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ABSTRACT

A method for measuring nucleotide excision repair in response to UV
irradiation and chemical-induced DNA damage has been developed,
validated, and field tested in cultured human lymphocytes. The method
ology is amenable to population-based screening and should facilitate
future epidemiolÃ³gica!studies seeking to investigate associations between
DNA repair proficiency and cancer susceptibility. The impetus for such
endeavors derives from the suggestion that the high incidence of skin
cancer in the genetic disorder xeroderma pigmentosum is manifested as
a result of the reduced capacity of patients' cells to repair DNA damaged

by UV-mimetic agents.
For the assay, damaged, nonreplicating, recombinant plasmid DNA

harboring a chloramphenicol acetyltransferase (cat) reporter gene is
introduced into lymphocytes by using a DEAE-dextran/DNA complex
short-term transfection conditions. Excision repair of the damaged bac
terial cat gene is monitored proportionately as a function of reactivated
CAT enzyme activity following a 40-h repair/expression incubation

period.
The validity of the approach was indicated by the ability of the assay

to discriminate xeroderma pigmentosum virus-transformed lymphocyte
cell lines of both severe (complementation groups A and D) and moderate
(complementation group C) excision repair deficiencies from repair-
proficient cell lines. Similar results were observed when a mitogen-
stimulated peripheral blood lymphocyte culture from an xeroderma pig
mentosum A patient was assayed concurrently with mitogen-stimulated
peripheral blood lymphocytes obtained from healthy individuals.

Adaption of this DNA repair assay as a field test in a pilot-tested
select group of basal cell carcinoma patients and cancer-free controls led
to the preliminary identification of a specific subset at risk for this disease
as a consequence of significant reduction to the repair of photochemically
(UVHamaged plasmid DNA.

INTRODUCTION

Human populations typically display a range of inherent
sensitivities to radiation and chemical carcinogens. Given a
common carcinogenic insult, some individuals develop associ
ated neoplasms, some may develop only an associated preneo-
plastic lesion, while other remains clinically free from all related
effects of the exposure. Even within specific cancer populations,
age of onset, extent, and severity of neoplasia tend to vary
between patients. Such variability in host response, in part, may
be due to inherent differences between individuals to monitor
and repair damaged sites chronically induced in their genetic
material by genotoxic agents. The manifestation of many can
cers appears to be associated with either activated oncogenes
or deactivated tumor suppressor genes. In most cases, muta
tions at specific loci appear to provide the necessary signal
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releasing these genes from a cryptic or quiescent state and
cascading the cell toward cancer formation. The linkage be
tween perpetual DNA damage and oncogenic activity suggests
that such persistence of DNA damage is a reflection of the
diminished involvement of DNA repair or surveillance activities
in tumorigenesis.

A human model supporting such assumptions exists with the
rare, cancer-prone inherited disorder XP4 (1, 2). XP patients
experience a greater than 100-fold excess frequency of sunlight-
related skin cancers. Concomitant to this marked susceptibility
is the consistent laboratory finding that all cells tested from the
XP patients are defective in repairing DNA damage induced by
UV radiation. Since the UV component of solar radiation exists
as the predominant environmental risk factor for skin cancer,
a causal association between UV exposure, defective repair of
UV-induced DNA photoproducts, and skin cancer are inferred.
The link is further strengthened by clinical reports showing that
the occurrence of skin tumors is practically ameliorated in XP
patients afforded early and lifelong protection from sunlight
exposure (3, 4).

Although the rarity of XP precludes any particular signifi
cance as a public health concern, the clear etiological model of
cancer susceptibility it provides may have relevance to the
general population. This is made apparent through three basic
observations: (a) the defect in XP is not complete but rather is
expressed phenotypically as a range of diminished repair pro
ficiencies estimated to encompass residual capabilities of <2%
up to approximately 80% of "normal;" (b) in addition to UV

damage, XP cells are equally defective in repairing genetic
damage induced by a variety of UV-mimetic genotoxic drug
and chemical carcinogens; (<â€¢)like many other human pheno-

typic traits, individual variability in DNA repair proficiency has
been demonstrated (5).

Taken together, these observations indicate that DNA repair
proficiency could exist as an etiological correlate for the general
population at risk for cancer. If XP is considered to represent
the extreme low range of repair capabilities in humans, those
individuals expressing a relatively reduced repair response
within the upper, i.e., normal range, may be at increased risk
for skin cancer or internal neoplasms given an appropriate
exposure.

HCR is a process in which intact cells repair damage localized
to exogenous viral DNA (6). The utility of viral HCR as a
measure of inherent cellular repair capabilities has been re
viewed (7), and more recently reactivation of plasmid DNA
transient expression vectors has been described (8). The plasmid
reactivation assay indirectly monitors cellular repair of tran-
scriptional activity by measuring transient enzyme activity as
sociated with a transfected enzymatic marker gene. CAT
expression vectors (8) have proved particularly useful since

' The abbreviations used are: XP, xeroderma pigmentosum; HCR, host cell
reactivation; CAT, chloramphenicol acetyltransferase; TE, 10 mM Tris-HCl, pH
7.9/1 mM EDTA; BPDE, benzo(a)pyrene-7,8-diol-9,10-epoxy(Â±-anfi); TBS,
Tris-buffered saline (25 mM Tris-HCl-137 mM NaCI-5 mM KC1-0.7 mM CaCl2-
0.5 mM CaCI2-0.6 mM NaHPO4, pH 7.4); PBL. peripheral blood lymphocytes.
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DNA REPAIR IN HUMAN LYMPHOCYTES

CAT enzyme activity can be measured in a simple, rapid, and
highly specific manner in mammalian cells. Studies of human
dermal fibroblasts have shown cat plasmid reactivation to be a
simple and reliable means of measuring inherent cellular repair
of both UV-irradiated (7) and chemically damaged plasmid
DNA substrates.

In the present report, we describe the development and field
test of a cat plasmid reactivation assay that measures the
nucleotide excision repair of the UV-damaged DNA capability
of human lymphocytes. The assay primarily was designed for
use in population-based studies investigating the association
between nucleotide excision repair proficiency and skin cancer
susceptibility. Since peripheral blood lymphocytes demonstrate
measurable UV-damaged nucleotide repair activities and are
routinely available through minimally invasive procedures, they
represent an optimal tissue source for such studies. Lympho
cytes derived from apparently normal individuals and patients
with the repair-defective disorder xeroderma pigmentosum
were used to validate the cat plasmid reactivation methodology.
The assay then was applied in a group of basal cell carcinoma
patients and cancer-free controls to demonstrate its utility in
field studies.

MATERIALS AND METHODS

Cell Culture

Lymphocyte Cell Lines. All cell lines were obtained as Epstein-Barr
virus-transformed human B-cells from the National Institute of General
Medical Sciences Human Mutant Cell Repository, Camden, NJ. Cells
were grown without antibiotics in RPMI 1640 (Gibco) supplemented
with 15% fetal bovine serum (Armour Pharmaceutical) and 2 mM L-
glutamine. For transfection, cell cultures were harvested in logarithmic
growth phase (0.6-1.0 x IO6cells/ml). The cell lines chosen for these

studies are itemized in Table 2.
Peripheral Blood Lymphocytes. Heparinized venous blood collected

from healthy volunteers served as the source of peripheral blood lym
phocytes. Buffy coats containing approximately 85-90% lymphocytes
(remaining portion primarily blood monocytes) were isolated by stand
ard buoyant density centrifugation techniques (10). Whole blood was
diluted 1:1 with RPMI 1640 (pH 7.3), and carefully layered on an 8-
ml cushion of room temperature Ficoll-Hypaque (Pharmacia) in 50-ml
sterile conical centrifuge tubes. Tubes were centrifuged at approxi
mately 1200 x g for 35 min at room temperature. Buffy coats were
removed, washed twice with RPMI 1640, and used for transfection
either immediately or following mitogen stimulation.

For mitogen stimulation, washed lymphocytes were counted in a
hemocytometer; suspended at 1 x IO6cell/ml in RPMI 1640 supple
mented with 20% fetal bovine serum, 2 mM L-glutamine, 100 units/ml
penicillin G, 100 ng/ml streptomycin, 25 /jg/ml amphotericin B, and
20 Mg/ml phytohemagglutinin-protein fraction (Difco); and cultured
for 72 h.

Both primary and virus-transformed cells were maintained in upright
25-cm2 plastic tissue culture flasks in stationary suspension culture at
37'C in a humidified atmosphere of 5% COÂ¡.

Plasmid DNA. The plasmid expression vector pCMVozf (a gift from
H. Hofstetter) contains a bacterial gene coding for cat, under the
transcriptional control of the enhancer and promoter of the immediate
early gene of human cytomegalovirus (Fig. I). In comparison to other
available cat expression vectors, this construct has demonstrated the
highest efficiency for inducing CAT enzyme activity under transient
expression conditions in several human cell lines (9).

For large-scale preparation, the plasmid was amplified with chlor-
amphenicol in Escherichia coli strain HB101 and isolated by using
standard molecular cloning procedures (11). involving lysozyme/Triton
X 10(1lysis and double banding in cesium chloride/ethidium bromide
equilibrium gradients. Greater than 95% of the plasmid was in the

supercoiled, form I configuration when checked by agarose gel electro-
phoresis. DNA concentrations are determined by measuring absorbance
at 260 nm. Plasmid DNA was stored as a concentrated solution (2 mg/
ml) at 4Â°Cin TE.

UV Irradiation

For UV treatment, stock plasmid DNA was diluted with sterile, cold
TE, pH 7.9, to 50 Ãig/mlimmediately prior to irradiation and pipeted
into the wells of a sterile plastic 24-well tissue culture plate placed on
ice. Typically, 150-200 ^1 of the diluted DNA solution were added per
well. Irradiation was performed with an unfiltered germicidal lamp (15-
W Champion 15T8 low pressure mercury lamp). The incident (254
nm) UV dose rate was 2 J/nr/s as determined with a UVX radiometer.
A single pyrimidine dimer is formed in 15 s at this fluence, therefore;
at 30 J/nr a single pyrimidine dimer per plasmid is formed.

Benzo(a)pyrene Modified DNA

BPDE was obtained from the National Cancer Institute Chemical
Carcinogen Repository. Stock solutions were prepared by dissolving
BPDE in tetrahydrofuran at a concentration of 0.3 mg/ml (1 mM). One
hundred n\ of a pCMVcar solution (500 jjg/rnl) in TE buffer were
treated with 20 ^1 of BPDE at the indicated dose levels. The reaction
mixture was protected from light and incubated at room temperature
for 3 h with unbound BPDE removed by 3 ethanol precipitations.

Transfection

Transfection was performed by a modification of the basic DEAE-
dextran procedure of McCutchan and Pagano (12). Although a variety
of other physical, chemical, and biological means exist for introducing
biologically active exogenous DNA into recipient human cells (7, 8,
13), few exhibit technical characteristics which render them capable of
routinely, reproducibly, and simultaneously transfecting large numbers
of replicate samples. The DEAE procedure is highly adaptable and has
proven amenable to these criteria.

Transfections are performed in Falcon 12- x 75-mm sterile polysty
rene culture tubes. For a single determination, 32.5 ^1 of TBS, 12.5 n\
of 2 mg/ml DEAE-dextran (Pharmacia) in TBS. and 5.0 n\ of 50 Â¿Â¿g/
ml plasmid DNA in TE, pH 7.9, are added into a single tube and mixed
well at room temperature. For large numbers of transfections, mixtures
are prepared in bulk and 50-^1 aliquots are added per culture tube.

Cells for transfection are washed twice with TBS and resuspended
in TBS at 10 x IO6cells/ml. Aliquots of cell suspension (200 ^1) are
added to respective tubes containing DEAE-dextran/DNA in TBS to
start the transfection (final concentrations, 1 ng/m\ DNA and 100 Â¿ig/
ml DEAE-dextran in a 250-^1 volume containing 2 x IO6 cells). All

tubes are kept at ambient temperature in the tissue culture hood, and
15 min following the addition of cells, 1.0 ml of RPMI 1640 plus 2%
fetal bovine serum are added per tube. Once all transfection mixtures
have been diluted, the tubes are centrifuged at approximately 800 x g
to pellet the cells. The entire supernatant is then carefully aspirated
and the cell pellet is resuspended in 1.0 ml of 1:1 freshly conditioned

Fig. 1. Recombinant DNA plasmid expression vector pCMVcat. bp, base pairs.
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growth media. (Phytohemagglutinin-protein fraction is not included in
the fresh PBL growth media. Nonstimulated PBL are resuspended in
fresh PBL growth media only, and the fresh media for cell lines contain
2X antibiotic-antimycotic concentrations are used with PBL growth
media.) Each tube is loosely capped and returned to culture for a 40-h
incubation period (time of maximal enzyme expression in DEAE-

transfected lymphocytes).

CAT Assay

CAT enzyme (EC 2.3.1.28) catalyzes the reaction

Chloramphenicol + acetyl-CoA â€”¿�Â»Acetylchloramphenicol

The standard assay of CAT enzyme activity in transfected mammalian
cells (14) measures the extent of acetylation of [3H]chloramphenicol by
using acetyl-CoA as an acyl group donor. Radiolabeled chlorampheni-
col and acetylated products are extracted with ethyl acetate, and the
acetylated metabolites separated from unreacted substrate can be re
solved by thin-layer chromatography. Although reliable, the assay is
neither sufficiently routine, inexpensive, nor expedient for use in assay
ing large numbers of replicate samples.

In consideration of the above, a CAT assay based upon a modification
of the nonchromatographic assay of Sleigh (15) was developed. The
procedure uses [3H]acetyl-CoA initiated within the donor acetyl group)

and nonlabeled chloramphenicol. The assay exploits the absolute in
solubility of acetyl-CoA in ethyl acetate. Radiolabeled reaction prod
ucts, i.e., [3H]acetylchloramphenicol, are separated from unreacted

radiolabeled substrate simply by extracting the readily soluble reaction
products from the reaction mixture with ethyl acetate. Signal:noise
ratios are high because this bacterial enzyme is novel to mammalian
cells.

In contrast to the expensive and time-consuming thin-layer chro
matography separation technique, the modified procedure requires only
a brief extraction and back extraction by using inexpensive disposable
microcentrifuge tubes.

Preparation of Cell Extracts. Forty h after transfection, cells from
12- x 75-mm tubes are washed twice in TBS without calcium and
magnesium, and each was respectively collected by centrifugation in a
1.5 ml Eppendorf tube. Aspirated cell pellets are suspended in 33 /Â¿Iof
0.25 M Tris-HCI, pH 7.8, and lysed by three repeated freeze-thawings
in ethanol/dry ice and a 37Â°Cwater bath. For immediate assay, cell
extracts are heated at 65Â°Cfor 10 min and centrifuged at 12,000 x g

for 10 min, and the cleared supernatant is used for CAT assay. Alter
natively, cell extracts are stored at -80Â°Cfor assay at a later time.

Preparation of |3H|Acetyl-CoA. [3H]Acetyl-CoA (ICN, 20 Ci/mmol)
is stored in aliquots at â€”¿�20Â°C.For assay, the specific activity is reduced

to approximately 100 mCi/mmol with unlabeled acetyl-CoA (Phar
macia; freshly prepared 2 mg/ml in sterile distilled water).

Reaction Conditions. Reaction mixtures contain chloramphenicol
(Pharmacia; 10 v\ of a freshly prepared 2 ITIMaqueous solution), cell-
free extract (30 n\), and labeled substrate (10 n\, added to initiate the
reaction), in a final volume of 50 n\ (in microcentrifuge tubes). Final
concentrations are chloramphenicol (400 ^M), Tris (0.15 M), and acetyl-
CoA (100 MM,15 /iCi/ml). Incubation is at 37Â°Cfor 90 min.

Extraction of Acetylated Chloramphenicol Metabolites. Following
incubation, samples are transferred to an ice bath and 200 M' of ice-
cold water-saturated ethyl acetate are added. Tubes are tightly capped
and the organic and aqueous layers are hand mixed by vigorous shaking
for 30 s. Layers are separated by centrifugation at 12,000 x g for 5 min
at room temperature. The lower aqueous phase is then quickly frozen
by submersion in a dry ice/ethanol bath. The entire upper organic phase
is removed and transferred to a new microcentrifuge tube containing
200 pi of ethyl acetate-saturated distilled water. The organic phase is
back extracted as above, transferred to a glass scintillation vial, and
dried to completeness by passive evaporation.

QuantitÃ¤ten of CAT Enzyme Activity. Total cpm for each respective
determination are measured by liquid scintillation counting in a Beck-
man LS 3801 spectrometer. Net cpm are calculated by subtracting
background cpm obtained in control tubes containing reaction buffer

in place of cell extract. Mock-transfected cell extracts gave equivalent
background cpm as reaction buffer. Typically, net cpm exceeded the
background by a factor of 50 to 250. Since all assay determinations
involved both equal incubation times and initial cell concentrations,
CAT enzyme activity is expressed simply as net cpm.

At intermittent times, standard units of CAT enzyme activity (Phar
macia; 1 unit catalyzes the acetylation of 1 nmol of chloramphenicol/
min at pH 7.8 and 37Â°C)are assayed to monitor assay performance

and linearity. Linearity was established over a 1000-fold range of
enzyme concentrations and maintained up to 50% utilization of the
limiting substrate, i.e.. acetyl-CoA.

The level of DNA repair is expressed as the percentage of CAT
activity remaining after a defined dose and is presented in tabular form
as %CATdose<j/mÂ¡>.For comparative purposes the level of repair can be
defined as the dose of a damaging agent required to reduce the per
centage of repair (CAT activity) to 37%. It is at this dose that a single
inactivating event (log 1 = 0.37) is generated and is referred to as A>
(16). The Do is a useful comparative measurement in evaluating data
with those data obtained from previous experiments or from published
data (7) using DNAs of similar target size [compare lymphocytes in
Figs. 1-4 with fibroblasts in Ref. 7, Fig. 2. However, if the repair
pathways are the same between different experiments or if the target
DNA is of a significantly different size, the relative dose effects (D0\/
Â£>02)are independent of target size and are, therefore, amenable to
comparison. For example, the order of damage sensitivity among
irradiated whole cells is the same order of magnitude as those observed
for the CAT assay (compare our Figs. 1-4 with Andrews et al. Fig. 4,

Ref. 17)).

Molecular Epidemiology Field Study

Venous blood samples are obtained from 38 basal cell carcinoma
cases and 27 cancer-free controls ages 28 to 55 years over a 6-week
period. Study participants are identified through a review of dermato-
pathology reports completed by the Department of Dermatology be
tween January 1987 and August 1989. All cases had a confirmed
histolÃ³gica! diagnosis of basal cell carcinoma. Control subjects were
chosen from among several different nonmalignant skin conditions,
including hemangioma and seborrheic keratosis (Table 5). All study
subjects were given a complete skin examination by a staff dermatolo
gist. Information was collected by questionnaire on past sunlight ex
posure history, smoking history, ethnicity, hair and eye color, skin
complexion, and skin responsiveness to sunlight. D0 and
%CATdoÂ»(j/mI>values for each subject were derived by using three dose
points (0, 400, 800 J/m2).

RESULTS

Transient CAT Expression System. Using a simple DEAE-
dextran transient transfection procedure, both transformed
lymphoid cell lines and mitogen-stimulated peripheral blood
lymphocytes are capable of reproducibly and quantitatively
expressing CAT enzyme activity encoded by the transfected
expression vector pCMVcat (Table 1). No significant differ
ences in transfection precision existed between the various
cultures examined. The mean coefficient of variation (SD/mean
x 100%) for the peripheral blood cells was 5.5%, whereas for
the cell lines a slightly higher value of 8.5% was observed. In
contrast, nonstimulated PBLs (derived from the same donors
and transfected immediately following isolation) are completely
refractory to the enzyme-inducing properties of the transfected
plasmid (Table 1). This result was not surprising since the vast
majority of freshly isolated PBLs exist in a quiescent state, not
actively engaged in DNA or protein synthesis. Although appar
ently capable of DEAE-facilitated uptake (18), nonstimulated
PBLs presumably lack the necessary metabolic machinery by
which to demonstrably express biological function associated
with transfected DNA within short time periods, i.e., 24-72 h.
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Table 1 Effect ofmitogen PHA"-protein fraction on transient CAT enzyme

expression in human PBL

SourcePBLVIV2V3V4Cell

linesStandard

CAT unitsSampleMock-PHA+PHA-PHA+PHA-PHA+PHA-PHA+PHAMockGM1989GM0892GM2485GM2250Mock0.0010.0100.100Mean

cpm*34141246,02570830,94037071,21571959.1983886,98240,8067,38813,1583115,43946,060417,727SE313,4171,7681,8653,772358441,183938844271041,69110,316CV9.17.45.72.66.49.012.02.912.76.48.71.93.72.5

Â°PHA, phytohemagglutinin; CV. coefficient of variation (SE/mean cpm).
* Triplicate determinations.

0 200 400 600 800
UV Dose to Plasmid(Joules-rrf2)

Fig. 2. Dose-dependent decrease in transient cat gene expression in XP and
normal lymphocytes transfected with UV-irradiated pCMVcaf.

Expression of UV-treated DNA in Normal and XP Lympho
cytes. Dose dependence of the plasmid HCR repair assay was
tested by transfecting established cell lines and mitogen-stimu-
lated PBL with pCMVcaf DNA irradiated with different UV
doses. Expression of the CAT enzyme activity was inhibited by
UV irradiation in all cell cultures studied (Fig. 2). Performing
simple linear regression analysis on each normal non-XP reac
tivation curve, correlation coefficients (r2) were obtained to

assess the strength of the association between UV dose and
repair response. UV dose and %CAT and Da were found to be
highly correlated for the cell cultures tested. The mean corre
lation coefficient was 0.95, with a range of 0.88 to 0.98. These
results reflect both the high transfection precision and high
specificity for excision repair.

The ability of the assay to discriminate excision repair-defi

cient XP-A and XP-D cell lines from repair-proficient cells was
demonstrated by the marked increased slopes of the XP reac
tivation curves. At a UV dose of 200 J/m2, the XP cells
displayed an approximately 11-fold increased sensitivity to the
gene-inactivating effects of UV irradiation. These results are in
general agreement with the approximately 12-fold increase in
UV sensitivity Protic-Sabljic and Kraemer (7) reported for
transfected XP-A and XP-D fibroblasts and the decreased sur
vival seen in irradiated fibroblasts (7). This agreement indicates
the validity of the plasmid HCR methodology for detecting
severe deficiencies in UV excision repair in human
lymphocytes.

UV-induced Plasmid HCR in Lymphocyte Cell Lines. Results
from studies on all representative cell lines are presented in
Fig. 2. As observed previously each cell line displayed a UV-
dose-dependent decrease in CAT enzyme expression. No distin
guishable difference in UV sensitivity between XP hÃ©tÃ©rozygote
and unaffected normal cell lines is apparent. For all XP homo-
zygous cell lines, however, CAT expression was much more
sensitive to UV inactivation than normal control lines. Within
the XP homozygous cell lines, differences in UV sensitivity also
were observed between the different complementation groups.
The repair response for all the cell lines were quantified in
Table 2 as the D0 and as the percentage of CAT activity
remaining at 300 J/m2. Only at this dose were responses from

all the cell lines within the experimental range of the assay and
therefore comparable on a relative scale. The mean repair
response for the apparent normal and XP hÃ©tÃ©rozygotelines
was 53.1%. Setting this value to 100% repair, the range of
residual UV-induced plasmid HCR for each of the different XP
homozygous complementation groups was: group D (3.1-8.5%)
< group A (5.6-12.1%) < group B (6.6%) < group C (41.6-
58.8%). These results are in agreement with other independent
measures of DNA repair of UV damage by XP cells (17, 19-
22) and indicate the potential of the assay to detect more
moderate decreases in excision repair proficiency.

UV-induced Plasmid HCR in XP and Normal Peripheral Blood
Lymphocytes. Since the repair assay ultimately will be applied
to peripheral blood lymphocytes, it is important to ascertain
whether the interferences drawn with established cell lines are
extendable to primary tissue. Toward this end, a blood sample
from an XP-A patient was obtained and tested concurrently
with primary lymphocyte cultures derived from her obligate

Table 2 Phenotype and plasmid HCR response (Â£>0and %C47-Joa)in XP

homozygote, and apparent normal lymphoblastoid cell lines

CelllineGM0536GM0892GM1953CM

1989GM3657GM2250GM2344GM2345GM2246GM2249GM2253GM2485PhenotypeApparent

normalApparent
normalApparent
normalApparent
normalApparent
normalXP-A

homozygoteXP-A
homozygoteXP-A
homozygoteXP-C

homozygoteXP-C
homozygoteXP-D

homozygoteXP-D
homozygoteMean

Â±SD385

Â±6059571759438190132901652278761599919256

1275

Â±597
Â±12n34334333453395%

CI"235-534559-630523-91406-783357-40567-112110-15569-111134-195241-27062-8867-125TcCATjoo*59.457.167.758.047.03.06.43.022.131.21.84.5

GM2450 XP-E homozygote 312 Â±42 5 260-364
Â°CI, confidence interval.
* Three pyrimidine dimers are generated by 100 J/m1 under the conditions of

irradiation and the size of the target DNA. In this experiment there are nine
dimers randomly distributed in the plasmid DNA.
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Fresh Circulating Lymphocyte

Plasmici HCR in XPand Normal PBL
100

0 200 400 600 800
UV Dose to Plasmid (Joules-rn2)

Fig. 3. Dose-dependent decrease in transient cat gene expression in XP
homozygotes, XP hÃ©tÃ©rozygote,and apparent normal PBLs transfected with UV-
irradiated pCMVcaf.

Table 3 Plasmiti HCR response (Do) in apparent normal and xeroderma
pigmentosum PBL"

DonorVIV2V3V4V5V6V7V8PhenotypeApparent

normalApparent
normalApparent
normalApparent
normalApparent
normalXP-A

homozygote*XP-A
hÃ©tÃ©rozygoteXP-8

hÃ©tÃ©rozygoteA,43046454052245593417412
" Blood (20 ml) was collected as coded samples on the same day for all donors.

Study codes were broken only after the test results from all samples had been
obtained.

6 The XP-A donor was identified as patient XPI2BE (GM2345).

hÃ©tÃ©rozygoteparents and several unaffected controls. Cells from
this family are also available from the Mutant Cell Repository
as transformed lymphoblasts and fibroblasts. Results obtained
are presented graphically in Fig. 3 and quantitatively in Table
3. As observed in the established cell lines, the XP-A homozy-
gous culture was markedly more sensitive to the gene-inactivat
ing effects of UV. At a fluence of 400 J/m2, the XP-A cells
showed approximately 4% residual DNA repair to the UV-
damaged plasmid relative to the mean value obtained in unaf
fected and heterozygous cultures. Identical results were ob
tained with the established cell lines donated by this patient
(Fig. 2 and 4), further supporting the use of this plasmid HCR
methodology to detect differences in UV-induced nucleotide
excision repair in human peripheral blood lymphocytes.

Similar to results obtained with the established cell lines, XP
hÃ©tÃ©rozygoteprimary cell cultures displayed no distinguishing
decreases in UV excision repair in comparison to several pre
sumed non-XP PBL cultures. The inability to phenotypically
detect heterozygosity at the XP locus, whether by plasmid HCR
or other repair measures, is likely a consequence of the wide
variance in residual repair occurring between XP homozygotes.
It may be that only heterozygous cells carrying the gene(s)
conferring severe repair deficiency, i.e., complementation
groups A and D, manifest a lowered repair level within the
general population.

In this regard, it is noteworthy that both the XP-A and XP-
D hÃ©tÃ©rozygotecell lines display relatively low repair responses

(data not shown) as do the primary XP-A primary hÃ©tÃ©rozygote
cell cultures (Table 3). These data suggest that differences in
repair proficiency may exist between XP hÃ©tÃ©rozygotesfrom
different complementation groups in a manner similar to that
observed with XP homozygotes, i.e., A=D<B<C<E. The more
prevalent group A and D hÃ©tÃ©rozygotesmight then represent
the lowest repair proficiencies within the general population.
Although the limited data generated here support this pre
sumption, further efforts involving larger numbers of both
obligate XP hÃ©tÃ©rozygotesand presumed non-XP controls will
be needed to draw more substantive conclusions.

Repair of Benzo(a)pyrene-modified DNA (Fig. 5). The sub
strate specificity of the nucleotide excision repair system is
spectral and includes a wide variety of bulky adducts the chem
istries of which are all significantly different. The spectrum of
agents to which XP cells are sensitive includes this broad
specificity. The ability of these cells to cope with this range of
damage is also reflected in the same repair profile and sensitiv
ities as UV with the variety of XP complementation groups.
This potentially broad spectrum of specificity adds to the use
fulness of this genotoxic target system, suggesting its utility for
studying other cancers.

Reproducibility Study. Plasmid HCR dose-response curves
for all study participants are presented in Table 4. As observed
previously with PBLs, a strong linear relationship exists be
tween UV dose and log %CAT activity. Table 4 lists quantita
tive values for each respective dose point with its corresponding
error estimate. Overall, the mean error for the eight subjects is
approximately 15%. Notable interindividual variation was ob
served. Donors R6 and R8 consistently displayed particularly
high error values, whereas donor R l showed distinctly low error

Established Lymphoid Lines

0 30O 6OO 9OO 1200
UV Dose to Plasmid (Joules/m2)

Fig. 4. Dose-dependent decrease in transient cat gene expression in XP
homozygotes, XP hÃ©tÃ©rozygote,and apparent normal lymphoblastoid cell lines
transfected with UV-irradiated pCMVcar. Points, mean of at least two independ
ent determinations.
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Benzo(a)pyrene-trans-7,8-dÂ¡hydrodiol-9,IO-epoxide(anti)

100

15 30 45 60 75
BPDE Dose to Plasmid (uM)

Fig. 5. Dose-dependent decrease in transient cat gene expression in XP
homozygotes, XP hÃ©tÃ©rozygote,and apparent normal lymphoblastoid cell lines,
transfected with BPDE-damaged pCMVcar.

Table 4 Reproducibility ofplasmid HCR response (Da) and Error Rate of %CAT
in PBLfrom eight apparently normal individuals"

DonorRlR2R3R4R5R6R7R8Age3142302836272932SexMFMMMFMFOo435
Â±9*399

Â±16450
Â±5397

Â±64512
Â±80320

Â±41496
Â±26502
Â±65Error

rate[%CAT,200->00|]7.815.013.714.415.024.011.023.0

Av. of mean 439 Â±58 15.5
Â°Blood (20 ml) was collected over a 6-week interval on 3 separate occasions

with at least a 1-week interval between each respective sampling. All blood cultures
were collected as coded samples. The code was not broken until the end of the 6-
week study period after all blood samples had been tested.

* Mean Â±SD of 3 separate determinations.

values. No apparent relationship between the level of the error
estimate and the repair proficiency response was evident. Var
iability in the error estimate also occurred within each individ
ual respective to dose; however, no relationship between the
two was evident.

The extent to which inherent assay variability is contributing
to random error is likely significant. Although the original
blood collection schedule calls for most of the individuals to be
tested on three consecutive dates, such results were not achieved
due to scheduling conflicts for several participants. Thus, no
reliable methods of testing for temporal fluctuations in absolute
repair values were available. As an alternative, absolute repair
response values for each week were number ranked within
respective "batches" of individuals tested on three consecutive

dates. This rudimentary analysis indicated that between assays,
individuals typically maintained their relative response rank
ings; i.e., those with low repair values stayed low, while those
in the high range stayed in the high range. Such effects point

toward simple day-to-day assay variability as the prime com
ponent of error, rather than intrinsic individual variability.
Improved quality control within all stages of the repair assay,
especially the irradiation and storage of plasmid DNA and the
lymphocyte transfection technique, will likely aid in reducing
this inherent interassay variation.

Pilot Basal Cell Carcinoma Study. The CAT plasmid reacti
vation assay was pilot tested in a group of basal cell carcinoma
patients and cancer-free controls. Questionnaire-derived data
were obtained in order to assess potential effects of the major
skin cancer risk factors on UV repair response. Select charac
teristics of the study population are shown in Table 5. Cases
and controls were similar with regard to year of birth, ethnicity,
smoking history, and lifelong Maryland residency. The average
age of the case and control populations were 43.2 and 41.7
years, respectively. However, females represented a larger group
of the cases compared to the control group. Few study subjects
reported a history of occupational sunlight exposure. In sum
mary, the study population was composed of middle-aged white
males and females whose principle past sunlight exposure was
likely a result of recreational or leisure activities.

The distribution of plasmid HCR repair responses in both
case and control groups is given in Fig. 6. Table 6 shows repair
responses for cases and controls stratified on various established
skin cancer risk factors. Diminished repair responses were
noted for female cases, and in cases with pale skin, poor tanning
capability, and a history of frequent sunbathing or greater than
size lifetime severe sunburns. The consistent levels of DNA
repair of the UV-damaged plasmid between subgroups provide
a level of confidence in the biochemical data, lending confidence
in the comparisons between cases and controls and supporting
the statistical validity of the data. Differences in mean repair
responses for each control comparison were assessed by two
sample t tests; however, statistical significance (P < 0.05) was
not detected in any instance because of the limited sample sizes.
These experiments do demonstrate a clear drift in the data and
have led to expansion of these studies to approximately 400
patients.

A multivariate analysis (Table 7) further supports the gender

Table 5 Select characteristics of basal cell carcinoma patients and controls

Age<40>40SexMaleFemaleOutdoor

occupation"YesNoEthnicity*CelticNon-CelticCigarette

smokingEver
smokedNever

smokedLifelong

MarylandresidentYesNoCases

(nNo.13251424236251223152612=38)%0.340.650.370.630.050.950.660.330.610.390.680.32Controls(nNo.13141413126161116111413=27)%0.480.520.520.480.040.960.600.400.590.410.520.48

try.

Â°Primarily outdoor job of at least 1 consecutive year duration.
* Celtic designation includes anyone with English/Welsh/Scottish/Irish ances-
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Fig. 6. Overall repair response in basal cell carcinoma study.

orientation of reduced capacity for DNA repair of UV-irradi-
ated plasmid among individuals with a history of having been
exposed to high UV doses, perhaps saturating their repair
capabilities at lower doses than control subjects. Extensive
investigations are currently under way to examine the hormonal
contribution to DNA repair and basal cell carcinoma as well as

the familial contributions and effect of UV dosimetry among a
relatively homogeneous genetic population of fishermen.

DISCUSSION

Human populations display an apparent wide range of capa
bilities for repairing UV-induced DNA damage (5). The lowest
repair capabilities observed are associated with xeroderma pig-

mentosum, a rare autosomal recessive disorder in which pa
tients typically develop multiple skin cancers within the first
several decades of life (1). The primary genetic defect in XP
has been traced to an early step in the nucleotide excision
process, one that renders XP cells markedly deficient in the
rate at which UV photoproducts are removed from DNA. The
mechanism by which XP skin tumors arise is unknown, al
though an increased persistence of DNA damage along with
concomitant increases in mutational frequency has been pro
posed (23).

In XP, residual UV excision repair rates typically approxi
mate <2% up to 70% of normal and result in greater than
1000-fold excess risk of skin cancer (1). The predisposing effect

of comparatively smaller reductions in mean normal DNA
repair, as might be expected to occur in the general population,
is unknown. Several recent studies have noted diminished UV
repair responses in dermal fibroblasts derived from small
groups of skin cancer patients compared to study controls.
Although suggestive, future studies will necessarily need to use
larger sample sizes in order to have sufficient statistical power

Table 6 Plasmid HCR repair response (D0 and %C47'8oa)in basal cell carcinoma cases and controls stratified on select basal cell carcinoma risk factors

SexMaleFemaleComplexionPaleMedium/darkSunbath

frequency*FrequentlyRarely/occasionallyNo.

of severesunburnsc>6<6Sunburn

tendencyVery
easilySomewhat/not

at allNo.14242216132513202612%0.370.630.580.420.340.660.470.530.680.32Case

(n =38)(mean

Â±SD)345

Â±73294
Â±70303

Â±47327
Â±101298

Â±83320
Â±70305

Â±66320
Â±83303

Â±60334
Â±99Control

(n =27)%C^Â°10.17.27.69.67.610.27.78.97.610.2No.1413111610179181314%0.520.480.410.590.370.630.330.670.480.52(mean

Â±SD)332

Â±36327
Â±67339

Â±62323
Â±65335

Â±48327
Â±72342

Â±45324
Â±71339

Â±51321
Â±73%CAT800Â°9.69.110.18.810.38.510.78.810.38.5

" Twenty-four pyrimidine dimers randomly distributed in this test plasmid.
* Frequency of sunbathing in typical summer between ages 14 and 25 years.
' Number of sunburns involving extreme tenderness or blistering in lifetime.

Table 7 Plasmid HCR repair response (Do and %CATi<K)in male and female basal cell carcinoma cases and controls stratified by sunbathing frequency

MaleRarely/occasionallyFrequentlyFemaleRarely/occasionallyFrequentlyNo.104IS9%â€¢0.360.140.410.24Case00Mean

Â±SD338

Â±60361
Â±110308

Â±76270
Â±55%CATgoo9.910.68.15.8No.77103%'0.250.250.270.08ControlDoMean

Â±SD332

Â±81332
Â±43323

Â±69341
Â±70%CATgoo9.39.98.810.1

' Relative percentage within respective sex.
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to detect small yet potentially significant reductions in DNA
repair.

In this paper, we have demonstrated the utility of CAT
plasmid reactivation as a reliable means to specifically measure
the inherent nucleotide excision repair of UV-damaged DNA
in human lymphocytes. Peripheral blood lymphocytes represent
the only feasible tissue source for large-scale population studies
of DNA repair and these as shown, are capable of repairing
damage localized to transfected plasmid DNA. Since the plas
mid vector pCMVcat remains essentially nonreplicated
throughout the course of the assay and because the Da values
are internally consistent and the order of sensitivities among
complementation groups remains constant, there is confidence
that the removal of damage proceeds via only repair processes.
Assay validity was further indicated through the studies of XP
cell lines derived from patients of differing DNA repair capac
ities. The assay is capable of distinguishing not only larger
deviations from mean normal (XP-A and XP-D) but also more
moderate (XP-C) and even minimal deficiencies (XP-E) in
repair of UV-damaged DNA.

The pilot study revealed a rather interesting observation
concerning the gender orientation of individuals who may be
specifically at risk to sunlight-induced DNA damage, particu
larly for subjects with an admitted history of overdosing of UV.
It would seem that an early overexposure to UV may have
saturated the repair machinery of deficient subjects at lower
dose levels than that of controls. The etiology of such a signif
icant reduction requires both statistical corroboration and fur
ther study to determine the hormonal, genetic, and dosimetry
factors contributing to this biochemical phenotype. These find
ings are not inconsistent with those found for other photosen
sitive diseases. For example, the frequency of malignant mela
noma (24) in the population among young females as well as
the same gender orientation of the photosensitive species of
lupus erythematosus suggests an important sensitivity among
segments of society.

Larger populations of basal cell carcinoma patients with their
matched controls are currently under intensive study. Specific
questionnaires should reveal the effects of birth control drugs,
steroid supplementation, and the effects of various stages of
estrus on the DNA repair capacity of these subjects. The effect
of the UV dosimetry will be investigated among a genetically
homogeneous population of Chesapeake watermen who expe
rience an abnormally high incidence of squamous cell carci
noma as well as dose-dependent cataract formation (25).

It is evident that this DNA repair assay has the potential for
monitoring the repair response to virtually any genotoxic agent
in which the pCMVcat plasmid can be used as an effective
target for specific damage. Prospective studies are also feasible
for identifying individuals at risk for the genotoxic effects of
agents in the immediate environment.

The same target plasmid can serve to monitor environments
for unknown genotoxic agents by transfection into appropriate
repair-deficient cell lines currently available from the National
Institute of General Medical Sciences Human Genetic Mutant
Cell Repository in Camden, NJ. Such immortalized fibroblasts
and lymphoid cell lines which are either sensitive to UV-
mimetic agents (xeroderma pigmentosum), radiomimetic
agents (ataxia-telangiectasia), cross-linking agents (Fanconi's
anemia), and strand breakage repair (Bloom's syndrome) can

serve as host cells for such studies.
The plasmid-containing strains of E, coli and experimental

protocols are available to interested researchers. This assay is
covered by United States Patent No. 4,975,365; detailed pro
tocols and strains carrying the plasmid are free to not-for-profit

institutions.
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