Big data In life sciences

from theory to applications

Stefano Cerl
DEIB | Dipartimento di Elettronica,
Informazione e Bioingegneria
https://ceri.faculty.polimi.it/

POLITECNICO
MILANO 1863


https://ceri.faculty.polimi.it/

The big data challenge --- human genomics
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https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost

DataDriven Genomic Computing (GeCo)

ERC Advanced Grant, 202621

Focus Data designntegration extractionandanalysidor
genomicdata

Approach Radical change in data management abstractions for
genomics (broader and simpler)

Objectives Opensource systems for genomic data
management

Results Big data management systems + integrated
repositories, both in human and viral genomidemonstrated
through biological and clinical research.



Human v¥iralgenomicresearch

AHUMAN GENOME:Billlion DNA basepairs, about 20Kgenes

- Data:mutations expressionmethylation 3Dcontact X
- Biga dataapproach design, integratesearch analyze

- Mostrelevantclinicalapplications rarediseasesind cancerg but
geneticsproducesa hugenumberof human traits

- Researchnighlights:basicscience fogenomicsdiseasgirevention&
treatment, personalizationdrugrepurposing

ASARSCoV2 VIRAL GENOME: 30K Rillleotides 12genes

- Data:viral sequencesndtheir nucleotidemutations
- Reuseour big-dataapproach appliedto a "smallef problem

- Researchirivenby pandemiemergencyUnderstandgenome
evolution(mutations variantg, their mechanismgco-evolution,
recombination¢ now reassortmentfor influenza) andhreatsto
humans e.g.effectson COVIBL9 diseasespreadingandseverity



DATA DESIGN
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Design objectives & challenges

- TOP-DOWN: Clean design, with nice abstractions
- BOTTOM-UP: Matching with existing data, providing content

- Model: Entity-Relationship (P. Chen)

Conceptual
Database
Design

AN ENTITY-RELATIONSHIP APPROACH

BATINI
CERI |

NAVATHE |
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Modeling Genomic Metadata: The Genomic Conceptual Model

The extraction parameters used
for internal selection and

organization of items
"

The biological
process observed
in the experiment

- Biological view Extraction view R
h . Datasetld
BioSampleld Replicateld Itemid
Dataset
. O,N 1,1 . O,N 1,N
Sourceld BioSample ( ) (1.1) Replicate ( )( ) Item (L.1) Name
T-li—ggge Sourceld I ﬁssembly
1,1 SANN
CellLine @D _ Sourceld DataType (N) Annotation
IsHealthy BloliepllclateNum Fogr_nat
Disease TechReplicateNum ize
P Pipeline O ExpTypeld
SoIL_JrceliJUrI_ .
ocalUri :
Donorld O.N) ON)" Experiment 3
(O,N) Caseld Type 5
m o %
«Q
<
Sourceld Sourceld (1.1) Technique )
Specie SourceSite ‘ Feature =
Age Platflgrm
Projectld N arget
Gender i (O,N) Antibody The tgchnology
Ethnicity ) used in the
ProjectName Project experiment
ProgramName v

The management
of the experiment

Bernasconi, Ceri, Campi, Masseroli (2017) Conceptual Modeling for Genomics: Building an Integrated Repository of Open Data. |
Mayr H., Guizzardi G., Ma H., Pastor O. (eds) Conceptual Modeling. ER 2017. Lecture Notes in Computer Science, vol 10650.

Springer, Chamhttps://doi.org/10.1007/978-319699042_26



https://doi.org/10.1007/978-3-319-69904-2_26

Sources elements are mapped into the global schema

. Sample daa_Torn; e.
disease_type comb(workflow_type,link
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METBASE: phases of integration

Downloader
+ Transformer

Cleaner
1

Source-specific

Source-specific

Tool-automated

Tool-supported

418 _
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Roadmap
Epigenomics

Mapper Value Normalizer Enricher
p S ! bou'rce
P ource- -
Source-specific - L I

Manual

Tool-supported

Tool-automated

"

Synonym XRefs

s
Controlled
terms

<term_id>

Raw Metadata

Clean Metadata

Mapped metadata

Normalized
Metadata

I
I
I
I
I
I
1
Ontologic:
relatives
1
I
I
I
I
Enriched
Metadata

Bernasconi et al. (2020) MEFBASE: a Novel Architecture for LargBcale Genomic Metadata Integratio|HEE/ACM
Transactions on Computational Biology and Bioinformatitgs://doi.org/10.1109/TCBB.2020.2998954



https://doi.org/10.1109/TCBB.2020.2998954
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Consortium Imported datasets # of samples | File size (MB)
GRCh38 _ENCODE_BROAD 850 6,869

GRCh38 _ENCODE_NARROW 11,573 128,316

ENCODE = =

HG19_ENCODE_BROAD 844 18,382
HG19_ENCODE_NARROW 10,342 111,925
HG19_ROADMAP_EPIGENOMICS_BED 156 968

HG19 ROADMAP_EPIGENOMICS_BROAD 979 24,332

ROADMAP EPIGENOMICS HG19_ROADMAP_EPIGENOMICS_DMR 66 3,060
HG19_ROADMAP_EPIGENOMICS_GAPPED 979 6,875

HG19 ROADMAP_EPIGENOMICS_NARROW 1,032 11,788

HG19 ROADMAP_EPIGENOMICS_RNA_expression 399 2,453

HG19 _TCGA_cnv 22,632 797

HG19 TCGA_dnamethylation 12,860 247,742

HG19 TCGA dnaseq 6,914 286
HG19_TCGA_mirnaseq_isoform 9,909 4,207

HG19 TCGA_mirnaseq_mirna 9,909 746

TCGA HG19_TCGA_rnaseg_exon 3,675 47,668
HG19_TCGA_rnaseq_gene 3,675 5,327

HG19 _TCGA_rnaseq_spljxn 3,675 44,377
HG19_TCGA_rnaseqv2_exon 9,825 124,343
HG19_TCGA_rnaseqv2_gene 9,825 21,862
HG19_TCGA_rnaseqv2_isoform 9,825 53,082

HG19_TCGA rnaseqv2_spljxn 9,825 115,088
GRCh38_TCGA_copy_number 22,374 686
GRCh38_TCGA_copy_number_masked 22,375 337
GRCh38_TCGA_gene_expression 11,091 56,542

GDC - TCGA GRCh38_TCGA_methylation 12,218 1,348,516
GRCh38_TCGA_miRNA_expression 10,947 1,502
GRCh38_TCGA_miRNA_isoform_expression 10,999 5,004
GRCh38_TCGA_somatic_mutation_masked 10,188 2,280
GRCh38_ANNOTATION_GENCODE 24 1,798

GENCODE = =
HG19 ANNOTATION_GENCODE 20 1,324
GRCh38_ANNOTATION_REFSEQ 31 740
REFSEQ
HG19_ANNOTATION_REFSEQ 30 275
é X X X
Grand total 67 datasets 564,421 9.23 TH

Experimental datasets and
annotations from external
databases

67 datasets

564k samples
9.23TB
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Bioinformaticians
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heterogeneous data sources
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Cleaning
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Repository data

Private
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Query editor: SELECA ; JOING ; MATERIALIZE;

Web Services
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Execution
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GMQL user Interface

Hello D U
GMQL GMQL-REST Demo Video Documentation Example Queries GeCo ello Demo User Logout

Datasets e Query editor &

F
-

\ 1 myExperiment = SELECT(D UPLOADED;
2 myData = COVER(Z,ANY) myExperiment;
" 3
o+ P.rlvate 4 -~ genes = SELECT(Cannotation_type == 'gene'
= Public 5 AND provider == "RefSeq' ) HG19_BED_ANNOTATION;

B Example_Dataset_1 6 mutations = SELECT(type == "single_base_substitution") ICGC_REPOSITORY;
- 7
M Bample_Dataset_2 8 - insideGene - JOINCdistance < @;
B GRCh38_ANNOTATION_GENCODE 9 Output: right) genes myData ;
B GRCh38_ANNOTATION_REFSEQ 1e . . .
— 11 mutationCount = MAP() insideGene mutations;
= GRCh38_ENCODE_BROAD_AUG_2017 12 mutationCountFilt = SELECT(region:count_insideGene_mutations > @) mutationCount}
B GRCh38_ENCODE_BROAD_NOV_2017 13
i GRCh38_ENCODE_NARROW_AUG_2017 1? MATERTALIZE mutationCountFilt into result;
@ GRCh38_ENCODE_NARROW_NOV_2017
B GRCh38_TCGA_copy_number
B GRCh38_TCGA_copy_number_DEC_2017
B GRCh38_TCGA_copy_number_masked
B GRCh38_TCGA_copy_number_masked_DEC_201 Query name demo
@ GRCh38_TCGA_gene_expression Output format = Tab delimited GTF

= Show jobs I  Compile -

@
z
a

® Downioas
-

Metadata browser Sample metadata Schema
Copy
DATA_SET_VAR = SELECTCannotation_type == N
"gene” AND provider —- "RefSeq") Attribute Value Schema type: tab
HG19_BED_ANNOTATION; )
annotation_type gene Field name Field type Heat map
assembly hg19 chr STRING
=4 New condition Test
name RefSeqGenes left LONG
provider RefSeq right LONG
provider (2 - 3) = name STRING
score DOUBLE
strand STRING

Masserolj M., Pinoli, P., Venco, F.Kaitoua A., Jalili, V., Palluzzj F., Muller, H. andCeri, S., 2015GenoMetricQuery Language: a novel approach to

largescale genomic data management. Bioinformatics, 31(12), pp 1883
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INTERWIEWS (2020)

identification of area of interest
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COVID19 Hoste Genetics I )
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COVIEL9 _
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Viral Conceptual Model

The Viral Conceptullodel(VCM)
cente@thevirusequermisescriliexn
fouperspectives

biological persipactigespecies
host environment)
technological perg¢pegaeacing
technology)
organizational pergmegéice
responsible for producing the§
analytical persppospexties of |
sequence, such as known an
variants) ‘

Bernasconi, Canakoglu, Pinoli, Ceri. Empowering virus sequence research through conceptual modeling.

[ ORF3a_|[M]] ORF7a ]| ORF8 ][ ORFI0 |

/
RdRp ORF6 ORF7b
T T T T T T T
0 5000 10000 15000 20000 25000 30000
o R R  ————.—
HostTaxonName Family ' L ® AlternativeSequence ] 1
HostTaxonID SGUg:SSm”Y 1| Aminoacid e start Variant ;‘ F'?ffeC.t | !
CollectionDate ; ¥ Variant —e Length Impact utativelmpact !
IsolationSource ?’gi(cz)lr?lflame 31 | ® Type |"® ImpactedGene
OriginatingLab TaxoniD ' Start {11 |
Country GenBankAcronym ! Stop |
Region EquivalentList ¥ FeatureType AlternativeSequence \
GeoGroup MoleculeType ' /. GeneName Start |
Gender / IsSingleStranded || " Product Length !
Age / IsPositiveStranded | | e ExternalReference ... N / Type !
2 i i Annotation |—® AminoacidSequence 0N /. i
1 = :
g Nucleotide Aalyticd
¥ Variant ‘
gowp
77777777777777777777777777777777 I
HostSample S S S S S S e
:0: /. SequencingTechnology
Bologcd g.ap \0\ @ AssemblyMethod
oo ooooooooooooooo-TTTITIIIIITIIIIIIIIIT "‘; : iN Experiment —* Coverage
NN Type
(|
PublicationDate \ AccessionID
PubMedID N StrainName
SequencingLab [] ! IsReference
SubmissionDate N IsComplete
PopSet [NCEI D] @O\ . . N NucleotideSequence
BioProjectID LN Strand
DatabaseSource &> ——— N\ Length
Sequencing N\ pod?
: Project I\ ® Clade .
Organizatiord group | |® Lineage Technicd group
1

of the International Conference on Conceptual Modeling (ER 2020)

In Proceedings
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National Microbiology Data Center

Data integration pipelines for viral genomes data

Content construction Content curation

Species

Import protocols

Content optimization

Curation pipeline
Metadata
Sequence view
Technical view
Biological view
Organization view

Amino acid
Variants

Metadata
Sequence view

ad-hoc JSON
export

Import in the logical
schema

Standardization

Cleaning

SARS-CoV2 Technical view Computation of metrics
a’g@zgm\ﬁ NCBI Biological view (N%, GC%,
-0 nuccore API Organization view | | Sequence completeness
Ebola information)
Dengue Nucleot|de
Sequences Overlaps
SARS CoV2 / management

txt metadat
Computations
Annotations
HTML meta Nucleotide variants
Variant impact
Amino acid sequences
Amino acid variants

SARS CoVv2

-

Logical database
implementation
(indexing,
materializations)

~

Logical database
implementation
(indexing,
materializations)

(http://gmql.eulvirusurf_gisaid/)

( http://gmgl.eu/virusurf/ )

January 2022

Sources for ViruSurf-GISAID
Gl SAI D Epi CoVE
~7M sequences

db

Sources for ViruSurf

- GenBank ~3.2M sequences (SARS0V-2)

- GenBank ~ 35K sequences (other viruses)
- COG UK ~ 800K sequences

- NMDC ~ 300 sequences



Numbers of the import process

Sequences imported from NCBI + COKG+
NMDC

© 1400

S 1200

a

3 1000

e
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! v v v ! ! v
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Q ,1/0 451’0
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5 2500 -
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ViruSurf
search system

http://gamal.eu/virusurf/

ViruSurf VIRUSURF GISAID GENOSURF DATA CURATION WIKI VIDEQ SURVEY ACKNOWLEDGEMENTS CONTACTS

CLEAR YOUR QUERY Chose a predefined query -

Metadata search taxon_name: ["severe acute respiratory syndrome coronavirus 2°], is _complete: [true], n_percentage: {'min_val®:null, *max_val®:0.5,"is_null”:false}

Virus
Virus taxon name °
° severe acute respiratory °
Virus taxon ID - syndrome coronavirus 2 Virus species -
Host Organism
L y o L] o B ° L
Host taxon name - Collecticn date - Isolation source - Country - Region - Gender -
L
Age -
Technology
s complete
o o o o o L
Accession ID - Strain name - Is reference - true - Strand - Sequence Length -
o " ° ° ° °
GC% - max: 0.5 - Sequencing technology Assembly method - Coverage -
Organization
o o L] o
Submitting Lab - Submission date i BioProject ID - Database source -
Variants search ADD CONDITION ON AMING ACIDS ADD CONDITION ON NUCLECTIDES
Amino acid query:
gene_name: [*n"], sequence_aa original: ['"r"], sequence aa alternative: ["k"] VE CONDI
oR
gene name: [“n"], sequence aa original: ["g"], sequence aa alternative

Nuclectide query:

n_gens_name: [‘n"], start_original: {'min_val®:28881, max_val®:28881}

Amino acid query: P 3
product: [*spike (surface glycoprotein)®], start aa original: {“min val®:1000}
aphg 1
Product protein ° Position range
° spike (surface - o S—— ° e °
Gene name - alycoprotein) Change type - Alternative sequence - min: 1000 -

ADD NEW CONDITION CANCEL

° se prol ot s
oownLOAD TABLE [l DOWNLOAD SEQUENCE B show control FULL d SELECT/SORT FIELDS

Source Page Accession 1D Strain name Is reference s complete Strand Sequence Length ac W Lineage (Clade) Seq. Technology Assembly Method Coverage Submission d

link England/BIRM- England/BIRM- False True positive 20903 37.99 042 B.1.1.1 (N/D) N/D N/D N/D 2020-03-04
SFBFB/2020 SFBFB/2020

link Englend/BIRM: Englend/BIRM: False True positive 29903 3798 041 B1.11 (/D) N/D ND ND 2020.03.04
6118F/2020 6118F/2020

link Englend/BRIS- Englend/BRIS- False True pasitive 29903 380 0.4 B1.1(N/D) N/ N/D N/D 2020-03-04
1853185/2020 18531B5/2020

D
Rows per page 0 - 1100f 14 >

14 sequences found

A. Canakoglu, P. Pinoli, A. Bernasconi, et al. Virusurf: an integrated database to investigate viral sequences. Nucleic Acids
Research, 49(D1):D817i D824, 2020.
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http://gmql.eu/virusurf/
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Tools for viral genomics

y ® &8 B B B B B B B B B B 3 e a
| A search engine for selecting [ Qeszqeuaerr:Eeesngér:jeefgirtss:eescggg
sequences from metadata, : ) L .
RN S ——— que . integrating them for testing epitope
A knowledae nucleotide changes and amino stabili
~d9 acid changes
model + library

for accessing

SARS-CoV2 e Bl eemEiEme e =
d t d Data and related knowledge Integration with immunological data Data visualization ) ) )
ata an visualizer offering |

knowledge rapid
! comparative
analysis among
viral populations
extracted from

= il =

N

[

[

i

§ EpiSurf :
0" 4%  VirusViz
i -
H

Packaged for use within :
protected sites !

! Retrieval
. from literature

r—————-\

and integration m ViruSurf . r ‘
An m:erac;tlve o i A virtual laboratory
SyS em fTor R R N ESEEEEEEEEE et == accepting RNA
effects of sars-

]

1

1

]

:
al .
: :Datacurahon

1

]

]

1

1

]

|

mining the sequences in
_ standard format
cov-2 mutations and producing
based on deep nucleotide
learning § : & 4 & mutations and
amino acid
changes

\_“.-

----1

r---

[ A tool for fine tuning of A tool for early discovery
clusters of sequences, used of variants and of new
for fine-grain surveillance mutations within variants
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EpiSurf

EpiViruSurf

CLEAR YOUR QUERY

Chose a predefined query

EPISURF GISAID

VIRUSURF

VIRUSURF GISAID GENOSURF WIKI ABOUT

Last update date: 2021-05-09

https://amal.eu/epivirusurf

JcUSTOM EPITOPES

USE IEDB EPITOPES WITHOUT
VARIANT COUNTS

®

Novel "Severe acute respii y sy 2" from "Homo sapiens” as host are preselected. If you are interested in other virus(es), please change it from the dropdown menu below:
search iti taxon_name: ["severe acute respiratory syndrome coronavirus 2"], host_taxon_name: ["homo sapiens"], region: ["florida"]
Virus
Vi ™ ° severe acute respiratory °
irus taxon 1D - 4 -
syndrome coronavirus 2
Host Organism
el ° o ° ° a5
homo sapiens Collection date - Isolation source - Continent - Country - florida 2
~ ° °
Gender - Age -
Sequence properties and technology
° ° . ° o ° ° °
Is reference v Is complete - Strand v Sequence Length v GC v N -
° " ° ° °
Lineage - Sequencing technology  ~ Assembly method - Coverage -
‘Organization
o °
1 - Database source -

USE IEDB EPITOPES WITH VARIANT
COUNTS

IEDB Epitope search

Epitope search condition: protein: ["Spike (surface glycoprotein)"], assay_type: [T cell"], hla_restriction: ["HLA-A*02:01"],

position range start: ["331"], position range stop: ["524"]

Bernasconi, A., Cilibrasi, L., Al Khalaf, R., Alfonsi, T., Ceri, S., Pinoli, P., & Canakoglu, A.
search server for analyzing amino acid changes within epitopes of-SARZ and other viral species. Database, 2021, baab@5
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VirusViz

https://gmal.eu/virusviz
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Bernasconi, A., Gulino, A., Alfonsi, T., Canakoglu, A., Pinoli, P., Sandionigi, A., & Ceri, S. (2021). VirusViz: comparative
analysis and effective visualization of viral nucleotide and amino acid variants. Nucleic Acids Research, 49¢B8), €90
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VirusLab: customizable services for use within protected sites

For supporting a laboratory wishing to perform secondary (row data) analysis and to add sensible metadata
(e.g. clinical), still using our data and knowledge bases and visualization tools
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Pinoli, P., Bernasconi, A., Sandionigi, A., & Ceri, S. VirusLab: a tool for customized SXR&2 data analysis. BioTech 2021,
10(4), 27 https://doi.org/10.3390/biotech10040027
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ViruClust

https://gmal.eu/viruclust

ViruClust enabled by data from GISAID

Last update date: 2021-11-22

) PREVALENCE OF LINEAGES EVOLUTION IN TIME EVOLUTION IN SPACE CUSTOM ANALYSIS

HOW TO USE VIRUCLUST

PREVALENCE OF LINEAGES START THIS ANALYSIS W

EVOLUTION IN TIME START THIS ANALYSIS W

EVOLUTION IN SPACE START THIS ANALYSIS W

CUSTOM ANALYSIS START THIS ANALYSIS 'V

Cilibrasi, L., Pinoli, P., Bernasconi, A., Canakoglu, A., Chiara, M., & Ceri, S. (2022). ViruClust: direct comparison 6CORS
2 genomes and genetic variants in space and time. Bioinformatics, 38(71 9988
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VariantHunter

https://gmaql.eu/variant hunter

In the example: substitution of Delta variant by Omicron variant in Europe and North America
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Pinoli, P., Canakoglu, A., Ceri, S., Chiara, M., Ferrandi, E., Minotti, L., & Bernasconi, A. (2023). VariantHunter: a aneftood
for fast detection of emerging SARSV-2 variants. Database, 2023, baad044.


https://gmql.eu/variant_hunter

CoV2K 1 Knowledge and data interplay http://gmg].eu/cov2k/api/
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Alfonsi, T., Al Khalaf, R., Ceri, S., & Bernasconi, A. (2022). CoV2K model, a comprehensive representation of SARS-CoV-2 knowledge and
data interplay. Scientific Data, 9, 260.
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CoVEffect

https://gmaql.eu/coveffect

CovEffect

Annotated Papers il Selected Papers

Abstract

The/SensitiVity of SARS-CoV-2 variants of concern (VOCs) to neutralizingaiitibodies has largely been studied in the context of key receptor binding domain (RBD) mutations, including E484K and N501Y. Little is known about the epistatic
effects of combined SARS-CoV-2 spike mutations. We now investigate the neutralization{SensitiVity of variants containing the non-RBD mutation Q677H, including B.1.525 (Nigerian isolate) and Bluebird (U.S. isolate) variants. The effect on
neutralization of Q677H was determined in the context of the RBD mutations and in the background of major VOCs, mcludlng B.1.1.7 (United Kingdom, Alpha), B.1.351 (South Africa, Beta), and P1-501Y-V3 (Brazil, Gamma). We demonstrate

that the Q677H mutation increases viraliiféctivity and syncytium formation, as well as enhancing/fésistance to neutr
between SARS-CoV-2 spike mutations and the continued need to monitor Q677H-bearing VOCs.

for VOCs, including B.1.1.7 and P1-501Y-V3. Our work highlights the importance of epistatic interactions
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COVHD9 Conceptual Model

Host genotype

Host phenotype
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