
                              
 

  
AD_________________ 

 
 
 
Award Number: DAMD17-00-1-0409 
 
 
 
TITLE:   Elevated Levels of Somatic Mutation as a Biomarker of Environmental Effects 
Contributing to Breast Carcinogenesis 
 
 
 
PRINCIPAL INVESTIGATOR:  Stephen G. Grant, Ph.D. 
   
 
 
CONTRACTING ORGANIZATION:   University of Pittsburgh  
                                                          Pittsburgh, PA 15260      

     
  
REPORT DATE:   July 2006 
 
 
 
TYPE OF REPORT:  Final 
 
 
 
 PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
                               Fort Detrick, Maryland  21702-5012 
             
  
DISTRIBUTION STATEMENT: Approved for Public Release;  
                                                  Distribution Unlimited 
 
 
 
The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation. 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE  
01-07-2006 

2. REPORT TYPE
Final 

3. DATES COVERED 
1 Jul 2000 – 30 Jun 2006

4. TITLE AND SUBTITLE 
 

5a. CONTRACT NUMBER 
 

Elevated Levels of Somatic Mutation as a Biomarker of Environmental Effects 
Contributing to Breast Carcinogenesis 

5b. GRANT NUMBER 
DAMD17-00-1-0409 

 5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
 

5d. PROJECT NUMBER 
 

Stephen G. Grant, Ph.D. 
 

5e. TASK NUMBER 
 

 5f. WORK UNIT NUMBER
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

University of Pittsburgh  
Pittsburgh, PA 15260   
 

 
 
 
 
 

 
 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 
U.S. Army Medical Research and Materiel Command   

Fort Detrick, Maryland  21702-5012   
 11. SPONSOR/MONITOR’S REPORT  
        NUMBER(S) 
   
12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited  
 
 
 

13. SUPPLEMENTARY NOTES 
 Original contains colored plates: ALL DTIC reproductions will be in black and white. 

14. ABSTRACT  
Environmental exposures undoubtedly play a role in the development of breast cancer, but few individual agents have been 
unequivocally identified as risk factors.  Rather than seek out individual agents, we hypothesize that the cumulative effect of 
environmental exposures on an individual can be quantified through a blood-based assay, and further, that such a “biomarker” 
might distinguish breast cancer patients from age-matched controls. These biomarker data can then be added to a risk 
assessment procedure for breast cancer, and ultimately, might help identify the types of exposure specifically associated with 
cancer in the breast.  Moreover, we have shown that a major factor modulating somatic mutational burden is DNA repair 
capacity, and that this characteristic can also be used to identify individuals at increased risk for breast cancer.  Changes in 
DNA repair capacity may also be amenable to manipulation, which might allow us to intervene in the process of breast 
carcinogenesis, and individually optimize breast cancer treatment. 

15. SUBJECT TERMS 
somatic mutation, GPA assay, environmental exposure, genotoxicity, DNA repair, gene expression 

16. SECURITY CLASSIFICATION OF: 
 

 18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON 
USAMRMC  

a. REPORT 
U 

b. ABSTRACT 
U 

c. THIS PAGE 
U 

 
UU 

 
   78 

19b. TELEPHONE NUMBER (include area 
code) 
 

 Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 



  Grant, Stephen G.  
  DAMD17-00-1-0409 

 

 
 
 

Table of Contents 
 

 
 

 
Cover…………………………………………………………………………………………… 1  
 
SF 298……………………………………………………………………………..…………… 2
 
Table of Contents……………………………………………………………………………. 3
 
Introduction…………………………………………………………….…………................ 4 
 
Body…………………………………………………………………………………………… 4 
 
Key Research Accomplishments………………………………………….…………….. 14
 
Reportable Outcomes……………………………………………………………………… 14
 
Conclusions…………………………………………………………………………………. 16 
 
References…………………………………………………………………………………… 16
 
Appendices…………………………………………………………………………………… 19   
           
 



  Grant, Stephen G.  
  DAMD17-00-1-0409 

 4

Introduction 
 

A number of important risk factors have been identified for breast cancer (1), and several sophisticated risk 
models developed that have found wide application; indeed, breast cancer risk assessment is the paradigm for 
the field of cancer etiology and ontology.  It surprising, therefore, that despite these efforts, most breast tumors 
arise independent of these known risk factors.  About 10% of incident breast cancer can be attributed to 
hereditary factors, including heterozygosity for the specific predisposing genes BRCA1 and BRCA2.  A further 
15% of breast cancers can be accounted for by a complex mix of life history factors (including ages at menarche 
and menopause, number of term births, etc.), which have been widely interpreted as representing interindividual 
differences in endogenous hormone (estrogen) production.  This leaves the great majority (~75%) of breast 
cancer unaccounted for.  We have found that the most commonly used method of determining breast cancer 
risk, the Gail model (2), does a poor job of identifying individuals at risk due to the possibility of carrying a 
mutation in the BRCA1 or BRCA2 genes, such that “high risk” populations ascertained by this method under-
represent the genetic component of breast cancer risk (3).  Moreover, we have begun to dissect the Gail model, 
and high risk populations based on this model, into three groups: those who are at high risk due to non-specific 
family history, those that are at high risk due to life history factors that have been widely interpreted as 
representing lifetime exposure to endogenous hormones, especially estrogen, and those who are at high risk due 
to the previous detection of a suspicious, but not malignant, lesion (we have found that one reason that the Gail 
model does not apply well to African-Americans is their reluctance to undergo biopsy of lesions discovered by 
screening mammography).  We believe that these different types of high-risk individuals may react differently 
to cancer causative agents, and, possibly chemopreventive agents, as well. 

It is also assumed that environmental exposures are involved in breast carcinogenesis, and strong evidence 
for the effect of radiation has been presented.  Total genotoxic exposure, especially the contributions of the 
countless chemicals in the environment, are impossible to calculate based on the individual agents themselves.  
Such exposure monitoring also does not integrate the individual response to genotoxic exposure that modulates 
its effect on processes such as carcinogenesis.  We have proposed that direct monitoring of genetic effects at a 
surrogate locus in a easily available tissue can provide a biodosimter of environmental effects, and we have 
provided preliminary evidence that blood-based assays of somatic mutation can provide this data.  
Interindividual variability in DNA repair processes would be a major modulator of the biological response to 
environmental genotoxicants, and we have the unique ability to functionally measure this capacity not only in 
blood cells, but in the breast tissue itself. 

 
Body 
 

Risk factors for the development of breast cancer remain largely unknown, however, several clear elements 
have emerged: family history of breast cancer, metabolic factors related to hormone production, and exposure to 
X irradiation (1).  Breast cancer incidence may also be influenced by the accumulation of two types of man-
made chemicals in the environment; those that mimic hormonal effects, known as “xenoestrogens”, and those 
that mimic the DNA-damaging effects of X irradiation, or “genotoxicants”. We hypothesize that breast cancer 
incidence should be a product of both the total cumulative exposure to genotoxic agents, including but not 
limited to X-rays, as modified by differences in individual response to this exposure as mediated by host 
factors, such as metabolic detoxification (or activation) and DNA repair capacity. 

Although there is bound to be some element of tissue specificity for both genotoxic exposure and 
susceptibility to DNA damage, except in certain cases, such as established “high risk” individuals, it is 
impractical to monitor somatic mutation in breast tissue itself.  Blood, however, and its progenitor tissue bone 
marrow, are present throughout the body, and most xenobiotic exposures to the breast are likely to be 
transported to the breast tissue through the blood.  The GPA assay is fast and inexpensive, utilizing flow 
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technology to quickly quantify rare mutational events.  However, due to its genetic basis, it has previously only 
be applied to individuals heterozygous for the MN blood group, which make up approximately 50% of the 
population. 

A second blood-based somatic mutation assay, based on the X-linked HPRT locus, is universally applicable, 
but requires cell culture and drug selection, making it more expensive and labor-intensive (4).  Moreover, one 
class of HPRT mutants have been specifically identified as occurring via illegitimate V(D)J recombination (5), a 
mutagenic process that is characteristic of loss of double strand break DNA repair, such as in the cancer-prone 
syndrome ataxia telangiectasia (AT).  The BRCA1 and BRCA2 breast cancer predisposition genes have also 
been implicated in this type of repair, so may also have a characteristic increase in these types of mutants (6).  
Illegitimate V(D)J recombination itself, however, should not occur in the breast epithelium, as it is not a cell-
type associated with immune function. 

Our hypothesis predicts that the somatic mutational burden of cancer patients should be higher than that of 
disease-free controls.  This prediction was first applied to a mixed population of cancer patients, and these 
results, originally preliminary data for this proposal, have been published (7).  These data include significant 
contributions from cancers (breast, prostate, testicular) with acknowledged “hormonal” factors, suggesting that 
a dependence on genotoxic exposures is not mutually exclusive with an association with endocrine factors. 

We have now optimized the ability to use these data as indicators of cancer risk.  By establishing a 
demarcation point of greater than 30 GPA allele loss mutations per million cells, we are able to demonstrate 
significant discrimination of the cancer population from the cancer-free population in a retrospective study 
(Table 1).  This analysis appears to apply equally well to the subset of breast cancer patients, despite the 
“hormonal” nature of their disease.  Indeed, with an adjustment in the demarcation point for the age of the 
patients, this approach also seems to apply to childhood cancers, such as sporadic retinoblastoma (Table 2). 
 

         GPA 
      Total    Mutant Frequencies1            OR2  
Population   Assayed < 30.0   > 30.0       (95% CI3) 
 
adult controls     802    709      93 
 
all cancer patients       98      63      35  4.24 (3.68-4.87) 
 
breast cancer patients      47      29      18  4.73 (3.75-5.98) 
 
Table 1.  Increased proportion of individuals with high GPA mutation frequencies in adult cancer patients vs. controls.  
1variant frequencies x 10-6, 2odds ratio, 3confidence interval 
       GPA 
      Total    Mutant Frequencies1            OR2  
Population   Assayed < 15.0   > 15.0       (95% CI3) 
 
pediatric controls       28      25        3 
 
retinoblastoma patients      52      33      19  4.80 (1.39-16.56) 
 
Table 2.  Increased proportion of individuals with high GPA mutation frequencies in pediatric cancer patients vs. controls.  
1variant frequencies x 10-6, 2odds ratio, 3confidence interval 
 
We have recently demonstrated that we can detect “high” levels of somatic mutational burden, regardless of 

the GPA allelotype of the individual (8).  This allows us to apply the GPA assay, regardless of genotype, for 
diagnosis of  the cancer-prone diseases ataxia telangiectasia (9), Fanconi anemia (8), and, potentially, Bloom 
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syndrome (10,11).  Moreover, the assay is similarly universally applicable in other scenarios where an increased 
somatic mutation is expected or can be used to discriminate individuals, such as in the response to genotoxic 
chemotherapy in breast cancer patients (12).  Although mutants are not as well separated from wild-type cells in 
GPA homozygotes vs. heterozygotes, this problem is offset to some degree by the fact that the products of 
mutation of both alleles in GPA homozygotes have the same mutant phenotype, doubling the actual mutation 
frequency.  Thus, we have demonstrated that we can reliably identify peaks of 50 or more mutant cells per 
million analyzed in GPA homozygotes, but, since this represents the mutation frequency at two alleles rather 
than one, the actual mutation frequency that we can detect is 25 per million.  Note that this is below the level we 
have established as distinguishing breast cancer patients, and therefore, in the prospective context, individuals at 
risk of developing breast and other cancers.  For this application, therefore, the GPA assay is universally 
applicable; although we will not always be able to assign a reliable quantitative mutation frequency to an 
individual, we will be able to determine that they are not “at risk”.  This is a very important step in terms of 
translating these results from the theoretical to a practical population screen for individuals who have sustained 
genotoxic insults that put them at risk of developing cancer. 

In collaboration with Dr. Jean Latimer of the University of Pittsburgh Cancer Institute we have attempted to 
extend these observations to the molecular level.  Dr. Latimer is an expert in nucleotide excision repair (NER), 
a type of DNA repair usually associated with DNA damage caused by exposure to ultraviolet light (pyrimidine 
dimers, among other species) (13).  She has also developed a reliable means of culturing normal breast 
epithelium and tumor (20).  We are in the process of revising a manuscript on this cell culture method that we 
had submitted to the journal Nature Methods; we are performing cytokeratin-14 staining on these cultures to 
demonstrate the presence of myoepithelial cells pursuant to revising the manuscript for reconsideration.  We 
have used these techniques to begin to determine whether loss or deficiency of NER could play a role in the 
higher somatic mutation frequencies we have documented in sporadic breast cancer patients.  These studies 
were based on three observations: 1) NER activity modifies bodily response to a major class of environmental 
mutagens, bulky adducting long-chain and polyaromatic hydrocarbons, so is likely to be involved in most 
cancers that have a component of environmental exposure in their etiology; 2) since it requires the products of 
25 genes, the NER pathway offers a large target for environmental mutagenesis; and, 3) early studies suggested 
that breast cancer patients (21) were deficient in NER, and there has been recent recapitulation of these findings 
(22,23). 

Since the NER pathway is so complex, it is difficult to assay individual components, although a cell-free 
protein reconstruction system has been established (24).  There are basically three methods for practically 
measuring NER, and all require actively proliferating cells; the unscheduled DNA synthesis (UDS) assay, 
involving label incorporation during repair of damage caused by delivery of UV or a UV-mimetic chemical 
(25), is by far the most widely applied, having been used as a screen for genotoxic chemicals by the National 
Toxicology Program (26).  Drs. Grant and Latimer had previously collaborated in a study using the GPA and 
UDS assays to characterize a newly diagnosed pediatric patients suffering from Rothmund-Thomson syndrome, 
a premature aging syndrome with elements of DNA repair deficiency (27).  The UDS assay was therefore our 
assay of choice for functionally assessing the entire NER pathway. 

Our first results in this system demonstrated several interesting characteristics of DNA repair in the breast 
epithelium: the NER capacity of these cells was only 25% of that measured in skin fibroblasts, there was a 9% 
coefficient of variation, establishing a considerable “range of normal”, and NER capacity was not associated 
with either the age of the donor nor the proliferation of the cell sample (28).  These results are significant, 
because another laboratory has established that the background frequency of somatic mutation, as measured 
with the HPRT assay, is 10-100-fold higher in epithelial cells than in other cell-types (29). 
 The UDS assay has been performed on peripheral blood lymphocytes (PBL) (25), and we recently published 
a large survey of normal individuals analyzed this way (N = 33) (25).  Unfortunately, that study also established 
tissue-specific differences in NER capacity between fibroblasts, lymphocytes and epithelial cells, such that 
coordinate regulation of the three cell types cannot be assumed.  A preliminary analysis of nine blood samples 
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from newly diagnosed breast cancer patients, however, suggests that 1) breast cancer is associated with NER 
deficiency, and 2) that blood-based assay of NER deficiency is feasible (Figure 1).  Lymphocyte NER from the 
breast cancer patients were significantly lower (P = 0.005) than in unaffected controls, averaging only 0.23 ± 
0.09 of the NER capacity of the mean of our control population. 
 
 
 
 
 
Figure 1.  NER capacity of PBLs 
from disease-free controls (N = 33) 
and newly diagnosed (pre-therapy) 
breast cancer patients. NER capacity 
was assessed with the UDS assay. 

QuickTime™ and a TIFF (Uncompressed) decompressor are needed to see this picture.

 
 Our ability to establish explant cultures of breast epithelial tissue has allowed us to extend these 
observations to the tissue of interest.  UDS analysis of 17 stage I breast tumors demonstrated that the breast 
tumors were significantly lower in NER capacity than the breast reduction samples, exhibiting an average of 
47% normal activity (P = 0.0002).  None of the breast tumor cultures exhibited an NER capacity equal to the 
average of the reduction mammoplasty samples, and half of the tumors had NER capacities lower than that of 
the lowest breast reduction.  As shown in Table 3, if 70% of normal NER activity is used to distinguish these 
data the UDS assay is able to discriminate normal and tumor samples with a sensitivity of 88%, a specificity of 
78% and a significant odds ratio (OR) of 27.0.  This result clearly establishes that deficiency of NER is 
associated with breast cancer incidence.  These data have been submitted as a manuscript to the Journal of the 
National Cancer Institute.  We are presently completing experiments requested by their reviewers to extend the 
functional analysis of NER to the molecular level using RNase protection, Western analysis and expression 
microarray. 
 

       Total    NER Capacities1            OR2

Population    Assayed < 0.70   > 0.70       (95% CI3) 
 

breast cancer patients (stage 1 tumor)      17      15        2  27.0 (14.4-50.8) 
 

breast cancer patients (stage 1 NTA4)      13        8        5    5.8 (2.4-14.0) 
 

breast cancer patients (stages 1 + 2)      42      32      10  11.5 (7.25-18.3) 
 

disease-free controls        23        5      18 
 

Table 3.  Increased proportion of tissue samples with low NER capacities in breast cancer patients vs. controls. 
1relative to average of breast reduction samples, 2odds ratio, 3confidence interval, 4non-tumor adjacent normal tissue 
 
 Using a pair of commercially available multiplexed sets of probes for RNAse protection of NER-associated 
genes (Figure 2), we have observed a consistent, concurrent, significant downregulation of eight genes in the 
NER pathway: CSB (P < 0.001), XPA (P = 0.03), TFIIHp52 (P = 0.018), TFIIHp44 (P = 0.01), TFIIHp34 (P = 
0.008), Cdk7 (P = 0.009), CycH (P = 0.024), and XPB (P = 0.019) (Figures 3 and 4).  Indeed, although they do 
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not reach significance due to low expression levels or variability, there is a trend for lower expression in tumor 
samples for all but one of the 20 NER genes analyzed (Figure 5).  These data have so far been confirmed in 
ongoing analyses of these samples by microarray (Figure 6) and Western analysis (Figure 7).  These data 
suggest that there is a mechanism of coordinate control over most or all of the NER genes.  Promotor analysis 
reveals no obvious transcription factor commonalities among the whole set of NER genes, nor in the our subset 
of  “candidate” genes, although smaller subgroups share very similar sets of promotor elements (Figure 8).  
Another possibility is that the NER genes are regulated epigenetically via DNA methylation in the promotor 
region.  Analysis of the CG distributions of 25 NER genes reveals that 23 have “CpG islands” in their promotor 
regions (Figure 9).  This proportion is significantly higher than the 60%% expected from the entire genome 
(30).  We intend to continue our characterization of the NER deficiency we have found in the tissues of breast 
cancer patients and use these data to pursue funding to determine the mechanism of gene downregulation at the 
molecular level.  These data have important implications with regard to the etiology of breast cancer, as well as 
the design of chemotherapeutic agents that might exploit the vulnerability of breast tumors to agents causing 
DNA damage that must be repaired by the NER pathway. 
 We have also been attempting to establish methods to analyze other types of DNA damage and repair in 
these breast epithelial and tumor samples.  We have developed a method of  
 

 
 
Figure 3.  RNAse protection gels showing the probes to 20 NER-associated genes hybridized to RNA isolated from a number of 
different types of breast-derived tissues, tumors and cell lines. 
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Figure 4.  Representative RNAse protection gel showing hNER2 kit hybridized to a dilution series of human control RNA and 2 ug 
total RNA derived from 3 breast reduction cell lines, and 3 stage I tumor cell lines. Gene expression data are shown for the candidate 
NER gene CSB and the control housekeeping gene GAPDH.  Bands used for quantitation are indicated by arrows 

 
Figure 4.  RNAse protection data showing the significant loss of mRNA expression in 8 candidate NER genes between breast 
reduction (normal) (red) and tumor cell lines (blue).  Autoradiograms were normalized for loading using GAPDH and expressed 
relative to normal FF in each experiment.  Total RNA was generated from 3 breast reduction cell lines were and 3 stage I tumor cell 
lines.  Each bar represents the indicated number of independent analyses. Non-tumor adjacent cell lines showed similar results as the 
matching tumors. 
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Figure 5.  RNAse protection data showing the pattern of expression of the remaining 12 NER genes analyzed between breast 
reduction (normal) (red) and tumor cell lines (blue).  Autoradiograms were normalized for loading using GAPDH and expressed 
relative to normal FF in each experiment.  Total RNA was generated from 3 breast reduction cell lines were and 3 stage I tumor cell 
lines.  Each bar represents at least 6 independent analyses. Non-tumor adjacent cell lines showed similar results as the matching 
tumors. 

 
Figure 6.  Gene expression microarray analysis of breast reduction (normal) (red) and stage I tumor (blue) samples show differences 
in NER gene expression consistent with the observed loss of functional activity in early stage tumors and decreases in gene expression 
as measured by RNAse protection.  These differences, as measured by the microarray data, are not yet significant, however. 
 



  Grant, Stephen G.  
  DAMD17-00-1-0409 

 11

 
 
 
 
Figure 7.  In certain candidate genes, functional 
deficiency of NER activity is accompanied by not only 
downregulation of the gene as measured by RNAse 
protection and gene expression microarray, but also by a 
relative deficicecy of the gene product as determined by 
Western analysis.  

 

 
 
Figure 8.  Seven transcription factor regulatory model linking the expression of the NER candidate genes XPA and CSB. 
 

 
Figure 8.  CG dinucleotide distribution of the CSB candidate gene showing the position of a “CpG island” in the 5’ promotor region. 
 
analyzing DNA double strand break damage and repair using pulsed field electrophoresis (31).   This method is 
somewhat analogous to a large-scale comet assay, with the extent of DNA damage determined by the migration 
of DNA fragments out of the nucleus.  Repair capacity can 
then be measured by inducing DNA damage and allowing the cells time to repair the induced damage, as shown 
in Figure 10.  We will also pursue funding to apply this assay to our breast tissue cell lines to determine 
whether a deficiency of DNA double strand break repair can be detected in breast cancer patients, as might be 
suggested by their susceptibility to ionizing radiation (1).  This type of analysis may be particularly applicable 
to breast cancer patients who are carriers of the BRCA1 or BRCA2 genes, which have been implicated to play a 
role in this type of DNA repair (6). 
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Figure 10.  Repair of DSB damage in the Ishikawa endometrial cancer cell line following exposure to 60 Gy and repair for the 
indicated amount of time (minutes). 
 
 We have also extended our UDS results to include established breast cancer cell lines, stage 2 tumors and 
the histologically “normal” breast epithelium surrounding our stage 1 tumors.  As shown in Figure 11, analysis 
of a number of established breast tissue-derived cell lines, including a putative “normal” line shows very high 
levels of NER.  Thus, these lines are not representative of this characteristic of early stage breast cancer nor of 
the tissue-specific level of NER found in normal breast epithelium.  A manuscript on these data has been 
written; since the cell line data are compared to the NER results from the stage 1 tumors, this paper awaits the 
acceptance of a manuscript containing those data. 
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Figure 11.  NER capacity of 6 established breast cancer cell lines and one putative “normal” line (MCF-10A) compared to data from 
normal breast epithelium (from breast reduction mammoplasty) and stage 1 breast tumors.  Cell line data is based on a minimum of 3 
independent analyses and is presented with error bars representing the SEM. 
 
 We have also generated UDS data on 13 samples of histologically normal, “non-tumor” adjacent breast 
epithelial samples from breat cancer patients (12 of which are matched to tumor samples).  To our surprise, 
instead of exhibiting normal levels of NER (normal for breast epithelial tissue), we found that these samples 
were also significantly deficient in NER (32).  These results also have important implications for the etiology 
and treatment of breast cancer, implying that the normal tissue around a tumor is actually pre-neoplastic, 
including exhibiting genomic instability.  These data are consistent with the concept of “field carcinogenesis”, 
which has been previously observed at the molecular level in breast cancer (33).  Moreover, these data can also 
be used to distinguish cancer patients from controls (sensitivity 62%, specificity 78%) (Table 3), suggesting 
that UDS analysis of breast biopsy material may be clinically useful, even in the absence of abnormal histology.  
These data continue to be a significant improvement over the GPA assay results, and suggest that such NER 
measurements would be a better risk assessment tool for breast cancer, (although biopsy itself is a known risk 
factor [1]). 
 Finally, UDS results from 25 stage 2 breast tumors show that they share many characteristics of the stage 1 
results.  They exhibit a mean NER capacity of 0.69 ± 0.09 relative to the mean of the normal controls, 
significantly lower than the breast reduction controls (P = 0.004), but not significantly different from the NER 
capacity of the stage I samples (P = 0.07).  If these data are added to the stage I results and similarly evaluated, 
the UDS assay with a cut-off of 70% normal activity can discriminate normal and tumor samples with a 
sensitivity of 76% and a significant OR of 11.5 (Table 3).   
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Key Research Accomplishments 
 

o We have established that somatic mutational burden, as measured with GPA assay, is a potential 
predictor of breast cancer incidence. 

 
o We have established that the application of the GPA assay for population screening of breast cancer risk 

is not limited by GPA genotype. 
 

o We have established that breast cancer patients exhibit NER deficiency in blood lymphocytes, tumor 
tissue and normal epithelium from the affected breast, and that these measurements may also be 
potential predictors of breast cancer incidence. 

 
o We have determine that there is concurrent downregulation of many of the genes in the NER pathway 

during breast carcinogenesis, and begun to investigate possible mechanisms, such as shared promotor 
elements and susceptibility to epigenetic effects. 

 
o We have developed a method of analyzing DNA double strand break repair that can be applied to the 

samples generated in this study. 
 
Reportable Outcomes 
 

o One paper describes the application of the GPA assay to individuals not heterozygous for the GPA locus, 
providing the issue is to determine whether they have a “high” somatic mutational burden consistent 
with a genetic predisposition to cancer 

 
Evdokimova, V.E., McLoughlin, R.K., Wenger, S.L., and Grant, S.G.  (2005)  Use of the glycophorin A bone 
marrow somatic mutation assay for rapid, unambiguous identification of Fanconi anemia homozygotes 
regardless of GPA genotype.  American Journal of Medical Genetics  135A: 59-65 (published online 04-08-05). 
 

o Two papers involving our identification and analysis of high risk breast cancer patients: 
 
Latimer, J.J., Rubinstein, W.S., Johnson, J.M., Kanbour-Shakir, A., Vogel, V.G., and Grant, S.G.  (2005)  
Haploinsufficiency for BRCA1 is associated with normal levels of DNA nucleotide excision repair in breast 
tissue and blood lymphocytes.  BMC Medical Genetics  6: 26 (published online 06-14-05). 
 
Rubinstein, W.S., Latimer, J.J., Sumkin, J.H., Huerbin, M.B., Grant, S.G., and Vogel, V.G.  (2006)  Prospective 
screening study of 0.5 Tesla dedicated magnetic resonance imaging for the detection of breast cancer in young 
high risk women.  BMC Women’s Health  (in press). 
 

o One paper on the development of a new method to quantify double-stranded DNA damage and repair: 
 
Joshi, N., and Grant, S.G.  (2005)  DNA double strand break damage and repair assessed by pulsed-field gel 
electrophoresis.  Methods In Molecular Biology  291: 121-129. 
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o Our initial studies on NER capacity in stage 1 breast tumor vs. normal epithelial tissue samples have 

been presented at six national, international or regional meetings, and they will form the basis of the 
Ph.D, thesis of M.D./Ph.D. student Jennifer M. Johnson): 

 
Kelly, C.M., Johnson, J.M., Wenger, S.L., Vogel, V., Kelley, J., Johnson, R., Amortequi, A., Mock, L., Grant, 
S.G., and Latimer, J.J.  (2003)  Analysis of functional DNA repair in primary cultures of the non-tumor adjacent 
breast identifies two classes of breast cancer patient.  Presented at the 2003 meeting of the American 
Association for Cancer Research, Washington, D.C.  Proceedings of the American Association for Cancer 
Research  44: 974-975. 
 
Latimer, J.J., Johnson, J.M., Kelly, C.M., Mock, L., Vogel, V.G., Johnson, R., Kelley, J., Brufsky, A.M., 
Amortequi, A., Shestack, K., and Grant, S.G.  (2004)  Evidence for both hereditary deficiency and somatic loss 
of nucleotide excision repair in human breast cancer.  Presented at the Sixth Annual Midwest DNA Repair 
Symposium, University of Kentucky, Lexington, Kentucky. 
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o Two manuscripts based on this work are in preparation, and close to submission: 
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o We anticipate further manuscripts based on the completed gene expression data generated by RNAse 
protection, the ongoing gene expression microarray and Western analyses, the stage 2 tumor NER 
results and the NTA NER results. 

 
Conclusions 

 
 We have determined that mutagenesis is an important element in breast cancer incidence and that factors 
that modulate this effect, such as environmental exposures and genetic susceptibility may be useful in 
performing individual estimations breast cancer risk.  We have developed a method to integrate these factors 
into a single measure of “somatic mutational burden” using the blood-based GPA assay, and demonstrated that 
the application of the assay for this purpose is not limited to a subset of the population.  We have determined 
that breast epithelial cells are relatively deficient in activity of the NER DNA repair pathway, and that early 
stage tumors and even histologically normal NTA from an affected breast are significantly reduced in NER 
capacity.  We have shown how these data can also be used in a screening scenario to detect women at increased 
risk of breast cancer, and pointed out the implication of these results for the design of breast cancer treatment 
regimen.  We are now characterizing this affect at the molecular level, including pursuing means of modulating 
NER during ccarcinogenesis and treatment, and are pursuing studies to extend these results to other factors that 
potentially modulate somatic mutation burden, such as DNA double strand break repair. 
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Use of the Glycophorin A Somatic Mutation Assay for Rapid,
Unambiguous Identification of Fanconi Anemia
Homozygotes Regardless of GPA Genotype
Viktoria N. Evdokimova,1 Reagan K. McLoughlin,2 Sharon L. Wenger,3 and Stephen G. Grant1*
1Department of Environmental and Occupational Health, Graduate School of Public Health, University of Pittsburgh,
Pittsburgh, Pennsylvania
2Department of Human Genetics, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania
3Department of Pathology, West Virginia University, Morgantown, West Virginia

A 7-year-old girl was hospitalized with pancyto-
penia requiring blood transfusion. She and an
older brother with suspicious symptoms were
referred for laboratory testing to confirm a
clinical diagnosis of Fanconi anemia (FA). Blood
samples from these two children and one parent
were examined with the GPA somatic mutation
assay. The patient’s total GPA somatic mutation
frequency of 1.4�10�4 was determined despite the
confounding effects of her recent transfusion, and
was greater than 10-fold higher than that of a
population of pediatric controls, consistent with
the known FA phenotype. Her brother was not
informative for the standard GPA assay, which
requires heterozygosity for the MN blood group,
but was analyzed with a modified assay that
measured only allele loss mutation. His mutation
frequency, 6.8�10�4 was also supportive of a
diagnosis of FA. Both analyses also showed
evidence of ongoing mutation through terminal
erythroblast differentiation, a characteristic of
patients with DNA repair syndromes which fur-
ther confirmed the diagnoses. These conclusions
were confirmed with traditional DEB-induced
chromosome breakage studies. The quantitative
and qualitative aspects of the GPA assay relevant
for applying this test for FA diagnosis, and
perhaps for carrier detection, are discussed.
� 2005 Wiley-Liss, Inc.

KEY WORDS: Fanconi anemia; FA; Fanconi ane-
mia heterozygotes; GPA; somatic
mutations; clinical diagnosis

INTRODUCTION

Fanconi anemia (FA) is anautosomal recessive disorderwith
a monogenic mode of inheritance [Rogatko and Auerbach,
1988], caused by highly heterogeneous mutations in the genes
of the FA complementation groups. FA affects all marrow

elements, resulting in anemia, leucopenia, and thrombo-
cytopenia, although there is significant clinical diversity
[Auerbach et al., 1989]. Leukemia is a fatal complication and
mayoccur in patients lacking full-blown features. FAalsohas a
distinctive cellular phenotype: high frequencies of both
spontaneous chromosome breakage and chromosome aberra-
tions, usually rearrangements between non-homologous chro-
mosomes [Schroeder et al., 1964; Bloom et al., 1966; Schroeder
andGerman, 1974]. In addition, lymphocytes fromFApatients
show a G2 phase arrest [Schindler et al., 1987] and FA cells
have accelerated telomere erosion [Callen et al., 2002]. FA cells
are hypersensitive to the cytotoxic and clastogenic effects of
DNA cross-linking agents, such as the difunctional alkylating
agent diepoxybutane (DEB) [Chaganti and Houldsworth,
1991].

The molecular diagnosis of FA is complicated by the
heterogeneity of the mutation spectrum and the frequency of
intragenic deletions. The accepted diagnostic laboratory test
for identification of FA homozygotes remains the in vitro
induction of chromosome breakage with DEB or mitomycin C
[Auerbach et al., 1979, 1985, 1986; Rosendorff and Bernstein,
1988]. Although this analysis can be performed by most
cytogenetics laboratories, it is labor-intensive, involving viable
cell culture and some expertise to read the slides.

The flow cytometric glycophorin A (GPA) assay is based on
detection and quantitation of somatic ‘‘allele loss’’ mutations at
the glycophorin A locus (also called GYPA) on chromosome 4.
This locus encodes a major red blood cell surface sialoglyco-
protein existing in two common isoforms: M and N [Grant and
Bigbee, 1993]. TheGPAassay is potentially sensitive to a broad
spectrum of mutational events, including point mutation,
small insertions and/or deletions, chromosomal aneuploidy,
epigenetic gene inactivation, homologous or non-homologous
recombination [Grant et al., 1992a]. Previous studies have
shown an association between GPA mutation level and
elevated risk of cancer [Grant, 2001], particularly in the so-
called ‘‘DNA repair’’ diseases ataxia telangiectasia (AT)
[Bigbee et al., 1989; Hewitt and Mott, 1992], FA [Bigbee et al.,
1991; Sala-Trepat et al., 1993], and Bloom syndrome [Langlois
et al., 1987; Kyoizumi et al., 1989b], which show 10-, 50-, and
100-fold increases in GPA mutation frequencies, respectively
[Grant et al., 1991]. We have recently shown that this
increased GPA mutation frequency, in concert with a char-
acteristic flow cytometric pattern, can beused in the laboratory
diagnosis of AT [Grant et al., 1997].

The GPA assay is based on our ability to easily and
unambiguously distinguish the two allelic gene products of
theGPA locus inGPAM/N heterozygotes and thereforemeasure
mutations with ‘‘single-hit’’ kinetics [Grant et al., 1992a]. This
effectively limits the application of the assay to the�50%of the
population who are heterozygous, reasonable enough for
screening studies, but unacceptable for clinical use. This
study also demonstrates how the GPA assay may be applied
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in non-heterozygotes, providing that the expected mutation
frequency is higher than background. We also demonstrate
how the GPA assay can be applied even when a blood trans-
fusion, a common treatment for anemic conditions, potentially
confounds the analysis.

MATERIALS AND METHODS

Case History

A7-year-oldwhite femalewashospitalizedwithnosebleed at
which time pancytopenia was identified. She received a
transfusion of packed red blood cells. Her height and weight
were less than the 5th centile. She had a history of fatigue,
pallor, poor growth, occasional infections and bruised easily.
Her right kidney was somewhat smaller than the left, and
malrotated. No other physical findings were noted.

The patient’s 8.5-year-old brother had a medical history of
hospitalization at 18 months of age for failure to thrive. His
height and weight were less than the 5th centile. He had
recurrent otitis media, hearing loss, pallor, and was easily
fatigued.

A younger brother was apparently normal. The family
reported a great maternal uncle who died at age 12, described
as ‘‘tired.’’ Blood samples from the patient and her older
brother were sent for laboratory confirmation of clinical
diagnosis or suspicion of FA, respectively. A sample from one
of their parents was also submitted for analysis.

Cytogenetics

Peripheral blood samples fromthepatient, her older brother,
and their parent were processed for routine cytogenetic
analysis, including 72 hr incubation in RPMI 1640 medium
and trypsin-Giemsa banding [Seabright, 1971]. Blood samples
from normal controls were set up concurrently with each
patient sample.

For FA testing, DEB was added 24 hr after the initiation of
culture to give a final concentration of 0.01 mg/ml in one of two
parallel cultures [Auerbach et al., 1981]. Cultures were
incubated an additional 48 hr and harvested for metaphases
using routine cytogenetic technique. Slides from cultures with
and without DEB treatment were solid stained using Giemsa.
One hundred cells were scored for chromosomal breakage and
interchanges per culture. Laboratory reference for the range of
breaks/cell for controls is 0.00–0.10 with or without DEB
treatment.ForFApatients, the range of spontaneous breakage
per cell is 0.05–0.38 and the range of DEB-induced breakage
per cell is 0.36–2.12. In our hands, chromosome breakage is
5.4-fold higher in these patients after DEB treatment, which is
comparable to the approximately fivefold increase reported in
the literature [Auerbach et al., 1981].

Somatic Mutation Assay

The ‘‘DB6’’ version of the GPA somatic mutation assay was
performedas described [Grant, 2005]. Intact erythrocytes from
the patient, two family members, and controls were ‘‘sphered’’
in hypotonic solution and fixed in formaldehyde/SDS buffer.
Sphered cells were then labeled with two monoclonal anti-
bodies, each specific to one allelic isoform of the glycophorin A
protein via an extracellular epitope. A standard assay consist-
ed of 5� 106 cells analyzed by quantitative flow cytometric
analysis of the conjugated fluorophors, at flow rates of 3,000–
4,000 cells per second, using a rectangular gate in the forward
scatter versus log side-scatter distribution to discriminate for
intact cells and against antibody induced cell aggregates.
Mutation frequencies were calculated as the number of events
falling within this defined region of the histogram divided by
the total number of analyzed cells. Analysis of samples with

unusually high mutation frequencies were repeated, and the
results given represent an average of these two assays.
Concurrent control blood samples were also obtained from
11 healthy donors: 1 GPAM/N heterozygote and 10 GPAM/M

homozygotes. The concurrently analyzedM/N control yielded a
total mutation frequency of 8.0� 10�6, with equal representa-
tion of simple allele loss mutants and mutants with a
phenotype consistent with allele loss and duplication [Grant
et al., 1991]. These results are in excellent agreement with the
historic mutation frequencies associated with this individual,
who has been assayed 25 times in our laboratory, with mean
total GPA mutation frequencies of 9.4� 1.0� 10�6 cells
analyzed, allele loss frequencies of 4.3� 0.4� 10�6, and loss
and duplication frequencies of 5.1� 0.8� 10�6 (P&0.4 for all
threemeasurements). Historical control samples for this study
were obtained from employees of the Lawrence Livermore
National Laboratory and their families, from 1988 through
1991. Subsets of this data have been previously reported
[Jensen et al., 1987, 1991]. Reference samples from confirmed
FA patients and obligate heterozygotes were obtained from
Dr. Arlene D. Auerbach of the International Fanconi Anemia
Registry (IFAR) [Kutler et al., 2003].

Statistical Analysis

Analysis of individual results in the context of control popu-
lations was done with the z-test at /¼ 0.05 on ln transformed
data. Comparisons between populations were performed with
the t-test at the same level of significance on similarly
transformed data.

RESULTS

Cytogenetics

Thehospitalizedpatienthadanormal femalekaryotype. She
had 7 spontaneous gaps and breaks and one quadriradial out of
50 cells, and 75 breakage/interchange configurations among
100 cells following treatment with DEB. The latter included
chromosomal gaps and breaks, a dicentric, triradials, quad-
riradials, acentric fragments andmultiple interchangefigures.
Both of these values arewell above the range of normal controls
in our hands, and confirm a diagnosis of FA.

The older brother had a normal male karyotype and
spontaneous gaps and breaks in 14 out of 100 cells. His DEB-
induced culture contained 53 breakage/interchange configura-
tions among 100 cells, which included gaps, breaks, a triradial,
quadriradials, and acentric fragments. A bone marrow aspi-
rate drawn at the time of testingwas hypocellular. Once again,
these results confirm the clinical diagnosis of FA.

The parent’s spontaneous chromosome breakage levelwas 5/
100 cells, which increased to 11/100 in the DEB-treated
culture. The latter is slightly higher than the normal range of
1–10 induced breakage/interchange configurations per 100
cells, whichmay be related to his carrier status of the FA gene,
but cannot be used reliably to diagnose heterozygotes [Cohen
et al., 1982; Cervenka and Hirsch, 1983].

Somatic Mutation Analysis

Following routine cytogenetic andDEB tests, 500 ml aliquots
of the whole blood samples from the patient, her brother, their
parent, and healthy controls were serotyped for the M/N blood
group and further processed for analysis with theGPA somatic
mutation assay. The GPA assay enumerates variant cells
potentially arising by a wide variety of molecular mechanisms
associated with allelic ‘‘segregation’’ or loss of heterozygosity
(LOH) [Worton and Grant, 1985; Grant et al., 1991]. These
mutants can be further characterized by the level of expression
of the remainingGPA allele into ‘‘N/Ø’’ variants, with a simple
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allele loss phenotype, and ‘‘N/N’’ cells, which, in addition to the
loss of theM allele, express the remaining N allele at twice the
normal level. Previous studies have demonstrated an in-
creased frequency of uninduced GPAmutation in FA patients
corresponding to an average 30-fold increase in N/Ø variants
and an 8-fold increase in N/N variants compared to unaffected
controls [Bigbee et al., 1991; Sala-Trepat et al., 1993].

The patient had a heterozygous M/N phenotype, ideal for
evaluation by the GPA assay. In practice, however, the flow
histogram of her sample revealed amore complicated situation
(Fig. 1). Major peaks of approximately equal size were evident
in the areas of the histogram associated with both anM/M and
an M/N genotype. It was hypothesized that one of the peaks
consisted of cells froma transfusion of packed cells given 9days
prior to sample acquisition. Quantitation of the nucleic acid
content of circulating red cells by staining with propidium
iodide (PI) revealed that the cells comprising theM/Mpeakhad
a very low proportion of cells retaining nucleic acid, specifically
mRNAs in reticulocytes, of 0.3% [Corver et al., 1994]. Cells in
theM/Npeak, andvariant cells falling in the allele losswindow
had much higher reticulocyte proportions of 4.7%, suggesting
that they were the patient’s own cells, and that the vast
majority of M/M cells were derived from the transfusion. The
total GPA mutation frequency of the patient was 71.9� 10�6

(P¼ 0.0024 versus normal pediatric controls), with an allele
loss (N/Ø) frequency of 59.7� 10�6 (P< 0.0001), and an allele
loss and duplication (N/N) frequency of 12.2� 10�6 (P¼ 0.20).
This N/Ø frequency is already high enough to be considered an
‘‘outlier’’ [Bigbee et al., 1998] and is supportive of a diagnosis of
FA [Bigbee et al., 1991; Sala-Trepat et al., 1993; Grant et al.,
1997], but the analysis becomes even more definitive if these
frequencies are adjusted for the number of transfused cells
confounding the assay: total GPA mutation frequency¼
143.5� 10�6 (P< 0.0001), N/Ø frequency¼ 119.2� 10�6

(P< 0.0001), N/N frequency¼ 24.3� 10�6 (P¼ 0.041). The
allele loss frequency from this patient is compared to those
from the twopreviously reported, largely pediatric populations
and a matched set of controls in Figure 2.

Although the uninduced N/Ø mutation frequency for this
patient is elevated and therefore is consistent with a diagnosis
of FA, this observation is not, in itself, conclusive (although in
conjunctionwith the clinical findings reported above, itmay be
considered confirmative). Individuals with similarly elevated
mutation frequencies have been observed in all populations

surveyed with the GPA assay [Jensen et al., 1987; Akiyama
et al., 1995; Radack et al., 1996]. We have found that the
proportion of such outlier individuals is �2% in newborns
[Manchester et al., 1995], and increaseswith age [Bigbee et al.,
1998]. In our previous application of the GPA assay to the
diagnosis of AT [Grant et al., 1997], we pointed out several
characteristics of the flow histogram that help in discriminat-
ing these patients from outlying controls, and some of these are
also applicable to FA. First, we noted that the elevation inGPA
mutation in AT was due exclusively to generation of allele loss
type mutants; there was no evidence for an effect on the
frequency of loss and duplication mutation in that disease. As
mentioned earlier, it has been reported that,while an elevation
in allele loss mutation is also a consistent observation in FA,
there is also evidence for an elevation in loss and duplication
mutants, although of lesser magnitude [Sala-Trepat et al.,
1993]. In our hands, any elevation in the frequency of loss and
duplication mutants is highly variable, and we do not consider
it to be a reliable feature of the analysis [Grant et al., 2004]. In
particular, itmust be assured that additional events in theN/N
window represent a true peak of variant cells with a loss and
duplication phenotype, and are not simply spill over events
from the large peak of N/Ø variants. In any case, an increased
frequency of loss and duplication mutants may be considered
as a possible but not mandatory feature of the FA phenotype.
Our patient had a slightly elevated N/N mutation frequency
when compared to those of the control population given in
Figure 2 (7.7� 1.0� 10�6), but this doesnotweigh significantly
in the diagnostic efficacy of her GPA analysis.

The next feature that typifies the GPA analysis of an AT or
FA patient is the presence of a peak of cells corresponding to
loss of the N allele rather than theM allele. Our preference for
quantification of M allele loss in the form of the N/Ø and N/N
variant classes is due to the technical parameters of the
detection system rather than any inherent genetic difference
in theMandNalleles. TheN/ØandN/Nwindowsare set at less
than 1% M allele-specific fluorescence, usually assuring un-
ambiguous discrimination of wild type and mutant cells. The
N-specific antibody used in the assay, however, cross-reacts
with another, related sialoglycoprotein on the red cells surface,
glycophorin B, which is expressed at about 1/3 the level of
glycophorin A [Cartron and Rahuel, 1995]. Thus, loss of signal
from a single copy of the GPA N allele reduces the total
fluorescein fluorescence by less than an order of magnitude,

Fig. 1. Flow cytometric histograms of 106 erythrocytes from a normal
control (A), a confirmed Fanconi anemia (FA) patient (B), and the current
patient (C) analyzed with the GPA assay. The major peak in all three
consists of heterozygousM/N cellswith equal labelingwithbothfluorophors.
Allele loss mutations appear in a window directly beneath the main peak
with less than 1% GPA(M) fluorescence. Loss and duplication mutations
appear in a equally sized window directly to the right of the allele loss

window, indicative of a twofold increase in GPA(N) fluorescence (note log
scale). Together, these two windows define total GPAmutation. A ‘‘ridge’’ of
cells joining the main peak to the mutant window is evident in both the
affected FA patient and the diagnostic sample. An ‘‘arm’’ of N-allele loss and
loss and duplication mutants is also evident extending left from the main
peak in the FA patient, but this area of the distribution is obscured in our
patient sample by a large peak of M/M transfused cells.
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rather than the 100-fold loss of phycoerythrin fluorescence
associated with loss of anM allele. We, therefore, only quantify
Nallele-loss variants in cases such as this, where a large peak of
mutants is expected (others regularly quantitate N allele-loss,
however, in their unique version of the GPA assay [Kyoizumi
et al., 1989a]). In any case, if FA is characterized by high
frequencies of ongoingmutation, there should be approximately
equal peaks of M allele loss and N allele loss mutants [Grant
etal., 1997]. In thispatient,however, the largepeakofM/Mcells
attributable to transfusion obscures this area of the histogram.
The fact that therewereanyPI-positive reticulocytes detectable
in this peak, when the transfusion occurred over aweek prior to
sampling might suggest that there are actually a considerable
number of mutant M/Ø and M/M variants generated by the
patient contributing to this peak.

Finally, the most powerful qualitative feature of the flow
histogramfromanATorFApatient is thepresenceofa ‘‘ridge’’ of
cells joining the allele loss mutant peaks with the wild-type
peaks [Grant et al., 1997]. This ridge does not appear in GPA
analyses of normal individuals, even of outliers with unusually
high mutation frequencies [Bigbee et al., 1998], nor does it
appear in analyses of individuals with high mutation frequen-
cies due to historic genotoxic exposures, such as survivors of the
atomic bombing of Hiroshima [Langlois et al., 1987; Kyoizumi
et al., 1989a]. We believe that this ridge is due to high
frequencies of ongoing mutation occurring after the onset of
GPA expression during erythroblast maturation, leading to a
spectrum of partial mutant phenotypes. Besides patients with
DNA repair syndromes, the only other situation where we have
seen this phenomenon is in patientswith an ongoing significant
genotoxic exposure, such as cancer patients undergoing muta-
genic chemotherapy [Bigbeeetal., 1990;Grantetal., 2004].This
patient clearly showsevidenceof suchongoingmutation (Fig. 2).
Once again, we would expect a similar ridge linking the wild

type peak to theN-allele loss peak, if it were not obscured by the
transfused cells.

The patient’s older brother displayed some suspicious
clinical symptoms, so it was even more important to provide
laboratory data on whether he might have FA. Unfortunately,
his GPA phenotype was homozygous M/M. In such a case, it is
completely impossible to observe allele loss plus duplication
events, since it regenerates the original genotype. Simple allele
loss, to produce an M/Ø phenotype, should occur, but it would
only reduce the M-specific labeling by half, and these variants
would occur in the ‘‘apron’’ of themainM/Mpeak. On the other
hand, since there are two, indistinguishable M alleles in this
individual, the frequency of M-allele loss variants should be
twice as high as that observed in M/N heterozygotes. In
running this sample, we hypothesized that if there was a large
enough peak of M/Ø cells, suggesting that the brother was
affected, it would be distinguishable as a separate peak
immediately below the main M/M peak (Fig. 3).

Indeed, such a distinct peak was observed in the GPA flow
histogram of this individual, yielding a frequency of allele-loss
variants of 1360.6� 10�6. This is clearly an abnormally high
‘‘outlier’’ frequency when compared to our N/Ø variant
frequencies from M/N heterozygotes, even when it is normal-
ized to a single allele by dividing by the number, two, of M
alleles that can be ‘‘lost’’ (¼ 680.3� 10�6 [P< 0.0001]). There is
also evidence for a ridge joining the mutant and wild-type
peaks, an important qualitative feature of AT and FA GPA
analyses. Since this analysis seemed to be useful, we similarly
analyzed10 samples fromnormalM/M individuals (Fig. 2;M/Ø
variant frequency¼ 31.9� 4.8� 10�6), clearly establishing
that the patient’s brother had an unusually high frequency of
allele lossmutation (>20-fold higher than controls, despite the
fact that these are adult, not pediatric controls, and there is an
established age effect in GPA somatic mutation [Jensen et al.,
1987; Radack et al., 1996], even when performed with the
assay that includes M/Ø variants in their analysis [Akiyama
et al., 1995]). We therefore concluded that the results of the
GPA analysis on this individual were supportive of a diagnosis
of FA.

Based on these diagnoses, the children’s parent must be an
obligate heterozygote for FA. They had a rather low totalGPA
mutation frequency of 12.0� 10�6 (P¼ 0.43 versus normal

Fig. 2. Comparison of GPA allele loss mutation frequencies among FA
patients, controls and diagnostic samples. Known FA patients and age-
matched controlswerederived fromunpublisheddataand thatofSala-Trepat
et al. [1993]. All are GPAM/N heterozygotes, as is the patient. M/M controls
were obtained specifically for comparison with the patient’s brother, but as
adult samples, would be expected to have a slightly higher mutation
frequency. These samples also reflect allele-loss from two alleles rather than
one, and may have a higher background simply because they cannot be
distinguished from the constitutive GPA phenotype as well by the antibodies
used in the GPA assay.

Fig. 3. Flow cytometric histograms of 106 erythrocytes from a normal
GPAM/M control (A), and the current patient’s brother (B) analyzed with the
GPA assay. Themajor peak in both panels consists of homozygousM/Mcells.
This peak is only 1/3 closer to the Y-axis than theM/N peaks seen in Figure 1
because of cross-reaction of ourGPA(N)-specific antibodywithglycophorinB
on the red cell surface. Allele loss phenotype M/Ø cells would fall directly
beneath the main peak, with only half the GPA(M)-specific fluorescence of
the main peak. At low, normal mutation frequencies, these cells (�10–20)
are lost in the apron of themain peak. In the diagnostic sample, however, an
unambiguous M/Ø is observed, as well as a ridge of cells with intermediate
phenotypes extending to the main peak.
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adult controls), that was fairly equally divided between the
allele loss (6.4� 10�6 [P¼ 0.34]) and loss and duplication
(5.6� 10�6 [P¼ 0.44]) classes. Indeed, this totalGPAmutation
frequency is significantly lower (P¼ 0.033) than that of eight
such obligate heterozygotes reported in Sala-Trepat et al.
[1993] (Table I), who concluded that FA heterozygotes have
slightly but significantly elevated GPA mutation frequencies.
The low frequency in the patients’ parent is primarily due to
the loss and duplication class of variant (P¼ 0.005), since there
is no significant difference in the frequency of allele loss
variants (P¼ 0.39). If the comparison is extended to include a
set of 28 obligate heterozygotes identified by the International
Fanconi Anemia Registry (IFAR) at Rockefeller University,
however, the present sample does not differ from this
population in total GPA mutation frequency (P¼ 0.18), allele
loss frequency (P¼ 0.35), or loss and duplication frequency
(P¼ 0.17) (data not shown).

DISCUSSION

The data presented in this article confirm the reported
elevated levels of somaticmutation at the autosomalGPA locus
in FA patients and demonstrate how this result can be applied
diagnostically. To date, we have performed a total of 152
analyses on putative FA patient samples and, by applying the
diagnostic criteria outlined in the results, we have a perfect
concordance with the DEB-induced chromosome breakage
assay. This includes 145 samples from the IFAR (including 36
known FA patients) and 7 diagnostic cases, 3 positive, 4 nega-
tive. Thus, the GPA assay may be used either in conjunction
with the DEB assay, or even instead of the DEB assay. The
GPA assay requires much less blood than the DEB assay
(essentially 100 ml, since phenotyping is no longer required),
which is important in evaluating pediatric cases, requires no
cell culturing, in vitro exposure or cytogenetic evaluation, and
can be performed in amatter of hours. We have already shown
that the GPA assay can be used to diagnose AT [Grant et al.,
1997] and application to Bloom syndrome should be straight-
forward [Kyoizumi et al., 1989a; Langlois et al., 1989]. Thus,
the assay has multiple clinical uses. Elevated GPA somatic
mutation frequencies have also been observed in patients with
Nijmegan breakage syndrome [Grant et al., 1992b], Cockayne
syndrome [Lin et al., 1995],Werner syndrome [Kyoizumi et al.,
1998; Moser et al., 2000], and possibly Rothmund–Thompson
syndrome [Grant et al., 2000]. GPA mutation frequencies are
also elevated in cancer patients [Okada et al., 1997; Grant,
2001]. Most significantly, we have shown that the GPA assay
can be used to quantitatively biomonitor the effects of geno-
toxic chemotherapy [Bigbee et al., 1989; Grant et al., 2004],
once again, regardless ofGPA genotype, so that it may become
a standard clinical technique.

Wehavepreviously published a set of guidelines for applying
the GPA assay for the diagnosis of AT [Grant et al., 1997]. A
similar set of criteria can be developed forFA. First, since allele

loss mutation frequencies in FA patients are typically fivefold
higher than the already elevated levels observed in AT [Grant
et al., 1992a,b], similar quantitative criteria can be adopted for
the two diseases, although the test should display a greater
sensitivity for FA. AT patients have shown no evidence of
increased frequencies of loss and duplication events, whereas
there seems to be a variable increase in this class of mutants in
FA. We suggest that this element of the analysis should be
considered as supportive of the diagnosis if it is elevated, but
neutral if it is not present. The best way to combine these
criteria is to consider the totalGPAmutation frequency aswell
as the N/Ø mutation frequency. Thus, a putative FA patient
should have either an allele loss frequency equal to or greater
than 30� 10�6, or a total GPA mutation frequency equal to or
greater than 50� 10�6, or both. Applying these criteria to the
combined FA datasets and younger (�24-years-old) controls in
Table I, theallele loss aspect of the test alonehasa sensitivity of
92% and a specificity of 97% (four false negatives and one false
positive). The contribution of the loss and duplication mutants
is demonstrated by the improvement when the total GPA
mutation frequency criterion is applied to this population: the
test now has a sensitivity of 98% and a specificity of 100%.
Indeed, the one remaining false negative has a combined
mutation frequency of 49.4� 10�6, whereas the highest control
has a frequency of 28.0� 10�6. If older adults and FA
heterozygotes are added to the test population the sensitivity
is unaffected, and the specificity is retained at a high level
(98%), but there are now 10 false positives by either testing
criteria.This illustrates theneed toaddqualitative assessment
of the histogram to the testing procedure, especially if it is
applied to adults. It is interesting to note that 3 and 4,
respectively, of the false positives for allele loss and total GPA
mutation frequency were FA heterozygotes.

TheGPAassaywasoriginally developedasa screeningassay
for human genotoxic exposures, and in this context it has been
widely applied [Grant and Bigbee, 1993]. The genetic limita-
tion that only GPAM/N heterozygotes are informative for the
test has not been a major detriment to its application in expo-
sure monitoring, since that is often a population-based
procedure. For clinical application, however, having the test
applicable to only half the test population has been an
insurmountable problem. For example, in the populations
presented in this article, a total of 192 samples received from
IFAR (including knownFAhomozygotes, familymembers, and
controls) were not assayed because of their homozygous GPA
genotype. In addition, six diagnostic samples were not analyz-
ed for the same reason. The present data suggest that all of
these samples are now approachable from the standpoint of
determining whether or not they are indicative of the FA
phenotype. In this study, we report the diagnosis of a FA
homozygote with an M/M GPA phenotype, because allele loss
mutants, the major class affected by FA, are still detectable in
such individuals (indeed, since they have two M alleles, their
frequency is actually enhanced twofold over M/N heterozy-

TABLE I. GPA Mutation Frequencies in Fanconi Anemia (FA) Heterozygote
and Control Populations

N Total
GPA mutation

frequenciesa N/Ø N/N

FA heterozygote 1 12.0 6.4 5.6
FA heterozygotesb 8 26.5� 4.0 13.5� 4.9 13.0�1.2
Controls (aged 4–24)b 21 13.0� 1.4 6.2�0.8 6.9�0.7
Controls (aged 8–24) 61 13.5� 1.4 5.3�0.4 8.2�1.3
Controls (aged 25–55) 257 17.0� 0.6 7.2�0.4 9.8�0.5

a�10�6.
bFrom Sala-Trepat et al. [1993].
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gotes). Data from cancer patients, where the mutants are
induced by genotoxic chemotherapy, suggest that similar
results are possible from N/N homozygotes.

An additional 24 known FA homozygous samples from IFAR
were not scored for GPA mutation due to recent transfusions.
As this is a common treatment for the pancytopenia associated
with FA (and, indeed, was the reason the current patient was
referred for testing), any widespread diagnostic application of
theGPAassay inputativeFApatients depends onour ability to
overcome this problem.Wewere fortunate in this case that the
transfusion was comprised only of cells of M/M genotype, in a
patient with a distinct M/N genotype. Thus, although the
transfused red cells obscured any N-allele loss or loss and
duplication variant cells, the presence of these cells did not
affect the interpretation of the assay.Had the transfusion been
of cells of mixed GPA phenotypes, e.g., frommultiple donors, it
is possible that theanalysiswouldnothavebeen informative. If
the transfusion had been of N/N cells, these cells would have
obscured the major peak of mutants used to establish the FA
diagnosis, although, in this case, theN-allele loss peak (with an
M/Ø phenotype) would not have been obscured. In some cases,
with sufficient clinical support, thismight be enough to confirm
a diagnosis of FA. If the transfused cells had been of the same
genotype as the patient, heterozygous M/N, these cells would
have contributed greatly to the ‘‘normal’’ peak and only at
background ‘‘normal’’ frequencies to the variants, effectively
diluting the mutational signal used for diagnosis. Moreover,
the effect of the transfused cells on the denominator of the
calculation, total cells analyzed, cannot be compensated for, as
was done for our patient, since the two cell populations would
be indistinguishable. If the transfusion contributed approxi-
matelyhalf of the red cell population, aswas seen in the current
patient, this dilution would reduce the sensitivity of the GPA-
based diagnostic test to 84%, based on our current population.
Thus, if the GPA analysis is to be performed on an M/N
individual, it is best to either obtain the sample before any
transfusions or to take this intent into account in the choice of
transfused cells. Thus, for M/N heterozygous patients, M/M
transfused cells are the least intrusive in the analysis.
Similarly, forM/M andN/N patients, transfusions of cells with
the opposite homozygous phenotype would be best.

The parents in this family are obligate heterozygotes for FA,
but theGPAassay results fromtheparentwhoprovidedablood
sample were both quantitatively and qualitatively normal
(although theirDEB-induced chromosomebreakage frequency
was slightly high). The chromosome breakage assay has been
proposed for use for carrier detection [Auerbach and Wolman,
1978; Auerbach et al., 1981], however, it is not considered
either reliable or unequivocal in this context [Cohen et al.,
1982; Cervenka and Hirsch, 1983]. Sala-Trepat et al. [1993]
reported GPA mutation frequencies on eight obligate hetero-
zygotes (Table I). The totalGPAmutation frequency, aswell as
both theN/ØandN/N frequencies of theFAheterozygoteswere
significantly higher than their concurrently analyzed normal
controls (P< 0.001, 0.03, and <0.001, respectively), however,
the value of this comparison was diminished by the difference
in ages between the two populations (the oldest control was
younger than the youngest heterozygote). If their data fromFA
heterozygotes is compared to a subset of our own healthy
control database with the same age range, both total GPA
mutation frequency (P¼ 0.008) and N/Ø frequency (P¼ 0.01)
are significantly elevated (Table I). Although it is unusual to
compare populations across laboratories like this, the validity
of the result is supported by the lack of difference observed
when comparing control populations of similar age range
(P¼ 0.85, 0.25, and 0.55, for total mutation frequency,
allele loss and loss and duplication, respectively). In addition,
we found that FA heterozygotes were much more likely to
appear as false positives in our diagnostic GPA analysis.

Indeed, the odds ratios (ORs) for FA heterozygotes with
mutation frequencies above the diagnostic criteria were 8.04
(95% confidence interval [CI] 3.42–18.9) for total GPA
mutation, 5.00 (95% CI 0.91–27.2) for allele loss alone, and
6.17 (95% CI 4.00–9.53) when the two criteria are combined
(comparable ORs for FA homozygotes under the same
circumstances range from 476 to 3,450). These criteria detect
only 14% of FA heterozygotes, however, and 2.6% of normals.
The OR for FA heterozygote detection by total GPA mutation
frequency peaks at 9.77 (95% CI 7.10–13.4) at a cut-off of
40.0� 10�6, which captures 26% of heterozygotes, and 3.4% of
controls, but remains positive and significant down to a cut-off
of 10.0� 10�6, which would capture all heterozygotes includ-
ing our patient’s parent, but has an unacceptable false positive
rate of 70% of the normal population.

Thus, these data suggest that FA heterozygotes may indeed
have a slightly increased mutation frequency, mainly char-
acterized by simple allele loss, compared to controls, but that
the magnitude of the difference is unlikely to allow for
unequivocal identification of individual heterozygotes.
These data do, however, support the concept that FA hetero-
zygotes have a distinct phenotype that predisposes them to
cancer [Heim et al., 1992; Djuzenova et al., 2001]. This was
unambiguously established when it was discovered that
BRCA2, a cancer-predisposing tumor suppressor gene in
heterozygousmutation carriers,was identified as theFANCD1
gene, causing FA in the homozygous inactive state [Howlett
et al., 2002].
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Abstract  

Background 

Evidence-based screening guidelines are needed for women under 40 with a family history of 

breast cancer, a BRCA1 or BRCA2 mutation, or other risk factors.  An accurate assessment of 

breast cancer risk is required to balance the benefits and risks of surveillance, yet published 

studies have used narrow risk assessment schemata for enrollment.  Breast density limits the 

sensitivity of film-screen mammography but is not thought to pose a limitation to MRI, however 

the utility of MRI surveillance has not been specifically examined before in women with dense 

breasts.  Also, all MRI surveillance studies yet reported have used high strength magnets that 

may not be practical for dedicated imaging in many breast centers.  Medium strength 0.5 Tesla 

MRI may provide an alternative economic option for surveillance.    

Methods 

We conducted a prospective, nonrandomized pilot study of 30 women age 25-49 years with 

dense breasts evaluating the addition of 0.5 Tesla MRI to conventional screening.  All 

participants had a high quantitative breast cancer risk, defined as ≥3.5% over the next 5 years per 

the Gail or BRCAPRO models, and/or a known BRCA1 or BRCA2 germline mutation. 

Results 

The average age at enrollment was 41.4 years and the average 5-year risk was 4.8%.  Twenty-

two subjects had BIRADS category 1 or 2 breast MRIs (negative or probably benign), whereas 

no category 4 or 5 MRIs (possibly or probably malignant) were observed.  Eight subjects had 

BIRADS 3 results, identifying lesions that were “probably benign”, yet prompting further 



evaluation.  One of these subjects was diagnosed with a stage T1aN0M0 invasive ductal 

carcinoma, and later determined to be a BRCA1 mutation carrier. 

Conclusions 

Using medium-strength MRI we were able to detect 1 early breast tumor that was 

mammographically undetectable among 30 young high-risk women with dense breasts.  These 

results support the concept that breast MRI can enhance surveillance for young high-risk women 

with dense breasts, and further suggest that a medium-strength instrument is sufficient for this 

application.  For the first time, we demonstrate the use of quantitative breast cancer risk 

assessment via a combination of the Gail and BRCAPRO models for enrollment in a screening 

trial. 

 

Background  

 The sensitivity of mammography has been observed to be lower in women < 50 years of age 

(63-86%), compared with women > 50 years (89-94%) [1-3].  The U.S. Preventive Services Task 

Force meta-analysis found that the time required to obtain a risk reduction in breast cancer 

mortality rates is longer for younger women [4].  The lower sensitivity of mammography in 

young women has been ascribed to their higher prevalence of mammographically dense breasts 

and, perhaps, faster tumor growth rates [1,2]. 

 About 25% of all women have dense breast tissue, and this physiology is more common in 

younger women [5-9].  Indeed, dense breast tissue has been found to be an independent risk 

factor for breast cancer [10,11].  Screening mammography may have limited utility in women 

with dense breast tissue for a variety of reasons, including: similar attenuation properties of 



breast lesions with dense glandular tissue; more radiation scatter and therefore higher required 

dose; and difficulty obtaining adequate exposure without image degradation [12].  Among 

women in a screening study, the sensitivity of mammography varied from 80% in women with 

extremely fatty breasts to a mere 30% for those with extremely dense breasts, and the odds ratio 

of an interval tumor was 9.47 for the latter group [13]. 

 Younger women have a lower prevalence of breast cancer, which must be balanced against 

the false-positive rate of screening mammography [4].  However,  the risk of breast cancer in 

young women with specific risk factors may equal or exceed that of older women for whom 

screening is unequivocally recommended.   About 6% of breast cancer cases in women < 50 

years of age are due to germline mutations in the BRCA1 or BRCA2 breast and ovarian cancer 

susceptibility genes [14,15].  Carriers are at exceptionally high risk, with potential breast cancer 

onset as early as the third decade and cumulative risk to age 40 reaching up to 20% [16].  While 

prophylactic mastectomy is the most effective risk-reducing therapy, many carriers would opt for 

heightened surveillance instead, given a sufficient degree of confidence in the opportunity for 

early detection [17]. 

 There is evidence that breast density in BRCA1 mutation carriers is similar to that of women 

in the general population [18].  Thus, resultant technical limitations of screening mammography 

are likely to apply to this group of relatively young high-risk women [19].  Specifically, in a 

study comparing mammography among 34 BRCA1 or BRCA2 mutation carriers with breast 

cancer vs. disease-free controls, false-negative mammography correlated independently with 

BRCA1/2 mutation, the histological feature of prominent pushing margins, and high breast 

density [20]. 



 Also relevant to the management of germline mutation carriers is the involvement of the 

BRCA1 and BRCA2 proteins in recombination repair of ionizing radiation-induced double-

strand DNA breaks [21-23].  Possible carcinogenic consequences of low-dose irradiation for 

young mutation carriers undergoing earlier mammography screening must be considered [21]. 

 An adjunct to screening mammography is particularly needed for young women at high risk 

of breast cancer whose imaging is limited by radiographically dense breasts.  Contrast-enhanced 

magnetic resonance imaging (MRI) of the breast is a potential surveillance approach that is 

highly sensitive, is not limited by radiographic density, and poses no radiation risks.  The 

sensitivity of contrast-enhanced breast MRI for breast cancer detection has been reported to be as 

high as 94%-100% [24-26].  Specificities are more variable, with values ranging from 37%-97% 

[25-28].  Recent larger prospective screening studies conducted in high-risk cohorts confirm high 

sensitivities and demonstrate, for the first time, high specificities, as well [29,30]. 

Methods 

Study design 

 This study is a prospective, nonrandomized clinical trial designed to investigate the 

usefulness of a prototypical midfield strength Magnetic Resonance Imaging System in a 

screening setting using quantitative risk assessment for eligibility.  The study looked at the 

addition of 0.5 Tesla MRI to a screening regimen for young women at high risk of breast cancer 

with dense breast tissue consisting of conventional screening modalities.  The study was 

designed as a pilot study, with an enrollment over one year of thirty women.  The data presented 

are a summary of this pilot study. 



Patient selection and consent 

Thirty women between the ages of 25 and 49, inclusively, without a personal history of 

invasive or non-invasive breast cancer were recruited for this study between 10/27/99 and 

4/19/00 via the joint Comprehensive Breast and Cancer Genetics Programs of the University of 

Pittsburgh Cancer Institute and Magee-Womens Hospital of UPMC.  Women were required to 

have a negative or benign mammographic and physical evaluation within three months of 

enrollment.  All subjects had mammographically dense breast tissue described as 

“heterogeneously” or “extremely dense” according to the American College of Radiology Breast 

Imaging Reporting and Data System (BIRADS) lexicon [31].  Categorization of increased breast 

density was first determined by report on prior conventional film-screen mammographic 

examination, performed within 3 months of enrollment.  Mammogram films were obtained and 

reviewed by the lead radiologist (JHS) to verify the presence of increased breast density.  The 

four standard American College of Radiology BIRADS breast composition patterns are: (1) 

almost entirely fat; (2) predominantly fat with scattered fibroglandular densities; (3) 

heterogeneously dense; and (4) extremely dense.   Women with fatty breasts or scattered areas of 

density with no focal areas of concentration were not eligible for the study.  Exclusion criteria 

included a contraindication to MRI, breast implants, mastectomy, or a history of allergic reaction 

to gadolinium.  Quantitative risk analysis was performed on all women prior to enrollment using 

the Gail and BRCAPRO-based CancerGene models.  Participants had a minimum 5-year breast 

cancer risk on either model of 3.5% and/or a known mutation in BRCA1 or BRCA2. 

 This study was reviewed and approved by the Magee-Womens Hospital of UPMC 

Institutional Review Board (MWH-99-081).  The study was explained to all participants and 



informed consent was obtained.  Genetic testing was performed following genetic counselling 

under protocol MWH-97-082. 

Risk analysis 

 Absolute 5-year breast cancer risk was determined using the Gail and BRCAPRO models 

[32,33], both of which have been extensively validated [34,35].  The Gail model directly 

calculates absolute 5-year risk of breast cancer using the following risk factors: age, race, 

number of first-degree relatives with breast cancer (maximum of 2), age at menarche, age at first 

live birth, number of breast biopsies, and atypical hyperplasia.  The BRCAPRO program is based 

on the Berry model [33] and utilizes Mendelian principles with Bayesian updating to calculate 

carrier probabilities for germline BRCA1 and BRCA2 mutations by capturing extensive family 

history information about female and male breast cancer, ovarian cancer, age at cancer diagnosis, 

current age or age of death for relatives with and without cancer, and ethnicity.  Absolute 5-year 

risk of breast cancer was then determined as follows: (the probability of being a BRCA1/2 

mutation carrier based on BRCAPRO) x (the yearly incidence of breast cancer in a mutation 

carrier, specific to the decade of life [36]) x (5 years).  These calculations were performed 

automatically using the CancerGene program [37], now freely available at 

http://www4.utsouthwestern.edu/breasthealth/cagene. 

 Family history and personal risk factors were obtained through personal interview to obtain 

the most complete and accurate history possible.  This information was collected on case report 

forms and entered into the models on computer.  If both models resulted in a 5 year risk of 

>3.5%, the higher value was used for this calculation.  As per the CancerGene program, known 

BRCA1 and BRCA2 carriers reach the 3.5% 5 year risk threshold at ages 27 and 32 years, 

respectively. 

http://www4.utsouthwestern.edu/breasthealth/cagene


 All women had a negative or benign breast examination, including physical examination and 

mammography within 3 months prior to study enrollment.  All enrolled participants received a 

screening MRI as described below. 

Device information 

 This study utilized a contrast-enhanced magnetic resonance imaging system produced by 

Aurora Imaging Technology, Wilmington, MA.  The system involves a 0.5 Tesla magnet with 

gadolinium as a contrast agent.  The Aurora system is a dedicated system specifically designed 

for breast imaging. 

 The 0.5T MRI uses local volume transmit/receive coils and a gradient strength of 1 G/cm.  

The RF system consists of a wide band receiver operating at 21 MHz.  There is 0.3 kwatts RF 

power.  Images can be viewed at either a workstation or by film generated from an interface with 

a laser camera. 

Magnetic resonance imaging 

 Patients were scanned in the prone position and placed into the magnet feet first.  Images 

were acquired in the axial plane with both breasts imaged simultaneously.  The field of view was 

variable from 8-46 cm transverse and 20 cm axial.  Standard 2D and 3D gradient echo and spin 

echo sequences were used.  The dynamic, contrast-enhanced series was 3D.  The matrix was 256 

x 256 x 64 (x, y, z).  The first sequence was non-contrast: T1 – Weighted GE, TR = 14 ms and 

TE = 6.0 ms, giving 64 2.0 mm thick slices, with an in-plane resolution of 1.4 mm x 1.4 mm.  

After completion of the non-contrast scan, intravenous gadolinium was administered at a dose of 

0.1 mmol/kg of body weight at approximately 1.0 cc/sec.  Post-contrast axial imaging was 

performed immediately, followed by a second scan approximately 4 minutes later for delayed 

imaging.  Total imaging time is approximately 4 minutes per sequence or 12 minutes for actual 



imaging (this relatively long time was not inconsistent with protocols during the time of the 

study).  Immediate and delayed subtraction views were generated by computerized subtraction of 

the pre-contrast image from both the immediate and delayed post-contrast images.  This post-

imaging subtraction was used as the method of fat suppression, i.e., no active fat suppression was 

used.  Regions of interest (ROIs) were placed on enhancing lesions of concern and three point 

time dependent intensity curves were generated for each region. 

 Lesions were characterized using both morphologic and kinetic criteria similar to the manner 

described [38,39].  An MR BIRADS category was assigned ranging from 1 (negative), 2 

(benign), 3 (probably benign) 4 (possibly malignant), to 5 (probably malignant).  Morphology 

was described according to the lexicon developed by the MRI working group, which was 

available to us prior to the final publication date [40].  Criteria used to evaluate and rate MRI-

detected lesions were those published by Schnall et al. [41] combined with kinetic information.  

Kinetics were described by visually comparing the immediate post contrast images to the 

delayed post contrast images.  Lesions were scored as early enhancement and early washout, 

early enhancement and delayed washout, or delayed enhancement. In a manner similar to Hylton 

et al. [42], lesions were considered suspicious if they had either morphologic or kinetic features 

suspicious for malignancy (rapid wash-in and washout).  In addition, lesions graded as BIRADS 

3 by either morphologic or kinetic criteria were offered further evaluation using ultrasound.  

Ultrasound results confirmed the MRI findings, but otherwise added no new information. 

Results  

 Thirty women were enrolled in the study.  The average age at enrollment was 41.1 years.  

The average 5-year breast cancer risk at enrollment, using either the Gail model or a BRCAPRO-



based cancer risk model, was 4.8%.  The Gail model was actually only used to establish 

eligibility in 7 cases, whereas the BRCAPRO-based model was used in majority of cases, 23. 

 MRI results classified according to BIRADS category are shown in Figure 1.  No results 

were observed in BIRADS categories 4 or 5.  Subjects with MRI results of BIRADS 1 or 2 

received no additional breast evaluations.  Subjects with BIRADS 3 results were evaluated as 

summarized in Table 1.  Follow-up involved invasive procedures in 4 of these 8 subjects.  

Among the 8 patients with BIRADS 3 results, one, subject 006, was diagnosed with stage I 

invasive ductal carcinoma. 

 Imaging results for subject 006 are given in Figure 2 (for a full clinical description of this 

patient, as well as live-cell analysis of her breast tissue for indices of proliferation, differentiation 

and genomic instability, see  [41]).  Her mammogram is depicted in Figure 2A, showing 

heterogeneously dense breast tissue.  The MR images for this patient are shown in Figures 2B 

and 2C.  In the upper-outer left breast there was a small (approximately 1 cm), round, well-

demarcated enhancing lesion, seen on both the initial delay after contrast injection and the 

delayed contrast enhanced subtraction images.  This lesion appeared to accumulate contrast to a 

greater extent on the delayed subtract ion images with an additional lesion adjacent to the first.  

In the right breast just above the nipple level medial and close to the chest wall an additional 

lesion was seen in the pre-contrast image.  This lesion was approximately 1.5 cm, smooth and 

round.  Core biopsy of the left breast revealed infiltrating ductal carcinoma in 2 of 5 core 

fragments; high nuclear grade, with no lymphatic invasion seen.  The core biopsy of the right 

breast demonstrated benign pathology, specifically, fibrosis with focal ductal epithelial 

hyperplasia.  The patient chose to undergo left modified radical mastectomy with left axillary 

lymph node dissection and contralateral prophylactic total mastectomy because of her genetic 



risk status.  Final pathology in the left breast was consistent with the imaging and core biopsy in 

size and description.  Tumor size was 8 mm in greatest dimension, nuclear grade III, ER/PR and 

Her2/neu negative, and the nodal status (0/4) was negative (stage TIaN0M0).  This subject 

represented 3.3% of the sampled high risk population and 12.5% of the population with 

“probably benign” MRIs. 

 Interim follow-up was required for 8 of 30 (27%) subjects, but only 4 (13%) 

underwent an invasive procedure.  Clinical follow up was available on all 29 disease-free 

subjects at least one year beyond the performance of the study MRI, which is the standard 

length of follow up to exclude occult cancer, and no subjects developed breast carcinoma.  

Thus, the patients in BIRADS categories 2 and 3 likely did not harbor occult disease. 

Discussion  

 Without data on cancer-specific mortality reduction, the decision to employ breast MRI 

surveillance rests heavily on other parameters, including test performance characteristics, cost, 

and methods of maximizing benefit vs. risk.  Recent prospective studies have provided firmer 

data indicating that high sensitivity can be achieved with breast MRI without greatly sacrificing 

specificity.  While reduction in cancer-specific mortality is the gold standard for surveillance 

tools, there is a pressing need to supplement mammography in high-risk women, particularly for 

BRCA1 and BRCA2 mutation carriers who are diagnosed with a high rate of interval tumors, 

roughly 50% [44].  Breast MRI results in a lower rate of interval tumors while circumventing the 

limitations of surveillance for women with dense breasts.  However, for whom should breast 

MRI surveillance be employed and what are acceptable costs? 



Medium vs. high field strength MRI 

 Despite the promise of breast MRI, there are still some issues that must be resolved prior to 

its use as a standard adjunct method of breast cancer surveillance.  There is not yet a standard 

method in place for such imaging, and no consensus on how to best interpret lesions detected by 

MRI, and whether or when to biopsy lesions detected by MRI alone [see ref. 31].  Additionally, 

the high cost of breast MRI is severely limiting.  Not only is there a large cost associated with the 

purchase of a high field strength magnet, but also there are additional costs for housing and 

maintaining the unit.   The use of medium field strength magnets has been criticized for their low 

signal-to-noise ratio (SNR) per sampling time.  However, the use of a medium field strength 

magnet, such as a 0.5 Tesla, would come at significant cost savings of up to 1/3 that of a higher 

field strength MRI system.  Our study provides preliminary evidence that a medium field 

strength breast MRI system can be effectively used for high-risk surveillance. 

 There is evidence that the use of a medium field strength breast MRI system is comparable to 

a 1.5 T system.  In a study published by Kuhl et al.  [45], MRI was performed on a midfield 

system without loss of sensitivity as compared to a high field system.  The study looked at 42 

patients imaged on both a 0.5 T and 1.5 T MRI, finding that the image quality was comparable, 

and, with certain compensations, the 0.5 T system was more sensitive than the larger 1.5 T MRI.  

In a second study, Kuhl et al. [46] imaged 40 patients with nodular lesions using both 0.5 T and 

1.5 T field strength units to determine if the two systems were comparable in selecting benign vs. 

malignant lesions.  Malignant lesions and fibroadenomas demonstrated a similar enhancement 

uptake pattern on both systems.  A rapid wash-out of contrast was seen only in malignant lesions, 

which appeared 10 times more frequently using the 0.5 T system as compared with 1.5 T MRI. 



 The appearance of T1-weighted gradient echo images generated from a contrast study 

depends on the SNR, the contrast-to-noise ratio (CNR) and the contrast agent used.  The SNR is 

a function of the magnetic field strength, magnet shim, flip angle, voxel size, receiver gain, RF 

coil and image processing parameters.  Magnetic field strength directly affects the SNR and the 

spin relaxation properties of the tissue. The SNR is linear with field strength—everything else 

being equal, 1.5 T magnets produce images with three times the SNR of images from 0.5 T 

magnets.  In addition, the T1 of a given tissue/sample type is larger at higher field strengths.  

This implies that at a higher field strength, the spin relaxation of a given tissue/sample may be 

changed more that the same tissue/sample at a lower strength and thus may increase the 

difference observed in pre- and post-contrast images. 

 The CNR is a measure of the average intensity of an object compared to the average intensity 

of the noise floor for a given object and pulse sequence.  The CNR is a function of the relation of 

the pulse sequence timing parameters (e.g., TE, TR) to the spin relaxation properties (e.g., T1, 

T2) of the object.  Because the contrast agent changes the spin relaxation properties, it changes 

the CNR of the image.  Above a minimum SNR threshold, the ability to detect a lesion using 

MRI is a function of the change in CNR of pre- and post-contrast images and the voxel size 

acquired.  If the configuration of a 1.5T MRI scanner and a 0.5T MRI scanner is such that both 

are above the minimum level of SNR, have comparable CNR changes after adding a contrast 

agent, and have identical voxel sizes and scan durations, the ability to detect lesions is similar. 

 Our study demonstrates that medium field strength MRI can detect tumors that have been 

missed by conventional screening mammography.  There are, however, certainly limitations to 

this initial study, including its small size; up to 3 months time differential between screening 



mammogram and MRI; and lack of longitudinal follow up.  No conclusions can be drawn 

regarding the overall sensitivity or specificity of screening with the 0.5 T MRI. 

Screening guidelines for young high-risk women 

 There has been a dearth of evidence-based screening guidelines for women age < 40 with a 

family history of breast cancer, a BRCA1 or BRCA2 mutation, or other risk factors, largely 

because of the lack of randomized, controlled trials to inform the development of such guidelines 

[47-49]. 

 As evidence accumulates regarding the efficacy of bilateral prophylactic mastectomy, data 

regarding the efficacy of screening is paramount so that women can make informed choices.  In a 

large screening study of 251 mutation carriers, a high rate of interval tumors found on breast 

self-examination led to the suggestion that more frequent (i.e. semi-annual) mammography 

should be considered, particularly in younger women [50].  However, among women age 40-69, 

the estimated cumulative risk of a false positive result after 10 mammograms is 49% [51], 

resulting in additional visits, diagnostic tests, invasive procedures, morbidity, cost, and anxiety.  

Furthermore, there is evidence that false-positive rates are higher in younger women [52-54].  

Ultimately, the sequelae of screening can spur the decision to undergo prophylactic surgery, 

giving one pause about recommending more frequent screening. 

 The variations in sensitivity and specificity for breast MRI exist for several reasons, 

including technical factors [55], interpretation criteria [28,30,38], patient selection, concomitant 

use of conventional imaging, and the level of pathologic verification of the abnormalities 

detected.  The large disparity in specificities results from a variety of technical factors.  For 

instance, the lowest reported specificity was calculated without the use of morphologic features 



or quantification of enhancement, and certain high-risk lesions, such as atypical ductal 

hyperplasia, were considered as false positives [24]. 

 All high-risk MRI screening studies reported thus far have used high field-strength magnets.  

Stoutjesdijk et al. [56] found that for the indeterminate BIRADS score of 3, the sensitivity of 

breast MRI was 100%  with a specificity of 93% (95% confidence interval = 90%-96%) and the 

positive predictive value was 43%.  Warner et al. [57] reported a sensitivity of 100% and noted 

that all four false negative mammograms had a BIRADS score of 1.  In this study, increased 

breast density appeared to contribute to the poor sensitivity of mammography.  An update of this 

study reporting findings on 236 Canadian women aged 25 to 65 years with BRCA1 or BRCA2 

mutations found a specificity of 95.4% based on biopsy of BIRADS level 4 and 5 lesions, but did 

not take into account non-biopsy interventions engendered by level 3 lesions [30].  Moreover, 

high-risk women may be particularly susceptible to the emotional turmoil triggered by a 

diagnostic workup for breast cancer, considering their high-risk family histories. 

 The largest breast MRI surveillance study reported to date, based on 1909 eligible women 

including 358 germ-line mutation carriers, found a specificity of 89.8% for workup of level 3, 4, 

and 5 lesions [29].  However, this study did not examine possible differences in test performance 

among women at varying levels of risk, nor was breast density taken into account.  While a 

lower limit of 15% lifetime risk constituted study eligibility, it remains unclear whether this risk 

level merits high-risk surveillance, particularly in women with average mammographic breast 

density.  Our ongoing studies of surveillance screening with medium field strength MRI have 

shown that the false-positive rate is three-fold lower than that of mammography [58]. 



Conclusions  

Toward quantitative balancing of risks and benefits in surveillance 

 We contend that the benefits of breast cancer surveillance cannot be satisfactorily balanced 

against the risks of screening without an accurate assessment of absolute breast cancer risk.  We 

report for the first time the use of quantitative breast cancer risk assessment via application of 

both the established Gail model and a new, purely genetic, model based on the estimation of 

BRCA gene carrier risk via the BRCAPRO and CancerGene programs for use in enrollment in a 

breast cancer screening pilot study.  Kriege et al. [29] used the Claus model [59] for risk 

stratification, but this model has not been as extensively validated as either the Gail or 

BRCAPRO models.  In particular, omission of family history of ovarian cancer in the Gail and 

Claus models is one factor that can lead to underprediction of breast cancer risk; this constitutes 

a serious limitation to using either model alone [60].  At our current level of understanding, the 

Gail model identifies at least three types of women at high risk for breast cancer: those with a 

genetic risk associated with family history, those with a risk based on lifestyle factors associated 

with hormonal effects, and those who have presented with suspicious breast pathologies, 

regardless of the basis of their risk.  Genetic analysis of the subjects who developed breast cancer 

in the NSABP P-1 Breast Cancer Prevention Trial indicates that the Gail model inefficiently 

identifies BRCA1 and BRCA2 gene carriers, since only 6.6% (19/288) of that high risk 

population carried such mutations [61].  Supplementation of the Gail model with the 

BRCAPRO-based model allows for a much more efficient ascertainment of women at high risk 

for breast cancer specifically due to the possibility that they carry a mutant BRCA1 or BRCA2 

gene, based on our accumulated knowledge of the genetic syndromes associated with these gene 

mutations.  Since 23 of our 30 subjects were enrolled due on their CancerGene-based cancer risk 



rather than their risk based on the Gail model, this group represents a rather unique “high risk” 

population, perhaps with more in common with studies in BRCA1/2 carriers such as that of 

Warner et al. [62] than previous populations enrolled through the exclusive use of the Gail or 

Claus models.  Others have begun to enroll “high risk” subjects based on their BRCAPRO-based 

carrier status [63], but we are the first to add CancerGene to provide a quantitative cancer risk 

component that can be applied uniformly to patients regardless of the basis of their risk. 

 We have advanced the rationale for quantitative risk assessment in chemoprevention trials, 

with the advantages of improved power using a smaller study population, shorter study duration 

and lower cost [64].  The same rationale applies to surveillance trials.  In addition, subjects at 

higher risk of breast cancer have a greater ratio of benefit vs. risk than average-risk women since, 

if the surveillance modality is efficacious, they have a greater opportunity for early detection.  

For trials that seek to measure specificity, breast cancer events are not crucial to determining the 

required sample size, yet for ethical reasons, subjects who stand to benefit the most ought to be 

preferentially studied.  Ours is the first study to concentrate on high-risk women with 

mammographically dense breast tissue; the poorer sensitivity of mammography in this group 

should contribute to an especially high ratio of benefit vs. risk.  

 Another consideration is that some subjects with BRCA1 or BRCA2 mutations may be 

reluctant to enroll in a trial restricted to mutation carriers, since their genetic status would be 

known by virtue of their participation.  Enrollment according to quantitative risk can allow 

women who are not yet prepared for genetic testing to participate in a high-risk surveillance trial.  

Furthermore, the concomitant use of the Gail and BRCAPRO-based models allows for the 

identification of a broader array of high-risk women [65].  The report of the Working Groups on 

Breast MRI advises that “a careful analysis of the woman’s actual risk for breast cancer” be done 



when considering the appropriateness of screening MRI [66].  They urge the development of 

partnerships with high-risk clinics and/or clinicians with significant experience with high-risk 

women.  Ultimately, since the conduct of randomized, controlled trials in high-risk women faces 

numerous challenges, medical decision making models may be useful for balancing the benefits 

and risks using such parameters as age, quantitative breast cancer risk, and breast density. 
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Figures 

Figure 1  - MRI results by BIRADS category 

 

 



Figure 2  - Imaging of subject 006 

A) Subject 006 pre-MRI mammogram demonstrating heterogeneously dense breast tissue.  There 

is no evidence of a cancerous lesion.  B) Pre-contrast MR image showing an approximately 1.5 

cm, smooth, round, lesion in the right breast just above the nipple level medial and close to the 

chest wall (arrowhead).  Core biopsy of this lesion demonstrated benign pathology, specifically, 

fibrosis with focal ductal epithelial hyperplasia [43].  C) Post-contrast MR images showing a 

small (approximately 1 cm), round, well-delineated enhancing mass (arrow) in the left breast at 

the 1:00 position. This mass was seen on both the initial delay after contrast injection (left) and 

the delayed contrast enhanced subtraction images (right).  Core biopsy of this lesion indicated 

infiltrating ductal carcinoma, which was confirmed after removal via modified radical 

mastectomy [43]. 
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Tables 

Table 1  - Post-MRI evaluation procedures for the BIRADS category 3 results 

 
Procedure Type Invasive Non-Invasive 

Short-Term (6 month) Clinical Follow-Up   1 

Ultrasound with Normal Results   3 

Ultrasound with Cyst Aspiration 1   

Ultrasound with Fine Needle Aspiration 1   

Ultrasound with Core Biopsy 2   

Total Patients: 4 4 
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Abstract
Background: Screening mammography has had a positive impact on breast cancer mortality but
cannot detect all breast tumors. In a small study, we confirmed that low power magnetic resonance
imaging (MRI) could identify mammographically undetectable tumors by applying it to a high risk
population. Tumors detected by this new technology could have unique etiologies and/or
presentations, and may represent an increasing proportion of clinical practice as new screening
methods are validated and applied. A very important aspect of this etiology is genomic instability,
which is associated with the loss of activity of the breast cancer-predisposing genes BRCA1 and
BRCA2.  In sporadic breast cancer, however, there is evidence for the involvement of a different
pathway of DNA repair, nucleotide excision repair (NER), which remediates lesions that cause a
distortion of the DNA helix, including DNA cross-links.

Case presentation: We describe a breast cancer patient with a mammographically undetectable
stage I tumor identified in our MRI screening study. She was originally considered to be at high risk
due to the familial occurrence of breast and other types of cancer, and after diagnosis was
confirmed as a carrier of a Q1200X mutation in the BRCA1 gene. In vitro analysis of her normal
breast tissue showed no differences in growth rate or differentiation potential from disease-free
controls. Analysis of cultured blood lymphocyte and breast epithelial cell samples with the
unscheduled DNA synthesis (UDS) assay revealed no deficiency in NER.

Conclusion: As new breast cancer screening methods become available and cost effective,
patients such as this one will constitute an increasing proportion of the incident population, so it is
important to determine whether they differ from current patients in any clinically important ways.
Despite her status as a BRCA1 mutation carrier, and her mammographically dense breast tissue, we
did not find increased cell proliferation or deficient differentiation potential in breast epithelial cells
from this patient which might have contributed to her cancer susceptibility. Although NER

Published: 14 June 2005

BMC Medical Genetics 2005, 6:26 doi:10.1186/1471-2350-6-26

Received: 03 February 2005
Accepted: 14 June 2005

This article is available from: http://www.biomedcentral.com/1471-2350/6/26

© 2005 Latimer et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Page 1 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15955237
http://www.biomedcentral.com/1471-2350/6/26
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


BMC Medical Genetics 2005, 6:26 http://www.biomedcentral.com/1471-2350/6/26
deficiency has been demonstrated repeatedly in blood samples from sporadic breast cancer
patients, analysis of blood cultured lymphocytes and breast epithelial cells for this patient proves
definitively that heterozygosity for inactivation of BRCA1 does not intrinsically confer this type of
genetic instability. These data suggest that the mechanism of genomic instability driving the
carcinogenic process may be fundamentally different in hereditary and sporadic breast cancer,
resulting in different genotoxic susceptibilities, oncogene mutations, and a different molecular
pathogenesis.

Background
A reduction in breast cancer mortality has been observed
in recent years that has been partially attributed to the
widespread adoption of screening mammography [1].
Traditional screening mammography, however, fails to
detect 15% of incident cancers [2]. New, complementary
imaging techniques are therefore under development that
may increase the accuracy of primary screening. We per-
formed a small study to validate the use of low power
magnetic resonance imaging (MRI) to prospectively detect
breast alterations and malignancy and to determine the
feasibility of applying this technique to a high-risk popu-
lation [3]. We present here a subject from that study
whose early stage tumor was not detectable by
mammography.

This patient was enrolled in the screening study due to her
family history of breast and other neoplasias. After tumor
diagnosis, she was determined to be heterozygous for a
putative inactivating mutation in the BRCA1 gene. In
addition, she had dense breast tissue, an impediment to
mammography that is in itself a risk factor for breast can-
cer [4]. Breast development and lactational differentiation
also appear to individually modify breast cancer risk, with
early term pregnancy conferring a persistent protective
effect [5]. Exposure to ionizing radiation, while a lifetime
risk factor for breast cancer, appears to be more dangerous
when it occurs during alveolar differentiation of the breast
at adolescence [6]. Using a novel tissue engineering sys-
tem [7], we therefore examined the growth and differenti-
ation of normal breast epithelial samples from this
patient via live-cell imaging.

The BRCA1 hereditary breast cancer gene has been shown
to be involved in DNA double strand break repair [8,9].
DNA repair defects have also been identified in the
peripheral blood cells of sporadic breast cancer patients
[10-13], but, in this case, it seems to involve a different
pathway of DNA repair, nucleotide excision repair (NER)
[14-16]. We have extended this observation of NER defi-
ciency to the tumor itself, as well as the adjoining non-dis-
eased normal breast tissue [17]. NER is a complex
pathway of DNA repair [18] normally associated with
removal of pyrimidine-pyrimidine intrastrand crosslinks
(“dimers”) caused by exposure to UV light.  NER defi-

ciency is the basis of hereditary xeroderma pigmentosum
(XP) [19], a disease with a 1200-fold increase in incidence
of skin cancer [20].  The signal for activation of the NER
pathway is actually very general; any lesion causing a dis-
tortion in the DNA helix, including crosslinks caused by
oxidative radicals, certain types of mismatches (purine-
purine or pyrimidine-pyrimidine) and so called “bulky”
adducts caused by phase I metabolism of polyaromatic
hydrocarbons [21]. It has recently been shown that
BRCA1 expression can enhance NER activity, although
this analysis was not performed in breast cells [22,23]. We
therefore applied the functional unscheduled DNA syn-
thesis (UDS) assay for NER capacity to multiple samples
of normal tissue from this patient, to determine whether
haploinsufficiency for BRCA1 was a mechanism of NER
deficiency. We have developed a method to reliably cul-
ture non-diseased breast tissue (with a success rate of
100%) and breast tumors (with a success rate of 85%)
[7,17].

Case presentation
We describe a breast cancer patient whose tumor was
detected by MRI. She was enrolled into a pilot screening
study of low power MRI due to her familial risk. She had
mammographically dense breasts and her tumor was
undetectable mammographically.

Patient description
The patient was a 35.7 year old woman who presented
with a very strong family history of breast cancer as
depicted in Figure 1, and negative physical and mammo-
graphic examination. She had extremely dense breast tis-
sue bilaterally by mammography as well as fibrocystic
breast tissue by physical examination. She had no previ-
ous personal history of breast biopsy or abnormal
mammograms.

Risk profile
The 5 year breast cancer risk for this patient as calculated
by the BRCAPRO model was 5.7%, and her probability of
being a BRCA1 or BRCA2 carrier was 0.47. The Gail model
risk assessment was calculated using the following infor-
mation: Race-Caucasian; Age-35; Age at first menses-12;
Age at first live birth-nulliparous; Number of first-degree
relatives with breast cancer-2; Number of previous breast
Page 2 of 11
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biopsies-0. The calculated 5 year Gail risk was 1.0% and
her lifetime risk was 31.3%.

Genetic testing
Following genetic counseling, the patient elected to
undergo DNA sequencing of the BRCA1 and BRCA2
genes, which revealed a Q1200X truncation mutation in
one of her BRCA1 alleles. The C to T mutation at codon
1200 in exon 11 results in the change of the amino acid
glutamine to a stop codon with resulting protein trunca-
tion and loss of function. Exon 11 is the largest exon in
BRCA1 and has the highest frequency of reported muta-
tions. The Q1200X mutation has been independently
observed several times [24].

Imaging
The bilateral screening mammogram was compared to
previous films from another hospital. The breast tissue
was described as heterogeneously dense, thus lowering
the sensitivity. There were no masses, significant calcifica-
tions or other findings and the mammogram was inter-
preted as negative bilaterally. A one-year follow-up was
recommended.

The patient was then MRI scanned as previously described
[3], with pre- and post-gadolinium enhancement images
evaluating both breasts simultaneously in the axial plane.
In the upper-outer left breast there was a small (approxi-
mately 1 cm), round, well-demarcated enhancing lesion.

Pedigree of the patient (indicated by arrow)Figure 1
Pedigree of the patient (indicated by arrow). She, one maternal aunt and one maternal cousin had breast cancer diag-
nosed at 36, 44 and 41 years old, respectively, as indicated by the half-filled symbols, and her aunt died of the disease. Her 
cousin underwent lumpectomy followed by chemotherapy, radiotherapy and is presently on tamoxifen. Her mother had breast 
cancer in both breasts, diagnosed at ages 41 and 42, as indicated by the completely filled symbol. She underwent bilateral mas-
tectomy and hysterectomy followed by chemotherapy and radiotherapy and died of the disease at age 44. A second maternal 
aunt was diagnosed with colon cancer at age 52 (light half-filled symbol) and breast cancer at age 55 (dark half-filled symbol). 
Based on this pattern of familial cancer the patient was considered to be at high risk of developing breast cancer and was 
entered into the low power MRI screening validation and feasibility study. Following her diagnosis, she was confirmed as carry-
ing a Q1200X mutation in the BRCA1 gene.
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This lesion was seen on both the initial delay after contrast
injection and the delayed contrast enhanced subtraction
images. The lesion appeared to accumulate contrast to a
greater extent on the delayed subtraction images with an
additional lesion adjacent to the first. In the medial aspect
of the mid right breast, there were several small punctate
areas of enhancement on both the immediate and delayed
subtraction views. Also in the right breast just above the
nipple level medial and close to the chest wall an addi-
tional enhancing lesion was seen. This lesion was approx-
imately 1.5 cm, round, well-demarcated and continued to
accumulate contrast on the delayed subtraction images.
This lesion appeared to have a small non-enhancing
septation.

Core biopsies
Under ultrasound, the lesion of concern in the left breast
was identified and biopsied, as well as one lesion in the
right breast (Figure 2). The core biopsy of the left breast
revealed infiltrating ductal carcinoma in 2 of 5 core frag-
ments; high nuclear grade, with no lymphatic invasion

seen. The core biopsy of the right breast demonstrated
benign pathology, specifically, fibrosis with focal ductal
epithelial hyperplasia.

Final pathology, treatment plan and outcome
Although a surgical candidate for lumpectomy and radia-
tion, the patient chose to undergo left modified radical
mastectomy with left axillary lymph node dissection and
contralateral prophylactic total mastectomy because of
her genetic risk status. The pathology in the left breast was
consistent with the imaging and core biopsy in size and
description. Tumor size was 8 mm in greatest dimension,
nuclear grade III, ER/PR and Her2/neu negative, and the
nodal status (0/4) was negative (stage TIaN0M0). The
patient underwent 4 cycles of chemotherapy and has been
reportedly healthy since. Because of the positive BRCA1
mutation results, she subsequently underwent prophylac-
tic bilateral salpingo-oophorectomy.

Live-cell analysis of tissue explant cultures
A number of life history factors have been associated with
breast cancer incidence that are widely interpreted as rep-
resenting lifetime exposure of the breast tissue to estro-
gen-induced mitogenesis [25]. An alternative
interpretation, based on epithelial cell differentiation,
suggests that lactational differentiation, such as occurs
during term pregnancy, confers resistance to carcinogene-
sis [26,27]. We have developed a novel human mammary
epithelial (HME) tissue engineering system wherein many
aspects of organotypic differentiation are reiterated in
vitro [28]. In this system, breast epithelial cells initially
retain cell-to-cell contact while they proliferate, then
undergo an architectural reorganization, first to form
three-dimensional mammospheres, and later vast net-
works of branching ductal and lobular structures. Tumor
and some pre-neoplastic samples fail to form such archi-
tecture. Normal tissue from this patient, who is both a
BRCA1 mutation carrier and has dense breasts, was evalu-
ated to determine whether either of these factors affected
de novo differentiation in this system. Four discrete pieces
of fresh tissue were provided for live-cell analysis from
each of the patient's ipsilateral and contralateral breasts.
In the case of the ipsilateral breast, this tissue was pro-
vided at increasing distance from the tumor margin in 1
cm increments. All of these normal samples attached and
grew in our culture system and were examined for cell-to-
cell interactions and morphology over a period of one
month. In the context of breast reduction explant cultures
from 22 patients with no breast disease, these patient
samples manifested typical mixtures of fibroblastic and
epithelial cells. After several days in culture without pas-
saging, the epithelial cells began to self-organize, initially
forming three-dimensional mammospheres (Figure 3A),
and, after 2 weeks in culture, more complex pre-ductal lin-
ear columns of epithelial cells (Figure 3B). The tissue

Ultrasound of the MRI-detected lesionFigure 2
Ultrasound of the MRI-detected lesion. Following MRI, 
the patient was scheduled for ultrasound to identify the 
questionable lesions seen on MRI for possible core biopsy. 
Under ultrasound the lesion of concern was identified and 
biopsied at the 1:00 location in the left breast. Additionally, 
one lesion seen by MRI in the right breast at the 4:00 loca-
tion was identified and biopsied.
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explants from both breasts showed similar patterns of
behavior (Figure 3). Tissue cultured from a contempora-
neous disease-free control and the contralateral breast of
a sporadic breast cancer patient showed similar morphol-
ogy and architecture (data not shown).

Cell growth kinetics
It has been suggested that the association between breast
density and risk of breast cancer is due to increased cell
proliferation [29]. One measure of cell growth and viabil-
ity is the S-phase index (SPI) or the percentage of cells
incorporating radiolabeled thymidine over a specific incu-
bation period (in our case, 2 hours). In a previous study
with 22 normal breast reduction epithelium [BRE] cul-
tures we observed a wide range of proliferation rates, with
SPI ranging from a low of 0.2% to a high of 46.0% (mean
of 18.3 ± 2.6%) [30]. The contemporaneous control sam-
ple from a disease-free breast reduction patient had an SPI
of 30.9%, at the higher end of this normal range. The ipsi-
lateral and contralateral tissue samples from the heredi-
tary breast cancer patient exhibited SPI of 26.6% and
26.2%, respectively, placing them at slightly over the 70th

percentile for growth rate. The contralateral sample from
the sporadic breast cancer patient had an SPI of 17.0%,
placing it slightly under the 50th percentile. Thus, all of
these breast cancer patient samples appeared to grow well
in our system, with SPI well within the range of our nor-
mal samples. The similarity of the SPI values from the two
samples from the BRCA1 mutation carrier does not
appear to be accidental; the chances of selecting two sam-
ples from the normal population with values as close or
closer is very small (P = 0.026).

Functional analysis of NER capacity
Peripheral blood lymphocytes and normal breast epithe-
lial tissue from the hereditary cancer patient were then
cultured for performance of the functional UDS assay,
which requires living cells for radiolabel incorporation
during DNA repair synthesis following UV exposure. This
assay is diagnostic for the inherited cancer-prone disease
XP, where it is usually performed in lymphocytes or skin
fibroblasts. Our novel HME tissue engineering system
allows us to apply the assay to breast epithelial cells, and
we have previously demonstrated tissue-specificity in the
NER capacity of these cells in normal samples from
patients undergoing breast reduction mammoplasty [30].
Patient data is therefore expressed relative to the average
of our breast reduction controls.

Analysis of cultured blood lymphocytes from the patient
established that they had normal NER capacity (99.6% of
the average of our 33 normal samples) (Figure 4). This is
well above the cut-off established in our sporadic breast
cancer population, < 70% average normal activity, which
when applied to our cases and controls yielded a

Micrographs of the non-diseased primary human mammary epithelial (HME) cultures from the BRCA1 mutation carrierFigure 3
Micrographs of the non-diseased primary human 
mammary epithelial cultures (HMEC) from the 
BRCA1 mutation carrier. A) Contralateral breast – A 
cluster of epithelial cells called a mammosphere is shown on 
the left center of the image sitting on a field of fibroblasts. B) 
Ipsilateral breast – The original fresh tissue block from which 
this culture was derived was located 4 cm from the infiltrat-
ing ductal carcinoma. The structure shown is a cluster of 
rounded epithelial cells manifesting a column configuration 
called "pre-ductal linearization". Both images were captured 
under Differential Interference Contrast (DIC) optics on a 
Zeiss Axiovert 100 microscope at a total of 140x 
magnification.
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significant odds ratio of 37.4 [31]. A trend towards age
dependence had been noted in the analysis of the UDS
data of the normal controls (P = 0.059) [30]; addition of
the patient sample supports this trend, but it still fails to
reach significance (P = 0.056).

The functional NER assay was then applied to the contem-
poraneous disease-free breast reduction control sample,
one sample each from the ipsilateral and contralateral
breasts of the patient, and to a sample from the contralat-
eral breast of an apparently sporadic breast cancer patient.
The NER of the BRE non-diseased control was 1.82 times
the average of our normal data set for this tissue and
within the range of normal. The NER capacity of the ipsi-
lateral breast epithelial sample was 1.05 times the average
of our population of BRE controls, clearly exhibiting no
overt DNA repair deficiency (Figure 5). The contralateral
sample was very similar, with an NER capacity of 1.17
times BRE normal. Although the NER values of these two
samples from the same patient are similar, they are not
close enough to distinguish themselves as coming from

the same individual (P = 0.16). The NER capacity of the
contralateral sample from the sporadic breast cancer
patient was 1.62 times the average of the BRE controls,
also in the normal range.

Our earlier analysis of NER in our normal population
revealed no effects of age or cell proliferation (as repre-
sented by the SPI). All of these additional patient samples
are consistent with those results.

Discussion
At least two types of breast tumors are not accurately
detected by traditional screening mammography: "inter-
val" tumors that arise quickly between screenings, and
tumors whose density is not sufficient to distinguish them
from the surrounding normal tissue. The latter situation is
more likely to occur in women with dense normal breast
tissue, which, in turn, is more typical of younger women.
Thus, mammographically undetectable tumors may have
a number of characteristics, such as fast growth, low
density, early onset and/or occurrence in dense breasts
that might distinguish them from mammographically
detectable tumors in terms of molecular etiology and clin-
ical parameters of prognosis and response. The present
patient had an early onset breast tumor, but had both
hereditary susceptibility due to her BRCA1 mutation and
dense breasts, so her presentation is not unusual in this
context. It is possible that breast tumors detected by com-
plementary screening methods in the future will demon-
strate unique clinical and molecular features, when it
becomes feasible to perform such screening in the general
population.

Since the BRCA1 gene product is known to play a role in
DNA double strand break repair [8,9], it has been
suggested that decreased repair capacity is the basis of the
breast cancer predisposition observed in mutation carriers
[32-35]. Such a cellular phenotype has been difficult to
demonstrate, however [36-39]. An alternate possibility is
that the mutation affects the growth or differentiation of
breast epithelial cells in a manner consistent with cancer
susceptibility. It has been suggested that dense breast tis-
sue is indicative of generalized hyperproliferation that
might promote oncogenesis [29]. Our findings show that
all 8 samples, derived from both the involved and the
uninvolved breasts of a hereditary breast cancer patient
develop normal epithelial architecture in vitro, implying
that the epithelial/stromal (paracrine) interactions neces-
sary for the development of this complex architecture are
intact and normal in BRCA1 heterozygotes despite their
greater risk of breast cancer. The SPI results also indicate
that this non-diseased epithelial tissue falls into the typi-
cal range of normal for BRE control cultures and is dem-
onstrating typical growth in our HME tissue engineering
system.

Comparison of the NER capacity of a PBL sample from our BRCA1 mutation carrier patient with those of a population of disease-free controlsFigure 4
Comparison of the NER capacity of a PBL sample 
from our BRCA1 mutation carrier patient with those 
of a population of disease-free controls. The dark hori-
zontal line indicates the average for the normal population, 
while the dotted lines indicate upper limits for residual NER 
activity in patients with the hereditary NER deficiency disease 
XP (0.50) and the cut-off established in our breast tissue 
study that identified tumors with high sensitivity and specifi-
city (0.70).
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NER deficiency is most often associated with XP, sensitiv-
ity to UV-induced DNA damage and skin cancer [18-21].
The NER deficiency of XP patients is manifested in other
tissues, however, as shown by their high spontaneous fre-
quency of mutation in blood lymphocytes [40] and the
occurrence of other types of tumors [41]. The observation
that sporadic breast cancer patients have low levels of NER
in peripheral lymphocytes suggests that sporadic breast
cancer is associated with constitutively low levels of NER
[14-16]. Our results from a single patient demonstrate,
however, that while overexpression of BRCA1 may
enhance NER [22], haploinsufficiency for this gene does
not necessarily result in detectable NER deficiency. Since

it is clear that genomic instability is a necessary prerequi-
site for the completion of the complex multi-step carcino-
genic pathway(s) involved in breast cancer, a
fundamental difference in the mechanisms of genomic
instability arising in hereditary and sporadic breast
tumors would be likely to translate into fundamentally
different patterns of molecular pathogenesis that could
impact on clinical management.

The relative NER capacities of tumor and normal tissue
may have important practical implications.  If breast
tumors from hereditary patients exhibit NER deficiency
similar to that observed in sporadic patients, while their

Comparison of the NER capacities of two samples of normal breast epithelium from our BRCA1 mutation carrier patient with those of a population of disease-free controls who underwent breat reduction mammoplastyFigure 5
Comparison of the NER capacities of two samples of normal breast epithelium from our BRCA1 mutation car-
rier patient with those of a population of disease-free controls who underwent breast reduction mammo-
plasty. The dark horizontal line indicates the average for the normal population of breast reduction epithelium (BRE), while 
the dotted lines indicate upper limits for residual NER activity in patients with the hereditary NER deficiency disease XP (0.50) 
and the cut-off established in our breast tissue study that identified tumors with high sensitivity and specificity (0.70). The 
patient sample on the left was derived from the ipsilateral (left) breast, while the sample on the right was from the contralateral 
(right) breast.
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normal tissues exhibit normal levels of this type of DNA
repair, then the tumors would be hypersensitive to a range
of chemotherapeutic drugs, including alkylating agents
(cyclosphosphamide), cross-linking agents (cis-platinum)
and bulky DNA adducting agents (melphalan).  Individu-
alization of chemotherapy based on some aspect of NER
expression is being pursued in colon [42], testicular
[43,44] and ovarian cancer [45].

Conclusion
This patient and her tumor represent the vanguard of a
new population of early stage breast cancer patients that
will be increasingly diagnosed as new screening technolo-
gies complementary to mammography are validated and
become practicable. We have shown that low power MRI
can detect a stage I tumor in dense breast tissue; the same
technology can also impact upon interval tumors by stag-
gering the procedure with mammography rather than
applying them coincidently. Although we did not observe
obvious differences in the growth rate or differentiation
potential of the dense breast tissue from this patient, we
cannot rule out the possibility that some or all of the
tumors detectable only by complementary screening pro-
cedures will differ from the present clinical experience in
important ways. Our live-cell analysis takes a step toward
defining cellular characteristics that may be useful for can-
cer risk assessment, but we are only beginning to investi-
gate the possibilities of the system. It may be that different
growth conditions, or induction with genotoxic or estro-
genic agents, will allow for the greater differentiation of
breast tissue and tumor behaviours. This technique also
allows for the application of functional assays to patient
samples, as exemplified in this report by the UDS assay for
NER capacity. Those UDS results, although from a single
patient, demonstrate definitively that the constitutively
low NER capacities reported in several sporadic breast
populations do not arise as a pleiomorphic effect of
BRCA1 haploinsufficency. Thus, the basis of genetic insta-
bility, a fundamental element in breast carcinogenesis,
may differ between sporadic and hereditary breast tumors.
This results in different susceptibilities to inducing agents,
mutations in different sets of oncogenes and tumor sup-
pressor genes, and, ultimately, tumors of different molec-
ular etiology that express different clinically relevant
phenotypes.

Methods
Patients and controls
The patient was a 35.7 year old woman with strong family
history of breast cancer recruited into a clinical trial of
MRI screening for young woman at high risk for breast
cancer with dense breast tissue [3]. Gadolinium enhance-
ment images revealed a small 1 cm lesion in the upper-
outer quadrant of the left breast, identified pathologically
as an infiltrating ductal carcinoma. The patient underwent

a modified radical mastectomy of the left breast and chose
to also undergo a contralateral prophylactic total mastec-
tomy. Blood and tissue were obtained for analysis with
consent under Magee-Womens Hospital (of the Univer-
sity of Pittsburgh Medical Center) IRB # MWH-94-108.

Data from this hereditary breast cancer patient were com-
pared to that from two additional patients as well as pre-
viously published controls. The first new control patient
was a 20 year old women undergoing breast reduction
mammoplasty. The second contemporaneous control
patient was a 36 year old woman undergoing cosmetic
surgery on her contralateral breast two years after success-
ful lumpectomy to remove an apparently sporadic stage
IIA breast tumor (2.5 cm, negative for estrogen and pro-
gesterone receptors, 13 lymph nodes negative). She had
undergone standard radiotherapy and chemotherapy with
adriamycin and cyclophosphamide. Histopathological
analysis confirmed that the breast tissue from both of
these control patients was free of cancer and within the
acceptable histological range of normal.

Patient tissue culture and analysis
Fresh tissues from the patient were obtained within 5
hours of surgery. After pathological evaluation, excess tis-
sue not needed for diagnosis was placed into DMEM con-
taining 10% fetal calf serum and 3x antibiotic antimycotic
(Sigma, St. Louis, MO) at 4°C. This tissue was then proc-
essed as described in Latimer et al. [30] and placed into
culture on a diluted form of matrigel (1:1 with DMEM) in
the novel MWRIα medium [7].

Eight samples of the principal patient's tissue were
obtained for culture after bilateral mastectomy surgery.
We were not able to obtain a sample of her tumor,
because it was utilized entirely for clinical diagnosis. We
were able to obtain 4 pieces of histologically normal non-
tumor adjacent tissue at increasing 1 cm intervals from the
tumor margin from her left (ipsilateral) breast. In addi-
tion, we obtained 4 similar pieces of fresh tissue from her
contralateral breast. All were placed into primary explant
(HME) culture.

For analysis of cell growth and in vitro differentiation,
explants were cultured and imaged every second day using
a digital Hamamatsu Orca camera for 30–60 days. Images
were analyzed on a Macintosh G4 computer using QED
imaging software (Media Cybernetics, Inc., Silver Spring,
MD).

Control tissue cultures
Breast reduction mammoplasty tissues were obtained
from patients ages 20–70 at Magee-Womens Hospital
under the above IRB. A neighboring piece of mammo-
plasty tissue (from the same 0.25 cm2 sample) to that
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placed into primary culture was fixed and processed in
paraffin. These sections were examined by a pathologist to
verify the histological features and normality of the tissue.
Breast tissue was processed as previously described [30].
Tissue was rinsed three times in PBS containing antibiot-
ics, disaggregated and placed into MWRIα medium [7] on
a thin coat of matrigel. Peripheral blood lymphocytes
(PBLs) were obtained with consent from normal healthy
control subjects ages 20–50 working at Magee-Womens
Hospital or students at the University of Pittsburgh. Fore-
skin fibroblast (FF) tissue was obtained as discarded tissue
from newborn infants after circumcision and utilized
between passages 7 and 10. These control populations
have been previously described in greater detail [30,46].
Breast tissue samples from the two new control patients
were processed in the same manner.

Analysis of S-phase indices
Primary cultures of mammary tissue, established 10–14
days, were labeled with 3H-thymidine for a period of 2
hours followed by a chase with cold thymidine for 2 hours
and then processed for autoradiography. After a 10–12
day exposure, slides were processed and analyzed by two
independent, blinded scorers who evaluated the tissue
samples for the percentage of cells in S phase (character-
ized by complete coverage of the nucleus with silver
grains).

Unscheduled DNA synthesis
NER was measured by autoradiography of unscheduled
DNA synthesis after UV damage (UDS) [47,48]. After a
total of 10–14 days in culture, without passaging, cultures
were irradiated with UV light at 254 nm at a mean fluence
of 1.2 Joules/m2 for 12 seconds in the absence of culture
medium, for a total dose of 14 J/m2. Each sample was rep-
resented by at least two chamber slides. One chamber of
each 2-chamber slide was shielded from the UV dose to be
used as an unirradiated control sample. Primary cultures
had not reached confluence and were still actively grow-
ing at the time the UDS assay was performed. Control FF
were plated subconfluently 2 days before the UDS assay to
insure that they also were not in a quiescent state brought
on by confluence. After UV exposure, all cultures were
incubated in medium supplemented with 10 µCi ml
[3H]methyl-thymidine (~80 Ci mmol-1) (PerkinElmer
Life Sciences, Boston, MA) for 2 hours at 37°C. Labeling
medium was then replaced with unlabeled chasing
medium containing 10-3 M non-radioactive thymidine
(Sigma) and incubated for a further 2 hours to clear radi-
oactive label from the intracellular nucleotide pools. After
incubation in the post-labeling medium, cells were fixed
in 1X SSC, 33% acetic acid in ethanol, followed by 70%
ethanol and finally rinsed in 4% perchloric acid over night
at 4°C. All slides were dried and subsequently dipped in

photographic emulsion (Kodak type NTB2) and exposed
for 10 to 14 days in complete darkness at 4°C.

The length of exposure of emulsion was determined in
each experiment by preparing FF "tester" slides. After 10–
12 days these tester slides were developed and grain
counting was performed. If the nuclei over the foreskin
fibroblasts averaged 50 or more grains per nucleus, then
the rest of the experimental slides were developed. If the
grain count was below this level, the remaining slides
were left to expose 1–3 days longer before being
developed.

Grain counting
After photographic development of emulsion, all slides
were stained with Giemsa, then examined at a total mag-
nification of 1000X on a Zeiss Axioskop under oil emer-
sion for grains located immediately over the nuclei of
non-S phase cells [48]. Local background grain counts
were evaluated in each microscopic field over an area the
same size as a representative nucleus, and this total was
subtracted from the grain count of each nucleus in that
field. The average number of grains per nucleus was quan-
tified for each side of the chamber slide, both unirradiated
and irradiated. The final NER value for each slide was cal-
culated by subtracting the unirradiated mean (grains per
nucleus) from the irradiated mean (grains per nucleus),
after the initial subtraction of local background in each
field. NER was initially expressed as a percentage of the
activity of concurrently analyzed FF. Four FF slides were
scored per experiment, by an average of three counters.
200 nuclei were counted per slide, for a total of 800, with
an average of 61.6 grains/nucleus. Six slides were evalu-
ated for the patient's PBL sample, two by each of three
counters. An average of 195 nuclei were scored per slide
(for a total of almost 1200), with an average of 7.5 grains/
nucleus. Four slides were counted for the contemporane-
ous breast reduction control, two each by two counters.
There were an average of 200 nuclei per slide and 14.1
grains/nucleus. Six slides were scored from the patient's
ipsilateral breast tissue sample, two by each of three inde-
pendent counters, and five slides were counted from the
contralateral sample, again by three independent
counters. An average of just over 100 nuclei were evalu-
ated per slide for each sample, for a total of almost 600
nuclei for the ipsilateral sample and over 500 for the con-
tralateral sample. As the NER capacities indicate, these
samples had very similar counts; about 35 grains/nucleus
for the ipsilateral sample and 28 grains/nucleus for the
contralateral sample. Finally, four slides were counted
from the contralateral sample of a sporadic breast cancer
patient, by three counters. There were an average of 200
nuclei per slide and 29.4 grains per nucleus.
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Statistical analysis
To ensure accuracy and guard against transcription errors,
raw grain counts from the UDS assay were processed inde-
pendently in duplicate, once using StatView (version
5.0.1, SAS Institute, Inc., Cary, NC), and once using the
Data Analysis Toolpack of the Excel 2001 spreadsheet pro-
gram (Microsoft Corp., Redmond, WA). The final count
from slides of the same cell type within the same experi-
ment and developed the same day were averaged together
and expressed as a percentage of concurrently analyzed FF.
These results were then normalized by comparison to the
average for the tissue type control population [48].
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DNA Double-Strand Break Damage and Repair
Assessed by Pulsed-Field Gel Electrophoresis

Nina Joshi and Stephen G. Grant

Summary
This assay quantifies the amount of DNA double-strand break (DSB) damage in at-

tached cell populations embedded in agarose and assayed for migratory DNA using
pulsed-field gel electrophoresis (PFGE) with ethidium bromide staining. The assay can
measure pre-existing damage, as well as induction of DSB by chemical (e.g., bleomycin),
physical (e.g., X-irradiation), or biological (e.g., restriction enzymes) agents. By incu-
bating the cells under physiological conditions prior to processing, the cells are allowed
to repair DSB, primarily via the process of nonhomologous end joining. The amount of
repair, corresponding to the repair capacity of the treated cells, is then quantified by
determining the ratio of the fractions of activity released in these repaired lanes in com-
parison with the total amount of DNA fragmentation following determination of a opti-
mal exposure for maximum initial fragmentation. Repair kinetics can also be analyzed
through a time-course regimen.

Key Words: DNA double-strand breaks (DSB); double-strand break repair;
nonhomologous end joining; pulsed-field gel electrophoresis; DNA fragmentation;
genotoxicity; clastogenicity.

1. Introduction
Of all the forms of DNA damage, double-strand breaks (DSBs) induced from exog-

enous sources, such as ionizing radiation and chemical agents, or endogenous sources,
such as oxidative stress, may be the most deleterious, for if they are unrepaired or
misrepaired, they can lead to carcinogenic transformation or cell death.

DSBs (and some proportion of single-strand breaks, when they are clustered closely
enough) result in high-molecular-weight DNA fragments that can be liberated from
the cell and resolved by electrophoresis. This technique can be thought of as a bulk
method for performing the comet assay (see ref. 1, and Chaps. 9–11), although with
several advantages over that assay: (1) thousands to millions of cells are analyzed,
rather than hundreds; (2) a single measurement for the population is derived, rather
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than hundreds; and, (3) multiple samples, including controls, can be analyzed on the
same gel. Application of pulsed-field gel electrophoresis (PFGE) also allows for a
greater separation of DNA sizes, giving a better characterization of the nature of the
underlying DNA damage.

Both the comet assay and the PFGE assay have been used extensively to study
DNA repair, by observing the reduction in migrating DNA when cells are allowed a
period of repair following genotoxic insult. These assays are therefore functional mea-
sures of DNA DSB repair (2,3).

From experiments using cell extracts from Xenopus eggs (4,5), Chinese hamster
ovary cells (6), and human cells (7–9) to repair plasmids containing breaks (e.g., the
prokaryotic lacZ gene [8]), as well as the transfection of damaged plasmids into DNA
repair-deficient/proficient cell lines, two distinct DSB pathways—homologous recom-
bination (HR) and nonhomologous end joining (NHEJ)—have been identified. In HR,
the major DSB repair pathway in yeast, a homologous chromosome, or more fre-
quently, a sister chromatid, is used as a template to repair the damaged copy of the
sequence in an error-free manner (10). In contrast, NHEJ, the most prevalent pathway
for DSB repair in vertebrates (11), is independent of sequence homology (12). In this
process, the two ends of the breakpoint are religated together after limited modulation
at the termini. Thus, small inserted sequences, as well as deletions, are often intro-
duced by this repair process, making NHEJ an inherently error-prone pathway.

Although these cell extract and transfection techniques have provided valuable in-
formation, results from the cell extract experiments are often inconsistent (13), and
there is always the possibility that repair processes in plasmids do not reflect normal
DSB repair in genomic DNA in intact cells (14) (see also Chap. 18). Thus, an in vitro
assay has been developed that quantifies the amount of repaired genomic DNA DSBs
in attached mammalian cells (15,16). Repair capacity is only measured under condi-
tions of maximum damage, which are likely to differ between cell lines and cell types.
Thus, an optimal dose for DSB damage is initially determined, and then, after apply-
ing this optimal dose, DSB repair can be examined over time by determining the ratio
of remaining DNA fragmentation in comparison with the unrepaired control.

Cells with deficiencies in DNA protein kinase (DNA-PK; believed to regulate the
accessibility of DNA ends and possibly recruit repair factors in the NHEJ pathway
[16]), as well as mouse fibroblasts deficient in Ku80 (another NHEJ-related protein
involved in the protection and alignment DNA ends [17]), have decreased repair ca-
pacity in this assay. Deficiencies in the BRCA2 gene, associated with HR pathways
through Fanconi’s anemia genes (18,19), have not been detected using this assay (20).
Whether patients with Fanconi’s anemia, ataxia telangiectasia, Bloom’s syndrome,
Nijmegen breakage syndrome, Berlin breakage syndrome, and Werner’s syndrome,
cancer-prone syndromes attributed to deficiencies in DNA DSB repair, are associated
with the NHEJ pathway is unknown. Characterization of these processes is critical to
our understanding of human disease as well as cellular responses to genotoxic stress.
A technique for analysis of the other type of mammalian DSB repair, HR, is given in
Chapter 31 (a variant of the host cell reactivation assay described in Chap. 28).
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Finally, there are two modifications that might allow the PFGE assay to analyze
other types of DNA damage. Taking a cue from the comet assay, this assay could be
extended to analysis of the majority of single-strand breaks by converting them to DSBs
by alkaline treatment (21). By running cell samples processed under both neutral and
basic pH side by side, the contribution of single-strand breaks can be observed as the
quantitative difference in DNA migration. Next, by allowing a longer period between in
vitro exposure and analysis, this assay could be used to quantitate the amount of “com-
plex” or irreparable DNA damage associated with high-energy radiation (22).

2. Materials
2.1. Generation of Double-Strand Breaks

1. T-25 (25-cm) cell culture flasks (Fisher Scientific, Pittsburgh, PA).
2. Appropriate growth media for each cell type, with appropriate amount and type of serum.
3. Cell culture incubator (e.g., ThermoForma Series II Water Jacketed CO2 Incubator, Forma

Scientific, Marietta, OH).
4. Irradiation source (e.g., cesium source, model 143-45A, JL Shepard, San Francisco, CA;

see Note 1).

2.2. Cell Sample (Agarose Plug) Preparation
1. Trypsin (or other means of harvesting cells; Invitrogen, Carlsbad, CA).
2. 15-mL Conical tubes (BD Falcon, BD Biosciences, Bedford, MA).
3. Appropriate cell culture medium (serum-free).
4. Hemocytometer (Fisher) or Coulter counter (Beckman Coulter, Fullerton, CA).
5. 1-, 5-, and 10-mL Pipets and pipet aid.
6. 20-, 200-, and 1000-µL Micropipetors (Rainin, Woburn, MA) and appropriate pipet tips

(Fisher).
7. Benchtop centrifuge (e.g., Sorval RT 6000D, Kendro Lab Products, Asheville, NC).
8. 50–56°C shaking water bath.
9. 1% InCert agarose solution (BioWhittaker, Rockland, ME). Incubate at 50–56°C to pre-

vent solidification.
10. 100-µL Plastic plug molds taped on the bottom (Bio-Rad, Hercules, CA).
11. Lysis solution: 10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.5 M EDTA, 2% N-lauryl sarcosyl

(all Sigma, St. Louis, MO), 0.1 mg/mL proteinase K (Invitrogen).
12. Wash buffer: 10 mM Tris-HCl, pH 8.0, 0.1 M EDTA.
13. RNase solution (Invitrogen): 10 mM Tris-HCl, pH 7.5, 0.1 M EDTA, 0.1 mg/mL RNase.

Make 2.5 mL per sample fresh each time.

2.3. Pulsed-Field Gel Electrophoresis (PFGE)
Although a number of PFGE apparatus have been developed, clamped homogenous

electric field (CHEF) and asymmetric field inversion gel electrophoresis (AFIGE) are
most often used for DSB analysis (see Note 2).

1. CHEF: CHEF DRII apparatus (Bio-Rad) with refrigerated water bath and circulating
pump.
AFIGE: Horizontal gel electrophoresis system, model H4 (Invitrogen) with refrigerated
water bath and circulating pump.
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2. Seakem agarose (BioWhittaker).
3. 0.5X TBE: 45 mM Tris-HCl, pH 8.0, 45 mM boric acid, 1 mM EDTA. Prepare a 5X stock

solution in large volumes (~500 mL); can be stored indefinitely at room temperature.
4. 10 mg/mL Ethidium bromide (made up in 10-mL lots, kept wrapped in aluminum foil in

the refrigerator).
5. FluorImager (Bio-Rad)

3. Methods
3.1. Generation of Double-Strand Breaks (see Notes 1, 3, and 4)

1. Cells should be firmly attached, semiconfluent, and in log phase growth when exposed to
ionizing radiation (IR). Thus, they should be plated at least 48 h prior to exposure and the
T-25 flasks seeded with the appropriate number of cells to attain these conditions (see
Note 5).

2. Cool cells on ice to 4°C prior to irradiation.
3. Expose cells in T-25 flasks to a source of ionizing radiation at doses ranging from 10 to

100 Gy (or at optimized dose, if this has been predetermined). Include one flask as an
unexposed control to determine background DNA fragmentation levels.

3.2. Cell Sample (Agarose Plug) Preparation
1. Harvest cells, by trypsinization or other appropriate technique on ice in 15-mL conical

tubes (see Note 6). This process may take 5–10 min. Centrifuge the cells for 5 min at
800g. Wash the cells once in serum-free medium.

2. Resuspend the cells in serum-free medium and count the cells, using a hemocytometer or
Coulter counter. Aliquot the cells at a concentration of 1 × 106 or multiples of 1 × 106

(e.g., 2 × 106, 3 × 106) into 15-mL conical tubes and spin for 5 min at 800g.
3. Remove excess media with a pipet without disrupting the cell pellet. Add 30 µL of serum-

free media to the 15-mL conical tubes for each 1 × 106 cells. Triturate the cell suspension
to ensure that no clumps are present.

4. Mix the cell suspension with an equal volume of 1% agarose incubated at 50°C. The final
concentration of agarose should be 0.5% with 1 × 106 cells per 60 µL of serum-free
medium and agarose solution.

5. Pipet the 60 µL (or 60-µL aliquots) into the precooled 100 µL plastic plug molds, and
incubate on ice for 5 min until the plugs solidify.

6. Extrude the solidified plugs from the molds into a 15-mL conical tube by removing the
tape from the bottom of the molds and pipeting lysis buffer directly over the plug.

7. Add 2 mL lysis solution and incubate at 4°C for 45 min.
8. Transfer the plugs to 50°C for 16–18 h in a moderately shaking water bath.
9. Wash the plugs once with 2 mL washing buffer. Incubate in 2 mL of fresh washing buffer

for 1 h at 37°C in a moderately shaking water bath.
10. Transfer the plugs to 2 mL RNase solution and incubate for 1 h at 37°C.
11. Plugs can then be stored in 5 mM EDTA buffer at 4°C indefinitely.

3.3. Preparation for Plug Gel Electrophoresis
1. Cast a 0.8% agarose gel in 0.5X TBE with the appropriate comb when using the Bio-Rad

CHEF-DRIII or a 0.5% agarose gel when using AFIGE. Allow the gel to solidify for
approx 1 h.
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2. Remove the comb after solidification, and load the plugs into the wells. Seal the wells
with agarose to ensure that the plugs are not released from the wells during electrophoresis.

3. Place the gel into a precooled (10°C) electrophoresis box with 0.5X TBE.
4. Electrophorese for 23 h at 200 V with 60-s pulses for the first 8 h, followed by 120-s

pulses for 15 h with the Bio-Rad CHEF-DRIII (23). Using AFIGE, cycles of 1.25 V/cm
for 900 s in the forward direction and 5 V/cm for 75 s in the reverse direction (23) should
be used (see Note 7).

5. Stain the gel for 1 h with 0.5 µg/mL ethidium bromide (see Note 8).
6. Expose the gel to a FluorImager for analysis.
7. Quantitate the DSBs present by determining the ratio between the fraction of activity

released from the plug (FAR) vs the total DNA in both the plug and in the lane: FAR =
lane counts/(plug + lane) counts (23).

8. For quantification of damage, FAR should be compared with a standard control or curve.
For quantification of repair, the amount of migratory DNA in the experimental lane may
be subtracted directly from that in the control (no repair incubation), provided that the
total amounts of DNA in both plugs/lanes are similar.

9. To examine repair capacity, first determine the optimal dose of radiation (the dose that
provides the maximum fragmentation), and then plot dose vs FAR (Figs. 1 and 2).

3.4. Analysis of the Time-Course of DSB Repair
1. Prewarm medium supplemented with serum to 42°C (sufficient to replace media in all

experimental flasks).
2. Cool cells on ice prior to irradiation and expose each flask to the optimal IR dose deter-

mined in Subheading 3.3., step 9.

Fig. 1. DNA fragmentation following irradiation. lane A, unirradiated control; lane B, 5 Gy;
lane C, 10 Gy; lane D, 20 Gy; lane E, 30 Gy; lane F, 40 Gy; lane G, 50 Gy; lane H, 60 Gy; lane
I, 70 Gy. The dose yielding the maximum amount of DSB DNA damage is 60 Gy.
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3. Replace medium in each flask with prewarmed medium (which rapidly restores the cul-
tures to 37°C, at which temperature repair is activated):

a. Return flasks to the incubator for various times to allow for repair (time points: 0, 10,
20, 30, 60, 120, 128, 240, and 360 min).

b. After the predetermined repair incubation periods, remove the flasks, harvest the cells,
and place on ice for 5–10 min.

c. Process samples as in Subheadings 3.2. and 3.3.

An example of the resulting gel is given in Fig. 3.

4. Notes
1. Direct DSB agents such as bleomycin, toposimerase II inhibitors, and carcinostatin, as

well as enzymes that cleave DNA, such as BamH1, Pvu11, Hinf1, and HaeIII transfected
into cells can be utilized as alternate sources of DBS damage (23,24).

2. PFGE separates larger DNA pieces than standard constant field electrophoresis by alter-
nating the direction of the electric field at regular intervals, forcing the DNA to reorient
itself constantly in new directions, resulting in far superior size separation. A number of
PFGE apparatus have been developed, including orthogonal field agarose electrophoresis
(OFAGE), transverse alternating field electrophoresis (TAFE), CHEF, and AFIGE (24).
The choice depends on the type of equipment available, keeping in mind that CHEF and
AFIGE have been most often used for DSB analysis. The AFIGE apparatus produces
more uniform DNA fragments and should be used when the analysis does not require the
precise size of DNA fragmentation (23,25). The CHEF gel apparatus should be used when
size detection is important.

Fig. 2. Regression analysis of DNA fragmentation, quantified as the fraction of activity in
the lane, vs dose to determine the optimal dose to be used to examine repair kinetics. A dose of
60 Gy provided optimal damage. FAR, fraction of activity released.
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3. If the intent of the assay is simply to quantify existing DNA damage, it may not be neces-
sary to induce DSB. To allow for variability between gels, however, we recommend that,
rather than using the absolute amount of migratory DNA as a measure of such damage,
that experimental samples always be compared with known controls (such a comparison
is inherent if the assay is used as a measure of repair, since migratory DNA from the cells
allowed to undergo repair is considered relative to the same cells with no opportunity for
repair). We have not yet established a control cell type with a stable level of “uninduced”
DSB, so we recommend using radiated cells as controls. This also allows for exposures to
different doses of radiation and/or for different incubation times for repair, as well as the
establishment of a standard curve for the control cells.

4. If the intent of the assay is to measure repair capacity, an induction dose for maximum
DNA DSB damage must first be determined by processing samples subjected to a range
of IR dosages, as given in Subheading 3.1., step 3., then optimizing the incubation time
for repair according to the protocol given in Subheading 3.4.
Using this maximum dose provides damage and a damage signal (migratory DNA) on
PFGE that makes sure the entire repair capacity of the cells is engaged. This dose is
always a lethal dose, however, and it would be useful to confirm results from such experi-
ments at sublethal levels of exposure and DNA damage.

5. DNA from cells in S phase migrate three to four times more slowly than from cells in G1

or G2 phase (26). Thus, cells should be analyzed once they reach the plateau phase, in-
creasing the number of cells in G1/G0 and decreasing the variability in fragmentation.
This phenomenon occurs not only in this assay but also in other techniques that measure
DNA fragmentation (24).

6. Cells and plugs used during this assay should remain on ice at all times to decrease repair
except during the predetermined repair incubation period in Subheading 3.4., step 4.

7. These electrophoresis conditions have been optimized for resolution of migratory DNA
after a maximal induction of DSB (Figs. 1 and 2). Different conditions may need to be

Fig. 3. DNA fragmentation resulting from repair of DSB damage induced by exposure of
Ishikawa endometrial cancer cells to 60 Gy ionizing radiation (see Figs. 1 and 2) and repair for:
lane A, 0 min; lane B, 10 min; lane C, 20 min; lane D, 30 min; lane E, 60 min; lane F, 120 min;
lane G, 180 min; lane H, 240 min; lane I, 360 min.
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developed for the lesser damage observed in unexposed cells or cells exposed to less
efficient inducing agents than IR.

8. Cells and migratory DNA can also be detected using incorporation of radiolabeled thymi-
dine (Sigma Aldrich, Maryland Heights, MO) and a Phosphoimager (STORM, Amersham
Biosciences, Piscataway, NJ ) or a scintillation counter (MicroBeta, Boston, MA) (16).
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