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Topoisomerase Il (Topo-ll) is an essential enzyme in the DNA rep-
lication process and is the primary cellular target for many of the
most widely used and effective anticancer agents. It has been
reported that thiosemicarbazones (TSCs) are potent antitumor
agents that inhibit Topo-Il. The aim of this study was to investi-
gate the relationship between the in vitro and in vivo behavior
of novel 84Cu-TSC complexes and the expression of Topo-Il
activity. Methods: Four “N-azabicyclo[3.2.2]nonane TSC deriva-
tives (EPH142, EPH143, EPH144, and EPH270) were success-
fully radiolabeled with $4Cu, to form lipophilic cations of the
general formula [#*Cu(L)]Cl, and the partition coefficient (logP)
values were determined. One agent [¢4Cu-EPH270]* was ob-
served in vitro in cultured cell studies. The kinetics of 2 com-
pounds, [#*Cu-EPH144]* and [¢4Cu-EPH270] ", were examined
in mice bearing L1210 tumors and small-animal PET was con-
ducted in mice bearing L1210 and PC-3 tumors, which ex-
pressed high and low levels of Topo-Il, respectively. All data
were compared with the activity and levels of Topo-ll, as deter-
mined by a commercially available assay kit and western blot
analysis. Results: The 4 complexes were radiolabeled by incu-
bation of 4CuCl, with the ligand in ethanolic solution. The com-
plexes were isolated in high radiochemical purity, as determined
by radio-thin-layer chromatography and radio-high-performance
liquid chromatography. The compounds were shown to be lipo-
philic with logP values ranging from 1.34 to 1.92. In biodistribution
studies, good L1210 tumor uptake was noted ([®*Cu-EPH144]+
at 1 h, 4.70 %ID/g [percentage injected dose per gram]; 4 h,
8.80 %ID/g; 24 h, 6.64 %ID/g; and [64Cu-EPH270]* at 1 h, 2.58
%ID/g; 4 h, 6.00 %ID/g; 24 h, 4.80 %ID/g). Small-animal PET
of animals with L1210 tumors (high Topo-Il expressing) showed
excellent tumor accumulation compared with that of animals
with PC-3 tumors (low Topo-Il expressing), and the L1210 tumor
uptake was significantly reduced by coadministration of a Topo-II
poison. Conclusion: Here we describe the characterization of a
new class of copper-radiolabeled TSC analogs. We demonstrate
that the accumulation of the #4Cu-compounds is related to the
expression levels of Topo-Il in tumor tissue.
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The use of copper-thiosemicarbazone (TSC) complexes
for use in PET has been avidly explored because of the
increasing availability and dissemination of the positron-
emitting nuclides of copper: °°Cu (half-life [t;,,] = 0.40 h,
BT = 93%, electron capture [EC] = 7%); °!Cu (t;,, = 3.32
h, B* = 62%, EC = 38%); %°Cu (t;, = 0.16 h, B = 98%,
EC = 2%); and *“Cu (t;, = 12.7 h, BT = 17.4%, EC =
43%) (I1-4). The basic science and clinical exploration of
copper-TSC moieties is separated into 2 distinct classes of
agents: those used to determine blood flow (5—7) and those
used to demonstrate the presence of hypoxia in tissue
(8-13). When complexed with a larger amount of %Cu,
copper-TSC agents have also been described as potential
radiotherapeutics on the basis of their biologic and nuclear
properties (/4-16).

Topoisomerase II (Topo-II) is a 170-kDa nuclear protein
found in eukaryotic cells that decatenates or disentangles
DNA coils, passing one helix through another to prevent
supercoiling during DNA replication (/7,18). Topo-II re-
quires energy in the form of adenosine triphosphate (ATP)
and functions by generating transient double-stranded DNA
breaks while preserving the integrity of the genetic material
through a protein bridge that spans the break. The DNA—
Topo-II complex, also known as a cleavage complex, is
generally tolerated in small quantities by cells; large quan-
tities of the cleavage complexes may cause frame-shift
mutations, permanent double-stranded DNA breaks, unde-
sirable recombination, and apoptosis (/7).

Because Topo-II is necessary for DNA synthesis and cel-
lular division, rapidly proliferating cells—such as tumors—
generally contain high levels of this enzyme. In transformed
cells, the cellular levels of Topo-II increase (~5-fold)
during the cell cycle, peaking before mitosis (/9,20). This
is followed by a sharp decrease during the G; phase,
maintaining very low levels (undetectable) until the early
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Gy phase (19,21). The fact that Topo-II is rapidly lost on
completion of mitosis confirms that the enzyme is a specific
and sensitive marker for cell proliferation (20,27). Topo-1I
is closely regulated in normal cells, but tumors maintain
high levels of Topo-II (22), making Topo-II a target for
several antitumor agents (/7,18,23—-27). Topo-II expression
has also been associated with chemosensitivity to cytotoxic
agents, and a clear relationship exists between qualitative
alterations of Topo-II and drug sensitivity in a series of in vitro
biologic systems (27,28). However, the clinical relevance of
these drug sensitivity interactions remains controversial. Also,
the control mechanism for Topo-II expression is unknown, as
is its relationship to cell survival when absent (27). Therefore,
developing methods to systematically explore Topo-II expres-
sion in tumors in noninvasive assays to predict drug efficacy in
human cancers is attractive.

Several groups have investigated TSCs as antitumor
agents and have shown that these agents inhibit Topo-II
expression (29-34), acting by stabilization of the cleavable
products formed by Topo-II and DNA (34,35). Copper-TSC
complexes have significantly higher growth inhibitory activ-
ity than the uncomplexed ligand and have lower ICsg
(inhibitory concentrations of 50%) values against tumor
cells than other reported Topo-II inhibitors (29). Taking
advantage of the availability of positron-emitting nuclides
of copper, we undertook the radiolabeling of 4 new TSC
derivatives (EPH142, EPH143, EPH144, and EPH270) with
64Cu and examined the structure-activity relationships of
these compounds in animal tumor models. In this report we
describe the radiolabeling of 4 TSCs (Fig. 1), characteriza-
tion of the agents and the biologic kinetics, and small-animal
PET of the lead compounds in 2 mouse tumor models con-
firmed to express high and low levels of Topo-II.

MATERIALS AND METHODS

Materials
%4Cu was produced on a CS15 cyclotron (Cyclotron Corp.) at
Washington University School of Medicine by previously reported
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FIGURE 1. Structuresofligands (L) EPH142, EPH143, EPH144,
and EPH270, the four “N-azabicyclo[3.2.2]nonane TSC deriva-
tives labeled with #4Cu to form complexes of the general formula
[Cu-L]* (29), whose identity was confirmed by chromotographic
comparison with nonradioactive standards.
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methods (2). Unless otherwise stated, all chemicals (including
VP-16) were purchased from Sigma-Aldrich Chemical Co., Inc.
Thin-layer chromatography (TLC) plates were analyzed on a
BIOSCAN System 200 imaging scanner. Radioactive samples
were counted on a Beckman 8000 vy-counter. Female CDF1 mice,
11 wk old, and male nu/nu mice, 5-6 wk old, were purchased from
Charles River Laboratories. L1210 (mouse lymphocytic leuke-
mia), LL/2 (mouse Lewis lung carcinoma), B16F10 (mouse
melanoma), EMT-6 (mouse mammary carcinoma), CaSki (human
cervix epidermoid carcinoma), MCF-7 (human breast adenocar-
cinoma), and PC-3 (human prostate adenocarcinoma) cells were
purchased from the American Type Culture Collection and
maintained in our laboratories by serial cell culture. To determine
the activity of Topo-II in both cultured cells and tumors, a
qualitative assay was performed using a commercially available
kit from TopoGEN, Inc., per manufacturer’s instructions. Western
blot analysis was performed to determine the cellular levels of
Topo-II. Protein content in cells and in tumor extracts was
determined using a BCA Protein Assay Kit (Pierce Chemicals).
Nonradioactive analogs ([Cu(L)]Cl), to serve as standards, were
synthesized and characterized according to previously published
methods (29). These nonradioactive analogs were used as stan-
dards in both radio-TLC and radio-high-performance liquid
chromatography (radio-HPLC) identification of radiochemical

purity.

Radiochemistry and Lipophilicity Studies

The ligands were manufactured as previously reported (29) and
were dissolved in ethanol at 1 mg/mL, to form a yellow solution.
64CuCl, (18.5-185.0 MBq [0.5-5 mCi]) was taken up into 150 pL
ethanol, and 5 pL of the ligand ethanolic solution were added. The
reaction mixture was heated at 40°C for 1 h. Radiochemical purity
was determined by TLC using Silica Gel TLC plates (EM Merck)
with 60:40 acetonitrile:0.9% saline as the mobile phase (free ®*Cu:
R; = 0; ®Cu-complexes: Ry = 0.9). Radiochemical purity was
also confirmed by radio-HPLC methods (solvent A: 0.025 mol/L
phosphate buffer, pH 4.0; solvent B: acetonitrile; gradient = 20%—
70% B in 8 min; flow rate, 2 mL/min; Phenomex LUNA C;g
column).

The octanol-water partition coefficient was used as a measure
of lipophilicity. The radiotracer solution (20 wL) was added to a
mixture of phosphate-buffered saline (PBS, pH 7.4) (500 L) and
n-octanol (500 nL) in a microcentrifuge tube. After vortexing for
5 min, the tube was centrifuged (5 min at 3,000 rpm) and 100-pL
samples of each layer were taken for counting. All experiments
were performed in triplicate. The partition coefficient was ex-
pressed as logP = log;o(counts in octanol/counts in PBS).

Topo-ll Enzyme Assays

TopoGEN Kit. The kit is designed to ascertain Topo-II activity
in cell extracts. Following the instructions included with the kit,
equal amounts of tissue (g protein) were added to the reaction
buffer containing ATP, required for Topo-II function, and a
kintoplast DNA (kDNA) substrate, which is a collection of
interlocking circles that only Topo-II can decatenate. In general,
cultured cells or tumors were harvested and were homogenized
and their nuclear extracts were aliquoted and stored at —80°C
after their protein content was determined using a standard BCA
Protein Assay Kit.

A separate study was also undertaken to compare the effect of
the Cu-azabicyclo[3.2.2]nonane TSCs—specifically, nonradioactive
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Cu-EPH270—on the level of Topo-II-mediated decatenization of
the KDNA to establish Cu-EPH270 as a Topo-I1I poison. Following
the TopoGEN kit instructions, Topo-II (2 units/20 pwL), VP-16 as
a positive control (1 mmol/L), and nonradioactive Cu-EPH270
(1 mmol/L) were incubated at 37°C for 30 min, during which time
the Topo-II in the samples decatenized the KDNA substrate. The
reactions were then loaded onto a 1% agarose gel with ethidium
bromide (0.5 pwg/mL) for electrophoresis. Photographs of the gels
were taken with an ultraviolet transilluminator.

Western Blot. Cellular extracts or nuclear protein extracts from
harvested tumors were solubilized in Laemmli’s buffer and were
loaded onto a 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide
gel and run for 1 h at 150 V. Separated proteins were transferred to
polyvinylidene difluoride membranes (BioRad Laboratories) in a
BioRad Trans Blot Cell using a buffer containing 25 nmol/L Tris-
Cl, 86 mmol/L glycine, and 20% methanol. To avoid nonspecific
binding, the membranes were blocked with 5% nonfat dry milk in
0.05% Tween-20 in Tris-buffered saline for 30 min. The mem-
branes were then incubated with primary antibody diluted in
blocking buffer. A rabbit polyclonal antibody prepared against a
16-residue oligopeptide derived from the carboxyl-terminal region
of human Topo-Ila (TopoGEN, Inc.) was used at a dilution of
1:1,000. After binding, the blots were washed and incubated with
goat antirabbit horseradish peroxidase—conjugated secondary an-
tibody. The protein-antibody complexes were visualized by en-
hanced chemoluminescence (ECL system; Amersham) according
to the manufacturer’s protocol. The positions of Topo-Ila were
localized by human 170-kDa Topo-Ila marker (TopoGEN, Inc.).

In Vitro Studies

A cell uptake study of [**Cu-EPH270]" was performed with
the B16F10 cell line to investigate the effect of varying the mass
of [Cu-EPH270]" against cell uptake and retention. Different
amounts of [**Cu-EPH270]* were incubated with B16F10 cells in
6-well plates at 37°C for 1 h. After washing with PBS buffer, the
cells were lysed with SDS solution and counted with a y-counter.
The amount of activity associated with the cells was normalized
for protein content.

In Vivo Studies

Female CDF1 mice were implanted subcutaneously with 5.0 x
10° L1210 cells from cell culture into the mouse flank. At 12 d of
tumor growth (tumors, ~1.3 g), [**Cu-EPH144]" or [**Cu-
EPH270]* (0.26 MBq [7 pCi] in 150 pL 0.9% saline, >99%
radiochemical purity) was injected via tail vein, and the animals
were euthanized at 1, 4, and 24 h (n = 5 for each time point).
Selected tissues and organs were harvested and weighed and the
activity was counted on the y-counter. The percentage injected
dose per gram (%ID/g) and the percentage injected dose per organ
(%ID/organ) were calculated for each tissue.

All imaging was performed in a temperature-controlled imaging
suite with close monitoring of the physiologic status of the animals.
Athymic nude (nu/nu) mice were implanted with either 5.0 X 103
L1210 cells or 3 x 10° PC-3 cells into the flank. Small-animal PET
was performed on a microPET FOCUS system (Siemens Medical
Solutions USA, Inc.) (36). Male nu/nu mice bearing 12-d L1210
tumors or 21-d PC-3 tumors (n = 6 per group) were anesthetized
with 1%-2% isoflurane, placed in a supine position, and immo-
bilized in a custom-made cradle. The mice received 7.4 MBq
(200 wCi) of [**Cu-EPH270]" via the tail vein and were imaged
side by side with mice that had been pretreated with 100 g of
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VP-16in 150 pL 0.9% saline immediately before injection of [**Cu-
EPH270]*. Animals were imaged with a 10-min static data collec-
tion at 1, 4, and 24 h after injection. Standard uptake values (SUVs)
were generated from regions of interest drawn over the tumor and
other organs of interest. Coregistration of the PET images was
achieved in combination with a microCAT-II camera (Imtek Inc.),
which provides high-resolution CT anatomic images. The image
registration between microCT and PET images was accomplished
by using a landmark registration technique, AMIRA image display
software (AMIRA; TGS Inc.). The registration method proceeds by
rigid transformation of the microCT images from landmarks pro-
vided by fiducial markers directly attached to the animal bed.

Statistical Methods

To compare differences between the datasets, a Student ¢ test
was performed. Differences at the 95% confidence level (P <
0.05) were considered significant.

RESULTS

Radiochemistry and Lipophilicity Studies

All 4 ligands were radiolabeled with ®*Cu in ethanolic
solution at 40°C for 1 h to yield >95% radiochemical purity.
The %*Cu-labeled complexes were obtained in specific
activities of 3.7-37 MBq/pg (0.1-1.0 mCi/pg). Radio-
TLC on Silica Gel plates (with coelution of the nonradio-
active analog, [Cu(L)]JCl) demonstrated the isolation of
radiochemically pure compounds (®*CuCl,, Ry = 0.0
[100%]; [**Cu-EPH142]" = 1 peak, Ry = 0.9 [100%];
[*“Cu-EPH143]" = 1 peak, Ry = 0.9 [98%]; [**Cu-
EPH144]% = 1 peak, Ry = 0.9 [98%]; [**Cu-EPH270]" =
1 peak, Ry = 0.9 [98%]). Radio-HPLC confirmed radio-
chemical purities of >98% for all 4 complexes ([**Cu-
EPH142]" = 1 peak, retention time [tg] = 10.0 min;
[**Cu-EPH143]" = 1 peak, tg = 10.2 min; [**Cu-
EPH144]" = 1 peak, tg = 10.05 min; [**Cu-EPH270]" =
1 peak, tg = 10.25 min). The HPLC retention times of the
complexes were confirmed to be identical to those of the
nonradioactive analogs, by coelution of the nonradioactive
standards with their respective radioactive analogs. The
standards were previously identified and confirmed to be
monocationic species of the general formula [Cu(L)]". The
partition coefficients of the four **Cu-complexes were deter-
mined by octanol:PBS partition experiments. The logP
values = SD obtained were 1.72 * 0.18 ([**Cu-EPH142]™),
1.33 = 0.16 ([**Cu-EPH143]"), 1.92 = 0.18 ([**Cu-
EPH144]%), and 1.34 * 0.21 ([**Cu-EPH270]%).

Topo-ll Enzyme Assays

Examination of tumor extracts with the TopoGEN assay
kit demonstrates different amounts of Topo-II in the tumor
extracts (Fig. 2A), confirming the ability to determine the
relative Topo-II activity in tumors. As seen by the bands on
the gel, the order of Topo-II activity in these tumor lines
was LL/2 > PC-3 > MCF-7. Western blot analysis of
cellular extracts from harvested L1210, LL/2, PC-3, and
MCF-7 tumors (Fig. 2B) showed different levels of Topo-1I
protein (L1210 > LL/2 > PC-3 > MCF-7). The results
from the western blot analysis are consistent with the
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FIGURE 2. (A) Topo-ll activity was
measured by production of decatenized
kDNA; more Topo-Il activity corresponds

l EirEE to a more optically dense decatenized
kDNA band in an agarose gel. Any bands
l B16F10 that line up with the linear KDNA marker

L1210 nucleases. No bands line up with this
marker, meaning there was no such
degradation. The reaction blank, kDNA
without tumor extract, indicates that
bands produced by the reactions are
not due to contamination. As seen by the

‘ are indicative of kDNA degradation by
‘ CaSki

PC-3

MCF-7

bands on this gel, the order of Topo-lII
activity in these tumor lines was LL/2 >

PC-3 > MCF-7. (B) Western blot analysis of proteins prepared from nuclear extracts from L1210, LL/2, PC-3, and MCF-7 tumors.
Nuclear proteins (5 ng) were size fractionated electrophoretically, transferred to a membrane, incubated with antibody against
Topo-lla, and visualized by chemoluminescence. 170 marker = 170-kDa marker. (C) Western blot analysis of proteins prepared
from cellular extracts from L1210, EMT-6, B16F10, CaSki, PC-3, and MCF-7 cell lines.

Topo-II assay, indicating that more Topo-II protein (western
blot) corresponds to higher Topo-II activity (Topo-II assay).
Figure 2B shows the levels of Topo-II from L1210 tumors
harvested from 5 mice. The results indicate that the tumors
grown in different mice yield the same amounts of Topo-II.
To determine which cell lines to use for the in vivo studies,
a western blot experiment was performed on cellular
extracts from 6 cell lines, and the results are presented in
Figure 2C. In culture, L1210 cells demonstrate the highest
level of Topo-II, followed by B16F10, EMT-6, and CaSki
cell lines, whereas MCF-7 and PC-3 cells have the lowest
amount of Topo-II expression.

To confirm selective inhibition of Topo-II by nonradio-
active Cu-EPH270, reactions comparing its effect with that
of VP-16 (positive control) were conducted (Fig. 3).
Although the Cu-EPH270 proved to be somewhat insolu-
ble, its solubility improved after storing it in the solvent for
additional time. Optimization of the procedure for appro-
priate concentrations of Topo-II (2 units/20 wL), VP-16,
and Cu-EPH270 produced evidence that Cu-EPH270 acted
as an inhibitor of Topo-II.

Linear kDNA maker

Decat kDNA maker

Topo Il - uninhibited

VP-16 — 1 mmolL

Insoluble Cu-EPH270

Soluble Cu-EPH270 - 1 mmoliL

Reaction blank

f

Unreacted kDNA

Decatenized kDNA

FIGURE 3. This experiment demonstrates that VP-16 and
soluble nonradioactive Cu-EPH270 both inhibit Topo-II activity,
as no bands of decatenized (decat) kDNA are produced for
those wells. The reaction blank indicates that bands produced
by the reactions are not due to contamination.
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In Vitro Studies

We undertook a dose—-response experiment by varying
the Cu-TSC mass against cell uptake. A relationship be-
tween the mass of [**Cu-EPH270]" given and its in vitro
uptake into the B16F10 cell line was observed (Fig. 4). As
the mass of [®*Cu-EPH270]" added to the cells was in-
creased, the cellular uptake of the compound increased
correspondingly until a mass was achieved that resulted in
saturation and then gradual decrease in uptake was noted.
These observations strongly suggest that a process based on
dose-response is responsible for the accumulation and
retention of the Cu-TSC complex in this cell line.

In Vivo Studies

A summary of the biodistribution data obtained in
L1210-bearing mice for both [**Cu-EPH144]" and [**Cu-
EPH270]" is given in Table 1. Both [**Cu-EPH144]" and
[**Cu-EPH270]" remained relatively high in the blood,

Mean % binding/
ug protein

0.00 T T T T T T T |
00 10 20 30 40 50 60 70 80

Mass of [Cu-EPH270]+ (ug)

FIGURE 4. Relationship between the mass of [6“Cu-
EPH270]* administered and its in vitro uptake into B16F10 cell
line was observed. As the mass of Cu-EPH270 added to cells
was increased, cellular uptake of the compound increased until
a mass was achieved that resulted in a plateau and in a gradual
decrease in uptake. These observations strongly suggest that a
process based on dose-response was responsible for accu-
mulation of [84Cu-EPH270]" into different cell lines.
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TABLE 1
Biodistribution (%ID/g = SD, n = 5) at 1, 4, and 24 Hours
of [64Cu-EPH144]" and [#*Cu-EPH270]* in CFD1 Mice
Bearing Lymphocytic Leukemia L1210 Tumors

Time (h)
Biodistribution 1 4 24
[64Cu-EPH144]*
Blood 5.03 + 0.46 4.04 = 041 258 = 0.43
Lung 24.36 = 7.60 20.38 = 5.53 14.49 + 2.89
Liver 39.95 + 7.06 34.57 = 8.01 22.11 = 5.16
Spleen 15.02 =+ 3.30 11.75 +1.46 8.42 +1.17
Kidney 2432 + 273 15.79 = 1.84 12.92 + 2.98
Muscle 2.06 + 0.48 1.60 = 0.41 1.34 = 0.30
Fat 1.38 = 0.33 1.01 = 0.40 0.62 = 0.24
Heart 1429 +1.70 11.66 = 2.35 9.87 = 2.21
Bone 2.71 = 0.58 2.66 = 0.40 2.50 = 1.16
Tumor 4.70 = 0.47 8.80 = 1.94 6.64 = 1.30
[64Cu-EPH270]*

Blood 3.69 = 1.69 514 £1.20 3.05 = 0.58
Lung 19.40 = 14.20 27.14 = 6.02 14.87 + 4.03
Liver 20.15 = 11.90 28.01 = 5.57 18.41 = 4.45
Spleen 6.17 = 410 10.46 = 2.90 6.53 = 2.13
Kidney 16.45 = 6.06 14.35 + 5.62 11.10 = 1.95
Muscle 1.01 = 0.54 1.11 = 0.28 1.06 = 0.25
Fat 0.61 + 0.26 1.11 = 0.48 0.38 = 0.34
Heart 5.23 + 3.27 9.08 = 1.63 7.43 = 1.74
Bone 291 = 3.97 1.94 = 0.76 1.52 = 0.56
Tumor 2.58 = 1.42 6.00 = 0.75 4.80 = 0.89

with low clearance over the 24-h period ([**Cu-EPH144]%,
5.03 %ID/g at 1 h vs. 2.58 %ID/g at 24 h; [**Cu-EPH270]*,
3.69 %ID/g at 1 h vs. 3.05 %ID/g at 24 h). Both compounds
also had high levels of uptake in the lung, spleen, kidney,
and liver at 1 h, but activity in these tissues decreased
over 24 h. The heart uptake of both agents was high at all
time points and similar at 24 h after injection ([**Cu-
EPH144]%, 9.87 %ID/g; [*Cu-EPH270]", 7.43 %ID/g),
potentially due to the monocationic lipophilic nature of the
complexes.

Overall tumor uptake for both complexes was higher at
4 and 24 h compared with values at 1 h, with [**Cu-
EPH144]" (1 h, 4.70 %ID/g; 4 h, 8.80 %ID/g; 24 h, 6.64
%ID/g) having greater accumulation and retention than [**Cu-
EPH270]* (1 h, 2.58 %ID/g; 4 h, 6.00 %ID/g; 24 h, 4.80
%ID/g). Although [**Cu-EPH144]" at 24 h had the highest
tumor activity, tumor-to-nontarget organ ratios for the liver,
kidney, and muscle revealed similarity for the 2 agents at all
time points. In particular, the tumor-to-muscle ratios were not
significantly different (P > 0.1) at any time point examined
(1 h, 2.29 [**Cu-EPH144]" vs. 2.56 [*Cu-EPH270]%; 4 h,
5.48 [**Cu-EPH144]%" vs. 5.40 [°*Cu-EPH270]*; 24 h,
4.95 [*4Cu-EPH144]" vs. 4.53 [**Cu-EPH270]"). The
tumor-to-blood ratios for the agents did demonstrate a
significant difference by 24 h (P < 0.05), with [¢*Cu-
EPH144]* showing consistently higher values (1 h, 0.94
[¢4Cu-EPH144]" vs. 0.70 [**Cu-EPH270]"; 4 h, 2.18
[*4Cu-EPH144]* vs. 1.17 [**Cu-EPH270]%; 24 h, 2.58
[64Cu-EPH144]* vs. 1.57 [**Cu-EPH270]%).
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Small-Animal Imaging

Small-animal PET images of [6*Cu-EPH270]" were
obtained in nu/nu mice bearing either 12-d L1210 or 21-d
PC-3 tumors. Representative PET images and coregistered
images (PET and high-resolution microCT) are shown in
Figure 5A (L1210 bearing) and Figure 5B (PC-3 bearing).
The images show that the L1210 tumors can be easily
visualized at all time points, whereas the PC-3 tumors were
more difficult to delineate. It was necessary to use high-
resolution CT anatomic images and PET/CT coregistered
images to localize the PC-3 tumors. SUV calculations
(Fig. 6) show that the uptake and retention of the tracer
in the tumor, liver, and kidney follow similar trends and
relationships as those observed in the tissue distribution
studies. The compounds demonstrated significant uptake in
the L1210 tumor at 1, 4, and 24 h. The tumor uptake was
dramatically reduced in animals that were preinjected with
VP-16 (e.g., at 4 h, SUV [without VP-16] = 1.14 = 0.18 vs.
SUV [with VP-16] = 0.41 = 0.07, P < 0.01). This indicated a
Topo-II-mediated tumor uptake of [Cu-EPH270]". The
SUVs of the PC-3 tumors were significantly lower than those
of the L1210 tumors (e.g., at 4 h after injection, SUV
[L1210] = 1.14 = 0.18 vs. SUV [PC-3] = 0.60 = 0.19,
P <0.05; at 24 h after injection, SUV [L1210] = 1.17 £ 0.12
vs. SUV [PC-3] = 0.42 = 0.13, P < 0.01). This correlates
with higher Topo-II expression of L1210 tumor compared
with PC-3 tumor shown by western blot. VP-16 also reduced
uptake of the tracer in the PC-3 tumor. However, because the
PC-3 tumor uptake was already low, the reduction in tracer
accumulation was not as significant as that of the L1210
tumor (e.g., at 1 h, SUV [without VP-16] = 0.45 = 0.13 vs.
SUV [with VP-16] = 0.29 = 0.11, P = not significant [NS];
at 4 h, SUV [without VP-16] = 0.60 = 0.19 vs. SUV [with
VP-16] = 0.44 = 0.20, P = NS). For both L1210 and PC-3
tumor-bearing mice, the uptakes in the liver and kidney were
not significantly affected by VP-16 pretreatment (e.g., 4-h
liver uptake of L1210 tumor-bearing mice, SUV [without
VP-16] = 3.38 = 1.20 vs. SUV [with VP-16] = 3.25 = 1.27,
P = NS; 24-h kidney uptake of PC-3 tumor-bearing mice,
SUV [without VP-16] = 0.75 = 0.16 vs. SUV [with VP-16] =
0.88 = 0.16, P = NS).

DISCUSSION

PET is a noninvasive imaging technique that delineates
physiologic processes, complementing the high-resolution
anatomic images of MRI and CT that can reveal important
information about location of disease. Physiologic infor-
mation from PET can significantly aid the diagnosis of
disease and help direct treatment for individual patients.
The increasing availability and broader dissemination of
positron-emitting nuclides of copper make these isotopes
an attractive option on which to base new positron-emitting
radiopharmaceuticals.

Of the 4 ligands examined in this study (EPH142,
EPH143, EPH144, and EPH270), 3 have significantly
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FIGURE 5. Images are 1-mm slices,
with the animal in supine position, and
slices are through the center of the tumor
volume. Because tumors do not grow in
exactly the same location from animal to
animal, slices may show different tissues
in addition to tumors. (A) Coronal images
obtained using coregistration techniques
demonstrating uptake of [64Cu-
EPH270]" at 4 h after injection into
L1210 tumor implanted on the right flank
of a mouse. The image on the left shows
the mouse that received preinjection of
VP-16. PET images show that adminis-
tration of VP-16 substantially reduces
tumor uptake of the agent to the extent
that the tumor is difficult to delineate. The
mouse on the right did not receive
preinjection of VP-16 and this tumor
had greater accumulation of radioactivity
compared with the littermate on the left.
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-
High

I Low

(B) Coronal images of mice implanted with PC-3 tumors on the left flanks at 4 h after injection of [4Cu-EPH270]*. The PC-3 tumor
is more difficult to delineate compared with the L1210 tumor. Image on the left, which shows the mouse that was pretreated with
VP-16, demonstrates that the PC-3 tumor can barely be seen after administration of VP-16.

higher growth-inhibitory activities when complexed with
nonradioactive copper (29): (ICso values in HT29 cells:
EPH142, 2.22 pmol/L vs. [Cu-EPH142]*, 1.51 pmol/L;
EPH144, 0.038 pmol/L vs. [Cu-EPH144]", 0.004 pwmol/L;
EPH270, 0.035 pmol/L vs. [Cu-EPH270]*, 0.004 pmol/L)
(29). Given the still-unfolding relationship between Topo-II
and drug resistance, determining its clinical relevance
might have significant impact on the treatment of patients.
Here we describe the production and preliminary in vivo
characterization of copper-radiolabeled analogs of Topo-II
inhibitors (EPH142, EPH143, EPH144, and EPH270) as
potential new radiopharmaceutical agents for delineating
expression of Topo-II.

The 4 complexes were all produced in high radiochem-
ical purity by the reaction of 6*CuCl, with the ligand of
choice in ethanolic solution. The radiolabeled complexes
were characterized by both radio-TLC and radio-HPLC and
shown to be identical in chemical form to the nonradioac-
tive copper analogs. All 4 cationic complexes, of the

general formula [**Cu(L)]Cl, were lipophilic, with [¢*Cu-
EPH144]" the most lipophilic (logP = 1.92 = 0.18).
Protocols for determining differential expression of
Topo-II in various tumor lines using the Topo-II assay kit
and western blot analysis were tested. In harvested tumor
tissues, L1210 had the highest level of Topo-II, LL/2 and
PC-3 had intermediate levels, with LL/2 levels of Topo-II
slightly higher then those of PC-3, and MCF-7 had a
relatively low level (Figs. 2A and 2B). When measuring
tumor growth in animals, it was interesting to note that
L1210 and LL/2 were rather aggressive tumors, PC-3 was
somewhat less aggressive, and MCF-7 grew at a rather slow
rate. This is consistent with the expression of Topo-II being
a specific and sensitive marker for cell proliferation
(20,21). Western blot of the cellular extracts from cultured
cell lines (Fig. 2C) indicated that L1210 demonstrated the
highest level of Topo-II protein, EMT-6, B16F10, and
CaSki had intermediate levels, whereas the Topo-II levels
of MCF-7 and PC-3 were the lowest and close to each
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FIGURE 6. SUVs of uptakes of [Cu-EPH270]" in tumor (A), liver (B), and kidney (C) in L1210 and PC-3 tumor-bearing mice.
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other, although MCF-7 showed a slightly higher Topo-II
level. Western blots of the tumor extracts and cellular ex-
tracts showed a different order of Topo-II levels for MCF-7
and PC-3 cells, probably related to the different prolifera-
tion stages of the 2 cell lines in culture (/9-27). VP-16
(etoposide), a Topo-II poison, inhibits the activity of Topo-
II by stabilizing the cleavage complexes so that the enzyme
does not regulate the DNA breaks (37,38). Using pure
Topo-II and comparing its inhibition by VP-16 and by [Cu-
EPH270]" demonstrated that [Cu-EPH270]" does inhibit
Topo-II activity (Fig. 3), although its exact mechanism is
yet to be determined.

The in vitro cell uptake study of [Cu-EPH270]" showed
that as the mass of [Cu-EPH270]" added to the cells was
increased internalization/binding increased in a dose-
dependent manner until saturation was achieved. These
observations strongly suggest that a process based on dose—
response was responsible for the accumulation of the Cu-
TSC into Topo-II-rich cells.

The 2 compounds with the highest logP values, [**Cu-
EPH144]" and [**Cu-EPH270]", were chosen for further
evaluation in vivo. Interestingly, the same 2 nonradioactive
copper complexes were reported to have the most potent
antitumor effects and the lowest ICsq values in HT29 cells
(29). Because L1210, a lymphocytic leukemia—derived cell
line, has high Topo-II expression in exponentially growing
cells (20,26)—a finding confirmed in this current study—
L1210 tumors were expected to express high levels of
Topo-II and were selected for the in vivo tumor studies.
Western blot of both tumor extracts and cell extracts
showed that PC-3 has a significantly lower level of Topo-
IT compared with the L1210 cell line; therefore, we decided
to use PC-3 tumors in the imaging studies for comparison.
The L1210 tumor line and the PC-3 tumor line were also
chosen for these studies because they are known to be drug
sensitive and do not express P-glycoprotein, a potential
complication in the study of lipophilic cationic complexes.

The biodistribution of [¢*Cu-EPH144]" and [®*Cu-
EPH270]" demonstrated high tumor uptake at 1 h after
injection. In both cases, maximum tumor uptake was noted
at 4 h. Our studies also revealed high nontarget tissue
uptake—particularly, in the lung, heart, and spleen. It has
been reported that Topo-II is abundant in the spleen of the
adult mouse (39), explaining, in part, accumulation of the
tracer in this tissue. Moreover, in humans, the tissues that
contain the high amounts of Topo-II are the actively
proliferating ones—germinating centers of lymphoid tissue,
basal layers of epithelial and glandular tissue of colon,
lung, and testis—whereas few scattered cells containing
Topo-II have been detected in liver, kidney, and brain (40).
This finding could explain the high uptake of the com-
pounds in the lung. Topo-II levels have been shown to be
low in the murine brain and the heart (39); therefore, the
high heart uptake of the complexes can best be explained
by the cationic and lipophilic nature of the complexes.
Lipophilic monocations are known to enter cells by passive
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diffusion and to accumulate within cells—particularly,
within mitochondria—as a result of the electrical potential
gradient across the respective membranes in actively me-
tabolizing cells (41).

It is evident from the PET studies that uptake in the
kidney and liver is not significantly modulated by the
administration of VP-16, suggesting that the Topo-II-
dependent uptake of the agent in these tissues is likely to
be minimal and is due to normal excretory processes. This
is further supported by the fact that only a few scattered
cells containing Topo-II have been detected in the liver and
kidney (40). The uptake and subsequent retention in the
kidney and liver also demonstrate minimal removal of the
activity from the body, which could result in unacceptable
dosimetry and low target-to-background ratios.

Although biodistribution studies demonstrated a less-
than-favorable distribution of the tracers (i.e., high nontar-
get tissue accumulation) at all time points (1, 4, and 24 h),
small-animal PET was able to delineate the L1210 tumors
in the animal model. The SUV values were lower than those
obtained in the biodistribution study but can be explained
by the increase in the amount of compound (~30-fold)
given in PET compared with that in the biodistribution
study. The VP-16 studies provide evidence that an accu-
mulation process associated with Topo-II expression may
exist, as only tumor uptake was altered. It was not possible
to use nonradioactive [Cu(EPH270)]* as a blockade be-
cause the insolubility of nontracer quantities of the complex
does not allow for the administration of this compound to
rodents. In all cases, the administration of VP-16 resulted
in a significant reduction in overall L1210 tumor uptake
without affecting the uptakes of the nontargeting organs
such as liver and kidney. Compared with L1210 tumor, the
PC-3 tumor was not easily visualized on the PET images
and the PC-3 tumor uptakes at all time points were
significantly lower than those of L1210 tumor, consistent
with the lower Topo-II level of PC-3 cell line. With
evidence that these compounds act against Topo-II, along
with the high and low expression of Topo-II in the L1210
and PC-3 tumors, respectively, it is reasonable to hypoth-
esize that the uptake and retention of these copper com-
plexes is the direct result of a specific interaction with
Topo-11.

This study investigated the radiolabeling and in vivo
characterization of a new class of copper-radiolabeled TSC
complexes. To the best of our knowledge this is also the
first report of the use of PET radiopharmaceuticals as
potential agents for delineating Topo-II expression in
tumors. We have successfully produced these radiolabeled
complexes and demonstrated that, despite high nontumor
uptake, visualization of Topo-II-rich tumors can be accom-
plished with PET. Moreover, this accumulation can be
significantly reduced with Topo-II inhibitors. Further stud-
ies are now warranted, including the design of new analogs
to improve tumor uptake with a concomitant decrease in
nontarget tissue accumulation.
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CONCLUSION

This study describes new radiopharmaceuticals that may
be useful for imaging Topo-II expression. We have dem-
onstrated a proof of concept that these complexes are able
to image the levels of cellular Topo-II. Although further
translation of these four agents may be hindered by less-
than-optimal background accumulation, this concept may
help in the design and development of improved imaging
and therapeutic agents targeted toward Topo-II.
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