Pharmaceutical Research, Vol. 16, No. 3, 1999

Development and Application of a
Simple Assay to Quantify Cellular
Adducts of Platinum Complexes with
DNA

Charlotte Kloft,! Christiane Eickhoff,'
Kai Schulze-Forster,? H. Rainer Maurer,?
Walter Schunack,' and Ulrich Jachde'?

Received May 15, 1998; accepted December 14, 1998

KEY WORDS: piatinum-DNA adducts; platinum complexes; cis-
platin; carboplatin; pharmacodynamics; anticancer drugs.

INTRODUCTION

Platinum(Il) complexes play an important role in the treat-
ment of various malignancies. Since the early eighties, cisplatin
(cis-diamminedichloroplatinum(11)) has been widely used as a
key drug in the treatment of solid tumors (1). Carboplatin (cis-
diammine(1,1-cyclobutane-dicarboxylato)platinum(ll))  was
developed in the late eighties showing less severe kidney dam-
age but cross resistance in cisplatin-resistant cell lines (1). Two
very promising compounds overcoming cisplatin resistance,
oxaliplatin  ([trans-1 R,2R-diaminocyclohexan}-oxalatoplati-
num(I1)) and lobaplatin ({trans-1,2-bis(aminomethyl)cyclobu-
tane]-lactatoplatinum(l1)), are currently being investigated in
clinical trials (2).

The cytotoxic activity of the platinum (Pt) complexes is
thought to be due to the substitution of the leaving groups and
the formation of mono- or bifunctional adducts with DNA (3).
Despite the same biological target for cytotoxicity, the extent
of P-DNA adduct formation differs among complexes, patients
and cell type. Since tumor tissue is not easily available, the
amount of adducts in leukocytes has been considered as surro-
gate for the amount of adducts in tumor tissue (4). In addition,
the adduct formation is independent from the relative amount
of lymphocytes, granulocytes, and monocytes (5). A differentia-
tion of white blood cells is hence not required. Clinical investi-
gations in patients with ovarian or testicular cancer suggest that
after platinum chemotherapy the amount of adducts formed
correlates with tumor response (6). In order to isolate DNA
from cells, several methods are used, e.g., CsCl gradient centrif-
ugation (4), or ion-exchange chromatography after digestion
(7). The Pt-DNA adducts can be quantified either by a **P-
postlabeling method (7), an antibody/immunological assay (8),
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or an AAS method (5). The described procedures are either
time consuming, laborious or not suitable for the determination
of adducts from different platinum complexes. We therefore
developed a simple, rapid, and versatile method that can be
used in in vitro experiments as well as in the clinical situation.
It was applied to investigate Pt-DNA adduct formation using
buffy coat and leukocytes of tumor patients.

MATERIALS AND METHODS

Reagents

Cisplatin and carboplatin were purchased from Sigma
(Deisenhofen, Germany), oxaliplatin was kindly donated by
Debiopharm (Lausanne, Switzerland) and lobaplatin by ASTA
Medica (Frankfurt/M., Germany). The solvent of DNA, Tris/
EDTA-buffer, consisted of 10 mM Tris-HCI, titrated to pH
9.3, and 1.0 mM di-sodiumethylenediaminetetraacetate. PBS
solution was a mixture of 0.14 M NaCl, 6.5 mM Na,H-
PO, 2H,0, 1.5 mM KH,PO,, and 2.7 mM KClL. All reagents
were of analytical grade (Merck, Darmstadt, Germany).

Cell Isolation

Leukocytes from buffy coat (a leukocyte concentrate of
healthy volunteers, German Red Cross, Germany) or whole
blood samples of patients were separated from other blood
components by density gradient centrifugation. 5 ml of the
sample were added to 4 ml of separation medium (Ficoll-
Paque™, Pharmacia Biotech, Uppsala, Sweden or Poly-
morphprep™, Life Technologies, Eggenstein, Germany). After
centrifugation (30 min, 400 g) the cell layer formed was har-
vested and washed three times with PBS solution.

DNA Isolation and Purification

Leukocyte DNA was separated from Pt not bound to DNA
and other components by solid phase extraction in 4 steps (Fig.
1). Approximately 107 cells of the cell pellet were digested by
protease (QIAGEN, Hilden, Germany). The lysate was applied
to a silica column (QiAamp™, QIAGEN) where the DNA was
selectively bound using a caotrophic buffer with pH < 9. The
residual cell components were removed in three wash spins
(1-2 min; 6,000-10,000 g). Aftera 5 min incubation at 70°C,
DNA was eluted with Tris/EDTA-buffer with pH > 9 and low
salt concentration.

Quantification of Pt-DNA Adducts

Amount and purity of nucleotides were determined by UV
spectrometry measuring the absorption at 260, 280, and 320 nm
(Ao Azsor Azzo) using a UVIKON 930™ photometer (Kontron,
Neufahm, Germany) (9). The following purity requirements
had to be met: Ay < 0.010 and Aj/Azy between 1.7-19.
DNA concentration was calculated based on the Lambert-Beer
law according to: Cpya = 50 (pg/ml) - Aggo. ‘

The platinum content of the samples was assessed with a
TJA Unicam PU9100X™ flameless atomic absorption spec-
trometer (TJA Unicam, Offenbach, Germany) using a matrix-
adapted temperature program and deuterium background cor-
rection as described elsewhere (Kloft ef al., submitted for publi-
cation). Within-day and between-day precision were determined
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Fig. 1. Leukocyte DNA isolation and purification by solid phase
extraction ({: DNA; A: other celi component).

by repeated injection (n = 10 or 6, respectively) of four different
concentrations. Selectivity of platinum analysis was assessed by
analyzing all buffers for potential interference with the platinum
signal. Based on the results of the UV and AAS determination,
the platinum-nucleotide ratio was calculated using the relative
molar masses of platinum (195 g/mol) and nucleotides (mean:
330 g/mol).

Incubation with Leukocytes

For the in vitro incubation of therapeutically relevant Pt
concentrations with leukocytes over a maximum of three days,
a sufficient number with an appropriate life span was required.
Among the leukocytes, mononuclear lymphocytes exhibit the
longest one of at least seven days. These cells were yielded
from buffy coat by Ficoll-Paque™ density centrifugation and
incubated with cisplatin, carboplatin, lobaplatin, or oxaliplatin
in a standardized experimental design with equimolar Pt con-
centrations. The Pt concentrations ranged from 12.8-102.6 pM
and incubation periods were up to 72 h. In a 75 ml flask the
appropriate volume of the stock solutions of the complexes
(¢ = 1 mg Pt/ml), immediately prepared before incubation, was
mixed with 30 ml of culture medium (RPMI 1640-Medium™
without phenolred, Biochrom, Berlin, Germany, fetal calf serum
(10%), and a penicillin-streptomycin solution (0.2% both),
Boehringer Mannheim, Germany). Leukocytes were added to
obtain a final concentration of 2:10° cells/ml. The cell suspen-
sions were incubated in a Cytoperm™ incubator (Heraeus,
Hanau, Germany) at 37°C, approximately 100% humidity and
5.0% CO,. Two sample aliquots were collected from each flask
after the incubation periods, and the platinum-nucleotide ratios
were determined.

Clinical Investigation

The method was also applied to determine the Pi-DNA
adduct concentration in leukocytes of 5 germ cell cancer patients
w ho had received either cisplatin (27-33 mg Pt corresponding
to 20 mg/m? cisplatin) or high-dose carboplatin (462 mg Pt
corresponding to 500 mg/m? carboplatin) as 1 h iv infusions.
4--7 hours after the infusion, a 5 ml (cisplatin) or 15 ml (car-
boplatin) peripheral blood sample was drawn. DNA containing
cells were isolated with Polymorphprep™ to increase the num-
ber of cells. Apart from mononuclear lymphocytes, shorter
living polymorphic nuclear granulocytes were also harvested.
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In contrast to the in vitro incubation experiments, the cells had
not to remain viable for a longer period of time. After drawing
the sample, the platinum-nucleotide ratio was quantified
immediately.

In addition, heparinized plasma was obtained by immediate
centrifugation of blood samples. Subsequently, 1 ml of plasma
was centrifuged (20 min, 2000 g) through an ultrafiltration
membrane (Centrifree™, Millipore GmbH, Eschborn, Ger-
many) to determine the platinum concentration not bound to
macromolecules.

RESULTS AND DISCUSSION

Platinum-DNA adduct formation was quantified after
exposing cellular DNA to different platinum complexes in vitro
or in vivo by a three step procedure: cell isolation, DNA isola-
tion, and quantification of DNA and platinum.

Method Development

Solid phase extraction for isolation and purification of
DNA-adducts has not been employed before. The yield of DNA
with sufficient purity succeeded by fractional DNA elution from
the column. Two elution steps were found to be sufficient. A
third elution step increased the yield only marginally and this
eluate did not meet the purity requirements: Axgy/Azgy was > 1.9.
DNA could be rapidly and efficiently purified for direct quanti-
fication within only 20 min.

To obtain the platinum-nucleotide ratio, the amount of
DNA was first quantified by non-destructive UV spectrometry,
followed by the AAS determination of platinum. Using this
sequence the total sample volume was still available for plati-
num analysis.

The AAS analysis method for platinum showed a linear
range of 0.01-40 pg Pt/ml, a within-day precision of 1.1-8.6%,
and a between-day precision of 2.6-7.3%. None of the buffers
used for the isolation method interfered with the platinum sig-
nal. The spectrogram of a representative Pt-DNA adduct sam-
ple, analyzed within 5 min, is illustrated in Fig. 2.
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Fig. 2. Spectrogram of a platinum-DNA adduct sample (ash, atomize
and char phase); dotted line: temperature program, dashed line: deute-
rium background signal, straight line: platinum signal.



472

Incubation with Leukocytes

Figure 3A shows the adduct formation in relation to the
platinum concentration used after three days of incubation and
Fig. 3B the adduct concentration depending on the incubation
period. For all complexes, a time- and concentration-dependent
Pt-DNA adduct formation was observed: the longer the incuba-
tion period or higher the platinum concentration incubated, the
larger the platinum-nucleotide ratio. However, the extent and
kinetics of adduct formation varied considerably among the four
complexes. The 8-39fold lower adduct formation of carboplatin
compared to cisplatin is most likely due to the higher stability
of the dicarboxylate leaving group compared to the two rather
weakly co-ordinated and readily substituted chloride ligands.
Our result is in agreement with others obtained from isolated
cell lines or animal investigations (10,11,12).

Oxaliplatin resulted in slightly lower adduct ratios than
cisplatin, irrespectively of platinum concentration and incuba-
tion time. The highest adduct concentrations, 1.5-fold higher
compared with cisplatin, were achicved by lobaplatin after a
three day incubation of 102.6 pM Pt. After one day incubation,
however, lobaplatin exhibited lower adduct ratios than cisplatin
and oxaliplatin. Incubating non-cellular, histone-free calf thy-
mus DNA with cisplatin, oxaliplatin, and lobaplatin over 48 h,
Saris et al. found the following order in adduct formation:
cisplatin > lobaplatin > oxaliplatin (11). Although the results
cannot be directly compared with our results in leukocytes,
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Fig. 3. Formation of P-DNA adducts following incubation of leuko-
cytes with A) different concentrations of platinum complexes for 72
hours B) platinum complexes (102.6 pM) for different incubation
periods.
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these authors found a similar difference of adduct formation
kinetics as we did using cellular DNA. These results suggest
that by increasing the incubation period lobaplatin can bind
more extensively to DNA than the other platinum complexes.
This may be attributed to the different amine ligands of
lobaplatin which may facilitate penetration to the target and/or
inhibit cellular DNA repair processes. Further investigations
regarding the mechanism of hydrolysis and binding will have
to be performed to clarify this issue.

The results obtained from the in vitro experiments may
have important clinical implications. There is an inverse rela-
tionship between the platinum-nucleotide ratio in leukocytes
after 72 h incubation and the doses used in chemotherapy.
Related to lobaplatin, the platinum-nucleotide ratio decreased
in the following order (in brackets a factor is given indicating
how much lower the adduct formation is compared to
lobaplatin): lobaplatin (1) > cisplatin (1.5) > oxaliplatin (1.8)
> carboplatin (11.5). From the clinically used doses of 50,
100, 130, and 400 mg/m? respectively, the foliowing molar
ratios indicate the increase in dose compared to lobaplatin: 1 :
2.5:2.6: 8.7. In vitro experiments may hence provide valuable
information for defining the dosage of new platinum complexes
in an early phase of preclinical drug development.

Clinical Application of the Method

The developed method was applied to peripheral blood
of germ cell tumor patients following cisplatin or carboplatin
treatment. In Table 1 the corresponding platinum doses as well as
plasma and ultrafiltrate platinum concentrations at the sampling
times are summarized. Whereas the (platinum) dose of car-
boplatin was approximately 15fold higher compared to cis-
platin, there was an about 100fold difference in ultrafiltrate Pt
concentration due to the lower protein binding of carboplatin.
The platinum-nucleotide ratios measured ranged from 1-1 2:10°%.
Despite considerably lower ultrafiltrate concentrations, higher
platinum-nucleotide ratios were found after cisplatin treatment
demonstrating that the higher reactivity of cisplatin can be also
measured in vivo in the leukocytes of tumor patients.

In contrast to an AAS method described by Reed et al.
(4), our method needs only approximately 5 ml of blood after
cisplatin and 15 ml after carboplatin treatment which is crucial
for its feasibility in clinical studies. The method described by
Welters et al. (7) using the more sensitive *?P-postlabeling
method requires laborious sample pretreatment (digestion to

Table I. Platinum-DNA Adduct Formation in Leukocytes of Patients
After Platinum-Containing Chemotherapy

Platinum
. . . concentration .
Platinum Sampling time : Platinum-
) L e (pg/mtl) in .
dose Platinum  after influsion nucleotide
(mg) complex (hours) plasma ultrafiftrate  ratio
30 Cisplatin 35 0.806 0.026 2:10°
33 Cisplatin 3.5 0.507 <0.01¢ 6:10°
28  Cisplatin 4 0.369 0.012 10:10°
27  Cisplatin 5 0.827 0.026 12:10°
462  Carboplatin 7 5250 2073 1:10°

@ Limit of quantification.
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nucleosides, separation by cation-exchange chromatography,
deplatination by CN ™, ¥2P-postlabeling, separation and quantifi-
cation) and has been applied to quantify adducts after cisplatin
therapy only. Due to the very low adduct formation of car-
boplatin it is obvious why so little information is available from
patients. Moreover, the determined fn vivo platinum-nucleotide
ratios of 1-12:10° in leukocytes were markedly lower than the
corresponding in vitro adduct ratios. This was also reported by
Parker et al. in leukocytes after carboplatin administration (13).
The in vitrolin vivo difference can be attributed to the fact that
in the in vivo situation no steady-state was present. Other factors
(e.g., distribution processes) may also contribute to this differ-
ence. In further clinical studies pharmacokinetics of (ultrafil-
terable) platinum must hence be taken into account.

In conclusion, our method allows the pharmacological
screening of new platinum complexes at an early stage in the
development of drugs with regard to extent and kinetics of Pt-
DNA adduct formation. It also forms the basis for investigating
the Pt-DNA adduct formation of different platinum complexes
as a pharmacodynamic parameter in clinical studies. Adduct
levels in tumor patients could be determined at different times
after administration. Moreover, ex vivo incubations of platinum
complexes with blood of tumor patients drawn prior to chemo-
therapy could be performed in order to predict in vivo adduct
formation and tumor response. Future investigations should
reveal the potential of this pharmacodynamic parameter to opti-
mize platinum-based chemotherapy.

REFERENCES

1. D.J. Murry. Comparative clinical pharmacology of cisplatin and
carboplatin. Pharmacotherapy 15:140S-145S (1997).

2. M. C. Christian. The current status of new platinum analogs.
Semin. Oncol. 19:720-733 (1992).

3. M. J. Bloemink and J. Reedijk. Cisplatin and derived anticancer
drugs: Mechanism and current status of DNA binding. In A. Sigel,

473

H. Sigel (eds.), Metal Ions in Biological Systems. Marcel Dekker,
New York, Vol. 32, 641-675 (1996).

E. Reed, R. F. Ozols, R. Tarone, S. H. Yuspa, and M. C. Poirier.
Platinum-DNA adducts in leukocyte DNA correlate with disease
response in ovarian cancer patients receiving platinum-based che-
motherapy. Proc. Natl. Acad. Sci. USA 84:5024-5028 (1987).
E. Reed, S. H. Yuspa, L. A. Zweiling, R. F. Ozols, and M. C.
Poirier. Quantitation of cis-diamminedichloroplatin 11 (cisplatin)-
DNA-intrastrand adducts in testicular and ovarian cancer patients
receiving cisplatin chemotherapy. J. Clin. Invest. 77:545-550
(1986).

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

M. J. Welters, M. Maliepaard, A. J. Jacobs-Bergmann, R. A.
Raan, J. H. Schellens, J. Ma, W. J. van der Vijgh, J. M. Braakhuis,
A. M. Fichtinger-Schepman. improved *?P-postlabelling assay for
the quantification of the major platinum-DNA adducts. Carcino-
genesis 18:1767-1774 (1997).

M. J. Tilby, C. Johnson, R. J. Knox, J. Cordell, J. J. Roberts, and
C. J. Dean. Sensitive detection of DNA modifications induced
by cisplatin and carboplatin in vitro and in vivo using a monoclonal
antibody. Cancer Res. 51:123-129 (1991).

J. Sambrook, E. F. Fritsch, T. Maniatis. A Laboratory Manual,
Cold Springs Harbor Lab Press, New York, 1988.

A. Hongo, S. Seki, K. Akiyama, and T. Kudo. A comparison of
in vitro platinum-DNA adduct formation between cisplatin and
carboplatin. J. Biochem. 26:1009-1016 (1994).

. C. P. Saris, P. J. M. van de Vaart, R. C. Rietbroek, and F. A.

Biommaert. In vitro formation of DNA adducts by cisplatin,
lobaplatin and oxaliplatin in calf thymus DNA in solution and in
cultured human cells. Carcinogenesis 17:27763 (1996).

F. A. Blommaert, H. C. M. Dijk-Knijnenburg, J. H. Schornagel,
L. den Engelse, and A. M. J. Fichtinger-Schepman. The formation
and persistence of carboplatin-DNA adducts in rats. Cancer Che-
maother. Pharmacol. 38:273-280 (1996).

. R.J. Parker, L. Gill, R. Tarone, J. A. Vionnet, S. Grunberg, F. M.

Muggia, and E. Reed. Platinum-DNA damage in leukocyte DNA
of patients receiving carboplatin and cisplatin chemotherapy, mea-
sured by atomic absorption spectrometry. Carcinogenesis
12:1253-1258 (1991).



