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Abstract

Platinum drugs, including carboplatin and oxaliplatin, are commonly used chemotherapy drugs 

that kill cancer cells by forming toxic drug-DNA adducts. These drugs have a proven, but modest, 

efficacy against several aggressive subtypes of breast cancer but also cause several side effects that 

can lead to the cessation of treatment. There is a clinical need to identify patients who will respond 

to platinum drugs in order to better inform clinical decision making. Diagnostic microdosing 

involves dosing patients or patient samples with subtherapeutic doses of radiolabeled platinum 

followed by measurement of platinum-DNA adducts in blood or tumor tissue and may be used to 

predict patient response. We exposed a panel of six breast cancer cell lines to 14C-labeled 

carboplatin or oxaliplatin at therapeutic and microdose (1% therapeutic dose) concentrations for a 

range of exposure lengths and isolated DNA from the cells. The DNA was converted to graphite, 

and measurement of radiocarbon due to platinum-DNA adduction was quantified via accelerator 

mass spectrometry (AMS). We observed a linear correlation in adduct levels between the 

microdose and therapeutic dose, and the level of platinum-DNA adducts corresponded to cell line 

drug sensitivity for both carboplatin and oxaliplatin. These results showed a clear separation in 

adduct levels between the sensitive and resistant groups of cell lines that could not be fully 
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explained or predicted by changes in DNA repair rates or mutations in DNA repair genes. Further, 

we were able to quantitate oxaliplatin-DNA adducts in the blood and tumor tissue of a metastatic 

breast cancer patient. Together, these data support the use of diagnostic microdosing for predicting 

patient sensitivity to platinum. Future studies will be aimed at replicating this data in a clinical 

feasibility trial.

Graphical Abstract

INTRODUCTION

Over 255,000 new cases of breast cancer are diagnosed every year in the United States.1 

Depending upon the stage and subtype of cancer, many of these patients will receive 

chemotherapy, which often includes a platinum drug, such as carboplatin. Carboplatin is an 

alkylating agent that kills cells by forming covalent carboplatin-DNA monoadducts and 

diadducts that induce DNA damage responses and halt cell proliferation (Figure 1a). The 

addition of carboplatin to combination therapies has been shown to increase response rates 

in several more aggressive types of breast cancers, including human epidermal growth factor 

receptor 2 (HER2)-positive breast cancers, triple negative breast cancers (TNBC), and 

metastatic breast cancers.2–7 Further, carboplatin is preferred over anthracycline-based 

therapies because of a more favorable risk to benefit ratio.2 Oxaliplatin is another platinum 

drug that kills cells in a manner similar to carboplatin, but may have efficacy in cisplatin- 

and carboplatin-resistant tumors.8 Though oxaliplatin is not currently approved for the 

treatment of breast cancer, it has been shown to be clinically efficacious as a single agent or 

in combination regimens in breast cancer patients. In metastatic breast cancer patients, 

oxaliplatin alone had an overall response rate of 21% and in combination therapies had a 

range of overall response rates from 6.7 to 59% with a median of 31.2%.9–27 In locally 

advanced breast cancer patients, the overall response rate was even higher at 69%.28

Unfortunately, adding carboplatin or oxaliplatin to therapy regimens frequently increases 

toxic side effects, including nausea, low blood counts, and neuropathy, among others, and 

often leads to discontinuation of therapy, indicating a need to determine which patients will 

benefit from this therapy prior to treatment.5,6 Few biomarkers are known for predicting 
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tumor response to platinum-based therapies, and none are currently used therapeutically for 

breast cancer. Because platinum agents form bulky drug-DNA adducts, much of the 

predictive biomarker research has focused on expression levels and mutations in nucleotide 

excision repair (NER) genes—the type of DNA repair responsible for the removal of bulky 

DNA damage.29 In particular, BRCA1/2 (breast cancer susceptibility gene), ERCC1/2 

(excision repair cross-complementing group), and p53 have been investigated as potential 

biomarkers for platinum-response. BRCA1/2 is likely the most promising biomarker for 

platinum response in breast cancer patients, particularly TNBC patients, as BRCA1/2 

germline mutations, low BRCA1/2 mRNA levels, and high BRCA1 promoter methylation 

levels all correspond to good responses to platinum-based therapies in cells, mice, and 

humans.7,30–35 The role of ERCC1/2 in predicting tumor response is not yet clear as there 

are conflicting results about the correlation of ERCC1 mRNA expression level and tumor 

response, but TNBC patients with an ERCC2 rs1799793 polymorphism had a better 

response to platinum-based chemotherapy.30,36,37 Finally, p53 frameshift or nonsense 

mutations, but not missense mutations, have been correlated with good responses to 

platinum-based therapies.30 However, mechanisms of chemoresistance are multifactorial, 

and analysis of one gene is unlikely to predict drug response in all patients.38,39 Rather than 

focus on single genes, some groups have created a biomarker score based on the hallmarks 

of homologous recombination deficiency (HRD), including loss of heterozygosity, telomeric 

allelic imbalance, and large-scale state transitions, which they used in combination to 

determine a score for each tumor and correlated high HRD scores with good responses to 

platinum-based therapies.40–44 By measuring HRD score, patients with nonmutated 

BRCA1/2 tumors that would similarly benefit from platinum-based therapies can be 

identified. One limitation to predicting drug response based on HRD score is that these 

values indicate HRD in the tumor at some point and do not account for the possibility that 

HR could be restored in the tumor through reversion mutations, pathways independent of 

DNA repair, or other mechanisms leading to more patients being predicted to respond than 

will actually benefit from therapy.45

To overcome the shortcomings of using mutational status and genomic instability to predict 

platinum response, we and other groups have developed phenotypic assays to predict 

response after treatment. For example, Saleh et al. treated cancer cell lines with cisplatin and 

quantitated the level of double strand breaks via constant-field gel electrophoresis and found 

a correlation between double strand breaks and cisplatin sensitivity.46 In the current study, 

we treated breast cancer cell lines with carboplatin or oxaliplatin and quantitated the 

formation of drug-DNA adducts via accelerator mass spectrometry (AMS) and found 

correlation with platinum sensitivity. The correlation between platinum-DNA adduct levels 

and drug sensitivity has been reported in patients with breast and other cancer types and 

supports the hypothesis that they can be used as a biomarker to predict patient platinum 

sensitivity or resistance.47–55 In this study, we combined the platinum-DNA adduct 

biomarker generation in cell lines with ultrasensitive AMS detection, with the goal of 

adapting the diagnostic microdosing to future clinical trials with breast cancer patients.
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EXPERIMENTAL PROCEDURES

Carboplatin/Oxaliplatin.

Carboplatin (10 mg/mL) was generously supplied from the UC Davis Comprehensive 

Cancer Center pharmacy and oxaliplatin (5 mg/mL) was purchased from Sanofi-Aventis. 
14C-labeled carboplatin (specific activity of 54 mCi/mmol) and 14C-labeled oxaliplatin 

(specific activity of 58 mCi/mmol) were purchased from Moravek Biochemicals. 

Radiolabeled drugs were combined with unlabeled drugs to reduce the amount of 

radiocarbon used. For injection, [14C]oxaliplatin was prepared under good manufacturing 

practices (GMP) at the GMP facility at UC Davis by dissolving the drug substance with 

sterile water for injection (WFI) followed by filter sterilization with 0.2 mm poly(ether 

sulfone) (PES) syringe filter into sterile glass vials and sealing with a rubber septum. Liquid 

scintillation counting (LSC) was used to confirm specific activity. 14C-labeled oxaliplatin 

was mixed with unlabeled oxaliplatin at indicated ratios to reduce the amount of radiocarbon 

used and to achieve the desired specific activities required for microdoses and therapeutic 

doses. Drug mixtures were prepared immediately before use.

Cell Lines.

Six human breast cancer cell lines were purchased from American Type Culture Collection 

(ATCC) and maintained in the recommended medium at 37 °C in a humidified incubator.

Cell Line Platinum Treatment and AMS Analysis.

Cells were dosed with radiocarbon-labeled carboplatin or oxaliplatin, and AMS analyses 

were performed as previously described.56 Briefly, one million cells were seeded in 60 mm 

dishes and allowed to attach overnight. For carboplatin dosing, cells were treated with a 

microdose (1 μM) or therapeutic dose (100 μM) of unlabeled carboplatin supplemented with 

50,000 dpm/mL 14C-labeled carboplatin (0.3 μM) for 4 h to mimic the carboplatin half-life 

of 1.3−6 h observed in patients. After 4 h, the cells were washed with phosphate-buffered 

saline (PBS) and incubated with drug-free medium for 20 additional hours. Cells were 

pelleted at 0, 2, 4, 8, and 24 h post-treatment. For oxaliplatin dosing, the cells were treated 

with a microdose (0.1 μM) or therapeutic dose (10 μM) of unlabeled oxaliplatin 

supplemented with [14C]oxaliplatin at 5000 dpm/ml for 24 h at 37 °C to mimic the 16.8 h 

half-life in patients. Following treatment, the cells were washed in PBS and cultured in the 

absence of oxaliplatin for 24 additional hours. Cells were pelleted at 0, 2, 4, 8, 24, 26, 28, 

32, and 48 h from the start of treatment. DNA was isolated from cell pellets using a Wizard 

Genomic DNA Purification system (Promega). Carboplatin DNA monoadducts are not 

stable at prolonged exposures to higher temperatures (e.g., 37 °C), therefore most steps of 

the DNA isolation were performed on ice. Collected cells and tissues were lysed by 

resuspending in 600 μL nuclei lysis buffer at 4 °C for 20 min. After RNase treatment of 20 

min at 37 °C, proteins were precipitated by addition of 200 μL precipitation buffer, 

vortexing, and 5 min incubation on ice. Precipitate was cleared by centrifugation at 19,000g, 

and DNA was precipitated from the cleared supernatant by addition of 800 μL cold 

isopropanol. DNA was pelleted by centrifugation at 19,000g for 20 min and washed three 

times with 800 μL of cold 70% ethanol. DNA was then resuspended in nuclease-free water. 

DNA concentration and purity were determined via Nanodrop 1000 or 2000. The purity was 
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ensured by obtaining a 260/ 280 nm OD ratio of approximately 1.9. Ten μg of DNA from 

each sample was converted to graphite, and the ratio of 14C to total carbon was determined 

by AMS as previously described.57 Briefly, DNA samples were dried under vacuum, 

combusted to CO2 and water, followed by cryogenic isolation of CO2 and conversion to 

graphite powder. The graphite samples were loaded into an array of aluminum anodes that 

was inserted into the AMS instrument. A cesium sputter source induced a fraction of the 

graphite sample to be converted into an ion beam that was subsequently analyzed for the 

ratio of 14C to total carbon, which is proportional to the drug concentration in the DNA 

sample. The instrument was calibrated with a NIST standard of 14C labeled oxalic acid. 

Since the AMS instrument provides absolute quantitation of the ration of 14C to total carbon, 

calibration curves were not needed.

For DNA repair calculations, the decrease in drug-DNA adducts was measured at several 

time points after the cells were placed in drug-free media and were used to calculate a rate of 

DNA repair in adducts/108 nt/h.

MTT Cell Sensitivity Assay.

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was 

performed to determine the cell growth inhibition. Approximately, 5000−7000 cells per well 

for each cell line were seeded in 96-well plates. After overnight culture, cells were treated 

with increasing concentrations of carboplatin or oxaliplatin for 72 h. Cells were washed and 

incubated with MTT for 4 h. The absorption was measured at 570 and 690 nm using a 

SpectraMax M2 microplate reader (Molecular Devices).

Patient Oxaliplatin Treatment and analysis.

A pilot, Phase 0 clinical trial titled “Oxaliplatin in Treating Patients With Metastatic Breast 

Cancer” (Clinical-Trials.gov identifier NCT02077998) was initiated as a feasibility study of 

the diagnostic microdosing approach. The clinical trial was approved by the UC Davis 

Institutional Review Board (IRB) and conducted under an investigational new drug (IND) 

from the food and drug administration (FDA). Eligible patients had metastatic (Stage IV) 

breast cancer that had no standard therapy regimen and tumors that could be biopsied or 

resected 48 h after the microdose is administered. This study was completed after one 

patient due to low accrual and modified to a different indication to increase the number of 

eligible participants. The patient received an oxaliplatin microdose (1% of the published 

single agent therapeutic dose) of 1.3 mg/m2 (29.2 mg/kg) supplemented with 2 × 106 

dpm/kg [14C]oxaliplatin by a 2 min intravenous (IV) infusion in the peripheral vein of one 

arm. Peripheral blood specimens were drawn into BD Vacutainer CPT tubes with sodium 

citrate (Becton Dickinson) from the other arm prior to and 5, 15, 30 min, 2, 4, 8, 24, and 48 

h after the administration of the microdose. Tubes were immediately placed on ice, and 

peripheral blood mononuclear cells (PBMC) were isolated within 2 h of collection by 

centrifugation according to manufacturer’s instructions. A proportion of total plasma was 

used for oxaliplatin pharmacokinetic (PK) determination by LSC. A core biopsy from a 

breast cancer site of bone metastasis was collected 48 h after the microdose was 

administered. Approximately 15 mg of tissue was used for DNA isolation without further 

dissection. DNA was isolated from PBMCs and tumor tissue and analyzed by AMS to 
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quantify oxaliplatin-DNA adducts as above. Toxicity of the [14C]oxaliplatin administered as 

a microdose was assessed using Common Terminology Criteria for Adverse Events 

(CTCAE). Patient response to chemotherapy was evaluated using RECIST criteria for 

correlation to oxaliplatin-DNA monoadduct frequency. Outcomes related to chemotherapy 

(including response and adverse events) were collected and correlated with oxaliplatin-DNA 

monoadduct data. This patient was a nonresponder.

For ex vivo DNA repair analysis, PBMC isolated from the 48 h post-microdose blood 

sample were washed with PBS and incubated with culture medium (RPMI-1640 with 10% 

fetal calf serum) for 4 and 24 h at 37 °C. DNA was isolated and analyzed by AMS as above. 

The repair velocity of DNA adducts was calculated based on the decrease of DNA adducts.

Statistical Analysis.

Statistical analyses were performed using GraphPad Prism software and SAS/STAT 

software. The data were analyzed by t test, correlation analysis, ANOVA, or Tukey’s 

studentized range test as indicated. P values <0.05 were considered significant.

RESULTS

Comparison of DNA Damage Induced by Microdoses and Therapeutic Doses of 14C-
Labeled Platinum in Breast Cancer Cell Lines.

We began by determining if (1) microdoses of 14C-labeled carboplatin or oxaliplatin can 

induce measurable drug-DNA adducts and if (2) levels of drug-DNA adducts induced by 

microdoses are linearly proportional to the those caused by therapeutic doses of platinum in 

six breast cancer cell lines. We chose cell lines that were isolated from patients which would 

be expected to receive platinum-based therapy, including cell lines derived from metastatic 

breast cancer (MCF7, MDA-MB-468, MDA-MB-231, and T-47D) and cell lines derived 

from triple negative breast cancer (Hs 578T, MDA-MB-468, MDA-MB-231, and BT-549). 

To determine carboplatin-DNA adduct formation, cells from each cell line were treated with 

1 μM (microdose) or 100 μM (therapeutic dose) carboplatin supplemented with 0.3 μM of 

14C-labeled carboplatin (Figure 1A) at a final concentration of 50,000 dpm/mL for 4 h, 

washed in PBS, and incubated in culture medium free of carboplatin for an additional 20 h. 

This procedure mimicked the in vivo IV dosing of carboplatin in which a bolus injection is 

followed by a rapid decrease in carboplatin concentration after a few hours and a half-life of 

1.3−6 h. The number of carboplatin-DNA monoadducts was calculated based on the 14C 

content in genomic DNA as measured by AMS. In all cell lines, the number of carboplatin-

DNA monoadducts increased up to the 4 h time point and then decreased, although at 

different rates (Figure 1B,C). The dose−response of carboplatin-DNA monoadduct 

formation was significantly linear at all time points for all cell lines at both microdose and 

therapeutic doses (R2 = 0.90, P < 0.001). The DNA damage concentrations ranged from ~1 

to 15 monoadducts per 108 nt for the microdose and ~100 to 1500 monoadducts per 108 nt 

for the therapeutic dose, demonstrating an approximate 100-fold difference in the DNA 

damage with a 100-fold difference in drug concentration. A linear regression analysis was 

performed to determine if the levels of carboplatin-DNA monoadducts induced by a 

microdose of carboplatin can be used to predict the levels of monoadducts induced by a 
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therapeutic dose of carboplatin (Figure 1D). The carboplatin-DNA monoadducts induced 

from the microdose were significantly correlated to those induced by the therapeutic dose (r 
= 0.9863, p < 0.0001). Similarly, to determine oxaliplatin-DNA adducts, cells from each cell 

line were treated with 0.1 μM (microdose) or 10 μM (therapeutic dose) oxaliplatin 

supplemented with 0.03 μM of 14C-labeled oxaliplatin (Figure 1a) at a final concentration 

5000 dpm/mL for 24 h, washed in PBS, and incubated in culture medium free of oxaliplatin 

for an additional 24 h followed by AMS analysis. The longer dosing time mimicked the in 
vivo IV dosing and longer half-life of oxaliplatin (16.8 h) in patients. Oxaliplatin-DNA 

mono- and diadducts were both measured in this assay in all cell lines and time points tested 

(Figure 1E,F). Adduct levels increased in all cell lines up to the 24 h time point and then 

decreased, but at different rates. Again, the therapeutic dose caused an approximate 100-fold 

increase in adducts (~100−6000 adducts per 108 nt) compared to the microdose (~1−60 

adducts per 108 nt). Further, the microdose-induced oxaliplatin-DNA adducts significantly 

correlated to those induced by the therapeutic dose (Figure 1G, r = 0.9745, p < 0.0001).

Comparison of Adducts to Platinum Sensitivity.

We next determined if the amount of carboplatin- or oxaliplatin-DNA adducts correlated 

with cellular sensitivity to carboplatin or oxaliplatin. Carboplatin and oxaliplatin IC50 values 

were determined for each of the six breast cancer cell lines by MTT assay (Table 1). The cell 

lines with carboplatin IC50 < 100 μM and oxaliplatin IC50 < 10 μM were classified as 

sensitive, based on the maximum platinum serum concentration attainable in patients.58 The 

six breast cancer cell lines used in this study had an ~6-fold range in carboplatin sensitivity 

and an ~200-fold range in oxaliplatin sensitivity, and carboplatin sensitivity did not correlate 

with oxaliplatin sensitivity in two-thirds of the cell lines.

We then determined the area under the curve (AUC) measured in h*adducts/108 nt induced 

by a carboplatin (Figure 2A,B) or oxaliplatin (Figure 2E,F) microdose and therapeutic dose 

in each cell line. Though there was variation in AUC values between the different cell lines, 

the general trend showed sensitive cell lines having higher AUC values and the resistant cell 

lines having lower AUC values. Furthermore, AUC values inversely correlated with cellular 

IC50 values, although these were only significant in the oxaliplatin-treated samples (Figure 

2C,D,G,H).

We next compared the platinum-DNA adduct levels over time between the cells when 

grouped as sensitive or resistant, as outlined in Table 1. In the carboplatin-treated cells, the 

sensitive group of cell lines had significantly higher adduct levels at the time points between 

2−24 h for both the microdose and the therapeutic dose as determined by t test (Figure 

3A,B). Further, the microdose and therapeutic dose AUC values were significantly higher 

for the sensitive group of cell lines (Figure 3C,D). Similarly, in the oxaliplatin-treated cells, 

the sensitive group of cell lines had significantly higher adduct levels at the time points 

between 8 and 48 h for both the microdose and therapeutic dose (Figure 3E,F). The AUC 

levels for the oxaliplatin microdose and therapeutic doses were also significantly higher in 

the sensitive group of cell lines (Figure 3G,H).
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DNA Repair Rates and Genetic Analysis of Six Breast Cancer Cell Lines.

To determine if increased DNA repair was responsible for carboplatin or oxaliplatin 

resistance in our breast cancer cell line panel, we determined the rates of DNA repair for 

each cell line. After a period of time in which cells were exposed to drug, they were washed 

with PBS and maintained in drug-free medium after 4 h (carboplatin) or 24 h (oxaliplatin). 

By measuring the decrease in adduct levels after the removal of the drug, we were able to 

calculate DNA repair rates. The DNA repair rates in the carboplatin-treated cells ranged 

from 0.0143 to 0.800 (microdose) and from 0.581 to 114 (therapeutic dose) adducts/108 nt/h 

with the most sensitive cell line, Hs 578T, having the highest DNA repair rate and the least 

sensitive cell line having the lowest DNA repair rate (Figure 4A,B). When the cell lines were 

grouped as sensitive or resistant, the sensitive group of cell lines had higher rates of DNA 

repair for both the carboplatin microdose (0.405 vs 0.0897 adducts/108 nt/h) and therapeutic 

dose (48.8 vs 7.04 adducts/108 nt/h) (Figure 4C,D). The DNA repair rates in the oxaliplatin-

treated cells were slightly higher than the carboplatin-treated cells with a range from 0.103 

to 2.16 (microdose) and from 5.52 to 425 (therapeutic dose) adducts/108 nt/h (Figure 4E,F) 

and did not appear to correlate with cell sensitivity. When the cell lines were grouped as 

sensitive or resistant, the sensitive group of cell lines had higher rates of DNA repair for both 

the oxaliplatin microdose (1.45 vs 0.758 adducts/108 nt/h) and therapeutic dose (182 vs 73.0 

adducts/108 nt/h) (Figure 4G,H).

We next analyzed the six breast cancer cell lines for any mutations in genes involved in 

DNA repair using the publically available Catalogue of Somatic Mutations in Cancer 

(COSMIC) database.59 As shown in Figure 5 and explained in detail in Table S1, each cell 

line had at least three mutations in different genes related to DNA repair with missense 

mutations being the most common type. There appeared to be no correlation between the 

number of mutated genes and cellular sensitivity to carboplatin or oxaliplatin or between the 

mutation of one gene and platinum sensitivity. The MDA-MB-468 cell line had the highest 

number of mutated genes in this data set (9) and was considered sensitive to carboplatin but 

resistant to oxaliplatin. A missense mutation in p53 was the most frequent mutation in this 

panel of cell lines and was found in five out of the six cell lines. Mutations in other DNA 

repair genes with the potential to predict platinum-sensitivity, including BRCA2, ERCC6, 

ERCC8, and PIK3CA were observed in both sensitive and resistant cell lines.

Pilot Patient Study.

We performed a small, oxaliplatin diagnostic microdosing feasibility study in a metastatic 

breast cancer patient following the schematic model in Figure 6A. Prior to receiving a 

platinum-containing therapeutic regimen, the patient was given a radiolabeled microdose, 

and the number of adducts in the plasma and tumor were determined at several time points. 

The adduct levels were compared to the patient response to determine a threshold level of 

adducts which would predict patient responders and nonresponders to oxaliplatin-containing 

therapy regimens. As part of a Phase 0 clinical trial and under IRB- and IND-approval, a 

Stage IV metastatic breast cancer patient was given a [14C]oxaliplatin microdose (1% of the 

published single agent therapeutic dose) of 1.3 mg/m2 (29.2 mg/kg) supplemented with 2 × 

106 dpm/kg [14C]oxaliplatin by a 2 min intravenous (IV) infusion in the peripheral vein of 

one arm. Prior to and 5, 15, 30 min, 2, 4, 8, 24, and 48 h after the administration of the 
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microdose, peripheral blood specimens were drawn from the other arm to determine plasma 

[14C]oxaliplatin concentration and PBMC oxaliplatin-DNA adduct levels. In this patient, the 

[14C]-oxaliplatin was rapidly cleared from the blood with a half-life of 0.2211 h (Figure 6B). 

The published half-life of oxaliplatin in patients is 14.1 min.60 In contrast, oxaliplatin-DNA 

adducts in the PBMC rapidly increased from 0 to 4 h with a peak of 8.029 adducts/108 nt 

and then slowly declined over the next 44 h. Forty-8 h after administration of the microdose, 

a tumor biopsy was collected and cut into three sections for AMS analysis. As shown in 

Figure 6D, the three tumor pieces had a fairly large range between 1.71 and 19.5 adducts/108 

nt, and the mean was higher than that determined in the PBMC at the same collection time. 

PBMC collected in the 4 h peripheral blood sample were cultured ex vivo in drug-free media 

for an additional 4 or 20 h to determine the rate of DNA repair in this patient (Figure 6e). 

During follow-up care, this patient was determined as a nonresponder to treatment with 

oxaliplatin.

DISCUSSION

In this study we report a linearly proportional relationship between drug-DNA adducts 

formed from drug microdoses and therapeutic doses in six breast cancer cell lines exposed to 

either [14C]carboplatin or [14C]oxaliplatin. This result is similar to our previous observations 

in ovarian, lung, and bladder cancer cell lines as well as patient-derived xenograft models of 

bladder cancer and in bladder cancer patients, suggesting that the use of diagnostic 

microdosing to determine platinum sensitivity is applicable in multiple types of cancers in 

spite of them having differing etiologies and biologies.61–64 Our AMS data provided 

information on the total drug-DNA adduct load without molecular information on the actual 

distribution of specific adduct types. Both carboplatin and oxaliplatin predominantly bind to 

N7 of guanine and adenine, but other adduction products are possible. Unlike other N7 

adducts that are formed from alkylating agents, such and nitrogen mustards, platinum-DNA 

adducts are stable at 37 °C with minimal depurination.65–67 Adduct distribution has 

previously been studied using AMS by exposing cancer cell cultures to [14C]oxaliplatin, 

followed by enzymatic DNA digestion and HPLC-AMS analysis.68 However, this approach 

is labor intensive and would not provide much additional useful information for proving the 

feasibility of diagnostic microdosing for translational research applications.

The [14C]carboplatin used in this study has the 14C label located on the cyclobutane 

dicarboxylic acid moiety, which is displaced upon carboplatin diadduct formation (Figure 

1A). This chemistry has the potential to confound the measurement of carboplatin adduct 

formation and repair. However, carboplatin-DNA monoadducts persist over a few days, with 

a subset of monoadducts remaining stable even longer, likely as a consequence of sequence 

context effects.69 Therefore, we measured carboplatin monoadduct formation and repair as a 

surrogate for total drug exposure of cellular DNA here and in our previous studies.56,61,70 In 

the case of oxaliplatin, the 14C label is located on the cyclohexane ring, and the label is 

retained in both the monoadduct and cross-linked species (Figure 1A). For this reason, we 

are able to use a lower specific activity and still observe sufficient signal-to-noise in the 

AMS data. The high sensitivity and precision of AMS for detecting the microdose-induced 

DNA damage and the linear relationship to the damage induced by the therapeutic dose 
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suggest that subtoxic microdoses of platinum can be used to predict the levels of DNA 

damage induced by therapeutic chemo-therapy in vivo.

Moreover, our breast cancer cell line data support our hypothesis that the levels of platinum-

DNA adduct formation (both at multiple time points and calculated as an AUC) correlate 

with cellular drug sensitivity and that determination of platinum-DNA adduct levels in 

patients prior to the start of treatment may allow us to predict response to platinum-based 

therapy. We previously observed a similar correlation between carboplatin-DNA 

monoadducts and cellular sensitivity in ovarian and lung cancer cells lines, where the 

sensitive cell lines had significantly higher monoadduct levels than the resistant cell lines.
56,61,64 The correlation between carboplatin-DNA adducts and tumor response was also 

observed in patient-derived xenograft models of bladder cancer and in bladder cancer and 

lung cancer patients, although a larger confirmatory trial is needed.63,64 Interestingly, 

carboplatin-DNA monoadduct levels in bladder cancer cell lines did not correlate with 

sensitivity, but oxaliplatin-DNA adduct levels and carboplatin-DNA adducts in the tumors of 

bladder cancer patients did, highlighting the need for preclinical and clinical testing for each 

cancer type and drug combination.56,62,63 Furthermore, Poirier et al. observed a significantly 

lower number of adducts in patients with progressive disease compared to nonprogressive 

disease using a less sensitive, ELISA-based method to quantitate carboplatin-DNA adducts 

in peripheral blood cells isolated from breast cancer patients (51 vs 248 amol/μg DNA, P = 

0.047).55 These findings suggest the possibility that breast cancer sensitivity to carboplatin 

could be predicted by measuring carboplatin monoadducts in peripheral blood cells—a 

much less invasive biomarker test than measuring adduct levels in tumor biopsy samples—

but this will need to be verified in a clinical trial setting. Though more patient data are 

needed for confirmation, we have demonstrated the feasibility of measuring oxaliplatin PK 

and oxaliplatin-DNA adduct levels in both the PBMC and tumor tissue of a metastatic breast 

cancer patient. This patient had a low peak level of oxaliplatin-DNA adducts which may 

correspond with her lack of response to oxaliplatin therapy, although measurement of 

oxaliplatin-DNA adduct levels from multiple responder and nonresponder breast cancer 

patients is necessary to confirm these results. However, comparatively, the peak oxaliplatin-

DNA adduct level of the nonresponding patient (8.03 adducts/108 nt) falls within the range 

of peak adduct levels we observed in the oxaliplatin resistant cell lines (range: 1.76−20.2, 

mean: 8.57 adducts/108 nt) after receiving an oxaliplatin microdose than the oxaliplatin 

sensitive cell lines (range: 23.0−53.7, mean: 39.3 adducts/108 nt). These data, in 

combination with our previous clinical studies, show the potential promise of diagnostic 

microdosing for multiple types cancer types.

Additionally, we determined rates of DNA repair and analyzed mutations found in DNA 

repair genes in our breast cancer cell line panel. In the six breast cancer cell lines, the 

carboplatin-sensitive cells had a higher rate of carboplatin-DNA adduct repair than the 

resistant cell lines. The oxaliplatin-sensitive cell lines showed a similar trend, but the 

difference between sensitive and resistant is smaller. These findings are in contrast to our 

previous results where the carboplatin and oxaliplatin-resistant bladder cancer cell line had 

higher levels of platinum-DNA adduct repair than the sensitive cell line.56 These DNA repair 

data indicate that the rate of repair does not strongly influence oxaliplatin or carboplatin 

cytotoxicity, which is consistent with previous reports on cisplatin for other cancer cell 
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culture studies.71 However, our approach to measuring DNA repair rates via loss of drug-

DNA adducts will also include loss of adducts due to hydrolysis and cell division in addition 

to DNA repair, so further studies are necessary to confirm these results. Missense mutations 

of p53 were the most frequent mutation observed in this cell line panel but did not correlate 

with cellular sensitivity, as was previously observed by Silver et al.30 Two carboplatin-

resistant, oxaliplatin-sensitive cell lines, MCF7 and T-47D, had missense mutations in the 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) gene. The 

relationship between mutations in this gene and response to platinum has not been described 

for breast cancer, but Arjumand et al. found that cervical cancer cells harboring the E545 K 

mutation, the same mutation observed in the MCF7 cells was more resistant to cisplatin than 

wild-type, which corresponds to the carboplatin-resistance of the MCF7 cell line.72 The 

MDA-MB-468 cell line (carboplatin-sensitive, oxaliplatin-resistant) was the only cell line in 

our panel to have a mutation in the BRCA1/2 genes. Germline BRCA1/2 mutations, which 

impair DNA repair in the tumor cells, have previously been observed to correlate with good 

responses to platinum-based therapies.7,30–34 We observed this cell line to be sensitive to 

carboplatin but resistant to oxaliplatin, indicating that simply having mutated BRCA1/2 

genes is not sufficient for causing or predicting platinum sensitivity. Further, the two other 

carboplatin-sensitive cell lines and all three oxaliplatin-sensitive cell lines do not contain 

BRCA1/2 mutations, suggesting that the lack of mutated BRCA1/2 genes alone does not 

predict resistance to platinum-based therapies. Finally, one of the carboplatin-resistant cell 

lines, MCF7, contains a mutation in both ERCC6 and ERCC8, but the role of the ERCC 

family in predicting response to platinum is not yet clear.30,36 The mutational analysis of 

this panel of six breast cancer cell lines that have a nearly 6-fold range in carboplatin IC50 

values and 200-fold range in oxaliplatin IC50 values highlights that cellular drug resistance 

mechanisms are multifactorial and the use of DNA repair rates and genetic mutations in 

DNA repair genes to predict cellular sensitivity is complicated and not well understood.

Here we have demonstrated that we can dose a panel of six breast cancer cell lines with a 

platinum microdose to calculate levels of platinum-DNA adduct formation via AMS, that 

adducts formed with a microdose are proportional to those formed with a therapeutic dose, 

and that adduct levels correlate with cellular sensitivities. These data collectively support the 

use of platinum microdosing and quantification of adduct formation as a means to determine 

patient therapeutic response.
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Figure 1. 
Platinum-DNA adducts can be measured in breast cancer cell lines. (A) Structures of 14C-

labeled carboplatin and oxaliplatin and formation of platinum mono- and diaducts. (B, C) 

Six breast cancer cell lines were treated with a carboplatin microdose (1 μM) or therapeutic 

dose (100 μM) supplemented with 0.3 μM 14C-labeled carboplatin for 4 h, followed by 20 h 

in drug-free medium. DNA was isolated from cells, and carboplatin-DNA monoadducts per 

108 nt were determined by AMS at indicated times after the start of treatment. (E, F) Six 

breast cancer cell lines were treated with an oxaliplatin microdose (0.1 μM) or therapeutic 

dose (10 μM) supplemented with 0.03 μM 14C-labeled oxaliplatin for 24 h, followed by 24 h 

in drug-free medium. DNA was isolated from cells, and oxaliplatin-DNA adducts per 108 nt 
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were determined by AMS at indicated times after the start of treatment. (D, G) Correlation 

analysis of adducts induced by a microdose compared to a therapeutic dose in the six breast 

cancer cell lines. Error bars indicated the standard deviation from three biological replicates.
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Figure 2. 
Levels of carboplatin- and oxaliplatin-DNA adduct formation correspond to cellular 

platinum sensitivity. (A, B, E, F) The six breast cancer cell lines were treated as in Figure 

1B, C, E, F and AUC levels determined in h*adducts/108 nt for each cell line. Each cell line 

was classified as sensitive (blue) or resistant (red) to carboplatin and oxaliplatin (Table 1). 

(C, D, G, H) Correlation analysis of microdose- or therapeutic dose-induced AUC compared 

to cellular IC50 in the six breast cancer cell lines. Error bars indicated the standard deviation 

from three biological replicates.
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Figure 3. 
Grouped sensitive breast cancer cell lines have significantly higher adduct levels than 

resistant cell lines. The six breast cancer cell lines were grouped as sensitive (blue) or 

resistant (red) to carboplatin and oxaliplatin as described in Table 1. (A, B, E, F) Sensitive 

and resistant groups of breast cancer cell lines were treated as in Figure 1B, C, E, F and 

adduct levels determined by AMS at indicated times after the start of treatment. t tests were 

used to determine statistical differences in adduct levels between the groups at each time 

point. (C, D, G, H) AUCs in h*adducts/108 nt were determined for the sensitive and resistant 

groups of breast cancer cell lines and displayed as box and whiskers plots with the black bar 
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representing the median, the box representing the middle quartiles, and the whiskers 

representing the remaining data at indicated time points for each group. t tests were used to 

determine statistical differences in AUC between the groups. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001.

Wang et al. Page 22

Chem Res Toxicol. Author manuscript; available in PMC 2019 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Increased DNA repair is not a major mechanism of resistance in these cell lines. (A, B, E, F) 

The six breast cancer cell lines were treated as in Figure 1B, C, E, F. The decrease in adduct 

levels at several time points after removal of drug at 4 h (carboplatin) or 24 h (oxaliplatin) 

was used to determine a rate of DNA repair in adducts/108 nt/h for each cell line. (C, D, G, 

H) The six cell lines were classified as sensitive (blue) or resistant (red) to carboplatin and 

oxaliplatin (Table 1) and combined to determine average DNA repair rates.
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Figure 5. 
Genetic analysis of DNA repair genes. DNA repair gene mutations in the six breast cancer 

cell lines were obtained from the publically available COSMIC database. Mutated genes 

labeled in bold were mentioned in this study as potential biomarkers for platinum sensitivity.
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Figure 6. 
Oxaliplatin-DNA adducts can be measured in the PBMC and tumor of a breast cancer 

patient. (A) Schematic of diagnostic microdosing strategy. (B) A metastatic breast cancer 

patient was given a diagnostic microdose of oxaliplatin [1.3 mg/m2 (29.2 mg/kg) 

supplemented with 2 × 106 dpm/kg [14C]oxaliplatin] by a 2 min intravenous (IV) infusion in 

the peripheral vein of one arm. Peripheral blood was drawn from the other arm prior to and 

5, 15, 30 min, 2, 4, 8, 24, and 48 h after the administration of the microdose and oxaliplatin 

concentration determined by LSC. (C) PBMC was isolated from the peripheral blood 

samples above, and the number of adducts determined by AMS. (D) DNA was isolated from 

a tumor biopsy collected 48 h after administration of the microdose and adducts determined 

by AMS. (E) DNA repair rates were determined in PBMC isolated from the blood samples 

collected at 4 h after microdose administration that were cultured in drug-free media for an 

additional 4 or 20 h.
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Table 1.

Carboplatin Cell Line Sensitivities and Monoadduct AUC Levels

carboplatin oxaliplatin

status cell line
IC50
(μM)

sensitivity cell line
IC50
(μM)

sensitive IC50 < 100 μM

Hs 578T 43.0

sensitive IC50 < 10 μM

MCF7 1.03

MDA-
MB-
468

44.0 T-47D 2.35

BT-549 68.3 BT-549 6.71

MCF7 136
MDA-
MB-
468

150

resistant IC50 > 100 μM

MDA-
MB-
231

T-47D

248

resistant IC50 > 10 μM

Hs 578T
MDA-
MB-
231

177

250 199
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