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Abstract

Background: Topoisomerase I (Top1) is a proven target for cancer therapeutics. Recent data from the Fluorouracil,
Oxaliplatin, CPT-11: Use and Sequencing (FOCUS) trial demonstrated that nuclear staining of Top1 correlates with
chemotherapeutic efficacy. Such a correlation may help identify patients likely to respond to Top1 inhibitors and illuminate
their mechanism of action. Cellular response to Top1 inhibitors is complex, but Top1 target engagement is a necessary first
step in this process. This paper reports the development and validation of a quantitative immunoassay for Top1 in tumors.

Methodology/Principal Findings: We have developed and validated a two-site enzyme chemiluminescent immunoassay
for quantifying Top1 levels in tumor biopsies. Analytical validation of the assay established the inter-day coefficient of
variation at 9.3%63.4% and a 96.5%67.3% assay accuracy. Preclinical fit-for-purpose modeling of topotecan time- and
dose-effects was performed using topotecan-responsive and -nonresponsive xenografts in athymic nude mice. Higher
baseline levels of Top1 were observed in topotecan-responsive than -nonresponsive tumors. Top1 levels reached a maximal
decrease 4 to 7 hours following treatment of engrafted mice with topotecan and the indenoisoquinoline NSC 724998.

Conclusions/Significance: Our analysis of Top1 levels in control and treated tumors supports the previously proposed
mechanism of action for Top1 inhibitor efficacy, wherein higher baseline Top1 levels lead to formation of more covalent-
complex-dependent double-strand break damage and, ultimately, cell death. In contrast, xenografts with lower baseline
Top1 levels accumulate fewer double-stand breaks, and may be more resistant to Top1 inhibitors. Our results support
further investigation into the use of Top1 levels in tumors as a potential predictive biomarker. The Top1 immunoassay
described in this paper has been incorporated into a Phase I clinical trial at the National Cancer Institute to assess
pharmacodynamic response in tumor biopsies and determine whether baseline Top1 levels are predictive of response to
indenoisoquinoline Top1 inhibitors.
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Introduction

Drugs targeting topoisomerase I (Top1) are used in a number of

cancer chemotherapy regimens [1–5]. Several third-generation

Top1 inhibitors are in development [5,6], including the indenoi-

soquinolines NSC 743400 (LMP400; HCl salt of NSC 724998)

and NSC 725776 (LMP776) which are currently undergoing

clinical evaluation at the National Cancer Institute (NCI;

ClincalTrials.gov NCT01245192). Recent data from the Fluoro-

uracil, Oxaliplatin, CPT-11: Use and Sequencing (FOCUS) trial

demonstrated that nuclear staining of Top1 correlates with the

chemotherapeutic efficacy of the Top1 inhibitor irinotecan [7].

However, results from the CApecitabine, IRinotecan, Oxaliplatin

(CAIRO) study [8,9], which also used immunohistochemistry to

assess Top1 levels, were inconsistent with the FOCUS trial
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findings. The immunohistochemistry method is more qualitative

and susceptible to sampling variability since typically only a 5 to

7 mm tissue section is analyzed at an area of interest selected by an

individual pathologist. In addition, these results do not always

correlate with each other or with immunoassay data [10,11].

These contradictory findings support the need for a more

quantitative measurement of Top1 levels in larger specimen

samples. Another study using colon cancer cell lines found little

correlation between total Top1 levels (as assessed by Western

blotting) and efficacy, and concluded that the extent of Top1

cleavage complex (Top1cc) formation may be more informative

[12]. It is worth noting that the same factors limiting the

correlation of total Top1 measurement to clinical efficacy also

apply to measurement of the Top1cc. Top1 levels have been

shown to decrease in response to camptothecins via ubiquitylation

and proteasome-dependent degradation following trapping of the

Top1cc [13–21]; thus, decreases in Top1 levels after treatment

may also serve as a biomarker of target engagement by

compounds binding Top1, or as a biomarker for resistance to

Top1 inhibitors.

Topotecan and irinotecan are two currently used Top1

inhibitors that provide an effective palliative regimen for patients

with colorectal, small-cell lung, and ovarian cancer. Both drugs are

water-soluble derivatives of camptothecin, but are subject to

hydrolysis of the alpha-hydrolactone E-ring [22]; an intact E-ring

is necessary to trap the Top1 cleavage complex (Top1cc) on DNA

[23]. These drugs are also substrates for multidrug-resistance

efflux pumps [23]. Several laboratories have synthesized either

more stable derivatives of camptothecin or non-camptothecin

Top1 inhibitors, such as indolocarbazole, phenanthridine, and

indenoisoquinoline derivatives [2,5]. Currently, the indolocarba-

zoles edotecarin and NB-506 are in Phase II clinical trials, but

these agents may have off-target effects [5,24]. The phenanthri-

dine derivative ARC-111 has been shown to be more effective

than camptothecin in certain tumor models [25,26]. Indenoiso-

quinoline compounds have greater chemical stability and form

more stable Top1cc than camptothecin [27], and certain

indenoisoquinolines (including NSC 724998) are not substrates

for the ABC multidrug resistance transport pumps [19].

We have developed and validated several new pharmacody-

namic assays in support of clinical trials at the NCI. Our criteria

for validation of clinical assays in preclinical models include

replicating the sample collection, handling, and analytic proce-

dures that will be used in the clinical setting. We have previously

reported on two validated biomarker assays that are currently

being used for correlative studies in the clinical trial of

indenoisoquinolines NSC 743400 and NSC 725776: a quantitative

immunofluorescence assay for measuring histone H2AX phos-

phorylated at serine 139 (cH2AX) in tumor biopsies, and an assay

to detect cH2AX in circulating tumor cells using the Cell-

SearchTM platform [28–30]. Increased cH2AX levels are a down-

stream response to DNA double-stand break (DSB) damage [31]

formed by the accumulation of Top1cc on DNA which then

becomes ‘‘trapped’’ by Top1 inhibitors [2,18,32]. Degradation of

Top1cc by the ubiquitin-proteasome pathway may be required, or

at least facilitate the formation of DSBs and result in increased

levels of cH2AX [18]. Desai et al. have also reported that cells

deficient in Top1 degradation may be more sensitive to Top1

inhibitors [13].

As new Top1 inhibitors progress toward clinical evaluation,

quantitative methods for measuring Top1 levels directly in solid

tumors could be of substantial value for evaluating whether to

select patients for indenoisoquinoline therapy based on pre-

treatment Top1 levels, or stratifying responding and non-

responding patients at the drug target level. Of consideration is

that the cellular and molecular pharmacology of Top1 inhibitors is

complex, and while Top1 target engagement is a necessary first

step in this process, it may not be a predictor for tumor response.

Therefore, we set out to establish the utility of monitoring

pharmacodynamic response to Top1 inhibitors with a validated

assay for Top1 levels as a measure of target engagement, and to

determine the relationship between pre- and post-treatment Top1

levels in experimental models. We have reported on the

development and validation of an enzyme-linked immunosorbent

assay (ELISA) for quantifying Top1 levels in cancer cell lines [33].

In the current study, we have validated the Top1 immunoassay for

use with solid tumor extracts and report preclinical modeling with

a non-camptothecin indenoisoquinoline Top1 inhibitor and

topotecan against xenograft models. As part of method validation,

we also demonstrated the ability to measure baseline Top1 levels

in 18-gauge needle tumor biopsies collected from patients in

clinical trials at the NCI following standard operating procedures

established for the clinical poly(ADP-ribose) immunoassay [34].

Results

Assay validation
We designed an assay to measure total Top1 in cell extracts,

both free and DNA bound. Analytical validation was carried out

to establish assay accuracy and precision. During sample collection

and processing, samples were kept on ice at all times to prevent

loss of Top1 signal; experiments performed during early assay

development had demonstrated that boiling Top1 standards

resulted in a loss of signal (unpublished data). In addition, when

samples were stored as diluted extracts (0.1 mg/mL), Top1 tended

to be degraded compared to fresh extracts or extracts stored at

concentrations $1.0 mg/mL (unpublished data). Accuracy was

evaluated by spike/recovery of pure recombinant Top1 (rTop1)

standards in tumor biopsy extracts and by analysis of dilution

linearity of intrinsic Top1 in xenograft samples. Dilution linearity

was demonstrated by measuring intrinsic Top1 levels in three

A375 and three HCT 116 xenograft extracts; Top1 levels reported

by the assay showed acceptable dilution linearity over the protein

load range (Figures 1A and 1B). An antigen spike-recovery

experiment was used to determine assay accuracy. Pure rTop1

standards were spiked into A375 extracts at three different protein

loads and Top1 recovery was measured; recovery of antigen

ranged from 81% to 105% with a mean6 standard deviation (SD)

of 96.5%67.3% (Table 1).

Assay precision was assessed by inter-day and intra-assay

variability of results. Inter-day performance was determined by

measuring Top1 levels in HCT 116 xenograft samples over three

days by a single operator. The coefficient of variation (CV) for

inter-day performance ranged from 2.0% to 17.8% with a mean6

SD of 9.3%63.4% (Table 2). Intra-assay performance was

calculated using the same data and CVs ranged from 0.2% to

11.5%. Inter-laboratory reproducibility was determined by mea-

suring Top1 levels in 24 matched HCT 116 xenograft biopsy

extract samples and matched controls in two different laboratories,

National Clinical Target Validation Laboratory (NCTVL) and

Pharmacodynamic Assay Development and Implementation

Section (PADIS). Analysis carried out by separate operators in

each laboratory showed a strong correlation between the two sites

(R2 = 0.98; Figure 1C).

Drug efficacy studies
Efficacy of the indenoisoquinoline NSC 724998 compared to

topotecan was tested against A375, HCT 116, Colo829, and SK-

Validated Top1 Immunoassay for Solid Tumor Tissues
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MEL-28 xenografts in athymic nude mice. Top1 inhibitors were

administered to xenograft-bearing mice once daily for 5 days as

described in the methods. Tumor growth data for topotecan and

NSC 724988 in the A375 model have previously been reported

[30]. A375 and HCT 116 xenografts in mice had both a log cell

kill and a delay in tumor growth (measured by changes in median

tumor volume) following topotecan treatment in comparison to the

vehicle controls; these results indicated that the A375 and HCT

116 xenograft models were topotecan-responsive (Table 3). SK-

MEL-28 xenografts were considered nonresponsive as no tumor

growth inhibition was observed at any topotecan dose or regimen

tested, and Colo829 xenografts were moderately responsive

(Table 4).

Baseline Top1 levels in topotecan-responsive and -
nonresponsive xenograft models
Top1 levels in all xenografts from A375 engrafted untreated and

vehicle control mice varied by 40% (n= 25, Table 5) with 15 of

25 mice in the control groups having Top1 levels within 1 SD of

the mean. Top1 levels in the vehicle group ranged from 0.43 to

4.75 ng/mL Top1 per 1 mg protein (ng/mL/mg; Figure 2A). This
variation was much greater than the expected percent CV for

intra- and inter-assay performance and likely represents biological

differences in the samples, possibly due to specimen collection and

handling procedures prior to assaying. Baseline Top1 levels in

HCT 116 xenografts ranged from 2.68 to 4.65 ng/mL/mg
(Figure 2B); variation in all untreated and vehicle-treated HCT

116 xenografts was 20% (n= 15; Table 5). A 25% variation in

Top1 levels from the mean was seen in all vehicle-treated Colo829

(n= 12) and 33% in all vehicle-treated SK-MEL-28 (n= 18). Top1

levels of vehicle-treated xenografts ranged from 0.32 to 1.21 ng/

mL/mg in Colo829 xenografts and 0.49 to 1.08 ng/mL/mg in SK-

MEL-28 xenografts (Figure 2C and 2D). Of note, the baseline

levels of Top1 differed in the four different xenograft models with

higher baseline Top1 levels present in the topotecan-responsive

A375 and HCT 116 xenografts, 3.0161.58 ng/mL/mg and

3.5860.65 ng/mL/mg, respectively, and lower levels in the

moderately responsive Colo829 and nonresponsive SK-MEL-28

models, 0.7460.3 ng/mL/mg and 0.8160.16 ng/mL/mg, respec-
tively. Top1 levels in the Colo829 and SK-MEL-28 models were

significantly lower than the topotecan-responsive models by

Student’s unpaired two-tailed t-test (P#0.0005), but not from

each other.

Comparison of Top1 levels following topotecan
treatment in topotecan-responsive and -nonresponsive
xenografts models
Effects of topotecan treatment were compared in the topotecan-

responsive and -nonresponsive xenograft models at baseline

(untreated or vehicle treated) and varying time points during the

first 24 hours after a single dose of 1.0 maximum tolerated dose

(MTD) topotecan. Top1 levels in the A375 xenograft model

decreased 63% at 4 hours and 46% at 7 hours compared to

matched vehicle cohorts following topotecan treatment; these

decreases were significant by Student’s one-tailed t-test (P = 0.02

and 0.03, respectively; Figure 2A). Mean Top1 levels in untreated

mice bearing HCT 116 xenografts were 3.5960.65 ng/mL/mg
and decreased 49% to 1.8260.6 ng/mL/mg 5 hours after

topotecan treatment (P = 0.0009; Figure 2B). While a trend for

decreasing Top1 levels over time was seen in the moderately

topotecan-responsive Colo829 xenograft model, the matched

vehicle controls also had decreasing Top1 levels (Figure 2C).

Only at 24 hours following topotecan treatment was a statistically

significant decrease in Top1 observed (P= 0.03). The topotecan-

resistant SK-MEL-28 model had a less pronounced (Figure 2D),

but yet significant decrease in Top1 levels 5 hours (36% decrease)

and 24 hours (32% decrease) after topotecan administration

(P= 0.0002 and 0.01, respectively; Figure 2D).

Figure 1. Validation of assay performance. (A) Top1 levels were
measured in serial dilutions of three A375 and three HCT 116 xenograft
extract samples using the Top1 immunoassay. (B) Total Top1 levels from
the diluted extracts in panel A normalized to 1 mg/mL. (C) Comparison
of Top1 levels in 24 matched samples and 6 control extracts, measured
by two independent laboratories, the Pharmacodynamic Assay De-
velopment and Implementation Section (PADIS) laboratory and the
National Clinical Target Validation Laboratory (NCTVL). Sample dilution
and analysis were performed independently by both laboratories and
Top1 levels were compared across sites.
doi:10.1371/journal.pone.0050494.g001
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Table 1. Percent recovery of rTop1 standards spiked into A375 xenograft extracts at three different protein loads.

rTop1 standard % Recovery by protein load

(ng/mL) 1.0 mg Protein load 0.5 mg Protein load 0. 25 mg Protein load

0.391 101 101 97

0.781 99 101 81

1.563 101 105 84

3.125 99 101 87

6.25 94 104 93

Mean recovery 6 SD 98.862.7 102.362.1 89.666.6

Abbreviations: SD = standard deviation.
doi:10.1371/journal.pone.0050494.t001

Table 2. Inter-day and intra-assay performance of the Top1 immunoassay.

Protein load Inter-day performance (Top1 levels, ng/mL) Inter-day Intra-assay CV%

(mg/well) Day 1 Day 2 Day 3 Mean 6 SD CV% Day 1 Day 2 Day 3

HCT 116-1 5 3.40 4.35 3.53 3.76 6 0.52 13.8 1.5 0.5 0.9

3.75 2.46 2.69 2.73 2.62 6 0.15 5.6 3.1 2.7 6.3

2.5 1.48 1.64 1.72 1.61 6 0.12 7.5 1.6 0.5 3.5

1.25 0.63 0.66 0.77 0.69 6 0.07 10.2 1.1 0.9 1.0

HCT 116-2 5 8.83 10.29 10.51 9.88 6 0.91 9.2 0.5 0.2 2.3

3.75 6.83 8.35 8.21 7.8 6 0.84 10.7 2.7 4.0 1.4

2.5 4.19 5.11 4.42 4.57 6 0.48 10.5 3.2 0 2.1

1.25 1.63 1.79 1.81 1.74 6 0.1 5.5 0.4 3.2 0.5

HCT 116-3 5 2.15 2.72 2.44 2.44 6 0.28 11.6 3.4 1.8 6.5

3.75 1.77 2.10 1.99 1.95 6 0.17 8.7 2.3 1.4 4.8

2.5 1.19 1.34 1.42 1.31 6 0.12 8.9 2.3 1.4 1.8

1.25 0.64 0.65 0.78 0.69 6 0.08 10.9 0.5 0.4 0.7

HCT 116-4 5 7.52 9.29 8.52 8.44 6 0.89 10.5 0.2 0.3 2.0

3.75 5.61 6.22 5.60 5.81 6 0.36 6.1 1.6 1.2 1.8

2.5 2.94 2.96 2.79 2.89 6 0.09 3.1 4.3 3.9 1.1

1.25 0.76 0.70 0.85 0.77 6 0.08 9.9 1.6 0.7 1.6

HCT 116-5 5 1.29 1.38 1.52 1.40 6 0.12 8.3 3.3 2.9 5.9

3.75 1.05 1.1 1.27 1.14 6 0.11 10 4.6 0.7 2.7

2.5 0.82 0.83 0.98 0.88 6 0.09 10.5 0.8 2.0 1.8

1.25 0.34 0.34 0.44 0.38 6 0.05 14.4 2.6 0.6 2.3

HCT 116-6 5 6.85 8.53 8.45 7.95 6 0.95 11.9 0.2 0.4 4.2

3.75 4.25 5.39 4.87 4.84 6 0.57 11.8 0.8 0.8 1.1

2.5 2.30 2.42 2.58 2.43 6 0.14 5.7 11.5 0.4 5.1

1.25 0.52 0.60 0.74 0.62 6 0.11 17.8 1.2 0.4 2.8

A375 controls High 10.02 10.95 10.57 10.52 6 0.47 4.4 1.8 4.5 2.6

Mid 6.52 7.88 7.47 7.29 6 0.70 9.5 1.9 0.7 3.8

Low 1.70 1.75 1.68 1.71 6 0.03 2.0 9.1 8.9 0.9

MCF7 controls High 6.67 8.33 7.72 7.57 6 0.84 11.1 3.3 2.0 2.0

Mid 1.00 1.04 1.14 1.06 6 0.07 6.7 3.3 2.8 5.7

Low , LLQ 0.11 0.13 0.11 6 0.01 13.1 1.4 1.7 2.2

Abbreviations: CV%, percent coefficient of variation; LLQ, lower limit of quantitation; SD, standard deviation.
doi:10.1371/journal.pone.0050494.t002
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Table 3. Tumor response and biomarkers for Top1 inhibitors in topotecan-responsive xenograft models.

Tumor growth inhibition

No. of micea
Drug-related
deathsb

Maximum % mean
body weight loss (d)

Growth delay %
(T-C)/C Net log cell kill

A375 Xenograftsc

Topotecan, IP

4.7 mg/kg QD65 8 2 28.4 (15) 143 1.8

1.5 mg/kg QD65 8 0 6.4 (12) 54 0.3

NSC 724998, IV

16.0 mg/kg QD65 8 0 7.2 (12) 259 0.8

12.0 mg/kg QD65 8 0 7.1 (12) 116 1.4

8.0 mg/kg QD65 8 0 3.6 (12) 68 0.6

4.0 mg/kg QD65 8 0 3.2 (12) 28 20.1

HCT 116 Xenografts

Topotecan, IP

4.0 mg/kg QD65 8 0 13.7 (14) 79 0.4

2.0 mg/kg QD65 8 0 16.4 (21) 45 0.1

1.0 mg/kg QD65 8 0 18.4 (24) 43 0.0

NSC 724998, IV

25.0 mg/kg QD65 8 0 11.4 (52) 67 1.0

16.75 mg/kg D65 8 0 11.9 (43) 57 0.8

11.2 mg/kg QD65 7 0 0.0 (NA) 47 0.6

Abbreviations: C, control group; d, day; IP, intraperitoneal; IV, intravenous; NA, not applicable; ND, not determined QD65, treated for 5 sequential days at designated
dose; T, treated group.
a. No mice were tumor-free by study day 70.
b. A death is considered treatment-related if the animal dies within 15 days of the last treatment and either the tumor weight is less than the lethal burden in the control
mice or its net body weight loss at death is 20% greater than the mean net weight change in the control animals at death or sacrifice.
c. Data from topotecan and NSC 724998 treated A375 xenografts in athymic nude mice were previously published by our group [30].
doi:10.1371/journal.pone.0050494.t003

Table 4. Tumor response and biomarkers for Top1 inhibitors in topotecan-nonresponsive and moderately responsive xenograft
models.

Tumor growth inhibition

No. of micea
Drug-related
deathsb

Maximum % mean
body weight loss (d)

Growth delay %
(T-C)/C Net log cell kill

Colo829 Xenografts

Topotecan, IP

4.0 mg/kg QD65 13 0 11.0 (34) 6 20.1

1.0 mg/kg QD65 13 0 9.2 (34) 215 20.4

NSC 724998, IV ND

SK-MEL-28 Xenografts

Topotecan, IP

4.0 mg/kg QD65 12 0 15.8 (22) 12 0.0

NSC 724998, IV

16.0 mg/kg QD65 12 0 5.6 (18) 7 0.0

Abbreviations: C, control group; d, day; IP, intraperitoneal; IV, intravenous; NA, not applicable; ND, not determined QD65, treated for 5 sequential days at designated
dose; T, treated group.
a. No mice were tumor-free by study day 70.
b. A death is considered treatment-related if the animal dies within 15 days of the last treatment and either the tumor weight is less than the lethal burden in the control
mice or its net body weight loss at death is 20% greater than the mean net weight change in the control animals at death or sacrifice.
doi:10.1371/journal.pone.0050494.t004
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Dose response over time in the A375 topotecan-
responsive xenograft model
During validation of our cH2AX immunofluorescence assay,

xenograft modeling was used to determine the optimal timing for

biomarker assessment following Top1 inhibitor treatment [30].

We replicated this analysis for the Top1 immunoassay in mice

bearing A375 xenografts treated with single dose 0.033 to 1.0

MTD topotecan for 2, 4, or 7 hours and compared to matched

vehicle control groups. Decreases in Top1 levels were not

significant 2 hours after topotecan treatment at any dose level

when compared to matched vehicle controls (Figure 3, left). In the

4-hour post-dose treatment groups, Top1 levels decreased by 51%

following 0.32 MTD topotecan treatment (P = 0.03), 48%

following 0.5 MTD treatment (P = 0.09), and 63% in the 1.0

MTD group (P= 0.02) when compared to the 4 hours vehicle

control. Although not all 4-hour post-dose groups had significantly

reduced Top1 levels compared to vehicle, regression analysis of

the Top1 levels over increasing topotecan dose showed a good

correlation with an R2 of 0.72. By 7 hours following topotecan

treatment, all mouse groups except those treated with the lowest

topotecan dose had significantly decreased Top1 levels compared

to the vehicle group (P#0.05) with a 63% reduction in Top1 seen

in the 0.1 and 0.32 MTD dosing groups. Though there was a high

degree of variation seen in the vehicle control groups collected at

different time points (Top1 range, 0.4–4.81 ng/mL/mg), there was
no statistical difference between them.

Top1 levels in xenografts from topotecan- or
indenoisoquinoline-treated mice
Mice bearing A375 xenografts were treated with increasing

doses of topotecan or NSC 724998, and Top1 levels were

measured at 4 or 7 hours following treatment (Figure 4A). No

significant decrease in Top1 levels was observed 4 hours after 0.32

MTD topotecan or 0.64 MTD NSC 724998 treatment compared

to citrate vehicle controls. By 7 hours post-dose, a significant

decrease in Top1 levels was seen in the 0.32 MTD topotecan

(P= 0.03), 0.5 MTD NSC 724998 (P = 0.03), and 0.64 MTD NSC

724998 (P = 0.02) treatment cohorts. The 0.1 MTD topotecan-

treated cohort was not statistically different from matched citrate

vehicle controls. The timing of maximal Top1 depletion matched

Figure 2. Top1 levels in topotecan-responsive and -nonresponsive xenograft models. Mice treated with water vehicle or single dose 1.0
MTD topotecan for the designated times were assessed for Top1 levels using the validated immunoassay. (A) Mice bearing A375, topotecan-
responsive xenografts were collected 2, 4, or 7 hours after treatment (n = 4/cohort). (B) HCT 116 colon cancer xenografts were collected 2, 5, and
24 hours after treatment and compared to baseline (0 h, no vehicle). n = 3–6 topotecan-treated mice/cohort and n= 12 in the 0 h cohort. (C) Colo829
xenografts were collected 4, 7, or 24 hours after treatment (n = 3/cohort). (D) SK-MEL-28 xenografts were collected 2, 5, or 24 hours after treatment
(n = 6/cohort). Box plots represent interquartile range, 10th and 90th percentile whiskers, and median Top1 levels; diamonds represent group mean.
Asterisks (*), treatment cohort mean was statistically different from the vehicle mean at same time point (or baseline in the HCT 116 cohorts), with
a significance level of P#0.05, as determined by Student’s one-tailed t-test.
doi:10.1371/journal.pone.0050494.g002
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that seen with earlier topotecan experiments in the A375 xenograft

model.

HCT 116 and Colo829 xenograft-bearing mice were treated

with single dose 1.0 MTD topotecan or NSC 724998 and samples

were collected for Top1 evaluation 4 hours later. Top1 levels were

compared to matched vehicle controls. In the HCT 116

xenografts, only 1.0 MTD topotecan treated mice had a significant

decrease in Top1 levels versus its matched vehicle control

(P = 0.02; Figure 4B). Mean Top1 levels for HCT 116 xenograft

bearing mice treated with NSC 724998 were not statistically

different from their corresponding citrate vehicle group. As seen

previously, mean Top1 levels in Colo829 xenografts decreased

following 1.0 MTD topotecan treatment, though this change was

not significant (Figure 4C). In contrast, the 1.0 MTD NSC 724998

treated Colo829 cohort had significantly decreased Top1 levels

compared to matched vehicle controls (P = 0.03).

In both the HCT 116 and Colo829 models, an untreated cohort

was examined in parallel with the vehicle control and drug treated

cohorts. Top1 levels in HCT 116 xenografts from untreated mice

averaged 3.5361.4 ng/mL/mg and in Colo829 averaged

2.7360.12 ng/mL/mg (mean 6 SD, dashed line in Figures 4B

and 4C). While Top1 levels in the water vehicle HCT 116 cohort

collected 4 hours after treatment were not statistically different

from the untreated cohort, the citrate vehicle control group had

significantly lower Top1 levels than the untreated group (P#0.05).

In the Colo829 xenograft samples, both the water vehicle and

citrate vehicle groups had statistically lower Top1 levels than the

untreated group (P#0.05).

Baseline Top1 levels in patient tumors and PBMC
samples
Determination of Top1 baseline levels in tumor biopsy extracts

from six patients enrolled in clinical trials at the NCI showed 4 of 6

patients had Top1 levels within 1 SD of the mean (Table 5). Top1

concentrations for individual patients were determined by

averaging three different protein loads for each tumor extract.

Only values above the lower limit of quantitation (LLQ) were

reported; patient baseline tumor biopsy Top1 levels ranged from

0.37 to 3.79 ng/mL/mg biopsy protein. During Top1 immuno-

assay analysis as part of fit-for-purpose testing, patient Top1 levels

are measured in triplicate at three protein loads (Figure 5) to

ensure that calculation of Top1 levels in a patient sample is

determined within the linear range of the sample. In the six patient

samples analyzed, based on the calculated total baseline Top1

levels at the highest protein load (2 mg/well), the assay could have

detected a 90% reduction in Top1 levels in 4 of the 6 (66%)

patients, a 70% reduction in 5 of the 6 patients (83%), and a 60%

reduction in all 6 patients. Top1 levels in peripheral blood

mononuclear cells (PBMCs) had a 15% variation with Top1

ranging from 9.9 to 103.8 ng/mL/16107cells (Table 5). Only 1 of

15 PBMC samples analyzed read below the LLQ and the fraction

of specimens in which a 70% or greater reduction in PBMC levels

Table 5. Biological variation observed in baseline Top1 levels in xenograft models and patient samples.

No. of samples
Top1 level, ng/mL/mg
(mean 6 SD)

No. samples within
1 SD of the mean Percent variation (%)

Xenograftsa

A375 25 2.8761.25 15 40

HCT 116 15 3.4260.82 12 20

Colo829 12 1.0760.68 9 25

SK-MEL-28 18 0.8160.17 12 33

Patient Samples

Tumor biopsyb 6 1.5361.38 4 33

PBMCsc 14 34.5628.7 ng/mL per 16107cells 12 15

Abbreviations: PBMCs, peripheral blood mononuclear cells; SD, standard deviation.
a. Xenograft data include Top1 levels measured in untreated and vehicle-treated (water) A375 and HCT 116 xenograft bearing mice and vehicle-treated (water) Colo829
and SK-MEL-28 mice from all experiments.
b. Top1 levels measured in tumor biopsies from patients at baseline. Top1 levels expressed as an average of all measurements above the LLQ; each patient had Top1
levels above the LLQ for at least 2 of 3 protein loads.
c. Top1 levels measured in PBMC samples from patients at baseline. Top1 levels expressed as an average of all measurements above the LLQ. In one patient, the Top1
levels were below the LLQ, in this case the LLQ was used as the Top1 measurement.
doi:10.1371/journal.pone.0050494.t005

Figure 3. Dose-dependent decrease in Top1 levels in A375
xenografts. Tumor biopsies were collected from A375 xenografts 2, 4,
and 7 hours after a single dose of 0.033 to 1.0 MTD topotecan or water
vehicle control (n = 4/cohort). Box plots represent interquartile range,
10th and 90th percentile whiskers, and median Top1 levels; diamonds
represent group mean. Asterisks (*), treatment cohort mean was
statistically different from vehicle mean at same time point, with
a significance level of P#0.05, as determined by Student’s one-tailed t-
test.
doi:10.1371/journal.pone.0050494.g003
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could be measured was 53%, while a 50% reduction could be

measured in 73% of PBMC specimens.

Discussion

Numerous xenograft studies have demonstrated that treatment

with Top1 inhibitors results in tumor regression [24,35–37];

however, to our knowledge, none of these studies have measured

target engagement by the test drugs. Our group recently reported

dose- and time-dependent changes in cH2AX levels in tissue

sections and blood from xenograft-bearing mice treated with

indenoisoquinolines or topotecan [30]. Changes in cH2AX signal

following Top1 inhibitor treatment provide a downstream marker

for Top1-induced DNA damage. The quantitative immunoassay

for Top1 enzyme levels provides a more direct measurement of

drug activity on target, and was validated to measure Top1

inhibitor effects in solid tumor extracts. The assay was used for

preclinical pharmacodynamic modeling of indenoisoquinoline

Top1 inhibitors compared to topotecan.

Figure 4. Top1 levels measured in xenografts treated with topotecan compared to two indenoisoquinoline topoisomerase
inhibitors. (A) Top1 levels in A375 xenografts collected 4 or 7 hours following single dose treatment (MTD indicated) with topotecan or the
indenoisoquinoline NSC 724998 (n = 5–6 mice/cohort). (B) HCT 116 xenografts and (C) Colo829 xenografts collected 4 hours after mice were treated
with the indicated doses and drugs. (n = 3–6 mice/cohort; NSC 724998 had 2 mice/cohort). Box plots represent interquartile range, 10th and 90th

percentile whiskers, and median Top1 levels; diamonds represent group mean. Dashed lines in panels B and C indicate the mean Top1 levels in
a matched untreated cohort (0 h) for these xenograft models. Asterisks (*), treatment cohort mean was statistically different from vehicle mean at
same time point, with a significance level of P#0.05, as determined by Student’s one-tailed t-test.
doi:10.1371/journal.pone.0050494.g004
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Assay validation studies indicate that the Top1 immunoassay is

suited for preclinical modeling and use in clinical trials for Top1

inhibitors. The assay had good inter-assay precision, acceptable

spike recovery, and a good correlation between separate labora-

tories. During assay development it was noted that in order to

prevent loss of Top1 signal, samples had to be kept refrigerated

during processing; procedures were modified to maintain samples

on ice. Time-course studies of Top1cc by several laboratories

indicate that Top1cc reverses at the same time points used with

our assay (4–7 hours post-treatment); therefore, heat reversal to

release the DNA-bound Top1 was not used [12,38–40].

Additionally, the presence of Top1cc was not expected to affect

total Top1 assay readout since both the capture and detection

antibodies used in the assay bind both Top1 and Top1cc (data not

shown) and sample processing used a Pro 200 homogenizer which

shears DNA and should facilitate antibody binding to Top1cc. It is

also likely that under our assay conditions, Top1cc are converted

to free Top1 as a result of sample dilution since the equilibrium

greatly favors the free (dissociated) enzyme in the absence of drug

[41]. However, it still remains possible that some Top1 that is

associated with DNA as Top1cc may be undetected in our assay;

in this case our assay would read this as a decrease in total Top1.

Whether we are measuring true Top1 degradation or an apparent

decrease due to Top1cc formation, the final assay readout remains

a report of engagement of target. Of note, our data show little or

no decrease in Top1 levels at 2 hours where Top1cc should be

greater, while a decrease is observed at 4 hours when Top1cc

should have decreased [41].

Baseline Top1 levels in topotecan-responsive and -
nonresponsive xenograft models
Our data support previous findings that pretreatment levels of

Top1 may act as an indicator of responsiveness [7,13,42] and

appear to be a better indicator than Top1 levels reached during

treatment. Topotecan-responsive xenografts (A375 and HCT 116)

had higher baseline levels of Top1 in untreated or vehicle treated

mice than the topotecan-nonresponsive model (SK-MEL-28).

Colo829 xenografts, which exhibited an intermediate response to

topotecan, had correspondingly intermediate levels of Top1.

Top1 levels decreased upon treatment with 1.0 MTD

topotecan, consistent with reports that Top1 is degraded in

response to camptothecin [13–18], which shares the E-ring

structure and mechanism of inhibition with topotecan. Interest-

ingly, our previously published evaluation of Top1 levels in the

NCI 60 cancer cell line panel revealed that HCT 116 had one of

the highest Top1 levels, about 9-fold higher than the SK-MEL-28

cell line, which had one of the lowest Top1 levels in the panel [33].

One mechanism of resistance for cells with lower Top1 levels is

the formation of fewer Top1cc, resulting in lower accumulation of

DNA damage and increasing the likelihood of effective repair

[2,23]. Recent findings by our group show that topotecan-

responsive A375 xenografts have much higher levels of cH2AX

foci after Top1 inhibitor treatment than topotecan-nonresponsive

SK-MEL-28 xenografts supporting a higher frequency of DNA

DSB damage in topotecan-responsive tumors [30]. These ob-

servations support the hypothesis that the initial Top1 levels are

critical for drug response and that baseline levels of Top1 may

provide a biomarker for predicting drug response. Analogously,

a targeted RNAi approach has demonstrated that suppression of

Top1 produces resistance to camptothecin [43,44]. While

potentially a powerful predictive tool, measurement of Top1

levels only provides a metric of target engagement with Top1

inhibitors. The ultimate response to chemotherapy will almost

certainly depend on additional factors including DNA repair and

apoptotic signaling pathways present in the tumor.

Reduction of Top1 levels in xenografts from topotecan-
or indenoisoquinoline-treated mice
Our study suggests that reduction in Top1 levels could be used

as a biomarker for drug engagement of target. Colo829 and HCT

116 xenograft models provide data supporting the link between

Top1 levels, decrease in Top1 upon treatment, cH2AX induction

(unpublished data) and tumor response. Top1 levels in topotecan-

treated A375 xenografts measured using our Top1 immunoassay

showed a time- and dose-dependent decrease in response to

topotecan treatment. These results parallel our previously reported

in vitro results [33] and prior results in a panel of cell lines with

varying response to Top1 inhibitors [13]. Maximal Top1 down

regulation in responsive xenograft models was observed 4 to

7 hours post-treatment, suggesting that this may be the optimum

time window to collect a post-dose tumor biopsy from patients.

However, the large variability in Top1 levels in the control animals

may complicate its use as a pharmacodynamic marker. The

observed variability likely stems from biological variability, as the

analytical variability of the assay is low. Substantial effort was

made to establish optimal conditions for specimen handling and

Top1 recovery efficiency to match those of standard clinical

chemistry assays; however, the possibility remains that some

variation was due to specimen collection and handling procedures.

In addition, assay transfer across laboratories showed a high

degree of reproducibility (R2 = 0.98), including specimen extrac-

tion steps. Using each individual tumor as its own control, as is

frequently done in early-stage clinical trials, may minimize the

effect of individual differences in baseline Top1 levels.

Overall Top1 levels in untreated HCT 116 xenografts were less

variable than in A375 xenografts, which may make HCT 116

a more tractable model for certain preclinical studies of Top1

inhibitors, even though tumor growth inhibition was not as great

as in the A375 model. Also, it should be noted that a large degree

of variability in Top1 levels was observed in untreated, water

vehicle-treated, and citrate vehicle-treated HCT 116 xenografts.

Top1 levels decreased significantly with 1.0 MTD topotecan

treatment, but were not statistically different from vehicle or 1.0

Figure 5. Baseline Top1 levels in clinical biopsy samples. Top1
levels measured in extracts prepared from pre-treatment tumor needle
biopsies from 6 patients enrolled in NCI clinical trials. Top1 levels were
assayed using three different protein loads for each extract. Top1 levels
in biopsy extracts for the 0.5 mg/mL protein load of patients 3 to 6 were
below the LLQ of the assay.
doi:10.1371/journal.pone.0050494.g005
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MTD NSC 724998 treated groups. Additional data (not shown)

suggest that Top1 levels in a subset of HCT 116 xenografts

24 hours after 1.0 MTD topotecan and 1.0 MTD NSC 724998

treatment are lower than control animals. This may be due to

differences in the baseline levels of Top1 being reflective of two

populations of response, or may be due to differences in rates of

Top1 synthesis and degradation. The sustained low levels of Top1

in responding models, corresponding to the minimal Top1 levels

in the non-responding models, may be critical to understanding

the optimal time to re-administer drug.

Even though SK-MEL-28 xenografts were defined as topote-

can-nonresponsive by tumor growth inhibition analysis, Top1

levels were significantly decreased at 5 and 24 hours after a single

dose of 1.0 MTD topotecan. Western blot data also show Top1 is

down regulated in both A375 and SK-MEL-28 cells (Figure S1);

thus, Top1 targeting and target engagement are not effective in

SK-MEL-28 cells. One explanation could be that the low

endogenous levels of Top1 in SK-MEL-28 cells may result in

the accumulation of fewer Top1cc, resulting in less DNA damage,

and ultimately allowing the cells to survive exposure to Top1

inhibitors. Indeed, biopsies from SK-MEL-28 xenografts display

a minimal cH2AX response at 2 and 5 hours after a single dose of

1.0 MTD topotecan compared to biopsies from A375 xenografts,

which have a considerable cH2AX response [30].

One difference between responsive and non-responsive tumors

may, at least in part, be due to the amount of DNA damage

induced in the cells. Top1 inhibitors such as camptothecin and the

non-camptothecin indenoisoquinolines share a common mecha-

nism of action, such that they trap the Top1cc by binding at the

DNA-Top1 interface [2]. The level of damage induced by these

inhibitors will likely depend on not only how much drug binds to

the DNA-Top1cc, but also how much target (Top1) is present in

the cell to arrest processing and promote DNA DSBs. Cells with

low Top1 levels likely do not generate enough DNA damage to

induce cell killing; thus, cells expressing low levels of Top1 and/or

cells with depleted Top1 protein levels due to Top1 poisoning are

resistant because not enough additional DNA damage can be

induced to kill the cells. Additional factors such as drug

countertransport, driver mutations, tumor-stroma interactions,

rate of cell division, DNA repair deficiencies, and apoptotic

response [2] may play a role in modulating this effect. An

additional factor could be whether the amount of induced DNA

damage is greater than can be repaired by the DNA repair

pathways. Formation of the Top1cc is known to result in DNA

DSBs as DNA or RNA polymerases collide with trapped Top1cc

[2], and increased DNA DSBs could ultimately lead to cell death if

repair is not successfully completed. Trapping of Top1, ubiqui-

tylation, and degradation by the proteasome [13] can also reduce

the amount of Top1 target available to induce further DNA

damage. Accordingly, some cells that are deficient in Top1

degradation despite formation of Top1cc, have increased sensi-

tivity to Top1 inhibitors [13].

Top1 levels in patient tumors and PBMC samples
Baseline Top1 levels in both patient tumor and PBMC samples

show similarly large variation as that measured in xenografts. This

variation suggests that it may not be possible to measure drug

effect based on post-dose Top1 levels alone, but will require

a paired pre-dose specimen from the same patient against which

target inhibition by the drug can be gauged.

Summary and conclusions
The development and validation of a quantitative assay for

intratumoral Top1 levels has allowed direct measurement of Top1

levels and Top1 inhibitor effects on target. Preclinical pharmaco-

dynamic modeling of indenoisoquinoline and topotecan time and

dose effects was performed in both topotecan-responsive and -

nonresponsive xenografts. Topotecan-responsive A375 and HCT

116 xenografts showed higher baseline Top1 levels than non-

responsive SK-MEL-28. Top1 levels decreased in response to

topotecan, with a maximal decrease after 4 to 7 hours in all

xenograft models tested. Substantial biological variation in Top1

levels was observed in control animals, particularly for A375

xenografts, which may complicate use of Top1 levels as a marker

of target engagement. Baseline data in the limited number of

patient specimens analyzed also show diverse Top1 levels in

different tumors. The total Top1 immunoassay has been trans-

ferred to the National Clinical Target Validation Laboratory, NCI

(Bethesda, MD) to assess pharmacodynamic response in tumor

biopsies in patient samples from current clinical trials of

indenoisoquinoline Top1 inhibitors conducted at the NCI, and

development of a Top1cc assay is in progress.

Materials and Methods

Ethics Statement
The Frederick National Laboratory for Cancer Research is

accredited by Association for Assessment and Accreditation of

Laboratory Animal Care International and follows the USPHS

Policy for the Care and Use of Laboratory Animals. All the studies

were conducted according to an approved animal care and use

committee protocol in accordance with the procedures outlined in

the ‘‘Guide for Care and Use of Laboratory Animals’’ (National

Research Council; 1996; National Academy Press; Washington,

D.C.).

All patients and healthy donors gave written informed consent

for study inclusion and were enrolled on NCI institutional review

board-approved protocols. The study was performed in accor-

dance with the precepts established by the Helsinki Declaration.

The study design and conduct complied with all applicable

regulations, guidances, and local policies and was approved by the

NCI institutional review board.

Animal models
Female athymic nude (NCr) mice (Frederick National Labora-

tory for Cancer Research Animal Production Program) were

implanted with the human melanoma cell lines A375, Colo829,

and SK-MEL-28 or the human colon cancer cell line HCT 116 as

previously reported [34]. All cell lines were purchased from ATCC

(Manassas, VA). All mice developed tumors, and the tumors were

maintained by serial in vivo passage using tumor fragment

transplantation when the donor tumors reached 10 to 15 mm in

diameter. Tumors were staged to a preselected size (weight = 150–

300 mg) calculated using the following formula: weight (mg) =

(tumor length x [tumor width]2)/2 [45]. Mice were housed in

sterile, filter-capped polycarbonate cages (Allentown Caging,

Allentown, NJ), maintained in a barrier facility on a 12-hour

light/dark cycle, and were provided sterilized food and water, ad

libitum. Mice were randomized before initiation of treatment

using a commercial software program (Study Director, Studylog

Systems, Inc., San Francisco, CA).

Drug administration
Topotecan (NSC 609699) was obtained through the De-

velopmental Therapeutics Program, NCI, and the indenoisoqui-

noline NSC 724998 was initially synthesized by Dr. Mark

Cushman, Purdue University and provided by the Developmental

Therapeutics Program Repository, NCI. Topotecan was admin-
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istered intraperitoneally in a sterile water vehicle. NSC 724998

was administered intravenously in a vehicle composed of 20 mM

hydrochloric acid: 10 mM citric acid: 5% dextrose (1:1:6). Drugs

were administered as a single dose in 0.1 mL vehicle/10 g body

weight. The established single-dose MTD in mice for NSC 724998

is 25 mg/kg and for topotecan is 15 mg/kg [46]. These doses are

referred to as the single-dose MTD for each compound within the

manuscript; doses in this report are described as fractions of the

single-dose MTD. The MTD for topotecan administered to mice

once a day for 5 consecutive days (QDx5) is 4.7 mg/kg and is

equitoxic to the human therapeutic dose of 1.5 mg/m2/day for 5

consecutive days [47,48]. Topotecan, NSC 724998, or vehicle

were administered at the times and doses indicated. In some

experiments, the use of the water vehicle was omitted due to

constraints caused by the number of animals available.

Xenograft collection
Specimen collection and handling conditions tested were

limited to those commonly used at the NIH Clinical Center

(Bethesda, MD) and extramural sites participating in NCI clinical

trials. All specimens were collected from anesthetized donors and

immediately flash-frozen, dry, in pre-cooled o-ring screw-cap

conical vials as previously described [34,49]. Briefly, cohorts of at

least three mice per drug dose and time point were anesthetized

with isoflurane, and the xenograft tumor pieces were collected by

resection, once surgical anesthesia was reached (no toe pinch).

Tumor pieces were collected for initial testing of the immuno-

assay on biopsy extracts as previously described with tumor

pieces sized to approximately 20 mg [30,34]. Sampling was

timed from the beginning of drug administration. Frozen tumor

biopsies were stored in liquid nitrogen (preferred) or 280uC until

processing.

Patient blood and biopsy collection
Needle biopsies were collected from patients with cancer

(various types of solid tumors) at the Center for Cancer Research,

NCI, and immediately flash-frozen in liquid nitrogen or a dry ice/

ethanol bath per our previously published method [34]. Blood

samples from patients with cancer (various types of solid tumors) at

the Center for Cancer Research, NCI and at NCI-Frederick were

collected in 8-mL Cell Prep Tubes (Becton Dickinson, Rockville,

MD). PBMCs were isolated, counted, and flash-frozen in liquid

nitrogen or a dry ice/ethanol bath following our previously

published method [34].

Biopsy extract preparation
Frozen biopsies were resuspended in 0.5 mL lysis buffer

(10 mM Tris HCl pH 8.5, 0.1% sodium dodecyl sulfate)

supplemented with protease inhibitor cocktail tablets (Roche

Applied Science, Indianapolis, IN) and 1 mM phenylmethanesul-

fonyl fluoride (Sigma-Aldrich, St. Louis, MO). PhosSTOP (Roche

Applied Science, Indianapolis, IN) was added to buffer but did not

affect Top1 levels (data not shown) but allowed sample extracts to

be processed for additional phosphorylation markers. The excised

xenograft tumor pieces were homogenized with a PRO200

homogenizer with 7 mm probe (ProScientific, Oxford, CT) in

an ice bath. Patient 18-gauge needle biopsies were homogenized

using an Ultrasonic Processor with microtip (Cole Parmer, Vernon

Hills, IL), kept in an ice bath, and homogenized again. Samples

were kept on ice throughout the processing steps. Tumor extracts

were stored at 280uC and protein levels were determined with the

Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Scientific

Pierce, Rockford, IL) according to the manufacturer’s instructions.

During assay development, it was noted that storage of samples at

very dilute concentrations resulted in degradation of Top1 protein

(data not shown). As a result assay procedures were modified to

either run diluted samples in the immunoassay the day they were

processed, or to store sample extracts at a concentration of at least

1 mg/mL until the assay could be performed.

PBMC preparation and analysis
Total protein was extracted from 16107 cells/mL in the same

lysis buffer used for biopsy samples and cells were homogenized

using an Ultrasonic Processor with microtip (Cole Parmer) in an

ice bath as previously described [34]. PBMC extracts were stored

at 280uC.

Top1 immunoassay
The Top1 immunoassay was performed as previously de-

scribed [33] with the following exception. Probe antibody and

HRP-conjugate were pre-incubated with mouse serum (Sigma,

1:1000) to lower background signal. Mouse anti-Top1 mono-

clonal antibody clone C21.1 (BD Biosciences Pharmingen,

1:1000), was used as the capture antibody. Pure rTop1 (EMD

Biosciences, Inc.,) was used as to make the standards. Samples

and standards were diluted in PBS-casein and incubated

overnight at 2uC to 8uC. Rabbit anti-Top1 polyclonal antibody

Ab28432 (Abcam, 1:500 in PBS-casein) was used as the probe

followed by the addition of extra serum-absorbed goat-anti-rabbit

horseradish peroxidase conjugate (KPL, 1:1000). Finally, Pico-

ELISA substrate (Thermo Scientific Pierce) was added and

chemiluminescence was measured on an Infinite 200M (Tecan

Group Ltd., Morrisville, NC). Top1 levels for tumor biopsy and

xenograft samples were normalized to 1 mg protein load and to

16107 cells for PBMCs.

Top1 immunoassay validation for tumor extracts
The Top1 immunoassay was validated for analytical perfor-

mance in xenograft biopsies collected using clinically relevant

specimen collection and preparation procedures [28]. Assay

conditions, standards and controls were identical to those pre-

viously described and samples were assayed following the standard

operating procedures established for determining Top1 levels in

the NCI 60 cell line panel [33]. Assay controls and standards were

run on each plate. For inter-day and intra-assay performance

experiments, A375 tumor extract controls were made by dilution

of a 2 mg/mL stock 1:80 (Low), 1:40 (Mid), and 1:20 (High);

MCF7 control extracts were made by dilution of 16107 cells/mL

stock 1:1250 (Low), 1:250 (Mid), and 1:50 (High).

In spike/recovery experiments, pure rTop1 standards (0.1 to

6.25 ng/mL) were spiked into A375 xenograft extracts with total

protein loads of 0.25, 0.5 or 1.0 mg. The Top1 immunoassay was

then performed to determine total recovery of spiked rTop1

standards; percent recovery was calculated based on the initial

rTop1 spiked concentration. Dilution linearity was determined by

performing a 1:2 serial dilution of three A375 and three HCT 116

xenograft extracts into assay buffer (5, 2.5, 1.25, 0.625 mg total

protein/well).

Intra-plate and inter-day (intra-assay) performance was

performed using six xenograft tumor extracts assayed at four

dilutions on three separate days by a single operator. The CV of

the apparent specimen concentration based on reading the

standard curve was determined. Inter-laboratory performance

was determined using 24 matched samples originating from 6

HCT 116 xenograft extract samples, 3 extracts were prepared by

each laboratory. Extract dilutions were prepared independently

at each site for a final concentration of 5, 3.75, 2.5, and 1.25 mg/
mL.
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Statistical analysis
Values for mean, median, standard deviation, correlation

coefficients (R2), and CV were determined using Microsoft Excel

software. The Grubb’s test with significance level (a) set at 0.05
was used to detect outliers within drug treated cohorts with

a minimum of 5 animals using GraphPad software (GraphPad

Software Inc., La Jolla, CA). Student’s unpaired one-tailed t-tests

with the significance level (a) set at 0.05 (95% confidence level)

were used to compare drug treatment groups to untreated or

vehicle; Student’s unpaired two-tailed t-tests were used to compare

untreated or vehicle control groups to each other.

Supporting Information

Figure S1 Western blot analysis of Top1 levels in
topotecan-responsive and –nonresponsive cell lines. (A)
Total protein extracts from A375 and SK-MEL-28 cell lines were

assessed by Western blot following 7 hour treatment with either no

drug or increasing concentrations of topotecan (1, 10, or 100 mM).

(B) Relative intensity of Top1 bands in Western blot at IR700. (C)

Total protein extracts from A375 and SK-MEL-28 cell lines

treated with 100 mM topotecan for 1, 4, or 7 hours or no drug for

1 hour (zero time point). (D) Relative intensity of Top1 bands in

Western blot at IR700.

(TIF)

Supporting Information S1

(DOCX)

Acknowledgments

We would like to thank Kelly Dougherty and Carrie Bonomi, SAIC-

Frederick, Inc., for assistance with cell culture, tumor generation, passage

and collection. We thank Gina Uhlenbrauck, SAIC-Frederick, Inc., for

medical writing assistance in the preparation of this manuscript. We also

acknowledge helpful comments from reviewers during the review process.

Author Contributions

Conceived and designed the experiments: TDP MH RJK SK. Performed

the experiments: TDP MH YZ SAK SB HS JC RD. Analyzed the data:

TDP MH RJK JJ YAE YP. Contributed reagents/materials/analysis tools:

MH RJK JJ REP JET JHD. Wrote the paper: TDP RJK YAE. Enrolled

patients: SK.

References

1. Nechiporchik N, Lieb K, Marquette L, Polin L, Peters GJ, et al. (2010)

Preclinical activity of the poly(ADP-ribose) polymerase (PARP) inhibitor ABT-

888 in combination with irinotecan in ovarian and triple negative breast cancers.
Eur J Cancer Supplements 8: 64–64.

2. Pommier Y (2009) DNA topoisomerase I inhibitors: Chemistry, biology, and
interfacial inhibition. Chem Rev 109: 2894–2902.

3. Kummar S, Chen A, Ji JP, Zhang YP, Reid JM, et al. (2011) Phase I study of

PARP inhibitor ABT-888 in combination with topotecan in adults with
refractory solid tumors and lymphomas. Cancer Res 71: 5626–5634.

4. Makeyev Y, Muggia FM, Rajan A, Giaccone G, Furuta T, et al. (2012)

Topoisomerase I inhibitors: current use and prospects. In: Pommier Y, editor.
DNA Topoisomerases and Cancer. New York: Springer. 245–277.

5. Teicher BA (2008) Next generation topoisomerase I inhibitors: Rationale and

biomarker strategies. Biochem Pharmacol 75: 1262–1271.

6. Pommier Y, Cushman M (2009) The indenoisoquinoline noncamptothecin

topoisomerase I inhibitors: update and perspectives. Mol Cancer Ther 8: 1008–

1014.

7. Braun MS, Richman SD, Quirke P, Daly C, Adlard JW, et al. (2008) Predictive

biomarkers of chemotherapy efficacy in colorectal cancer: Results from the UK
MRC FOCUS trial. J Clin Oncol 26: 2690–2698.

8. Koopman M, Antonini NF, Douma J, Wals J, Honkoop AH, et al. (2007)

Sequential versus combination chemotherapy with capecitabine, irinotecan, and
oxaliplatin in advanced colorectal cancer (CAIRO): a phase III randomised

controlled trial. Lancet 370: 135–142.

9. Koopman M, Venderbosch S, van Tinteren H, Ligtenberg MJ, Nagtegaal I, et
al. (2009) Predictive and prognostic markers for the outcome of chemotherapy in

advanced colorectal cancer, a retrospective analysis of the phase III randomised

CAIRO study. Eur J Cancer 45: 1999–2006.

10. Ferrier CM, de Witte HH, Straatman H, van Tienoven DH, van Geloof WL, et

al. (1999) Comparison of immunohistochemistry with immunoassay (ELISA) for
the detection of components of the plasminogen activation system in human

tumour tissue. Br J Cancer 79: 1534–1541.

11. Yeh IT (2002) Measuring HER-2 in breast cancer. Immunohistochemistry,
FISH, or ELISA? Am J Clin Pathol 117 Suppl: S26–35.

12. Goldwasser F, Bae I, Valenti M, Torres K, Pommier Y (1995) Topoisomerase I-

related parameters and camptothecin activity in the colon carcinoma cell lines
from the National Cancer Institute anticancer screen. Cancer Res 55: 2116–

2121.

13. Desai SD, Li T-K, Rodriguez-Bauman A, Rubin EH, Liu LF (2001) Ubiquitin/
26S proteasome-mediated degradation of topoisomerase I as a resistance

mechanism to camptothecin in tumor cells. Cancer Res 61: 5926–5932.

14. Desai SD, Mao Y, Sun MEI, Li T-K, Wu J, et al. (2000) Ubiquitin, SUMO-1,
and UCRP in camptothecin sensitivity and resistance. Ann N Y Acad Sci 922:

306–308.

15. Desai SD, Zhang H, Rodriguez-Bauman A, Yang J-M, Wu X, et al. (2003)

Transcription-dependent degradation of topoisomerase I-DNA covalent com-

plexes. Mol Cell Biol 23: 2341–2350.

16. Devy J, Wargnier R, Pluot M, Nabiev I, Sukhanova A (2004) Topotecan-

induced alterations in the amount and stability of human DNA topoisomerase I

in solid tumor cell lines. Anticancer Res 24: 1745–1751.

17. Beidler DR, Cheng YC (1995) Camptothecin induction of a time- and

concentration-dependent decrease of topoisomerase I and its implication in
camptothecin activity. Mol Pharmacol 47: 907–914.

18. Lin C-P, Ban Y, Lyu YL, Liu LF (2009) Proteasome-dependent processing of

topoisomerase I-DNA adducts into DNA double strand breaks at arrested

replication forks. J Biol Chem 284: 28084–28092.

19. Antony S, Agama KK, Miao ZH, Takagi K, Wright MH, et al. (2007) Novel

indenoisoquinolines NSC 725776 and NSC 724998 produce persistent

topolsomerase I cleavage complexes and overcome multidrug resistance. Cancer

Res 67: 10397–10405.

20. Lin CP, Ban Y, Lyu YL, Desai SD, Liu LF (2008) A ubiquitin-proteasome

pathway for the repair of topoisomerase I-DNA covalent complexes. J Biol

Chem 283: 21074–21083.

21. Li TK, Houghton PJ, Desai SD, Daroui P, Liu AA, et al. (2003)

Characterization of ARC-111 as a novel topoisomerase I-targeting anticancer

drug. Cancer Res 63: 8400–8407.

22. Burke TG, Mi Z (1994) The structural basis of camptothecin interactions with

human serum albumin: impact on drug stability. J Med Chem 37: 40–46.

23. Pommier Y (2006) Topoisomerase I inhibitors: camptothecins and beyond. Nat

Rev Cancer 6: 789–802.

24. Urasaki Y, Laco G, Takebayashi Y, Bailly C, Kohlhagen G, et al. (2001) Use of

camptothecin-resistant mammalian cell lines to evaluate the role of topoisome-

rase I in the antiproliferative activity of the indolocarbazole, NB-506, and its

topoisomerase I binding site. Cancer Res 61: 504–508.

25. Kurtzberg LS, Battle T, Rouleau C, Bagley RG, Agata N, et al. (2008) Bone

marrow and tumor cell colony-forming units and human tumor xenograft

efficacy of noncamptothecin and camptothecin topoisomerase I inhibitors. Mol

Cancer Ther 7: 3212–3222.

26. Sooryakumar D, Dexheimer TS, Teicher BA, Pommier Y (2011) Molecular and

cellular pharmacology of the novel noncamptothecin topoisomerase I inhibitor

genz-644282. Mol Cancer Ther 10: 1490–1499.

27. Antony S, Jayaraman M, Laco G, Kohlhagen G, Kohn KW, et al. (2003)

Differential induction of topoisomerase I-DNA cleavage complexes by the

indenoisoquinoline MJ-III-65 (NSC 706744) and camptothecin: Base sequence

analysis and activity against camptothecin-resistant topoisomerases I. Cancer

Res 63: 7428–7435.

28. DCTD Research Resources: Biomarkers Available: ,http://dctd.cancer.gov/

ResearchResources/ResearchResources-biomarkers.Accessed 2012 Jan 30.

29. Wang LH, Pfister TD, Parchment RE, Kummar S, Rubinstein L, et al. (2010)

Monitoring drug-induced cH2AX as a pharmacodynamic biomarker in

individual circulating tumor cells. Clin Cancer Res 16: 1073–1084.

30. Kinders RJ, Hollingshead M, Lawrence S, Ji J, Tabb B, et al. (2010)

Development of a validated immunofluorescence assay for cH2AX as

a pharmacodynamic marker of topoisomerase inhibitor activity. Clin Cancer

Res 16: 5447–5457.

31. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, et al.

(2008) gammaH2AX and cancer. Nat Rev Cancer 8: 957–967.

32. Furuta T, Redon C, Pilch D, Sedelnikova O, Kohlhagen G, et al. (2002) ATR-

and DNA-PK-dependent phosphorylation of histone H2AX by replication-

mediated DNA double-strand breaks induced by camptothecin. Proc Am Assoc

Cancer Res 43: 835.

33. Pfister TD, Reinhold WC, Agama K, Gupta S, Khin SA, et al. (2009)

Topoisomerase I levels in the NCI-60 cancer cell line panel determined by

validated ELISA and microarray analysis and correlation with indenoisoquino-

line sensitivity. Mol Cancer Ther 8: 1878–1884.

Validated Top1 Immunoassay for Solid Tumor Tissues

PLOS ONE | www.plosone.org 12 December 2012 | Volume 7 | Issue 12 | e50494



34. Kinders RJ, Hollingshead M, Khin S, Rubinstein L, Tomaszewski JE, et al.

(2008) Preclinical modeling of a phase 0 clinical trial: Qualification of
a pharmacodynamic assay of poly(ADP-ribose) polymerase in tumor biopsies

of mouse xenografts. Clin Cancer Res 14: 6877–6885.

35. Yu NY, Conway C, Pena RLS, Chen JY (2007) STEALTH (R) liposomal CKD-
602, a topoisomerase I inhibitor, improves the therapeutic index in human

tumor xenograft models. Anticancer Res 27: 2541–2545.
36. Balasubramanian BN, Laurent DRS, Saulnier MG, Long BH, Bachand C, et al.

(2004) Design and synthesis of a fluoroindolocarbazole series as selective

topoisomerase I active agents. Discovery of water-soluble 3,9-difluoro-12,13-
dihydro-13-[6-amino-beta-D-glucopyranosyl]-5H,13H-ben zo[b]-thienyl[2,3-al-

pha]pyrrolo[3,4-c]carbazole-5,7(6H)-dione (BMS-251873) with curative antitu-
mor activity against prostate carcinoma xenograft tumor model. J Med Chem

47: 1609–1612.
37. Zamboni WC, Stewart CF, Thompson J, Santana VM, Cheshire PJ, et al. (1998)

Relationship between topotecan systemic exposure and tumor response in

human neuroblastoma xenografts. J Natl Cancer Inst 90: 505–511.
38. Fu Q, Kim SW, Chen HX, Grill S, Cheng YC (1999) Degradation of

topoisomerase I induced by topoisomerase I inhibitors is dependent on inhibitor
structure but independent of cell death. Mol Pharmacol 55: 677–683.

39. Liebes L, Potmesil M, Kim T, Pease D, Buckley M, et al. (1998)

Pharmacodynamics of topoisomerase I inhibition: Western blot determination
of topoisomerase I and cleavable complex in patients with upper gastrointestinal

malignancies treated with topotecan. Clin Cancer Res 4: 545–557.
40. Hsiang YH, Liu LF (1988) Identification of mammalian DNA topoisomerase I as

an intracellular target of the anticancer drug camptothecin. Cancer Res 48:
1722–1726.

41. Covey JM, Jaxel C, Kohn KW, Pommier Y (1989) Protein-linked DNA strand

breaks induced in mammalian cells by camptothecin, an inhibitor of
topoisomerase I. Cancer Res 49: 5016–5022.

42. Giovanella BC, Stehlin JS, Wall ME, Wani MC, Nicholas AW, et al. (1989)

DNA topoisomerase I-targeted chemotherapy of human colon cancer in

xenografts. Science 246: 1046–1048.

43. Burgess DJ, Doles J, Zender L, Xue W, Ma B, et al. (2008) Topoisomerase levels

determine chemotherapy response in vitro and in vivo. Proc Nat Acad Sci U S A

105: 9053–9058.

44. Miao ZH, Player A, Shankavaram U, Wang YH, Zimonjic DB, et al. (2007)

Nonclassic functions of human topoisomerase I: Genome-wide and pharmaco-

logic analyses. Cancer Res 67: 8752–8761.

45. Plowman J, Dykes DJ, Hollingshead M, Simpson-Herren L, Alley MC (1997)

Human tumor xenograft models in NCI drug development. In: Teicher BA,

editor. Anticancer Drug Development Guide Preclinical Screening, Clinical

Trials, and Approval. Totowa, NJ: Humana Press Inc. 101–125.

46. Hollingshead MG, Borgel SD, Carter J, Bonomi CA, Divelbiss R, et al. (2007)

Evidence of in vivo efficacy for the indenoisoquinolones linked with

pharmacodynamic markers for cH2AX. In: Proceedings for the 2007 AACR-

NCI-EORTC International Conference on Molecular Targets and Cancer

Therapeutics: Discovery B, and Clinical Applications, editor; 2007 October 22–

26; San Francisco, CA. Abstract C18, 262.

47. Bookman MA, Malmström H, Bolis G, Gordon A, Lissoni A, et al. (1998)

Topotecan for the treatment of advanced epithelial ovarian cancer: an open-

label phase II study in patients treated after prior chemotherapy that contained

cisplatin or carboplatin and paclitaxel. J Clin Oncol 16: 3345–3352.

48. Rowinsky EK, Grochow LB, Hendricks CB, Ettinger DS, Forastiere AA, et al.

(1992) Phase I and pharmacologic study of topotecan: a novel topoisomerase I

inhibitor. J Clin Oncol 10: 647–656.

49. Baker AF, Dragovich T, Ihle NT, Williams R, Fenoglio-Preiser C, et al. (2005)

Stability of phosphoprotein as a biological marker of tumor signaling. Clin

Cancer Res 11: 4338–4340.

Validated Top1 Immunoassay for Solid Tumor Tissues

PLOS ONE | www.plosone.org 13 December 2012 | Volume 7 | Issue 12 | e50494


