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Abstract
Purpose: To evaluate a transcriptomic approach to identify healthy women at increased risk of breast cancer due to G2-
radiosensitivity and look at transcripts that are differentially expressed between individuals.
Materials and methods: We perform the first study to assess the association of G2 radiosensitivity with basal gene expression
in cultured T-lymphocytes from 11 women with breast cancer and 12 healthy female relatives using Affymetrix GeneChips.
Results: Transcripts associated with radiosensitivity and breast cancer risk were predominantly involved in innate immunity
and inflammation, such as interleukins and chemokines. Genes differentially expressed in radiosensitive individuals were
more similarly expressed in close family members than in un-related individuals, suggesting heritability of the trait. The
expression of tumour protein D52 (TPD52), a gene implicated in cell proliferation, apoptosis, and vesicle trafficking was the
most strongly correlated with G2 score while nuclear factor (kappa) – B (NFKB1) was highly inversely correlated with G2
score. NFKB1 is known to be activated by irradiation and its inhibition has been previously shown to increase
radiosensitivity.
Conclusions: Gene expression analysis of lymphocytes may provide a quantitative measure of radiation response potential
and is a promising marker of breast cancer susceptibility.
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Introduction

Breast epithelial cells become genetically unstable

during early pre-malignant stages of breast cancer

development. Due to the difficulty of measuring this

change in the normal human breast in situ, blood

lymphocytes have been used as surrogates of genetic

change in the breast (Howell et al. 2005). Several

groups have demonstrated ionising radiation-in-

duced chromosome damage in the G2 phase of the

cell cycle is higher in the lymphocytes of individuals

with a number of different cancer types, including

breast cancer (reviewed in Scott (2004), see also

Howe et al. [2005]) compared to healthy controls.

Pedigree analysis of blood relatives of individuals

with increased chromosome damage demonstrated

that G2-radiosensitivity may represent a heritable

predisposition marker for breast cancer (Roberts

et al. 1999). Previous analysis of gene expression in

lymphoblastoid cells of the general population has

demonstrated a familial aggregation of expression

phenotypes (Cheung et al. 2003).

Whilst the G2 assay has been utilized success-

fully by several groups to assess radiosensitivity

(Scott 2004), it is clear that highly stringent

standardized laboratory procedures are needed to

ensure assay reproducibility, which makes general

applicability of the test difficult (Bryant et al. 2002,

Correspondence: Andrew H. Sims, Breast Biology Group, Paterson Institute for Cancer Research, University of Manchester, Wilmslow Road, Manchester

M20 4BX, UK. Tel: þ44(0) 161 446 3212. Fax: þ44(0) 161 446 3218. E-mail: Andrew.H.Sims@manchester.ac.uk

*D. Scott has retired.

Int. J. Radiat. Biol., 2007, pp. 1 – 12, iFirst article

ISSN 0955-3002 print/ISSN 1362-3095 online � 2007 Informa UK Ltd.

DOI: 10.1080/09553000701317366



D
ow

nl
oa

de
d 

By
: [

Th
e 

U
ni

ve
rs

ity
 o

f M
an

ch
es

te
r] 

At
: 0

9:
35

 1
6 

Ap
ril

 2
00

7 

Smart et al. 2003). There have also been reports of

significant intra-individual variability in a few healthy

normal donors (Smart et al. 2003, Vral et al. 2004,

Howe et al. 2005). A more robust method of

measuring an individual’s radiosensitivity is required

in order to exploit these findings for estimating

cancer risk. Gene expression analysis offers a possi-

ble alternative approach. The identities of the gene or

genes underlying radiosensitivity are unknown,

although potential candidates might be those in-

volved in the repair and processing of DNA damage.

Putative mutants and polymorphic variants of these

genes may be relatively common within the popula-

tion and may be present at higher frequencies

amongst patients with breast cancer (Roberts et al.

1999). The highly penetrant breast cancer genes,

breast cancer 1, early onset (BRCA1) and breast

cancer 2, early onset (BRCA2), responsible for more

than 80% of families with six or more cases of early

onset cancer, are known to have a role in DNA repair

after exposure to ionizing radiation (Antoniou et al.

2001). Genes associated with G2-radiosensitivity

may, in part account for inherited predisposition to

breast cancer in families with fewer cases of the

disease, as population studies have shown that BRCA

genes only account for a minority of the overall

familial risk of breast cancer (Antoniou et al. 2001).

The ability to identify women at increased risk of

developing breast cancer from gene expression

analysis of lymphocytes would be a highly attractive

and minimally invasive option. Data from a recent

study of gene expression in peripheral blood cells

suggested that a blood-based gene expression test

could be developed to detect breast cancer in

asymptomatic patients (Sharma et al. 2005). By

combining analysis of lymphocyte gene expression

patterns that associate with G2 radiosensitivity and

breast cancer in families, improved risk prediction

may be achieved.

In this pilot study, we look at differential basal

gene expression in cultured T-lymphocytes between

radiosensitive (G2 high) and control (G2 low)

women and also between breast cancer cases and

healthy female relatives. We evaluate the feasibility of

the approach, possible confounding factors and

challenges towards using gene expression analysis

of lymphocytes as a method of quantifying risk of

breast cancer due to heritable G2 radiosensitivity.

Materials and methods

Sample details

Patient consent and approval by the local research

ethics committee was obtained to use a subset of

frozen lymphocyte samples from a previous

study (Roberts et al. 1999) for further research.

The current study is based upon peripheral blood

lymphocytes taken from 23 women either diagnosed

with breast cancer and close female blood relatives

(Figure 1) who had previously been tested for

radiosensitivity at this institute (Scott et al. 1999).

G2 assay

Full details of the G2 assay previously performed on

these samples were given in Scott et al. (1999). The

assay measures the number of chromosomal aberra-

tions observed per 100 metaphase cells induced by

0.5 Gy X-ray exposure. Radiosensitive patients are

defined as those with a G2 score greater than the

90th percentile of the distribution in a population of

apparently normal individuals (Scott et al. 1999),

which has been suggested to be and used as the cut-

off for the radiosensitivity phenotype (Roberts et al.

1999).

Tissue culture

Frozen lymphocytes were cultured as described

previously (O’Donovan et al. 1995). Cultures of

thawed mononuclear cells were initiated by seeding

1 – 26105 cells/ml in 10 ml SR10 containing

1 – 26105 x-irradiated feeder cells/ml (GM1899A

lymphoblastoid cell line) in 25 cm2 flasks. SR10

consists of RPMI (Roswell Park Memorial Institute)-

1640 medium (Dutch modification, Sigma-Aldrich, St

Louis, MO, USA) with 10% foetal bovine serum,

standard concentrations of penicillin/streptomycin,

L-glutamine and sodium pyruvate, 50 mM 2-mercap-

toethanol (all Invitrogen, Carlsbad, CA, USA), 0.4 mg/

ml HA16 phytohaemagglutinin (PHA, Remel Inc.,

Lenexa, KS, USA) and 250 IU/ml Interleukin-2

(Novartis Vaccines and Diagnostics Inc., Emeryville,

CA, USA). Seeded flasks were incubated at 378C/5%

CO2 until day 4 of culture when, the cells were

disaggregated and counted, then counted daily

until cell concentrations reached 16106/ml, cells

were then diluted 1:1 with GR10 (SR10 without

PHA). On day 7 – 8 cells were re-suspended at

26106 cells/ml in Trizol1 (Invitrogen, Carlsbad,

CA, USA) and stored at 7708C before courier

shipment on dry ice from the Health Protection

Agency to the Paterson Institute for Cancer Research.

Samples from four of the individuals were re-cultured

from the original frozen lymphocytes to investigate

inter-culture variation in gene expression.

Array processing and normalization

RNA was isolated from the cells suspended in

Trizol1 according to the manufacturer’s instructions,

purified using Qiagen RNeasy columns (Qiagen,

Valencia, CA, USA) and quantified using a

2 A. H. Sims et al.



D
ow

nl
oa

de
d 

By
: [

Th
e 

U
ni

ve
rs

ity
 o

f M
an

ch
es

te
r] 

At
: 0

9:
35

 1
6 

Ap
ril

 2
00

7 

Nanodrop spectrophotometer (Labtech, Wilming-

ton, DE, USA). The quality and amount of starting

RNA was confirmed with an Agilent Bioanalyzer

2100 (Agilent, Santa Clara, CA, USA) prior to label-

ling and hybridization to Affymetrix HG-U133 plus

2.0 GeneChips (Affymetrix, Santa Clara, CA, USA)

using standard protocols, (http://bioinformatics.picr.

man.ac.uk/mbcf/protocols.shtml). After scanning,

array images were assessed by eye to confirm scanner

alignment and the absence of significant bubbles or

scratches on the chip surface. Ratios (30/50) for

glyceraldehyde-3-phosphate dehydrogenase and ß-

actin were confirmed to be within acceptable limits

(0.86 – 1.38 and 0.70 – 1.24, respectively), and BioB

spike controls were found to be present on all chips,

with BioC, BioD, and CreX also present in increasing

intensity. Raw spot readings were imported into Bio-

Conductor (http://www.bioconductor.org) using R

(Ihaka & Gentleman 1996) and Simpleaffy (Wilson &

Miller 2005) with robust multi-chip average nor-

malization (RMA) (Irizarry et al. 2003). All micro-

array data are MIAME compliant and accessible via

MIAME VICE (http://bioinformatics.picr.man.ac.

uk/mvice/index.jsp). Hierarchical clustering of

samples was performed using average linkage

clustering with a Pearson correlation measure of

similarity using the MADE4 package (Culhane et al.

2005).

Rank product, prediction analysis of microarrays

and pathway analysis

Due to the low number of samples, a rank product

analysis method (Breitling et al. 2004) was used to

determine the significance of differentially expressed

probesets. This method has been shown to reliably

and consistently outperform a non-parametric t-test,

even with noisy data (Breitling et al. 2004). The

RankProd BioConductor module within R was set to

a false discovery rate (FDR) of 10%. The prediction

analysis of microarrays program was used as de-

scribed previously (Tibshirani et al. 2002) to look for

possible gene classifiers based upon breast cancer

and radiosensitivity status or G2 score. The GoMi-

ner program (Zeeberg et al. 2005) was used to

identify pathways that were over-represented by

differentially expressed genes; p-values were calcu-

lated from a one-sided Fisher’s exact test. Cut-offs of

Figure 1. Pedigrees of the subset of samples for 23 women used in this pilot study. Filled symbols represent breast cancer patients. Number

within symbol is the G2 assay score (number of chromosome aberrations per 100 cells) of the lymphocyte sample used for gene expression

analysis. Radiosensitive individuals are those with a G2 assay score greater than 110 chromosome aberrations per 100 cells. The numbers

below the symbols are individual identifiers and the family number relates to the original pedigree study (Roberts et al. 1999).

Gene expression of G2 radiosensitivity 3
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p5 0.02 and a FDR of 0.2% were used to identify

the most significant GO categories.

Results

Interculture variation

Lymphocyte cultures were assessed for gene expres-

sion in three batches, involving 8, 9 and 10 women,

respectively. The third batch included four repeat

cultures from the previous batches, two of which

were positive and two negative for previously defined

G2-radiosensitivity. These repeats provided a test

of inter-culture variability for individual samples.

Unsupervised hierarchical clustering of all 54,675

probesets represented on the HGU133 plus 2.0

microarray following RMA normalization (Irizarry

et al. 2003) revealed that the 27 expression profiles

separated into three distinct groups reflecting

the three batches of lymphocytes. However, a simple

supervised correction method was used to scale

each batch of GeneChips relative to the whole data-

set. A valuable consequence of this correction

method is that it leaves fold-changes within an

experiment-set unchanged. This means that the list

of differentially expressed genes found, not only by a

simple fold-change cut-off, but also by statistical

techniques, remains identical to that identified prior

to correction. The method has also been employed to

reconcile other protocol effects by reducing systema-

tic differences occurring due to different amplifica-

tion protocols, array types and even scanner

hardware (paper in preparation):

Corrected expression ¼ Uncorrected Expression

Mean Batch expression

�Mean overall expression

Following correction and when considering the top

5% (2734) of probesets with the greatest variance,

repeat cultures from the same women were seen to

cluster together. These probesets with the highest

variance were not clustered by genomic location,

mapping widely across all chromosomes (data not

shown), as seen previously (Cheung et al. 2003).

Differentially expressed genes

Gene expression levels were compared in 10 women

(12 GeneChips) with high G2 scores (4110 aberra-

tions per 100 cells¼ radiosensitive) with 13 women

(15 GeneChips) with low G2 scores (controls). In

addition to looking for genes that associate with

radiosensitivity, we also identified genes that were

differentially expressed in the lymphocytes from the

11 women diagnosed with breast cancer (13 Gene-

Chips) compared with the 12 healthy controls

(14 GeneChips). Approximately half of the probesets

that associated with G2 radiosensitivity were also

differentially expressed in the breast cancer cases

compared to healthy controls. Similarly, two-thirds

of the breast cancer associated probesets were also

differentially expressed between women with high

G2 scores and women with low G2 scores (Table I).

Although radiosensitivity has been associated with

breast cancer, it is not clear whether the two variables

can be considered as mutually exclusive in our gene

expression analysis. Identifying genes that were

differentially expressed in association with both

variables may highlight genes that most strongly

correlated with breast cancer risk. The numbers of

individuals in this pilot study were too few to strictly

separate the radiosensitivity and breast cancer vari-

ables by looking for differentially expressed genes

only in healthy individuals with a normal and

radiosensitive responses or by looking at genes

differentially expressed in breast cancer cases by

considering only breast cancer patients and controls

that have a normal radiation response. However,

several previous studies have shown that these

variables are associated (reviewed in Scott [2004]).

The Gene Ontology (GO) categories most sig-

nificantly overrepresented in radiosensitive indivi-

duals compared to non-sensitive controls included

cytokines, cytokine receptors and chemokine ligands

(Table II). Transcripts representing interleukin 8

(IL8), interleukin 5 (IL5) and interleukin 17 receptor

B (IL17RB) were upregulated in radiosensitive

women compared to controls, whereas transcripts

representing chemokine (C motif) ligand 1 (XCL1)

and chemokine (C motif) ligand 2 (XCL2) were

down regulated in radiosensitive women compared

to controls, see Table I. IL17RB is a proinflamma-

tory cytokine receptor, which induces the expression

of mediators of inflammation. In a previous study,

IL17RB was identified in a two-gene ratio (along

with homeobox 13) expression signature, predictive

of disease-free survival of breast cancer in tamoxifen-

treated women, which outperformed existing bio-

markers (Ma et al. 2004).

Correlation of G2 radiosensitivity with gene expression

An alternative analytical approach sought to identify

genes that were quantitatively associated with radio-

sensitivity. This would remove any bias of the

numbers of individuals classed as radiosensitive or

controls and the strict 110 aberrations per 100 cells

cut off. Of the 2734 probesets with the greatest

variance, 261 had a correlation coefficient (r) of

greater than 0.4 or lower than 70.4 (p5 0.05, see

supplementary Table III, online version only). Three

of the genes that were most strongly correlated with

G2 score are also known to be associated with breast

4 A. H. Sims et al.
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cancer (Figure 2). Tumour protein D52 (TPD52)

was first identified in breast cancer cells and has been

implicated in cell proliferation, apoptosis, and vesicle

trafficking (Cao et al. 2006). GATA binding protein

3 (GATA3) is a known prognostic factor that may

play a role in mechanisms controlling the response to

estrogen. Annexin A1 has been shown to be both up

(Ahn et al. 1997) and down-regulated (Shen et al.

2005) in breast cancer, with greater expression in

invasive breast cancer cell lines (MDA-MB-231)

than in non-invasive cell lines (MCF7s) and has anti-

inflammatory properties.

G2-score was most strongly inversely correlated

(r¼70.67, p5 0.001) with the expression of a

probeset representing NFKB1, a transcription reg-

ulator with a central role in inflammation and innate

immunity (Figure 2A). G2 score was also inversely

correlated with the gene expression level of tran-

scripts representing NFKBIA (I-kappa-B-alpha,

R¼70.48, p¼ 0.01), which inactivates NFKB1 by

trapping it in the cytoplasm and REL, which binds to

NFKB1 to form the NFKB-complex (significant on a

log2 scale, R¼70.42, not logged R¼70.34). The

expression levels of Cycloxygenase 2 (COX2) and the

signalling receptor for stromal cell-derived factor 1

(CXCR4) that are known to have increased expres-

sion in breast carcinomas (Soslow et al. 2000,

Allinen et al. 2004) were also inversely correlated

with G2 score (Figure 2A). However, the expression

of other chemokines and cytokines were seen to

directly correlate with G2 score, including IL8, IL13,

IL17RB and CCR2 (see supplementary Table III,

online version only).

Although the expression of a number of genes that

correlated with G2 score have previously been

associated with breast cancer, there was higher

statistical association of the expression of all of these

genes (annexin A1 (ANXA1), NFKB1, chemokine

(C-X-C motif) receptor 4 (CXCR4), cycloxygenase 2

(COX2), GATA binding protein 3 (GATA3) and

tumour protein D52 (TPD52); Figure 2A) in radio-

sensitive compared to control women (Student’s

t-test p¼ 0.002, 0.008, 0.006, 0.01, 0.04 and 0.04),

than there was with breast cancer patients compared

to healthy individuals (p¼ 0.2, 0.03, 0.06, 0.2, 0.08

and 0.5, respectively), suggesting that overall gene

expression in the radiosensitive individuals is not

simply influenced by the breast cancer cases.

Heritability of radiosensitive gene expression

The variance in gene expression level between a pair

of individuals can be used to assess whether genes are

likely to have an inherited pattern of expression

(Cheung et al. 2003). The greater the difference

between the average variability in gene expression of

more closely related individuals and that of those

less/un-related, the greater the likelihood that gene

Table II. Gene Ontology (GO) pathways that contained significant numbers of differentially expressed genes in radiosensitive women

compared to controls.

GO Classifications and pathways Totala Changedb p-value FDR GO ID

Chemokine activity 10 3 0.0006 0.15 GO:0008009

Chemokine receptor binding 10 3 0.0006 0.15 GO:0042379

Behavior 62 6 0.0007 0.12 GO:0007610

Vasculature development 26 4 0.0011 0.09 GO:0001944

Blood vessel development 26 4 0.0011 0.09 GO:0001568

Potassium ion binding 5 2 0.0033 0.13 GO:0030955

Angiogenesis 18 3 0.0040 0.11 GO:0001525

Chemotaxis 39 4 0.0051 0.11 GO:0006935

Taxis 39 4 0.0051 0.11 GO:0042330

Locomotory behavior 45 4 0.0086 0.15 GO:0007626

Potassium ion transport 8 2 0.0089 0.14 GO:0006813

Defense response 247 10 0.0094 0.14 GO:0006952

Biogenic amine metabolism 9 2 0.0113 0.15 GO:0006576

Antigen processing, exogenous antigen via MHC class II 9 2 0.0113 0.15 GO:0019886

MHC class II receptor activity 9 2 0.0113 0.15 GO:0045012

Amino acid and derivative metabolism 50 4 0.0124 0.15 GO:0006519

Cytokine activity 50 4 0.0124 0.15 GO:0005125

Response to biotic stimulus 260 10 0.0135 0.15 GO:0009607

Antigen presentation, exogenous antigen 10 2 0.0139 0.17 GO:0019884

Alkali metal ion binding 10 2 0.0139 0.17 GO:0031420

Electron transport 29 3 0.0155 0.17 GO:0006118

Response to chemical stimulus 82 5 0.0156 0.16 GO:0042221

Amine metabolism 56 4 0.0184 0.19 GO:0009308

aTotal is the number of probesets representing the given GO classifications within the top 5% most variable probesets; bChanged is the

subset of probesets that were significantly differentially expressed (Table I). FDR is the percentage false discovery rate.

Gene expression of G2 radiosensitivity 7
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expression is not just similar by chance, but

actually represents an inherited trait. A total of 9,

10 and 6 pairs of expression values were used to

calculate the average variance for sisters, daughter/

mothers and aunts/nieces, respectively (Figure 1).

The average variance for unrelated individuals for

Figure 2. Correlation between gene expression and radiosensitivity, which may represent an inherited phenotype. (A) The G2 assay score

represents the number of chromosome aberrations per 100 cells. Radiosensitive individuals are those with a G2-score greater than 110

aberrations per 100 cells. Squares represent radiosensitive women; triangles represent women with normal responses. Filled symbols

represent the breast cancer cases. r¼ correlation coefficient, p¼ probability based upon the correlation coefficient. (B) Variation in transcript

levels between pairs of related and unrelated individuals for genes whose expression correlates with G2 score. p-values are a measure of the

significance of the difference in variance measured by the F-test.

8 A. H. Sims et al.
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each probeset was calculated from all possible paired

combinations of women from different families

(321), assuming that none of the families were related

to each other. The difference in variance between

relatives and unrelated women for the highlighted

genes in Figure 2A was highly significant using the

F-test (Figure 2B). A trend for reduced variance

with relatedness was observed, which was significant

for NFKB1 (p¼ 0.02 or p¼ 0.03) and highly sig-

nificant for TPD52 (p5 0.0001 or p¼ 0.0002)

between sisters and daughters or aunts/nieces

(Figure 2B).

Discussion

Genes differentially expressed in the blood lympho-

cytes of individuals who were radiosensitive and/

or were diagnosed with breast cancer were predomi-

nantly involved with signal transduction pathways

that control the expression of genes encoding

cytokines and chemokines or enzymes that regulate

innate and active immune responses. These genes

(Table I) may provide clues to the molecular nature

of radiosensitivity and breast cancer susceptibility.

It was noted that normal healthy women who have

a radiosensitive sister with breast cancer (individuals

8.2, 10.1 and 11.2, Figure 1) have a gene expression

profile that is more similar to that of breast cancer

patients than normal women who have a sister with

breast cancer that is not radiosensitive (individuals

18.2, 19.2 and 23.2). However, in order to fully

evaluate the predictive capacity of a gene classifier

derived from this analysis, larger numbers samples

would be required to generate separate ‘training’ and

‘test’ sets. While the numbers of individuals in the

current study were too few to evaluate the predictive

capacity of a ‘radiosensitive breast cancer prediction

profile’, it seems likely that such a profile could be

evaluated in a larger study.

Segregation analysis in the previous study (Roberts

et al. 1999) of inheritance of G2-radiosensitivity in

breast cancer suggested that it is dominated by one or

more major genes. A single gene was thought to

account for 82% of the variance observed between

members of 20 families, although a model with a

second rarer gene fitted the data best (Roberts et al.

1999). A number of epidemiological studies have led

to polygenic risk models (Antoniou et al. 2001,

Houlston & Peto 2004, Pharoah et al. 2002) for

breast cancer. Given the relatively high prevalence of

radiosensitivity, observed in 40% of breast cancer

patients and 10% of healthy controls (Scott et al.

1999), a polygenic model may better account for the

radiosensitive phenotype. A number of the genes

highlighted in this study were most similarly ex-

pressed in the closest related family members, which

is consistent with the findings of the previous study

(Roberts et al. 1999), that G2 radiosensitivity repres-

ents an inherited predisposition to breast cancer.

The expression of the transcript representing

TPD52 was most strongly directly correlated with

G2 score and demonstrated highly statistically

significant heritability (Figure 2). This gene was first

identified as being overexpressed in human breast

tumours (Byrne et al. 1995) and has subsequently

been identified as a candidate target gene for events

resulting in amplification of chromosome band 8q21,

a region frequently gained in breast and other human

cancers (Balleine et al. 2000). Tumour protein D52-

like 1 (TPD52L1) is a related gene that is known to

interact with TPD52, these proteins have an amino

terminal coiled-coil domain that allows members to

form homo- and heterodimers with each other (Cao

et al. 2006). TPD52L1 has been implicated in G2/M

transit (Boutros & Byrne 2005), which may be con-

sistent with a role in G2-radiosensitivity. Some of

the processes in which TPD52 and related proteins

have been implicated, particularly proliferation, cell

cycle transit and apoptosis, may be of functional rele-

vance to G2-radiosensitivity and breast cancer risk.

The GATA3 transcript is also highly correlated to

G2-sensitivity and is co-expressed with TPD52 gene

in the luminal sub-type of breast tumours (Mehra

et al. 2005). This is relevant because it has been

recently demonstrated that GATA3 regulates luminal

epithelial cell differentiation in normal breast devel-

opment (Kouros-Mehr et al. 2006, Asselin-Labat

et al. 2007), and has previously been shown to

regulate lymphocyte differentiation into T helper

2 cells (Murphy & Reiner 2002). One might speculate

that higher gene expression of GATA3 indicates

greater levels of T helper 2 cell differentiation in our

lymphocyte samples and may be a surrogate for more

luminal cell differentiation in the breast. How this

would influence radiosensitivity and susceptibility to

breast cancer is currently unknown.

The transcript most inversely correlated with

G2-radiosensitivity in this study was NFKB1, a major

transcription regulator that is known to be activated in

response to clinically relevant (�2 Gy) doses of

ionizing radiation (Criswell et al. 2003). Previous

studies have demonstrated that gamma irradiation of

rats in vivo induces a cascade of inflammatory respon-

ses involving NFKB1 (Linard et al. 2004) and

deficient NFKB1-induced gene expression has been

implicated in Fanconi’s anemia (Kontou et al. 2003),

a cancer-prone human disease marked by chromoso-

mal instability. Mendonca et al. (2003) demonstrated

increased radiosensitivity and an increased percentage

of cells in G2/M following inhibition of NFKB1 with

parthenolide. These and other observations have led

to the suggestion of using NFKB1-inhibitors to

enhance radiosensitivity in patients undergoing radia-

tion treatment (Magne et al. 2006).

Gene expression of G2 radiosensitivity 9
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Exactly how NFKB1 responds to irradiation is not

clearly understood, although it has been shown that

the ataxia telangiectasia mutated (ATM) protein

is required for sustained activation of NFKB1

following DNA damage (Piret et al. 1999), which

would be consistent with previous work demonstrat-

ing that cells from ATM homozygotes and hetero-

zygotes have increased G2 radiosensitivity (Scott

et al. 1999) and an impaired NFKB1 response to

ionizing radiation (Jung et al. 1995). Alternatively,

induction of inflammation and immune pathways via

NFKB1 may involve interferon gamma (IFGN),

which responds to irradiation (Wasserman et al.

1991) and was up-regulated in the breast cancer

patients in this study (Table I).

In the current study, the transcript level of the

inhibitor of NFKB1 (NFKBIA) was also seen to

inversely correlate with G2-score, which is consistent

with a study showing that inhibition of NFKBIA

phosphorylation causes radiosensitization of glioma

cells (Ding et al. 2003). Exactly why the expression of

the transcription factor and its inhibitor are both

inversely correlated with G2-score is not clear. It may

simply be another example of the conflicting differ-

ences between transcripts and proteins that are

‘induced’ (requiring synthesis) and those which are

‘activated’ (not requiring synthesis) by varying doses

of ionizing radiation in different cell types (Criswell

et al. 2003). On the other hand, it may be indicative of

the dual roles of NFKB1 in cancer, where it has been

seen to be constituently active in many types of

cancer associated with chronic inflammation and

yet NFKB1 inhibition has been implicated in

carcinogen-induced tumourogenesis (Pikarsky &

Ben-Neriah 2006). The definable mechanisms that

explain whether NFKB1 plays a positive, negative or

neutral role in modulation of radiosensitivity in vivo,

remain to be resolved (Criswell et al. 2003).

At this stage, it is not possible to predict whether the

results observed in our study would be replicated by

taking freshly collected blood or whether storing and

culturing frozen lymphocytes introduces an additional

bias. Care was taken to ensure that all samples were

treated identically, to minimize any processing effects.

However, Burrill et al. (2000) demonstrated more

variability in cryopreserved than fresh lymphocytes

using the MN assay and similar findings have

previously been observed for the G2 assay (Scott,

unpublished). Blood samples are currently being

prospectively collected from a large cohort of women

for the Norwegian Women and Cancer Study, which

will constitute a valuable resource for identifying risk

factors (Borresen-Dale & Sharma 2005). An initial

report from this study has shown that early detection

of breast cancer is possible using gene expression

patterns in peripheral blood cells (Sharma et al. 2005).

However, there was no clear overlap between the

genes identified in our study with those seen by

Sharma et al. (2005). Gene expression analysis of

irradiation-induced DNA damage in cultured skin

fibroblasts distinguishes between BRCA1/2 mutation

carriers and controls (Kote-Jarai et al. 2004, 2006).

Therefore, it would be very interesting to analyze and

compare gene expression of the DNA damage

response to irradiation in lymphocytes from radio-

sensitive and control women.

It was perhaps surprising that more genes involved

in DNA repair were not identified in the present

study. A mechanistic study of G2 chromosomal

radiosensitivity elucidated that cdk1/cyclin B activity

levels during G2 to M transition play a major role in

the yield of chromatin breaks induced after G2

irradiation of synchronized breast cancer cell lines

(Terzoudi et al. 2000). In the current study of

unsynchronized, unirradiated lymphocytes from both

normal and cancer patients we observed higher cyclin-

B expression levels in radiosensitive individuals,

although this was not statistically significant.

The current study highlights the potential to

investigate known phenotypic heritable markers, such

as G2-radiosensitivity from blood lymphocytes using

a high throughput technology in order to better

understand the risk of developing breast cancer.

Clearly, further work is needed in order to determine

whether the differentially expressed genes identified

represent efficient markers for risk prediction. Ex-

amining the expression of genes and proteins within

the breast itself may ultimately enable improved risk

prediction (Howell et al. 2005), however advocating

breast biopsies on a population basis is unrealistic.

Differential gene expression due to the radiosensitive

phenotype (as determined by the G2 assay) may

represent a predisposition to ionizing radiation. Our

results showing increased levels of TPD52 and

reduced levels of NFKB1 associated with radio-

sensitivity may represent molecular markers of non-

BRCA heritable forms of breast cancer.
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