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Variations in risk normal tissue toxicity

More sensitive More resistant

Within normal range (not over-reactors)



Background

Photon field
without bolus

”Scar” photon
field with bolus

Chest wall
electron field

• Aarhus post-mastectomy cohort
• 319 patients treated '78-'82
• Fibroblasts from 41 patients
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Conclusions

No correlation between early and
late radiation reactions

No correlation between different
late radiation reactions

But, risk of late reaction in one field 
correlates with risk of same damage 

in another field
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So ...

There seems to be a patient
specific factor

This factor seems to be
end-point specific



Predicting normal tissue toxicity

Alsner et al. (2008) Seminars in Radiation Oncology 18:126-135
April 2008 Issue: Prognostic and Predictive Markers in Oncology



Predicting normal tissue toxicity

• Candidate gene versus whole-genome association 
studies

• Methodological problems
• Quantitative complex traits and endpoints
• Clinical versus biological phenotypes
• Tagging SNPs versus functional variants
• Genetic haplotypes
• Confounding factors

• Intermediate versus clinical phenotypes
• Differential gene expression between patients 

with either low or high risk of radiation-
induced fibrosis in patient-derived fibroblasts 
after irradiation



Genetic association studies
First author, 
year  

Gene(s) investigated N= Conclusion 

Ahn, 
2006  

CAT, SOD2, MPO, eNOS 446 No significant associations with acute skin toxicity. Association between obesity and 
skin toxicity possibly modified by MPO and eNOS SNPs 

Ambrosone, 
2006  

GSTA1, GSTP1, GSTM1, GSTT1 446 GSTP1 codon 105 Val allele significantly associated with increased risk of acute skin 
toxicity 

Andreassen, 
2003 

TGFB1, SOD2, XRCC1, XRCC3, APEX 41 Risk of subcutaneous fibrosis significantly associated with the TGFB1 position -509 T 
and codon 10 Pro alleles, SOD2 codon 16 Ala and XRCC1 codon 399 Arg alleles. 
XRCC3 codon 241 Thr allele associated with risk of subcutaneous fibrosis and 
telangiectasia 

Andreassen, 
2005   

TGFB1, SOD2, XRCC1, XRCC3, APEX, 
ATM 

52 Risk of altered breast appearance significantly associated with the position –509 T and 
codon 10 Pro alleles in 26 matched case-control pairs 

Andreassen, 
2006 

ATM 41 Risk of subcutaneous fibrosis significantly associated with the codon 1883 Asp/Asn and 
Asn/Asn genotypes 

Andreassen, 
2006 

TGFB1, SOD2, XRCC1, XRCC3, APEX, 
ATM 

120 No significant associations between the investigated SNPs and risk of radiation-induced 
subcutaneous fibrosis 

Angele, 
2003 

ATM 254 Significant association between the codon 1853 Asn/Asn genotype and risk of various 
acute and late adverse normal tissue reactions, intronic IVS22-77 CC genotype 
associated with reduced risk 

Appleby, 
1997 

ATM 23 No ATM mutations detected in 23 patients with severe acute or late toxicity 

Borgmann, 
2002 

ATM, NBS, MRE11, RAD50, DNA ligase IV 5 No mutations detected in five patients with severe late toxicity, possible DNA ligase IV 
polymorphism detected in one patient 

Brem, 
2006 

XRCC1 247 Haplotype consisting of majority alleles in 4 polymorphic sites associated with 
increased radiosensitivity (mixed endpoint) 

Bremer, 
2003 

ATM 10 No indications of increased acute or late radio-sensitivity in 10 patients being 
heterozygous for pathogenic ATM mutations 

Cesaretti, 
2005 

ATM 37 Possession of missense mutations significantly associated with radiation-induced rectal 
bleeding and erectile dysfunction 

Cesaretti, 
2007 

ATM 108 Possession of genetic variants significantly associated with radiation-induced rectal 
bleeding 

Chang-
Claude, 
2005

XRCC1, APEX, XPD 446 XRCC1 codon 399 Gln allele in combination with APEX codon 148 Glu allele 
significantly associated with reduced risk of acute skin reactions in a sub group of 104 

i (8 d 96 l )

List of 40 association studies

(before summer 2007)

Alsner et al. (2008) Seminars in Radiation Oncology 18:126-135



Whole genome association studies

• Stage design
Stage 1
>225,000 SNPs
~400 cases
~400 controls

Stage 2
>10,000 SNPs
~4,000 cases
~4,000 controls

Stage 3
30 SNPs
~22,000 cases
~22,000 controls



Whole genome association studies

• Direct design

>500,000 SNPs



Quantitative complex traits

• A biological trait that has measurable phenotypic 
variation

• Genetic basis often involves the effect of several 
genes
• Some affect the phenotype in an almost 

qualitative "all-or-none" way
• Usually each causal gene only makes a small 

contribution to overall susceptibility
• Quantitative complex traits are often under 

environmental influences



Endpoints

• Most common diseases + risk of radiation-induced 
morbidity: quantitative complex traits

• Binary phenotypes
(like disease occurrence "yes or no")

• Complex phenotypes (radiation-induced morbidity) 
• Severity and the time factor (late effects)
• Clinical versus biological phenotypes
• Confounding factors
• Genotype-phenotype associations



Clinical versus biological phenotypes

• Presumably, differences exist between the genetic 
component of various types of radiation-induced 
morbidity in unselected patients
• Example: Data from the Aarhus post-

mastectomy cohort
• Even if the same overall endpoint is evaluated, 

clinically defined phenotypes might represent a 
different underlying molecular pathology
• Example: alterations in breast appearance 

after irradiation and late radiation morbidity 
assessed by palpation of subcutaneous 
induration might not reflect exactly the same 
biological mechanisms



Confounding factors

• Potential confounding factors are differences in
• radiation dose and type
• target volume
• target dose specification (especially when at a 

variable depth like tumor location)
• overall treatment time
• fractionation
• concomitant chemotherapy
• juxtaposed skin surfaces
• immobilizing and dose-modifying device
• comorbidity (e.g. connective tissue diseases)



Genotype-phenotype associations

• Understanding the biological function of 
genotype-phenotype associations
• Tagging SNPs versus functional variants
• Genetic haplotypes



Haplotypes



Haplotypes

Position -509 Codon 10 Codon 25

C/T Leu/Pro Arg/Pro

TGFβ1 ?



SNP association studies



Endophenotypes (Intermediate)

• The concept of dividing a clinical phenotype 
(quantitative complex trait) into more stable 
phenotypes which
• correlate with the clinical phenotype 
• associate more closely with genetic variants
• may be portrayed by gene/protein expression  

patterns 
• may be applicable to pathway analysis



GENOTYPE

INTERMEDIATE PHENOTYPES

CLINICAL PHENOTYPE

mRNA

gene

mRNA

gene

mRNA

gene

Cell-cell interactionsCell-cell interactions

Extracellular matrix
remodelling
Extracellular matrix
remodelling

DifferentiationDifferentiation

Clonogenic cell survival

?

Clonogenic cell survival

?

Vascular damageVascular damage

Chromosome abberationsChromosome abberations DNA repairDNA repair

ROS scavengingROS scavengingCytokine secretionCytokine secretion

miRNA

miRNA gene

SNPs, CNVs, and other types of sequence variation

Various normal tissue damage endpoints



Irradiated fibroblasts

Photon field
without bolus

”Scar” photon
field with bolus

Chest wall
electron field

• Aarhus post-mastectomy cohort
• 319 patients treated '78-'82
• Fibroblasts from 41 patients



HSPB2
COL3A1
IGFBP4
FBLN1
FBLN2
COL15A1
TGFBR3
CDKN1A
DKFZp564I1
IL1R1
CXCL12
LUM
C1S
CYP1B1
PAPPA
TNFRSF18
TP53INP1
TNFRSF9
WISP2
CXCL12
C1R
GPX4
SOD3
DDB2
SOD2
PLK2
COL5A1
KLF4
RGS2
MDM2
MMP3
MMP16
TUBA2
POLR2G
TOP2A
LTBP1
LMNB2
H2AX
TUBA1
CDKN3
PLK1
STK6
CCNA2
UBE2C
UBE2G1
CKAP2
TMPO
CDK8
MCM4
CKS2
SMC4L1
MT1B
MT1X
MT1G
MT1F
MT1H
TFPI2
CTGF
TNFRSF12A
RARG
ITGA2
IGFBP2
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Before radiation Fractionated ionizing radiation

heat shock 27kDa protein 2
collagen, type III, alpha 1
insulin-like growth factor binding protein 4
fibulin 1
fibulin 2
collagen, type XV, alpha 1
transforming growth factor, beta receptor III 
cyclin-dependent kinase inhibitor 1A
adlican
interleukin 1 receptor, type I
stromal cell-derived factor 1
lumican
complement component 1, s subcomponent
cytochrome P450, family 1, subfamily B, polypeptide 1
pregnancy-associated plasma protein A
tumor necrosis factor receptor superfamily member 18
tumor protein p53 inducible nuclear protein 1
tumor necrosis factor receptor superfamily member 9
WNT1 inducible signaling pathway 2
chemokine (C-X-C motif) ligand 12
complement component 1, r subcomponent
glutathione peroxidase 4 (phospholipid hydroperoxidase)
superoxide dismutase 3, extracellular
damage-specific DNA binding protein 2, 48kDa
superoxide dismutase 2, mitochondrial
polo-like kinase 2
collagen, type V, alpha 1
Kruppel-like factor 4
regulator of G-protein signalling
Murine double minute 2
matrix metalloproteinase 3 
matrix metalloproteinase 16 (membrane-inserted)
tubulin, alpha2 
polymerase (RNA) II (DNA directed) polypeptide G
topoisomerase (DNA) II alpha 170kDa
latent transforming growth factor beta binding protein 1
lamin B2
H2A histone family, member X
tubulin, alpha 1 
CDK inhibitor 3
polo-like kinase (Drosophila)
serine/threonine kinase 6
cyclin A2
ubiquitin-conjugating enzyme E2C
ubiquitin-conjugating enzyme E2G 1
cytoskeleton associated protein 2
thymopoietin
cyclin-dependent kinase 8
MCM4 minichromosome maintenance deficient 4 (S. cerevisiae)
CDC28 protein kinase regulatory subunit 2
SMC4 structural maintenance of chromosomes 4-like 1 (yeast)
metallothionein 1B
metallothionein 1X
metallothionein 1G
metallothionein 1F
metallothionein 1H
tissue factor pathway inhibitor 2
connective tissue growth factor
tumor necrosis factor receptor superfamily, member 12A
retinoic acid receptor gamma
integrin, alpha 2
insulin-like growth factor binding protein 2

Genome-wide approach

Rødningen et al (2005) Radiother Oncol 77:231–240

Control 3x3.5Gy/2days

Selection of genes
(total: 225)
SAM analysis

Up > 2 fold
by irradiation

Down > 2 fold
by irradiation



ATM

DNA
damage

G1 S
G2 M

p53

ECM
remodelling

RADIATION

Free 
radicals

Cell cycle
arrest

Stress
responses

ROS
scavenging

DNA
repair

Wnt
signalling

IGF
signalling

TP53INP (1,2,3)
CDKN1A (1,2,3)

PLK1 (2,3)
TOP2A (2,3)

CCNA2 (2,3)

DDB2 (2,3)
H2AX (2,3)

MDM2 (3)

WISP2 (2,3)
COL3A1, COL5A1,
COL15A1 (3)
FBLN1, FBLN2 (3)
adlican (3)
LUM (3)
FN1 (1)
CTGF (3)
LTBP1 (2,3)
LMNB2 (2,3)
MMP3 (3)
MMP16 (3)

PLK3 (1)

FZD7 (1)
RGS2 (1,3)
RGS4 (1)
WISP2 (2,3)
KREMEN2 (2)

IGFBP2 (1)
IGFBP2 (3)
IGFBP4 (3)
IGFBP5 (1)
C1S (2,3)
C1R (3)
PAPPA (2,3)

SOD2 (2,3)
SOD3 (3)
GPX4 (3)
CYP1B1 (2,3)
MT1B, 1F,
1G, 1H, 1X (3)

1) 1 x 3.5 Gy; 2 h   2) 1 x 3.5 Gy; 24 h   3) 3 x 3.5 Gy / 2 days; 2 h

Rødningen et al (2005) Radiother Oncol 77:231–240
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Fold difference relative to geometric mean expression

0.35
0.50
0.71
1.00
1.41
2.0 0
2.83
4.00

0.25

 MT1H - Metallothionein 1H
 MT1G - Metallothionein 1G
 MT1M - Metallothionein 1M
 MT1X - Metallothionein 1X
 MT1F - Metallothionein 1F (functional)
 ANKH - Ankylosis, progressive homolog (mouse)
 NP - Nucleoside phosphorylase
 PPP1R1A - Protein phosphatase 1, regulatory (inhibitor) subunit 1A
 COTL1 - Coactosin-like 1 (Dictyostelium)
 DCBLD2 - Discoidin, CUB and LCCL domain containing 2
 MAD2L1 - MAD2 mitotic arrest deficient-like 1 (yeast)
 SPRY4 - Sprouty homolog 4 (Drosophila)
 ENPP1 - Ectonucleotide pyrophosphatase/phosphodiesterase 1
 CCND2 - Cyclin D2
 RIS1 - Ras-induced senescence 1
 KRR1 - Small subunit (SSU) processome component, homolog (yeast)
 NET1 - Neuroepithelial cell transforming gene 1
 NPTX1 - Neuronal pentraxin I
 EPB41L1 - Erythrocyte membrane protein band 4.1-like 1
 CDC6 - Cell division cycle 6 homolog (S. cerevisiae)
 BUB1 - Budding uninhibited by benzimidazoles 1 homolog (yeast)
 DEGS1 - Degenerative spermatocyte homolog, lipid desaturase (Drosophila)
 IGFBP5 - Insulin-like growth factor binding protein 5
 RPL36 - Ribosomal protein L36
 UBE2C - Ubiquitin-conjugating enzyme E2C
ZDHHC5/MFGE8 - Zinc finger, DHHC domain containing 5 or Milk fat globule-EGF factor 8 pro
 SOD2 - Superoxide dismutase 2, mitochondrial
 MAFB - v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian)
 FBLN2 - Fibulin 2
 CDON - Cell adhesion molecule-related/down-regulated by oncogenes
 LRIG3 - Leucine-rich repeats and immunoglobulin-like domains 3
 TM4SF10 - Transmembrane protein 47
 WISP2 - WNT1 inducible signaling pathway protein 2
 FABP3 - Fatty acid binding protein 3, muscle and heart (mammary-derived growth inhibitor)
 SWAP70 - SWAP-70 protein
 FHL1 - Four and a half LIM domains 1
 SOD3 - Superoxide dismutase 3, extracellular
 C1S - Complement component 1, s subcomponent
 LUM - Lumican
 MXRA5 - Matrix-remodelling associated 5 (adlican)
 ARID5B - AT rich interactive domain 5B (MRF1-like)
 NF1 - Neurofibromin 1
 CXCL12 - Chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
 MFAP4 - Microfibrillar-associated protein 4
 PPAP2B - Phosphatidic acid phosphatase type 2B
 TMSB10 - Thymosin, beta 10
 SLC1A3 - Solute carrier family 1 (glial high affinity glutamate transporter), member 3
 F10 - Coagulation factor X
 PLEKHQ1 - Pleckstrin homology domain containing, family Q member 1
 FAT4 - FAT tumor suppressor homolog 4 (Drosophila)
 IL8 - Interleukin 8
 LAMA2 - Laminin, alpha 2 (merosin, congenital muscular dystrophy)
 GSTM5 - Glutathione S-transferase M5
 GSTA3 - Glutathione S-transferase A3
 CRYAB - Crystallin, alpha B
 PLAG1 - Pleiomorphic adenoma gene-like 1
 ALP1 - Alkaline phosphatase, intestinal
 STEAP2 - Six transmembrane epithelial antigen of the prostate 2
 PLCD1 - Phospholipase C, delta 1
 HMGN4 - High mobility group nucleosomal binding domain 4

Genome-wide approach
RIF Sensitive RIF Resistant

Less down-regulated
in resistant

Less up-regulated
in resistant

Differentially
expressed genes after
3 x 3.5 Gy /2 days

(total: 60)

Rødningen et al (2008) Radiother Oncol 86:314–320



'Independent' validation - real-time PCR

• Same and more cell lines (but different batches) 
• New irradiation - reference gene: PMM1
• Before and after 3 x 3.5 Gy / 2 days

Alsner et al (2007) Radiother Oncol 83:261–266
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FAP, Fibroblast activation protein α
Before and after 3 x 3.5 Gy / 2 days

• Member of the cell 
surface dipeptidyl 
peptidase (DPP) family of 
serine proteases

• Important during 
embryonic development

• Induction of FAPα
expression in fibroblast 
during wound healing, in 
fibrotic processes, and in 
tumour stroma

Alsner et al (2007) Radiother Oncol 83:261–266



FAP, Fibroblast activation protein α
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Before and after 3 x 3.5 Gy / 2 days

• Member of the cell 
surface dipeptidyl 
peptidase (DPP) family of 
serine proteases

• Important during 
embryonic development

• Induction of FAPα
expression in fibroblast 
during wound healing, in 
fibrotic processes, and in 
tumour stroma

Alsner et al (2007) Radiother Oncol 83:261–266



FAP, Fibroblast activation protein α
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MXRA5, Matrix-remodelling associated 5 (Adlican)
Before and after 3 x 3.5 Gy / 2 days

Risk score
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• Adhesion protein with 
leucine-rich repeats and 
immunoglobulin domains 
related to perlecan (large 
extracellular matrix 
proteoglycan)

• Upregulated during 
senescence, in skin 
fibroblasts from 
centenarians, and in 
cancer

Alsner et al (2007) Radiother Oncol 83:261–266



MXRA5, Matrix-remodelling associated 5 (Adlican)
Before and after 3 x 3.5 Gy / 2 days
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MXRA5, Matrix-remodelling associated 5 (Adlican)
Before and after 3 x 3.5 Gy / 2 days
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MT1X, Metallothionein 1X
Before and after 3 x 3.5 Gy / 2 days
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• Family of small proteins, 
61-62 amino acids with 
20 cysteines

• Involved in
• zinc homeostasis
• protection against 

heavy metal toxicity 
and oxidative damage

Alsner et al (2007) Radiother Oncol 83:261–266



MT1X, Metallothionein 1X
Before and after 3 x 3.5 Gy / 2 days
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MT1X, Metallothionein 1X
Before and after 3 x 3.5 Gy / 2 days
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'Independent' validation - real-time PCR

• Same and more cell lines (but different batches) 
• New irradiation - reference gene: PMM1
• Data based on delta values (before and after IR)

Sensitive
profile

Resistant
profile

Metallothioneins

SODs
ECM remodeling

Alsner et al (2007) Radiother Oncol 83:261–266
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 MT1H - Metallothionein 1H
 MT1G - Metallothionein 1G
 MT1M - Metallothionein 1M
 MT1X - Metallothionein 1X
 MT1F - Metallothionein 1F (functional)
 ANKH - Ankylosis, progressive homolog (mouse)
 NP - Nucleoside phosphorylase
 PPP1R1A - Protein phosphatase 1, regulatory (inhibitor) subunit 1A
 COTL1 - Coactosin-like 1 (Dictyostelium)
 DCBLD2 - Discoidin, CUB and LCCL domain containing 2
 MAD2L1 - MAD2 mitotic arrest deficient-like 1 (yeast)
 SPRY4 - Sprouty homolog 4 (Drosophila)
 ENPP1 - Ectonucleotide pyrophosphatase/phosphodiesterase 1
 CCND2 - Cyclin D2
 RIS1 - Ras-induced senescence 1
 KRR1 - Small subunit (SSU) processome component, homolog (yeast)
 NET1 - Neuroepithelial cell transforming gene 1
 NPTX1 - Neuronal pentraxin I
 EPB41L1 - Erythrocyte membrane protein band 4.1-like 1
 CDC6 - Cell division cycle 6 homolog (S. cerevisiae)
 BUB1 - Budding uninhibited by benzimidazoles 1 homolog (yeast)
 DEGS1 - Degenerative spermatocyte homolog, lipid desaturase (Drosophila)
 IGFBP5 - Insulin-like growth factor binding protein 5
 RPL36 - Ribosomal protein L36
 UBE2C - Ubiquitin-conjugating enzyme E2C
ZDHHC5/MFGE8 - Zinc finger, DHHC domain containing 5 or Milk fat globule-EGF factor 8 pro
 SOD2 - Superoxide dismutase 2, mitochondrial
 MAFB - v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian)
 FBLN2 - Fibulin 2
 CDON - Cell adhesion molecule-related/down-regulated by oncogenes
 LRIG3 - Leucine-rich repeats and immunoglobulin-like domains 3
 TM4SF10 - Transmembrane protein 47
 WISP2 - WNT1 inducible signaling pathway protein 2
 FABP3 - Fatty acid binding protein 3, muscle and heart (mammary-derived growth inhibitor)
 SWAP70 - SWAP-70 protein
 FHL1 - Four and a half LIM domains 1
 SOD3 - Superoxide dismutase 3, extracellular
 C1S - Complement component 1, s subcomponent
 LUM - Lumican
 MXRA5 - Matrix-remodelling associated 5 (adlican)
 ARID5B - AT rich interactive domain 5B (MRF1-like)
 NF1 - Neurofibromin 1
 CXCL12 - Chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
 MFAP4 - Microfibrillar-associated protein 4
 PPAP2B - Phosphatidic acid phosphatase type 2B
 TMSB10 - Thymosin, beta 10
 SLC1A3 - Solute carrier family 1 (glial high affinity glutamate transporter), member 3
 F10 - Coagulation factor X
 PLEKHQ1 - Pleckstrin homology domain containing, family Q member 1
 FAT4 - FAT tumor suppressor homolog 4 (Drosophila)
 IL8 - Interleukin 8
 LAMA2 - Laminin, alpha 2 (merosin, congenital muscular dystrophy)
 GSTM5 - Glutathione S-transferase M5
 GSTA3 - Glutathione S-transferase A3
 CRYAB - Crystallin, alpha B
 PLAG1 - Pleiomorphic adenoma gene-like 1
 ALP1 - Alkaline phosphatase, intestinal
 STEAP2 - Six transmembrane epithelial antigen of the prostate 2
 PLCD1 - Phospholipase C, delta 1
 HMGN4 - High mobility group nucleosomal binding domain 4

Genome-wide approach
RIF Sensitive RIF Resistant

Less down-regulated
in resistant

Less up-regulated
in resistant

Differentially
expressed genes after
3 x 3.5 Gy /2 days

(total: 60)

Pathway analysis
(Ingenuity)



TGFβ1

Cellular movement
Cell morphology
Cell death

Ingenuity pathway analysis

www.ingenuity.com



Future studies

• Functional studies on fibroblasts
• Validate differential mRNA expression after 

irradiation
• Differential miRNA expression after 

irradiation ?
• Pathway analysis (siRNA)
• SNP arrays ?

• Animal studies
• Subcutaneous fibrosis (leg extension)
• Lung fibrosis
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