Bioinformatics and R: Visualising Genomic Data

Yar1 Ciani, PhD

Laboratory of Computational and Functional Oncology

Department for Cellular, Computational and Integrative Biology - CIBIO
University of Trento

yari.ciani@unitn.it

-

Dopartmentof oy DEMICHELIS
Cellular, Computational 30 /05 /2025 -a LABORATORY

and Integrative Biology - CIBIO




-

oy DEMICHELIS
=g | ABORATORY

nversTA emene,e LD Oratory of Computational and Functional Oncology

and Integrative Biology - CIBIO

The Topic The Team

Precision Oncology and Biomarker discovery

Diagnostic, prognostic, treatment response markers
for tumor stratification and precision oncology
Hypothesis driven and agnostic studies

The Funding

FONDAZIONE

FONDAZIONE , _|SAMUEL & Prostate Cancer

o w f e i STERNBERG Foundation
€Y ONCOLOGICA Curing Together.
oo

it el i " Uit o bl R CASSA DI RISPARMIO DI TRENTO E ROVERETO —— ‘.
- 5 A% CANCER

FONDAZIONE 0.’.:.0‘
\/ Rm!mw S " RESEARCH

WEi" COl’nen ,,. European L AIRC

MediCi ne : 'o::::.e:rc Research

oo % : ‘.ccx Council Finanziato ‘ \Q Ministero
® LAPE X

P50CA211024 R o e i

i Italiadomani ‘ UNIVERSITA
> @ della Ricerca DI TRENTO




What is Bioinformatics?

Bioinformatics: applies principles of information sciences and technologies to make the vast,

diverse, and complex life sciences data understandable and useful.
e.d., Text mining,

Processing raw data,
Artificial Intelligence,
Software development,

but also experiment design
and results interpretation
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Precision Oncology

Precision cancer therapy

Genetic profiling
and stratification
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Cancer patients
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The Precision Drug Discovery Cycle

Monitoring of the Tumour
cancer patient Biopsy Molecular Profiling
(e.g. sequencing) | |
- The cost of developing a single
| "y T FDA/EMA-approved drug:
TCGGTA 1B $
Biomarkers Scans TCOEAC and
10 - 15 years
Delivery to Molecular y
the patient profile of tumor
| | |dentification of biomarkers
Testing t_hgraples for personalised therapies
on pre-clinical models
Q; @ Q i FDA: Food and Drug Administration
Potential EMA: European Medicines Agency
Invitro Invivo  In silico Effective therapies Treated cell

Adapted by T Cantore from Shrager, Jeff, and Jay M. Tenenbaum. "Rapid learning for precision oncology." Nature reviews Clinical oncology 11.2 (2014): 109-118.



...but 1t 1s worth

Alpelisib, Avapritinib, Rucaparib, Capmatinib, Brigatinib, Selpercatinib,
PIK3CA, HER2-HR" PDGFRx exon 18, germline/somatic — MET, — ALK, — RET, NSCLC
breast cancer GIST BRCA1/2, NSCLC NSCLC and thyroid cancer
prostate cancer
. fonib ‘ Atezolizumab +
ncorafenib + _ : . .
Olaparib, germline o limab! Ramucirumab + \égwnf{ien?éb b Pralsetinib,  Tepotinib,
BRCA1/2 BRAF-V600E erlotinib, EGFR, ’ RET, MET,
ancreatic cancer ’ NSCLC BRAF-VOOOE/K.  NscLc NSCLC
P Colorecta|ll cancer | melanoma
Erdafitinib, o : : Pemigatinib, Olaparib, _ o o
FGFR2/3, Entrectinib, Niraparib, FGFR2, germline/somatic Pembrolizumab, Pralsetinib, Lorlatinib,
urothelial NTRK, HRD, hepatobiliary = HRRm, TMB, RET, ALK,
cancer solid tumors ovarian cancer cancer prostate cancer solid tumors thyroid cancer NSCLC first-line
|
\ \ | ‘
2019 Dec. Jan. 2020 Dec. Jan. 2021 Apr.
\ - \
Dacomitinib, Talazoparib, Ramucirumab + erlotinib, Brigatinib, Alpelisib, Olaparib, Selpercatinib,
EGFR, germline BRCA1/2, EGFR, ALK, PIK3CA, germline/somatic RET, NSCLC
NSCLC HER2™ breast cancer NSCLC NSCLC first-line HER2-HR" BRCA1/2, and thyroid
breast cancer prostate cancer cancer
Lorlatinib Larotrectinib, Encorafenib + cetuximab, Avapritinib, Pemigatinib,
A‘;_f K}IS’CLC NTRK, BRAF-V600E, PDGFRo FGFR2,
4 auli solid tumors colorectal cancer exon 18, GIST hepatobiliary
second-line P
| | Olaparib, germline Entrectinib,
Previously approved in the United States BRCA"/?’ NT_RK,
pancreatic cancer solid tumors

Delivering precision oncology to patients with cancer, Mateo et al, Nature Medicine 2022
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The origin of DNA sequencing

DNA Sequencing is figuring out the order of DNA nucleotides, or bases (AT
G C), in a genome that make up an organism's DNA.

**GCTACATGCAGATCCse-»

O The original Sanger
. ! . . sequencing method

ddNTP are at low concentrations

to permit elongation of fragments dETAgTE wﬁ ET:;"T: ;"‘;EE (1977)

Base pairs
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dGTP dGTP dCTP ddGTP
dCTP dCTP ddCTP dCTP

= = —
\/ \./ ./ ]
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w SeCGATGTACGTCTA “eCGATGTACGTC w ending in the base
|ssCGATGTACG T l*sCGATGTACGTCTAG -
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i A - -
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Credits to Curtis Huttenhower, https://slideplayer.com/slide/10893306/ 8



The NGS revolution

The Human
Human Complete The Human Microbiome
mitochondrial cell genome Genome Project The Genome PacBio sequencer Project completion
genome sequenced sequenced completed Analyzer launched released reached
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method Genome Project eukaryotic technology Microbiome sequencing

developed launched genome released: Project device released
sequenced 454 GS20 launched
9
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NGS approaches in a nutshell

lllumina - Sequencing by synthesis

| ThR
; ; ; i First chemistry cycle:

i 3 -
i ; §¥ determine first base

: e
; i % ‘ \ ® : To initiate the first
‘0 .. / sequencing cycle, add
1

all four labeled reversible
/ g terminators, primers, and

.lta‘ H DNA polymerase enzyme
to the flow cell.

11 | '.

Al WA 'l bt Before initiating the
d'l| ' # | | Image of first chemistry cycle next chemistry cycle
il mi

o | [

After laser excitation, capture the image The blocked 3' terminus

of emitted fluorescence from each and the fluorophore
| I | cluster on the flow cell. Record the from each incorporated
| identity of the first base for each cluster. base are removed.
Laser

e 2 A A G T
G > ‘ «»‘ - G > . —p GCTGA...
® o ® oG ® o ® o ® &

Sequence read over multiple chemistry cycles

Repeat cycles of sequencing to determine the sequence
of bases in a given fragment a single base at a time.

https://www.researchgate.net/profile/Kamila-Knapik/publication/340535984/figure/fig10/
AS:878431982063629@1586445913332/The-principle-of-lllumina-sequencing-process-A-DNA-is-converted-into-

an-lllumina.png 10



How to get from NGS data to biological interpretation®

Up to 8B read pairs (2x150bp)

ACGTCGATCGATCGATCGATCG
TCGATCGCGCGAGATGGCTGAA

CGAGCTAGCTAGCTGGCTAGAGCT

SASECALLING CAGCGAGCTAGCTAGCATCGAT

————  CGATGCTAGCTAGCTAGCTAGC

m Sequencing produces high-resolution TIFF images

m 100 tiles per lane, 8 lanes per flow cell, 100 cycles

» 4 images (A,G,C,T) per tile per cycle = 320,000 images

s Each TIFF image ~ 7Mb = 2,240,000 Mb of data (2.24TB)

11



How to get from NGS data to biological interpretation?

Single nucleotide variant (SNV
Up to 8B read pairs (2x150bp) ingle nucleotide variant (SNV)

SEQUENCING READ
ACGTCGATCGGTCGATCGATCG

...CGATCGATCGGATCGACGTCGATCGATCGATCGATCGCGATCGATCGATCGG...

CHROMOSOME SEQUENCE
(reference genome)

Human Genome = 3.3B bases

Approximate String Matching with Bounded Edit Distance, where the goal is to find all
(locally) similar substrings of a large reference that align to a given read, allowing for a
limited number of edits.

R is not optimized for low-level memory access or speed.

Genomic-scale alignment is typically done in C/C++ (e.g., BWA, minimap2) due to performance constraints.
12



The role of R In Bioinformatics

Proprietary software

Seqguencing data

Statistical analysis

Invoking C/C++ tools using BASH scripts

Extracting
biological results

Clinical
associlations

Manipulate

Align to genome Find mutations

alignent data

Data visualisation

13



The R Bioinformatics community

BlOCOﬂdUCtOI’ About Learn Packages Developers Q, Search C Get Started >>
Home > BiocViews
Bioconductor version 3.21 (Release) Bioconductor uses the R statistical programming language,
and Is open source and open development. It has two
(Go to 3.22 (Devel) >> releases each year, and an active user community.

Find biocViews:

Software (2341)

AnnotationData (928)
ExperimentData (432)

Workflow (30)




Visualising the Genome: an example

101 prostate
cancer patients

nnARnAAT

ADT

Metastatic
Castration Resistant
Prostate Cancer

SEQUENCING

Quigley et al., 2018, Cell
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Showing frequencies of mutations of an entire cohort across the entire genome

15



From Overview to Detall

>
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AR = androgen receptor. Gene involved in prostate cancer
Quigley et al., 2018, Cell 16



From Overview to Detall

CONS:
-graphical interface

-slow
-graphical customisation
-JAVA!

G A TTTATATTU CTU GCTGTTAATCAG

A A G G A
- VhM. hn, Mim, "in. "
L Y S L L T 3 G
BRCA2

D

Screenshot from IGV, a Java based alignment visualisation tool

Quigley et al., 2018, Cell
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Long Range Interactions (physical

LAMINS

NUCLEAR
LOCUS | BODIEE

DYNAMICS ‘ |
IR - 3
W) VS
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ENHANCER / F’RDMDTER/
INTERACTIONS

https://4dnucleome.org/

HiC assay

B
Chromosome 21
da BN
200 70
C D P

CTCF
H3K27ac
acdinshsneddond ke b o losmmibbosinsishin a lock ik ot n o
MIR4759 LINC00314 LINC00161 MIR4759 MIR4759
28 Mb chr21 30.3 Mb 28150 Kb  chr21  29,150Kb  28,150Kb  chr21 29,150 Kb
plotgardener
https://phanstiellab.github.io/plotgardener/ ‘
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Long Range Interactions (functional)

T. Fedrizzi, Y. Ciani, F. Lorenzin et al.

MSI status
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Long Range Interactions (functional)

circlize implements and enhances circular visualization in R
Bioinformatics, 2014

Luguang Gu

https://jokergoo.github.io/circlize_book/book/index.html

circos.initializeWithIdeogram()
circos.genomicLink(bedl, bed2)

/

bedl

chr start end valuel
chré 102324459 147617643 -0.50418830
chrl? 65167455 /7619820 -0.10264963
chrll 13366995 32331617 0.42482152
chr8 93343457 96256710 0.65620649

oo, 4 literature gene chri6 64403195 65047798 0.04966380

pairs recapitulated 50

Fedrizzi et al., CSBJ 2021 by FAME



Summarising Entire Cohorts

~4800 patients

asP Ethnicity Cancer subtype
a1 - | Sichne
! L L &= ubtype
High asP EAE::\S | ,/74:?_—42:%‘\ “’\ =g£we:2;
] \ y A | © ype
Gender EUR ,/ = —“— “ | i N /| TS A NS Il Subtype 4
Female . o\ | SR Y b NG I Subtype 5
Male Iy B/

MSI status
MSS

SNV burden

= Genomic burden
MSI status

Cancer subtype
Age
Ethnicity

Sex

circlize implements and enhances circular visualization in R
Bioinformatics, 2014

Luguang Gu

https://jokergoo.github.io/circlize_book/book/index.html
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Summarising Entire Cohorts

~4800 patients

asP Ethnicity Cancer subtype
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Highlighting mutual exclusivity
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Summarising Entire Cohorts

Based on the ComplexHeatmap package

OncoPrint for TCGA Lung Adenocarcinoma, genes in Ras Raf MEK JNK signalling
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From Overview to Detall
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Focusing on single
Gene structure [N | 3/“ !
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Based on packages:

ggplot2
ggrepel
Gviz
seqvisr
GenomicAlignments

Designed by llaria Cherchi,
PhD student

Unpublished data
do not post
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Conclusions

- Bioinformatics have high requirements in terms of visualisation. Starting from huge amounts of data,
we need to show broad overview of results but also precise details.

- DNAis a 1D entity of 3.3B points. At the same time it's a dynamic 3D physical object. Each DNA base
IS Interesting on its own but also In relationship with the others.

- R provides access to visualisation packages that are pivotal for our comprehension of biology and for
the dissemination of our results.

Visualisation packages used in this presentation:
ggplot2, ComplexHeatmap, Circlize, patchwork, Gviz, ggrepel, seqvisr, GenomicAlignments
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