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Topoisomerase I (TOP1) regulates DNA topology during replication and transcription whereas tyrosyl-DNA phos-
phodiesterase 1 (TDP1) is involved in the repair of several types of DNA damages, including damages from defec-
tive TOP1 catalysis. TOP1 is the target of chemotherapeutic drugs of the camptothecin family (CPT). TDP1 has in
cell line based assays been shown to counteract the effect of CPT.

We have quantified the enzymatic activities of TOP1 and TDP1 in paired (tumor and adjacent non-tumor) sam-
ples from non-small cell lung cancer (NSCLC) patients and show that in NSCLC TOP1 and TDP1 activities are sig-
nificantly upregulated in the tumor tissue. Furthermore, we found a positive correlation between the TDP1
activity and the tumor percentage (TOP1 activity did not correlate with the tumor percentage) as well as between
the activities of TOP1 and TDP1 both within the tumor and the non-tumor group.

That TDP1 activity was upregulated in all tumor samples and correlated with the tumor percentage suggest that it
must play a highly important function in NSCLC. This could be to protect against TOP1 mediated DNA damage as
the activity of TOP1 likewise was upregulated in the majority of tumor samples and correlated positively to the
TDP1 activity. Regardless, the finding that the TOP1 and TDP1 activities are upregulated and correlate positively

suggests that combinatorial treatment targeting both activities could be advantageous in NSCLC.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Molecular characterization of individual cancers is becoming
increasingly used in patient treatment. However, most analyses are
based on detection of mutations (e.g. KRAS or EGFR Roberts and
Stinchcombe, 2013), promoter methylations (MLH1 or MGMT Do
et al,, 2014), or genomic rearrangements (EML4-ALK Steuer and
Ramalingam, 2014). Although these analyses are known to be valuable
prognostic and/or predictive markers and have the benefit of not requir-
ing fresh or frozen tissue samples they are indirect markers and do not
measure the actual biological relevant activities. In some cases this can
be a problem for example if using the clinical relevant anticancer
drugs of the camptothecin (CPT) family such as irinotecan and
topotecan. These drugs target topoisomerase I (TOP1) activity specifi-
cally and function by converting intracellular TOP1 activity into DNA
damage ultimately killing the cell (Eng et al., 1988; Pommier, 2006)
and are mainly used in systemic treatment of colon-, ovarian-, and
small cell lung cancer (SCLC) (Fruh et al., 2013; Hartwell et al., 2011;
Kalemkerian et al., 2013; Naumann and Coleman, 2011; Stein and
Arnold, 2012). Consistently, high TOP1 activity has indeed been
shown to correlate better with high CPT sensitivity than TOP1 gene

http://dx.doi.org/10.1016/j.yexmp.2015.05.006
0014-4800/© 2015 Elsevier Inc. All rights reserved.

amplification, increased mRNA amount, or increased protein amount
(Goldwasser et al., 1995; Jansen et al., 1997; Proszek et al.,, 2013). The
better correlation could likely be due to post-translational modification
of TOP1 (Bandyopadhyay and Gjerset, 2011; Roy et al,, 2014) influenc-
ing the activity. Despite this knowledge, no preselection of patients
with regard to TOP1 activity status is currently performed before CPT
based treatment is commenced.

TOP1 is an essential nuclear enzyme important for the release of to-
pological stress introduced during processes such as transcription and
replication, where the DNA double helix is locally unwound. Its catalytic
activity involves the transient cleavage of one strand in the DNA double
helix causing TOP1 to be covalently attached to the DNA, release of su-
percoils through rotation of the cut strand around the scissile strand,
and subsequent religation and release of the DNA (Champoux, 2001).
CPT inhibits the religation step of the catalysis transiently trapping
TOP1 covalently attached in a TOP1-DNA complex. In dividing cells
such transiently trapped cleavage complexes can result in the genera-
tion of permanent double-stranded DNA breaks by S-phase specific col-
lision with the replication machinery (D'Arpa et al., 1990). Besides
drugs of the camptothecin family TOP1-DNA complexes may also be
stabilized by naturally occurring DNA lesions such as nicks, abasic sites
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or mismatches. As a consequence, cells possess repair mechanisms ca-
pable of removing such complexes before they become toxic and one
of the key enzymes in this repair is tyrosyl-DNA phosphodiesterase 1
(TDP1) (Pourquier et al., 19973, 1997b).

TDP1 is part of the X-ray repair complementation group 1 (XRCC1)
complex which interacts with poly (ADP-ribose) polymerase (PARP)
(Das et al., 2014; Plo et al., 2003) and was initially discovered by its abil-
ity to remove TOP1 covalently trapped to the DNA by cleaving the 3’
phosphotyrosyl linkage in TOP1-DNA complexes (Yang et al., 1996).
In human cells TDP1 is required for repair of chromosomal single-
strand breaks arising independently of DNA replication from abortive
TOP1 activity or oxidative stress (El-Khamisy et al., 2005). Furthermore,
studies have shown that TDP1 can remove several different moieties
from the 3’end of DNA (Huang et al,, 2013; Inamdar et al.,, 2002;
Interthal et al., 2005a; Jensen et al., 2013) suggesting the importance
of TDP1 for the repair of a number of DNA lesions other than TOP1-
DNA complexes (Ben Hassine and Arcangioli, 2009; Das et al., 2010;
Zhou et al., 2005). A homozygous mutation in TDP1 (A1478G, changing
histidine 493 to arginine) has been identified as the sole cause of the
disease, spinocerebellar ataxia with axonal neuropathy (SCANT1)
(Takashima et al.,, 2002). This mutation results in a TDP1 enzyme with
greatly reduced activity and the accumulation of TDP1-DNA complexes
(Interthal et al., 2005b). The mutation does not predispose to neoplasia
or dysfunctions in rapidly replicating tissues (Takashima et al., 2002),
probably due to different enzymes complementing the function of
TDP1 in normally functioning cells (Dexheimer et al., 2008; Liu et al.,
2002; Zhang et al., 2011). However, high TDP1 activity may counteract
CPT induced DNA damage (Barthelmes et al., 2004; Nivens et al., 2004).

CPT derivatives have, besides the use in treatment of SCLC, been sug-
gested as viable treatment options in advanced non-small cell lung can-
cer (NSCLC) (Chen et al., 2012; O'Brien et al., 2007; Tsakalozou et al.,
2014). However, information concerning enzymatic activities that can
affect CPT-based therapy is scarce. TOP1 and TDP1 are ubiquitously
expressed in several human tissues (Fam et al., 2013; Husain et al.,
1994), and the expressions are upregulated in non-small cell lung can-
cer (NSCLC) (Giaccone et al., 1995; Liu et al., 2007). Furthermore,
TDP1 activity has been shown to be upregulated although the protein
amount was not increased in NSCLC (Liu et al., 2007) exemplifying the
relevance of testing for activity.

Using our previously developed nanosensors capable of measuring
the specific activities of TOP1 (Stougaard et al., 2009) and TDP1
(Jensen et al., 2013) we examined the activities of TOP1 and TDP1 in
cryosections from 24 paired (tumor and adjacent non-tumor) NSCLC
tissues. We found that both TOP1 and TDP1 were upregulated in the
tumor tissue compared to the adjacent non-tumor tissue in NSCLC. De-
spite the limited amount of samples included in this study we saw a
positive correlation between the percentage of tumor cells and TDP1 ac-
tivity. No correlation was found between TOP1 and the percentage of
tumor cells. Lastly, we found a positive correlation between the activi-
ties of TOP1 and TDP1 suggesting that combinatorial treatment
targeting both TOP1 and TDP1 could be desirable.

2. Material and methods
2.1. Synthetic DNA oligonucleotides and chemicals

All oligonucleotides were obtained from DNA Technology A/S (Aar-
hus, Denmark) except the TOP1 nanosensor, TOP1-1d 16, which was ob-
tained from Sigma Aldrich (Broenby, Denmark). CodeLink Activated
Slides came from SurModics (Eden Prairie, MN, USA), and Vectashield
was from Vector Laboratories (Burlinghame, CA, USA). Pap Pen was pur-
chased from Dako (Glostrup, Denmark). Phi29 DNA polymerase was
from Thermo Scientific. Tissue-Tek OCT compound was purchased
from Sakura Finetek (Copenhagen S, Denmark).

The TDP1 nanosensor had the sequence 5’-ATT0488-phosphothioate-
AAA GCA GGC TTC AAC GCA ACT GTG AAG ATC GCT TGG GTG CGT TGA

AGC CTG CTT T-BHQ1-3'. The TOP1 nanosensor, TOP1-Id16, had the se-
quence 5'-AGA AAA ATT TTT AAA AAA ACT GTG AAG ATC GCT TAT TTT
TTT AAA AAT TTT TCT AAG TCT TTT AGA TCC CTC AAT GCT GCT GCT
GTA CTA CGA TCT AAA AGA CTT AGA-3’, the positive control circle,
PosC-IdA1, had the sequence 5’-p-AGA AAA ATT TTT AAA AAA ACT GTG
AAG ATC GCT TAT TTT TTT AAA AAT TTT TCT AAG TCT TTT AGA TCC
CGA GAT GTA CCG CTA TCG TGA TCT AAA AGA CTT-3/, the fluorescently
labeled detection oligonucleotides, ID16-TAMRA and IDA1-6FAM, had
the sequences 5’-TAMRA-CCT CAA TGC TGC TGC TGT ACT AC-3’ and
5’-6FAM-CCG AGA TGT ACC GCT ATC GT-3' respectively. The Rolling
Circle Amplification (RCA) primer used for the TOP1 activity assay had
the sequence 5’-C6amine-CCA ACC AAC CAA CCA AAT AAG CGA TCT
TCA CAGT-3'.

2.2. Tissue samples, extract preparation, and measurement of area and pro-
tein concentration

This study was conducted using anonymous NSCLC tissue samples
collected at Aarhus University Hospital in 2011 after approval by The
Regional Committee on Health Research Ethics. The study included 24
paired tissue samples (one tumor and one adjacent non-tumor sample
from each patient) embedded in Tissue-Tek OCT compound and stored
at — 80 °C. Tissue sections were cut using a Microm HM 560 cryostat.
The area was measured by digitalizing the slides using HAMAMATSU
Nanozoomer 2.0-HT scanner equipped with a 40x objective, imported
into NDP view where the tissue area was manually marked and the
area automatically calculated. The protein concentration was measured
using a LabelGuard Microliter Cell and an Implen NanoPhotometer. Tis-
sue sections were cut with a thickness of 5 or 10 um as specified in each
experiment, subsequently lysed in 60 pL 1x TDP1-buffer (20 mM Tris-
HCI pH 8, 100 mM KCl, 10 mM DTT, 10 mM EDTA and 0.05% Triton X-
100) and left on ice for 10 min. Calculation of the final concentration
of OCT compound in the tissue extract was calculated from the formula,
V = 1+ 2 where the radius (r) of the tube was 6.5 mm and the thickness
(h) of the cryosections varied from 5 pm, 10 pm, 20 um (2 x 10 pm), or
30 um (3 x 10 pm) and the total volume of the reaction was 60 L. Av-
erage size of the tissue samples was 26.7 mm?, thus the average radius
was 2.95 mm.

2.3. Statistics

The number of patients included is specified for each analysis since
missing data resulted in the exclusion of individual samples. The
D'Agostino & Pearson omnibus test was used to test if the data was nor-
mally distributed and thus whether a parametric or non-parametric test
should be used. The hypothesis of no difference between either the area
(n = 21) or protein concentration (n = 22) in the tumor and non-
tumor groups was tested using a two tailed unpaired t-test. The hypoth-
esis of no difference between the enzymatic activity (TOP1 n = 18 and
TDP1 n = 22) in the tumor and non-tumor groups was tested using a
two tailed Mann Whitney. The hypothesis of independency between
the activity of enzymatic activity (TOP1 n = 16 and TDP1 n = 20) and
tumor percentage was tested using a two-tailed Spearman correlation
test. The hypothesis of independency between the activity of TOP1
and TDP1 was tested using a two-tailed Spearman correlation test
(n = 18). P-values < 0.05 were considered significant. All statistical
analyses were performed with Graph Pad Prism (graphpad.com).

24. TDP1 activity measurement

The TDP1 activity assay was carried out essentially as described in
Jensen et al. (2013). To test the influence of Tissue-Tek on the assay,
the reaction was carried out in a final volume of 50 pL containing 1 pL
purified TDP1 enzyme, 1x TDP1-buffer, 0.1 uM TDP1-biosensor, and dif-
ferent concentrations of Tissue-Tek (0%, 0.625%, 1.25%, 2.5%, 5% and
10%). The assays with tissue extract were carried out in a final volume
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of 25 pL containing 22.5 pL tissue extract and 1 uM TDP1-biosensor.
Real-time fluorescence measurements were performed at 37 °Cin a
gPCR machine measuring every 1 min for 2 h, whereupon the data
was transferred to Microsoft Excel. The initial linear slope from the
data was calculated for all samples and normalized to the measured
0D of the extract and visualized as a XY-plot using GraphPad Prism.

2.5. TOP1 activity measurement

The TOP1 activity assay was carried out essentially as described in
Stougaard et al. (Stougaard et al., 2009). For testing the influence of
Tissue-Tek on the assay, the reaction was performed in 1x TDP1-
buffer supplemented with 1 pL purified TOP1, 0.2 uM TOP1-1d16, and
different concentrations of Tissue-Tek (0%, 0.625%, 1.25%, 2.5%, 5%, and
10%). The assays with tissue extract contained varying thicknesses of
cryosections dissolved in 10 pL 1x TDP1-buffer tissue extract supple-
mented with 0.2 uM TOP1-1d16. Both types of reaction mixture were in-
cubated for 30 min at 37 °C, followed by heat inactivating of the TOP1
enzyme at 95 °C for 5 min. To allow quantification, 0.5 pL of ligated
100 nM PosC-IdA1 was added to 5 pL of the heat inactivated reaction
mixture, and NaCl was added to a final concentration of 250 mM to in-
crease the efficiency of the hybridization. The 5’-amine-coupled RCA
primer was linked to CodeLink Activated Slides according to the
manufacturer's protocol. Subsequently, the now 5.5 L of reaction mix-
ture was hybridized to the surface coupled primer for 60 min at 37 °C.
Slides were washed for 1 min at room temperature in wash buffer 1
(100 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.3% SDS) and subse-
quently for 1 min at room temperature in wash buffer 2 (100 mM
Tris-HCl, pH 7.5, 150 mM Nacl, and 0.05% Tween-20). Finally, the slides
were dehydrated in 99% ethanol for 1 min and air-dried. RCA was per-
formed for 60 min at 37 °C in 3 pL mixture containing 1xPhi29 buffer
supplemented with 0.2 pg/uL BSA, 250 uM dNTP, and 1 unit/pL Phi29
DNA polymerase. The reaction was stopped by washing in wash buffers
1 and 2 for 1 min each followed by dehydration in 99% ethanol for 1 min.
The RCA products were detected by hybridization of 0.2 uM of each of
the detection probes, ID16-TAMRA (red fluorescent labeled) and
IDA1-6’FAM (green fluorescent labeled), in a buffer containing 20%
formamide, 2 x SSC, and 5% glycerol for 30 min at 37 °C in a volume of
5 pL. The slides were washed in wash buffer 1 for 10 min, in wash buffer
2 for 5 min, dehydrated in 99% ethanol for 1 min, mounted with
Vectashield, and visualized under a fluorescence microscope. For quan-
titative depiction of the results, the number of signals originating from
TOP1 activity (red signals) or spike in control circles (green signals), re-
spectively, was counted on 10 pictures, and the relative TOP1 activity
calculated as the ratio between the number of red (R) and green
(G) signals (R/G) was normalized to the measured OD of the extract
and visualized as a XY-plot using GraphPad Prism.

3. Results
3.1. Sensitivity of the nanosensors in heterogeneous tissue extract

There are several challenges when using nanosensors in clinical bi-
opsies e.g. due to the sensitivity of the nanosensor, cellular heterogene-
ity in the biopsies, and percentage of tumor cells (Stougaard and Ho,
2013). The method used for measuring the enzyme activities is illustrat-
ed in Fig. 1. For each tissue sample 3-4 sections were cut, and the first
and last were mounted on microscopic slides, hematoxylin and eosin
(HE) stained, and used for estimation of the tumor percentage and tis-
sue area. The middle section (s) was collected in a tube and used for
measuring protein content and enzyme activity (Fig. 1).

Tissues such as lung may be highly heterogenic both with regard to
differences in the percentage of tumor cells and to the overall cell den-
sity. This may influence the measurement and normalization to total
protein in the extract is therefore preferred over size or weight. To en-
sure that the individual protein concentration measurements used for

normalization was not biased by a higher overall protein expression in
the tumor samples, we compared the protein concentration between
the two groups (tumor and non-tumor) and found no statistical differ-
ence (p = 0.3967, see Supplementary Fig. 1). Consequently, to enable
comparison of paired non-tumor and tumor samples (i.e. from the
same patient) where up to a sevenfold difference in the protein concen-
tration was found, all subsequent measurements were normalized to
the protein concentration of the specific sample. To test the sensitivity
of the TDP1 and TOP1 nanosensors in cryosections from the NSCLC tis-
sue, we performed activity measurements in extract from sections cor-
responding to a thickness of 5 um, 10 um, 20 pm (2 x 10 um), and 30 pm
(3 x 10 pm) (Fig. 2A and B). Both the TOP1 nanosensor and TDP1
nanosensor allowed precise measurements down to 5 um as illustrated
from the linearity (Fig. 2A and B).

Embedding of tissue in OCT compound is performed by adding OCT
compound into a tube and subsequently submerging the tissue into the
OCT compound. Thus, larger pieces of tissue will displace more OCT
than small pieces inevitably resulting in varying concentration of OCT
compound in the tissue extract which could influence the measurements.
Although there was up to sevenfold difference in the area of the largest
and smallest tissue section we found no statistical significant (p =
0.4951) difference in the area of the tumor and non-tumor group (Sup-
plementary Fig. 2). Depending on the thicknesses (or number) of the
OCT embedded sections the nanosensor reaction mix would contain vary-
ing concentration of OCT. A section of 5 um consisting only of OCT com-
pound (thus without tissue present) dissolved into 60 pL reaction mix
would correspond to approximately 1% OCT compound, whereas 3 sec-
tions of 10 um would correspond to approximately 6%. Therefore, the
TDP1 and TOP1 activities were measured in the presence of increasing
concentration of OCT compound up to 10% to examine if the OCT com-
pound influenced the enzymatic measurements (Fig. 2C and D). OCT
did not influence the TDP1 measurements at low concentration (0.625%
to 2.5%), however, a minor reduction in the activity of TDP1 may be
seen at 5% and a clear inhibition could be seen at 10% (Fig. 2C). For the
TOP1 measurements no change in activity could be seen with varying
concentration of OCT (Fig. 2D). However, in the NSCLC samples, the tissue
on average occupied half the volume of the tube used for OCT embedding
thus, 2 x 10 pm sections corresponded to a final concentration of approx-
imately 2% OCT in the nanosensor reaction mix. The rest of the experi-
ments were performed using tissue extract from 2 x 10 pm sections
corresponding to approximately 2% OCT compound which did not influ-
ence the nanosensor measurements (Fig. 2C and D). Furthermore, this
amount of tissue resulted in measurements well above the sample with-
out tissue and should therefore enable TDP1 and TOP1 measurements
even in samples with low enzyme activity (Fig. 2A and B).

3.2. TDP1 activity in NSCLC

It has previously been shown by Liu C et al. that in NSCLC TDP1 activity
is upregulated in the tumor tissue compared to the adjacent non-tumor
tissue (Liu et al.,, 2007). Their study only included 4 paired NSCLC tissue
samples. However, they did also observe an upregulation of TDP1 activity
in 9 NSCLC tissues compared to 3 non-neoplastic lung tissues. To examine
if the activity of TDP1 was significantly upregulated in the tumor tissue in
NSCLC compared to adjacent non-tumor samples, we measured TDP1 ac-
tivity in cryosections from the paired NSCLC tissues using our previously
published TDP1 nanosensor (Jensen et al.,, 2013).

Despite the relative small number of patient samples tested, we
found that TDP1 was significantly (p = 0.0001) upregulated in the
tumor samples compared to the non-tumor samples (Fig. 3A). Further-
more, due to the inclusion of both a tumor and an adjacent non-tumor
sample from each patient a comparison between the tumor and non-
tumor sample was possible. Interestingly, the activity of TDP1 was
found to be upregulated in all but two tumor samples (20/22) compared
to the paired non-tumor sample (Fig. 3B). These two “tumor” samples
showing no increase in TDP1 activity were, however, subsequently
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Fig. 1. lllustration of how the TDP1 and TOP1 measurements in cryosections are performed. A) The column in the upper left corner represents the OCT embedded tissue, which is cut into
thin sections where the first and last are HE-stained and used for determining the area and the tumor percentage. The sections in between are dissolved in 1x TDP1 buffer, divided into
three aliquots, and used for determining the protein concentration (by photospectrometric measurement), for measuring the activity of TDP1 (using the TDP1 nanosensor ), and TOP1
(using the TOP1 nanosensor). B) The TDP1 nanosensor is composed of a DNA oligonucleotide labeled with an ATTO488 fluorophore in the 5'-end (marked with an F) and a BHQ1 quencher
in the 3’-end (marked with a Q). ATTO488 and BHQ1 are brought into proximity through intramolecular folding of the DNA into a beacon like structure enabling BHQ1 to quench ATTO488.
Upon addition of the TDP1 nanosensor to the tissue extract, the endogenous TDP1 removes BHQ1 from the nanosensor allowing detection of the emitted fluorescence from ATTO488. The
increase in fluorescence over time corresponding to the TDP1 activity is subsequently measured using a real-time PCR machine. C) The TOP1 nanosensor, is composed of a DNA oligonu-
cleotide designed to adopt a dumbbell structure consisting of a stretch of double-stranded DNA connected by two loops holding a sequence identifying the substrate (marked Id) and a
primer binding sequence (marked P). Upon addition of the TOP1 nanosensor to the tissue extract, the endogenous TOP1 cleaves the nanosensor releasing three bases of DNA (shown in
red) from the 3’end. This enables the 5’end to hybridize, and TOP1 can subsequently ligate the nanosensor into a closed circle. The generated circle is hybridized to a surface-attached
primer matching the primer binding sequence. Subsequently, Phi29 DNA polymerase mix is added to support RCA and the resulting RCA products are visualized by hybridization of fluo-
rescently labeled probes (matching the Id sequence) and the products analyzed using a fluorescence microscope. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

tumor cells, or with lacking data were excluded), we found a positive
correlation (p = 0.0493) between the tumor percentage and the TDP1
activity (Fig. 3C).

found not to contain tumor cells (see below). To test if the increase in
TDP1 activity correlated with the tumor percentage an experienced pa-
thologist, without pre-knowledge of the results of the TDP1 activity
measurements, estimated the tumor percentage in the two HE stained

sections i.e. before and after the sections used for activity measurement
(Fig. 1). Despite that the tumor percentage due to a lack of useable
tumor markers in NSCLC was an estimation in steps of 10% based on cel-
lular morphology rather than a precise count and that only 20 tumor
samples were used for the correlation (tumor samples without any

3.3. TOP1 activity in NSCLC

The activity of TOP1 has been reported to be upregulated in the tumor
tissue compared to the adjacent non-tumor tissue in several different can-
cer types e.g. colorectal, prostate, and kidney cancer (Guichard et al.,
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1999; Husain et al,, 1994). Since a comparison of the TOP1 activity in the
tumor and adjacent non-tumor tissue has not been performed in NSCLC
we measured TOP1 activity in the cryosection extracts also used for
TDP1 measurement using our previously published TOP1 nanosensor
(Stougaard et al., 2009). We found that there was a significantly (p =
0.0038) higher activity of TOP1 in the tumor samples compared to the
non-tumor samples (Fig. 4A). Furthermore, TOP1 was found to be upreg-
ulated in the tumor sample compared to the adjacent non-tumor sample
from the same patient in approximately 78% (14/18) of the paired sam-
ples (Fig. 4B). When comparing the activity to the estimated tumor per-
centage we found four samples to have a decrease in TOP1 activity. The
four samples had no, 30%, 60%, and 90% tumor cells. Lastly, we examined
if the TOP1 activity correlated with the tumor percentage, but found no
significant (p = 0.8317) correlation (Fig. 4C).

3.4. Correlation between the activities of TDP1 and TOP1 in NSCLC

Since the activity of both TDP1 and TOP1 was upregulated in the
tumor samples compared to the non-tumor samples in NSCLC and the
fact that TDP1 initially was discovered by its ability to remove TOP1
covalently trapped to the DNA we speculated if there could be a corre-
lation between the two enzyme activities. Thus, we compared the activ-
ity of TDP1 and TOP1 and found a positive correlation both in the tumor
samples (p = 0.028, Fig. 5A) and in the non-tumor samples (p =
0.0075, Fig. 5B). Furthermore, we examined if a correlation existed be-
tween the tumor specific change in the activities of TDP1 and TOP1,
i.e. the relative change in activity from the non-tumor to the tumor sam-
ple for each patient. This was done by dividing the TDP1 and TOP1 activ-
ity measured in the tumor sample with the activity measured in

corresponding non-tumor sample of the individual patients. Interest-
ingly, there was a clear positive correlation (p = 0.0037) between the
change in TDP1 activity and change in TOP1 activity (Fig. 5C).

4. Discussion

In the present study we examined the activities of TOP1 and TDP1 in
cryosections from NSCLC tissue samples. Most of the knowledge about
enzyme activities such as TOP1 and TDP1 comes from studies based
on cell lines. Although cell line based studies are invaluable due to the
possibilities for modifying activities through transfection or knock-
down, they are very different from tissue samples and thus may not re-
flect a true picture of the enzymatic activities in tumors. Traditionally,
most studies using tissue sections have been based on detecting pro-
teins (Immunohistochemistry) or DNA/RNA (in situ hybridization or
PCR) rather than the enzymatic activities. Although these techniques
are very useful for identifying intra- and inter-cellular expression or
for identifying mutational status they say little about the biologic func-
tion of the enzymes since posttranslational modifications may alter the
biological important enzymatic activities. Both TDP1 and TOP1 have
been reported to be posttranslational modified (Bandyopadhyay and
Gjerset, 2011; Chiang et al., 2010; Das et al., 2009; Hudson et al.,
2012). But whereas both TOP1 activity and drug interaction may be al-
tered by posttranslational modifications (Roy et al., 2014), no posttrans-
lational modifications of TDP1 yet have been reported to influence the
catalytic activity. In a recent study by Meisenberg et al. on six colorectal
cancer cell lines a correlation between TDP1 protein and TDP1 activity
was detected (Meisenberg et al.,, 2015). However, Liu C et al. have pre-
viously reported that TDP1 protein does not necessarily correlate with
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Fig. 3. Measurement of TDP1 activity in tumor and non-tumor samples from NSCLC patients. Two sections of 10 pum thickness were used from each sample. The samples marked in gray in
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C) Correlation of the measured TDP1 activity in the tumor samples to the tumor percentage.

TDP1 activity in tissue extract from NSCLC (Liu et al., 2007) suggesting
that TDP1 activity could be posttranslationally regulated. The contradic-
ting observations in the two studies could be due to the different origins
(colon cancer vs. lung cancer) or due to the different sample types (cell
lines vs. tissue samples).

The activity measurements were performed using extract from cryo-
sections rather than whole pieces of tissue since this allowed morpho-
logical determination of the tumor percentage and tissue area. Here
we demonstrated that the sensitivity of the nanosensors used allows
precise measurement of both TOP1 and TDP1 activities in cryosections
down to 5 um thickness (Fig. 2A and B). However, we would suggest
to use thicker sections (we used 2 x 10 pm) since this will maximize
the chance of getting precise activity measurements in samples with
low TOP1 and TDP1 activities and the final concentration of OCT com-
pound should be kept below 5% to avoid it from influencing the mea-
surements (Fig. 2C and D).

We found the activity of TDP1 to be 3.5-fold upregulated (p =
0.0001) in the tumor samples compared to the non-tumor samples
(Fig. 3). This is in accordance with the previous findings by Liu C
et al. who found TDP1 to be upregulated in 9 non-paired NSCLC tis-
sues compared to 3 non-neoplastic lung tissues and in 4 paired
NSCLC tissues (Liu et al., 2007). Interestingly when we compared
the TDP1 activity in the individual tumor samples to the adjacent
non-tumor sample (thus the tumor sample and non-tumor sample
from the same patient) all but two had higher activity in the tumor
sample. This could, however, be explained by a lack of tumor cells
in these two samples. The finding of all tumor samples having in-
creased TDP1 activity compared to the non-tumor sample of the
same patient indicates that upregulation of TDP1 activity must be
highly beneficial for the tumor cells. This may be a consequence of
the tumor cells becoming more dependent on the TDP1-PARP1

dependent pathway due to loss of complementary repair pathways
e.g. checkpoint dependent DNA repair pathways.

TDP1 has long been suggested to be an interesting chemotherapeu-
tic target (Beretta et al., 2010; Dexheimer et al., 2008; Hirano et al.,
2007; Pommier et al., 2014) and may be a particularly interesting drug
target in NSCLC since all tumor samples had increased TDP1 activity.
Furthermore, despite the limited amount of samples we found a positive
correlation (p = 0.0493) of TDP1 activity to the tumor percentage. Liu C
et al. used extract from 50-100 ng snap frozen tissue ground in a mortar
thus the tumor percentage was not reported although it was stated that
the tumor tissue was microdissected to greater than 60% purity. In our
experience it can however be difficult to know if indeed tumor samples
are present in a sample unless sections can be evaluated microscopical-
ly, which is why it is preferable to determine the tumor percentage as an
average of the sections from either side of the tissue used for activity
measurement (Fig. 1).

The activity of TOP1 has not previously been compared between
tumor and non-tumor tissues in NSCLC. Though, it has been compared
between different types of cancers including lung cancer (McLeod
etal., 1994) where a large variation in TOP1 activity both within and be-
tween different types of cancers was reported. However, the study did
not include any non-cancerous lung tissue. Similar to this finding we
also saw a large variation in the activity of TOP1 in tumor samples
from different patients (Fig. 4) and this difference did not correlate
(p = 0.8317) with the tumor percentage (Fig. 4C). Comparing the activ-
ity of TOP1 between the tumor and non-tumor samples we found TOP1
to be 2.9-fold upregulated (p = 0.0038) in the tumor samples compared
to the non-tumor samples (Fig. 4A) as also reported in several other
types of cancer (Guichard et al., 1999; Husain et al., 1994; Masin et al.,
1995). When comparing the TOP1 activity in individual tumor samples
to the non-tumor samples we found TOP1 to be upregulated in 78% (14/



62 A.-K. Jakobsen et al. / Experimental and Molecular Pathology 99 (2015) 56-64

A)

104 b = 0.0038
2 r 1
2 E [ T11
- 10 2 .
8 .-
& 1024 —H—
= S =
g N
£ 10+ .
[]
2

10-5_

N T

C)

0.0204
2 r = 0.0578
2 00154 |p = 0.8317 . s
8
S 0.0104
-
(]
2
B 0.0054
&3 .

0.000-

Tumor %

B)

0.016+
0.0144
0.012
0.010+
0.008+

0.006

0.004

Relative TOP1 activity

0.002

0.000-

Fig. 4. Measurement of TOP1 activity in tumor and non-tumor samples from NSCLC patients. Two sections of 10 um thickness were used from each sample. The samples marked in gray in
the tumor group were found not to contain any tumor cells in the surrounding sections (the first and last section, see Fig. 2). A) Comparison of the measured TOP1 activity in the tumor and
the non-tumor samples, depicted as the median with interquartile range in a scatter dot plot. B) Graphical representation of the measured TOP1 activity where the samples from each
patient, tumor (T) and non-tumor (N), were connected by a line indicating whether the TOP1 activity in each patient is increased in the tumor compared to the non-tumor sample.

C) Correlation of the measured TOP1 activity in the tumor samples to the tumor percentage.

18) and 82% (14/17) if disregarding the sample without tumor cells
(Fig. 4B).

Since drugs of the CPT family such as irinotecan and topotecan have
been proposed as treatments in NSCLC (Chen et al., 2012; O'Brien et al.,
2007; Tsakalozou et al., 2014) and exhibit cytotoxicity by converting the
endogenous TOP1 activity into a cell poison, the level of TOP1 activity
present in the tumor cells is a major factor in predicting a response.
However, both downregulation of TOP1 activity (Burgess et al., 2008;
Sorensen et al., 1995) and high TDP1 activity have been reported to
counteract CPT induced DNA damage (Barthelmes et al., 2004; Nivens
et al., 2004). TOP1-DNA complexes may be stabilized not only by CPT
but also by natural occurring DNA lesions e.g. caused by UV irradiation,
oxidative DNA damage, telomeric shortening, or replication stress in-
duced by oncogene activation (Bartek et al., 2007; Daroui et al., 2004;
Luo et al., 2009). From a biological point of view it would make sense
that increased TOP1 activity would require increased DNA repair capa-
bility. Although different repair pathways are involved in the repair of
TOP1 induced DNA damage, the importance of TDP1 is illustrated by
the fact that cells from SCAN1 patients homozygote for the A1478G mu-
tation and TDP1 deficient mouse cells are hypersensitive to CPT (Hirano
etal., 2007; Interthal et al., 2005b; Miao et al., 2006). Furthermore, TDP1
depletion in colorectal cell lines has been demonstrated to increase the
sensitivity to irinotecan treatment (Meisenberg et al,, 2015). Due to the
functionally linked activities, we speculated if there could be a positive
correlation between TOP1 activity and TDP1 activity in the tested tissue
samples. Despite the limited number of samples included we found a
clear positive correlation between the TOP1 and TDP1 activities both
in the tumor (p = 0.028) and in the non-tumor (p = 0.0075) samples
(Fig. 5A and B). Furthermore, this correlation became even more obvi-
ous (p = 0.0037) when comparing the change in TDP1 activity and
change in TOP1 activity thus the difference in activity in the tumor
and non-tumor samples from the individual patients. What causes this

correlation is unknown, however, it is intriguing to speculate if it is a
consequence of a controlled feedback mechanism either directly
where high TOP1 activity causes increased TDP1 activity or indirectly
if TOP1 and TDP1 shares common regulators of expression or activity.
Either way it suggests that there could be a benefit of combining CPT
based therapy with drugs targeting TDP1. Dual inhibitors targeting
both TDP1 and TOP1 have been reported (Conda-Sheridan et al.,
2013) but these are not yet approved for use in patients. Since there
are no TDP1 inhibitors currently approved for use in patients a possibil-
ity could be to combine CPT with PARP inhibitors, as previously sug-
gested (Gilbert et al., 2012; Znojek et al., 2014). This has been tried
with success in childhood neuroblastoma (Daniel et al., 2009), however,
a phase 1 study in refractory solid tumors and lymphomas examining
combined treatment with CPT and PARP inhibitors was terminated be-
fore time due to toxicity (Kummar et al., 2011).

In summary, we have used our previously published nanosensors to
measure the enzymatic activity of TOP1 and TDP1 in cryosections from
NSCLC patients. We found a significant upregulation of both TOP1 and
TDP1 activities in the tumor compared to the non-tumor tissue of the
NSCLC patients (p = 0.0038 and p = 0.0001, respectively). TOP1 was
upregulated in 82% (14/17) with no correlation to the tumor percentage
(p = 0.8317), whereas TDP1 was upregulated in 100% (20/20) with a
positive correlation to the tumor percentage (p = 0.0493). We found
a positive correlation between the TOP1 and TDP1 activities both in
the tumor (p = 0.028) and in the non-tumor (p = 0.0075) samples,
and this correlation became even more pronounced when comparing
the change in activities for the individual patients (p = 0.0037). Al-
though the results here presented are based on a small cohort and
should be verified in a larger cohort, they illustrate that TDP1 and
TOP1 activity measurements can be used in non-fixed tissue biopsies
such as cryosections. Furthermore, the correlation between TOP1 and
TDP1 activities suggests that it could be advantageous to combine CPT
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based therapy with TDP1 inhibitors in NSCLC. Since a correlation be-
tween the activities of TOP1 and TDP1 was found both in the tumor
and the non-tumor group, it is tempting to speculate that it could be
the result of co-regulation of the activities and thus present in other
types of tissues and cancers, however, this remains to be examined.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yexmp.2015.05.006.
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