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Radiotherapy (RT) plays a crucial role in breast cancer treatment
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| Radiotherapy has been shown
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50% |

of patients diagnosed with cancer will to decrease localrecurrence

receive some form of radiation therapy. and to have a beneficial effect
on survival.

Delaney G et al., Cancer (2005)
Adapted from a slide kindly shared by Ester Aguado.

McGale et al., The Lancet (2014)



Radiation-induced side effects

Breast Cancer

Secondary malignancies

Breast, lung and oesophagueal
cancers

.+ Skinside effects
=0 Fibrosis, telangiectasia, skin
atrophy and hyperpigmentation

Cardiac complications

Adapted from a slide kindly shared by Ester Aguado.



Germline genomic predictors of radiotherapy-induced side effects
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Radiobiologic Processes in Normal
Tissue.

Citrin and Timmerman. Effects of Radiotherapy
in Normal Tissue. N Engl ) Med. 2026 Mar
5,394(10):996-1009. doi:
10.1056/NEJMra2506017. PMID: 41780002.
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A few known rare radiation sensitivity-related clinical syndromes due to
pathogenic variants in genes with essential roles in radiation response

Table 1 Known rare syndromes associated with sensitivity to radiation

Syndrome Mutated gene(s) Associated with

Ataxia telangiectasia ATM Clinical and cellular radiosensitivity, cancer
preclisl:rosition23

Ataxia telangiectasia-like disorder MRE]11 Cellular racliosr:znsiti\ritym

Cornelia de Lange syndrome SMCLIA Variable radiosensitivity, cellular radiosensitivity in G2,
chromosome instability”’

Cowden syndrome PTEN One report of severe toxicity in a patient with breast cancer
with a heterozygous nonsense mutation at K322

Fanconi anemia Numerous genes Cellular and clinical sensitivity in some™’~°

Gorlin syndrome (nevoid basal PTCH1 Cellular radiosensitivity in patients with severe PATCHED1

cell carcinoma syndrome) protein deficiency, cancer predisposition, risk of second

malignancy” "

Li-Fraumeni syndrome TP53 Risk of second malignancy”’

Ligase IV syndrome LIG4 Clinical and cellular mdiosensitivityn“

Neurofibromatosis type 1 NF1I Risk of second malignancy'W

Nijmegen breakage syndrome NBN Clinical and cellular radiosensitivity, cancer
predisposition ™

Nijmegen breakage syndrome—like syndrome  RADS50 Cellular radiosensitivity

Radiosensitive SCID DCLREIC SCID associated with NHE] defects, cellular

(Artemis), PRKDC radil:rsensiti\fity3 :

Retinoblastoma RBI1 Moderately radiosensitive with increased chromosomal G2
radiosensitivity, risk of second malignancy”’*

RIDDLE syndrome RNF168 Cellular radiosensitivity "’

Abbreviations: NHEJ = non-homologous end joining; SCID = severe combined immunodeficiency.

Bergom et al., 2019 Int J Radiation Oncol Biol Phys, https://doi.org/10.1016/1.1jr0bp.2019.07.026
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Manolio et al., Finding the missing heritability of complex diseases. Nature. 2009 Oct
8;461(7265):747-53. doi: 10.1038/nature08494. PMID: 19812666
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Precision Radiotherapy Through
Germline Genetic Predictors of
Radiation Response

DA
—




The search for predictive biomarkers of radiotherapy side effects

Biomarkers —

Fibroblasts
Lymphocytes

SNPs
GWAS

Gene expression
Non-coding RNAs

Still, there is not yet an
optimisation of RT based on
genomic, transcriptomic or cell
markers in standard practice due
to a lack of clinical validation of
candidate biomarkers.



Genomic variants: single-nucleotide variants (SNVs)

and single-nucleotide polymorphisms (SNPs)



A genome is the complete set of DNA instructions found in
every cell needed for an individual to develop and function
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%‘ Deoxyribonucleic acid (DNA)
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GCCGACGTTGTCCTAGTCGTAGTGTTGTCCTAGT

CGGCTGCAACAGGATCAGCATCACAACAGGATCA

https://www.genome.gov/about-genomics/educational-resources/fact-sheets/human-genomic-

variation



A person’s genome consists of 23 pairs of chromosomes. One copy of
each chromosome is inherited from each parent.
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Single-nucleotide variants (SNVs) are differences of one nucleotide at a
specific location in the genome

SNV

Person 1

Maternal CGATATTCCIATCGAATGTC

VIV CCATATTCCHATCGAATETC I VI”

Paternal

Person 2

Maternal CGATATTCCATCGAATGTC
Person 3

Maternal ATATT TAT AAT T

https://www.genome.gov/about-genomics/educational-resources/fact-sheets/human-genomic-
variation



To be considered a single-nucleotide polymorphism (SNP), a SNV must

be present in at least 1% of the human population

o Welcome to the Reference SNP (rs) Report
All alleles are reported in the Forward orientation. Click on the Variant Details tab for details on Genomic Placement, Gene, and

Amino Acid changes. HGVS names are in the HGVS tab.

Reference SNP (rs) Report

The T variant of rs77311050 associated with Lpowncad 13 @ o

Induration grade = 2 in REQUITE breast cancer ,
Current Build 157

rs77311050 patients is present in about 5% of the Released September 3, 2024

Organism Homo sapiens popu l%ﬁrligill?signiﬁcance Not Reported in ClinVar
Position chr1:116203992 (GRCh38.p14) @ Gene : Consequence None
Alleles C>A/C>T Publications 0 citations
Variation Type SNV Single Nucleotide Variation Genomic View Seerson genome
Frequency T=0.048128 (12739/264690, TOPMED)
T=0.048446 (7227/149176, GnomAD_genomes)
T=0.02798 (2202/78702, PAGE_STUDY) {+ 14
2
more} +]
2
2

https://www.ncbi.nlm.nih.gov/snp/rs77311050

rs77311050 association in Jandu et al., Genome-wide association study of treatment-related toxicity two
years following radiotherapy for breast cancer. Radiother Oncol. 2023. PMID: 37437607.



Any two peoples’ genomes are, on average, ~99.6% identical and ~0.4%

different "
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https://www.genome.gov/Health/Genomics-and-Medicine/Polygenic-risk-
ccore




Single-gene diseases

Cystic fibrosis
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Complex diseases

Coronary artery disease
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Genome wide association studies (GWAS)
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GWAS

cases controls
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https://www.ebi.ac.uk/training/online/courses/human-genetic-variation-introduction/types-of-genetic-variation-studies/genome-wide-association-studies/
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GWAS: genome wide association studies

Genome-wide association studies (GWAS) estimate the effect
size of individual genetic variants associated with a phenotype
or disease.

Results
variant rs616488 A>G

risk allele A

p-value  P-val=5 x 1020
effect size B or OR=1,06

Significance threshold after Bonferroni correction for multiple testing: 5 x 1078

Adapted from a slide kindly shared by Laura Duran.



Graphical GWAS outcome
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Adapted from a slide kindly shared by Laura Duran.

Significance threshold
after Bonferroni
correction for multiple
testing: 5 x 1078



GWAS Summary statistics:

SNP SNP chr SNP pos

1:900730_G_A 1 900730
1:846808_C_T 1 846808
1:846078_C_T 1 846078
1:846864 G_C 1 846864
1:901023_T_C 1 901023
1:845635 C_T 1 845635
1:853239_ A G 1 853239
1:848456_A G 1 848456

Adapted from a slide kindly shared by Laura Duran.
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MAF

0.1070

0.1980

0.1900

0.1970

0.0635

0.1880

0.1970

0.2050

Beta

-0.5229

1.1701

1.2671

1.1873

0.3909

-0.5095

-0.8584

-0.6497

SE

0.0598

0.0424

0.0340

0.0327

0.0677

0.0445

0.0435

0.0431

P

2.31e-18

7.41e-168

3.88e-304

4.09e-288

7.96e-9

2.3%9e-30

1.48e-86

2.90e-51



https://www.ebi.ac.uk/gwas/
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Diagram Submit Download

@ GWAS Catalog

, GWAS Catalog i P E.
The NHGRI-EBI Catalog of human genome-wide association studies
Q

Search the catalog
Examples: Parkinson disease, rs3093017, Yao, 2q37.2, HBS1L, 6:167120000-167130000, GCST90132222, PMID:35241825

Are you accessing the GWAS catalog programmatically? The newly designed REST API v2.0 is here!
Find out more in our blog post.

Lk Summary statistics = Submit

Submit summary statistics to GWAS Catalog.

. Download

Download a full copy of the GWAS Catalog in
spreadsheet format as well as current and older
versions of the GWAS diagram in SVG format.

Documentation and access to full summary statistics for
GWAS Catalog studies where available.
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A genome-wide association study of
radiotherapy induced toxicity in head and
neck cancer patients identifies a
susceptibility locus associated with
mucositis

Line M. H. Schack &, Elnaz Naderi, Laura Fachal, Leila Dorling, Craig Luccarini, Alison

M. Dunning, The Head and Neck Group of the Radiogenomics Consortium, The Danish
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Original Article

Genome-wide association study of treatment-
related toxicity two years following
radiotherapy for breast cancer
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Genetic determinants of fatigue up to2
years after radiotherapy in prostate cancer
patients
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Christian Nicolaj Andreassen & Jan Alsner

British Journal of Cancer 126, 1082-1090 (2022) | Cite this article

Philipp Heumann, Miguel E. Aguado-Barrera, Harkeran K. Jandu, David Azria, Erik




What is a Polygenic Risk Score (PRS)?

 APRS is a weighted combination of multiple common genetic
variants, each contributing modestly to an individual's risk of a
trait, disease, or treatment response



Estimation of the polygenic risk score (PRS)

A PRS is a weighted combination of multiple common
genetic variants, each contributing modestly to an
individual's risk of a trait, disease, or treatment response

PRS=x; + BoX, +...+ BiX, + BpX,

Bk = (risk coefficient) of SNP k
X = carried by the individual at SNP k (0, 1, or 2)
n = number of SNPs included in the PRS



From GWAS to PRS: Development Steps

* Genetic association study (GWAS) for the phenotype of interest > generates

summary statistics (list of variants, p-values of association, and effect sizes/weights
for each variant)

* Model development: construction of the PRS using clearly defined methodologies
(e.g., LASSO regression, LDpred)

* Validation: confirmation of PRS association and calibration with the phenotype in an
independent cohort

* (Potential) integration into a multivariable risk model combining genetic and non-
genetic factors

* Model evaluation: assessment of predictive performance (e.g., discrimination,
calibration, and clinical utility)

PRS Risk Model Risk Model Risk Model
Distribution Calibration Discrimination Predictive Ability
1.007 304 High PRS
1 20754 =
4 s £ 20
g »” » 0504 =
+' 3 & 104
1 w0254
- - - — (UL LA —— 0l— = Lo s
-25 00 25 0.00 0.05 0.10 0.15 0.20 1.00 0.75 0.50 025 0.00 0 20 40 60 80

Standardised PRS Predicted Risk Specificity Age
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Stage

Discovery

Biology

Risk Stratification

Clinical Use

What GWAS/PRS can tell
us

Variants statistically
associated with a trait,
disease, or treatment
outcome

Candidate genes, loci, and
pathways for investigation

Relative genetic risk
compared with others

One component of a
broader prediction model

https://WW\l\l.scl TVHIG.5UV/ T IGAWLII/VGITHTIVIHTTTLVOTAINTUTITIGUIVHTIG/ 1T VIYSGIHTTUVTTIONT

ccore

What they cannot tell us
by themselves

Whether the variant is
causal

The underlying molecular
mechanism without
functional validation

Certainty of
disease/toxicity, absolute
risk, or timing of
onset/progression

Clinical decisions without
integration of other genetic,
clinical, and environmental
factors



Wrap-up

GWAS and PRS are powerful tools for risk
stratification and biological discovery, but they
Identify associations rather than causation. Their
clinical value depends on functional validation and
Integration with clinical and environmental
Information.
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Tutorial: a guide to performing polygenic risk
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VYP4: Genomic Markers

ptetris

Risk assessment Tools for severe side Effects after breasT Radiotherapy:
radiation safety through biological extended models and d/gital twinS

- trans o oo EU Grrant Agreement n. 101166699




Objectives

WP4 aims at:

* Estimating genetic markers to be included 1n the risk
scores developed in WP2 and 1n the CE-marked software
tool (WP6).

* The same biomarkers will also be considered 1n
prototyping digital twins (WP7).

“iistetris
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GENOMIC
MARKERS

Germline variation:

Polygenic risk score

(PRS)

Somatic variation:

Clonal hematopoiesis
of indeterminate

potential (CHIP)




Workflow for developing PRS

» Part I: Processing of REQUITE Breast Cancer
Variants

1) Starting variants ~ 600,000 SNPs,
Oncoarray

2) Imputation ~ 60 million SNPs

» Part Il: Selection of the published SNP
weights

1) Traits of Interest were selected
2) Review of performance scores
3) Review of study design of publication

» Part lll: Compute PRS score using PLINK 2.0

e N

REQUITE BREAST CANCER COHORT

=jhie =ji)e =J)e
=jie =)o =Ji)e
=jie =Jie =Jje

Sample Size: ~2,000 Breast Cancer Cases

(500,000 SNPs)

v

Quality Control
R? >8.3, Missingness,Relatedness
Biological sex check

A \
TOPMed Imputation

Minimac4

(68 million SNPs)
J

¥

.

Polygenic Risk Score (PRS) Catalog

L\

Pre-computed SNP weights for traits that predisposed
to secondary complications

Pulmonary

M

Cancer
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v

High-performance PRS score
AUC > .60

<

External Validation
Independent Cohort

7~

%

A

Genetic Risk Profiling via PLINK 2.0

/i

Trait-specific PRS in REQUITE computed with PLINK
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J

TETRIS - Risk assessment tools for severe side effects after breast radiotherapy: radiation safety through biological extended models and digital twins

EU Grant Agreement n. 101166699
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Baseline patient phenotypes for PRS development: 21 baseline
traits that may predispose to late radiotherapy complications

r 3

Pulmonary Asthma
I Chronic obstructice pulmonary disease (COPD)
‘ . Idiopathic pulmonary fibrosis
Pneumonitis

Hear Heart failure
3 Stroke (vascular disease)
Venous thromboembolism (vascular disease)

Angeina pectoris

Atrial fibrillation
Hypertension
Myocardial infarction
Coronary artery disease
Dilated cardiomyopathy

Cancer Breast cancinoma
s Lymphoid Leukemia
< Non-hodgkins lymphoma

Thyroid cancer

Esophageal adenocarcinoma
Cutaneous Melanoma

Lung carcinoma

Sarcoma

29/06/2026




PGS catalog

'H PGS Catalog | Home | Browse ~ | Downloads ~ | Documentation ~ Q

= breast cancer, glaucoma, BMI, EFO 0001645

Score Details

Score Construction PGS Source

PGS Name PRS313_BC PGS Catalog Publication (PGP) 1D PGP0O00002

e Citation (link to publication) Mavaddat N et al Am J Hum Genet (2018) &2

Name Hard-Thresholding Stepwise Forward Regression

Parameters p < 10°-5 Ancestry Distribution €@
Variants Source of Variant B European: 100%
Associations (GWAS) (5 ] 2, 158,648 individuals (100%)

Original Genome Build GRCh37

Score Development/Training @ B European: 100%
Number of Varianis 313

2 10,444 individuals {100%)

Effect Weight Type @ NR PGS Evaluation @ &Y B European: 74.6%
Multi-ancestry (including European): 6.8% @
African: 5.1%

Additional Asian Ancestries: 5.1%
Mot Reported: 3.4%

Hispanic or Latin American: 1.7%
East Asian: 1.7%

59 Sample Sets

https://www.pgscatalog.org/score/PGS000004/



[]

21 baseline traits that may predispose to late radiotherapy complications

Scoring file Number of variants Match % Total matched Totalunmatched

PGS000004_hmPOS_GRCh37
PGS000013_hmPOS_GRCh37
PGS000016_hmPOS_GRCh37
PGS000703_hmPOS_GRCh37
PGS000706_hmPOS_GRCh37
PGS000710_hmPOS_GRCh37
PGS000788_hmPOS_GRCh37
PGS000791_hmPOS_GRCh37
PGS000797_hmPOS_GRCh37
PGS001784_hmPOS_GRCh37
PGS001787_hmPOS_GRCh37
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75

19

12
911440
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910439
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672
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99.5
99.4
90.1
90.1
90.1
90.7
84.2
75
99.9
99.9
99.9
99.9
99.9
99.9
99.9
97.5
95.4
82
100
99.9
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68

16

9
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21 baseline traits that may predispose to late radiotherapy complications

[]
PGS000013_hmPOS_GRCh38 (adjusted distributions)

SUM Z_MostSimilarPop Z_norm1 Z _norm2 Coronary artery disease
5-
0.4 A
0.4 0.4+
4 \
0.3 \
0.3 1 0.3+
3-
> sampleset
% reference
0.2 1
O 0.2~ 0.2+ REQUITE
2_
01 - 01 = 01 -
1 -
16.8 17.0 17.2 2 0 2 2 0 2 2 0 2
PGS
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Inputs
Phenotypes Covariates Polygenic risk score (PRS)
|:] CAD Age | Sex | PC1 .. | PCi0 | PRS1 _ PRS2 .. _ PRSm
1 35 | Mae = 02 | |01 13 | 03 | .. | -0.2
0 40 | Female @ -01 | 03 14 = 02 . -04
1 50 | Male = 02 we | =02 | 03 = 12 .07
) 45  Female 02 .. | o4 08 14 .. 15

& Methods )

O n g O i n g a n d fu t u re Wo rk PRSmix: Trait-specific combination

YCAD = 01PR51(;,“) + agPRSZ(;AD + 03PRS3(:AD + ... + Covariates

PRSmix*: Cross-trait combination
Yeap = mPRScap + 12PRSgmi + 13PRSLipias + ... + Covariates

PRS . l

_4

Outputs
Combined PRS Improvements and Applications
Leveraging pleiotropic effects
Prediction accuracy
ll III Transferability across ancestries
A.lll 'll._
Clinical utility

Truong et al Integrative polygenic risk score improves the
prediction accuracy of complex traits and diseases. Cell Genom. \_ _h
2024. PMID: 38508198
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Ongoing and future work
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