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Abstract
We are developing a method to identify cellular resistance to carboplatin by using accelerator
mass spectrometry to measure carboplatin-DNA adducts formed from drug microdoses (~1/100th

the therapeutic dose). Such an approach would be particularly useful if it is still valid in
combination chemotherapy. We examined whether the addition of gemcitabine, another
chemotherapeutic drug, could influence carboplatin-DNA adduct levels. There were no substantial
differences in the levels of carboplatin-DNA adducts in cells upon exposure to the carboplatin/
gemcitabine combination at various doses and schedules. These data demonstrate that microdosing
is feasible for characterization of carboplatin resistance when given in combination with
gemcitabine.

Carboplatin (cis-diammine(cyclobutane-1,1-dicarboxylate-O,O’)platinum(II)) is among the
most commonly used anti-cancer chemotherapeutic drugs. Chemoresistance is among the
most frequent causes of treatment failure. For example, the tumor response rate for non-
small cell lung cancer (NSCLC), the most common cause of cancer death, is typically less
than 30% following platinum (Pt)-based combination chemotherapy. It is approximately
50% for advanced bladder cancer. Carboplatin kills cells mainly through induction of
carboplatin-DNA adducts. It is likely that low levels of adducts and/or rapid DNA repair
result in cellular resistance to carboplatin. Several clinical showed that low levels of DNA
adducts correlated with poor chemotherapy outcomes (1-11). However, the reported Pt-
DNA measurement methods, such as atomic absorption spectroscopy and
immunohistochemistry, lack the sensitivity required for clinical use, since patients have to
receive high-dose toxic chemotherapy before chemoresistance can be identified.

We report here the use of accelerator mass spectrometry (AMS) to detect carboplatin-DNA
monoadducts induced in cells by carboplatin “microdoses”, defined as 1/100th of the
therapeutic dose (12). AMS measures 14C at the attomole (10-18) level or less in milligram-
size specimens (13). After treatment with 14C-labeled carboplatin, AMS can measure 14C
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bound to genomic DNA, and allow the calculation of carboplatin-DNA monoadducts, the
precursors of all other forms of carboplatin-DNA damage (Figure 1). Because of the high
sensitivity of AMS, we are able to measure carboplatin-DNA adducts after treatment with
subtoxic microdoses of [14C]carboplatin, and can perform repeated measurements with
small clinical specimens. We hypothesize that carboplatin-DNA monoadducts induced by
microdoses of carboplatin are useful as biomarkers of chemoresistance. However,
carboplatin is almost always combined with other drugs in standard clinical practice. For
example, the combination of carboplatin and gemcitabine (4-amino-1-(2-deoxy-2,2-difluoro-
β-D-erythro-pentofuranosyl)pyrimidin-2(1H)-on 2′,2′-difluoro-2′-deoxycytidine) is widely
accepted as a first-line regimen for patients with bladder cancer, NSCLC and other cancer
types. The goal of the current study was to determine if addition of gemcitabine affects the
formation of carboplatin-DNA monoadducts and, therefore, potentially confound our
approach to identifying chemoresistance using the microdose strategy.

We compared the carboplatin-DNA monoadduct formation and repair to IC50 values for the
5637, T24 and TCCSUP bladder cancer cell lines. The carboplatin IC50 values, as
determined with the MTT assay (14), were 10.2±1.2, 21.8±1.5 and 35.0±6.6 μM,
respectively, for 5637, T24 and TCCSUP cells. For DNA monoadduct measurements, the
cells were dosed for 4h with [14C]carboplatin at 1 μM (microdose) or 100 μM (therapeutic
dose), washed with PBS, and incubated in carboplatin-free cell culture media for 20h. DNA
was extracted from the cells at 0, 2, 4, 8 and 24 h time points after the initial exposure to
carboplatin (in triplicate for each time point). The 14C content of the purified genomic DNA
was measured by AMS and the carboplatin-DNA monoadduct concentrations were
calculated from the data as previously described (15,16). As shown in Figure 2A-B, each
cell line had a different amount of carboplatin-DNA damage over 24h. The damage ranged
from ~1-10 monoadducts per 108 nucleotides (nt) for the microdose, and ~100-1000
monoadducts per 108 nt for the therapeutic dose--an approximate 100-fold difference. The
concentration of monoadducts induced by microdoses was linearly proportional to that
produced by therapeutic carboplatin (Figure 2C). The maximum damage occurred between
the 4h and 8h time points post dose, and was in the order of TCCSUP>T24>5637. This
order of monoadduct levels is contrary to that expected to support the hypothesis that
carboplatin-DNA adducts correlate positively with chemosensitivity. However, the DNA
repair rates for each cell line were in the same order as would be expected if the persistence
of DNA damage influences resistance. The average repair rate for each microdosed cell line
was TCCSUP>T24>5637 (3.4, 3.9 and 4.1 % per hour, with p =0.019 and 0.006 for
comparison of the T24 and TCCSUP to 5637). The average repair rate for each
therapeutically dosed cell line was same order as above (1.6, 3.5 and 4.1 % per hour,
respectively, with p =0.037 and 0.012 for comparison of the T24 and TCCSUP to 5637). In
conclusion, the overall DNA damage and repair rate was unique for each cell line;
carboplatin-DNA monoadduct levels were proportional to dose for each cell line; and DNA
repair rates correlated positively with chemoresistance that are consistent with previous
reports (17-19).

We determined whether addition of different doses of gemcitabine before carboplatin
treatment could modulate carboplatin-DNA monoadduct levels. We used the 5637 bladder
cancer cell line for all experiments due to the clinical relevance of gemcitabine and
carboplatin for bladder cancer treatment. Cells were treated with gemcitabine at 0.3 μM
(microdose), 3 μM (intermediate dose) and 30 μM for 4h, washed and subsequently
incubated for 4h with [14C]carboplatin at 1 μM (microdose) or 100 μM (therapeutic dose).
The highest gemcitabine and carboplatin drug concentrations used in this study were based
upon the reported Cmax values of 30 μM and 100 μM, respectively, in human plasma during
chemotherapy (20,21). Addition of gemcitabine did not change the kinetics of carboplatin-
DNA monoadduct formation and disappearance when corrected for carboplatin dose.
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Microdose, intermediate, or therapeutic doses of gemcitabine did not significantly change
carboplatin-DNA monoadduct levels caused by micro- (Figure 2D) or therapeutic doses of
carboplatin (Figure 2E). The three curves in Figure 2D or E overlapped, indicating little or
no influence of gemcitabine on monoadduct levels. Compared to the 0.3 μM gemcitabine
group, the p values were 0.098 and 0.128, respectively, for the 3 and 30 μM groups in the
microdose carboplatin treatment (Figure 2D); and 0.753 and 0.229, respectively, in the
therapeutic carboplatin treatment (Figure 2E), not statistically significant. Regression
analysis showed a strong linear relationship between the DNA adduct levels induced both
doses of carboplatin in the absence or presence of different concentrations of gemcitabine
(p<0.0001, Figure 2F).

We then determined if different doses and sequences of carboplatin and gemcitabine
exposure would influence carboplatin-DNA monoadduct levels at the 4 h time point, the
time of peak carboplatin-DNA monoadduct formation. We compared the adduct levels in 8
different dose-schedule combinations: gemcitabine followed by carboplatin versus
carboplatin followed by carboplatin/gemcitabine, microdose carboplatin versus therapeutic
dose carboplatin, and microdose gemcitabine versus therapeutic dose gemcitabine (2 × 2 × 2
=8 combinations) (Figure 3). Compared the adduct levels in cells treated with carboplatin
alone, there was a slight trend toward increased carboplatin-DNA monoadducts in cells
treated with microdose or therapeutic gemcitabine before exposure to carboplatin, but the
trend did not reach statistical significance (p = 0.19 and 0.095, respectively). Addition of
gemcitabine after carboplatin exposure, either at microdose or therapeutic dose
concentrations, did not significantly change the levels of carboplatin-DNA monoadducts
(Figure 3A, p=0.91 and 0.83, respectively). Only upon treatment with gemcitabine at 30 μM
for 4 hours followed by carboplatin treatment at 100 μM for 4 more hours did carboplatin-
DNA monoadduct levels significantly increase (21 % compared to therapeutic dose
carboplatin alone, p=0.037, denoted by an asterisk in Figure 3B). It is possible that the
increase in carboplatin-DNA adduct levels might be related to gemcitabine toxicity (22), as
30 μM of gemcitabine is about 350 times the IC50 (0.086 μM) for this cell line. There was
no statistical difference between the two groups when cells were treated with microdose (0.3
μM) or therapeutic (30 μM) concentrations of gemcitabine followed by carboplatin (p =
0.10), or in any other treatment groups.

We are developing a highly sensitive methodology using AMS to determine if
chemoresistance to carboplatin can be characterized and identified by measuring
monoadduct formation and repair, the critical step of carboplatin cytotoxicity. Clinically,
carboplatin is usually combined at least one other chemotherapeutic drug. This study
addressed a critical issue of our microdosing approach--whether the addition of another
chemotherapy drug affects the formation and repair of carboplatin-DNA monoadducts.
Among all of the doses and administration schedules we tested in this study, there was only
one instance where a statistically significant difference was found after adding gemcitabine
to the cells. However, this difference is not clinically relevant as it involved treating the cells
with gemcitabine at 30 μM for 4 hours. This would not occur clinically as the in vivo peak
concentration (Cmax) of gemcitabine is around 30 μM (26), and it is rapidly metabolized in
plasma with a half life of less than 10 minutes (27). Therefore, the total exposure of the cells
to gemcitabine in this study was well above what cancer cells are exposed in vivo under
physiological conditions.

In conclusion, addition of gemcitabine does not significantly affect the levels of carboplatin-
induced DNA monoadducts, except when super-physiologic exposures to gemcitabine are
used prior to therapeutic carboplatin dosing. These observations are important for the
extension of the carboplatin microdosing approach to animal and human studies of drug
resistance.
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Figure 1. Mechanism of carboplatin-DNA monoadduct and crosslink formation
AMS can measure the 14C tag on the cyclobutane dicarboxylate ligand present in
carboplatin-DNA monoadducts. Upon diadduct formation or DNA repair, the 14C falls off
and cannot be detected in the DNA with AMS. (An asterisk represents the location of
the 14C atom).
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Figure 2. Carboplatin-DNA monoadducts induced by [14C]carboplatin without or with
gemcitabine
A and B: The levels of carboplatin-DNA monoadducts in three bladder cancer cell lines
5637, T24 and TCCSUP cells. C. Linear regression analysis of the DNA adduct data from A
and B. The concentration of carboplatin-DNA monoadducts formed by [14C]carboplatin
microdoses are linearly proportional to those caused by therapeutic carboplatin. D and E:
The levels of carboplatin-DNA monoadducts as a result of gemcitabine exposure at 0.3, 3
and 30 μM, are represented by squares, circles and triangles, respectively, as the mean ± s.d..
Cells were exposed to gemcitabine for 4 h followed by carboplatin exposure at 1 μM (D), or
100 μM for 4 hours (E). F. Linear regression analysis of the data from D and E. The
concentration of carboplatin-DNA monoadducts formed by [14C]carboplatin microdoses are
linearly proportional to those caused by therapeutic carboplatin, regardless of gemcitabine
exposure
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Figure 3. Carboplatin-DNA monoadducts at 4h after dosing with carboplatin and gemcitabine at
different doses and schedules
DNA adducts are shown as the mean ± s.d. of three independent experiments. The dose and
treatment schedules are outlined below the bar graph. *p=0.037 when compared with the
control.
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