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Synchrotron X-Ray Imaging Reveals a Correlation of
Tumor Copper Speciation With Clioquinol’s
Anticancer Activity
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ABSTRACT
Tumor development and metastasis depend on angiogenesis that requires certain growth factors, proteases, and the trace element copper (Cu).

Recent studies suggest that Cu could be used as a novel target for cancer therapies. Clioquinol (CQ), an antibiotic that is able to form stable

complexes with Cu or zinc (Zn), has shown proteasome-inhibitory, androgen receptor-suppressing, apoptosis-inducing, and antitumor

activities in human cancer cells and xenografts. The mechanisms underlying the interaction of CQ with cellular Cu, the alteration of the Cu/Zn

ratio and the antitumor role of CQ in vivo have not been fully elucidated. We report here that Cu accumulates in tumor tissue and that the Cu/

Zn balances in tumor, but not normal, tissue change significantly after the treatment with CQ. Cu speciation analysis showed that the Cu(I)

species is predominant in both normal and tumor tissues and that Cu(II) content was significantly increased in tumor, but not normal tissue

after CQ treatment. Our findings indicate that CQ can interact with cellular Cu in vivo, dysregulates the Cu/Zn balance and is able to convert

Cu(I) to Cu(II) in tumor tissue. This conversion of Cu(I) to Cu(II) may be associated with CQ-induced proteasome inhibition and growth

suppression in the human prostate tumor xenografts. J. Cell. Biochem. 108: 96–105, 2009. � 2009 Wiley-Liss, Inc.
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I n industrialized countries, cancer of the prostate is one of the

most frequently diagnosed forms and is the second leading

cause of death in men [Jemal et al., 2006]. Development and

metastasis of human prostate and other cancers depend on angio-

genesis that requires certain growth factors, proteases, and the trace

element copper (Cu) [Brem, 1999; Brewer, 2001; Theophanides and

Anastassopoulou, 2002; Daniel et al., 2004]. The notion that Cu

could be used as a novel selective target for cancer therapies has

been supported by the following lines of evidence. (i) High serum or

tissue levels of Cu have been found in many types of human cancers,

including prostate, breast, colon, lung, and brain [Habib et al., 1980;

Rizk and Sky-Peck, 1984; Turecky et al., 1984; Huang et al., 1999;

Nayak et al., 2003]. (ii) In normal organs (e.g., liver) of human and

mammals, there are no known harmful effects observed when the

bioavailability of Cu is decreased up to 80% from baseline
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[Goodman et al., 2004]. (iii) Therapies using the strong Cu chelator

tetrathiomolybdate (TM) are well tolerated and Cu elimination can

stabilize advanced kidney cancer [Brewer et al., 2000], demonstrat-

ing the clinical feasibility of this approach.

While the exact role of Cu in the tumor angiogenesis process is

unclear, recent X-ray fluorescence microscopy studies revealed that

there is a large-scale relocalization and extra cellular translocation of

cellular Cu during angiogenesis [Finney et al., 2007]. These findings

suggest that relocalization of Cu during angiogenesis may be caused

by the movement of Cu chaperone proteins. If so, a Cu chelator could

interfere with the tumor angiogenesis process by competing against

the Cu chaperone proteins, therefore inhibiting the Cu-dependent

functions of these regulatory proteins and, hence, angiogenesis.

Cu homeostasis in human is tightly regulated by several different

systems. The major source of Cu is from food and drinking. After
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absorption from the gastrointestinal system, Cu in serum is carried

mainly by the Cu carrier ceruloplasmin. Cu uptake by cells is

through a Cu transporter 1 (Ctr1) in the cell membrane. Most of the

cellular Cu is found in the form of Cu(I). After being imported into a

cell by Ctr1, Cu(I) binds to Cu chaperone proteins, such as apo-ATX1

and diffuses throughout the cytoplasm, remaining as Cu(I) in an all-

sulfur coordination environment along its pathways [Pufahl et al.,

1997]. Microspectroscopy studies of intra-cellular Cu showed that

Cu(I) is the predominant Cu species in cultured fibroblast 3T3 cells

(although the presence of Cu(II) species could not be completely

excluded) [Yang et al., 2005]. Studies of Cu K edge by X-ray

absorption near edge spectroscopy (XANES) also revealed a

significant colocalization of Cu and sulfur (S), indicating that Cu

might be coordinated with sulfur donor ligands in a linear or

trigonal geometry. Since the ‘‘free’’ pools of Cu are far less than a

single atom per cell [Rae et al., 1999], it is believed that most of the

cellular Cu is bound by various Cu chaperones that first receive Cu

and then deliver it to specific locations [Macreadie, 2008]. This

hypothesis is also supported by our previous findings in which (i) Cu

ion could potently inhibit the activity of a purified 20S proteasome

but could not do so when used in intact cells [Chen et al., 2007],

and (ii) treatment of Cu-enriched human prostate cancer cells with

the Cu-binding antibiotic Clioquinol (CQ) could inhibit proteasome

activity and induce apoptotic cell death [Chen et al., 2007]. In

one possible mechanism, it is assumed that within a cell, CQ could

competently take over Cu from Cu chaperon proteins and make it

possible for the Cu to interact with the proteasome, resulting

in inhibition of proteasome activity and induction of apoptosis.

However, direct evidence supporting such a CQ-cellular Cu

interaction is needed.

Zinc (Zn) is one of the essential elements for the human body.

Zn has been shown to play an important role in the structure and

function of many enzymes, including oxidoreductase, alcohol

dehydrogenase (ADH), and matrix metalloproteinases (MMPs)

[Vallee and Auld, 1990]. The human prostate normally accumulates

2–5 times more Zn than any other tissues and 35% of that Zn exists

as ‘‘free’’ or loosely bound. It is well known that the Zn content in

prostate cancer tissue is at a lower level than in normal tissue,

mainly because premalignant and malignant cells are not capable of

accumulating high Zn levels [Habib et al., 1979; Costello and

Franklin, 1998]. An early study using X-ray fluorescence micro-

scopy on human prostate showed a higher local Zn content in

normal epithelial cells compared with adenocarcinoma [Habib

et al., 1979]. Accumulation of Zn in the stroma of tumor tissues was

also observed [Habib et al., 1979]. Normal tissue showed a larger

dispersion of Zn values probably due to ‘‘free’’ Zn content

fluctuation [Ide-Ektessabi et al., 2002]. In tumor tissues of patients

with prostate and ovarian cancers, increased Cu levels and decreased

Zn levels were observed [Guntupalli et al., 2007]. The mean Cu/Zn

ratio in the ovarian tumor tissues of the patients was 60% higher

than that in the benign tissues [Lightman et al., 1986]. This increase

is even more dramatic in prostate tumor tissue where the ratio was

0.367 as compared to a normal ratio of 0.0063. This 60 times

increased ratio in the tumor tissue is due to an eightfold increase in

Cu content and a sevenfold decrease in Zn content [Guntupalli et al.,

2007]. Therefore, the Cu/Zn balance is altered in tumors because
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tumor cells tend to accumulate more Cu and at the same time fail to

accumulate Zn. The mechanisms behind these changes are not fully

understood.

CQ is a quinol that selectively binds with both Cu(II) and Zn(II),

forming very stable complexes [Di Vaira et al., 2004]. It has been

reported that the CQ affinity for Cu(II) is higher than for Zn(II)

[Ferrada et al., 2007], and it has also been suggested that CQ may

form complexes with Cu(II), even in the presence of competing ions

and beta-amyloid plaques or huntingtin. Therefore, CQ–Cu binding

is tighter than for beta-amyloid-Cu [Puig and Thiele, 2002; Ferrada

et al., 2007]. CQ is a membrane-permeable compound [Nitzan et al.,

2003]. Pharmacokinetic studies of CQ have shown that after a single

oral dose of CQ, the peak concentration appears around 4 h after

ingestion. After absorption, CQ is metabolized to sulfates and

glucoronides. CQ is excreted out of a human body as free CQ and as

glucuronide and sulfate metabolites [Degen et al., 1979a,b]. In the

study of oral CQ for the treatment of Alzheimer’s disease, the serum

levels of CQ are in a range of 13–25mM [Ritchie et al., 2003], which

are within the range required to exert an antitumor effect in culture.

CQ has been used in clinical treatments as antibiotic for diarrhea and

skin infections. Although it was withdrawn from the market due to a

potential association with toxic effects causing subacute myelo-

optic neuropathy, these conclusions were not supported by later

epidemiologic studies. Recent studies show that CQ has the potential

for the treatment of Alzheimer and Huntington diseases [Ritchie

et al., 2004; Nguyen et al., 2005].

Our most recent study using human prostate cancer cultures and

xenografts suggests that CQ, after forming a CQ–Cu(II) complex, has

proteasome-inhibitory activity, represses androgen receptor expres-

sion and induces apoptotic cell death [Chen et al., 2007]. The

mechanism responsible for the CQ-mediated antitumor activity

has not been fully elucidated. The main outstanding questions are:

(i) Does CQ interact with extra-cellular Cu during angiogenesis,

forming a CQ–Cu complex inhibiting the formation of new blood

vessels and therefore tumor growth [Chen et al., 2007]? (ii) Does CQ

interact with extra-cellular Cu and then transport it into the cell?

(iii) Does CQ act as a chelator of intra-cellular Cu in tumor cells?

If so, (iv) does the formed CQ–Cu complex have any biological

activity?

To address at least some of these questions and to further

understand the molecular mechanism of CQ-mediated antitumor

activity, we performed an animal experiment in which human

prostate tumor xenografts were treated with CQ or the control

vehicle, followed by measurements of elemental mapping and

chemical status of Cu in both tumor and normal tissues collected

from the same mice. Our results strongly suggest that CQ interacts

with cellular Cu in tumors and forms an anticancer CQ–Cu(II)

complex in vivo.
RESULTS

VARIATIONS OF Cu AND Zn CONTENT IN NORMAL

AND TUMOR TISSUES

It has been shown that CQ binds to Cu forming a CQ–Cu(II) complex

in solution and that CQ is capable of inhibiting proteasome activity,
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suppress androgen receptor expression, induce apoptosis, and

inhibit angiogenesis in human prostate tumor xenografts [Chen

et al., 2007]. To further investigate whether CQ could bind to the

elevated Cu content in tumor tissue (which is low in normal tissue),

forming a tumor-specific CQ–Cu complex in vivo, we performed an

animal experiment in which human prostate tumor xenografts were

treated with either CQ or control vehicle (CON). Tumor samples were

obtained from the human prostate tumor C4-2B xenografts grown in

nude mice, while the normal tissues were from the sites adjacent to

the xenografts form the same mice. Samples were analyzed by

scanning X-ray florescence microscopy (XFM) and X-ray absorp-

tion spectroscopy measurements to obtain elemental maps of Cu and

Zn in both normal control (NCON) and CQ-treated normal (NCQ)

tissues and untreated tumor (TMR) and CQ-treated tumor (TCQ)

tissues as shown in Figure 1. The elemental concentrations in mg/

cm2 are represented in color code. It is clear that the Cu and Zn

distributions are not homogeneous in these samples. The Cu

accumulation observed in control tissue NCON (0.0001–0.0100mg/

cm2) is similar to that found in NIH 3T3 cells that were cultured in

basal medium [Yang et al., 2005]. Zn content was also found to be

in a similar range as in fibroblast cells.

We observed a significant increased Cu content in the untreated

tumor (TMR) sample compared with the control tissue sample

(NCON, Fig. 1). This extra Cu may be located in intracellular

compartments of tumor cells and in new blood vessels being formed.

In addition, increased Zn content was also found (Fig. 1). Although

Zn was expected to be decreased in tumor tissue, the observed

increase of Zn in the tumor may be due to the fact that tumor sample

was from human prostate tumor cells while normal sample was from
Fig. 1. Imaging of normal and tumor tissue Cu and Zn distributions by XFM. NCON, no

CQ-treated group; TCQ, tumor tissue from CQ-treated group. The calibrated elemental c

both elements.
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mouse flank tissue, since the prostate gland actually contains a

higher level of Zn than any other gland or tissue [Zaichick et al.,

1997; Costello and Franklin, 1998].

No significant variations of the Cu and Zn content in normal

tissue was found after CQ treatment (NCQ). Although there appears

to be a slight increase in normal tissue Zn levels after CQ treatment

in the data shown in Figure 1, analysis of multiple areas of the

normal tissue samples indicate that CQ treatment does not increase

Zn content (see Fig. 2). Tumor tissue, however, shows a significant

decrease in both Cu and Zn content after CQ treatment (TCQ).

These results suggest an active interaction of CQ with the extra

endogenous cellular Cu available and/or the exogenous cellular Cu

located in the newly formed blood vessels in the tumor, since it is

possible that CQ could get into the bloodstream and interact with the

metal in the blood, which could lead to decreased levels of Cu and Zn

in the tumor tissues. It should be noted that any CQ–Cu interactions

will not mask the detection of Cu atoms in the sample by XFM.

Therefore, the decrease of Cu content must be directly associated

with an actual variation of total Cu in the sample. Previously it was

found that CQ was able to bind to both Cu and Zn [Di Vaira et al.,

2004]. Whether decreased Zn content in CQ-treated tumor is due to

the same mechanism remains to be determined.

Cu/Zn RATIO IN NORMAL AND TUMOR TISSUES

AFTER CQ TREATMENT

Due to the non-homogeneous distribution of the elements on the

different tissue sections, visual comparison of the elemental maps

may miss real differences among them, while pixel-by-pixel
rmal tissue from control group; TMR, untreated tumor tissue; NCQ, normal tissue from

oncentrations in mg/cm2 are represented by the color code; the same scale is used for
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Fig. 2. Cu content per pixel from the imaging maps is plotted against its corresponding Zn content to observe their correlation in normal and tumor tissue. It is clearly seen that

CQ treatment (NCQ) did not substantially modify the Cu–Zn correlation in normal tissue (NCON). In tumor (TMR), the Cu–Zn correlation is different from the normal

correlations showing two regions of clustered data. After CQ treatment, tumor tissue (TCQ) shows a substantial reduction in Cu content but the Cu–Zn correlation resembles the

correlation observed in normal tissue.
analysis performed on images from normal and tumor tissue could

show significant differences.

Plots of Cu content as a function of Zn content for NCON and CQ-

treated normal (NCQ) samples (Fig. 2) are not distinguishable,

indicating that CQ treatment does not modify the relationship of Cu

to Zn content in normal tissue. One can look at the relationship of

Cu to Zn in another way that is independent of the absolute Zn or Cu

contents by examining the Cu/Zn ratio. This can reduce bias due to

inhomogeneities in tissue thickness and other sources of variability.

The histogram of frequencies of Cu/Zn ratio (NCON and NCQ in

Fig. 3) shows a unimodal distribution with a maximum between 0.12

and 0.18 for the Cu/Zn ratio. In sharp contrast, plots of Cu content as

a function of Zn content for tumor sample (TMR, Fig. 2) present a

different pattern compared to those observed in normal tissues
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(NCON and NCQ in Fig. 2), The data appears to be clustered around

two relationships, one with a steeper slope than the other. Consistent

with this observation, the Cu/Zn histogram clearly shows a bimodal

distribution (TMR, Fig. 3). One group of values could be associated

with normal cells since their Cu/Zn distribution is similar to that

observed in normal cells (NCON and NCQ, Fig. 3). The other group of

values presents a peak at a higher value and with a wider

distribution. This group could be identified with tumor cells that

show large increase of Cu content (up to five times increase in some

areas) with small increase of Zn content (only a factor of two

increase) compared to normal cells. This might be associated with an

area of the tumor under invasion, since additional accumulation of

Cu is required for angiogenesis [Brem, 1999; Brewer, 2001;

Theophanides and Anastassopoulou, 2002; Daniel et al., 2004].
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Fig. 3. Histogram of frequencies for the Cu/Zn ratio. Normal control and CQ-treated normal tissue (NCON and NCQ) show a unimodal distribution indicating CQ treatment did

not alter the Cu/Zn correlations. Tumor tissue (TMR) shows a bimodal distribution. After CQ treatment, tumor tissue shows a unimodal distribution similar to that of normal

control and CQ-treated normal samples. A lognormal distribution function was assumed to fit the Cu/Zn distribution curves.
The relationship between Cu content and Zn content in CQ-

treated tumor (TCQ, Fig. 2), extend over a smaller range as compared

to normal samples (NCON and NCQ, Fig. 2) indicating that the total

content for both metals is lower. The histogram of frequencies of Cu/

Zn ratio of CQ-treated tumor (TCQ, Fig. 3) shows a unimodal

distribution similar to that of normal tissue (NCON and NCQ, Fig. 3).

These results suggest that there is an interaction of CQ with intra-

cellular and extra cellular Cu (and possibly with cellular Zn) that

modifies the Cu/Zn balance found in tumors. This could be due to

induction of cell death in the second group of tumor cells and/or

converting the second to the first group of cells.

Cu(I) IS PREDOMINANT IN NORMAL AND TUMOR TISSUES

XANES at the Cu K absorption edge has been measured on Cu

standards and tissue samples to identify the presence of different Cu

species. Cu(I) and Cu(II) species show specific XANES spectral

features that allow unambiguous identification of each oxidation

state and its coordination environment [Kau et al., 1987; Yang et al.,

2005].

All tissue samples show similar features that mainly correspond

to Cu(I) oxidation state. The strong peak at 8,983 eV clearly indicates

the presence of Cu(I) species in all tissue samples (indicated by line b,

Fig. 4). These spectra seem to fit well with a trigonal arrangement

with all sulfur ligands. The weak pre-edge peak at 8,978 eV

(indicated line a, Fig. 4), which would be indicative of the Cu(II)

species, is not clearly seen, although it is difficult to conclude that

the peak is completely absent because of the low signal to noise
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ratio. Thus, the presence of low concentrations of Cu(II) species in

some localized areas cannot be completely excluded.

CQ TREATMENT RESULTS IN A SIGNIFICANT INCREASING Cu(II)

CONTENT IN TUMOR TISSUE

Figure 5 shows total Cu, Cu(I), and Cu(II) maps for each measured

sample. It should be noted that unlike the data shown in Figure 1 that

were normalized by using NIST standards, the results in Figure 5

were not normalized and while they thus do not represent accurate

absolute amounts, they serve to show the relative amounts of Cu(I)

and Cu(II) content in the samples. Normal tissue maps (Fig. 5) show a

predominantly Cu(I) content with a Cu(II)/Cu(I) ratio of 0.1 in some

scanned areas (data not shown). This suggests the predominance of

Cu(I) species in normal tissue in accordance with previous results of

intracellular XANES [Rae et al., 1999]. CQ treatment, however,

shows no effect on the Cu speciation in normal cells (NCQ, Fig. 5),

further supporting the argument that CQ does not interact with Cu in

normal tissue.

In general, untreated tumor tissue (TMR) presents predominantly

Cu(I) content, although in some locations the observed Cu(II)/Cu(I)

ratio can be up to 0.2 (TMR, Fig. 5). This suggests that tumor

progression involves not only additional Cu accumulation but also

Cu oxidation as well.

In the case of CQ-treated tumor tissue (TCQ) there are spots where

the Cu(II)/Cu(I) ratio is as high as 0.5 (Fig. 5). This increase in Cu(II)

content, although localized and qualitative, suggests that CQ has

formed a complex with cellular Cu in treated tumor. These data
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 4. XANES of Cu standards (Cu2(I)O; Cu(II)O; Cu(II)Cl2; Cu(II)SO4)

measured at the Cu K edge were used as reference for Cu(I) and Cu(II) status.

XANES spectra from three tissue samples: NCON, TMR, and TCQ are also shown.

XANES spectra were acquired with an unfocused X-ray beam. XANES curves

were shifted vertically to ease visualization of the curve’s features. See

Materials and Methods Section for details.
consistently support the idea that CQ not only interacts with cellular

Cu in vivo and dysregulates the Cu/Zn balance but also is able to

increase the Cu(II)/Cu(I) ratio in tumor tissue. This suggests three

possible mechanisms for CQ–Cu interaction in tumor cells: direct

conversion of Cu(I) in Cu(II); CQ reacts with exogenous Cu(II) then

transport it to the cell; or that CQ reacts with the available Cu(II) in

tumor (the later alone would not explain the increase in Cu(II)/Cu(I)

ratio in tumor tissue).

DISCUSSION

We have previously found several organic Cu complexes that

selectively inhibit proteasome activity and induce apoptosis in

tumor but not in normal cells [Daniel et al., 2004]. We have also

shown that CQ forms a complex with Cu that can inhibit the

proteasome activity and cell proliferation and induce apoptosis in

breast and prostate cancer cells and/or xenografts in nude mice

[Chen et al., 2005; Daniel et al., 2005]. We and others have found

that Zn also has a potential to inhibit the proteasome [Amici et al.,

2002; Kim et al., 2004; Milacic et al., 2008]. However, the

mechanism by which CQ interacts with metals, especially Cu, in vivo

to present its antitumor activity has not yet been revealed. In the

current study, we hypothesized that CQ interacts with Cu and

dysregulates the Cu/Zn balance in tumor cells. To test this
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hypothesis, CQ-treated human prostate tumor xenografts along

with NCON were used for measurements of elemental mapping and

chemical status of Cu.

We first demonstrated that CQ treatment causes a change in Cu

and Zn content in tumor but not normal tissue (Figs. 1 and 2). After

CQ treatment the levels of Cu and Zn decreases dramatically in

tumor tissue but no such decrease is found in normal tissues (Figs. 1

and 2), suggesting that CQ could target Cu and Zn selectively in

tumor but not normal tissue. Interestingly, treatment with CQ

resulted in a reduction of Cu content in tumor tissue to levels similar

to that found in normal tissue (Figs. 1 and 2). This decreased Cu

content after CQ treatment may be associated with (i) a lower

demand for Cu by the tumor (because of significant tumor

suppression and apoptosis after 15-day treatment with CQ) and/

or (ii) less Cu accumulation in the tumor (because of a significant

decreased blood vessel formation due to CQ treatment).

We then analyzed the Cu/Zn ratio in normal and tumor tissues

from control- and CQ-treated animals. Inutsuka and Araki [1978]

compared Cu/Zn ratio in serum between a normal group and

patients with digestive carcinomas and revealed that the Cu/Zn ratio

was 0.81� 0.17 in the normal group and 1.49� 0.50 in the cancer

patients. In the same studies it was found that Cu/Zn ratio further

increased to 2.02� 0.48 in advanced digestive carcinomas with liver

metastasis [Inutsuka and Araki, 1978]. These findings demonstrated

that these increases in the Cu/Zn ratio were not only associated with

malignant diseases but also associated with stages of cancers. The

Cu/Zn ratio was also found increased in breast cancer patients (1.91

vs. 0.86 in the normal) but not increased in patients with benign

breast diseases [Gupta et al., 1991]. The mechanism responsible for

increased Cu/Zn ratios in cancer patients needs to be fully elucidated

but a proposed mechanism for these alterations is associated with

angiogenesis in malignant diseases [Raju et al., 1982; Parke et al.,

1988]. The observed bimodal distribution of Cu/Zn ratio frequencies

from the untreated tumor sample (TMR, Fig. 3) could be associated

with tumor cells that show large increase of Cu content and low Zn

content. From the CQ-treated tumor sample (TCQ, Fig. 3) the

observed Cu/Zn distribution resembles the distribution found in

NCON sample (NCON, Fig 3). The Cu/Zn balance in normal tissue was

not modified after CQ treatment (comparison between NCON and

NCQ samples, Fig. 3). In tumor, CQ interaction with intra-cellular

and extra cellular Cu (and possibly with cellular Zn as well) modified

significantly the Cu/Zn balance to levels similar to that observed in

normal tissue. These data strongly suggest that CQ has selective

activity on tumor cells, where more cellular Cu is available, but has

less effect on normal tissue.

Most Cu within cells is in the Cu(I) state [Pufahl et al., 1997;

Ohgami et al., 2006]. Previous Cu XANES studies [Yang et al., 2005]

on mouse NIH 3T3 cells revealed a predominant Cu(I) species in

all cell regions studied. Although our samples were fixed in

formaldehyde and the NIH 3T3 cells were fixed in methanol/acetone,

current XANES results reflect similar spectral features. This could be

explained by the fact that Cu uptake by cells is controlled by the Cu

transporter Ctr1 [Harris, 2000]. Ctr1 located on the cell membrane

recognizes only the reduced form of Cu. Therefore, in order to be

transported into the cells by Ctr1, Cu(II) has to be reduced to Cu(I)

first before entering a cell [Ohgami et al., 2006; Chen and Dou,
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Fig. 5. Total Cu, Cu(I), and Cu(II) content in normal and tumor tissue by XFM is shown. The speciation-map images show the spatial distribution of total Cu content as

compared to the corresponding Cu(I) and Cu(II) content per pixel. The intensity scale shown at the right side of each map represents the relative intensities of each Cu species.

See Materials and Methods Section for details.
2008]. Within a cell, Cu is bound to various chaperones that are

reducing proteins and would keep intracellular Cu as Cu(I) [Pufahl

et al., 1997]. No direct evidence for the presence of Cu(II) in normal

tissue was available although the presence of small amounts locally

of this Cu species cannot be completely discounted. In contrast, we

show unequivocal evidence for the presence of Cu(II) in tumor cells.

It has been documented that CQ is a Cu chelator and the theoretical

binding energies of CQ–Cu is 685.26 (kcal/mol) [Ji and Zhang, 2005].

We have been unable to find literature data concerning the

electronic affinity of cellular chaperones for Cu but we assume that

CQ could chelate at least some of the Cu in a cell and serum from

Cu chaperone proteins.

Importantly, we found that CQ treatment increased the Cu(II)/

Cu(I) ratio in tumors, compared with the Cu(II)/Cu(I) ratio observed

in the untreated tumors (Fig. 5). This could be interpreted by: (i) CQ

has a stronger affinity for Cu than some of the Cu chaperone proteins

in the cell and binds and oxidizes Cu forming a CQ–Cu(II) complex;

(ii) CQ selectively reacts with Cu(II) in tumor but not normal tissue,

forming a CQ–Cu(II) complex; (iii) CQ may bind to a exogenous Cu

and forms a CQ–Cu(II) complex then transported into tumor cells.

This finding indicates that Cu(II) in a tumor cell may be the ‘‘killing’’

form of Cu (presented as a CQ–Cu(II) complex in this study) to induce

apoptotic cell death and inhibit proteasome activity.
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CONCLUSIONS

In summary, our studies show that (i) the increase of Cu content in

tumor tissue is accompanied by an increased Cu/Zn ratio; (ii) Cu/Zn

balances in tumor, but not normal, tissue change significantly after

treatment with CQ; (iii) CQ treatment also increases the ratio of

Cu(II)/Cu(I) in tumor but not normal tissue although Cu(I) is

predominant in both normal and tumor tissues; (iv) CQ-induced

Cu(II) may be the active form of CQ–Cu complex that inhibits

proteasome activity and induces apoptosis in CQ-treated human

tumor xenografts. This study strongly suggests that CQ has selective

activity on tumor cells, where more cellular Cu is available, and has

little effect on normal tissue.

MATERIALS AND METHODS

XENOGRAFT EXPERIMENTS

Male athymic nude mice (5-week-old, Taconic Research Animal

Services (Hudson, NY) were used in our in vivo experiments. Briefly,

human prostate cancer C4-2B cells (5� 106) were injected

subcutaneously (s.c.) into one flank of each mouse. When the

tumor size reached 200 mm3, the mice were divided into two groups
JOURNAL OF CELLULAR BIOCHEMISTRY



(n¼ 8) and treated with either solvent (mixture of cremophor/PBS/

ethanol/DMSO¼ 5:2:2:1) or Clioquinol (10 mg/kg/day). Tumors and

normal tissues from mouse flank were collected after 15-day

treatment for related analysis. Tumor samples were obtained from

the human prostate tumor C4-2B xenografts grown in nude mice,

while the normal tissues were from the sites adjacent to the

xenografts form the same mice. In addition, aliquots of the tissue

samples were verified to be tumor and normal tissues by anatomy

and H&E staining analysis. From each piece of tissue at least three

samples were prepared for analysis.

TISSUE SAMPLES

Thin sections of both tumor and adjacent normal tissue samples

were prepared as follows. Tissues were washed and stored in 10%

sucrose solution (prepared with nano-pure water to prevent any

external metal contamination) at 48C for 24 h. After soaking, tissues

were snap frozen in liquid nitrogen and stored at �708C. Samples

were then fixed in 4% formaldehyde for 24 h. Cryosections of the

tissues were cut with a Tissue Tek machine at a thickness of 10m and

deposited on a custom designed sample holder consisting of a 1 mm

thick acrylic plate with a 10 mm� 10 mm square hole. The square

hole is covered with an 8m Kapton film. The following four groups

of samples were prepared for the microprobe experiment: (a) tumor

sections of mice from control group (TMR); (b) adjacent normal

tissue sections of mice from control group (NCON); (c) tumor

sections of mice from CQ-treated group (TCQ); (d) adjacent normal

tissue of mice from CQ-treated group (NCQ).

Cu STANDARDS FOR MICROPROBE AND SPECIATION

MEASUREMENTS

Cu(II)Cl2, Cu(II)SO4, Cu(II)O, and Cu2(I)O samples used as Cu(I) and

Cu(II) references were purchased from Sigma–Aldrich (St. Louis,

MO); Standard Reference Material 1566b Oyster Tissue used as

Fe, Cu, and Zn content reference was purchased from NIST

(Gaithersburg, MD). The oyster tissue standard was prepared

following NIST recommendations to ensure accuracy.

X-RAY FLUORESCENCE MICROPROBE

The distribution and concentration of trace elements in prostate

tissue samples were measured with X-ray fluorescence microprobe.

The experiments were carried out at the Biophysics Collaborative

Access Team (BioCAT) undulator beamline 18ID at the Advanced

Photon Source, Argonne National Laboratory. The undulator X-ray

beam was tuned to 10 keV by using the beamline cryo-cooled

monochromator #1 [Fischetti et al., 2004]. An XRADIA KB mirror

system focused the X-ray beam down to a 5mm� 5mm Full Width

at Half Maximum (FWHM) focal spot with a delivered intensity of ca.

3� 1011 photons/s, measured using an ion chamber downstream of

the mirrors [Barrea et al., 2006]. The signal from each 25mm2 pixel

represents the average elemental content of either a whole cell

or a group of cells (since subcellular compartments would not be

resolved at this resolution). Areas of tissue sections 200mm�
500mm were scanned to produce each image (>4,000 pixels). The

florescence signal was collected with a 100 mm2 active area Ketek

silicon drift detector (SDD). The samples and SDD detector were

located 458 and 908 relative to the incoming beam direction,
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respectively. The data was collected by scanning the sample across

the beam in a series of steps using BioCAT’s software routine

‘‘FMap’’ at a rate of 1.0 s/pixel. More details of the microprobe

experimental setup can be found elsewhere [Barrea et al., 2006].

X-RAY ABSORPTION SPECTROSCOPY

Bulk XANES experiment at the Cu K absorption edge (8,979 eV) was

performed to identify the species of Cu present on NCON, TMR, and

TCQ samples. The incoming X-ray beam was unfocused and

collimated to 0.5 mm� 0.5 mm (FWHM) with the rest of the setup

being the same as the fluorescence microprobe experiment. The X-

ray beam was scanned over a selected energy range around the Cu K

absorption edge in continuous scanning mode (scan time: 30 s)

[Barrea et al., 2005]. The low signal to noise ratio of the measured

spectra is mainly caused by the very low Cu content in both normal

and tumor tissue samples. Scans were repeated several times to

obtain adequate counting statistics (10 times in case of the Cu

standards and 100 times in case of the tissue samples). Different

sample spots were exposed to the beam by rastering the samples in

the XY direction minimizing this way the exposure time of a given

sample spot to avoid radiation damage effects. Both Cu standards

and tissue samples were measured under the same experimental

conditions. XANES spectra of Cu standards are shown in Figure 4.

Cu(II) species (CuO, CuCl2, and CuSO4 standards) show a very weak

pre-edge peak (1s! 3d transition) at 8,978 eV (line a). This peak is

completely absent in Cu(I) samples (Cu2O standard). The sharp pre-

edge peak at 8,983 eV is only observed in Cu(I) samples and it

represents a 1s! 4d transition (Fig. 4 line b). The intensity of this

transition varies with Cu(I) geometry (ca. 0.6 normalized intensity in

tetrahedral geometry up to ca. 1.0 normalized intensity in two-

coordinated linear geometry [Kau et al., 1987; Yang et al., 2005].

Cu(II) species show a very weak tail at this energy (0.1–0.2

normalized intensity). A very intense shoulder around 8,987–

8,989 eV is observed in Cu(II) samples (Fig. 4 line c); its intensity and

location depends on the Cu ligands: S, Cl, N, or O. A prominent

shoulder at 8,995 eV is also observed in Cu(I) samples (Fig. 4, line d).

The spectral intensity at 9,080 eV (not shown in Fig. 4) is

independent of the Cu chemical speciation status and is used for

normalization purposes.

X-RAY FLUORESCENCE SPECIATION MAPPING

To identify the chemical status of Cu locally, we performed X-ray

microfluorescence Cu speciation mapping on each of the NCQ, TMR,

and TCQ samples using a two excitation energy approach [Pickering

et al., 2000]. Two Cu Ka fluorescence maps, at excitation energies

E1¼ 8,983 eV and E2¼ 9,080 eV, were measured for each tissue

sample. These energies were selected considering the spectral

features observed in bulk measurements: 8,983 eV (Fig. 4, line b)

where Cu(I) pre-edge peak is observed, and 9,080 eV (not shown in

the picture) as normalization value. The measured fluorescence

maps were analyzed using the following relationships: Cu(I)

normalized intensity¼ 0.7 and 1.0 at E1 and E2, respectively

(assuming a trigonal bonding geometry) and Cu(II) normalized

intensity¼ 0.1 and 1.0 at E1 and E2, respectively. We assumed the

measured intensity was a linear combination of both Cu(I) and Cu(II)
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intensities in order to obtain the partial concentration of each

species. The acquisition time per pixel was 10 s at each energy.
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