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Abstract: Copper, the highly toxic micronutrient, plays two essential roles: it is a catalytic and
structural cofactor for Cu-dependent enzymes, and it acts as a secondary messenger. In the cells,
copper is imported by CTR1 (high-affinity copper transporter 1), a transmembrane high-affinity
copper importer, and DMT1 (divalent metal transporter). In cytosol, enzyme-specific chaperones
receive copper from CTR1 C-terminus and deliver it to their apoenzymes. DMT1 cannot be a donor of
catalytic copper because it does not have a cytosol domain which is required for copper transfer to the
Cu-chaperons that assist the formation of cuproenzymes. Here, we assume that DMT1 can mediate
copper way required for a regulatory copper pool. To verify this hypothesis, we used CRISPR/Cas9 to
generate H1299 cell line with CTR1 or DMT1 single knockout (KO) and CTR1/DMT1 double knockout
(DKO). To confirm KOs of the genes qRT-PCR were used. Two independent clones for each gene
were selected for further studies. In CTR1 KO cells, expression of the DMT1 gene was significantly
increased and vice versa. In subcellular compartments of the derived cells, copper concentration
dropped, however, in nuclei basal level of copper did not change dramatically. CTR1 KO cells,
but not DMT1 KO, demonstrated reduced sensitivity to cisplatin and silver ions, the agents that
enter the cell through CTR1. Using single CTR1 and DMT1 KO, we were able to show that both,
CTR1 and DMT1, provided the formation of vital intracellular cuproenzymes (SOD1, COX), but not
secretory ceruloplasmin. The loss of CTR1 resulted in a decrease in the level of COMMD1, XIAP,
and NF-κB. Differently, the DMT1 deficiency induced increase of the COMMD1, HIF1α, and XIAP
levels. The possibility of using CTR1 KO and DMT1 KO cells to study homeodynamics of catalytic
and signaling copper selectively is discussed.
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1. Introduction

In mammals, copper has two essential physiological functions. First, it is a catalytic and structural
cofactor of enzymes necessary for respiration, antioxidant protection, post-translational modification
of neuropeptides, for the synthesis of neurotransmitters, the formation of collagen and elastin and iron
transport [1,2]. Second, copper inside and outside the cell is required for the activity of some regulatory
proteins (HIF1α, XIAP, COMMD1, NF-κB, p53) which are involved in signaling pathways [3–7].
The indispensable biological functions of copper are inseparable from its high toxicity, which is
compensated by an intricate system of carriers that coordinate copper through specific sites, and safely
transfer it from the extracellular space to the cell places of cuproenzyme formation (mitochondria,
Golgi apparatus, cytosol) [8].

It is still unclear how copper is recruited into signaling pathways, or how it is secreted from the cell
to participate in neovascularization [9]. As a non-sophisticated version of this issue, it can be assumed
that these copper streams enter the cell through different gates. The main universal importer of copper
in mammalian cells is CTR1 [10,11]. It is a transmembrane homotrimer, each subunit of which contains
three α-helices, forming a transmembrane domain of nine α-helixes. The N-terminal extracellular
domain contains three Cu(II)/Cu(I) sites. In a homotrimer, N-termini form a high-affinity copper
trap from the environment, where its concentration is low. The short C-terminal domain contains
a copper-binding HCH-motif. All cytosolic copper carriers required for cuproenzymes, pick up the
delivered copper, due to a protein–protein interaction with C-domain CTR1 [12]. One might think that
catalytic copper enters through the CTR1.

The cells contain another importer, also capable of carrying copper. It is the divalent
metal transporter 1 (DMT1), also known as divalent cation transporter 1 (DCT1) and natural
resistance-associated macrophage protein 2 (NRAMP 2), the member 2 of solute carrier family [13].
It consists of a single subunit. Putative topological DMT1 model predicts that DMT1 is a type III integral
membrane protein (both N- and C-terminus are oriented to the cytoplasm), with a transmembrane
domain from 12 α- helixes and two sites for core N-glycosylation in the extracellular loop between
seven and eight α- helixes [14]. It is well established and it functions as a proton-coupled pump
by using the cell membrane potential for active transport. DMT1 imports iron as Fe(II), and also
Mn(II), Zn(II), Cu(II), Ni(II), Co(II), Pb(II) and Cd(II) ions. It is ubiquitously expressed, most notably in
the apical membrane of the enterocytes in duodenum [13]. The cation binding peptide is formed by
DMT1-α-helix1 as an α-helix-extended segment–α-helix configuration, in which the negatively charged
motif Asp-Pro-Gly-Asn responsible for cation binding is located at the central flexible region [15].

DMT1 transports copper in both Cu (II)/Cu (I) oxidation states [16], and even when the CTR1
gene is switched off, it compensates for its deficiency [17]. C-terminal domain of DMT1 has no
homology with C-terminus of CTR1, so, it is unlikely that it is capable of transferring copper to
cuproenzyme-associated Cu-transporters. It is yet unknown which proteins, or low molecular weight
substances, take copper from DMT1. It is possible that DMT1 represents the pathway for regulatory
copper. To check this hypothesis, we obtained single knockout CTR1 and DMT1 cells as well as
a double knockout of both genes. The effect of CTR1 and DMT1 deficiency on intracellular copper and
silver distribution was studied. Engineered cells were tested for resistance to cisplatin and silver ions,
and to some additional drugs acting with different mechanisms of action. The expression profile of
gene-coding copper-requiring proteins was also determined.

2. Materials and Methods

2.1. Cell Lines

The human non-small cell lung cancer cell line H1299 (WT) was used for these experiments.
These cells do not express the tumor suppressor p53 protein. They were grown in RPMI medium
supplemented with 10% fetal bovine serum (FBS). Cells were transfected with CRISPR-Cas9 KO
plasmids with three targets specific guide RNAs (gRNA) of 20 nt (for both CTR1 and DMT1 genes).
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The plasmids were co-transfected with homology-directed repair (HDR) plasmids specific for each gene
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), which allow the insertion of puromycin resistance
gene and red fluorescent protein (RFP) gene during the repair process. Puromycin and RFP genes can
then be removed using Cre recombinase, thanks to the presence of loxP sites in HDR plasmids.

Cells were seeded at high density 24 h before transfection in six-well plates. Fugene (Promega,
Madison, WI, USA) was used as transfection reagent. Twenty-four hours after transfection, cells were
detached and seeded in 10 mL Petri dishes at a density of 500 cells/plate. After the following 48 h,
puromycin (2 µg/mL) was added to allow selection of positive clones. A double selection of clones
growing in puromycin-containing medium and expressing RFP was performed. Positive clones were
isolated and transferred to six-well plates.

Expression of CTR1 or DMT1 mRNA by qRT-PCR was used to confirm the KO of the genes.
Two independent clones for each gene were selected for further studies.

For the generation of double KO cells (for both CTR1 and DMT1 genes) one clone deleted in CTR1
was treated with Cre recombinase to remove puromycin and RFP genes and subjected to the second
round of transfection using a mix of DMT1 KO plasmid and DMT1 HDR plasmid using the same
procedure as described for single KO generation.

2.2. Cell Growth and Cytotoxicity

The growth in vitro of the different clones was determined using the RealTime GLO system
(Promega). All the procedures were performed according to the manufacturing instructions.
Luminescence was detected at 24 h interval using the GloMax plate reader (Promega). For each
clone, six independent samples were assessed, and the mean doubling time calculated from the linear
part of the growth curve for each cell line. The growth inhibitory activity of the various drugs was
determined by using the MTS test. Briefly, cells were seeded in 96-well plates and after 24 h treated with
increasing concentrations of the drugs for further 72 h. Survival curves were plotted as percentages of
untreated controls. At least six replicates for each time point were used and the results represent the
average mean and SD of at least three independent experiments.

2.3. Reverse Transcription and Real Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from exponentially growing cells using Maxwell RSC simply RNA cells
kit (Promega, Madison, WI, USA) and reverse-transcribed to cDNA using high capacity cDNA reverse
transcription kit (Life Technologies, Carlsbad, CA, USA). DMT1, CTR1, CTR2, XIAP, HIF1α, NF-κB,
COMMD1, CCS, and SOD1 genes expression levels were determined by qRT-PCR performed with Sybr
Green PCR master mix (Applied Biosystem, Foster City, CA, USA). Primers were designed according
to program “Primer-BLAST” (version 4.1.0, NCBI, USA) and their primary structures are given in
Table 1.

Table 1. Primer sequences used for qRT-PCR analysis.

Gene Primers Direct

CTR1 5′-GGAGGAGACAGCAGCATGAT-3′

3′-GTCGACCTCTTTACCGACCT-5′
Forward
Reverse

DMT1 5′-GTCCTCATGCTGGCCTCTTT-3′

3′-AGATGTAAACCCGTCACCCC-5′
Forward
Reverse

CTR2 5′-GCGGTGCTTCTGTTTGATTTCT-3′

3′-ACTTCCGTAGTTCCAACCGT-5′
Forward
Reverse

SOD1 5′-CCAGTGCAGGTCCTCACTTT-3′

3′-CGACTGTTTCTACCACACCG-5′
Forward
Reverse

CCS 5′-CGGTACTCAAGGGCATGGG-3′

3′-AAGGATGTCGACTGGGGACT-5′
Forward
Reverse

HIF1α 5′-GCTTTAACTTTGCTGGCCCC-3′

3′-ACTACTGGTCGTTGAACTCCT-5′
Forward
Reverse
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Table 1. Cont.

Gene Primers Direct

XIAP 5′-ACTCAGTTAACAAGGAGCAGCT-3′

3′-AAGTGACACCTCCTCCCGAT-5′
Forward
Reverse

NF-κB 5′-CTGCTGGACCCAAGGACATG-3′

3′-GTCTCCGCACATATTCCCCG-5′
Forward
Reverse

COMMD1 5′-GGCGCTGTGGGTGAAGAG-3′

3′-CTGTACCTAAAGTTGGTCGACC-5′
Forward
Reverse

For each gene and each sample, the dissociation curve was evaluated. Samples were then
normalized using the expression of the housekeeping gene (actin), and the levels in the KO clones
were compared to parental cells. qRT-PCR was performed using the 7900HT sequence detection
system (Applied Biosystem, Foster City, CA, USA). Average values from at least three independent
experiments are presented.

2.4. Mitochondrial DNA (mtDNA) PCR

Samples of the subcellular fractions were treated with 30 µL lysing mixture including 0.5% SDS,
10 µM dithiothreitol, 0.07 µg/µL proteinase K during 2 h at 55 ◦C. PCR was performed in 30 µL mixture
containing 40 pmol. of each primer, 0.2 mM dNTP’s, TaqPol 0.05 U/µL and 3 mM MgCl2. Primes
(Forward: 5′-aatgaatgtctgcacagc-3′ and Reverse: 5′-gctaggaccaaacctatttg-3′, annealing temperature
55 ◦C) to D-loop human mtDNA region were used.

PCR profile: 94 ◦C for 2 min, 35 cycles from 94 ◦C for 2 min, 55 ◦C for 1 min, 72 ◦C for 1 min,
72 ◦C 10 min. PCR was optimized using MJ Mini Personal Thermal Cycler (BioRad, Hercules, CA,
USA). PCR products were analyzed in a 1.4% agarose gel with ethidium bromide.

2.5. Isolation of Subcellular Fractions

Subcellular fractions were isolated by differential centrifugation from cells collected from T75
flask with full growth. Cells were homogenized (1:6 w/v, respectively) in 250 mM sucrose, prepared in
buffer A, containing 100 mM KCl, 5 mM MgCl2, 10 mM Tris-HCl (pH 7.4), 5 mM DTT, and 0.5 µL/mL
of protease inhibitor cocktail (Sigma, St. Louis, MO, USA), using T10 basic homogenizer for 3 × 20 s
at maximum power (IKA, Staufen im Breisgau, Germany). The homogenate was centrifuged at
800× g for 10 min. A crude mitochondrial fraction was isolated from the post-nuclear supernatant
as sediment after centrifugation at 12,000× g for 20 min. An intracellular membrane fraction (ICM),
including of the endoplasmic reticulum and Golgi complex was isolated from the post-mitochondrial
supernatant as sediment at 23,000× g, 60 min. The supernatant of the last centrifugation comprised
the cytosolic fraction. Centrifugation was performed at +4 ◦C in Allegra X-30 (Beckman, Brea, CA,
USA). The pellet obtained by first centrifuging of cellular homogenate (nuclei and large fragments of
the plasma membrane) was further fractionated by isopycnic centrifugation using a sucrose stepwise
gradient (46%–42%–29%) for 4 h at 4 ◦C, 4000× g in bucket rotor 4400, Allegra X-30 (Beckman, USA).
Then three fractions were collected: nuclei, sediment to the bottom through a 46% sucrose cushion,
a fraction located on the border between 46% and 42% sucrose, and a fraction that localized under 29%
sucrose. In the collected fractions, the sucrose concentration was adjusted to 0.25 M with buffer A and
the organelles were precipitated by centrifugation for 20 min 12,000× g.

2.6. Western Blot (WB) Analysis

Cells were lysed in RIPA lysis buffer (ThermoFisher Scientific, Waltham, MA, USA) and samples
equable for protein were fractioned by electrophoresis in 8% polyacrylamide gel (PAG) with SDS.
The protein transfer, control for the quality of transfer with Ponceau S staining, blocking with 5%
non-fat milk in PBST, blotting with primary and secondary antibodies, and visualization of the immune
complexes were described previously [18]. Hybond ECL nitrocellulose membrane, ECL reagent,
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ECL hyperfilm (GE Healthcare, Chicago, IL, USA), and horseradish peroxidase-conjugated
goat anti-rabbit secondary antibodies (ab6721, Abcam, Cambridge, UK, or sc-2020, Santa Cruz
Biotechnology) were used for the WB analysis. In work rabbit antibodies to SOD1 (ab16831, Abcam),
cytochrome-c-oxidase subunit 4 (ab16056, Abcam), NF-κB (p65) (8242, Cell Signaling Technology,
Danvers, MA, USA), HIF1α (ab216842, Abcam), and COMMD1 (sc-107497, Santa Cruz Biotechnology)
were used as primary antibodies.

2.7. The Content of Ceruloplasmin Protein Secreted by Cells

The content of ceruloplasmin protein secreted by cells in the medium was valued by
immunoblotting (WB). Twenty-five microliters of cultured medium were separated on 8% PAG by
non-denaturing electrophoresis according to the Laemmli method. In the study, non-commercial
antibodies to high purity human ceruloplasmin were used [19].

2.8. Preparation the Growth Medium Saturated with Silver Ions

The portions of AgCl crystals were added to RPMI medium with stirring until AgCl crystals
ceased to dissolve. Ag-medium was clarified by centrifugation at 10,000× g, 1 h. This medium was
considered as saturated with Ag(I) growth medium, in which silver atoms are coordinated. Silver
concentration in the Ag-saturated medium was determined by atomic absorption spectrometry. It was
150 µM.

2.9. Measurement of Metal Concentration

In order to reconstruct the copper/silver distribution between the cell compartments, isolated
subcellular fractions (see Section 2.5) were resuspended in a volume equal to the volume of cells taken
to isolate them. It was considered that cytosol was diluted seven times during cell homogenization.
The samples were dissolved in pure concentrated HNO3 during 24 h at 56 ◦C. Metal concentration was
measured by graphite furnace atomic absorption spectrometry (FAAS) with electrothermal atomization
and Zeeman correction of nonselective absorption on a ZeeNit P650 spectrometer (Analytik Jena, Jena,
Germany) with automatic sampling duplication.

2.10. Statistical Analysis

The statistical analysis was performed using GraphpadPrism version 6.07 (San Diego, CA, USA).
Differences between groups were considered statistically significant when the p-values were ≤ 0.05.

3. Results

Using H1299 cells, we generated CTR1 and DMT1 single KO clones using CRISPR-Cas9 system.
Two independent homozygous KO clones for each gene were selected (clone 45 and 46 for CTR1
and clones 20 and 31 for DMT1). From a CTR1 KO clone (clone 45) the second round of transfection,
following excision of puromycin and RFP genes by Cre recombinase, to generate CTR1/DMT1 double
KO. These last clones were less efficiently generated compared to single KO genes. In fact, while we
could isolate several CTR1−/− or DMT1−/− clones, we were able to isolate one CTR1−/−, DMT1+/−

(DKO2) clone and one CTR1−/−, DMT1−/− clone only (DKO1). The experiments were performed in
one CTR1−/− clone 45, one DMT1−/− clone 31 and one DKO (DKO1) clone (Table 2), and some results
were confirmed in the second generated clone for each genotype.

Selected clones were initially tested for their ability to grow in vitro. Table 2 reports the doubling
times (DT) calculated on three independent experiments, each consisting of six replicates. As it can be
seen the selected clones have similar DT all growing slightly faster than parental H1299 cells.
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Table 2. Doubling time of H1299-derive clones.

Cell Line Doubling Time, (h) ± SD

H1299 18.77 ± 1.49
CTR1 KO45 15.03 ± 4.09
DMT1 KO31 13.45 ± 2.31

DKO2 (CTR1−/−, DMT1+/−) 14.51 ± 3.30
DKO1 (CTR1−/−, DMT1−/−) 15.36 ± 2.56

A clear lack of expression of the respective target genes is seen for single KO cells (Figure 1).
DKO1 clone showed a dual inhibition of expression, and DKO2 clone, which is DMT1−/− heterozygous
clone, DMT1 expression was higher than in DMT1 KO or DKO1. Interestingly, CTR1 KO clone showed
a consistent increase in DMT1 expression (Figure 1), while in the DMT1 KO clone, the expression of
CTR1 was slightly higher than in the parental cells. In cells that do not produce CTR1, the expression
of the CTR2 gene, compared with the parent strain, was strongly decreased and did not change in
DMT1-deficient clones (Figure 1).
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(DKO2), and clone CTR1−/−, DMT1−/− (DKO1). Y-axis: mRNA fold over actin.

The effects of the single and double knockout of CTR1 and DMT1 on copper distribution in the
cells are shown in Figure 2. In cytosol of CTR1 KO, the copper level decreased by a factor of six.
In DMT KO clone, the copper content was even lower, and in DKO, the content of copper dropped
further below the threshold of reliable measurements. In the ICM, the copper level in CTR1 KO
decreased almost twofold, in DMT KO, it was roughly 1/8 of that of parental cells, while in the DKO
clone the levels of copper in ICM were below the detection level. In the mitochondria of cells with
single knockouts, the copper content remained almost unchanged, but it sharply decreased in DKO
cells. At the same time, the level of the cytochrome-c-oxidase subunit 4 (Cox4) remained unchanged in
the cells of the all derived clones (Figure 2). The copper concentration in a low-speed pellet (nuclei,
800× g) was lower in DMT1 and DKO cells, but this decline was not dramatic (Figure 2).

To trace the distribution of Cu(I) we use silver ions (Ag(I)) because they are isoelectronic to Cu(I)
thence bind with Cu(I)-transporters. Moreover, there is no physiologically role of silver in the cell and
it is easier to follow its intracellular routes. At first, the cells were tested for the toxic effect of silver ions.
The data in Figure 3 demonstrate that 30 µM silver ions weakly influenced the viability of cells while
90 µM of silver ions were highly toxic to all cells. However, at 60 µM Ag(I), cells not expressing CTR1
gene were more resistant to silver ions than wild-type (WT) cells or DMT1 KO clones. In these clones,
the distribution of silver in subcellular compartments was traced at 30 µM of Ag(I) concentration in
the medium. The data are presented in Figure 4. They show that silver is predominantly accumulated
in the mitochondria. In CTR1 KO and DKO clone compartments, silver concentration was three to five
times lower.
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In DMT1 KO clones, silver content was higher than in CTR1 KO and DKO clones, but lower
than WT cells. In the pellet forming at low sedimentation speed (800× g, 10 min), we found silver
in extremely high concentration. Because this pellet includes nuclei and large fragments of the
plasma membrane, we fractioned it in the sucrose gradient (see “Methods”). In the fraction that does
not sediment through a 28% sucrose solution ($ = 1.1175 g/L), so it corresponds in density to the
plasma membrane, atomic silver is practically absent (data not shown). In the nuclei, the fraction that
sedimented through 46% sucrose (density more 1.2079 g/L), the silver concentration was twofold
lower than in mitochondria. In addition, the visually detectable fraction at the border of 46% sucrose
was collected. According to its density, it was designated as mitochondria co-sedimented with nuclei
(MSN). The bulk of the silver was accumulated in this fraction (Figure 4).

MSN silver concentration was higher than in other subfractions, and it was higher in parent
H1299 cells than in derived clones. In all subcellular fractions isolated from WT H1299, the presence
of mtDNA was verified by PCR analysis. The data presented in Figure 4 (gel) show that the bulk of
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mtDNA is found in the mitochondrial fraction, but it is also present in MSN and ICM and as a trace
in nuclei.Cells 2019, 8, x 8 of 16 
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In derived clones, the expression of CCS (copper chaperone for SOD1) and SOD1
(Cu,Zn-superoxide dismutase, intracellular cuproenzyme) genes were tested (Figure 5). The CCS
gene expression level in DMT1 KO and DKO cells significantly increased (Figure 5). In CTR1 KO,
the concentration of SOD1 mature transcripts was lower as compared to parent H1299, however in
DMT1 KO and DKO clones, SOD1-mRNA level coincided with those in the H1299 cells (Figure 5).
The SOD1 protein level decreased in CTR1 KO cells and did not change in DMT1-deficient clones.
It was corresponding to SOD1-mRNA concentration (Figure 5).
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Using ceruloplasmin as an example, we checked the ability of the derived clones to synthesize
secretory cuproenzymes. Ceruloplasmin, a polyfunctional blue multicopper (ferr)oxidase of
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hepatic origin, is the main copper-containing blood serum protein [20–23]. It has been shown
that ceruloplasmin is also synthesized in the lungs [24]. The physiological role of lung-specific
ceruloplasmin has not been established. The data in Figure 6 shows that WT H1299 cells synthesize
and secrete ceruloplasmin, which corresponds to serum holo-ceruloplasmin by its mobility. In all
derived cells, the synthesis of immunoreactive ceruloplasmin decreased.
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We next evaluated the pattern of gene expression for selected genes known to be linked to copper
regulation and, more generally, to copper homeostasis (Figure 7).

We tested the expression of COMMD1 (copper metabolism domain containing 1), XIAP (X-linked
inhibitor of apoptosis protein), HIF1α (hypoxia-inducible factor 1-alpha), and NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) genes. The expression of COMMD1 gene was
significantly increased in DMT1 KO cells only. These data agreed with WB analysis for COMMD1.
The HIF1α-mRNA and protein concentrations were not significantly changed. XIAP gene expression
was increased only in DKO cells. The mRNA level of NF-κB p65 subunit was decreased in DKO cells
and that was supported by the WB data.
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Figure 7. qRT-PCR analysis of concentrations of mature mRNA, which are the products of genes related
to the copper regulatory role in the different H1299-derived clones. Y-axis: mRNA levels, a.u. (fold
over actin). * p < 0.05 compared with H1299. (Inserts) WB analysis: COMMD1, each sample contained
80 µg protein. HIF1α, each sample contained 50 µg protein, and NF-κB (p65), each sample contained
50 µg protein. In WB: 1, H1299; 2, CTR1 KO; 3, DMT1 KO; 4, DKO.
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Finally, the clones were tested for their ability to respond to cytotoxic compounds, including
cisplatin, carboplatin, VE-822, Torin-1, metformin, and STF-31. The obtained results are presented
in Figures 8 and 9. CTR1 KO cells were significantly more resistant to cisplatin (known substrate of
CTR1 [11]) than parental H1299 cells in the range of high cisplatin concentrations (Figure 8). The other
clones displayed cisplatin sensitivity similar to parental cells. CTR1 KO cells did not demonstrate
resistance to carboplatin (cisplatin analog).
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VE-822, an inhibitor of the stress response ATR signaling pathway in DNA repair [25], TORIN-1,
mTOR inhibitor, a member of phosphatidylinositol 3-kinase-related kinases family, which functions as
a serine/threonine protein kinase in a different signaling way [26], displayed similar toxicity for all the
clones (Figure 9). The toxic effect of STF-31, specific glucose transporter 1 inhibitor [27], was reduced
in CTR1-/- and DKO cells (Figure 9). Meanwhile, interesting results were obtained with the AMPK
inhibitor metformin, which decreases blood glucose concentration and is widely used in the treatment
of obesity and in some types of cancer [28]. With this drug parental cells and the single KO (both CTR1
and DMT1) behaved similarly. The DKO clone was instead notably less responsive.
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4. Discussion

The aim of this study was to generate and characterize the CTR1 and DMT1 single knockout and
double CTR1/DMT1 knockout clones and to evaluate them as a potential model for the studies of
copper metabolism in catalytic and regulatory copper pools. Moreover, CTR1 is an important member
in the system of maintaining the balance of copper and cisplatin uptake [12]. High CTR1 level predicts
prolonged survival and enhanced response to chemotherapy in cancer patients [29]. The ability to
manipulate the activity of this gene can help to develop approaches to reduce the growth rate of
tumors through controlling neovascularization and/or increasing the effectiveness of cisplatin use.
Thus, the information obtained on CTR1 gene knockout in different cell lines is useful to optimized
chemotherapy in cancer. We showed that the doubling time of single KO clones derived from H1299
was similar to that of parent cells. Therefore, these cells are convenient for laboratory studies. There are
contradictory data on whether the knockout of the CTR1 gene affects the cell growth rate. In human
umbilical vein endothelial cells, CTR1 KO decreased proliferation almost twofold [30]. At the same
time in HEK293T and OVCAR8 lines, CTR1 KO had a slightly decreased rate of growth and most
have similar growth rates to the parental cells once they reach a threshold cell density [31]. Perhaps,
the conflicting in vitro data may arise from cell-specific copper metabolism.

The traces of CTR1-mRNA, or DMT1-mRNA, were detected in CTR1 KO clones, or DMT1 KO
clones correspondingly (Figure 1). Meanwhile, the concentration of DMT1-mRNA increased by a factor
of about 1.5 in CTR1 KO clones. In DMT1 KO clone the concentration of CTR1-mRNA weakly increased
(but p < 0.05). These results generally agree with the observation that DMT1 can compensate for the loss
of CTR1 function and restore copper balance in the cell and vice versa [17]. In DKO clones, both CTR1
and DMT1 mRNA levels were almost absent, except for DMT1 in DKO heterozygous clone, in which
some DMT1 expression was detectable. What is more, we checked whether CTR1 or DMT1 gene loss
affects the expression of CTR2 gene, encoding low-affinity copper transporter, which is structurally
similar and highly related to CTR1 protein [32–34]. Unlike CTR1, CTR2 lost the ability to transport
copper ions from the environment, it regulates the flow of copper through the cleavage of the CTR1
ectodomain and participates in the copper mobilization from organelles to the cytosol [35]. What is
more, CTR2 takes part in limiting cisplatin accumulation [36]. CTR1 KO clone does not affect the
activity of the CTR2 gene, but in cells which do not express DMT1 the CTR2 gene activity increases
significantly (Figure 1). In the absence of additional research, we can assume that CTR2 is involved in
the distribution of copper, which is imported through CTR1-independent way. Possibly, CTR2 can
accept coordinated copper, but not copper ions. It cannot be absolutely excluded that CTR2 imports
copper. This cautious assumption is based on the fact that all methionine residues necessary for the
import of copper and the functional cuprophilic pore are present in CTR2 [33].

The loss of function of CTR1 or DMT1 genes in single KO clones led to a copper deficiency in
the cells and changed intracellular copper distribution (Figure 2). The copper levels in cytosol were
strongly decreased as compared to parent line, but they were higher in CTR1 KO cells than in DMT1
KO cells, again in line with the ability of DMT1 gene to compensate CTR1 function [17]. It is possible
that the decrease of copper levels in cytosol corresponds to the depletion of Cu-metallothionein [37].
In mitochondria, copper concentrations did not dramatically change as compared to the parent line.
Perhaps in mitochondria, copper is transported by two proteins: from cytosol to mitochondrial
intermembrane space by DMT1 localized in outer membrane [38] and from intermembrane space to
matrix by the phosphate carrier SLC25A3 [39]. Because mitochondria of DMT1 KO cells did not lose
copper completely, we think that there is yet unidentified carrier of copper in the mitochondrial
outer membrane. This assumption was made within the framework of modern concepts that
the mitochondrial copper requirements are of highest priority for the cell [40]. Moreover, it is
supported by our data showing that the nuclear subunit Cox4 level, whose expression is controlled
by copper-dependent catalytic core assembly of the complex IV [41], did not change in the derived
clones (Figure 2). This allows us to think that putative copper bound to methanobactin-like substance
is an important participant of the mitochondrial/cytosolic copper homeostatic system [42,43].
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In ICM, copper concentration decreased by a factor of 2 and 4 in CTR1 KO and DMT1 KO clones,
respectively (Figure 2). In accord with the decrease of copper concentration in the ICM, where the
ceruloplasmin is metallated [44], the ceruloplasmin protein concentration in the medium decreased
too (Figure 6). Interestingly, that strong restriction of copper intake by Golgi complex leads to the same
phenotype as in patients with Wilson disease, which develops from mutations in the ATP7B gene,
but not in ceruloplasmin gene [45].

In all derived clones, the nuclear copper concentration almost corresponded to that in the parent
line (Figure 2). Our results are consistent with the data obtained by Lin et al., which showed that
CTR1/DMT1 KO cells retain the intracellular copper level close to the parent strains [17]. Moreover,
Bompiani et al. demonstrated that CTR1 KO cells derived from HEK-293T and OVCAR8 cells
displayed small changed in basal Cu levels [31]. These results further support the idea that cells
have an unidentified pathway for copper uptake. The role of nuclei as dynamic copper storage in vivo
was demonstrated in newborn rats [18] and Atp7b−/− mice [46].

We then used silver ions to compare the metal-transporting properties of CTR1 and DMT1 and
to evaluate the difference between Cu(I) and Cu(II) transport routes. Cu(I) and Ag(I) have similar
ion radii and the same structure of valence shells, so abiogenic Ag(I) is captured by Cu(I)-binding
sites in CTR1 N-terminal domain and effectively transported into the cell. Accumulation of silver ions
eventually leads to cell death [47]. Unlike CTR1, DMT1 does not contain thioether-rich metal-binding
sites, so we supposed that CTR1-negative clones (CTR1 KO and homozygous DKO) would display
increased resistance to silver ions as compared to wild type cells. Indeed, the cells that did not
express CTR1 were more resistant to the toxic effects of silver ions (Figure 3). Still DKO clone was
the most resistant, indirectly proving that DMT1 can transfer both, Cu(II) and Cu(I)/Ag(I) [16].
This conclusion is supported by data that cells that have lost CTR1 or DMT1 genes accumulated silver
(Figure 4). The distribution of silver in the cells of the parent line (Figure 4) was in good agreement with
known effects of Ag(I) binding by metallothionein [48], its accumulation in mitochondria [49] and its
translocation to the lumen of Golgi complex [50]. Unexpectedly, in the low-rate sedimentary fraction,
extremely high silver concentration was found. About 10% of this silver pool was found in the nuclear
fraction, the remaining silver was accumulated in the fraction with a density close to mitochondria.
Preliminarily, by the presence of mtDNA, this fraction was suspected by us to be mitophagosomes (we
understand that the assumption still needs special investigation). The association of silver with MSN
(“mitophagosomes”) is consistent with the idea that mitochondria are involved in the detoxification of
copper excess through induction of autophagy [51]. We also found mtDNA in ICM fraction (Figure 4).
These results agree with the data that mitochondria tightly contact with the endoplasmic membrane in
mitophagosome processing, calcium homeostasis, and lipid trafficking [52,53].

In obtained clones, expression of SOD1, the key enzyme of the antioxidant cellular system,
and CCS, an essential copper chaperone for SOD1 [54], were tested (Figure 5). The SOD1-mRNA
concentration and SOD1 protein level were decreased in CTR1 KO clone only. Meanwhile, in this clone,
the activity of CCS gene did not change. Now we cannot explain, why CTR1 deficiency did not activate
CCS gene expression. On the contrary, in DMT1-deficiency cells, where cytosolic copper concentration
dramatically dropped, the CCS gene expression increased, and SOD1 expression on the transcription
and translation levels were supported at the same those in the parental cells. These results agree with
data that low copper status results in decreased SOD1 level and increased CCS gene expression [55].

Moreover, the expression levels of genes, whose activity is linked or supposed to be linked to
copper regulatory function, were analyzed in the cells with the loss of CTR1 and/or DMT1 function
(Figure 7). We did not find striking changes in expression of COMMD1, HIF1α, NF-κB, and XIAP genes
in KO and DKO lines. However, the selective effect of CTR1 and DMT1 loss on the expression of these
genes can be noticed. So, the loss of CTR1 resulted in decreased levels of COMMD1, XIAP, and NF-κB.
Differently, the DMT1 deficiency induced the increase of COMMD1, HIF1α, and XIAP levels.

Tests for the sensitivity of the obtained cells to various drugs proved the fact, that the loss of CTR1,
but not DMT1, rendered the cells resistant to cisplatin (Figure 8) [56]. Other drugs, which were tested
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in the present work (Figure 9), affected the viability of the CTR1 KO, DMT1 KO, DKO and WT cells
in a similar manner. The only clear exception was metformin: DKO cells displayed resistance when
exposed to this drug. Metformin has a very diverse spectrum of interactions [28], including the ability to
bind and transfer copper atoms [57], the latter may enhance the viability of copper-deficient DKO cells.
As metformin is being widely used for different purposes, including cancer treatment, the knowledge
that copper levels or transport can modify its activity could have if confirmed important implications.

5. Conclusions

The main lessons of our work are the following. In addition to CTR1 and DMT1, there are
alternative way(s) to transfer copper into the cell. Possible, it is an ion exchanger [58]. Besides DMT1,
the mitochondrial outer membrane contains an unidentified importer of copper. The basal level of
intracellular copper in cells, which have lost CTR1 or DMT1 changes slightly when compared to
the parent strain [17,31] and our data, but the intracellular copper distribution changes significantly:
cytosol and ICM almost completely lose copper, but the mitochondria from single KO keep copper at
levels close to WT H1299. With a strict restriction of the copper influx, the nuclear copper pool changes
slightly. DMT1-mediated copper transport provides the formation of vital intracellular cuproenzymes
(SOD1, COX) and secretory cuproenzymes. Therefore, cuproenzyme-specific cytosolic chaperones
can receive copper not only from the C-domain of CTR1, but also from DMT1, possibly through
intermediaries that have not yet been identified or from metallothionein redox cycle [59]. It appears
that the vital cuproenzymes metalation is more important for the cell than the formation of the secretory
Cu-required holo-enzymes. The difference in the distribution of copper/silver in subfractions of cells
that have lost CTR1 or DMT1 is not clearly manifested, but the role of mitochondria as important
organizers of copper metabolism [60] as well as nuclei is obvious. We have not received obvious
evidence that the pool of regulatory copper enters the cells separately from the catalytic pool. However,
the selective response of COMMD1, XIAP, HIF1α and NF-κB genes to CTR1- or DMT1-dependent
copper deficiency allow us to suggest that isogenic cell lines with differential knockouts of copper
transporters and discriminated copper import pathways will be useful for studies of the regulatory
role of copper and could also have important translational relevance.
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