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Abstract  

 The mammalian Copper Transporter 1 (CTR1) is responsible for the uptake of copper 

(Cu) from the extracellular space. In this study we used an isogenic pair of CTR1+/+ and CTR1-/- 

mouse embryo fibroblasts to examine the contribution of CTR1 to the influx of cisplatin (DDP), 

carboplatin (CBDCA), oxaliplatin (L-OHP) and transplatin. Exposure to DDP triggered the rapid 

degradation of CTR1 suggesting that its contribution to influx was likely to be on the initial 

phase of drug entry. Loss of CTR1 decreased the initial binding of DDP to cells and reduced 

influx measured over the first 5 min of drug exposure by 81%.  Loss of CTR1 almost completely 

eliminated the initial influx of CBDCA and reduced the initial uptake of L-OHP by 68% but had 

no effect on the influx of transplatin. Loss of CTR1 rendered cells resistant to even high 

concentrations of DDP when measured in vitro, and re-expression of CTR1 in the CTR1-/- cells 

restored both DDP uptake and cytotoxicity. The growth of CTR1-/- tumor xenografts in which 

CTR1 levels were restored by infection with a lentivirus expressing wild type CTR1 was reduced 

by a single maximum tolerated dose of DDP in vivo, whereas the CTR1-/- xenografts failed to 

respond at all. We conclude that CTR1 mediates the initial influx of DDP, CBDCA and L-OHP 

and is a major determinant of responsiveness to DDP both in vitro and in vivo.  
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Introduction 

 CTR1 has been recognized as an essential Cu transporter that is present on the plasma 

membrane and variably distributed on a variety of intracellular membranes (Aller et al., 2004; 

Lee et al., 2000). CTR1 is one of several transports that mediate the movement of Cu across the 

plasma membrane; it is essential for early embryonic development as knockout of both CTR1 

alleles causes in utero lethality (Kuo et al., 2001; Lee et al., 2002). The details of the mechanism 

by which CTR1 transports Cu have not been fully elucidated (Dancis et al., 1994b; De Feo et al., 

2007; Moller et al., 2000). Cu is required for the function of many enzymes (reviewed in 

(Madsen and Gitlin, 2007)) but also has substantial potential for toxicity because of its ability to 

readily undergo redox cycling in the interior of the cell. In order to serve the needs of these 

enzymes for Cu, a complex system of transporters and chaperones has evolved that continuously 

bind and shield Cu1+ such that essentially none of it is free in the cell (reviewed in (Balamurugan 

and Schaffner, 2006; Bertinato and L'Abbe, 2004; Kim et al., 2008)). Once CTR1 has 

transported Cu across the plasma membrane, the Cu is transferred to one of several chaperones 

that function to both protect the Cu from oxidation and move it to various locations in the cell. 

At least 3 chaperones are involved in the distribution of Cu but the mechanism by which CTR1 

hands off Cu to these proteins has not yet been fully elucidated (Hamza et al., 2001; Hamza et 

al., 2003).  

 Platinum serves as the basis for three clinically important and widely used 

chemotherapeutic agents, including cisplatin (cis-dichlorodiammine platinum(II)) (DDP), 

carboplatin (cis-diammine [1,1-cyclobutane-dicarboxylato (2-)-O,O´]-,(SP-4-2) platinum(II)) 

(CBDCA), and oxaliplatin (cis-[(1R,2R)-1,2-cyclohexanediamine-N,N'] [oxalato(2-)-O,O'] 

platinum(IV)) (L-OHP). All three of these drugs are used in the treatment of multiple forms of 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 7, 2008 as DOI: 10.1124/mol.108.052381

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #52381 
 

 5 

cancer, including bladder, breast, ovarian, prostate, testicular, non-small cell lung and colorectal 

carcinomas. DDP, CBDCA and L-OHP are all highly polar molecules that do not readily diffuse 

across lipid membranes (reviewed in (Hall et al., 2008). Once inside the cell, they become 

aquated and form adducts in DNA that react with nucleophilic sites in a variety of targets 

(reviewed in (Kelland, 2007). However, the mechanism by which these drugs enter tumor cells 

has remained largely undefined until recently. Ishida et al. (Ishida et al., 2002) showed that yeast 

lacking yCTR1 had reduced accumulation of DDP; this was confirmed in yeast by Lin et al. (Lin 

et al., 2002) and in more detailed studies in mammalian cells by Holzer et al. (Holzer and 

Howell, 2006). High concentrations of Cu have been shown to trigger the degradation of CTR1 

in both yeast (Dancis et al., 1994a; Ooi et al., 1996) and mammalian cells (Petris et al., 2003). 

More recent studies have shown that, not only is DDP uptake regulated by CTR1 but DDP also 

triggers the rapid degradation of CTR1 and does so at much lower concentrations and more 

rapidly than Cu (Holzer et al., 2006b).  Blockade of proteosome function prevents the DDP-

induced degradation of CTR1 but it is not known whether or how this alters DDP accumulation 

(Holzer and Howell, 2006).  

In the current study we have examined the role of CTR1 as a determinant of the cellular 

accumulation of DDP, CBDCA, L-OHP and transplatin in more detail using cell lines in which 

both alleles of CTR1 were knocked out, and a subline in which expression of wild type CTR1 

was restored. We have documented that loss of CTR1 impairs the initial influx of DDP, CBDCA 

and L-OHP but has no effect on the influx of transplatin. We report here that loss of CTR1 is 

associated with resistance to DDP both in vitro and in vivo.  
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Materials and Methods 

 Drugs and reagents. DDP was a gift from Bristol-Myers Squibb (Princeton, NJ); it 

contains DDP at a concentration of 3.33 mM in 0.9% NaCl. L-OHP was a gift from Sanofi-

Aventis (Malvern, PA); the powder was dissolved in ddH2O at a concentration of 10 mM. 

CBDCA was purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in ddH2O at a 

concentration of 10 mM. Transplatin was obtained from Sigma-Aldrich (St. Louis, MO) and was 

resuspended in 0.9% NaCl at a concentration of 3.33 mM. The drugs were diluted into OptiMEM 

Reduced Serum Media (Invitrogen, Carlsbad, CA) to produce final concentrations of 10, 30 and 

100 μM.  Bradford reagent was purchased from BioRad Laboratories, Inc. (Hercules, CA) and   

sulforhodamine B was obtained from Sigma-Aldrich (St. Louis, MO) and 0.4% SRB (w/v) was 

solubilized in 1% (v/v) acetic acid solution. 

 Cell types, culture and engineering.  Parental mouse embryonic fibroblasts containing 

wild type alleles of CTR1 (CTR1+/+) and a subline in which both copies of CTR1 had been 

somatically knocked out (CTR1-/-) were a gift from Dr. Dennis Thiele (Lee et al., 2002). The 

CTR1-/-/R subline was constructed by infecting the CTR1-/- cells with a lentivirus expressing a 

wild type human CTR1 cDNA using the ViraPower Lentiviral Induction kit (Invitrogen, 

Carlsbad, CA). Cell survival following exposure to increasing concentrations of drugs was 

assayed using the sulforhodamine B assay system (Monks et al., 1991). Five thousand cells were 

seeded into each well of a 96-well tissue culture plate. Cells were incubated overnight at 37°C, 

5% CO2 and then exposed for 5 min by the addition of 100 μl Pt drug-containing OptiMEM 

medium. After 5 min the drug-containing media was aspirated off, cells were washed once with 

37°C PBS, PBS was aspirated off and cells were covered in 200 μl complete medium. Cells were 

allowed to grow for 5 d after which the media was removed, the protein was precipitated with 
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50% trichloroacetic acid and stained using 100 μl of 0.4% sulforhodamine B in 1% acetic acid at 

room temperature for 15 minutes. Following washing the absorbance of each well at 515 nm was 

recorded using a Versamax Tunable Microplate Reader (Molecular Devices, Sunnyvale, CA). 

All experiments were repeated at least 3 times using 3 cultures for each drug concentration.  

 Measurement of cellular drug accumulation. CTR1+/+, CTR1-/-/R and CTR-/- cells were 

grown to 90% confluence in T-150 tissue culture flasks. Cells were then harvested using trypsin 

and 7.5 x 105 cells were placed into each well of 6-well tissue culture plates and allowed to grow 

overnight in 2.5 ml of media at 37°C in 5% CO2. All data presented are the means of at least 3 

independent experiments each performed with 6 wells per concentration tested. The next day 

medium was removed by aspiration and the cells were exposed to 500 μl of drug-containing 

OptiMEM medium (Invitrogen, Carlsbad, CA) at 37°C for either 0 or 5 minutes after which the 

drug-containing medium was removed, the plates were washed 3 times with ice-cold PBS and 

then placed on ice. In the case of the time zero samples, the drug-containing medium was 

aspirated within 15 sec of the start of drug exposure. Two hundred and fifteen μl of concentrated 

(50-70%) nitric acid was added to each well and the plate was incubated overnight at room 

temperature. The following day the acid was moved into Omni-vials (Wheaton, Millville, NJ) 

and incubated at 65°C overnight to thoroughly dissolve all cellular debris. The following day the 

nitric acid was diluted with 3 ml of buffer (0.1% Triton X-100, 1.4% nitric acid, 1 ppb In in 

ddH2O) and incubated again at 65°C overnight. Pt concentration was measured using a Perkin-

Elmer Element 2 ICP-MS located at the Analytical Facility at Scripps Institute of Oceanography 

at the University of California, San Diego. Values were normalized to either protein 

concentration as determined using the Bradford reagent or total sulfur content, as measured by 

ICP-OES, on the same samples.  
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 64Cu influx. Cu uptake was determined as previously described (Holzer et al., 2006a) 

with the following changes.  Plates were incubated for 1 h rather than 30 min in the presence of 

Cu, plates that were pretreated with DDP were exposed to 30 µM DDP for 15 min at 37°C 

followed by 3 washings with room temperature PBS, followed by exposure to 64Cu.  

 qRT-PCR. CTR1 mRNA levels were measured by qRT-PCR. cDNA was generated 

from mRNA isolated using Trizol (Invitrogen, Carlsbad, CA). Purified mRNA was converted to 

cDNA using Oligo(dT)20 priming  and the SuperScript III First-Strand Kit (Invitrogen, Carlsbad, 

CA). qRT-PCR was performed on a Bio-Rad MyIQ qPCR machine (Hercules, CA). The forward 

and reverse primers for hCTR1, mCTR1 and mouse ß-actin were, respectively: 

gatgatgatgcctatgacct, tcttgagtccttcatagaac, actgttgggcaacagatgct, ctgctgctactgcaatgcag, 

gatgatgatgcctatgacct, ctctcgggctatcttgagtc, tccaggtagtcatcagct, tggcagtgctctgtgatgtc, 

aggtgacagcattgcttctg, gctgcctcaacacctcaac. Reactions were prepared using iQ SYBR Green 

Supermix (Bio-Rad, Hercules, CA), according to manufacturer’s recommendations. Samples 

were prepared in quadruplicate and 3 independent RNA isolates were used in 3 independent 

experiment. Analysis was done using the Bio-Rad iQ5 system software (Hercules, CA).   

 Determination of drug sensitivity in vivo.  In order to grow the various types of cells as 

xenografts 3x106 cells in 100 µl were inoculated at 4 subcutaneous sites into 20 g female nu/nu 

mice. Cell types were randomized between shoulder and hip, left and right, assuring that there 

were always tumors of the same type on left and right. Tumors were allowed to grow until they 

were ~ 2 mm in diameter at which point each mouse received a single dose of DDP 10 mg/kg by 

intraperitoneal injection. Tumor size was monitored 3 times per week for 5 weeks. Tumor 

volume was estimated using (length x width2)/2.  
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 Immunhistochemistry and Chemiluminescent Immunoblotting. 

Immunohistochemical analysis was performed as previously described (Holzer et al., 2006b). 

Western blots were performed as previously described (Holzer et al., 2004), with the following 

changes: PVDF membrane (Millipore, Billerica, MA) was used in place of nitrocellulose and 

Pierce SuperSignal chemiluminescence detection was used (Thermo Scientific, Rockford, IL). 

 Statistical Analysis. All 2-group comparisons were done using Student’s t-test, where 

two-tailed p≤0.05 was determined statistically significant.  
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Results 

 Effect of CTR1 on initial influx of Pt-containing drugs. The effect of CTR1 on the 

cellular accumulation of DDP was examined using a pair of mouse embryonic fibroblast lines, 

one containing wild type alleles of CTR1 (CTR1+/+) and another in which both copies of the 

CTR1 gene had been somatically knocked out (CTR1-/-).  Our prior studies with this pair of cell 

lines had indicated that loss of CTR1 reduced the accumulation of DDP to 36% of control when 

uptake was measured following a 1 h exposure to either 2 or 10 μM DDP. However, as shown in 

Figure 1A, even brief exposure of the CTR1+/+ cells to 30 μM DDP triggered rapid degradation 

and disappearance of CTR1 staining when examined by western blot.  The reduction in CTR1 

was functionally significant. As shown in Figure 1B, when cells were exposed to DDP for 15 

min prior to being exposed to Cu for 1 h the accumulation of Cu was reduced by 68% 

(p<0.0006). The rapid degradation of CTR1 suggested that the major contribution of this 

transporter to DDP uptake may occur during the initial phase of DDP influx. To examine this in 

more detail, CTR1+/+ and CTR1-/- cells were exposed to 10, 30 or 100 μM DDP and the drug was 

either removed immediately or after just a 5 min exposure. The cells were then thoroughly 

washed and the amount of cell-associated Pt was measured by ICP-MS. The range of 

concentrations was selected to encompass the range of concentrations anticipated in the 

peritoneal cavity following intraperitoneal instillation of DDP during treatment for ovarian 

cancer. Figure 2A shows that, even when the drug was removed as quickly as possible and cells 

washed immediately with ice-cold saline, there was a clear difference in the amount of DDP that 

became associated with the CTR1+/+ versus CTR1-/- cells at all 3 concentrations tested. The Pt 

that became immediately bound to the CTR1-/- cells was only 33 ± 10 (SEM) % of that associated 

with the CTR1+/+ cells when exposed to 10 μM DDP.  When exposed to 30 or 100 μM DDP, the 
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CTR1-/- cells bound 48 ± 20 (SEM) % and 29 ± 5 (SEM) % of the amount bound by the CTR1+/+ 

cells. Since the period of exposure was <15 sec, this suggests that most of the difference in cell-

associated Pt was the result of rapid binding of DDP to the extracellular domain of CTR1 rather 

than a difference in transport across the plasma membrane.  Of interest, as shown in Figure 2B, 

there was no significant difference in the immediate binding of either CBDCA or L-OHP 

between the CTR1+/+ and CTR1-/- cells, a finding consistent with the generally slower rate of 

association of these drugs with nucleophilic targets.  There was also no significant difference 

between the 4 drugs with respect to the amount of Pt that became immediately bound to the 

CTR1+/+ cells.  

Figure 3A shows the net uptake of Pt when the CTR1+/+ and CTR1-/- cells were exposed 

to 10, 30 or 100 μM DDP for 5 min; the values shown are the total Pt associated with the cells at 

5 min less that bound to the cells at time zero. At all 3 concentrations tested the net accumulation 

of DDP was reduced in the CTR1-/- cells; this reduction was significant for the 30 (p<0.05)  and 

100 uM (p<0.0005) concentrations. There was a trend toward a greater effect at higher DDP 

concentrations; as the concentration was increased from 10  to 100 μM the uptake in the CTR1-/- 

cells diminished from 19 to 8% of that in the CTR1+/+ cells. Thus, loss of CTR1 had a large 

effect on the initial uptake of DDP, and by comparison to prior studies (Holzer et al., 2006a), the 

effect was substantially larger with a 5 min relative to a 1 h period of drug exposure. 

 To determine whether the loss of CTR1 affected uptake of the other Pt-containing drugs, 

the CTR1+/+ and CTR1-/- cells were exposed to CBDCA, L-OHP or transplatin at a concentration 

of 30 μM for 5 min. As shown in Figure 3B, the magnitude of the effect for CBDCA was even 

greater than for DDP; the CTR1-/- cells accumulated only 0.4% as much CBDCA as the CTR1+/+ 

cells (p<0.03). In contrast, while the CTR1-/- cells also took up less L-OHP, the uptake was fully 
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32% of that in the CTR1+/+ cells (p<0.05) and there was no effect of the loss of CTR1 on the 

uptake of transplatin at all. Thus, CTR1 regulates the initial influx of the 3 clinically effective 

drugs, although the magnitude of the effect was less for L-OHP than for DDP and CBDCA as 

had previously been reported for 1 h drug exposures (Holzer et al., 2006a). However, it has no 

effect on the accumulation of transplatin, a molecule having the same composition as DDP, but 

with the chlorides in a trans- rather than cis- configuration around the central Pt atom, and that is 

very much less cytotoxic than DDP. 

A comparison of data presented in Figures 3A and B indicates that the initial influx of 

transplatin in the CTR1+/+ cells was 1.3-fold higher than that of DDP, whereas the influx of 

CBDCA and L-OHP was 39% and 42% of that for DDP, respectively. The fact that the 

accumulation of transplatin was even greater than that of DDP and that the loss of CTR1 had no 

effect on the accumulation of transplatin suggests that transplatin enters cells by quite a different 

mechanism than DDP.   

 Effect of CTR1 on the cytotoxicity of DDP.  CTR1 is not the only route by which DDP 

can enter cells as shown by the fact that loss of CTR1 did not block uptake completely. If the 

DDP entering the cell via CTR1 is an important component of the pool of intracellular drug that 

contributes to cell killing, then the reduction in DDP uptake that accompanies the loss of CTR1 

function should be matched by a reduction in cytotoxicity. CTR1+/+ and CTR1-/- cells were 

treated for 5 min with increasing concentrations of DDP, ranging from 0-400 μM, after which 

they were allowed to grow for 5 days before being stained with sulforhodamine B. Figure 4 

shows that for CTR1+/+ cells there was a concentration-dependent inhibition of growth. However, 

even a concentration of 400 μM DDP produced no inhibition of the growth of CTR1-/- cells. 

Thus, the DDP that enters the cell via a CTR1-mediated process contributes directly to the 
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cytotoxic pool of intracellular drug rather than being effectively detoxified by sequestration into 

endosomes or other subcellular compartments from which it has no access to critical cytotoxic 

targets as might be expected if DDP were simply chelated to CTR1, endocytosed into the cell 

and retained in a subcellular compartment.   

 Effect of re-expression of CTR1. In order to further demonstrate the importance of 

CTR1 to initial DDP influx, and to demonstrate that hCTR1 as well as mCTR1 could mediate 

DDP transport, the CTR1-/- cells were infected with a lentiviral vector expressing an hCTR1 

cDNA and a clone of cells in which CTR1 expression had been restored was isolated and 

designed as CTR1-/-/R.  Using primers specific for mCTR1 and hCTR1 mRNA, the CTR1-/-/R 

cells were found to express hCTR1 mRNA at a level ~50% of the mCTR1 mRNA expression in 

the CTR1 +/+ cells, as normalized to ß-actin expression. As shown in Figure 5A, re-expression of 

hCTR1 restored the initial influx of DDP over the first 5 min to a level similar to that observed in 

the CTR1+/+ cells.  Re-expression of hCTR1 also rendered the CTR1-/- cells sensitive to the 

growth inhibitory effects of DDP (Figure 5B). Thus, the reduced DDP influx and cytotoxicity in 

the CTR1-/- cells was due specifically to the loss of CTR1 and hCTR1 was as effective as 

mCTR1 in mediating the initial influx and cytotoxicity of DDP.  

 Effect of CTR1 on sensitivity to DDP in vivo.  CTR1-/- and CTR1-/-/R cells were 

inoculated subcutaneously into nu/nu mice and both types of cells formed tumors with equal 

frequency. Immunohistochemical analysis of sections from these tumors demonstrated robust 

expression of CTR1 in the CTR1-/-/R cells but none in the CTR1-/- cells (Figure 5C). As shown in 

Figure 6, the CTR1-/-/R tumors grew more rapidly than the CTR1-/- tumors. Following a single 

intraperitoneal injection of a maximum tolerated dose of DDP (10 mg/kg), there was a clear 

reduction in the growth of the CTR1-/-/R tumors but no effect on the growth of the CTR1-/- 
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tumors. Thus, consistent with the impairment of influx, loss of CTR1 rendered the tumor cells 

completely resistant to a maximum tolerated dose of DDP in vivo.   
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Discussion  

 CTR1 plays a critical role in the regulation of Cu uptake into the cell during normal 

development, and previous studies from this and other laboratories documented that it is also 

involved in the uptake of all 3 of the clinically used Pt-containing drugs. Loss of CTR1 was 

found to reduce the uptake of DDP, CBDCA and L-OHP when measured at 1 h (Holzer et al., 

2006a). Enhanced expression of CTR1 was also shown to increase DDP uptake in several 

different cell systems (Holzer et al., 2004; Song IS, 2004). The results of the current study 

provide further detail about the role and substrate specificity of CTR1 as a Pt drug transporter.  

As was previously observed in human ovarian cancer cells expressing hCTR1 (Holzer 

and Howell, 2006), exposure to DDP triggered rapid degradation of mCTR1 in the murine 

CTR1+/+ cells suggesting that the major contribution of CTR1 to DDP influx was likely to be 

during the first few minutes of drug exposure.  The initial interaction of DDP with CTR1 appears 

to be very rapid as demonstrated by the fact that measurable levels of Pt became associated with 

the cells in a CTR1-dependent manner within 15 sec. The extracellular domain of CTR1 is rich 

in both methionine and histidine motifs potentially capable of chelating DDP but attempts to 

produce the extracellular domain in E. coli as a recombinant protein with which to further 

analyze binding have been unsuccessful due to its insolubility. It is noteworthy that the amount 

of Pt that became associated with the CTR1+/+ cells when they were exposed briefly to CBDCA 

and L-OHP was less than that following exposure to DDP, and that the initial binding of these 

two drugs did not differ significantly between the CTR1+/+ and CTR1-/- cells indicating that the 

initial binding of these 2 drugs was not as dependent on CTR1 expression.  

 The availability of an isogenic pair of CTR1+/+ and CTR1-/- cells allowed unequivocal 

demonstration that CTR1 plays a major role in the initial influx of DDP.  Over a wide 
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concentration range, loss of CTR1 markedly reduced the initial influx of DDP; when exposed to 

10 μM DDP for 5 min initial influx was reduced by 81%. There was a trend toward a greater 

magnitude of the effect at higher DDP concentrations suggesting that other mechanisms that 

contribute to initial influx become saturated such that initial influx is even more dependent on 

CTR1.  The dependence of initial DDP influx on CTR1 was further demonstrated by restoring 

CTR1 expression in the CTR1-/- cells.  The re-expression of human rather than mouse CTR1 

served to both document that restoration of CTR1 increased DDP uptake and that human as well 

as mouse CTR1 was capable of mediating this effect.  

Loss of CTR1 had an even greater effect on reducing the initial influx of CBDCA than 

that of DDP, but, as observed when uptake was measured at 1 h in a previous study (Holzer et 

al., 2006a), there was a smaller effect on the initial influx of L-OHP whose uptake was reduced 

to only 32% of control. In addition, loss of CTR1 had no effect on the initial influx of transplatin. 

The fact that loss of CTR1 had a large effect on the initial influx of DDP but no effect on that of 

transplatin might suggest that the cis configuration is essential to the participation of CTR1; 

however, Kabolizadeh et al. recently reported that the trinuclear trans-platinum compound 

BBR3464 is also dependent on CTR1 for influx (Kabolizadeh et al., 2007) making the structural 

significance of the cis- vs trans- configuration with respect to CTR1 transport uncertain at this 

time. In the case of cisplatin versus transplatin, we surmise that the cis configuration is required 

to allow the drug to bind to the methionine and histidine-rich motifs of the extracellular domain 

of CTR1. Whether or not the differences in the magnitude of the effect of the loss of CTR1 on 

the initial influx of DDP versus CBDCA and L-OHP is related to their ability to interact with the 

extracellular domain of CTR1 remains to be determined. The fact that loss of CTR1 did not alter 

the initial binding of CBDCA and L-OHP detectable with exposures of <15 sec is consistent with 
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their generally slower rate of reaction with nucleophilic targets but inconsistent with the 

observation that loss of CTR1 had as large an affect on the initial uptake of CBDCA as it did for 

DDP.   

Previous studies in which over-expression of CTR1 was shown to increase whole cell Pt 

levels following exposure to DDP, but not to increase the extent of DNA adduct formation or 

cytotoxicity (Holzer et al., 2004), raised the question of whether the DDP transferred into the cell 

in a CTR1-dependent manner was really available to attack critical targets or was just being 

trafficked to sites where it was detoxified by sequestration into subcellular organelles.  A 

subsequent study using the same cells demonstrated that forced over-expression of CTR1 was in 

fact associated with increased sensitivity to DDP when apoptosis was used as a measure of cell 

death (Kabolizadeh et al., 2007), and the results reported here clearly demonstrate that the 

diminished influx of DDP associated with the loss of CTR1 was accompanied by reduced DDP 

cytotoxicity, and that the cytotoxicity of DDP could be restored by re-expression of CTR1 in the 

CTR1-/- cells.  Loss of CTR1 rendered cells completely resistant to even very high concentrations 

of DDP when they were exposed for 5 min in vitro. Our previous study demonstrated a 3.2-fold 

loss of sensitivity when cells were exposed for 1 h (Holzer et al., 2006a) which more closely 

approximates exposure to non-protein-bound DDP following administration of standard doses of 

DDP to patients.  Importantly, the results of the current study showed that, despite the 

differences between the in vitro and in vivo exposures, this impairment of influx translated to 

loss of sensitivity in vivo as well.  The CTR1-/-/R tumor xenografts responded well to a single 

maximum tolerated dose of DDP whereas the CTR1-/- tumors demonstrated no detectable 

response at all. This suggests that CTR1 expression in tumors is likely to be an important 

determinant of tumor responsiveness to DDP. A broad survey of CTR1 expression in a variety of 
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types of cancer demonstrated marked variability in the level of expression both within and 

between histologically defined tumor types (Holzer et al., 2006b). It remains to be determined 

whether CTR1 can serve as a clinically useful biomarker of responsivness of human cancers to 

DDP, CBDCA or L-OHP, and whether up-regulation of CTR1 expression using pharmacologic 

stratgies or a gene therapy approach might enhance in vivo responsiveness.   

How CTR1 mediates the uptake of DDP, CBDCA and L-OHP remains an enigma. The 

pore created by the trimeric CTR1 complex through which Cu1+ is believed to enter cells is too 

small to accommodate the Pt-containing drugs (Aller and Unger, 2006; De Feo et al., 2007), and 

recent studies with yeast CTR1 indicate that Cu and DDP produce different changes in the 

structure of CTR1 (Sinani et al., 2007). Our prior studies indicated that DDP uptake by CTR1 

requires micropinocytosis (Holzer and Howell, 2006) suggesting a model in which DDP binds to 

the extracellular domain of CTR1 and is rapidly internalized into endosomes. A similar 

phenomenon has been suggested by researchers studying the yeast variant of CTR1 (Sinani et al., 

2007).  How DDP escapes from such endosomes and finds its way to DNA in the nucleus 

remains one of the key questions about the cellular pharmacology of this drug.   
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FIGURE LEGENDS 

 

Figure 1.  Degradation of CTR1 and inhibition of Cu uptake induced by DDP. Panel A, western 

blot analysis of lysates from CTR1+/+ cells treated with or without 30 µM DDP for 15 min. Panel 

B, 64Cu accumulation during a 1 h exposure to 2 µM Cu in CTR1+/+ cells previously treated 

without (closed bar) or with (open bar) 30 µM DDP for 15 min. Each bar represents the mean of 

at least 3 independent experiments each performed with 6 separate cultures. Vertical bars, SEM. 

 

Figure 2.  Pt associated with CTR1+/+ and CTR1-/- cells following exposure to and immediate 

removal of DDP, CBDCA and L-OHP. Panel A, cell-associated Pt following addition and 

immediate removal of 10, 30 or 100 μM DDP (exposure <15 sec); panel B, cell-associated Pt 

following addition and immediate removal of 30 μM CBDCA and L-OHP. Closed bars, CTR1+/+ 

cells; open bars, CTR1-/- cells. Each bar represents the mean of at least 3 independent 

experiments each performed with 6 separate cultures. Vertical bars, SEM. 

 

Figure 3.  Net Pt accumulation in CTR1+/+ and CTR1-/- cells following a 5 min exposure to 10, 

30 or 100 μM DDP, or 30 μM CBCDA, L-OHP or transplatin. Each bar represents the mean of 

at least 3 independent experiments each performed with 6 separate cultures. Vertical bars, SEM. 

 

Figure 4.  Inhibition of CTR1+/+ ( ○ ) and CTR1-/- ( ■ ) growth rate as a function of concentration 

following a 5 min exposure to DDP. Each data point presents the mean of 3 independent 

experiments each performed with triplicate cultures for each drug concentration. Vertical bars, 

SEM.  
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Figure 5.  Effect of re-expression of CTR1 in CTR1-/- cells on drug uptake and in vitro 

cytotoxicity. Panel A, Pt accumulation following a 5 min exposure to 30 μM DDP. Panel B, 

concentration-survival curves for CTR1-/- ( ■ ) and CTR1-/-/R ( ∆ ) cells following a 5 min 

exposure to DDP. Panel C, CTR1 expression in CTR1-/-/R and CTR1-/- xenografts as determined 

by immunohistochemical analysis; main image is at 200x, inset is at 400x magnification. 

Vertical bars, SEM. 

 

Figure 6.  Sensitivity of CTR1-/-/R and CTR1-/- xenografts to treatment with DDP. Open symbols, 

treatment with vehicle only; closed symbols, mice treated with a single dose of DDP 10 mg/kg. 

Vertical bars, SEM. 
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