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ABSTRACT

Using atomic absorbance spectrometry with Zeeman background cor
rection, we measured platinum-DNA adduci levels in leukocyte DNA of 49

patients receiving therapy consisting of only carboplatin and cisplatin.
Twenty-four histolÃ³gica! types of malignancy were included in the cohort.

Peripheral blood leukocytes were collected at defined times during the
first two cycles of treatment. The relationship between adduct level and
disease response was highly statistically significant during cycle 1 of ther
apy (two-sided P = 0.007 at day 2), but statistical significance was lost

during cycle 2. On all days studied, median and mean adduct levels were
consistently higher in responders as compared to nonresponders (sum
mary two-sided /' = 0.0004). These data suggest that the processes which

protect cellular DNA may be common to malignant and nonmalignant
rapidly dividing tissues of the same individual, regardless of the type of
tumor that individual may harbor.

INTRODUCTION

Clinical resistance to platinum compounds (cisplatin, carboplatin.
etc.) has traditionally been thought to be a primary function of tumor
cell resistance to drug (1). The possibility that host factors may impact
on the clinical response to cancer chemotherapy has been limited to
concepts regarding physical properties that adhere to basic pharma
cological principles, such as blood levels of drug, drug clearance, etc.
Recently, studies in which antibody methodology was used in tissues
from human ovarian cancer patients and testicular cancer patients
demonstrate that the levels of platinum-DNA damage in peripheral

blood leukocytes are highest in those individuals whose tumors shrink
in response to therapy (2-5). Autopsy studies of tumor tissues and
nonmalignant bone marrow show that platinum-DNA adduct levels

will be similar in these two tissues from the same individual, whether
measured by ELISA2 or by AAS (6-8). These observations raise the

question as to whether clinical resistance to platinum drugs is truly a
matter of tumor cell resistance or of pharmacogenetic properties of the
host.

If clinical resistance is pharmacogenetic in origin, this may result in
a very limited ability to biologically "cure" any cancer by adminis

tering only those agents whose mechanism(s) of action depend on
DNA damage. Also, since the nucleotide excision repair function of
cells is responsible for the repair of DNA damage caused by UV-
induced pyrimidine dimers (9-12), polycyclic aromatic hydrocarbons,
platinum compounds (13), and to some extent O6-alkylguanine lesions

(14, 15), the pharmacogenetics of platinum-induced DNA damage and

repair may shed light on the in vivo human biological response to a
broad range of DNA-damaging agents.

Received 8/3/92; accepted 6/7/93.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1To whom requests for reprints should be addressed, at Medicine Branch. National

Cancer Institute, Building IÂ».Room 12N22f>, Bethesda MD 20892.
2 The abbreviations used are: ELISA, enzyme-linked immunosorbent assay: Pt-DNA,

platinum-DNA adduct; AAS. atomic absorbance spectrometry; CIDI, cycle one, day 1;
C1D2, cycle one, day 2; C1D4, cycle one, day 4; RES: responders; SD, stable disease; NR.
nonresponders; PD. progressive disease.

We conducted a prospective blinded trial of cisplatin-DNA adduct

formation in peripheral blood leukocytes of patients receiving only
cisplatin and carboplatin therapy. We reported early results of this trial
elsewhere (16, 17). Since then, patient accrual has doubled, resolution
between three disease response groups has emerged, and the power of
the statistical analysis has increased. Such a study is unique in several
respects: the cohort consists of 49 patients with 24 different tumor
types, the only anticancer agents received are cisplatin and carbo
platin, and adduct is analyzed after the very first dose(s) of platinum-

only chemotherapy.

MATERIALS AND METHODS

Patients Entered in Study. Patients were treated with an approved exper
imental treatment regimen, administered at the Kenneth Norris, Jr., Cancer
Center of the University of Southern California Medical Center in Los Ange
les. This was a phase 1 clinical trial of carboplatin and cisplatin to determine
the maximal tolerated doses of these drugs when given in combination. All
clinical data, including the assessments of disease response, were generated at
the University of Southern California.

Seven dose levels were studied as described below. For the first three dose
levels, patients who had not responded to prior systemic therapy were entered
in the study. For the latter four dose levels, only patients who had received no
previous chemotherapy were entered. Patients with a proven histolÃ³gica! di
agnosis of nonhematological malignancy were eligible for study. Eligibility
criteria also included normal renal, hepatic, and neurological function, as
previously described (17, 18).

Disease response categories were defined as follows. An objective partial
response is a >50% reduction in the sum of the products of the longest

perpendicular diameters of all measurable lesions, lasting at least 1 month.
Such patients are called RES. PD is a >25% increase in the sum of the
products of the longest perpendicular diameters of all measurable lesions. SD
is all of those situations thai do not fit the definitions of objective response or
progressive disease that last for at least the first two cycles of therapy. Patients
who have stable disease or progressive disease are all NR.

Carboplatin and Cisplatin Administration to Patients. Patients studied
were treated for their malignant disease by the Division of Medical Oncology
of the Norris Cancer Center, University of Southern California, with an ap
proved phase I experimental treatment protocol (17). These patients received
c/'i-diammine(l,l-cyclobutanedicarboxylato)platinum(ll) (carboplatin) on day
1 and cv'.v-diamminedichloroplatinum(II) (cisplatin) on day 3 of 28-day cycles.

Patients received doses of carboplatin ranging between 200 and 480 mg/m2.
Cisplatin was administered in doses of 50, 75, or 100 mg/m-. Carboplatin was

dissolved in sterile 5% dextrose solution and administered as an i.v. infusion
over a 30-min period. Cisplatin was dissolved in normal saline and adminis
tered as a 30-min i.v. infusion after prehydration. Throughout this text the term
"cycle" represents a single 28-day course of treatment.

On the morning prior to carboplatin administration (day 1), 24 h after
carboplatin (day 2) and 24 h after cisplatin (day 4) administration, peripheral
blood was obtained via venipuncture and centrifuged. The nucleated cells
(huffy coat) were aspirated, coded, frozen at -20Â°C, and transported on dry ice

to the Medicine Branch of the National Cancer Institute for analysis. Each
sample was then stored at -20Â°C until DNA isolation. We could not obtain an

adequate volume of blood from all patients on all days of the study. This
resulted in the inability to compare all patients on all days of the study.
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Isolation of Cellular DNA from Patient Peripheral Blood Leukocytes.

For each sample. DNA was isolated from huffy coal cells by cesium chloride

density gradient centrifugation (19), as has been used in previous studies of
human material (2-H). DNAs were dialyzed against double-distilled water for

four exchanges over 36â€”48h, and DNA content was measured by /ti,,,,. The

DNA concentration was adjusted as needed by lyophilization and reconstitu
tion with double-distilled water.

The half-life of peripheral blood leukocytes is variable depending on the

exact cell type. We previously reported that granulocytes (fi, = several hours)

form approximately two-thirds of the WBCs in most samples and that the

measured adduci level is not dependent on the proportion of long-lived or

short-lived cells in the specimen (3). Adduci measured 24 h after the drug dose

primarily represents DNA damage that occurred in rapidly dividing WBC

precursor cells in the bone marrow compartment, which was not repaired (7).

Measurement of Elemental Pbtinum. DNA samples were concentrated

within the range of 400 to 1000 ng/ml and assayed for total elemental platinum
using a Pcrkin-Elmer Zeeman/3030 atomic absorption spectrometer (8). For

each sample, 350 /xg of DNA were analyzed and total platinum was measured

against a standard curve which was generated by using aqueous serial dilutions
of H2PtCl,-H2O in 10% HCI (SPEX Industries, Inc.. Edison, NJ). Measure
ments were made in "absorbance seconds," and platinum-DNA adduci levels

were calculated as fmol Pt/fig DNA. The lower limit of detection of platinum

in DNA samples was 80 pg, giving a detection limit of 400 fmol Pt/350 (j.g

DNA.

Data Analysis. Pt-DNA adduci analyses were performed on 294 samples

collected from 49 individuals. Patients making up this cohort were studied in

a prospective blinded fashion. Patients received carboplatin and cisplatin ther

apy at one institution (University of Southern California) where huffy coats

were collected and coded; DNA isolation and adduci measurements were

performed on the coded samples at a different institution (National Cancer

Institute). Determination of disease response was made at the University of
Southern California in the absence of knowledge of the Pt-DNA adduci levels

in the various patients. Comparison of adduci levels between RES and NR and

between PD patients and all others (RES plus SD) on each day was based on

the Wilcoxon rank sum test (20). Comparison of the trend of increasing adduci

levels with increasing response status (i.e., PD < SD < RES) on each day was
based on the Jonckheere-Tcrpstra rank test (20). A summary comparison of

adduci levels between RES and all others across all 4 days was performed
using the stratified Wilcoxon rank sum test (20). Two-sided /' values are

reported for all significance tests.

RESULTS

Shown in Fig. 1 are all of the measured adduci levels from these
patients during the first two cycles of therapy. CIDI represents the
blood sample obtained on the morning prior to the first dose of
therapy; C1D2 represents the blood sample taken 24 h after the day 1
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Fig. I. All adduci measurements laken in leukocyte DNA during (he first two cyeles of therapy are shown. Patienls received carboplatin on day 1 and cisplatin on day 3 of each
cycle of therapy. A line connects dala obtained from a single patient on different days. CIDI and C2DI data were obtained from blood drawn on the morning prior to carboplatin
administration. C'ID2 and C2D2 data were obtained from blood drawn 24 h after carboplalin administration. C1D4 and C2D4 data were obtained from blood drawn 24 h after cisplatin

administration. Measured adduci levels varied between individuals by more than IO2.
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Table 1 Dosing sequence, drug dose levels, and adduci levels

Drug treatments were administered on days 1 (Dl) and 3 (D3) of each cycle of therapy. For each dose level, median and range values of adduci measured on days 2 (D2) and 4
(D4) of cycles 1 and 2 are listed.

Doselevel1234567Carboplatin(mg/m- body surfacearea)(Dl)200240320300400480480Cisplatin(mg/m2 body surfacearea)(D3)757550UK)505075No.ofpatients734165311D25.3(0.0-43.4)"14.6(12.3-16.9)9.9(4.8-14.9)23.9(12.3-42.3)36.1(0.0-77.0)15.4(0.0-88.2)14.4(0.(W1.7)Median

adduciandCycle

1D438.8(24.4-298.9)105.0OP*141.6(125.7-157.4)61.0OP536.1(46.0->536.1)13.1(8.2^*0.4)58.9(0.0-162.1)range

per doselevelCycleD274.7(0.0-296.4)15.4OP85.9(34.3-137.5)28.5(ZL6-43J948.5(26.0->536.1)32.3(21.0-43.6)19.8(0.0-65.4)2D40.0(0.0->536.

1)367.7OP311.1(86.0->536.1)78.9(18.8-138.9)302.4(68.7->536.1)33.0OP25.6(0.0-141.0)

" Range of adduci values are in parentheses, which are fmol Pt/ng DNA.
* Only Ã©valuablepatient at this time.

carboplatin dose. C1D4 samples were taken 24 h after the day 3
cisplatin dose. Cycle 2 samples were analogous to those of cycle 1.
The dosing sequence and the drug dose levels studied are listed in
Table 1.

As shown in the Fig. 1, patients who responded to therapy (A and
D) form a family of curves that reflect higher adduci levels than those
of patients with stable disease (B and Â£).The group of patients who
experienced progressive disease while receiving therapy form a family
of curves that cover a broad range (C and F), but most of these
individuals formed adduct at levels below those of patients with
responding or stable disease.

In Fig. 2, the median values for responders, stable disease, and
progressive disease patients, on each day studied during the first two
cycles of therapy are shown. Results of an analysis of mean values for
these groups on these days follow the same pattern (data not shown).
During cycle 1, responders form higher levels of adduct than stable
disease patients, who form higher adduct levels than those with pro
gressive disease. During cycle 2, the relationship between patients
with progressive disease and those with stable disease is reversed.

The 24 histological types of malignancy in this cohort are listed in
Table 2. In each disease response group are malignancies that are

considered to be usually sensitive to platinum therapy (e.g., ovarian
cancer, small cell lung cancer, and head and neck cancers) (18, 21-25)

and malignancies that are considered to be usually resistant to plati
num therapy (e.g., lung adenocarcinoma, colon cancer) (26-30).

As listed in Table 3, statistical analyses show that 24 h after CIDI
of platinum therapy (adduct measured on C1D2), the adduct level is
related to disease response to a highly significant degree. The level of
significance is reduced after the second platinum dose (C1D4) and is
lost in cycle 2 of therapy. Summary stratified analyses indicated that,
on all days studied, adduct levels in responders (as a group) were
consistently higher than in nonresponders (two-sided P = 0.0004).

Nonresponders include patients who had stable disease and those who
had progressive disease.

DISCUSSION

Four different methods have been used to measure platinum-DNA

adduct in fresh tissues from human cancer patients. The largest ex
perience to date has been with an ELISA system which utilizes a
polyclonal antiserum elicited in rabbits, developed by Poirier et al.
(31, 32). Two other systems also use antibody methodology. One
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Fig. 2. This is a simplified presentation of data shown in Fig. 1. Here, only median adduct values for each disease response group are shown. When mean values are plotted for

the respective lime points, the relationships are the same (data not shown).
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PLATINUM-UNA ADDUCT MEASURED BY AAS

Table 2 Histological Ivpi's of malignancy seen in liti* cohort

At leas! one responder was seen at each dose level of therapy (see Table I for dose levels). Numbers in parentheses, number of paticnls. Sec legend to Fig. I for definitions of disease
response groups. Unkn, unknown.

Rcsponders Stable disease Progressive disease

Ovarian cancer (2)
Breast, adenocarcinoma
Esophagcal. squamous cell
Buccal mucosa, squamous cell
Pleural mesothclioma (2)
Lung, small cell
Maxillary sinus, squamous

Lung, adenocarcinoma (2)
Lung, small cell
Lung cancer, poorly differentiated
Ovarian cancer (2)
Synamous pyriforim. sinus
Squamous cell (unkn 1Â°)
Unkn 1Â°.poorly differentiated

Poorly differentiated cancer, gastroesophageal junction
Breast, infiltrating ductal cancer
Unkn 1Â°.signet ring/cervical lymph node

Unkn 1Â°,adenocarcinoma (4)

Adrenal cortical carcinoma
Parotid gland, undifferentiated
Parotid, adenoid cystic
Colon cancer (2)
Pancreas, adenocarcinoma
Liver, adenocarcinoma
Uterus, leiomyosarcoma
Lung, adenocarcinoma (4)
Lung, large cell
Lung, small cell
Lung, squamous
Pancreas, metastatic
Melanoma (3)
Mesothelioma (2)
Unkn I" (2)
Unkn 1Â°.cervical vertebrae

assay measures specific isolated platinum-DNA adducts (33), and the

other measures adduci in intact nuclei by immunodensitometry (34).
With this report, the second largest experience is now with AAS with
Zeeman background correction.

The difference between rcsponders and nonresponders in their pat
tern of adduci formation is that responders seem to form and/or retain
higher levels of adduci in their leukocyte DNA. This pattern in plat
inum-DNA adduci formation has been observed in ovarian and tes-

ticular cancers and now has been observed for human malignancies
regardless of the tissue of origin. We interpret this to suggest that the
process operative in protecting cellular DNA from DNA-damaging

agents may be similar in malignant and nonmalignant rapidly dividing
tissues of the same individual. For chemotherapy to be successful,
tumor tissues must have a more cytotoxic response to that therapy than
normal tissues, i.e., normal tissues must be more resistant. Thus, in
human patients in vivo, the ability of cells to protect cellular DNA may
be independent of the process of cellular conversion from normalcy to
the malignant state.

The relationship between leukocyte DNA adduci level and disease
response is clear in cohorts of substantial size, as has been reported by
Reed et al. (2-5, 16) and as reported here. Fichtinger-Schepman et al.

(35) reported a trend toward such a relationship when studying fewer
than 20 patients (35), as did den Engelse (34). As with all clinical

trials, the likelihood of measuring differences that may exist between
groups of patients is dependent in part on adequacy of cohort size.
Adequacy of cohort size, in turn, may be inversely related to inter-

individual variability in adduci formation. Therefore, larger cohorts of
patients should be studied to further confirm this relationship between
adduci level and disease response and, possibly, to better define other
aspects of this relationship such as adduci persistence and removal.

Some individuals believe that Pt-DNA adduci levels have to be

related to the dose of the drug administered. If all cells were equally
sensitive to Pt-DNA adduci formation, this statement would be true.

Based on a large number of published in vitro studies from many
different research groups, this statement clearly cannot be applied
across-the-board (1, 13, 36). We believe lhat there is no reason to

arbitrarily conclude that this statement might be true for many differ
ent individual patienls, although it may be irue for populations of
patients.

Data presented in Table 1 suggest that the "scatter" in measured

adduci levels at each dose level shows strong overlap with other dose
levels. This is similar to treating a variety of tumor cell lines with (he
same dose of platinum. Each cell line will develop DNA damage
levels that reflect innate sensitivity of that line for the development of
DNA damage. Within a cell line, there will be a dose effect: but across
cell lines, such an effect may or may not be observed. Our data

Table 3 Statistical analysis of adduci levels and reafwrisf
The median and range of platinum-DNA adduci values arc given for patients, grouped by RES, SD, and PD. NR consist of SI) and PD patients (see "Materials and Methods"). Exact

permutation /' values are based on the Wilcoxon rank sum test (for the 3 comparisons of 2 groups) and the Jonckheere-Terpstra rank test for trend, testing responders > stable >

progressive disease.

Diseaseresponse
groupRESMedianRangeSDMedianRangePDMedianRangeMedian

and Range of Platinum-DNA Adduci Values (ftmol Pt/ng cellularDNA)C1D242.3

(9)"(8.2-88.2)15.6

(10)(0.0-74.4)8.8

(25)(0.0-45.3)C1D483.6

(6)(47.2->536.1)70.3

(7)(24.4-162.1)32.3

(19)(0.0-536.1)C2D243.2

(7)(0.0->536.1)10.3

(8)(0.0-35.8)27.2

(20)(0.0-296.4)C2D4253.3

(4)(52.7->536.1)45.4

(5)(0.0-141.0)77.4

(16)(0.0->536.1)Two-sided

PvaluesPD

vs.SDPD
vs.RESNR
vs.RESTrendC1D2(1.5(10.006().(K)70.012C1D40.290.0270.0440.023C2D20.060.580.300.72C2D40.56(1.480.290.71Summary

two-sided/'

value0.760.0012(1.00040.012

" Numbers in parentheses, numbers of patients.
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PLATINUM-DNA ADDUCT MEASURED BY AAS

suggest that comparing individual patients may be more similar to
comparing across cell lines than comparing doses within a cell line.

Clinically, distinctions are made between de novo resistance to
therapy, as is frequently seen in lung cancer, versus "acquired resis
tance," as is frequently seen in ovarian cancer. Both types of "resis
tance" are included in this study (acquired resistance in dose levels 1,

2, and 3; de novo resistance in dose levels 4, 5, 6, and 7). Since there
was at least one responder at each dose level, these data suggest that
such a distinction may not be biologically meaningful. Malignancies
that demonstrate de novo resistance are often those associated with
prolonged periods of carcinogen exposure such as cigarette smoke, as
in lung cancer (37). Carcinogen-DNA adducts have been recovered

from many different normal tissues, including blood cells (38) and
human placenta from mothers who smoke (39, 40). We believe that de
novo tumor cell resistance to DNA-damaging chemotherapeutic

agents is primarily the result of acquired resistance of that individual
to DNA-damaging carcinogenic agents. For both types of compounds,

the subcellular processes that protect cellular DNA are the same (1).
Autopsy studies, which support this assertion, show that, following
therapeutic exposures to cisplatin or carboplatin, adduci levels in bone
marrow closely approximate adduci levels measured in tumor tissues
(6-8).

Eight patients had measurable levels of adduci on CIDI (the pre
treatment time). All of these patients had received prior platinum
therapy before beginning this protocol. Time since prior therapy
ranged from 3-8 weeks. Such persistence of platinum-DNA adduci

has been previously reported by our group (2, 3, 7, 16), and persis
tence of other types of DNA adducts have been reported by others (32,
34, 37, 38). Conversely, the absence of measurable levels of adduct
after treatment in some patients tended to occur in individuals who did
not respond to platinum therapy, with one exception (see Fig. ID).

Qualitatively, our current AAS data compare favorably to our pre
viously published data using ELISA (2-6). In a study of 55 ovarian

cancer patients, observed median adduct levels by ELISA were high
est in complete responders, followed by partial responders. Nonre-

sponders had the lowest measurable adduct level. In a retrospective
multivariate analysis of ovarian cancer patients who received only
cisplatin or carboplatin therapy, high adduct levels were associated
with a high probability of response (5). Although adduct levels meas
ured in this study are sometimes considerably higher than those pub
lished by others, administered platinum doses in this study are also
considerably higher (35, 41).

There also appears to be good agreement between the results of our
current study and measured DNA damage levels associated with de
fined levels of cell kill in sensitive and resistant human ovarian cancer
cells propagated in tissue culture3 (36). The levels of DNA damage

measured in peripheral blood cells of patients who respond to therapy
are consistent with high levels of cell kill in relatively resistant A2780/
CP7Ãœhuman ovarian cancer cells in vitro (36). Also, the low levels of
DNA damage measured in leukocytes of patients who did not respond
are consistent with good survival of A2780/CP70 cells and with
substantial cell kill of only the more sensitive tumor cells we have
studied, including A2780 parental cells (36) and UV repair-deficient

cells (13).
In patients who receive platinum-based or platinum-only chemo

therapy, the level of DNA damage measured in peripheral blood early
in the treatment course is directly related to disease response. The fact
that this relationship is lost with subsequent drug administrations is
the subject of further investigations by our laboratory. Dabholkar et al.
(42) showed that ERCC1 mRNA can be upregulated in tumor tissues

3 E. Reed and R. J. Parker, unpublished observations.

and blood tissues concurrently during the course of carboplatin ther
apy. Therefore, the inability to repair adduct in the overall genome
(36), or possibly in specific essential genes (43, 44), may be more
important than the simple measurement of adduct level at a single
time. We hypothesize that adduct levels are only part of the story and
that the induction of DNA repair enzymes such as ERCC1 (13, 42, 45)
may play an important role in determining whether a specific level of
DNA damage translates into effective tumor cell kill.

REFERENCES

1. Reed. E., and Kohn. K. W. Platinum analogs. In: B. A. Chabner (ed.). Cancer
Chemotherapyâ€”Principles and Practices, pp. 465^*90. Philadelphia. PA: Lippincott,

1990.
2. Reed, E., Ozols. R. F.. Tarane, R.. Yuspa, S. H., and Poirier, M. C. Plalinum-DNA

adducts in leukocyte DNA correlate with disease response in ovarian cancer patients
receiving platinum-based chemotherapy. Proc. Nati. Acad. Sci. USA, 84: 5024â€”5028,

1987.
3. Reed. E.. Yuspa. S. H.. Zwelling, L. A., Ozols, R. F.. and Poirier. M. C. QuantitÃ¤ten

of cisplatin-DNA intrastrand adducts in testicular and ovarian cancer patients receiv
ing cisplatin chemotherapy. J. Clin. Invest., 77: 545-550, 1986.

4. Reed, E.. Ozols, R. F.. Tarane. R.. Yuspa. S. H., and Poirier. M. C. The measurement
of cisplatin-DNA adducts in testicular cancer patients. Carcinogenesis (Lond.), 9:
1909-1911, 1988.

5. Reed, E., Ostchega, Y.. Steinberg, S., Yuspa. S. H., Young, R. C, Ozols, R. F., and
Poirier. M. C. Evaluation of platinum-DNA adduct levels relative to known prognostic
variables in a cohort of ovarian cancer patients. Cancer Res.. 50: 2256-2260. 1990.

6. Reed. E., Gupta-Burt. S.. Katz, D.. and Poirier. M. C. Platinum-DNA adduct measured
at autopsy in multiple human tissues (Abstract 1099). Proc. Am. Assoc. Cancer Res.,
30: 276, 1989.

7. Poirier, M. C., Reed, E., Litlerst, C. Lâ€žKatz. D., and Gupta-Burt, S. Persistence of
platinum-ammine-DNA adducts Â¡ngonads and kidneys of rats and multiple tissues
from cancer patients. Cancer Res., 52: 149-153, 1992.

8. Reed. E., Sauerhoff, S., and Poirier. M. C. Ouantitation of platinum-DNA binding in
human tissues following therapeutic levels of drug exposure - A novel use of graphite
furnace spectrometry. Atomic Spectroscopy, 9: 93-95. 1988.

9. Scllow. R. B.. Swenson, P. A., and Carrier, W. L. Thymine dimers and inhibition of
DNA synthesis by ultraviolet irradiation of cells. Science (Washington DC), 142:
1464-1466, 1963.

10. Setlow, R. B., and Carrier, W. L. The disappearance of thymine dimers from DNA: an
error-correcting mechanism. Proc. Nati. Acad. Sci. USA, 51: 226-231, 1964.

11. Myles, G. M., and Sanear, A. DNA repair. Chem. Res. Toxicol., 2: 197-226. 1989.

12. Friedberg, E. C. Excision repair. II. Incision of DNA containing bulky base damage.
In: DNA Repair, pp. 213-264. New York: W. H. Freeman and Company. 1985.

13. Parker, R. J., Poirier, M. C., Bostick-Bruton. F.. Vionnet, J.. Bohr. V. A., and Reed, E.
Peripheral blood leukocytes as a surrogate marker for cisplatin drug resistance:
studies of adduct levels and the repair gene ERCC1. Basic Life Sci., 53: 251-260,

1992.
14. Bronstein, S. M., Cochrane, J. E., Craft, T. R., Swenberg, J. A., and Skopek, T. R.

Toxicity, mutagenicity. and mutational spectra of W-ethyl-#-nitrosourea in human cell
lines with different DNA repair phenotypes. Cancer Res., 51: 5188-5197, 1991.

15. Voigt, J. M., Van Houlen, B., Sanear, A., and Topal. M. D. Repair of O"-methylgua-
nine by ABC excinuclease of Escherichia coli in vitro. J. Biol. Chem., 264: 5172-

5176, 1989.
16. Parker. R. J., Gill, I, Taronc. R., Vionnet. J. A.. Grunberg. S., Muggia, F. M.. and Reed.

E. Platinum-DNA adduci damage in leukocyte DNA of patients receiving carboplatin
and cisplatin chemotherapy, measured by atomic absorption spectrometry. Carcino
genesis (Lond.), 12: 1253-1258, 1991.

17. Gill, 1., Muggia, F., Terheggen, P. M. A. B., Michael, C., Parker, R. J., Kortes,
V, Grunberg, S., Christian. M. C., Reed, E., and den Engelse, L. Phase I study
of carboplatin (CB), day 1, and cisplatin (CP), day 3. Ann. Oncol., 2: 115-121,
1990.

18. Gill, I., Muggia, F.. Christian. M., Parker, R.. Grunberg, S., Reed, E., Terheggen, P..
Kortes. V. and den Engelse. L. Phase I study of carboplatin (CB). day 1, and cisplatin
(CP), day 3 (Abstract 286). Proc. Am. Soc. Clin. Oncol.. 9: 74, 1990.

19. Flamm, W. G., Birnstiel, M. L., and Walker, P. M. B. Preparation and fracliona-

lion, and isolation of single strands, of DNA by isopycnic ultracentrifugation in
fixed-angled rotors. //;: G. Birnie and S. M. Fox (eds.). Subcellular Components,
Preparation and Fractionation, pp. 129-155. London, United Kingdom: Butterworth,

1969.
20. Lehmann, E. L. Nonparametrics: Statistical Methods Based on Ranks, pp. 5-13,

132-137. San Francisco, CA: Holden-Day, 1975.
21. Ozols. R. F., Ostchega, Y., Myers, C. E., Young. R. C. High-dose cisplatin in hyper-

tonic saline in refractory ovarian cancer. J. Clin. Oncol., 3: 1246-1250, 1985.
22. Joss, R. A., Cavalli, F., Goldhirsch, A., and Brunner. K. W. New drugs in small cell

lung cancer. Cancer Treat. Rev., 13: 157-176, 1986.
23. Cavalli, F., Goldhirsch, A., and Siegenthaler, P. Phase-Il study with cis-dichloro-

diammineplatinum (II) in small cell anaplastic bronchogenic carcinoma. Eur. J. Can
cer. 16: 617-621. 1980.

24. Al-Sarraf, M., Fletcher. W., Oishi, N.. Pugh. R., Hewlett, J. S.. Balducci, L., Mc-

Cracken. J.. and Padilla. F. Cisplatin hydration with and without mannitol diuresis in
refractory disseminated malignant melanoma: a Southwest Oncology Group study.

3698

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/16/3694/2451421/cr0530163694.pdf by guest on 19 M

ay 2023



PLAT1NUM-DNA ADDUCI MEASURED BY AAS

Cancer Treat. Rep., 66: 31-35, 1982.
25. Glover, D., Click, J. H., Weiler, C., Fox, K., and Guerry, D. WR-2721 and high-dose

cisplalin: an active combination in the treatment of metastatic melanoma. J. Clin.
Oncol., 5: 574-578, 1987.

26. Dabouis, G.. LeMevel, B., and Conoller. J. Treatment of diffuse pleural malignant
mesothelioma by cis-dichlorodiamminc platinum (CDDP) in nine patients. Cancer
Chemother. Pharmacol., 5: 209-210. 1981.

27. Zidar. B. L., Pugh, R. P., Schiffer, L. M., Raju, R. N., Vaidya, K. A., Bloom, R. L,
HÃ¶rne,D., and Baker. L. H. Treatment of six cases of mesothelioma with doxorubicin
and cisplatin. Cancer (Phila.), 52: 1788-1791, 1983.

28. Rossof. A. H., Bearden, J. D., and Coliman, C. A., Jr. Phase U evaluation of cis-
diamminedichloroplatinum(II) in lung cancer. Cancer Treat. Rep., 60: 1679-1680,

1976.
29. Kovach, J. S., Moertel, C. G., Schutt, A. J.. Rcitemeier. R. G.. and Hahn. R. G. Phase

II study of cis-diamminedichloro-platinum (NSC-119875) in advanced carcinoma of
the large bowel. Cancer Chemother. Rep., 57: 357-359, 1973.

30. Shepard, K. V, Faintuch. J.. Bitran. J. D.. Sweet. D. L.. Robin, E., and Levin. B.
Treatment of metastatic colorcctal carcinoma with cisplatin and 5-FU. Cancer Treat.
Rep., 69: 123-124. 1985.

31. Reed, E., Gupta-Burl, S., Litters!, C. L., and Poirier, M. C. Characterization of the
DNA damage recognized by an antiserum elicited against cis-diammincdichloroplat-
inum (Il)-modified DNA. Carcinogenesis (Lond.), //: 2117-2121, 1990.

32. M. C. Poirier The use of carcinogen-DNA adduci antisera for quantitation and

localization of genomic damage in animal models and the human population. Environ.
Mulagen., 6: 879-S87. 1984.

33. Fichtinger-Schcpman, A. M. J., van der Veer. J. L., den Hartog. J. H. J.. Lohman, P.
H. M.. and Reedijk. L. Adducts of the antitumor drug cis-diamminedichloroplatinum-
(II) with DNA: formation, identification and quantification. Biochemistry. 22: 707-
713, 1985.

34. den Engelse, L. Immunocytochemical analysis of platinum-DNA adducts. Proceed

ings of the Sixth International Symposium on Platinum and Other Metal Coordination
Compounds in Cancer Chemotherapy (Abstract O-47), p. 68. San Diego: University
of California. San Diego Cancer Center, 1991.

35. Fichtinger-Schcpman, A. M. J.. van der Vcldc-Visser, S. D., van Dijk-Knijnenburg. H.
C. M.. van Oostcrom, A. T, Baan. R. A., and Berends. F. Kinetics of the formation
and removal of cisplatin-DNA adducts in blood cells and tumor tissue of cancer

patients receiving chemotherapy: comparison with in vitro adduci formation. Cancer

Res., 50: 7887-7894, 1990.
36. Parker. R. J.. Eastman. A., Bostick-Bruton. F.. and Reed, E. Acquired cisplatin

resistance in human ovarian cancer cells is associated with enhanced repair of cis
platin-DNA lesions and reduced drug accumulation. J. Clin. Invest., 87: 772-777,

1991.
37. van Leeuwen. F. E., van Schooten. F. J., and Driek, E. EpidemiolÃ³gica! studies of

passive smoking and lung cancer: a possible role for benzo(a)pyrenc-DNA adduci
measurements. Toxicol. Environ. Chem.. 16: 309-324. 1988.

38. Perera, F. P.. Poirier, M. C., Yuspa, S. H., Nakayama, J.. Jarctzki, A., Curnen. M. M..
Knowles, D. M., and Weinstein. I. B. A pilot project in molecular cancer epidemiol
ogy: determination of benzo[a]pyrene-DNA adducts in animal and human tissues by
immunoassays. Carcinogenesis (Lond.), 3: 1405-1410. 1982.

39. Everson, R. B., Randerath. E., Santella, R. M.. Cefalo. R. C., Avilis, T. A., and
Randcrath, K. Detection of smoking-relatcd covalent DNA adducts in human pla
centa. Science (Washington DC). 2.?/: 54-57, 1986.

40. Everson. R. B., Randerath. E., Avitts, T. A.. Schul. H. A. J.. and Randeralh. K.
Preliminary investigations of tissue specificity, species specificity, and strategies for
identifying chemicals causing DNA adducts in human placenta. Prog. Exp. Tumor
Res., 31: 86-103, 1987.

41. Knox, R. J.. Friedlos, F., Lydall, D. A., and Roberts, J. J. Mechanism of cytotoxicity
of anticanccr platinum drugs: evidence that cis-diammincdichloroplatinum(ll) and
cis-diammine-( l,l-cyclobutanedicarboxylato)p!atinum(II) differ only in the kinetics
of their interaction with DNA. Cancer Res.. 46: 1972-1979, 1986.

42. Dabholkar, M., Bostick-Bruton. F., Weber. C., Bohr, V. A.. Egwuagu, C.. and Reed.
E. ERCCI and ERCC2 expression in malignant tissues from ovarian cancer patients.
J. Nati. Cancer Insl., 84: 1512-1517, 1992.

43. Jones, J., Zhen. W,.. Reed, E., Parker, R. J.. Sanear. A., and Bohr, V. A. Gene-specific

formation and repair of cisplatin intrastrand adducts and interstrand crosslinks in
Chinese hamster ovary cells. J. Biol. Chem. 266: 7101-7107. 1991.

44. Zhen. W.. Link, C. J.. O'Connor, P. M.. Reed. E.. Parker. R., Howell, S. B., and

Bohr, V. A. Increased gene-specific repair of cisplatin interstrand cross-links in
cisplatin-resistant human ovarian cancer cell lines. Mol. Cell. Biol., 12: 3689-3698,

1992.
45. van Duin. M., de Wit. J., Odjik, H.. Westcrveld, A., Yasui, A., Koken, M. H. M.,

Hoiejmakers. J. H. J., and Bootsma. D. Molecular characterization of the human
excision repair gene ERCC-1 : cDN A cloning and amino acid homology with (he yeast
DNA repair gene RADIO. Cell, 44: 913-923, 1990.

3699

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/16/3694/2451421/cr0530163694.pdf by guest on 19 M

ay 2023




