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Overcoming resistance to standard-of-care chemotherapy represents an
unmet need in oncology. To help address this challenge, here we established
and characterized a panel of human cisplatin-resistant lung and breast can-
cer cell lines and patient-derived organoids from high-grade serous ovarian
carcinomas (HGSOC), and show that platinum resistance can be overcome
by treatment with diethyldithiocarbamate-copper (CuET), a metabolite of
the alcohol-aversion drug disulfiram. All platinum-resistant models
remained sensitive to CuET, consistent with distinct cytotoxicity mecha-
nisms: proteotoxic stress for CuET and DNA damage for cisplatin, respec-
tively. Platinum adduct and DNA damage response analyses suggested
diverse mechanisms of cisplatin resistance among our models. Considering
potential CuET-based therapies, our gene knock-down and functional
assays in preclinical models, complemented with immunohistochemical anal-
ysis of tissue samples from cohorts of triple-negative breast cancer and
HGSOC patients indicate that levels of metallothioneins, rather than NPL4
(the molecular target of CuET) warrant further evaluation as candidate bio-
markers of CuET sensitivity. This dataset provides a resource of
platinum-resistant models of common carcinomas, identifies CuET as a
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doi:10.1002/1878-0261.70356 compound overcoming such resistance and provides leads for predictive bio-
marker discovery, with potential clinical implications in oncology.

1. Introduction

Platinum-based drugs, particularly cisplatin and later
carboplatin, have long been used as part of standard-
of-care chemotherapy for diverse types of human
malignancies, including such common tumour types as
carcinomas of the lung, breast, ovary or urinary blad-
der [1,2]. Upon entering the cell, cisplatin undergoes
activation in the cytoplasm, turning into an electro-
philic molecule that mainly exerts its anticancer poten-
tial through platinum adducts inducing cytotoxic inter-
and intra-strand DNA crosslinks. On the contrary, the
main mechanism through which carboplatin induces
cancer cell toxicity is interference with ribosome bio-
genesis [3], a process that is commonly aberrantly
enhanced in tumour cells, thereby providing a target-
able vulnerability [4].

Despite the recent advances in cancer research and
continuous development and improvements of cancer
treatment modalities and biological treatments, includ-
ing surgery, radiotherapy, and immunotherapy, chemo-
therapy remains a cornerstone of therapy even in
contemporary oncology. Chemotherapy in general, and
cisplatin in particular, is also used as an adjuvant or
neoadjuvant treatment, and even in palliative care [5].
However, chemotherapy efficacy is limited by the
development of tumour cell chemoresistance, a major
challenge which eventually occurs in the majority of
patients with advanced cancer, and to which up to
80–90% of cancer-related deaths appear to be
attributable [6].

Platinum resistance can be acquired via different
molecular mechanisms, the most common of which
reflect selection of cancer cells with adaptive
pro-survival changes in DNA damage and other
stress-response pathways, such as the nucleotide exci-
sion repair and the mismatch repair which are predom-
inantly responsible for repairing the platinum-induced
DNA lesions. Other factors contributing to platinum
resistance include reduced uptake or enhanced efflux of
the drugs by the cells [7,8], increased metabolic detoxi-
fication, aberrations in the signalling and/or effector
pathways responsible for tumour cell death, as well as
epigenetic deregulation of relevant genes via DNA
methylation and miRNAs [8].

Overcoming chemotherapy resistance is therefore
critical for improving clinical outcomes in oncology,

prevention of tumour recurrence and reduction of the
harmful side effects caused by prolonged exposure of
patients’ normal tissues to cytotoxic drugs. Different
approaches may help address this challenge, such as
combinatorial therapies (allowing lower doses of a
given chemotherapeutic agent), development of new
targeted and biological therapy strategies, enhanced
drug delivery systems, inhibition of drug efflux and
modification of the tumour microenvironment [9]. The
downside of most such approaches is that they require
the development of new drug entities, a process that
involves lengthy, costly, complex and uncertain preclin-
ical development and clinical trials. An alternative
strategy to overcome chemoresistance is drug repurpos-
ing of already approved drugs [10]. Following the latter
line of thought, here we take advantage of our studies
on disulfiram (DSF), specifically its metabolite CuET
(bis-diethyldithiocarbamate-copper complex), which we
discovered and showed to be primarily responsible for
DSF’s anticancer activity [11,12]. DSF was the first
approved drug for the treatment of alcohol abuse in
1951, and later also applied in treating cocaine addic-
tion, besides displaying some antimicrobial, antiparasi-
tic and anti-inflammatory effects [13].

Preclinical cancer research has already shown that
DSF is cytotoxic for cells of lung, breast, ovarian and
prostate carcinomas as well as multiple myeloma
[14,15]. Mechanistically, we reported that CuET dis-
ables the p97/VCP (valosin-containing protein) protein
turnover network upstream of the proteasome, via
aggregation and thereby functional inhibition of NPL4,
a key adaptor protein of the p97 segregase complex
[12]. Moreover, we reported that CuET also impairs
protein translation at the ribosomes and the function of
the p53 tumour suppressor [16], as well as can induce,
in a context-dependent manner, replication stress and
blockade of ATR signalling [17].

Given the urgent need for better understanding and
overcoming cancer chemoresistance, here we wished to
establish and characterize a series of human
platinum-resistant lung and breast cancer cell lines and
patient-derived organoids from high-grade serous ovarian
carcinomas (HGSOC) and examine whether CuET could
be used as an agent also against such chemoresistant
models. Moreover, we wished to provide mechanistic
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insights into responses of these newly established models
to cisplatin and CuET, and address the notion of poten-
tial sensitivity vs. resistance to CuET treatment in both
preclinical experiments and by examination of candidate
predictive biomarkers in clinical specimens from cohorts
of HGSOC and triple-negative breast carcinomas.

2. Materials and methods

2.1. Cell lines

All cell lines used have been mycoplasma free, all pur-
chased from the American Tissue Culture Collection
(ATCC) and authenticated by genetic fingerprinting.
Human non-small-cell lung cancer cell lines H1792
(NCI-H1792; RRID:CVCL_1495), HCC4006 (RRID:
CVCL_1269), A549 (A-549; RRID:CVCL_0023) and
H1944 (NCI-H1944; RRID:CVCL_1508) were cultured
in RPMI Medium 1640 (61 870; Gibco, Waltham,
MA, USA). Human triple-negative breast cancer cell
lines MDA-MB-231 (RRID:CVCL_0062) and MDA-
MB-468 (RRID:CVCL_0419) and high-grade serous
ovarian cancer cell line OVCAR-5 (RRID:CVCL_
1628) were grown in Dulbecco’s Modified Eagle
Medium (31 966; Gibco, USA). Both types of media
were supplemented with 10% fetal bovine serum
(A5256701; Gibco, USA) and 1% penicillin/
streptomycin (15 140; Gibco, USA).

2.2. Cytotoxicity assays

Three thousand cells were plated in a 96-well plate.
Forty-eight hours later, cells were treated with CuET
or cisplatin using the Agilent Bravo SRT. The highest
final concentration used was 2500 nM for CuET and 50
lM for cisplatin, while the remaining eight concentra-
tions were 1 : 2 serial step dilutions of the previous
higher concentration. Ninety-six hours after treatment,
cells were stained with SYTOXTM Deep Red Nucleic
Acid Stain (S11381; Thermo Fisher Scientific, Wal-
tham, MA, USA) at a final concentration of 0.05 lM
and Hoechst (33 342; Thermo Fisher Scientific, USA)
at a final concentration of 6 lM. After incubating for
30 min at 37 °C in the dark, the plate was imaged on
the scanR High-Content Screening Station. On the
scanR Analysis software, live cells were gated as
Hoechst positive and SYTOXTM negative and were used
for the calculation of IC50 values.

As a complementary approach, the cytotoxicity was
evaluated using crystal violet assay (used to obtain the
data shown in Fig. 7B,C), performed using a modified
version of a previously described protocol [7,18], as
follows: 10000 cells per well were seeded in 96-well

plates. After 24 h, the cells were treated with the indi-
cated concentrations of CuET and incubated for an
additional 48 h. The culture medium was then
removed, and the cells were fixed with ice-cold 70%
ethanol and stained with 1% crystal violet in 20%
methanol for 15 min. The staining solution was
removed, and the plates were thoroughly washed with
water, dried, and scanned. For quantitative analysis,
the cell-bound dye was dissolved in 10% acetic acid,
and the absorbance was measured at 570 nm using an
InfiniteM200 PRO microplate reader (Tecan). The
results are expressed relative to those of control cells,
presented as pooled data from three independent bio-
logical experiments.

2.3. Immunofluorescence staining and

quantitative microscopy

Cells were grown on coverslips or in a PhenoPlateTM

96-well microplate (6 055 300; Revvity, Waltham, MA,
USA). Forty-eight hours after plating, cells were trea-
ted with the drugs for 4 h. Afterwards, cells were fixed
with 4% formaldehyde (VWRC9713.1000, PA, USA)
for 15 min, permeabilized with 0.5% Triton X-100
(T8787; Merck, Rahway, NJ, USA) for 8 min, and
blocked with DMEM supplemented with 5% fetal
bovine serum for 1 h. Next, the samples were incu-
bated with the primary antibodies overnight at 4 °C.
The following day, the samples were incubated with
the secondary antibodies and DAPI (62 247; Thermo
Fisher Scientific, USA) for 1 h at room temperature.
For mounting, Fluoromount-G� (SouthernBiotech,
Birmingham, AL, USA) was used. The cell images
were then visualized with the scanR High-Content
Screening Station, and the quantitative analysis was
performed with the ScanR Analysis software.

For staining with the antibody against the K48 ubi-
quitinated proteins, cells were pre-extracted with 0.1%
Triton X-100 for 1 min before fixation. For the detec-
tion of the cisplatin induced CDDP-DNA adducts, we
employed the previously published methodology [7].

2.4. Quantitative polymerase chain reaction

(qPCR)

Cells were plated in 60-mm diameter plates, with 300 000
cells per plate. Forty-eight hours after seeding the plates,
cells were treated for 4 h with the desired drugs. Total
RNA was then purified from the harvested samples using
the RNeasy Mini Kit (74 104; Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Quantification and quality control of the isolated
samples were performed using the NanoDropTM 2000c
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Spectrophotometer (Thermo Scientific, USA). Two
micrograms of total RNA were used to synthesize
single-stranded cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA) following the manufacturer’s instruc-
tions and using the ProFlex PCR System (Thermo Fisher
Scientific, USA). Fifteen nanograms of cDNA were used
to perform the qPCR, using the Fast SYBRTM Green
Master Mix (4 385 612; Thermo Fisher Scientific, USA).
Samples were loaded in 96-Well Reaction Plates
(4 366 932; Applied Biosystems), and the reaction was
performed in the 7500 Fast Real-Time PCR System
(Applied Biosystems). Delta–delta CT analysis was
performed for the calculation of gene expression. The
primers used were published previously [19].

2.5. RNA interference

A total of 300 000 cells were plated in 6-well plates.
Twenty-four hours later, cells were transfected with the
siRNA for MTF1 with Lipofectamine RNAiMAX
(13 778 075; Invitrogen, Waltham, MA, USA) accord-
ing to the manufacturer’s instructions. The final con-
centration used for the siRNA was 10 lM/mL. Cells
were reseeded 24 h later in 96-well plates for the cyto-
toxicity assay and 60-mm plates for the qPCR and the
ICC assays. Each of the subsequent functional assays
was performed as described in the respective subsection
of the Materials and Methods section. MTF1 siRNA
were SilencerTM Select Pre-Designed siRNA (Ambion,
ID s9027, cat. no.: 4394241) and siRNA Oligo Duplex
(OriGene, cat. no.: SR302991 with SR30004, Trilencer-
27 Universal Scrambled Negative Control siRNA
Duplex), siLuciferase, used as a negative control, was
ordered from Eurofins Genomics (50-CGUACGCG-
GAAUACUUCGA-30).

2.6. Immunoperoxidase cyto- and

histo-chemistry

Cells were cultured on glass coverslips in 60-mm diame-
ter dishes in standard media and the appropriate treat-
ments. Coverslips were washed in phosphate-buffered
saline (PBS), fixed in 4% formaldehyde for 10 min and
washed 39 in PBS. The coverslips with fixed cells or the
deparaffinized tissue sections of formalin-fixed clinical
samples from the well-established cohorts [20–24] of
human triple-negative breast carcinomas (N = 60) and
HGSOC (N = 51) were then incubated with the
appropriate primary antibodies against metallothioneins
MT1 and MT2 (mouse monoclonal from Novus Biologi-
cals, Centennial, CO, USA, no.: NBP1-97493, diluted
1 : 500) and NPL4 (rabbit polyclonal from Atlas

Antibodies, no.: HPA 023295, diluted 1 : 250), respec-
tively, overnight in a wet chamber at 4 °C. Following
several washes, the Vectastain Elite kit (Vector Labora-
tories, Burlingame, CA, USA) was employed as the sec-
ondary reagent to detect the bound primary antibodies.
For the visualization steps, a sensitive, previously
applied indirect immunoperoxidase staining method
with chromogen metal enhancement and without nuclear
counterstaining was used [20,25], to allow for sensitive
detection of the examined proteins. Positive (anti-TPR
rabbit antibody, Sigma-Aldrich, no.: HPA019661,
diluted 1 : 1000) and negative (nonimmune serum) con-
trols were included in all experiments. Immunohisto-
chemical staining was evaluated by an experienced
oncopathologist. NPL4 staining intensity was scored as
normal (comparable staining intensity to that seen in the
normal cells present on the same tissue section) or high
(aberrantly higher than that in the surrounding normal
cells). For metallothionein expression patterns, we fol-
lowed the reported scoring categories according to frac-
tion of stained cancer cells [26], as follows: negative
(below 1% + ve tumour cells), low (1–5% + ve tumour
cells), medium (6–50% + ve tumour cells) or high (over
50% + ve tumour cells). Representative images of the
obtained immunohistochemical staining patterns are
shown in Fig. 8.

2.7. Western blotting

Protein lysates were separated by SDS/PAGE on com-
mercial Bis-Tris precast (4–12%, Thermo Fischer) or
hand-cast gels. Separated proteins were transferred
onto nitrocellulose membrane and the studied proteins
detected by the relevant antibodies, essentially as
described [20,25]. The membrane was blocked in 5%
milk in PBS-Tween-20, incubated in primary antibodies
overnight at 4 °C, and for 1 h in secondary antibodies
at room temperature. Bound antibodies were detected
using substrate (32132; Thermo Fischer, USA) and
ChemiDoc instrument (Bio-Rad, Hercules, CA, USA).

2.8. Tumour organoids

Patient-derived tumour organoids (PDOs) were estab-
lished as long-term cultures from biopsies obtained
from HGSOC tumour tissues of patients undergoing
primary surgery before initiating chemotherapy. The
PDOs used in this current study are part of a larger
collection of a patient cohort recruited from Rigshospi-
talet (Copenhagen, Denmark) with the following exclu-
sion criteria: lack of consent, lack of understanding
information material, < 18 years of age, non-HGSOC,
other active cancer. Permission to establish and study
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the organoids from HGSOC tumours of consented
patients (ethical permission no.: H-21071553; OVA-
CAN) was received from the ethical committee of the
Capital Region, Denmark. PDO cultures were estab-
lished according to published protocol [27] and used
for experiments at passage > 11. For testing sensitivity
to carboplatin, cisplatin and CuET, PDOs were seeded
in Screenstar microwell 96-well plates (Greiner Bio-
One) in 5.95 mg/mL basal membrane extract (BME)
matrix (Cultrex PathClear Reduced Growth Factor
BME, Type 2 from Bio-Techne�). Three days before
drug addition, the medium was changed to Human
Plasma-Like Medium (GibcoTM). Drugs were added in
twofold dilution series along with vehicle negative con-
trols (water for cisplatin and carboplatin, DMSO for
CuET) 96 h before evaluating cell death response. Cells
were incubated with 10 lg/mL Hoechst-33 342 and
0.25 lg/mL propidium iodide (PI) at 37 °C, 5% CO2
for 1 h before imaging. For the positive control, 99%
ice-cold ethanol was added simultaneously with the
staining solution.

Images were acquired using the ImageXpress HT.ai
(Molecular Devices) microscope at 109 magnification
imaging six sites per well in 14 z-steps (8 lm step size)
through the DAPI channel and the TexasRed channel.
Image analysis was performed on 2D-projection images
in the MetaXpress software (Molecular Devices, San
Jose, CA, USA), quantifying the total number of cells
(Hoechst positive nuclei) and the number of dead cells
(Hoechst and PI positive nuclei) within organoids (min-
imum 40 lm diameter) using the Find Round Objects
function.

2.9. Ethical considerations

The work and methodology used with clinical tumour
samples has been carried out in accordance with Ethical
principles for Medical Research of the World Medical
Association Declaration of Helsinki. The experiments
were undertaken with the understanding and written
consent of each subject. The respective licence numbers
for approval of the studies are as follows: licence no.:
H-21071553; OVACAN, from the Ethical committee of
the Capital Region, Denmark, for the Danish cohort of
HGSOC biopsies for preparation of patient-derived
organoids, collected at the University hospital, Copenha-
gen (the sample collection period is omitted for this
cohort due to the Danish GDPR rules, as the samples
from the three patients included in this study were col-
lected in a short timeframe, possibly leading to potential
disclosure of patients’ identity); licence nos. H-3-2010-
095 & till. H-3-2011-30 600 from the Ethical committee
of the Capital Region, Denmark, for the Danish cohort

of archival paraffin breast cancer samples for immuno-
histochemistry, collected at the Copenhagen University
Hospital between August 2010 and June 2019; and
licence no.: CEIM-CHUIMI-12/14/2017 from the Ethics
Committee of the University Hospital of Las Palmas,
Gran Canaria, for the archival paraffin samples of
HGSOC for the immunohistochemistry study conducted
in accordance with the Spanish Ley de Investigaci�on
Biom�edica, collected at the Department of Pathology,
University Hospital, Las Palmas, Gran Canaria, Spain
between March 1995 and April 2005.

2.10. Kaplan–Meier plots

The kmplot website was used for the generation of the
plots [28]. The mRNA gene chip databases were used.
The best cut-off was automatically selected [29]. For
LUAD, 1161 patients with the adenocarcinoma histo-
logical subtype were selected. For TNBC, the ER sta-
tus—immunohistochemically (IHC) defined, ER status–
—array, PR status—IHC and HER2 status—array
negative subtypes were selected, resulting in a total of
392 patients.

2.11. Statistical analysis

For the immunofluorescence staining results, each point
represents the average mean intensity of a biological
replicate, normalized to the respective mean intensity
of the WT NT sample. Significance was calculated with
the one-way ANOVA test, using the GraphPad recom-
mended correction for the multiple comparisons for
Figs 3 and 6. For the ratio of the DNA-cisplatin
adduct in Figure S7, the calculated values came from
the ratio: average of the mean intensity for the
cisplatin-treated sample/average of the mean intensity
for the nontreated sample. Statistical significance was
calculated with the unpaired t-test. For the qPCR
results, the bar represents the mean � SD of three
independent experiments. Significance was calculated
with the one-way ANOVA test, using the GraphPad
recommended correction for multiple comparisons. For
the tumour organoids experiments, the drug-induced
cell death is presented by normalizing to positive and
negative controls, and IC50s were calculated from fit
by nonlinear regression. Statistically significant differ-
ences between curve fits were evaluated by sum-of-
squares F-test. For 2D culture cytotoxicity assays, the
normalized data were calculated in the ScanR Analysis
software, and IC50s were calculated using the ‘[Inhibi-
tor] vs. normalized response -- Variable slope Non-
linear regression’ function. Statistically significant
differences between curve fits were evaluated by
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sum-of-squares F-test. All the graphs and data analysis
were generated in GraphPad Prism 10.2.3 or 10.6.0.

2.12. Antibodies and chemicals

These primary antibodies were used for immunofluores-
cence (IF) staining: anti-Ubiquitin K48 (1 : 100,
ZRB2150; Sigma-Aldrich, St. Louis, Missouri, United

States), anti-phospho-Histone H2A.X (1 : 500, 05-636;
Sigma-Aldrich, USA), anti-Cisplatin modified DNA
(1 : 500, ab103261; Abcam, Cambridge, United King-
dom) and anti-metallothionein (1 : 500, NBP1-97493;
Novus Biologicals). Primary and secondary antibodies
used for immunoperoxidase cyto- and histo-chemistry are
specified in section 2.6. The secondary antibodies used for
the IF staining were as follows: goat anti-Mouse IgG

Fig. 1. Cisplatin-resistant (cisR) lung adenocarcinoma (LUAD) and triple-negative breast cancer (TNBC) cell lines were established and

validated by cisplatin treatment. (A) Scheme to prepare the cisplatin-resistant human cancer cell lines, each selected as uncloned bulk cell

population emerging under long-term selection of the parental cell line in increasing doses of cisplatin. (B) Table comparing IC50s of parental

cells and their cisplatin-resistant derivatives. (C) The resistance indexes for cisplatin for each cell line. Values were calculated as the ratio of

the cisR IC50/WT IC50 for each cell line. (D) The cell line survival curves for the cytotoxicity assay from which IC50s were calculated. Cells

were plated in 96-well plates. Forty-eight hours later, they were treated with a range of cisplatin (CDDP, 0–50 ll) concentrations. Following

96 h of incubation, the plates were stained with Hoechst and SYTOXTM Deep Red analysed in a scanR High-Content Screening Station.

n = 3. Statistically significant differences between curve fits were evaluated by sum-of-squares F-test: ****P < 0.0001, ***P < 0.001,

**P < 0.01, *P < 0.05, ns, nonsignificant, IC50 � SE.
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Alexa FluorTM 647 (1 : 1000, A-21236; Invitrogen, Wal-
tham, Massachusetts, USA), goat anti-Rabbit IgG Alexa
FluorTM 750 (1 : 1000, A-21039; Invitrogen, USA) and
goat anti-Rat IgG Alexa FluorTM 647 (1 : 1000, A-21247;
Invitrogen, USA). These primary and secondary anti-
bodies used for western blotting were as follwows: anti-
MTF1 (1 : 1000, 25 383-1-AP; Proteintech, Rosemont,
IL, USA), beta-actin (1 : 5000, A1978; Sigma-Aldrich,
USA), Goat Anti-Rabbit IgG (H + L) Peroxidase
(1 : 10000, PI-1000-1; Vector Laboratories, Newark, CA,
USA) and Horse Anti-Mouse IgG (H + L) Peroxidase
(1 : 10000, PI-2000; Vector Laboratories). The following
chemicals and drugs were used: CuET (D0487; TCI Che-
micals, Tokyo, Japan), prepared as a 2.5 mM stock

solution in dimethyl sulfoxide (DMSO, 1029311000;
Sigma-Aldrich, USA); cisplatin (598 049; Accord
Healthcare B.V. via Nomeco, Copenhagen, Denmark);
and carboplatin (439 635; Accord Healthcare B.V. via
Nomeco, Copenhagen, Denmark).

3. Results

3.1. Establishment and validation of a panel of

cisplatin-resistant cancer cell lines

As the first step towards the goals of this study, we
sought to establish a panel of matched pairs of human
carcinoma cell line models sensitive and resistant to

Fig. 2. Parental wild-type (WT) and cisplatin-resistant (cisR) lung adenocarcinoma (LUAD) and triple-negative breast cancer (TNBC) cell lines

are similarly sensitive to CuET. (A) Table showing IC50s derived from survival assays. (B) The resistance indexes for CuET and cisplatin for

each cell line. Values were calculated as the ratio of the cisR IC50/WT IC50 for each cell line. (C) The cell line survival curves for the

cytotoxicity assay from which IC50s were calculated. Cells were plated in 96-well plates. Forty-eight hours later, they were treated with a

range of CuET (0–2500 nM) concentrations. Following 96 h of incubation, the plates were stained with Hoechst and SYTOXTM Deep Red

analysed in a scanR High-Content Screening Station. n = 3. Statistically significant differences between curve fits were evaluated by sum-of-

squares F-test: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns = nonsignificant, IC50 � SE.
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cisplatin treatment, respectively. We selected four com-
monly used lung adenocarcinoma (LUAD) cell lines:
H1792, HCC4006, A549 and H1944, and two widely
studied triple-negative breast cancer (TNBC) cell lines:
MDA-MB-231 and MDA-MB-468. First, we confirmed
by repeated cytotoxicity assays that these six parental
cell lines, referred to as wild-type (WT), were all sensi-
tive to micromolar concentrations of cisplatin. Next, all
the six WT cell lines were subjected to long-term cell
culture conditions under increasing concentrations of
cisplatin (Fig. 1A), to derive syngeneic paired cell lines
resistant to cisplatin (referred to as ‘cisR’). The

comparative cytotoxicity assay was then used to esti-
mate IC50 values for cisplatin, for both the WT and
cisR cell lines (Fig. 1B, C). To better document the
cytotoxicity results, the cell survival curves for each cell
line pair under treatment with increasing concentra-
tions of cisplatin are presented in Fig. 1D.

3.2. CuET is cytotoxic for both cisplatin-sensitive

and cisplatin-resistant cancer cell lines

Next, we employed the same cell cytotoxicity assay and
assessed the responses of the six matched cell line pairs

Fig. 3. CuET induces accumulation of K48 ubiquitinated cellular proteins, while cisplatin induces DNA damage response and formation of

DNA adducts in wild-type (WT) and cisplatin-resistant (cisR) cell lines. (A) Proteotoxic stress was assessed via K48 ubiquitinated proteins

staining in pre-extracted samples. (B) DNA damage was assessed via cH2AX Ser139 staining. (C) Cisplatin internalization was evaluated via

CDDP-adducts staining. Cells were treated with 1lM CuET and 20 lM cisplatin (CDDP) for 4 h. Samples were analysed in a scanR High-

Content Screening Station. Statistical significance was assessed with the one-way ANOVA test. ****P < 0.0001, ***P < 0.001, **P < 0.01,

*P < 0.05, ns, nonsignificant, NT, nontreated. Data shown as mean with SD, n = 3.

Fig. 4. Ovarian cancer 2D models are highly sensitive to CuET compared with cisplatin and carboplatin, as shown by cytotoxicity assays and

immunofluorescence (IF) analysis of K48 ubiquitinated proteins and cH2AX Ser139 levels. Survival curves for cytotoxicity assay of OVCAR-5

treated by (A) cisplatin, (B) CuET and (D) carboplatin. (C) Combined graph of curves from (A) and (B) comparing cisplatin and CuET

treatment. Cells were plated in 96-well plates. Forty-eight hours later, they were treated with a range of cisplatin (0–50 lM), CuET

(0–2500 nM) and carboplatin (0–500 lM) concentrations. Following 96 h of incubation, the plates were stained with Hoechst and SYTOXTM

Deep Red analysed in a scanR High-Content Screening Station. n = 3. IC50 � SE was calculated as shown under the graphs. (E–H)

Proteotoxic stress was assessed via K48 ubiquitinated proteins staining, and DNA damage was assessed via cH2AX Ser139 staining. Cells

were treated with 1lM CuET, 20 lM cisplatin (CDDP) and 200 lM carboplatin for 4 h. Samples were analysed in a scanR High-Content

Screening Station. Statistical significance was assessed with the one-way ANOVA test. ****P < 0.0001, ***P < 0.001, **P < 0.01,

*P < 0.05, ns, nonsignificant, NT, nontreated. Data shown as mean with SD, n = 4 (E, H), n = 3 (F, G).
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to CuET, to (i) define the sensitivities of the parental
WT cell lines; and (ii) examine whether the acquired
resistance to cisplatin is associated or not with gained
cross-resistance against CuET. As can be seen from the
IC50 values for treatment with CuET, all six WT cell
lines were sensitive to CuET (Fig. 2A). Notably, the
IC50 values for treatment with CuET remained virtu-
ally unchanged when the matched pairs of WT and
cisR cell lines were compared side by side, as also indi-
cated by the resistance index (RI), calculated as the
IC50 ratios of cisR/WT cell lines, which were in all
cases below 2.0, a value regarded as the lowest thresh-
old (21) to consider resistance (Fig. 2A–C). This pre-
served sensitivity to CuET among the cisR models
contrasted sharply with generally much higher RIs for
cisplatin. Thus, among the LUAD models the lowest
RI for cisplatin treatment was 4.44 (A549), followed by
HCC4006 with RI of 5.24. The highest RIs were 12.8
and 13.06 for H1792 and H1944, respectively (Figs 1C
and 2B). In the TNBC models, the RI value for cis-
platin toxicity was 3.91 for MDA-MB-231 and 17.34
for MDA-MB-468 cells, respectively. Indeed, unlike the
robust RIs for cisplatin treatment, the highest RI for
CuET was 1.78 (HCC4006) among our LUAD models
and 1.09 (MDA-MB-231) in the TNBC models
(Fig. 2B).

Together, these results indicate that acquired resis-
tance to cisplatin in our carcinoma cell line models
does not confer cross-resistance to CuET.

3.3. Proteotoxic vs. genotoxic drug effects, and

diverse causes of cisplatin resistance

To assess the likely major causes of cytotoxicity for
CuET vs. cisplatin, and to gain insights into the
acquired cisplatin resistance in our models, we next
assessed functional readouts for proteotoxic: accumula-
tion of K48-(poly)ubiquitinated proteins and genotoxic
stress: platinum DNA adducts and phosphorylated his-
tone H2AX (cH2AX), respectively, in all 12 cell lines.

First, as examined by quantitative IF in Triton X-
100-pre-extracted cells, all cell lines showed enhanced
accumulation of K48-ubiquitinated proteins upon a 4-h
exposure to CuET (Fig. 3A; Fig. S1). Furthermore,
treatment with cisplatin did not evoke any significant
changes in the accumulation of K48-tagged proteins in
any of the cell lines (Fig. 3A; Fig. S1), identifying this
parameter [12] as a phenotypic effect selective for
CuET. Examples of original data are shown in Figs S2
and S3.

To further assess the responses of our models to both
cisplatin and CuET, evaluation of the drug-induced
DNA damage was performed by IF analysis of cH2AX

levels [28] as a general marker of DNA damage
response (Fig. 3B, Figs S4–S6). In parallel, formation
of cisplatin-DNA adducts was examined by IF analysis
with an antibody recognizing cisplatin modified DNA
(Fig. 3C, Figs S7–S9) [29]. While all six parental (WT)
cell lines showed increased cH2AX intensity after 4-h
cisplatin treatment (Fig. 3B), this parameter was signifi-
cantly lower in four of the six cisR cell models com-
pared with their respective WT counterparts (Fig. S4),
despite all cell lines being exposed to identical doses of
cisplatin for identical times. Notably, the cisRH1944
cells displayed significantly lower cisplatin adducts,
while the other cisR cell lines showed either the same
or only partially reduced adduct levels compared with
their WT matched lines (Fig. 3C, Figs S7–S9). Thus,
our cisR models can be subclassified according to their
patterns of DNA damage markers, into those with: (i)
preserved both cH2AX and cisplatin adduct levels
(HCC4006 and MDA-MB-231); (ii) reduced both
cH2AX and cisplatin adducts (H1944); and (iii)
reduced cH2AX despite preserved or only moderately
reduced cisplatin adducts (H1792, A549 and MDA-
MB-468) (Figs S4 and S7).

Interestingly, CuET induced DNA damage in two of
the six cell lines: H1944 WT and MDA-MB-231 cisR
cells (Fig. 3B), highlighting the context-dependent
effects the drug can display, in addition to the generally
observed proteotoxic stress.

Altogether, these data are consistent with distinct
cytotoxicity mechanisms evoked by CuET (mainly pro-
teotoxic stress) versus cisplatin (DNA damage), indi-
cate context-dependent genotoxic effects of CuET in
some models, and suggest diverse mechanisms that
may underlie the resulting cisplatin resistance.

3.4. CuET is highly cytotoxic for ovarian cancer

models

As platinum-based drugs are also used to treat ovarian
cancer, and HGSOC is a therapeutic challenge due to
commonly occurring platinum resistance [30–33], we
next examined CuET effects on two types of human
ovarian cancer models. First, we compared CuET with
the standard-of-care drugs cisplatin and carboplatin in
an ovarian cancer cell line OVCAR-5 (Fig. 4A–D).
While both cisplatin and carboplatin were cytotoxic,
there was a fraction of cells that survived the treatment
even at high drug concentrations (Fig. 4A,C,D). In
contrast, CuET reduced the surviving OVCAR-5 popu-
lation close to zero at low drug concentrations
(Fig. 4B,C). Mechanistically, CuET, but neither cis-
platin nor carboplatin, evoked proteotoxic stress, evi-
denced as increased K48-ubiquitinated proteins
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(Fig. 4E,F). DNA damage (cH2AX) was induced upon
treatment with CuET and cisplatin, but not carboplatin
(Fig. 4G,H).

Second, we established a series of 3D organoids
from HGSOC biopsies taken before chemotherapy
onset (see the Methods section). Three of these PDO

models, from patients who developed early recurrence
due to platinum resistance of their tumours, were then
subjected to treatments with CuET, cisplatin and car-
boplatin (Fig. 5A–E). The results were overall consis-
tent with those obtained with the OVCAR-5 cells, in
that all three organoid models were more sensitive to

Fig. 5. High-grade serous ovarian carcinoma (HGSOC) organoids are highly sensitive to CuET in comparison with platinum drugs. Organoids

of HGSOC tumours (OvCa-Org) from three different patients were treated with twofold increasing concentrations of (A) carboplatin

(CarboPt), (B) cisplatin (CDDP) and (C) CuET for 96 h before evaluating remaining viable cells as percentage of total cell count using

Hoechst and propidium iodide (PI) staining (data shown on Log2 scale as mean � SD of two biological replicates with duplicate samples).

Representative images are shown in (D). Images were acquired at 10X magnification (scale bar, 100 lm) with ImageXpress confocal HT

microscopy. Curves were fitted by nonlinear regression and IC50 values were calculated from this, which are shown in (E). Statistically

significant differences between curve fits were evaluated by sum-of-squares F-test: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05,

ns, nonsignificant, NT, nontreated.
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CuET than to cisplatin and carboplatin, the trend
again reflected also by the lowest fraction of surviving
tumour cells after treatment with CuET (Fig. 5A–E).

These data extended the validation of CuET as a
potentially valuable compound to treat also ovarian
carcinomas, as indicated by the more complete eradica-
tion of cancer cells and at clinically achievable drug
concentrations, surpassing the effects of the standard-
of-care platinum drugs.

3.5. Metallothionein expression levels respond

to CuET, and mitigate CuET’s toxicity

Inspired by the ability of CuET to overcome cisplatin
resistance, and the fact that in a high-throughput
screen disulfiram was most toxic for cancer cell lines
with low levels of metallothioneins [19,34], a family of
metal-detoxification proteins that have also been impli-
cated in counteracting toxicity of diverse drugs [35], we
next assessed metallothioneins as potential mitigators
of toxicity evoked by the copper-containing CuET. We
first focused on two members of the metallothionein
family, MT2A and MT1E, known to be involved in
the detoxification of both heavy metals, such as cad-
mium in tobacco smoke [36], and chemotherapeutics,
including cisplatin [37–39]. Examination of mRNA
levels for MT2A (Fig. 6A, Fig. S10A) and MT1E
(Fig. 6B, Fig. S10B) by quantitative polymerase chain
reaction (qPCR), in our six pairs of matched WT and
cisR cell lines treated or not with CuET or cisplatin
revealed the following: (i) The mRNAs of the two MT
genes showed moderately different levels among the
diverse cell lines under basal untreated conditions; (ii)
Treatment with CuET evoked upregulation of one or
both MT genes across all cell lines, with the exception
of H1944 (WT/cisR) and WT A549 cells where the
trend towards increased expression of MT-2A did not
reach statistical significance; and (iii) In contrast to
CuET, cisplatin treatment did not show any profound
effect on the mRNA expression of either of the two
metallothionein genes in any of the 12 cell lines. Next,
we wished to assess metallothionein protein abundance
and subcellular expression patterns, also given the fact

that CuET treatment negatively impacts protein synthe-
sis [16]. While our attempts to apply western blotting
to detect endogenous MTs with an antibody raised
against MT1 and MT2 were unsuccessful, our immuno-
fluorescence analysis showed different responses of MT
patterns to cisplatin vs. CuET (Fig. 6C). Thus, unlike
in control or cisplatin-treated MDA-MB-231 cells,
CuET exposure evoked enhanced accumulation of
immobilized, nonextractable MT proteins (Fig. 6C), an
observation that might reflect direct binding of MTs to
the copper-containing CuET, thereby potentially ‘neu-
tralizing’ the intracellular CuET and reducing its
cytotoxicity.

Next, to test whether the metallothionein proteins
might modulate the CuET toxicity in a subset of our
models, we knocked down Metal Transcriptional Fac-
tor 1 (MTF1), the key transcription factor known to
regulate metallothionein gene expression [40]. MTF1 is
itself an inducible transcription factor that responds to
conditions, such as heavy metal exposure, hypoxia, oxi-
dative stress and hyperthermia [40]. Using two different
siRNAs, we successfully reduced the MTF1 protein in
three independent experiments (Fig. 7A, Fig. S11A).
Indeed, MTF1 depletion was accompanied by
enhanced cytotoxicity of CuET in both cell lines tested
(Fig. 7B,C). In another series of independent experi-
ments, using the more potent of the two siRNAs
(tested in Fig. 7A–C) and a complementary approach
as further validation of the cytotoxicity results, siRNA-
mediated reduction of MTF1 led to a significant
decrease in IC50 values for the three model cell lines
treated by CuET (Fig. 7D, Fig. S11B). Parallel control
immunocytochemistry experiments confirmed that the
MTF1 knock-down indeed resulted in decreased levels
of MT proteins as detected by staining with antibody
to MT1 and MT2 (Fig. S11C) and detailed measure-
ments of mRNA confirmed the impact of the partial
knock-down on mRNA levels of MTF1 itself, as well
as its MT transcriptional targets, particularly MT1E, in
all three cell lines tested (Fig. 7E, Fig. S11D). Alto-
gether, these results indicated that metallothionein
levels may influence the cancer cell response to CuET
in our lung and breast cancer models.

Fig. 6. CuET, but not cisplatin exposure alters metallothionein expression patterns in representative cell lines. The mRNA expression levels

of (A) MT2A and (B) MT1E were evaluated via qPCR. Cells were treated with 1 lM CuET and 20 lM cisplatin (CDDP) for 4 h. (C) The

metallothionein protein pattern was evaluated via QIBC in MDA-MB-231 cells. Cells were treated with 1 lM CuET and 20 lM cisplatin

(CDDP) for 6 h. Representative images and summary graph from three independent immunofluorescence staining experiments are shown.

Statistical significance in (A–C) was assessed with the one-way ANOVA test. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns,

nonsignificant, NT, nontreated, scale bar = 100 lm, Data shown as mean with SD, n = 3.
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3.6. Metallothioneins as candidate biomarkers

for future CuET-based therapy

To assess the likelihood of their potential as candidate
predictive biomarkers for any future CuET-based ther-
apy, we then employed immunohistochemistry to
examine expression patterns of metallothioneins and
NPL4 (the CuET target protein whose ectopic overex-
pression caused resistance to CuET in cell culture
models, [12]) in specimens from previously studied clin-
ical cohorts [20–24] of triple-negative breast cancer
(TNBC) and HGSOC.

We classified the staining patterns of the ubiquitous
NPL4 protein as either normal or high (see Methods
section 2.6), the latter predicted to potentially cause
resistance to CuET, based on our mechanistic study of
the NPL4-CuET interplay [12]. As can be seen from
the staining examples and summary graphs in Fig. 8A,
C, the vast majority of TNBC tumours showed ubiqui-
tously expressed NPL4, at levels closely matching those
in normal breast epithelium. Among the HGSOC
tumours, again the majority of cases showed moderate
levels of NPL4, while 8% of cases displayed high
NPL4 (Fig. 8B,C).

For metallothioneins, we classified the staining pat-
terns into four categories based on the fraction of posi-
tive cells (see the Methods section), as unlike for
NPL4, both low/negative and high expression levels
might be expected, with potentially differential impact
on CuET sensitivity. The representative images of
staining with the metallothionein antibody raised
against MT1 and MT2, and the summary graphs for
the TNBC tumours are shown in Fig. 8A,C, and for
the HGSOC in Fig. 8B,C. Overall, the heterogeneity of
metallothionein was much more pronounced, with
approximately 30% of cases for both TNBC and
HGSOC showing negative/low expression, and some

20–30% of highly positive tumours, with the remaining
fraction showing an intermediate pattern.

While the clinical relevance of these results is consid-
ered in the Discussion section, the much higher degree
of heterogeneity suggests that metallothioneins, rather
than NPL4, might warrant evaluation as a potential
predictive biomarker to help guide future clinical trials
with CuET. Relevant to this notion, Kaplan–Meier
survival plots obtained through datamining the kmplot
website [41,42], revealed that MT2A and MT1E levels
correlate inversely with the overall survival of patients
with LUAD and TNBC (Fig. S12).

Taken together, metallothionein protein expression
patterns showed pronounced variability among the
TNBC and HGSOC samples, as well as high heteroge-
neity within the individual lesions. In contrast, NPL4
was expressed rather uniformly across the TNBC and
HGSOC cohorts, and at levels in the vast majority of
tumours close to those in normal tissues. The biological
significance and potential clinical implications of these
results are discussed below.

4. Discussion

We believe that several aspects of our present study
can significantly contribute to better understanding and
overcoming platinum resistance in cancer treatment, a
major challenge that even the second- and third-
generation platinum drugs have not been able to fully
resolve [43].

First, the panel of our new human platinum-resistant
carcinoma models reported here can serve as a resource
for scientists working in this research area. As estab-
lishment and validation of such models is time- and
labour-consuming, our models of carcinomas of the
lung, breast and ovary are likely to be useful for exam-
ple in screening efforts to identify new compounds or

Fig. 7. Knock-down of MTF1 leads to lower MT1-E and MT2A expression and partly enhances the cytotoxic effect of CuET in H1792 wild-

type (WT) and MDA-MB-231 WT cells. (A) Western blotting verification of MTF1 depletion in the indicated cell lines, using two different

siRNAs (siRNA #1 Ambion, siRNA #2 OriGene. n = 3). (B) Impact of MTF1 knock-down (from A) on CuET cytotoxicity (crystal violet assay,

see the Methods section) in the indicated cell lines treated with a range of CuET (0–1000 nM) concentrations. n = 3. Statistically significant

differences between curve fits were evaluated by sum-of-squares F-test: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns,

nonsignificant, IC50 � SE. (C) Representative images of crystal violet staining from assay shown in 7B. (D) Alternative cytotoxicity assays:

24 h after knock-down (siMTF1 #1), H1792 WT and MDA-MB-231 WT cells were plated in 96-well plates. Forty-eight hours later, they were

treated with a range of CuET (0–2500 nM) concentrations. Following 96 h of incubation, the plates were stained with Hoechst and SYTOXTM

Deep Red analysed in a scanR High-Content Screening Station. n = 4. Statistically significant differences between curve fits were evaluated

by sum-of-squares F-test: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, nonsignificant, IC50 � SE. (E) 24 h after knock-down

(siMTF1 #1), H1792 WT and MDA-MB-231 WT cells were plated in 6-well plates. Forty-eight hours later, they were treated with 1lM CuET.

Following 4 h of incubation the expression levels of MTF1, MT2A and MT1E were evaluated via qPCR. Statistical significance was assessed

with the one-way ANOVA test. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, nonsignificant, NT, nontreated. Data shown as

mean with SD, n = 3.
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approved drugs that might overcome platinum resis-
tance, or for more detailed studies of the molecular
mechanisms underlying such chemoresistance. The lat-
ter application is already suggested by our present data
on the platinum DNA adducts and cH2AX in response
to cisplatin. Thus, in those cisR cell lines where a stan-
dard dose of cisplatin evoked lower degree of the
adducts, cisplatin resistance might reflect aberrantly
enhanced efflux or more efficient metabolic detoxifica-
tion of the drug, for example. On the contrary, in the
cisR models with adduct levels similar to the parental
WT cells yet showing lower DNA damage signalling
(cH2AX) after cisplatin treatment, the resistance might
be due to enhanced DNA repair of the lesions, defec-
tive detection or signalling of the adducts, for example,
while the cisR model with both the adduct and cH2AX
preserved at levels similar to those in the parental cells,
may be defective, for example, in checkpoint effector
pathways, including cell death mechanism(s).

Second, and arguably the most significant result, is
our finding that CuET is cytotoxic to cancer cells
regardless of whether they are sensitive or resistant to
cisplatin, suggesting CuET warrants further evaluation
as a potential compound to treat cancer patients whose
tumours do not respond well to standard-of-care plati-
num drugs. Furthermore, as the mechanisms of action
for platinum drugs and CuET are distinct and, as we
report here, they apparently do not share cross-
resistance, a combinatorial treatment could also be
beneficial, a notion supported by findings from a phase
II clinical trial with lung cancer where disulfiram addi-
tion to cisplatin and vinorelbine chemotherapy signifi-
cantly improved patients’ overall survival [44]. Another
example of CuET’s emerging value in overcoming
tumour chemoresistance is multiple myeloma, where
preclinical and ex vivo analyses of tumour biopsies
including from patients with myelomas resistant to
standard-of-care drugs bortezomib and carfilzomib
showed sensitivity to CuET [15]. Also consistent with
this notion are the results of a large epidemiological
study from Denmark, where disulfiram use by cancer
patients was associated with favourable prognosis
across many cancer types, including metastatic stages,
which are commonly resistant to standard chemother-
apy [12].

Third: Both the emerging preclinical data (including
those in our present study) as well as parallel efforts in
several countries to develop clinically applicable forms
of CuET suggest that CuET may soon be tested in clin-
ical trials. This prospect raises a need for identification
and validation of predictive biomarkers that might help
patient selection for such clinical testing. Our present
assessments of immunohistochemical patterns for
NPL4 and metallothioneins in clinical cohorts of
TNBC and HGSOC provide useful information rele-
vant to this issue. While NPL4 caused resistance when
overexpressed in cell culture models [12], our present
results show that it is rarely if ever robustly elevated in
clinical settings and therefore unlikely to serve as a
clinically useful biomarker. On the contrary, the much
more variable patterns of metallothioneins observed in
our present analyses of both TNBC and HGSOC
appear to be more encouraging in this respect. Based
on our present results, and considering the known abil-
ity of metallothioneins to counteract toxic effects of
drugs and heavy metals [35,36], we propose that metal-
lothioneins warrant further evaluation as candidate pre-
dictive biomarkers of responses to the copper-
containing CuET. While our present preclinical data
are promising, the therapeutic potential of CuET in
platinum-resistant disease will ultimately require formal
in vivo validation and clinical testing.

Fourth: At the conceptual level relevant to drug
repurposing in general, our example of CuET as the
active anticancer metabolite of disulfiram (DSF) high-
lights the significance of focusing on metabolites of
clinically approved drugs, in addition to or instead of
the (pro)drugs themselves. As a metabolite of the
alcohol-abuse drug DSF, CuET has a decades-long his-
tory of safety and tolerability in humans, and its anti-
cancer properties [12–15] provide a reasonable prospect
of a relatively inexpensive, rapid and potentially suc-
cessful clinical applications in oncology. In addition,
CuET avoids the unwanted side-effect(s) of DSF
caused by other DSF’s metabolites, such as the extreme
sensitivity to any alcohol-based drugs or disinfectants
due to inhibition of aldehyde dehydrogenase [11], and
it is patentable like any new compounds, thereby pro-
viding a greater incentive for further development by
the pharmaceutical industry. In other words, we

Fig. 8. Metallothionein but not NPL4 expression varies in clinical samples of triple-negative breast cancer (TNBC) and high-grade serous

ovarian carcinoma (HGSOC) as shown by immunohistochemistry (IHC). Representative examples of immunohistochemical staining patterns

of NPL4 and metallothioneins (MTs), the latter with antibody to MT1 and MT2 (see the Methods section). In (A) normal breast (NB), TNBC

and (B) ovarian cancer (HGSOC) tissues. Scale bar = 50 lm. (C) Pie charts visualizing fractions of patient samples stained for NPL4 and

MTs; immunohistochemistry method, scoring categories, negative and positive (nucleoporin TPR) controls are explained in the Methods

section.
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propose that effective, newly identified metabolites of
approved drugs, such as CuET, combine the desirable
features of drug repurposing and patentability without
at least some drawbacks of the (pro)drug or the
extreme costs and uncertainty involved in screening
and developing entirely new compounds.

5. Conclusions

Our study provides a series of new preclinical models
of common human cancers suitable for mechanistic elu-
cidation of, and combating, chemoresistance. This
work also provides experimental evidence supporting
the notion of CuET as a candidate anticancer drug
potentially useful for treatment of a wide range of
tumours, including the advanced stages resistant to
standard-of-care therapy. The future use of CuET will
depend on results of clinical trials and the advice from
regulatory authorities. Furthermore, if approval of
CuET is obtained for clinical use in oncology, it is
likely that initially only a combination with some
standard-of-care can be considered.
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Fig. S1 Ratios of staining intensity for K48 ubiquiti-
nated proteins in CuET/cisplatin-treated/ and non-
treated cells show unchanged responses to cisplatin and
CuET of WT, compared with the more cisplatin resis-
tance of cisR cells.
Fig. S2. K48 ubiquitinated proteins accumulates after
CuET treatment in H1792 cells.
Fig. S3. K48 ubiquitinated proteins accumulate after
CuET treatment in MDA-MB-231 cells.
Fig. S4. Ratio of staining intensity for cH2AX Ser139
in CuET/cisplatin-treated/ and nontreated cells shows
lower sensitivity to cisplatin response in four out of six
resistant cell lines.
Fig. S5. cH2AX Ser139 levels increases after cisplatin
in H1792 cells.
Fig. S6. cH2AX Ser139 levels increases after cisplatin
in MDA-MB-231 cells.
Fig. S7. Ratio of staining intensity for DNA-cisplatin
adducts in CuET/cisplatin-treated and nontreated cells
shows the same or partially reduced adduct levels in
cisR cells compared with. their WT counterparts.
Fig. S8. DNA-cisplatin adducts are present after cis-
platin treatment in H1792 cells.
Fig. S9. DNA-cisplatin adducts are present after cis-
platin treatment in MDA-MB-231 cells.
Fig. S10. CuET, but not cisplatin exposure evokes
upregulation of MT2A and MT1E expression in WT
and cisR LUAD cell lines.
Fig. S11. siRNA-mediated depletion of MTF1 (siRNA
#1) is followed by decreased metallothionein protein
level and increased sensitivity of cells against CuET.
Fig. S12. Kaplan–Meier survival curves for cohorts of
cancer patients in relation to metallothionein expres-
sion shows inverse correlation with the overall survival.
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