	variables,	etc.)	from	
paired	–omics	data	measured	across	same	samples	
–  Univariate	or	multivariate	regression	
–  Example:	explaining	protein	abundance	with	respect	to	
gene	expression	

•  Determine	if	different	–omics	data	point	to	same	
disease	mechanism	

•  Generate	novel	hypotheses	for	further	investigation	



Main	approaches	for	data	integration	

•  Pathway	or	knowledge-based	integration	
–  Datasets	are	analyzed	individually	(differentially	expressed	
genes,	metabolites,	proteins)	and	integration	is	performed	at	
the	pathway	level	

–  Examples:	MetaboAnalyst,	iPEAP,	MetScape,	MetaCore	
•  Data-driven	integration	using	meta-dimensional	analysis	

–  Integration	is	performed	globally	such	that	data	from	multiple	
omics	layers	are	combined	simultaneously	

–  Examples:	3Omics,	mixOmics,	xMWAS	
•  Using	literature-derived	associations	for	integration	

–  Using	co-occurrence	criteria	for	establishing	relationship	
–  Examples:	CoPub,	ArrowSmith,	SEACOIN2.0	
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Pathway	or	knowledge-based	
integration	

	
G1	 G2	 -	 Gq	

Subject1	 19	 19	 -	 100	

Subject2	 10	 40	 -	 90	

-	 -	 -	 -	 -	

SubjectN	 10	 40	 -	 50	

M1	 M2	 -	 Mp	

Subject1	 199	 19	 -	 100	

Subject2	 10	 40	 90	

-	 -	 -	 -	

SubjectN	 50	 30	 -	 20	

Metabolomics	data	
(n	subjects	X	p	metabolites)	

Transcriptomics	data		
(n	subjects	X	q	genes)	

Pathway	analysis	for	metabolites	 Pathway	analysis	for	genes	

Differentially	
expressed	
metabolites	

Differentially	
expressed	
genes	

Common	pathways	or	pathway	rank	aggregation	



Pathway	or	knowledge-based	
integration	
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Subject1	 199	 19	 -	 100	

Subject2	 10	 40	 90	

-	 -	 -	 -	

SubjectN	 50	 30	 -	 20	

Metabolomics	data	
(n	subjects	X	p	metabolites)	

Transcriptomics	data		
(n	subjects	X	q	genes)	

Differentially	
expressed	
metabolites	

Differentially	
expressed	
genes	

Pathway	analysis	using	genes	and	metabolites	(joint)	



MetaboAnalyst	
(http://www.metaboanalyst.ca/faces/ModuleView.xhtml)	



Upload	data	and	submit	



Set	
Parameters	

Name	Mapping	–	click	Submit	



Set	parameters	



Results	-	Overview	

Click	on	“View	Details”	
for	detailed	results	



Results	-	Details	



Main	approaches	for	data	integration	

•  Pathway	or	knowledge-based	integration	
–  Datasets	are	analyzed	individually	(differentially	expressed	
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Methionine	and	
cysteine	

metabolism	

Cholesterol	
biosynthesis	

Clustering	

Genes	

Metabolites	

Univariate		
•  Pearson,	Spearman,	Partial	

Correlation	
•  Tools:	3Omics,	MetabNet,	

etc.	
Multivariate	
•  PLS,	CCA,	sparse	PLS	
•  Tools:	mixOmics	(Cao	2009),	

etc.	
	
	



Relevance	networks	
•  What	is	a	network	(or	graph)?	

–  A	set	of	nodes	(vertices)	and	edges	(links)	
–  Edges	describe	a	relationship	(e.g.	correlation)	between	the	nodes	

•  What	is	a	relevance	network?	
–  Networks	of	highly-correlated	biomedical/clinical	entities	(Butte	2000;	

PNAS)	
–  Metabolomics	x	Proteomics,	Transcriptomics	x	Proteomics,	

Metabolomics	x	Microbiome,	Metabolomics	x	Clinical	variables/
phenotypes,	etc.	

–  Generate	a	bipartite	graph	network	
					using	a	association	threshold	
					(e.g.	0.5)	to	visualize	positive	or	
					negative	associations	

Circles: microbial species 
Rectangles: metabolome features 



Methods	for	generating	relevance	
networks	

•  Univariate	
–  Pairwise	Pearson	or	Spearman	correlation	between	data	from	different	

biomedical/clinical		technologies	(Butte	et	al.	2000,	Uppal	et	al.	2015)	
–  3Omics	(Kuo	2013;	a	web-based	tool	for	analysis,	integration	and	visualization	

of	human	transcriptome,	proteome	and	metabolome	data)	
–  MetabNet	(Uppal	2015;	R	package	for	performing	pairwise	correlation	analysis	

and	generating	relevance	networks)	

•  Multivariate	
–  Multivariate	regression	techniques	such	as	partial	least	squares	(PLS),	sparse	

partial	least	squares	regression	(sPLS),	multilevel	sparse	partial	least	squares	
(msPLS)	regression,	etc.		

–  mixOmics	(Cao	et	al.	2009,	Liquet	et	al.	2012;	R	package	for	integration	and	
variable	selection	using	multivariate	regression)	

–  xMWAS	(Uppal	2018):	R	package	for	data-driven	integration	and	differential	
network	analysis	



Univariate	methods 



3Omics	(Kuo	et	al.	BMC	Systems	
Biology	2013)	

•  A	web-based	tool	for	analyzing,	integrating	
and	visualizing	transcriptomic,	proteomic	and	
metabolomic	data	

•  http://3omics.cmdm.tw/	



3Omics	-	homepage	



Features 		
•  Correlation	analysis	and	network	visualization	

–  Pairwise	Pearson	correlation	analysis	
•  Database-derived	relationships	in	correlation	analysis	

–  Uses	an	internal	database	based	on	NCBI	Entrez	gene,	Uniprot	proteins,	and	
KEGG	metabolites	to	determine	gene-protein-metabolite	relationship	

•  Coexpression	analysis	
–  Two-way	hierarchical	clustering	analysis	
–  Rows:	variables	(Genes	+	proteins	+	metabolites,	genes+metabolites,	etc.)	
–  Columns:	samples	

•  Phenotype	analysis	
–  Uses	OMIM	databases	to	link	genes	with	phenotypes	

•  Pathway	and	Gene	Ontology	Enrichment	analysis	
–  Using	KEGG,	HumanCyc,	and	DAVID	
	



Data	upload	



Data	format		
(http://3omics.cmdm.tw/help.php#examples)	

Variables	

Samples	



Correlation	analysis	



Co-expression	analysis	

Columns:	Samples	

Rows:	Variables	



Phenotype	analysis	



Pathway	analysis	



GO	Enrichment	Analysis	



Multivariate	methods 



Generating	relevance	network	using	
sPLS	or	msPLS	techniques	(Cao	2009,	

Liquet	2012)		
•  sparse	partial	least	squares	(sPLS)	regression	or	multilevel	

partial	least	squares	(msPLS)	method	
•  One-step	procedure	for	variable	selection	as	well	as	

integration	
•  Comparison	of	different	multivariate	integration	

techniques	showed	that	sPLS	generates	(Cao	2009)	
•  msPLS	–	for	repeated	measures	
•  Implemented	in	the	R	package	mixOmics		
•  Generates	association	matrix	and	allows	visualization	of	

associations	using	bipartite	relevance	networks	(Liquet	
2012)	



sPLS	method	
•  sPLS	is	a	variable	selection	and	dimensionality	reduction	method	that	

allows	integration	of	heterogeneous	omics	data	from	same	set	of	samples	
•  Robust	approximation	of	Pearson	correlation	using	regression	and	latent	

(principal)	variates	
•  Eg:	transcriptome	(matrix	X)	and	metabolome	(matrix	Y)	data		

where,	
matrix	X	is	an	n	×	p	matrix	that	includes	n	samples	and	p	metabolites	
matrix	Y	is	an	n	×	q	matrix	that	includes	n	samples	and	q	genes	
	
Objective	function	
max	cov(Xu,Yv)	

	where		
	u1,	u2…uH	and	v1,	v2…vH	are	the	loading	vectors	
	H	is	the	number	of	PLS-DA	dimensions	

	
A	Lasso	based	optimization	is	used	to	select	most	relevant	variables	
	
	



Case Study: Application of sPLS technique for integrative 
–omics. Microbiome-Metabolome Wide Association Study of 
Lung BAL: Global integration of 5930 m/z features with 153 

microbial species using sparse Partial Least Squares 
regression (Cribbs et al. Microbiome 2016) 



A.  B.  

C. 

Association	threshold:	0.3	
Association	threshold:	0.4	

Association	threshold:	0.7	 D. Using	only	subset	of	metabolic	features	
also	associated	with	HIV	status	(+ve	or	–ve)	
	

Legend 
Circles: microbial species 

Rectangles: metabolome features 

Nocardioidaceae 

Staphylococcaceae 

Caulobacteraceae Streptococcus 



38	

Metabolites 

Transcripts 

Proteins 

Phenotype 

Positive interaction 
Negative interaction 

Integrating	more	than	two	
datasets	

G1	 G2	 -	 Gq	

Subject1	 19	 19	 -	 100	

Subject2	 10	 40	 -	 90	

-	 -	 -	 -	 -	

SubjectN	 10	 40	 -	 50	

M1	 M2	 -	 Mp	

Subject1	 199	 19	 -	 100	

Subject2	 10	 40	 90	

-	 -	 -	 -	

SubjectN	 50	 30	 -	 20	

Metabolomics	data	
(n	subjects	X	p	metabolites)	

Transcriptomics	data		
(n	subjects	X	q	genes)	

E1	 E2	 -	 Es	

Subject1	 199	 19	 -	 100	

Subject2	 10	 40	 90	

-	 -	 -	 -	

SubjectN	 50	 30	 -	 20	

Proteomics	data	
(n	subjects	X	s	proteins)	



Pairwise integrative and network 
analysis (e.g.	X<->Y;	X<->Z,	Y<->Z) 

using (sparse) Partial Least 
Squares regression 

Generate an edge list matrix, Le, 
with the list of edges that meet 

the significance criteria and 
association score threshold 

Generate a k-partite graph, G, using 
the union of edge list matrices 

Community detection, differential 
centrality and rewiring analysis, 

and network visualization 

Data matrices from multiple 
assays 

A. 

Integrative	and	association	analysis	
		

B. 
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xMWAS:	R	package	for	data	
integration	and	differential	
network	analysis	(Uppal	2018,	
Bioinformatics)	
	
URL:	https://kuppal.shinyapps.io/xmwas/	

	



xMWAS:	https://kuppal.shinyapps.io/xmwas/	



Step	1.	Upload	data	files	

https://kuppal.shinyapps.io/xmwas/			
(See:	Help	&	Support)	



Input	data	format	

Subject1	 Subject2	 -	 Subject	N	

Gene	1	 19	 19	 -	 100	

Gene	2	 10	 40	 -	 90	

-	 -	 -	 -	 -	

Gene	q	 10	 40	 -	 50	

Subject1	 Subject2	 -	 Subject	N	

Metabolite	1	 199	 19	 -	 100	

Metabolite	2	 10	 40	 90	

-	 -	 -	 -	

Metabolite	p	 50	 30	 -	 20	

Metabolomics	data	
(p	metabolites	x	n	subjects)	

Transcriptomics	data	
(q	genes	x	n	subjects)	

		

Class	

Subject1	 Control	

Subject2	 Control	

-	 -	

SubjectN	 Tumor		

Class	labels	file	
	





Step	2.	Data	preprocessing	and	
filtering	

https://github.com/kuppal2/xMWAS/blob/master/example_manual_tutorial/xMWAS-manual.pdf	



Step	3.	Set	parameters	for	integration	and	
association	analysis		

https://github.com/kuppal2/xMWAS/blob/master/example_manual_tutorial/xMWAS-manual.pdf	



Step	4.	Select	method	for	centrality	
analysis	

•  Eigenvector:	based	on	the	number	and	quality	of	connections	
•  Betweenness:	based	on	the	extent	to	which	a	node	lies	on		
•  the	path	between	other	nodes	
•  Degree.count:	based	on	the	number	of	connections	
•  Degree.weight:	based	on	the	magnitude	of	edges	(association	
•  scores)	
•  Closeness:	based	on	the	closeness	of	a	node	to	all	other	nodes	
	



Step	5.	Set	graphical	options		

https://github.com/kuppal2/xMWAS/blob/master/example_manual_tutorial/xMWAS-manual.pdf	



Step	6.	Click	on	“Start	processing”	



Results	



Case Study: Application of xMWAS for integrative –and 
differential network analysis of more than 2 dataests. 

Integrative network analysis of cytokine, metabolome 
and transcriptome datasets from a study of H1N1 virus 

infection of mice (Chandler et al. 2016) 



C 

Control	only	samples	 H1N1	only	samples	

Uppal	2017,	Bioinformatics	



Main	approaches	for	data	integration	

•  Pathway	or	knowledge-based	integration	
–  Datasets	are	analyzed	individually	(differentially	expressed	
genes,	metabolites,	proteins)	and	integration	is	performed	at	
the	pathway	level	

–  Examples:	MetaboAnalyst,	iPEAP,	MetScape,	MetaCore	
•  Data-driven	integration	using	meta-dimensional	analysis	

–  Integration	is	performed	globally	such	that	data	from	multiple	
omics	layers	are	combined	simultaneously	

–  Examples:	3Omics,	mixOmics,	xMWAS	
•  Using	literature-derived	associations	for	integration	

–  Using	co-occurrence	criteria	for	establishing	relationship	
–  Examples:	HiPub,	CoPub,	ArrowSmith	



Text mining tools for literature-based 
relation discovery biomedical text 

Zhiyong Lu, “PubMed and beyond: a survey of web tools for 
searching biomedical literature”, Database Vol. 2011 

Association	mining	based	on		
co-occurrence		



HiPub	(Lee	2016):		
http://hipub.korea.ac.kr/	



HiPub	(Lee	2016):		



Summary	

•  Various	tools	and	techniques	are	available	for	
integrating	and	visualization	multi	–omics	data	

•  Integrative	–omics	drives	systems	biology	and	
could	play	a	critical	role	in	personalized	
medicine	



Hands-on	exercises	



1.	HiPub	
Go	to:	http://hipub.korea.ac.kr/	



Steps for installing HiPub 

•  Install Chrome browser: 
https://www.google.com/chrome/browser/desktop/ 

•  Install the HiPub plugin:
https://chrome.google.com/webstore/detail/hipub/
jlbmiklekmigmbmcodhjgdpooldjcjam 

•  Test installation: 
https://www.ncbi.nlm.nih.gov/pubmed/24009732 
– You should see an annotated title and abstract 

when you go to the PubMed page above as 
shown on the next slide 





2.	xMWAS:	Web	version	

•  URL:	https://kuppal.shinyapps.io/xmwas/	
•  Input	files:	
https://github.com/kuppal2/xMWAS/upload/
master/example_manual_tutorial	
– exh1n1_transcriptome.txt	
– exh1n1_metabolome.txt	
– exh1n1_cytokine.txt	
– exh1n1_classlabels.txt	











Results	



Download	results	



3. xMWAS R package installation 
 instructions for Windows 

•  Install R: https://cran.cnr.berkeley.edu/ 
•  Install R dependencies 

–  R command for installation: 
source("https://bioconductor.org/biocLite.R");	
biocLite(c("GO.db","graph","RBGL","impute","preprocessCore"),dependencies=TRUE);	
install.packages(c("devtools","WGCNA","mixOmics","snow","igraph","plyr","plsgenomics")
,dependencies=TRUE,type="binary",	repos="http://cran.r-project.org")	
	

•  Install R package xMWAS 
–   R command for installation: 
library(devtools); install_github("kuppal2/xMWAS") 
 

•  Test installation: 
–  R command for loading the package: 

 library(xMWAS) 



xMWAS R package installation 
 instructions for Mac OS X 

•  Install Xquartz: https://www.xquartz.org/ 
•  Install R: https://cran.cnr.berkeley.edu/ 
•  Install R dependencies 

–  R command for installation: 
source("https://bioconductor.org/biocLite.R");	
biocLite(c("GO.db","graph","RBGL","impute","preprocessCore"),dependencies=TRUE);	
install.packages(c("devtools","WGCNA","mixOmics","snow","igraph","plyr","plsgenomics")
,dependencies=TRUE,type="source",	repos="http://cran.r-project.org")	
	

•  Install R package xMWAS 
–   R command for installation: 
library(devtools); install_github("kuppal2/xMWAS") 
 

•  Test installation: 
–  R command for loading the package: library(xMWAS) 



R	script	for	xMWAS	using	the	example	dataset	
(URL:	https://github.com/kuppal2/xMWAS/blob/master/

example_manual_tutorial/example_xmwas_runscript_v0.5.R)	
	

#load	package	
library(xMWAS)	
	
#example	dataset	that	includes	metabolome,	transcriptome,	and	cytokine	data	from	the	H1N1	mice	study	(Chandler	2016)	
data(exh1n1)	
data(classlabels_casecontrol)	#example	classlabels	file	for	case	vs	control	design	
data(classlabels_repeatmeasures)	#example	classlabels	file	for	repeat	measures	design	
xMat<-exh1n1$metabolome	
yMat<-exh1n1$transcrlptome	
zMat<-exh1n1$cytokine	
classlabels<-exh1n1$classlabels	
	
output<-"/home/kuppal2/xMWASv0.54output/"	
	
#call	the	run_xmwas()	function:	
xmwas_res<-run_xmwas(Xome_data=xMat,Yome_data=yMat,Zome_data=zMat,Wome_data=NA,outloc=output,	
classlabels=classlabels,class_fname=NA,xmwasmethod="spls",plsmode="canonical",max_xvar=1000,max_yvar=1000,	
max_zvar=1000,max_wvar=1000,rsd.filt.thresh=1,corthresh=0.7,keepX=100,keepY=100,keepZ=100,keepW=100,	
pairedanalysis=FALSE,optselect=TRUE,rawPthresh=0.05,numcomps=10,net_edge_colors=c("blue","red"),	
net_node_colors=c("orange",	"green","cyan","pink"),Xname="X",Yname="Y",Zname="Z",Wname="W",	
net_node_shape=c("rectangle","circle","triangle","star"),all.missing.thresh=0.7,missing.val=0,	
seednum=100,label.cex=0.2,vertex.size=6,graphclustering=TRUE,interactive=FALSE,max_connections=100000,	
centrality_method="eigenvector",use.X.reference=FALSE,removeRda=TRUE,compare.classes=TRUE,class.comparison.allvar=TRUE
)	suppressWarnings(try(sink(file=NULL),silent=TRUE))	



xMWAS	output	



Input	Parameters	



Description	of	output:	Readme.txt	



Network	graphs	
A.  Colored	by	data	type	

Positive correlation 

Negative correlation 

Cytokines 

Metabolites 

Genes 

B.	Colored	by	community	membership	



Community	detection	and	centrality	
analysis	



Pairwise	results	–	X<->Y,	X<->Z,	Y<->Z	
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