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Abstract

DNA repair is essential for the maintenance of genomic integrity and stability. Nucleotide 

excision repair (NER) is a major pathway responsible for remediation of damage caused by UV 

light, bulky adducts, and cross-linking agents. We now show that NER capacity is differentially 

expressed in human tissues. We established primary cultures of peripheral blood lymphocytes 

(PBLs: N = 33) and foreskin fibroblasts (FF: N = 6), as well as adult breast tissue (N = 22) using a 

unique culture system, and measured their NER capacity using the unscheduled DNA synthesis 

(UDS) functional assay. Relative to FF, primary cultures of breast cells exhibited only 24.6 ± 

2.1% of NER capacity and PBLs only 8.9 ± 1.2%. Cells from the breast therefore have a unique 

and distinctive DNA repair capacity. The NER capacities of all three cell types had similar 

coefficients of variation in the range of 10%–15%, which should be taken into account when 

running controls for this contextual assay. Unlike previous studies and speculation in the field, we 

found that NER was not affected by cell morphology, donor age, or proliferation as measured by 

the S phase index. While the NER capacity of the transformed lymphoblastoid cell line TK6 was 

within the range of our PBL samples, the breast tumor-derived MDA MB-231 cell line was four-

fold higher than normal breast tissue. These studies show that analysis of baseline DNA repair in 

normal human cell types is critical as a basis for evaluation of the effects of “mutator” genes as 

etiological factors in the development of cancer.
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Introduction

Living organisms are subjected to a constant barrage of DNA damage caused by exposure to 

a wide range of exogenous chemical and physical agents, as well as endogenous metabolic 

processes. Unrepaired DNA damage may lead to the accumulation of somatic mutation and 

the eventual development of neoplastic transformation.

Three types of genes are known to be involved in the etiology of most cancers: oncogenes 

[1–3], tumor suppressor genes [4,5], and the subset of tumor suppressor genes known as 

“mutator” genes, usually involved in DNA repair [6–8]. Mutations in DNA repair genes 

compromise the long-term ability of a cell to correct genotoxic damage. DNA repair 

deficiencies can result in an accelerated rate of cellular mutation, potentially serving as the 

step that confers genomic instability. There are multiple pathways of DNA repair in man, 

including double-strand break repair, base excision repair, base mismatch repair, and 

nucleotide excision repair [9].

Long patch, or nucleotide excision repair (NER), is the primary process by which 

cyclobutane pyrimidine dimers, 6-4 photoproducts, and DNA cross-links are removed from 

the DNA [10,11]. UV254 nm light, as well as so-called UV mimetic drugs, induce DNA 

lesions that are corrected by this pathway. Damage lesions caused by genotoxic 

chemotherapy agents that act as inter- and intrastrand cross-linkers, such as cisplatin [12], 

covalently bind to DNA creating “bulky” adducts. Other bulky adducts are caused by agents 

such as N-acetoxyaminoacetylfluorene (AAAF) and melphalan [13,14] and alkylating 

agents, such as cyclophosphamide [15,16] are also presumably remediated by this pathway. 

NER is a complicated process requiring the protein products of 20–30 genes [17]. NER 

involves the recognition of a damage lesion causing distortion of the DNA helix, incisions 

flanking the lesion on the damaged strand, excision of 27–29 bases including the damage 

lesion, and replication and ligation to replace the excised information and seal the strand 

breaks at each end of the newly synthesized region [18–21]. This pathway can also be called 

into play for other types of DNA damage lesions that have not been corrected by base 

excision and other single-stranded DNA repair mechanisms [22,23]. In effect, the NER 

pathway provides redundancy for these other repair systems should they be overwhelmed by 

a genotoxic exposure [10].

NER of the overall genome can be measured quantitatively using the unscheduled DNA 

synthesis assay (UDS). The UDS assay involves the measurement of labeled base 

incorporation into the DNA after in vitro exposure to UV light or certain chemicals. The 

UDS assay is a cell autonomous, functional assay, in that it allows one to look at the 

complex process of NER as a whole, at least as it is expressed in a particular cell type [24–

26]. As applied in our laboratory, this assay predominantly quantifies the repair of UV-
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induced DNA 6-4 photoproducts, and elements of both the “global genomic” as well as the 

“transcription coupled” components of NER contribute to the results [10,26].

The autoradiographic UDS assay requires the analysis of living cells. It has previously been 

applied primarily to skin fibroblasts and peripheral blood lymphocytes (PBLs) for diagnosis 

of xeroderma pigmentosum (XP) and other DNA repair diseases impacting specifically on 

the NER pathway. Classical NER deficiency disorders are characterized by UV sensitivity 

manifesting mainly in the skin and cornea. In diagnostic studies, a single “normal” sample 

of the same tissue type is used as a control. Alternatively, foreskin fibroblasts (FF) have 

historically been used as positive standards in UDS studies, because these cells manifest a 

consistently high level of repair. Mixtures of FF from several babies have sometimes been 

used to attempt to account for possible interindividual differences. PBLs are among the most 

accessible nucleated cell types in the body, and have therefore been used in studies to 

determine the DNA repair capacity of cancer patients and their relatives. UDS analysis of 

PBLs and skin fibroblasts have seldom been reported concurrently, however, and never in a 

form that would allow the two to be placed into the same context.

Studies involving functional assays in general, and specifically functional assays of DNA 

repair capacity, have been hampered by a technical lack of ability to perform primary 

explant culture on all cell types. The one notable exception is that of rat hepatocyte primary 

cultures, which have been used extensively in UDS assays for evaluation of the carcinogenic 

potential of chemicals [27,28]. Although repair assays can be performed on established, 

transformed cell lines, the generation of cell lines from normal adult tissue has proven to be 

a technical challenge. In addition, during the process of passaging, established cell lines 

undergo clonal evolution that may alter or extinguish many of the original characteristics of 

the cells, including their intrinsic repair capacity [29,30].

Until recently, cell culture techniques have not existed to support primary culture explants of 

most human tissues. These tissues require attachment to a substratum of some sort of 

extracellular matrix (ECM). In particular, lineages that involve epithelial cells have proven 

to be extremely difficult to culture, because these cells normally rest on a complex, 

biologically reactive basement membrane produced in vivo by the cell type residing beneath 

the basal surface of the epithelial cells, the myoepithelial cells [31,32]. We have developed a 

novel system for establishing primary cultures of breast epithelial cells and stromal 

fibroblasts [33]. Because most breast tumors arise from epithelial cells, the evaluation of 

their baseline mutator gene function, i.e., DNA repair capacity, is extremely important, and 

is now possible in primary epithelial cultures.

It has long been presumed that DNA repair is so essential to the maintenance of genomic 

integrity that it is constitutively expressed in all cells within an individual. A natural 

extension of this assumption is that DNA repair capacity is equivalent in all cell-types 

within an individual. However, the possibility that NER can be regulated is illustrated by the 

findings that NER is present in different levels in various tissues and cell types in 

mammalian development. In a previous study of the excision repair capacity of the four 

distinct extraembryonic lineages that comprise the extraembryonic yolk sac, as well as five 

cell types derived from the fetus, we have shown that NER in the mouse is lineage-specific 
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during embryogenesis [34]. In the present study, we expand this observation from mouse 

embryonic tissues to a small sampling of human tissues, including, for the first time, breast 

epithelial cells.

Materials and methods

Tissue procurement and establishment of cultures

Breast reduction mammoplasty tissues were obtained from patients at Magee-Womens 

Hospital under Magee-Womens Hospital/University of Pittsburgh IRB # MWH-94-108. A 

neighboring piece of mammoplasty tissue (from the same 0.25 cm2 sample) to that placed 

into primary culture was fixed and embedded in paraffin. Sections were examined by a 

pathologist to verify the histological normality of the tissue.

Peripheral blood lymphocytes (PBLs) were obtained with consent from normal healthy 

control subjects working at Magee-Womens Hospital, Magee-Womens Research Institute or 

students at the University of Pittsburgh. Foreskin fibroblast (FF) tissue was obtained as 

discarded tissue from newborn infants after circumcision.

FF were converted into primary explants as described in Latimer et al. [34]. Briefly, cells 

were grown in MEM containing 10% fetal calf serum on uncoated chamber slides (Nalge 

Nunc International, Naperville, IL). These cells were passaged to promote homogeneity and 

grown continuously in culture for up to 12 passages. These cultures show constant levels of 

DNA repair until passage 13 and senesce after approximately 20 [35]. For UDS 

experiments, FF were utilized between passages 7 and 10. Four different preparations of FF 

were used in this study: one consisted of a pool of three perinatal circumcisions and the 

remaining three were made from individual circumcisions.

PBLs were obtained from normal healthy male and female controls ages 20–50. 

Lymphocytes were purified using the ficoll gradient method [36] and placed onto a diluted 

form of Matrigel (BD Biosciences, Bedford, MA) in RPMI medium supplemented with 15% 

fetal calf serum. It was discovered that PBLs adhered to Matrigel-coated chamber slides, so 

the autoradiographic UDS assay could be performed on these adherent cells [37]. 

Lymphocytes were cultured 5–7 days before performance of the UDS assay. Nineteen out of 

the 33 samples presented here have been previously published as controls in a study on the 

effects of stress on NER capacity [37].

Breast reduction mammoplasty tissue was rinsed, processed, and placed into primary 

cultures within 5 h of surgery. Tissue was mechanically disaggregated and placed on diluted 

(1:1) Matrigel in a novel tissue culture medium called MWRIα according to a method 

developed in our laboratory [33]. It has been well established that Matrigel provides an 

optimal commercially available surface for attachment of epithelial cells [38]. The 

extracellular matrix (ECM) components of matrigel are apparently close enough to the 

natural basement membrane for mammary luminal epithelial to adhere and retain a rounded 

morphology [39]. We therefore used matrigel for both establishment of breast cell cultures 

and to allow the normally nonadherent PBLs to attach to the solid-surface of the glass slides 

used for the UDS assay. Primary breast cultures were grown for 7–10 days, imaged using a 
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digital Hammamatsu video camera, and then analyzed for NER capacity using the UDS 

assay. UDS experiments were performed when the epithelial cells were present as 

mammospheres (clusters of epithelial cells numbering from 40 to 150 cells [40]). Stromal 

fibroblasts were also readily distinguishable in these cultures.

TK6 lymphoblastoid cells and MDA MB-231 stage IV breast tumor cells were purchased 

from the American Type Culture Collection (Rockville, MD).

Unscheduled DNA synthesis assay

NER was measured using autoradiography of unscheduled DNA synthesis (UDS) [25]. 

After a total of 7 days in culture, without passaging, cultures were irradiated with UV light 

at 254 nm at a mean fluence of 1.2 J/m2 for 12 s in the absence of culture medium, for a total 

dose of 14 J/m2. Primary cultures had not reached confluence and were still actively 

growing at the time the UDS assay was performed. Control established cell lines were plated 

subconfluently 1–2 days before the UDS assay to ensure that they also were not in a 

quiescent state brought on by confluence. Careful UV dosimetry was performed using a UV 

delivery system specifically designed for this assay [41]. This machine contains three UV 

germicidal bulbs placed at a distance of 3 feet (91.4 cm) from an electric turntable where the 

chamber slides are placed. A 6-in diameter photographic shutter opens under electronic 

control to deliver a precisely timed dose of UV light. UV bulbs were warmed up at least 1 h 

before UDS and UV output was checked before each experiment using a Spectroline 

DM-254X UV meter.

Each sample was represented by at least two chamber slides. One chamber of each two-

chamber slide was shielded from the UV dose to be used as an unirradiated control sample. 

After UV exposure, all cultures were incubated in medium supplemented with 10 μCi ml 

[3H]methylthymidine (~80 Ci mmol−1) (PerkinElmer Life Sciences, Boston, MA) for 2 h at 

37 °C. Labeling medium was then replaced with unlabeled chasing medium containing 10−3 

M nonradioactive thymidine (Sigma, St. Louis, MO) and incubated for a further 2 h to clear 

radioactive 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 overnight 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 

“tester” slides. These are extra slides of the positive controls, for these experiments 

consisting of two slides each of FF and of the established breast cancer cell line MDA 

MB-231 [42]. These slides were dipped in photographic emulsion, dried, and packaged 

separately from the rest of the experiment in a sealed slide box. After 10 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 (including additional FF and MDA MB-231 slides). If the grain count was 

below this level, the remaining slides were left to expose 1–3 days longer before being 

developed. The tester slides were only used to determine when the exposure time was 
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optimal, because exposure time can vary depending primarily on the age of the radiolabel 

and the emulsion.

Grain counting analysis

After photographic development of the emulsion on the slides, the nuclei were stained with 

Giemsa, then examined at 1000X magnification on a Zeiss Axioskop under oil emersion for 

grains located immediately over the nuclei of non-S phase cells (S phase cells were 

distinguished by their high grain counts, at least 10-fold higher than non-S phase, and by a 

clustered pattern of grains). Local background grain counts were determined 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 were quantified for each side of the chamber slide, both unirradiated and 

irradiated. The final NER value for each slide was calculated 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 ultimately expressed as a percentage 

of the activity of concurrently analyzed FF. An average of 4.6 FF slides were scored per 

experiment, with an average of 145 nuclei per slide, for a total of almost 700 nuclei for each 

FF sample, with an average of 42.6 grains/nucleus. An average of 2.9 slides were scored for 

each PBL sample, with an average of 205 nuclei/slide. Thus, almost 600 nuclei were 

counted for each PBL sample, with an average of 6.6 grains/nucleus. Finally, an average of 

4.9 slides were evaluated for each breast reduction sample, with an average of 144 nuclei per 

slide. An average of 700 nuclei were therefore scored per breast reduction sample, with an 

average of 14 grains/nucleus.

Statistical analysis

To ensure accuracy and guard against transcription errors, raw grain counts from the UDS 

assay were processed independently 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 program (Microsoft Corp., Redmond, WA). The final count from slides of the 

same cell type within the same experiment and developed the same day were averaged 

together and expressed as a percentage of concurrently analyzed FF, or, in the case of FF, a 

percentage of concurrently analyzed MDA MB-231. NER values for cell lines and FF 

controls were averaged over all experiments. Comparisons between different cell lines and 

cell types were performed using both the parametric two-tailed t test and the nonparametric 

Mann-Whitney U test, with significance determined at alpha < 0.05. In all cases, the P value 

reported is the higher of the two, which was always generated by the nonparametric test. 

Comparison of UDS values for cells with epithelial and fibroblastic morphologies from the 

same samples was performed using a paired t test at alpha < 0.05. The possible effects of 

donor age, S phase index, and cell type on NER capacity were evaluated using linear 

regression at the same level of significance.
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Results

Tissue specificity of NER

Because UDS is a relative measure of DNA repair capacity, primary cultures of human FF 

were included in each experiment to serve as a standard of comparison. Subjects used for 

generation of FF cultures were all within the first week of life. PBL donors were recruited 

from laboratory and hospital workers and ranged from 20 to 50 years of age (N = 33). Breast 

reduction patients who provided normal tissue for culture ranged in age from 20 to 70 years 

of age (N = 22). The established breast cancer pleural effusion-derived cell line MDA 

MB-231 [42] was also included as a second, supplementary control in all experiments.

Histological evaluations were performed on breast reduction tissue adjacent to that placed 

into culture, on a block provided from the same 0.25 cm2 sample that was fixed and 

processed in paraffin. Normal breast tissue can display an array of nonmalignant histologies 

that include fibrocystic changes, hyperplasia (overgrowth), and calcification. These changes 

are typical of normal breast tissue [43], and none of the samples selected for UDS analysis 

contained changes that were outside of this range of normal.

As shown in Fig. 1, our results with the UDS assay revealed distinct DNA repair capacities 

for all three types of cultures analyzed. Although defined as 100% repair capacity in each 

experiment, comparison of the FF with MDA MB-231 allowed us to calculate the variability 

exhibited by our four lots of FF; one of which was pooled from tissue from three infants and 

three of which were derived from single individuals. Thus, our FF samples showed a 

coefficient of variation (COV) of 15%. Previous studies, because they have each used a 

single unique culture of FF as their normal “standard,” have essentially assumed that there 

was no variability in FF NER capacity. PBLs, another cell type that has been often analyzed 

with the UDS assay, exhibited only 8.9 ± 1.2% (mean ± standard error) of FF NER capacity, 

demonstrating that there is a greater than 10-fold range in NER capacities among normal 

human cell types. This level of DNA repair was significantly lower than that of concurrently 

analyzed FF (P = 0.001), with a similar interindividual variability (a COV of 14%). Because 

we did not mitogen stimulate our PBL cultures, these results are consistent with previous 

studies suggesting unstimulated PBLs are “deficient” in NER [44,45].

Primary breast cell cultures exhibited an intermediate NER capacity of 24.6 ± 2.1% of FF 

levels, distinct and significantly different from both FF (P = 0.002) and from PBLs (P < 

0.001). The interindividual variability of the breast reduction samples was again similar to 

the other two cell types (COV = 9%). Interestingly, both the PBL and breast reduction 

results contained one point that was significantly higher than the rest of the population (30% 

of FF for the PBL sample, 50% of FF for the breast reduction sample). Both of these values 

are greater than three standard deviations higher than the mean of the rest of their 

populations, suggesting that they might be considered as “outliers.” Removal of these 

outliers did not affect the level of significance of the difference in NER capacity between 

these tissue types, nor did the outliers seem to affect the other statistical comparisons 

reported in the following sections.
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Of the three types of cell samples tested, only the PBLs were available from donors of both 

sexes. Twenty-four of our PBL samples came from women, with an average NER capacity 

of 9.1 ± 1.6% of FF (8.2 ± 1.4% without the outlier). The eight male PBL samples were not 

significantly different in NER capacity from the female, averaging 8.7 ± 1.3% of FF (P = 

0.86). Again, sex has not always been expressly matched in UDS studies that used adult 

controls rather than foreskin fibroblasts; this small comparison suggests that such matching 

might be unnecessary, at least for comparison of lymphocyte samples.

Analysis of breast cells by morphology

Because there was no attempt at cell-type selection or enrichment other than culture 

conditions, the primary breast tissue cultures contained cells of two distinct morphologies: 

epithelial cells which clustered together in three-dimensional organotypic structures called 

“mammospheres” [40], and more fibroblastic cells that grew as an underlying monolayer, 

and which might represent the stromal component of the breast (Fig. 2). Because we used 

the autoradiographic version of the UDS assay, we were able to analyze the NER capacity of 

both types of cells in our experiments. Epithelial cells were easily identified 

morphologically as rounded cells that stain with epithelial specific antigen (ESA), whereas 

the fibroblastic cells do not (data not shown). Tissue lymphocytes are not generally present 

in our normal breast tissue cultures unless some type of biopsy has been performed on the 

breast previous to surgery. This was not true of any of the breast reduction cases analyzed in 

this study. In any case, PBLs have a round cell morphology that is almost entirely nuclear, 

are present as singleton cells, and are much smaller than breast cells (Fig. 2).

Three breast cell samples yielded assayable cells that were entirely epithelial in morphology 

and one sample was entirely fibroblastic in morphology, but the average fraction of 

epithelial-like cells for all samples was 54%. Interestingly, separate quantification of NER in 

the epithelial and fibroblastic cells from the normal breast revealed no statistically 

significant difference between the two cell types, either on a population basis (P = 0.53) or 

within individuals (P = 0.09; 0.17 without the outlier) (Fig. 3). The NER level exhibited by 

the epithelial cells from these samples averaged 22.5 ± 1.9% of FF, whereas the fibroblastic 

cells from the same cultures exhibited an average NER capacity of 25.7 ± 2.7%. Both cell-

type subsets from the pooled outlier sample had high NER capacities (35% of FF for the 

epithelial cells), but the effect was greatest in the fibroblastic cells, 53.4% of FF, which was 

an outlying value itself. Removal of the outlier reduced the NER capacity of the breast 

fibroblastic cells to 24.1 ± 2.3% of FF. The NER capacities of the epithelial and fibroblastic 

cells from the same individuals were highly correlated (P = 0.003), suggesting that genetic 

factors modify DNA repair activity similarly in both cell types.

Effects of age and proliferative index

Two factors have previously been proposed to affect DNA repair capacity: age of donor 

[46–48], and the mitotic activity of the cell sample [20,49]. It has been observed that 

uninduced human somatic mutation increases with age when measured in a number of 

different ways [50,51]. It has been suggested that this is consistent with a generalized loss of 

DNA repair capacity with age [52], and some data on NER in fibroblasts and PBLs seem to 

support this hypothesis [53,54]. Analyses of our NER data for a possible effect of age does 
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not support such a hypothesis, however (Fig. 4). Indeed, a significant positive association 

between NER capacity and age was observed for the PBL data (P = 0.01). This result should 

be viewed with caution for two reasons: the relative paucity of samples from older 

individuals (only four would be considered postmenopausal), and the potential effect of the 

“outlier” mentioned earlier, who was one of these older donors. In fact, if the “outlier” is 

removed, the association is no longer significant (P = 0.06), although it remains an 

interesting trend. There is no evidence of a relationship between age and NER capacity in 

the breast samples, either when considered as combined epithelial and fibroblastic cells (P = 

0.75), or for the epithelial (P = 0.58) or fibroblastic cells (P = 0.63) considered separately 

(data not shown). Removal of the breast reduction “outlier” (a different donor from that of 

the PBL sample mentioned above), allowed the regression to become negative, but the 

association remained well below the level of statistical significance (P = 0.50). Analysis of a 

possible age association was not possible for FF because all samples were harvested from 

infant circumcisions within the first week of neonatal life.

The S phase index, i.e., percentage of cells in the DNA synthesizing phase of the cell cycle, 

a measure of mitotic activity, has long been assumed to be positively correlated with DNA 

repair capacity [15,49]. This assumption is based on the belief that in more rapidly dividing 

cells there is a greater requirement for DNA repair. The S phase index can easily be derived 

from the autoradiographic UDS assay. As shown in Fig. 2, cells in S phase incorporate much 

more label than non-S phase cells, regardless of whether they have been exposed to DNA 

damaging agents such as UV light. Indeed, the S phase of the cell cycle is the “scheduled” 

DNA synthesis alluded to by the “unscheduled” DNA synthesis, or UDS used to measure 

NER. We have previously found that NER capacity is not correlated with the S phase index 

among mammalian embryonic and extraembryonic lineages [34]. In the present study, FF, 

breast cells and PBLs exhibited S phase indices of 25%, 20%, and 5%, respectively. We 

compared NER capacity to S phase index in two ways: between samples from different 

tissues of origin (Fig. 5A), and within the populations of PBL and breast cell samples (Fig. 

5B and C). Between tissues, there is a positive correlation between the UDS results and cell 

proliferation, but it does not reach significance when each tissue type is represented by a 

single average value (P = 0.36). If all individual measurements are included, however, the 

relationship between S phase index and NER capacity is highly significant (P < 0.001), even 

when an independent cell type indicator variable is added to distinguish the three cell types 

(which was also significant at P < 0.001). This two-variable model accounted for about 40% 

of the variability in the NER data, suggesting that factors other than cell type and 

proliferative capacity influence NER capacity.

S phase indices among the population of breast reduction samples had a COV of 8% 

(ranging from 0.1% to 45%), and there was no evidence of a correlation with NER capacity, 

either including the NER outlier (P = 0.79), or without it (P = 0.45). The COV of the S 

phase index measurements among the population of PBL samples was much higher at 45% 

(range 0 to 27%), and a significant positive correlation was observed between individual S 

phase indices and NER capacity (P = 0.002). However, once again, when the outlier is 

removed, the association drops below the level of statistical significance (P = 0.07), 

although a trend is still evident. Age was not associated with S phase index among the breast 
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cell samples (P = 0.75), but a significant association was observed among the PBL samples 

(P < 0.001).

Concordance with transformed cell lines

Because the UDS assay measures NER capacity relative to a control, the results are 

dependent on how accurately both the experimental sample and the control are quantitated. 

Ideally, slides are developed when the “tester” FF slides show an average of 40–50 grains 

per nucleus. However, with the much lower NER capacities we observed in PBLs and breast 

cells it was difficult to count both samples and controls with similar degrees of accuracy. 

With an NER capacity five to 10-fold higher than those of these samples. FF are no longer 

an appropriate control. An attempt to address this problem was made by measuring the NER 

capacities of two established cell lines with appropriate cell-type derivations, the breast 

tumor-derived cell line MDA MB-231 [42], and the in vitro transformed lymphoblastoid cell 

line TK6 [55]. MDA MB-231 was included as a second control in all experiments, and 

exhibited variability between experiments about on the order of the interindividual 

variabilities observed in the FF, breast cell, and PBL studies, with a COV of 15%. The 

MDA MB-231 cells exhibited an NER capacity of 91% of FF, while the TK6 line exhibited 

an NER capacity of 13% of FF (Fig. 1). While the NER capacity of TK6 is well within the 

range observed in normal lymphocytes, the NER capacity of MDA MB-231 is significantly 

higher than that of any of the primary breast samples, including the outlier. The 

unexpectedly high NER capacity of MDA-MB231 limits its usefulness as a control for 

breast tissue samples, while the TK6 line should be appropriate as a control for PBL studies. 

Our results are consistent with reports that lymphoblastoid cells have NER capacities similar 

to those of PHA-stimulated lymphocytes. Both of these transformed cell lines had relatively 

high S phase indices of 22% (MDA MB-231) and 30% (TK6). Their addition to the data 

examining the possible effect of S phase index on NER capacity was mixed; the MDA 

MB-231 data supported the previously observed trend, while the TK6 data did not (Fig. 5A). 

Overall, there was still no significant correlation between NER capacity and S phase index 

(P = 0.58).

Discussion

These data provide further evidence for tissue specific differences in NER capacity, 

suggesting that the human body is heterogeneous in its ability to deal with certain types of 

genotoxic insult. Because we have performed our studies on primary cultures, the results are 

as representative as possible of the normal physiological state of the human body. We have 

also characterized the variability, or “range of normal,” in NER capacity for PBLs and 

breast cells, and to a lesser degree FF. Only one previous study has provided NER data on a 

human population survey, and that was performed with a transfection-based assay of 

transcription-coupled repair [56]. These distributions suggest that a single control “normal” 

sample is insufficient to provide context for experimental results. Age did not appear to play 

a major role in this variability. The lack of a difference in NER capacity between cell types 

contributing to the breast samples demonstrates that adjoining cells may exhibit similar NER 

activity despite their different lineage, and also suggests that cell morphology does not 

significantly affect the UDS assay. While NER capacity did seem to correlate with cell 
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proliferation when different cell types were considered, there was no evidence of such an 

effect within either the PBL or breast cell samples. Finally, our results with the transformed 

lines TK6 and MDA MB-231 show that while NER capacity may be unaffected by 

transformation and that an established cell line may remain representative of its original 

tissue for this trait (TK6), other cell lines may not (MDA MB-231). These studies were 

possible due to our ability to grow breast cells in primary culture and due to the robust 

nature of the autoradiographic UDS assay.

Putative factors affecting DNA repair

In this study we saw no consistent effect of aging, cell proliferation, or cell morphology on 

NER capacity as measured by the UDS assay. In many types of cancer, including breast 

cancer, advanced age is the greatest risk factor for development of the disease. This is 

consistent with a proposal that DNA repair capacities decline with age, allowing greater 

mutagenesis and therefore carcinogenesis. Previous studies using a transfection-based assay 

have shown a decline in the transcription-coupled component of NER with donor age in 

human dermal fibroblasts, lymphocytes, and transformed lymphoblastoid cell lines [46–48]. 

We saw no effect of donor age among our breast cell cultures, and a significant increase in 

NER capacity with age of donor in our PBL samples. Rather than a loss of activity with age, 

as would be expected if the integrity of the NER pathway was compromised over time, this 

result may be associated with the known reduction in hematopoietic progenitor cells that 

occurs with age, increasingly compromising the diversity of the immune response [57,58]. It 

may be that those cells with intact NER, and by extension competence in other aspects of 

DNA metabolism (transcription, replication) preferentially persist into advanced age. On the 

other hand, our assays were performed on an uncharacterized subset of PBLs that 

preferentially adhered to our Matrigel-coated slides and continued to metabolize under these 

conditions, and we cannot know how representative these cells are of the full lymphocyte 

repertoire available in vivo. A recent study by Goukassian et al. [59] that examined the rate 

of removal of thymine dimers and 6-4 photoproducts in human dermal fibroblasts using 

adduct-specific antibodies reported data consistent with our study in similar age groups for 

breast and PBLs. It is possible that the NER associated “age effect” actually consists of a 

dramatic postnatal loss of activity that plateaus early in adulthood and is then maintained, or 

even selectively improved upon, in later years.

Comparing between tissue types, there is a suggestion of a correlation of high cell 

proliferation with high DNA repair. More cell types will have to be evaluated to determine 

whether this is a generalizable trend. Addition of the cell line data did not clarify this issue, 

because MDA MB-231 supported the trend while TK6 did not. We found no evidence of an 

effect of cell proliferation on NER capacity within samples from the same tissue (PBLs and 

breast). These results are similar to those of a molecular analysis of expression levels of five 

NER genes published by Cheng et al. [49]. They found similar levels of gene expression in 

stimulated and unstimulated lymphocytes, but were able to distinguish the expression levels 

of rapidly proliferating tissues from those of slowly or nonproliferating tissues. Attempts to 

rationalize the endocrine theory of cancer with the somatic mutational theory have 

hypothesized that highly proliferating cells should have lower DNA repair capacity, due to a 

shortened G1 cell cycle period [60,61], and similar arguments have been made as 
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explanations for the observed relationship between mutation frequency and cell viability 

[62,63]. Our data suggest that it is doubtful that physiologically relevant changes in 

proliferation would have much overall impact on NER capacity.

Given our results with FF and PBLs, it was somewhat surprising that there was no 

observable difference in NER capacity between the two cell types (epithelial and 

fibroblastic) we analyzed from our breast tissue samples. This observation suggests that it is 

their degree of sequestration from an environmental insult, such as UV light, that might 

determine a cell’s baseline expression of NER genes, and therefore repair activity. 

Alternatively, the epithelial and fibroblastic cells in our cultures may simply be different 

morphological manifestations of related cell types, if reversible epithelial to mesenchymal 

conversion takes place normally in vivo, as it does in vitro and in transformed cells [64,65]. 

In either case, these results suggest that differential cell morphology does not affect NER 

measurement by the UDS assay, either by modifying the delivery of the UV dose or the 

exposure of the emulsion. It is far more likely that these cells actually exhibit similar levels 

of NER activity than the alternative, that they manifest significantly different levels of NER 

that are exactly compensated by morphological effects.

Finally, a caveat: because we have demonstrated tissue specificity for NER activity, it is 

possible that other levels of regulation also apply to these pathway. Of concern would be 

cell cycle-specific regulation resulting in significant changes in NER capacity during S 

phase.

Tissue specificity of NER capacity and cancer risk

The importance of tissue-specificity studies can be seen in the fact that although individuals 

with XP have NER defects in PBLs and skin fibroblasts [66,67], they do not show 

heightened somatic mutation using the allele loss glycophorin A allele loss assay in their 

hematopoietic bone marrow cells [68]. This brings into question studies in which PBLs have 

been used as surrogates for many other types of tissues. Tissue specificity studies need to be 

performed on the normal counterparts of tissues that develop cancer. Because PBLs are 

relatively easily obtained, the literature is full of epidemiological studies on PBLs of people 

with various types of cancer, comparing the repair capacity of their PBLs with those of 

normal controls. It is now possible, as we have shown, to perform this work directly on the 

tissue(s) and cell type(s) of interest. A similar approach was taken by Monnat and co-

workers [69] who performed the HPRT somatic mutation assay on human kidney epithelial 

cells, and found a significantly higher baseline mutation frequency than had been established 

in PBLs. The very low NER activity that we have observed in PBLs probably reflects their 

terminal differentiation and low potential for transformation.

Two previously reported epidemiological studies performed the UDS assay on PBLs from 

breast cancer patients [70] and from healthy women with first degree relatives with breast 

cancer [71]. In both of these studies, the UDS assay was performed in the presence of 

hydroxyurea to inhibit spontaneous DNA synthesis (S-phase cells). These studies concluded 

that NER capacity was reduced in the PBLs from a significantly greater number of patients 

and subjects with affected first degree relatives (P < 0.01) than in the lymphocytes of the 

control populations. It was suggested that subtle inherited deficiencies in NER may be a 
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factor in breast cancer etiology [70]. In contrast, our data suggest that breast cells 

themselves are particularly susceptible to damage from UV-mimetic chemicals due to an 

intrinsically low NER activity.

The current trend in the literature appears to be away from functional assays of DNA repair 

and toward PCR-based molecular analyses of gene expression and of DNA repair gene 

polymorphism. Without knowing which of the genes are most critical to the pathway, are 

subject to regulation, or are functionally redundant, it is difficult to know whether molecular 

analysis of one or a subset of these genes will be representative of the entire NER pathway. 

Similarly, analyses of repair gene polymorphisms should be based on a demonstration of 

functional deficiency at the polymorphism itself or an associated haplotype. Serendipitous 

correlation with a complex biological endpoint such as cancer, may or may not be relevant.

In addition to our results demonstrating low levels of NER DNA repair in breast tissue, it 

has previously been shown that expression of the BER (base excision repair) glycosylases is 

lowest in the breast [72,73]. Intrinsically low activity of these DNA repair mechanisms in 

the breast might suggest an explanation for the tissue-specific cancer predisposition 

associated with loss of the constitutively expressed BRCA1 and BRCA2 genes, which have 

also been implicated in DNA repair [74]. The loss of BRCA1- or BRCA2-associated DNA 

repair would be expected to have the greatest impact in those cells without extensive backup 

capacity in this regard, such as the breast epithelium. This explanation is similar to the 

“redundancy” hypothesis suggested by a number of authors [75–77], but is less specific. 

Whereas these authors have proposed that breast, ovarian, and prostate epithelium uniquely 

lack redundant systems of double-strand break repair that are present in other tissues (such 

that loss of BRCA1/2-associated repair is less important or compensated for in most tissues 

but not those where cancer eventually manifests), we simply suggest that cells already at 

increased susceptibility to point mutations and DNA crosslinks are likely to be more 

affected by the increased susceptibility to double strand breaks conferred by loss of 

BRCA1/2 activity. This susceptibility is in contrast to cells in which compromised double 

strand break repair is their only vulnerability.
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Fig. 1. 
NER capacity of different cell types. NER capacity of FF (arbitrarily set at 100%, N = 6), 

primary cultures of breast cells (24.6 ± 2.1%, N = 22), and PBLs (8.9 ± 1.2%, N = 33) from 

normal healthy newborns, women, and adults, respectively. Outliers are represented by open 

circles (○). The NER capacity of two transformed cell lines derived from the same tissue of 

origin as the primary cultures are indicated by asterisks in the breast reduction and PBL 

columns. The mean of each data set is shown by the horizontal line. NER capacity is 

expressed using a log scale.
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Fig. 2. 
Normal breast cells from reduction mammoplasty (A, B) and PBLs (C) after the UDS assay 

(1000X photomicrographs, bar = 100 microns). The field in (A) contains a cluster of 

mammary epithelial cells (mammosphere), while the field in (B) contains fibroblastic cells. 

Cells with intensely dark nuclei, such as those indicated by arrows, are in S-phase.
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Fig. 3. 
Stratification of breast cell UDS results by cellular phenotype. No significant difference was 

observed in the NER capacities of cells exhibiting an epithelial vs a fibroblastic 

morphology. The outlier identified in Fig. 1 is represented by open circles (○). The mean of 

each data set is shown by the horizontal line.
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Fig. 4. 
Age regression graph of NER capacity for (A) breast cells, and (B) PBLs. The aberrantly 

high “outliers” described in the text are represented by open circles. No relationship between 

NER capacity and age of donor of the human breast cells is indicated, either including all 

samples (unbroken line) or deleting the outlier (unbroken line). NER capacity of the PBLs 

significantly increases with age if all samples are included in the analysis (unbroken line), 

but the relationship falls just below the threshold of significance if the outlier is omitted 

(broken line).
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Fig. 5. 
S-phase index regression graphs of NER capacity for (A) the three cell types analyzed in this 

report, FF (filled square, ■), breast primary cultures (filled circle, ●), and PBLs (filled 

triangles). Error bars represent standard deviations. The relationship indicated by the line is 

only significant when individual points are used in the regression rather than the average 

results for each cell type. Also represented are data from the established breast tumor (MDA 

MB-231) (open circle, ○) and lymphoblastoid cell lines (TK6) (open triangle, Δ). No 

relationship between NER capacity and the S phase-index of human breast cells is indicated 

in (B), either including all samples (broken line) or deleting the outlier (unbroken line). By 

contrast, there is a statistically significant association between NER capacity and S phase-

index in the PBL data (C), but only when the outlier sample is included (broken line). In 

panels B and C, the outliers are represented by open circles (○), and, for comparison, data 

from the appropriate established cell line from each cell type is presented (open squares, □).
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