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Abstract

The development of resistance to cisplatin (cDDP) is commonly accompanied by reduced drug 

uptake or increased efflux. Previous studies in yeast and murine embryonic fibroblasts have 

reported that the copper (Cu) transporters and chaperones participate in the uptake, efflux, and 

intracellular distribution of cDDP. However, there is conflicting data from studies in human cells. 

We used CRISPR-Cas9 genome editing to individually knock out the human copper transporters 

CTR1 and CTR2 and the copper chaperones ATOX1 and CCS. Isogenic knockout cell lines were 

generated in both human HEK-293T and ovarian carcinoma OVCAR8 cells. All knockout cell 

lines had slowed growth compared to parental cells, small changes in basal Cu levels, and varying 

sensitivities to Cu depending on the gene targeted. However, all of the knockouts demonstrated 

only modest 2 to 5-fold changes in cDDP sensitivity that did not differ from the range of 

sensitivities of 10 wild type clones grown from the same parental cell population. We conclude 

that, under basal conditions, loss of CTR1, CTR2, ATOX1, or CCS does not produce a change in 

cisplatin sensitivity that exceeds the variance found within the parental population, suggesting that 

they are not essential to the mechanism by which cDDP enters these cell lines and is transported to 

the nucleus.
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Introduction

Cisplatin (cDDP) is an important chemotherapeutic agent that is an essential member of 

treatment programs for many types of cancer. Although initially effective, many tumors 

gradually become resistant during therapy with cDDP, and resistance is often accompanied 
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by reduced drug uptake. cDDP is highly polar and its ability to diffuse across plasma 

membranes is thought to be limited, suggesting the presence of a transport system. Previous 

studies have suggested a role for copper (Cu) transporters in the uptake and efflux of 

cDDP 1.

Copper is essential to the growth of eukaryotic cells but can also be toxic due to its ability to 

undergo redox reactions that generate oxygen free radicals. A complex system of 

transporters and chaperones has evolved to manage Cu homeostasis. The Cu proteome is 

well conserved from yeast to humans with many of the proteins sharing conserved motifs 

that bind Cu. Cu is imported into the cell predominantly through the high-affinity transporter 

CTR1, which is a surface membrane-bound receptor that forms a homotrimer 2, 3. Structural 

models predict that the extracellular domain of CTR1 forms a pore that directly imports 

Cu 4. Increasing the extracellular concentration of Cu causes CTR1 internalization, which 

limits additional Cu import and potential toxicity 5. A second Cu transporter, CTR2, has also 

been identified, although its role in Cu homeostasis is less clear. CTR2 has been proposed to 

form a heterotrimer with CTR1 on the cell surface to support pore formation 6, and is 

additionally localized to endosomes and lysosomes 7. Yeast CTR2 has been shown to 

regulate internal pools of Cu under low Cu conditions 8, 9, suggesting that the human 

homolog may have a similar Cu regulatory function. Recent studies found that CTR2 plays a 

role in mast cell maturation and hemostasis 10, and that CTR1 protects CTR2 protein from 

degradation 11.

Once inside the cell, the concentration and location of Cu is tightly controlled as it is 

shuttled throughout subcellular compartments via interactions with Cu chaperones. The 

human copper chaperone for superoxide dismutase 1 (CCS) directly donates Cu to the 

enzyme SOD1 to support antioxidant activity 12, 13. Antioxidant 1 (ATOX1) donates Cu to 

the efflux Golgi-associated transporters ATP7A and ATP7B, which incorporate Cu into 

proteins, such as ceruloplasmin and lysyl oxidase, or into vesicles for secretion or export of 

excess Cu when levels are elevated 14, 15. Recent reports have also shown that Cu-laden 

ATOX1 migrates to the nucleus and may have transcription-factor like activity that supports 

cell growth 16. Whether ATOX1 and CCS directly acquire Cu from CTR1 or CTR2 or 

another intermediate Cu chaperone is unclear, although the two chaperones have been shown 

to directly interact and transfer Cu 17. Data recently published by Wang et al. show that 

ATOX1 or CCS knockdown decreases cell proliferation and tumor growth by modulating 

ATP levels and lipogenesis, and that an ATOX1/CCS targeting small molecule has similar 

effects 18.

Data from several labs has suggested that proteins within the Cu homeostasis pathway 

mediate uptake and efflux of cDDP. CTR1 gene deletion in yeast and mouse embryonic 

fibroblasts (MEFs) decreased cDDP uptake and increased resistance, suggesting it may be 

the primary transporter for drug influx 19, 20. CTR1 mRNA and protein expression levels 

correlate with cDDP response and post-treatment survival 21-23. In contrast to CTR1, the 

role of CTR2 in platinum drug cellular pharmacology is less well characterized. Expression 

levels correlate with treatment success in patients 24, 25 and cDDP sensitivity 26, and CTR2 

knockdown or knockout cells have increased levels of cDDP uptake 6, 27. cDDP also binds 

the Cu chaperone COX17 in solution, and COX17 mediates mitochondrial delivery which, 
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in turn, affects cDDP sensitivity through non-DNA related apoptosis pathways 28. cDDP has 

also been shown to bind ATOX1 in solution 29, 30 and in cells 31. ATOX1 knockout 

mutations in both Drosophila and MEFs engendered resistance to cDDP 32, 33. 

Consequentially, ATOX1 was hypothesized to bind and transport cDDP to the nucleus. 

ATOX1 may also play a role in cDDP detoxification through transfer to ATP7A or ATP7B. 

ATP7A and ATP7B protein levels were reported to be upregulated in cDDP resistant 

ovarian 34, 35 and oral squamous cell carcinoma cell lines 36. ATP7B overexpression in 

epidermoid carcinoma KB-3-1 cells also engendered cDDP resistance 37. Although no data 

has been reported for the direct interaction of CCS with cDDP, ATOX1, CCS and the 

transporters ATP7A and ATP7B share a conserved CXXC Cu chelating motif that 

coordinated cDDP in the crystal structure of ATOX1 29 and the soluble first domain of 

ATP7A 38. Despite all of these studies, there remains controversy as to the ability of the Cu 

homeostasis system to participate in the transport of cDDP or modulate sensitivity to this 

important drug 39, 40.

We used CRISPR-Cas9 genome editing to individually knockout CTR1, CTR2, ATOX1, and 

CCS in neoplastic human HEK-293T and ovarian cancer OVCAR8 cells. We report here that 

knockout of CTR1, CTR2, ATOX1, and CCS produced only a modest change in sensitivity 

to cDDP. These isogenic knockout cell lines targeting multiple steps within the same 

pathway provide compelling evidence that these Cu transporters and chaperones are not the 

primary uptake and transport mechanism for cDDP in these cell lines.

Methods

Cell culture and reagents

Human Embryonic Kidney 293T (HEK-293T) cells were obtained from ATCC (Manassas, 

VA). The wild type 293T and all sublines were cultured in DMEM medium (HyClone, 

Logan, UT) supplemented with 10% fetal bovine serum (Lonza, Basel, Switzerland), 1 mM 

sodium pyruvate (Lonza, Basel, Switzerland), 2 mM glutamine (Thermo Scientific, 

Waltham, MA) and 1X penicillin/streptomycin (Corning Life Sciences, Corning, NY). 

Ovarian Carcinoma 8 (OVCAR8) cells were received from Dr. Tom Hamilton, Fox Chase 

Cancer Center (Philadelphia, PA). All OVCAR8 cell lines were cultured in RPMI 1640 

medium (HyClone) supplemented with 10% FBS and 1X penicillin/streptomycin. Both cell 

lines were grown at 37°C with 5% CO2 and tested negative for mycoplasma contaminated 

with a MycoSensor PCR kit (Agilent, Santa Clara, CA).

CRISPR-Cas9 genome engineering and knockout screening

Generation of the CTR1 and CTR2 knockout clones has been previously described 11. For 

ATOX1 and CCS knockout, single guide RNA (sgRNA) design and delivery was performed 

as previously described 41. The online CRISPR design tool (http://crispr.mit.edu/) was used 

to design guide RNAs targeting ATOX1 exon 2 on the coding strand and CCS exon 1 on the 

coding strand. Complementary guide oligonucleotides (ATOX1 5’-

TCTCGGGTCCTCAATAAGCTTGG-3; CCS 5’- 

CACCGCTTCGGATTCGGGGAACCA-3’) were custom synthesized by Integrated DNA 

Technologies (Coralville) and ligated into pSpCas9(BB)-2A-GFP (pX458) (Addgene, 
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Cambridge, MA). CRISPR plasmids were transiently transfected into HEK-293T or 

OVCAR8 cells with Lipofectamine 2000 (Life Technologies, Inc., Grand Island, NY). The 

transfected population was FACS sorted for GFP expression 48 h after transfection. Single 

cells were sorted into 96 well plates and grown into populations over a period of 3 weeks. 

Populations were expanded, and DNA was harvested from confluent 12-well plates with a 

QIAmp DNA mini kit (Qiagen, Valencia, CA). Genomic DNA was amplified with ATOX1 

primers (F 5’-TCCTGCCCAGTC TCTCTGTCTT-3’; R:5’-

CCATGGCTCCAGAGCTACTCCT-3’) or CCS primers (F 5’- 

GGGTTACTAAGGCAACCAGGA-3’; R 5’- GAGGCTTCTGGACTGTCTGC -3’) 

spanning the target cut site. Amplicons were digested with BamHI and HindIII (New 

England Biolabs, Ipswich, MA), ligated into pUC19 (Invitrogen, Grand Island, NY), and 

transformed into DH5alpha bacteria (Invitrogen) using standard molecular biology 

techniques. A minimum of 10 bacterial clones were sequenced per each knockout cell line.

Western blotting

Cells were washed with ice cold PBS, then lysed in ice-cold RIPA buffer (50 mM Tris-HCl 

pH 8.0; 150 mM NaCl; 1 mM EDTA, 1% Triton X-100; 0.1% SDS; 0.5% sodium 

deoxycholate) supplemented with 1X Halt protease inhibitor cocktail (Thermo Fisher 

Scientific). Protein contents of the lysates were determined with the DC-Protein assay kit 

(Bio-Rad; Hercules, CA). Fifty micrograms of total protein was boiled with Laemmli dye 

for 5-10 minutes, then loaded on Tris-Glycine or Tris-Tricine gels and electrotransferred to 

low fluorescence PVDF membranes (EMD Millipore, Billerica, MA). Blots were stained 

with 1:1000 anti-CTR1 (gift from Dr. Marcus Kuo42), 1:1000 mouse anti-CTR2 (National 

Cancer Institute43), 1:1000 rabbit anti-ATOX1 (Abcam, Cabridge, MA) or 1:1000 rabbit 

anti-CCS (Santa Cruz Biotechnology, Dallas, TX) and 1:1000 mouse β-actin (Cell Signaling 

Technologies, Danvers, MA) primary antibodies overnight at 4°C. The blots were counter 

stained with 1:10,000 goat-anti rabbit 680LT and 1:5,000 goat-anti-mouse-800CW 

secondary antibodies (Li-Cor Biosciences, Lincoln, NE) and imaged with a Li-Cor Odyssey 

Imager (Li-Cor Biosciences). Images were quantified with Image J software (NIH, http://

imagej.nih.gov/ij/).

cDDP cytotoxicity assay

Cells were plated in sextuplicate in 96-well plates at a density of 3,000 cells/well. The cells 

were incubated for 16-24 hours and then treated with increasing doses of cisplatin (0-100 

μM; Teva Parenteral Medicines, Inc., Irvine, CA) for 1 hour. After 1 hour, the cDDP media 

was aspirated and replaced with fresh media. The plates were incubated for an additional 96 

hours, and the cell viability was determined with CCK-8 assay kit (Clonetech, Inc., 

Mountain View, CA). Five microliters of CCK-8 reagent was added per well, the plates were 

incubated at 37°C for 4 hours, and absorbance was read at 450 nm with an Molecular 

Devices microplate reader (Sunnyvale, CA).

Copper sensitivity assay

Cells were plated in quadruplicate in 96-well plates at a density of 3,000 cells/well. The cells 

were incubated for 16-24 hours and then treated with increasing doses of CuSO4 

continuously for 96 hours. Cell viability was determined with CCK-8 assay kit (Clonetech, 
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Inc., Mountain View, CA) as described above. The data were fit with a linear trend line to 

calculate and compare Cu sensitivity.

Cell growth curve assay

Cells were plated in quadruplicate in 96-well plates at a density of 2,000 cells/well. The cells 

were incubated for 1-7 days, and the cell viability was quantified every 24 hours with 

CCK-8 reagent as above. Cell growth was log10 transformed and graphed over time. The 

linear portion of the data was fit with a linear regression to calculate and compare cell 

growth rates.

Basal copper levels (ICP-MS)

HEK-293T cells were plated at a cell density of 0.5×10*6 (wildtype) − 0.75*10^6 cells 

(KOs) in two 6-well plates per cell line and incubated for 48-72 hours until 80-90% 

confluent. One 6 well plate was used to measure protein concentrations and the second was 

for Cu. The protein control plate was washed once with ice-cold PBS then lysed with 100 uL 

of ice-cold RIPA-Buffer supplemented with 1X Halt protease Inhibitor cocktail. Protein 

samples were stored at −80°C and the protein concentration was quantified with a BD 

BioRad protein quantification kit. The protein concentration was averaged for the 6 repeat 

wells. For the Cu samples, the cells were washed with ice-cold Cu-free PBS three times. 

Cell pellets were dissolved in 215 uL of 70% nitric acid at room temperature overnight, then 

diluted the next morning in 6 mL of ICP-MS buffer (0.1% Triton X, 1% Nitric acid, 1 ppb 

Indium, diluted in Cu-free water). 64Cu levels were measured with an iCAP inductively 

coupled plasma mass spectrometer at the Scripps Institute of Oceanography (Thermo 

Scientific, Waltham, MA). Cu concentrations were normalized to the average protein 

concentration for that cell line.

Nude mice xenografts

All animal work was approved by the UCSD Institutional Animal Care and Use Committee 

(IACUC). Female BALB/c nu/nu mice 6-8 weeks old were injected subcutaneously with 

1×106 cells (150 uL) diluted 1:1 in PBS:Matrigel (BD Biosciences, Franklin Lakes, NJ). 

Mice were injected bilaterally at the left and right shoulder and flank regions (4 inoculation 

sites per mouse, 2-4 mice per group, n=8 to 16 injections per cell line). Once palpable, 

tumor volume was recorded twice per week, log10 transformed and graphed over time. 

Linear regression was used to calculate and compare the tumor growth rates.

Statistical analyses

Data presented represent the mean ± SEM of at least three independent experiments 

performed in at least triplicates. Student’s t-test p-values of the individual KOs compared to 

WT were calculated with GraphPad Prism (GraphPad, La Jolla, CA), and P-values < 0.05 

were considered significant.
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Results

Knockout cell line generation with CRISPR-Cas9 genome editing

The bacterial CRISPR-Cas9 system was used to generate human isogenic knockout cell lines 

that completely lack detectable levels of the target protein. The CTR1, CTR2, ATOX1, and 

CCS genes were independently edited using the CRISPR-Cas9 technique and the tools 

initially described by the Zhang laboratory 41. Generation of the CTR1 and CTR2 knockouts 

was previously described 11. Guide RNAs were designed with the online CRISPR design 

tool (http://crispr.mit.edu/) and cloned into the pSpCas9(BB)-2A-GFP (pX458) vector. Exon 

2 was targeted in CTR1, exon 3 in CTR2, exon 2 in ATOX1, and exon 1 in CCS. We edited 

each gene in two different human cell lines, the neoplasticHEK-293T cell line and the 

OVCAR8 human ovarian carcinoma line. Parental cell populations were transiently 

transfected with the appropriate vector, and GFP-positive single cells were sorted by FACS 

into individual wells 48 h after transfection. For each gene targeted genes, approximately 50 

single cell clones were expanded into populations over the course of 3 weeks. PCR primers 

flanking the targeted editing site were designed to generate an amplicon, and sequencing of 

the expanded populations indicated numerous clones (>40%) had mutations in the individual 

target genes. Candidate mutant clones were further screened by Western blotting with whole 

cell lysates to assess target protein expression. Multiple clones that lacked protein expression 

were identified for each gene indicating that CRISPR-Cas9 targeting and knockout was 

successful. Two clones per gene (KO1 and KO2) for each cell type were further 

characterized using standard molecular cloning techniques to sequence the individual alleles. 

Sequencing indicated that the KO clones contained small insertions or deletions near the 

targeted CRISPR cut site on both alleles (Table 1). All of the DNA in/dels in the 2 clones 

selected for each gene were predicted to cause a frameshift mutation and introduce an early 

downstream stop codon on both alleles resulting in a severely truncated, out of frame, or 

unstable protein (Table 2). A total of 16 clonal cell lines were generated for comparison: two 

knockout clones per gene (CTR1, CTR2, ATOX1, and CCS) in each of two cell lines 

(HEK-293T and OVCAR8). Figure 1 shows Western blot analyses of each KO cell line 

confirming the absence of target protein expression.

Cisplatin sensitivity

Concentration survival curves were generated with wild-type (WT) HEK-293T and 

OVCAR8 cells and compared to each knockout clone using a cell viability assay after 1 hour 

cDDP exposure followed by 96 hour culture in drug-free medium. Figure 2 shows the dose-

response curves for all the cell lines. Interestingly, different clones from the same parental 

cell line in which the same gene was knocked out showed substantial differences in cDDP 

sensitivity. With 1 hour of cDDP exposure the 293T CRT1 KOs had a variable phenotype; 

whereas KO1 had a 0.4-fold decrease in IC50, KO2 had a 1.2-fold increase. All of the CTR2, 

ATOX1, and CCS KOs were more sensitive to cDDP compared to the WT HEK-293Ts. The 

CTR2 KOs had a 0.5- and 0.4-fold decrease in IC50, while the ATOX1 KOs a 0.7- and 0.4-

fold decrease; the CCS KOs had a 0.2 and 0.5-fold decrease in IC50 value (Figure 2 and 

Table 3). Collectively, the data suggest that knockout of CTR1, CTR2, ATOX1, or CCS 

modestly increases cDDP sensitivity in the HEK-293T cell line.
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Clonal variability was also observed among the OVCAR8 cell lines. The OVCAR8 CTR1 

KOs had a 4.4- and 0.9-fold decrease in IC50, while the CTR2 KOs had a 1.2- and 1.3-fold 

decrease in IC50. The ATOX1 OVCAR8 KOs had a 1.1-fold increase and 0.7-fold decrease 

in IC50, while the CCS KOs had a 0.2 and 0.3-fold decrease (Figure 2 and Table 3). 

Collectively, these results suggest that the effect of CTR1, CTR2, or ATOX1 knockout was 

variable among individual clones and the two cell lines, while knockout of CCS modestly 

increased cDDP sensitivity in both cell types.

Notable variability in cDDP sensitivity was observed among the individual KO clones for 

each gene, suggesting that clonal variability and genetic drift within the population may 

have a large effect. To assess the background variability of the WT population, we isolated 

10 sub-clones from our transfected HEK-293T and OVCAR8 populations that were negative 

for CRISPR editing (WT gene sequence) and determined their cDDP sensitivity. The IC50 

values in the HEK-293T WT sub-clones ranged from 6.1-50.2 μM, and 9.1-22.7 μM in the 

WT OVCAR8 sub-clones (Figure 3). These changes in sensitivity are similar to the 

magnitude changes in our knockout clones, indicating that the variability observed in the 

CTR1, CTR2, ATOX1, and CCS KO clones was less than the clonal variability of the 

starting population in these cell lines.

Cellular growth rate

The growth rates of the KO clones were compared to the WT cells to assess the impact of 

protein deletion on in vitro growth. Previous studies in endothelial cells indicated that 

silencing of CTR1 decreased proliferation by 2-fold 44. ATOX1 and CCS silencing in H1299 

lung cancer cells was reported to impair cellular growth by decreasing ATP production, 

decreasing cytochrome c oxidase activity, and reducing lipid biosynthesis 18. Cell density 

was determined as a function of time over a period of 7 days in culture and compared among 

the WT and KO cells. Compared to the WT HEK-293T cells, both CTR1 KOs and CTR2 

KOs had a slightly decreased rate of growth (p<0.05; Figure 4A and 4B). Both ATOX KO1 

and KO2 had an increased lag time, where the cells took longer to establish growth after 

passaging; however, once established, these cells had a similar cell growth rate compared to 

the WT cells (p>0.05; Figure 4C). Similarly, both CCS KOs had a longer lag time; however, 

KO1 had a similar rate of growth compared to WT cells, while KO2 had a 1.2-fold decrease 

in rate (p=0.01) (Figure 4D). Collectively, the cellular growth assays showed that all the KO 

cells are viable in culture and most have similar growth rates to the parental cells once they 

reach a threshold cell density.

Basal copper levels and copper sensitivity

We initially hypothesized that the observed growth defects in the KO lines may be caused by 

defects in Cu homeostasis, such as decreased uptake or failure to shuttle intracellular Cu to 

essential enzymes and cellular compartments. To test this, the total cellular basal Cu content 

of HEK-293T cells was determined by inductively coupled plasmon mass spectrometry 

(ICP-MS). Compared to the WT cells, the CTR1 knockouts had no significant change in 

basal Cu, while the CTR2 KOs had a 1.4 and 1.8-fold increase in Cu (p=0.06 and 0.04, 

respectively) (Figure 5A). ATOX1 protein KO resulted in small 1.2 and 1.3-fold increases in 

basal Cu level (Figure 5B; p=0.20 and 0.06, respectively), which agrees with previous data 
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reported in ATOX1−/− mouse embryonic fibroblasts 45. Strikingly, the CCS KO cells had 

significantly higher levels of basal Cu compared to the WT HEK-293T cells; Cu levels were 

elevated 1.7-fold in CCS KO1 and 1.5-fold in CCS KO2 (Figure 5B; both p<0.01), in 

contrast to previous reports with in which CCS was knocked down in MEFs 46. Thus, the 

growth defects observed in all the KOs were not mediated by defects in total basal cellular 

Cu.

Previous reports with ATOX−/− MEFs showed that the knockout cells were more sensitive to 

elevated Cu levels 32 due to impaired ATP7B-mediated Cu efflux 14. To test the effect of 

elevated Cu, we repeated the cellular growth experiments using medium supplemented with 

Cu. Cells were grown for 4 days in the presence of medium supplemented with 0-30 μM 

CuS04 following which cellular viability was quantified. Compared to the WT HEK-293T 

cells, both ATOX1 KOs had a significantly decreased cell viability that correlated with 

increased concentrations of Cu (p < 0.01 and = 0.02; Figure 5E). In contrast, the CTR1, 

CTR2, and CCS KOs had no significant change in viability compared to the WT cells 

(Figure 5C, D, F; all p > 0.05). These data are consistent with previous findings that ATOX1 

deficient cells are sensitive to Cu, presumably due to export defects via ATOX1 interactions 

with ATP7B 14. Moreover, these data suggest that the slower growth observed in all the KO 

cells was not due to a cellular Cu deficiency, as even low concentrations of CuSO4 failed to 

stimulate growth.

Tumor growth in vivo

Studies have consistently shown that tumors have elevated Cu levels, and that Cu is closely 

associated with key steps in angiogenesis and tumor growth 47. Cu chelators are effective in 

slowing tumor formation in mice, and the treatment of breast cancer patients with 

tetrathiomolybdate was reported to produce a benefit in survival in a small study 48. Recent 

data published by Wang et al. showed that targeting ATOX1 and CCS with a small molecule 

significantly decreased both lung H1299 and leukemia K562 tumor xenograft growth 18. We 

wondered if any of the individual copper transporters or chaperones is a potential drug target 

and tested the in vivo tumorigenicity of our KO cell lines in nude mice.

Xenografts were established by injecting female nu/nu mice subcutaneously with either the 

HEK-293T WT, CTR1, CTR2, or ATOX1 KO cell lines (both knockouts per each gene). 

Tumor growth was measured over a period of 30-45 days, and the logarithmic tumor growth 

rate was compared among the WT and KO cell lines to assess the impact of loss of gene 

function on tumor establishment and growth. The CTR1 KOs had a variable phenotype. 

CTR1 KO1 had an increased lag time and took much longer to establish than KO2 or the 

WT cells and had a significantly decreased growth rate (p = 0.04), while KO2 had a slightly 

increased lag time compared to WT, yet a similar growth rate (p = 0.34) (Figure 6A). The 

CTR2 KOs also had a variable phenotype; CTR2 KO1 had a similar lag time and a 

significantly increased growth rate compared to the WT cells (p < 0.01), and CTR2 KO2 had 

a similar lag time and growth rate (p = 0.91) (Figure 6B). Interestingly, the in vivo data for 

the HEK-293T ATOX1 KOs mirrored the cell culture growth results. Compared to the 

HEK-293T WT cells, both ATOX1 KO cell lines had an increased lag time to tumor 

establishment. However, once the KO tumors were established, their growth rate was not 
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different from the WT tumors (Figure 6C; p = 0.98 and 0.51). Thus, targeting ATOX1, 

CTR1, or CTR2 alone did not appear to be a viable antineoplastic therapeutic strategy, as 

these KO tumors continued to exhibit robust, albeit delayed growth in vivo.

Discussion

The Cu homeostasis pathway has been proposed to function as a transport system for cDDP. 

The effect of CTR1 overexpression and/or knockdown on cDDP uptake and sensitivity has 

been conflicting. Yeast CTR1 null mutants and mouse CTR1−/− embryonic fibroblasts 

(MEFs) had increased cDDP resistance and decreased cDDP uptake 19, and re-expression of 

CTR1 in these MEFs restored cDDP sensitivity 49. Similarly, overexpression of human 

CTR1 in SCLC and SR2 cells modestly increased cDDP uptake 50. However, additional 

groups reported no correlation between cDDP sensitivity and uptake in cells overexpressing 

human CTR139, 51. Our CTR1 KOs did not have a consistent phenotype due to clonal 

variation. The relatively modest changes in cDDP sensitivity observed here (3 to 4-fold) 

agree with the previous literature and suggest that CTR1 may not be the primary uptake 

transport mechanism in HEK-293T and OVCAR8 cell lines.

Whereas CTR1 deletion has been linked with resistance, CTR2 knockdown in MEFs has 

been reported to increase cDDP uptake and increase cellular sensitivity to cDDP 26. 

CTR2−/− xenograft tumors grew much slower and acquired significantly more cDDP 52. 

Similarly, CTR2 knockdown in human 2008 cancer cells rendered the cells 2 to 3-fold 

hypersensitive to cDDP 43. The CTR2 KOs here had modest, similar-fold changes in cDDP 

IC50. The HEK-293T KOs appeared more sensitive while the OVCAR8 KO cells were 

resistant, possibly due to differences in CTR2 function in varying cell lines.

Several groups have documented direct binding of cDDP to ATOX1 in solution 30, 53 and in 

cells 31. Drosophila ATOX1 knockout cells were found to be resistant to 1 mM cDDP 33, 

while ATOX1−/− MEFs had a 1.5-fold increase in IC50 32. Because ATOX1 has been shown 

to directly transfer cDDP to ATP7A and ATP7B in solution 14, 15, and to modulate Cu 

detoxification, it may similarly modulate cDDP efflux. Studies regarding direct cDDP 

transfer between ATOX1 and the metallo-binding domains of ATP7A or ATP7B in solution 

are conflicting depending on the reducing agent present 54, 55. Recent studies suggests that 

Cu binding influences cDDP binding to ATOX1 56 and may influence transfer of platinum 

drugs from ATOX1 57. While ATP7A and ATP7B protein levels were noted to be elevated in 

cDDP resistant paired cell lines, no changes in ATOX1 expression were seen 34. Our ATOX 

KO cells varied 2-fold in cDDP sensitivity compared to the parental cells. Collectively, these 

data suggest that ATOX1 is not a major mediator of cDDP toxicity and is not critical to the 

nuclear import of cDDP. Similar fold changes in cDDP sensitivity were also seen with 96 

hour continuous drug exposure assays (data not shown), suggesting that ATOX1 does not 

mediate cDDP detoxification even though these ATOX1 deficient cells were significantly 

more sensitive to Cu compared to the other knockouts. However, because ATOX1 and CCS 

can cross-transfer Cu and are both present in the nucleus they may have redundant activities. 

Knockout of both genes may produce clearer results; however, deletion of both genes 

simultaneously may be lethal.
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To our knowledge, no reports have described interactions between cDDP and CCS. 

Knockout of CCS in both cell lines in this study resulted in a 2 to 5-fold increase in cDDP 

sensitivity. Previous studies have shown that glutathione (GSH) can compensate for CCS 

deletion to support Cu-mediated SOD1 function 58. It’s possible that changes in GSH or the 

cellular oxidation state can compensate for the loss of CCS. Additional studies are needed to 

determine whether the changes in cDDP sensitivity seen here are specific or mediated by 

changes in SOD1 activity and ROS balance.

This study exposed a major issue with the use of individual KO clones for studies of cellular 

pharmacology. The changes in cDDP sensitivity observed in the KO cells were less than 

those observed between independently isolated wild type clones derived from the parental 

HEK-293T and OVCAR8 populations. However, similar magnitude changes in cDDP 

sensitivity have been reported in cells deficient in DNA damage repair pathways 59-61, as 

well as cDDP resistant cells where upregulated ATPase genes important for maintaining 

tumor cell pH, which influences cDDP aquation and activity, were knocked down 62. 

Constant genetic drift of cancer cells, especially cells in tissue culture, pose a challenge to 

the use of isogenic knockout clones to assess the effect of loss of function of a given gene. 

The clonal variability observed in this study mandates the use of numerous knockout clones 

in future studies.

It is important to note that variation in drug sensitivity among the knockouts may be 

mediated by off-target CRISPR-Cas9 editing. Cas9 mutants with increased fidelity have now 

been engineered that have off-target effects below the limit of detection 63, 64. Improvements 

in Cas9 design may allow for bulk sorting of a transfected population to more rapidly study 

the effects of gene editing and protein deletion, thus bypassing the arduous task of 

characterizing individual clones.

Conclusion

The mechanisms of cDDP uptake and transport remain largely unknown, despite widespread 

clinical use as an anti-neoplastic agent for the past 50 years. Initial studies described 

correlations between cDDP response and patient survival with copper transport protein 

expression, suggesting that the two metals may utilize similar pathways to enter and traffic 

through cells. However, protein knockdown studies in cells from several species have been 

conflicting. The generation of isogenic knockout cell lines in 4 Cu transport/chaperones 

genes represents a clean system to address this question.

Knockout of any of the 4 genes reported here resulted in variable changes in sensitivity to 

cDDP. The fold changes range from 2 to 5-fold. However, our data indicate that knockout of 

these Cu transporters and chaperones failed to produce changes in cDDP sensitivity that 

were greater than the variance in cDDP sensitivity observed among non-edited clones 

isolated from the same parental population. The mechanisms of cellular entry and nuclear 

translocation of cDDP remain unknown. Genome-wide CRISPR-Cas9 screens directed at 

identifying genes that modulate cDDP sensitivity are currently underway.
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Significance to Metallomics

Prior studies have suggested a role for Cu homeostasis proteins in the cellular 

pharmacology of the platinum-containing drugs. However, using the more definitive 

approach of CRISPR-Cas9-mediated gene knockout this study shows that neither the loss 

of Cu transport proteins (CTR1 or CTR2), nor the knockout of two Cu chaperones 

(ATOX1 and CCS), modulated sensitivity to the chemotherapeutic agent cisplatin in two 

different types of neoplastic cell lines.

Bompiani et al. Page 15

Metallomics. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Western blot analysis of clones in which CTR1, CTR2, ATOX1, and CCS were knocked out. 

Basal protein expression levels in the wild type (WT) HEK293T and OVCAR8 and the 

knockout (KO) clones. A, CTR1; B, CTR2; C, ATOX1; and, D, CCS.
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Figure 2. 
cDDP concentration-survival curves for the wild type HEK293T and OVCAR8 cell lines 

and each of the knockout clones. Cells were seeded in 96 well plates and treated with 0-100 

μM cDDP for 1 h and then incubated in drug-free medium for an additional 4 days. The data 

represent the mean ± SEM of three independent experiments plated in sextuplicate for each 

drug concentration. For all cell lines circles (λ, solid line) represent WT, squares represent 

KO1 (ν, dashed line), and triangles (π, dotted line) represent KO2.
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Figure 3. 
cDDP concentration-survival curves for ten wild type HEK293T or OVCAR8 subclones. 

Ten subclones were sorted from the parental population. Cells were seeded in 96 well plates 

and treated with 0-100 μM cDDP for 1 h and then incubated in drug-free medium for an 

additional 4 days. The data represent the mean ± SEM of two independent experiments 

plated in sextuplicate for each drug concentration.
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Figure 4. 
Growth rates of the parental HEK-293T and knockout cells in culture. A) CTR1, B) CTR2, 

C) ATOX1, and D) CCS. Cells were seeded in 96 well plates and cell viability was 

quantified every 24 hours. The data were log10 transformed and the linear data for cell 

growth were fit with a linear trend line shown. All data represent the mean ± SEM of three 

independent experiments plated in quadruplicate. For all cell lines circles (λ, solid line) 

represent WT, squares represent KO1 (ν, dashed line), and triangles (π, dotted line) 

represent KO2.
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Figure 5. 
Copper homeostasis in HEK-293T parental and knockout cell lines. A, B) Basal whole cell 

Cu concentrations in the wild-type (WT) and all knockout (KO) cell lines. P-value WT vs.: 

CTR1 KO1 = 0.62; CTR1 KO2 = 0.09; CTR2 KO1 = 0.06; CTR2 KO2 = 0.04. P-value WT 

vs.: ATOX KO1 = 0.02; ATOX1 KO2 = 0.06; CCS KO1 <0.01; CCS KO2 <0.01. Cells were 

plated in in 6-well plates, and each well was harvested for basal Cu quantification with ICP-

MS. Copper concentrations were normalized to the average total protein concentration from 

a second 6-well plate. The data represent the mean ± SEM of three independent experiments 

plated in sextuplicate. C-F) Cu sensitivity stress test in the C) 293T CTR1 knockout cell 

lines, D) 293T CTR2 KO cell lines, E) 293T ATOX1 KO cell lines, and F) 293T CCS KO 

cell lines. For all cell lines circles (λ, solid line) represent WT, squares represent KO1 (ν, 

dashed line), and triangles (π, dotted line) represent KO2. Cells were plated in 96 well plates 

in media supplemented with 0-30 μM CuSO4 and incubation in culture for 4 days. The data 

represent the mean ± SEM for three independent experiments plated in triplicate.
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Figure 6. 
HEK-293T wild type and CTR1, CTR2, and ATOX1 knockout tumor growth in nude mice. 

Six-week old female nu/nu mice were injected with 1 ×106 cells. Tumor growth was 

measured over a period of 30-50 days and log10 transformed. A) CTR1 KOs, B) CTR2 KOs, 

and C) ATOX1 KOs. For all cell lines circles (λ, solid line) represent WT, squares represent 

KO1 (ν, dashed line), and triangles (π, dotted line) represent KO2. The linear growth rates 

of the transformed data were calculated and statistically compared among the 293T WT and 

KO cell lines. N=5-8 tumors CTR1, 8 tumors CTR2, and 15-16 tumors for ATOX1.
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Table 1

DNA allele sequences of the ATOX1 and CCS knockout cell lines generated with CRISPR-Cas9 targeting 

technology.

Cell Line Allele 1 nucleotide sequence Allele 2 nucleotide sequence

ATOX1
(Exon 2 Targeted CRISPR site)

ATOX1 WT GCTGAAGCTGTCTCTCGGGTCCTCAATAAGCTTGGAGGTGAGTGAGTGG

HEK-293T
ATOX1 KO1

GCTGAAGCTGTCTCTCGGGTCCTCAATAAAGCTTGGAGGTGAGTGAGTGG
(+1 nt)

HEK-293T
ATOX1 KO2

GCTGAAGCTGTCTCTCGGGTC- - - - - - - -GCTTGGAGGTGAGTGAGTGG (Δ8
nt)

OVCAR8
ATOX1 KO1

G- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - -

- - - - - - -AGTGAGTGG (Δ39 nt)

GCTGAAG- - - - - - - - - - - - - - - - - - - -
- - - - - -

- - - - - - - - - - - - - - -G (Δ41 nt)

OVCAR8
ATOX1 KO2

GCTGAAGCTGTCTCTCGGGTCCTCAA
TAAAGCTT

GGAGGTGAGTGAGTGG (+1 nt)

GCTGAAGCTGTCTCTCGGGTCCTCA
ATA- GCTT

GGAGGTGAGTGAGTGG (Δ1 nt)

CCS
(Exon 1 Targeted CRISPR site)

CCS WT GGGTCCAGAATGGCTTCGGATTCGGGGAACCAGGGG

HEK-293T
CCS KO1

GGGTCCAGAATGGCTTCGGA
TTCGGGG - ACCAGGGG (Δ 1 nt)

GGG - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - -GG

(Δ 31 nt)

HEK-293T
CCS KO2

GGGTCCAGAATGGCTTCGGA
TTCGGGG - ACCAGGGG (Δ 1 nt)

GGGTCCAGAATGGCTTCGGA
TTCGGG - - ACCAGGGG (Δ 2 nt)

OVCAR8
CCS KO1

GGGTCCAGAATGGCTTCGGA
TTCGGGG - ACCAGGGG (Δ 1 nt)

GGGTCCAGAATGGCTTCGGA
TTCGGGGAA - CAGGGG (Δ 1 nt)

OVCAR8
CCS KO2

GGGTCCAGAATGGCTTCGGA
TTCGGGG - ACCAGGGG (Δ 1 nt)

GGGTCCAGAATGG- - - - - - -
- - - - - - - - - - - - - - -G (Δ 22 nt)
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Table 2

Predicted protein amino acid sequences of the ATOX1 and CCS knockout cell lines.

Cell Line Allele 1 amino acid sequence Allele 2 amino acid sequence

ATOX1

ATOX1 WT MPKHEFSVDMTCGGCAEAVSRVLNKLGGVKYDIDLPNKKVCIESEHSMDTLLATLKKTG
KTVSYLGLE

HEK-293T
ATOX1 KO1 MPKHEFSVDMTCGGCAEAVSRVLNKAWRS*

HEK-293T
ATOX1 KO2 MPKHEFSVDMTCGGCAEAVSRVAWRS*

OVCAR8
ATOX1 KO1 n/a

§
n/a

§

OVCAR8
ATOX1 KO2

MPKHEFSVDMTCGGCAEAVSRVLNK

AWRS*
MPKHEFSVDMTCGGCAEAVSRVLNSLEELSM

TLTCPTRRSALNLSTAWTLCLQP
¶

CCS

CCS WT

MASDSGNQGTLCTLEFAVQMTCQSCVDAVRKSLQGVAGVQDVEVHLEDQMVLVHTTL
PSQEVQALLEGTGRQAVLKGMGSGQLQNLGAAVAILGGPGTVQGVVRFLQLTPERCLIE

GTIDGLEPGLHGLHVHQYGDLTNNCNSCGNHFNPDGASHGGPQDSDRHRGDLGNVRAD
ADGRAIFRMEDEQLKVWDVIGRSLIIDEGEDDLGRGGHPLSKITGNSGERLACGIIARSAG

LFQNPKQICSCDGLTIWEERGRPIAGKGRKESAQPPAHL

HEK-293T
CCS KO1 MASDSGTRGPSARWSSRCR* n/a

#

HEK-293T
CCS KO2 MASDSGTRGPSARWSSRCR*

MASDSGPGDPLHVGVRGADDLSELCGRGAQI
PARGGRCPGCGGALGGPDGLGTHHSTQPGGA
GSPGRHGAAGGTQGHGQRPVAESGGSSGHPG

GAWHRAGGGALPTADP
§

OVCAR8
CCS KO1 MASDSGTRGPSARWSSRCR* MASDSGNRGPSARWSSRCR*

OVCAR8
CCS KO2 MASDSGTRGPSARWSSRCR* MGPSARWSSRCR*

*
Early stop codon causes translation termination

¶
Sequence shows less than 50% homology to WT protein

#
CRISPR induced lesion removes translation start codon

§
CRISPR induced lesion removes exon/intron boundary; is predicted to impair mRNA splicing.
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Table 3

Cisplatin IC50 values.

HEK-293T OVCAR8

IC50 (μM)
mean ±
SEM*

Fold
change P-value

IC50 (μM)
mean ±
SEM*

Fold
change P-value

WT 53.1 ± 3.3 - - 25.6 ± 4.5 - -

CTR1/KO1 19.3 ± 1.0 0.4 0.412 112.3 ± 25.9 4.4 0.341

CTR1/KO2 65.3 ± 4.5 1.2 0.408 23.6 ± 2.6 0.9 0.165

CTR2/KO1 26.1 ± 0.3 0.5 0.043 31.5 ± 7.9 1.2 0.915

CTR2/KO2 21.9 ± 0.1 0.4 <0.01 34.4 ± 11.8 1.3 0.398

ATOX1/KO1 36.8 ± 8.4 0.7 0.440 26.9 ± 1.8 1.1 0.025

ATOX1/KO2 20.7 ± 1.9 0.4 <0.01 17.2 ± 4.0 0.7 0.287

CCS/KO1 10.5 ± 1.8 0.2 0.047 5.6 ± 0.6 0.2 <0.01

CCS/KO2 26.9 ± 5.5 0.5 0.214 8.2 ± 0.7 0.3 0.04

*
The data represent the mean ± SEM of at least three independent experiments plated in sextuplicate
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