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Our objective was to determine whether human prostate cancer
xenografts in mice can be localized by PET using 84CuCl, as a
probe (54Cu PET). Methods: Athymic mice bearing human pros-
tate cancer xenografts were subjected to 64Cu PET, followed by
quantitative analysis of the tracer concentrations and immuno-
histochemistry study of human copper transporter 1 expression
in the tumor tissues. Results: Human prostate cancer xenografts
expressing high levels of human copper transporter 1 were well
visualized on the PET images obtained 24 h after injection but
not on the images obtained 1 h after injection. PET quantitative
analysis demonstrated a high concentration of $4CuCl, in the tu-
mors in comparison to that in the left shoulder regions (percentage
injected dose per gram of tissue: 3.6 = 1.3 and 0.6 = 0.3, respec-
tively; P = 0.004), at 24 h after injection. Conclusion: The data
from this study suggested that locally recurrent prostate cancer
might be localized with 84Cu PET using 84CuCl, as a probe.

Key Words: prostate cancer; positron emission tomography;
human copper transporter 1; copper (I1)-64 chlorides

J Nucl Med 2006; 47:1649-1652

Prostate cancer is the second leading cause of death in
men (/). "8 F-FDG PET has been widely used for localiza-
tion and staging of many cancers, but its utility for
detection of the local recurrence of prostate cancer is lim-
ited by excretory '3F-FDG activity in the urinary bladder
(2—4). Multiple tracers have been investigated for imaging
locally recurrent prostate cancer, such as !'C-acetate (5),
HC-choline (6,7), and recently '3F-FDG-1-(2-deoxy-2-
fluoro-b-arabinofuranosyl)thymine (8). These new probes
under investigation have their own strengths but also some
limitations. It is worthwhile to search for additional new
probes that may be used when the utility of the probes
currently available is limited.

Copper is an essential nutrient in mammals, and copper
homeostasis is delicately maintained by a network of
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copper transporters, chaperones, and efflux pumps (9).
Human copper transporter 1 (hCtrl) is a high-affinity cop-
per transporter that mediates cellular uptake of copper in
humans and is highly expressed in the liver. After cloning
of the hCtrl gene (/0), the mouse copper transporter 1 gene
was cloned and showed an expression profile similar to that
of hCtrl (/7). Recently, it was reported that extrahepatic
mouse hepatoma grafts expressing high levels of mouse
copper transporter 1 could be detected by ®*Cu PET using
64CuCl, as a probe (/2). On the **Cu PET images, there
was little background activity in the urinary bladder region
because **CuCl, was cleared mainly by the hepatobiliary
pathway instead of renally. In view of the fact that human
tumor tissues contain high concentrations of copper (13, 14),
we hypothesized that human prostate cancers express high
levels of hCtrl and can be detected by **Cu PET. To test
this hypothesis, preliminary experiments were performed
to determine whether human prostate cancer xenografts in
mice can be localized with **Cu PET.

MATERIALS AND METHODS

Cells, Animals, and Human Prostate Cancer Xenografts
in Mice

Human prostate cancer cells, PC-3 (ATCC), were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum,
penicillin (100 U/mL), and streptomycin (100 mg/mL; BioSource
International). Athymic mice (male; 4-5 wk old; body weight,
21.5-25.0 g) from Harlan Laboratory were used for this study,
which was approved by the Animal Investigation Committee of
Wayne State University. PC-3 cells (5 x 10%injection site) were
injected subcutaneously in the right flank of the mice, and the
tumor-bearing mice were subjected to PET studies when the tumor
xenografts reached about 0.8 x 0.8 cm.

PET

The athymic mice bearing human prostate cancer xenografts
were subjected to a PET study using a microPET R4 tomograph
(Concorde Microsystems), in a protocol modified from that de-
scribed previously (/2). Briefly, the tumor-bearing mice were
anesthetized with a mixture of ketamine (100 mg/kg) and xylazine
(7 mg/kg) and positioned in spread-supine position on the PET
bed. Initially, a 17-min transmission scan was acquired to correct
for attenuation of the 511-keV photons. After the transmission
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scan, the mice received an injection of **CuCl, (74 kBq [2 wCil/g
of body weight) via the tail vein. At 1 and 24 h after injection of
the tracer, whole-body data acquisition consisting of 2 overlapping
frames of 15-min duration (2-cm overlap) was started. The ®*Cu
radionuclide (half-life, 12.7 h; decay characteristics, 19% B* and
40% B~) was produced in a cyclotron with a radionuclide purity
of more than 99% and was supplied as **CuCl, in an HCI solution
(0.1 mol/L) by the Mallinckrodt Institute of Radiology, Wash-
ington University. The whole-body images were corrected for
attenuation using the previously acquired transmission scans and
reconstructed using an iterative ordered-subsets expectation max-
imization 2-dimensional algorithm (/5). PET images were visu-
ally assessed for biodistribution of the tracer and localization of
the tumor xenografts.

PET Quantitative Analysis of Tracer Concentration

For maximum sensitivity, the PET data were reconstructed
using measured attenuation, scatter correction, and the ordered-
subsets expectation maximization 2-dimensional iterative algo-
rithm, yielding an isotropic spatial resolution of about 2 mm
in full width at half maximum. The images were subsequently
processed using ASIPro PET data analysis software (Concorde
Microsystems). A calibration factor predetermined by scanning a
phantom was used to convert counts/pixel/min to kBq (.Ci)/cm? for
the tracer **Cu. Regions of interest were drawn in all planes over the
tumor, liver, and soft-tissue region on the left flank opposite the tumor.
The average tracer concentration (kBq [Cil/cm?®) for each defined
area was obtained as a weighted (by area) average of the tracer
concentration obtained from all image planes in which regions of
interest for that particular tissue region were defined. Finally, the
decay-corrected percentage of injected dose per gram of tissue (%ID/
g) for each area was calculated by dividing the obtained average tracer
concentration (kBq [pCi]/cm?) in the region by the injected activity
(kBq [Ci]) over mouse body weight (g).

Radioactivity Assay for Tissue Tracer Concentration

Upon completion of the PET studies at 1 and 24 h after in-
jection, the tumor-bearing mice were euthanized under anesthesia
and postmortem tissues were harvested, weighed, and counted for
radioactivity with a Packard Cobra II y-counter (Perkin-Elmer).
Tissue radioactivity was calculated and expressed as a decay-
corrected %ID/g.

Immunohistochemistry Study for Expression of hCtr1
For study of hCtrl expression, postmortem tumor tissues were
harvested, fixed in 10% buffered formalin, embedded in paraffin,
and then sectioned into 5-pm sections for immunohistochemistry
study. After incubation with an hCtrl-specific polyclonal antibody
(Novus Biologicals) at a dilution of 1:250, the immunoreactivity
against hCtrl was visualized by reaction with horseradish
peroxidase—labeled goat—antirabbit secondary antibody (Vector
Laboratories). Microscopic images of the stained sections were re-
corded with an Olympus microscope equipped with a Spot digital
camera (Diagnostic Instruments). Tissue sections incubated with
normal rabbit serum were used as a negative control, whereas
mouse liver tissue sections were included as a positive control.

Statistical Analysis

Data of quantitative PET analysis and radioactivity count ex
vivo were expressed by a mean and SD. Repeated-measures
ANOVA was performed to determine whether tracer uptake
observed using PET (%ID/g) differed significantly from tracer
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uptake of *CuCl, determined using a radioactivity assay ex vivo.
A significant overall F value was followed by a limited number of
post hoc tests comparing tumor tissue uptake with uptake in each
of the other tissues. Because the number of post hoc comparisons
for each outcome was less than the number of levels of the re-
peated factor, no correction for multiple comparisons was used.
A P value of less than 0.05 was considered to represent statistical
significance.

RESULTS

64Cu PET of Human Prostate Cancer Xenografts in Mice

Ten athymic mice bearing human prostate cancer xeno-
grafts were imaged using PETat 1 h (n = 5)or24h(n =5)
after intravenous administration of ®*CuCl,, followed by
postmortem tissue radioactivity assay. Human prostate can-
cer xenografts were well visualized on the PET images ob-
tained at 24 h after injection (Fig. 1) but were only faintly
seen on PET images obtained at 1 h after injection. Intense
tracer activity was present in the liver, with little tracer
activity observed in the urinary bladder region. PET
quantitative analysis demonstrated increased uptake of
%4CuCl, in the tumor (3.6 = 1.3 %ID/g) at 24 h after
injection. This activity was about 6-fold higher than that
measured from the left shoulder region (0.6 = 0.3 %ID/g).
As expected, a high tracer uptake (17.5 = 3.9 %ID/g) was
determined in the liver. After a significant overall repeated-
measures ANOVA (F, g = 77.51, P < 0.001), post hoc tests
revealed that tracer uptake in tumor tissue was significantly
higher than tracer uptake in the shoulder region (F,4 =
34.33, P = 0.004) but lower than tracer uptake in the liver
(Fi4 = 58.14, P = 0.002).

Distribution of 4CuCl, in Tumor-Bearing Mice by
Radioactivity Assay Ex Vivo

The biodistribution of *CuCl, in the tumor-bearing mice
was further investigated through radioactivity assay of
postmortem mouse tissues harvested on completion of the
imaging studies at 1 h after injection (n = 5) and 24 h after

FIGURE 1. Human pros-
tate cancer xenograft is well
visualized on PET image
obtained at 24 h after injec-
tion. Prominent tracer activ-
ity is seen in liver and
intestinal tracts in abdomen
(excreted activity from liver),
with little tracer activity in
region of urinary bladder. To
allow contrast between or-
gans with a relatively lower
%ID/g than that of liver, we
expanded color scale at bot-
tom 25% of maximum. Color saturation is seen at location of
liver, which has %ID/g of between 15% and 20%.
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injection (n = 5) (Fig. 2). At 1 h after injection, the highest
tracer uptake was found in the liver (24.7 = 4.4 %ID/g),
followed by the lungs (11.8 = 3.6 %ID/g), kidneys (9.6 =
4.4 %ID/g), heart (6.6 = 1.4 %ID/g), tumor tissues (3.0 £
0.7 %ID/g), spleen (2.2 = 0.7 %ID/g), muscles (1.7 = 1.5
%1D/g), blood (1.5 = 0.4 %ID/g), and brain (0.3 = 0.1
%ID/g). At 24 h after injection, tracer uptake in the tumor
tissue increased to 4.4 = 1.1 %ID/g and tracer uptake in the
spleen slightly increased to 2.9 = 1.5 %ID/g. In contrast,
tracer uptake in all other tissues decreased (liver, 15.6 *
3.1 %ID/g; lungs, 4.6 = 0.7 %ID/g; kidneys, 7.9 = 2.1
%1D/g; heart, 4.2 = 1.5 %ID/g; muscles, 0.8 * 0.3 %ID/g;
blood, 0.8 = 0.2 %ID/g; brain, 0.6 = 0.2 %ID/g). More-
over, tissue uptake values measured by ex vivo radioactivity
assay (tumor, liver, left shoulder soft tissue) were slightly
higher than those determined using PET quantitative anal-
ysis. This discrepancy may be related to small variations of
tracer concentration in different regions of the organs.
The tracer uptake values obtained from various tissues at
24 h after injection were initially tested using an overall
repeated-measures ANOVA, which was found to be signif-
icant (Fg3, = 56.64, P < 0.001). Post hoc tests revealed
that tracer uptake in the tumor tissue was significantly
higher than that in the shoulder region (P = 0.003), brain
(P = 0.001), and blood (P = 0.001) but lower than that
in the liver (P = 0.001) and kidneys (P = 0.018). No sig-
nificant differences in tracer uptake were found between
the tumor tissue and the lungs (P = 0.80), spleen (P =
0.22), or heart (P = 0.86). Moreover, the overall repeated-
measures ANOVA at 1 h after injection was also significant
(Fg32 = 67.30, P < 0.001). Post hoc tests revealed that
tracer uptake in the tumor tissue was significantly higher
than that in the shoulder region (P = 0.023), brain (P =
0.001), and blood (P = 0.012) but lower than that in the
liver (P < 0.001), kidney (P = 0.019), lung (P = 0.003),
and heart (P = 0.007). Differences between the tumor
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FIGURE 2. Distribution of 84CuCl, as determined by radioac-
tivity assay in athymic mice bearing human prostate cancer
xenografts. Postmortem tissues were harvested at 1 h (n = 5) or
24 h (n = 5) after intravenous injection of tracer. In comparison
to tracer concentrations obtained at 1 h after injection, tracer
concentrations obtained at 24 h after injection were higher in
tumor and spleen tissues but lower in other tissues.
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tissue and the spleen (P = 0.10) were not significant.
Finally, to determine whether the tracer uptake pattern
observed in organs differed between 1 and 24 h after
injection, we applied a mixed-design repeated-measures
ANOVA with the organs as the within-subjects factor and
the 2 time points as the between-subjects factor. We found a
highly significant difference (P < 0.001) between the tracer
uptake pattern observed at 1 h after injection and that
observed at 24 h.

HCtr1 Is Highly Expressed in Human Prostate Cancer
Xenografts Implanted in Mice

Strong hCtr]l immunoreactivity was seen on tumor tissue
sections incubated with the hCtrl-specific antibody (Fig.
3A) but not on tissue sections incubated with normal rabbit
serum (Fig. 3B). As expected, hCtrl immunoreactivity ob-
served on prostate cancer xenograft tissue was less intense
than that seen on tissue sections of mouse liver but more
intense than that seen on tissue sections of mouse muscle.

DISCUSSION

The successful detection of human prostate cancer xeno-
grafts in mice by ®*Cu PET (Fig. 2) suggests that %*Cu
PET may be useful in several applications: for detection of
local recurrence in patients presenting with rising blood
levels of prostate-specific antigen after radiation therapy of
primary prostate cancer but in whom conventional imaging
studies have failed to localize a viable tumor in the prostate
bed; for detection of primary prostate cancer if a higher
concentration of %*CuCl, has accumulated in cancerous
tissues than in normal tissues or in tissues of a benign
disorder such as hyperplasia; and for detection of other
genitourinary cancers, such as bladder cancer, if increased
uptake of ®*CuCl, is also present in these tumors. The
fact that human prostate xenografts were visualized on
the images obtained at 24 h after injection but not on the
images obtained at 1 h after injection differs from the
behavior of the mouse hepatoma xenografts reported pre-
viously (/2). This difference may be explained by the lower

FIGURE 3. Strong hCtr1 immunoreactivity is seen on this
section of human prostate cancer xenograft tissues after
incubation with polyclonal antibody specific for hCtr1 (brown
horseradish peroxidase product) (A) but was not seen on tissue
sections of negative control. (B) Tissue sections were counter-
stained with DAPI (blue) to show cell nuclei.
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expression of hCtrl in prostate cancer relative to hepatoma
and the prolonged time required for accumulation of the
tracer, regulated by a balance of the tracer uptake by hCtrl
and washout by copper efflux pumps such as ATP7A and
ATP7B. In a clinical setting, the patients may be subjected
to '8F-FDG PET for metastasis on the first day, followed by
injection with 6*CuCl, for emission scanning on the next
day to localize the tumor lesions in the prostate bed.

Like other imaging technologies under investigation,
%4Cu PET has some limitations. It is limited in the detection
of hepatic metastases of prostate cancer because of the high
background %*CuCl, activity mediated by endogenous
hCtrl. Its sensitivity and specificity for the detection of
abdominal metastasis may be lowered by excretory *CuCl,
activity in the intestinal tracts. Another concern is potential
side effects associated with the radiocytotoxicity of
64CuCls,, an attribute useful for radionuclide cancer therapy
(16,17). A tracer dose of radioactive ®*CuCl, (185-370
MBq [5-10 mCi]) was previously used for scintiscans of
whole-body radioactive copper distribution in patients with
Wilson’s disease (/8,19) and was not associated with
significant side effects or toxicity to normal organs. A do-
simetry study is necessary to determine a safe tracer dose of
%4CuCl, for PET of prostate cancer.

Because hCtrl plays a major role in the cellular uptake
of copper in humans (9,10), expression of hCtrl in human
prostate cancer xenografts was investigated by an immu-
nohistochemistry study with an hCtrl-specific antibody. As
expected, high levels of hCtrl immunoreactivity were found
in the tumor tissues (Fig. 3). Additional studies are needed
to prove that increased uptake of ®*CuCl, in prostate cancer
tissues was mediated by hCtrl overexpressed in those
tissues. It will also be interesting to study the expression
of hCtrl in various tumors and the quantitative relationship
of hCtrl expression and uptake of the tracer, **CuCl,, by
various tumors. If overexpression of hCtrl is indeed found
to be responsible for increased uptake of **CuCl, by human
prostate cancer, %*Cu PET may provide additional infor-
mation for clinical management of prostate cancer: The
hCtrl expression level may be related to the aggressiveness
or prognosis of the prostate cancer, and hCtrl expression
may be related to the response of prostate cancer to cis-
platin chemotherapy because hCtrl was recently reported
to be able to mediate cellular uptake of cisplatin (20).

CONCLUSION

The data from this study suggested that locally recurrent
prostate cancer might be localized with ®*Cu PET using
%4CuCl, as a probe.
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