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Abstract

Esophageal cancer (EC) is the sixth leading cause of cancer deaths worldwide with a low 5-year
survival rate. More effective chemotherapeutic drugs, either new or repurposing ones, are urgently
needed. Disulfiram (DSF) is a safe and public domain drug for alcohol addiction treatment and
later shown to have anti-cancer capability, especially when administrated together with copper.
The present study is to test the hypothesis that a newly developed copper-cysteamine (Cu-Cy)
nanoparticles (NPs) can enhance the anti-tumor effect of DSF on esophageal cancer with reduced
risk of copper poisoning. Our results showed that Cu-Cy NPs could greatly facilitate DSF to
inhibit cell proliferation in cultured human esophageal cancer cells. Interestingly, the combined
inhibitory function could be further enhanced when DSF and Cu-Cy NPs were present at an
optimal molar ratio of 1:4. The results of the change in physical color, UV-vis absorption and
fluorescence spectra, X-ray diffraction patterns, and FTIR spectra from a mixture of DSF and Cu-
Cy NPs suggest a possible reaction between DSF and Cu-Cy NPs and the formation of new
materials. Furthermore, cellular mechanistic studies revealed that the combination of DSF and Cu-
Cy NPs resulted in reactive oxygen species (ROS) accumulation, and blocked nuclear
translocation of NF-KB (p65) in esophageal cancer cells. Moreover, in xenograft nude mice,
combined administration of DSF and Cu-Cy NPs greatly inhibited tumor growth without
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histological toxicity, while any single agent at the same doses presented no inhibitory

function. Together, this study demonstrates an effective anti-cancer function of combined
treatment of DSF and Cu-Cy NPs in vitro and in vivo, which could be a promising new

chemother
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INTRODUCTION

As a leading cause of cancer deaths worldwide, esophageal cancer (EC) contains two main
types, i.e. esophageal adenocarcinoma and esophageal squamous cell carcinoma (ESCC).
Both types are often diagnosed at a late stage and become unsuitable for surgery
management. More effective chemotherapeutic agents for EC patients are required?.

Disulfiram (tetraethylthiuram disulfide, DSF), also known by its trade name Antabuse which
has been approved by the Food and Drug Administration (FDA) to treat alcoholism for over
60 years2-3. The mechanism of anti-alcohol activity is to inhibit aldehyde dehydrogenase
(ALDH), an enzyme that converts acetaldehyde to acetate. The rapidly increased
concentration of acetaldehyde in the blood after drinking causes unpleasant body reactions,
such as facial flush, headache, and vomiting, thereby deterring alcohol consumption3-°. Due
to its mild toxicity and manageable adverse effects, DSF has been attracting research
interests to be repurposed in the treatment of other diseases. In recent years, DSF has been
found effective against a wide variety of cancer types in preclinical studies and emerged as a
promising repurposed chemotherapeutic drug2-3 6. In addition to inhibiting ALDH, other
mechanisms of action of DSF exist, such as inducing reactive oxygen species (ROS)
accumulation, regulating nuclear factor-xB (NF-xB) and/or ERK signaling pathways, and
inhibiting drug-resistant involved ATP-binding cassette (ABC) transporters’. All these
mechanisms of action contribute to its anti-tumor or reversing drug resistance functions. The
anti-tumor effect of DSF can be greatly enhanced by the addition of copper (Cu). It s, in
part, attributed to that DSF is able to chelate tumor intracellular Cu, resulting in binding to
and inhibition of the proteasome and in turn initiating cancer cell apoptosis? ¢ 8. Other
mechanisms underlying the enhanced anti-tumor effect of DSF by Cu may exist as well.
Despite accumulating evidence from preclinical studies to show the effectiveness of DSF in
the treatment of a wide range of cancers, clinical trials using DSF either alone or together
with Cu as chemotherapy, haven’t been able to demonstrate the same result. Some trials
were terminated due to a lack of clear beneficial outcomes at the tolerable dosage range’. It
is of importance to develop a strategy to enhance the anti-tumor efficacy of DSF/Cu for its
successful clinical translation.

During the progression of cancer, elevated Cu concentrations in serum and tumor tissues
have been observed’- ©. The elevated Cu concentration in tumor tissues appears to be
insufficient to work together with DSF to carry out their anti-cancer effects. Therefore, the
oral administration of Cu gluconate has been included in DSF clinical trials. Since Cu is a
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heavy metal with significant toxicity to normal cells, the safe dosage window for Cu is
limited. To improve the biodistribution of Cu to tumor tissues, Cu-based nanoparticles (NPs)
become to be an attractive option because NPs can accumulate in tumor tissue via enhanced
permeability and retention (EPR) effect10,

Copper-cysteamine (Cu-Cy) NP is a newly developed nanoparticle which can produce ROS
under UV light!, X-ray12-15 microwavell: 16 or ultrasound for cancer treatment?-19,
Furthermore, these NPs can be utilized to destroy bacterial cells under UV light. A recent
report further demonstrated that Cu-Cy NPs act as a Fenton-like catalyst for cancer cell
destruction with high selectivity in the presence of endogenous hydrogen peroxide2C. This
present study provided evidence to show that Cu-Cy NPs can provide Cu ions to active DSF
in cancer cells and thus achieve a greatly enhanced anti-tumor effect in EC. Since Cu-Cy
NPs are able to accumulated in the tumor tissues via EPR effects, data further showed that
combined Cu-Cy NPs with DSF could have an effective anti-tumor function with reduced
toxicity in normal cells /n vivo.

MATERIAL AND METHODS

Materials.

Copper chloride dihydrate (CuCl,.2H,0), cysteamine hydrochloride, sodium hydroxide
(NaOH), polyethylene glycol 4000, dihydrorhodamine 123 (DHR), dihydroethidium (DHE)
and coumarin were bought from Sigma-Aldrich, USA. All the chemicals were used as
received.

Synthesis of Cu-Cy NPs.

Cu-Cy NPs were fabricated by following our previously published method!?. Typically,
copper chloride dihydrate (273 mg) was mixed into DI water (50 mL) and stirred vigorously
under ambient temperature. Cysteamine hydrochloride (381 mg) and polyethylene glycol
4000 (40 mg) were subsequently added into the mixture under a nitrogen atmosphere. After
pH adjusting to 7, the nitrogen environment was removed and the reaction mixture was
stirred for about 5 min until the color turned to deep violet. The reaction mixture was then
heated (100 °C) for 5 min under the nitrogen environment. After allowing the solution to
cool naturally, the product was centrifuged and washed with a mixture of ethanol and water
three times. The Cu-Cy particles were obtained after drying in a vacuum oven at 40 °C. The
detailed characterizations and crystal structure of Cu-Cy NPs were described in previous
publicationsl® 21,

Fluorescence and UV-Vis Absorption Spectroscopy.

The photoluminescence (PL) spectra of Cu-Cy+DSF (DSF:Cu-Cy=1:4) suspended in
ethanol after 4 h of incubation was taken by a spectrofluorophotometer (Shimadzu
RF-5301PC). For the purpose of comparison, the PL spectra of Cu-Cy NPs alone was
measured at two different time points (0 and 4 h) under identical experimental conditions.
The UV-Vis absorption spectra of different molar ratios of DSF to Cu-Cy (DSF:Cu-
Cy=50:1, 10:1, 1:1,1:4, and 1:8) dispersed in ethanol were recorded after 4 h of incubation
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using a spectrophotometer (Shimadzu UV-2450). Also, the absorption spectra of different
concentrations of DSF alone or Cu-Cy NPs alone were measured as well.

X-ray Diffraction (XRD) Patterns.

Powder XRD patterns were taken using a Rigaku Ultima 1V diffractometer with Cu K
radiation (A = 0.15406 nm). Samples containing various molar ratios of DSF to Cu-Cy
(10:1, 1:1,1:4, and 1:8) were prepared in ethanol. After 4h of incubation, the samples were
deposited on glass substrates and allowed to dry at room temperature. XRD spectra of DSF
alone or Cu-Cy alone were carried out under the same experimental conditions.

Fourier-Transform Infrared (FTIR) Spectroscopy.

In order to measure the FTIR spectrum of Cu-Cy+DSF combination, DSF and Cu-Cy were
mixed in ethanol at the molar ratio of 1:4 (DSF:Cu-Cy=1:4). After 4 h of incubation, the
supernatant was removed by centrifugation and subsequently washed 1 time with ethanol
and dried in a vacuum. The FTIR spectrum of the powder sample was then carried out using
a FTIR spectrometer (Shimadzu IRPrestige/PIKE MIRacle). The control experiments were
performed by taking Cu-Cy powder only and DSF powder only under the same instrumental
conditions.

ROS Detection Using Fluorescent Probes.

ROS generated by Cu-Cy+DSF (DSF:Cu-Cy=1:4) in cell-free solution was examined by the
photoluminescence (PL) method utilizing DHR as a ROS probing agent?2. The stock
solutions of DHR (1.54 mM) and DSF (6 mM) were made in dimethylformamide (DMF).
Subsequently, a working solution (final volume 3 mL) containing DHR (12.83 uM), Cu-Cy
NPs (200 pM), DSF (50 uM), and H,0, (100 pM) was prepared in a cuvette (10 mm path
length). The PL intensity was measured by the spectrofluorophotometer at 524 nm with 1.5
nm slits after different incubation periods with the excitation wavelength at 495 nm. The
control experiments were carried out by taking DI water only, H,O, only, DSF+H,0,, or
Cu-Cy+H,0, under the same experimental conditions.

Intracellular ROS was detected by monitoring the PL of DHE. KYSE-30 cells were seeded
in the black clear bottom 96-well plate at the confluency of 80% and incubated in dark for
30 min at 37 °C, 5% CO», once after adding 5 uM DHE. After removing the old medium
with DHE, cells were treated with 4 uM Cu-Cy, 1 uM DSF, 4 uM Cu-Cy and 1 uM DSF
combination, 12 uM CuCl, and 1 pM DSF combination, 12 uM CuCl; in the medium
without phenol red for 1h, 2h, 3h and 4h separately. The fluorescent signal was measured at
480 nm excitation and 570 nm emission on microplate reader SpectraMax® i3 (Molecular
Devices, CA).

Hydroxyl Radical (*OH) Detection in a Cell-free System.

*OH generated by Cu-Cy+DSF (DSF:Cu-Cy=1:4) in aqueous solution in the presence of
H,0, (100 uM) was measured by the PL method using coumarin as described previously
with slight modifications!®. Briefly, the required amount of DSF and Cu-Cy were separately
added to 50 mL of DI water followed by 30 min of sonication. Then, a 3 mL of testing
solution in DI water (10 mm path length cuvette) was made by mixing coumarin (0.1 mM),
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Cu-Cy (200 uM), DSF (50 uM), and H,0, (100 uM). Afterward, the PL intensity was
recorded at 452 nm by the spectrofluorophotometer at various incubation periods with the
excitation wavelength of 332 nm. The control experiments were performed by taking DI
water alone, H,O5 alone, DSF+H,0, or Cu-Cy+H50, under the same experimental
conditions.

Human ESCC cells (KYSE-30) were cultured as described previously: 23, In brief, ESCC
cells were maintained in the medium comprising 47% RPMI-1640 and 47% Ham’s F12
medium (Corning, US), 5% fetal bovine serum (FBS, VWR, US) and 1% penicillin/
streptomycin (Corning, US). The culture condition was maintained at 37 °C, 5% CO, with
humidity.

ESCC cells were seeded in 200 uL cell culture medium per well into the 96-well plate and
incubated with different concentrations of DSF, Cu-Cy, or CuCl, either alone or in
combination for 48 h or 72 h. Then, 5 mg/mL 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide (MTT) was added into cell culture medium and incubated with cells at
37 °C in dark for 3 h. After removal of the cell culture medium, DMSO (100 pL/well) was
employed to dissolve the formazan. Lastly, absorbance was recorded at 570 nm on
microplate reader SpectraMax® i3 (Molecular Devices, CA). The relative cell viability and
ICsq calculation were conducted by using Graphpad Prism 5 (San Diego, US).

NF-xB/p65 Nuclear Translocation Assay.

KYSE-30 cells were seeded on the glass bottom dish at the confluency of 80%. After serum
starvation for 2 h, cellular growth was stimulated by the addition of 10% FBS in culture
medium. Cu-Cy NPs (4 uM), DSF (1 pM), or their combination were added in cell culture
medium at indicated timepoint. After fixation in 4% paraformaldehyde buffer, cells were
permeabilized in PBS with Triton X-100 (0.1%) followed by blocking with goat serum
(10%) solution for 1 h. After washing with PBS, cells were treated with primary antibody
anti-NF-xB/p65 (1:50, Santa Cruz, US) and incubated overnight at 4 °C, followed by
incubation of their second antibodies, i.e. goat anti-rabbit IgG labelled with Alexa 488
(Abcam, US). Nuclei were stained by cell membrane permeable dye Hochest 33342 (Enzo,
US). The specific signals for each fluorescent probes were captured by DMi8 inverted
fluorescent microscope equipped with Hamamatsu digital camera C11440 and 40x objective
(NA 1.3, Leica, Germany).

Xenograft Tumor Growth Assay.

Animal protocol was approved by the Institutional Animal Care and Utilization Committee
(IACUC) at the University of Texas at Arlington. Male NCr nu/nu nude mice were
purchased from Jackson Lab at 6 to 7 week old. KYSE-30 cells (1x109) in 100 uL PBS were
added with the same volume of matrigel (Corning, US) and sebsequently subcutaneously
inoculated into the back of each mouse. Tumors became to be visible and reached ~ 5 mm
diameter one week after inoculation. Then all mice were randomly divided into 4 groups:
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DSF (1 uM), Cu-Cy (4 uM), Cu-Cy + DSF (4 uM, 1 uM, respectively), CuCl, + DSF (12
UM, 1 uM, respectively). All compounds were administrated daily by i.p injection, and the
amounts were calculated according to the body weight of that day. body weights and tumor
volumes were measured every two days. Tumor volume (mm3) was determined using the
equation: Volume = 3.14/6 x length x (width)2. At the end of the experiment, all mice were
euthanized and tumor and all key organs for each animal were gathered.

H&E Staining.

Tumor tissues, kidney, heart, liver, spleen and lung were immediately fixed in 10% neutral
buffered formalin overnight. After paraffin embedding, deparaffinization and rehydration, 5
pum longitudinal sections were stained with hematoxylin solution staining for 3 min followed
by incubation in in 1% HCL-ethanol (1% HCI in 70% ethanol) for 10 s. The sections were
rinsed with distilled water, stained with eosin solution for 10 min, and then dehydrated and
cleared in xylene. Finally, the sections were mounted with neutral balsam and monitored
under an inverted microscope (DMi8) supplied with color camera 2900 and 20x objective
(NA 0.35, Leica, Germany).

Statistical Analysis.

RESULTS

Prism 5 (GraphPad, San Diego, CA) was used for statistical analyses. Data are presented as
the mean + standard error of the mean (S.E.M). Significant differences were considered
significant at a P value < 0.05 in all cases. In animal experiments, each group contains 6
mice, and a linear mixed effects model was used in the statistical analysis of tumor growth.
It took account of the correlation among observations from the same animal. The tumor
volume was first transformed by log2 to reduce variance and skewness. The significant
difference was shown between the groups.

Combination of DSF and Cu-Cy NPs Inhibited Cell Proliferation in KYSE-30 Cells.

To examine the combination of DSF and Cu-Cy NPs on cell viability in KYSE-30 cells, we
first tested the dose-dependent curves of the individual components using MTT assay
(Figure 1A-B). DSF could inhibit cell proliferation in KYYSE-30 cells in a dose-dependent
manner with 1Csq at 68.0 uM (Figure 1A). Consistent with previous reports, Cu-Cy NPs
were able to induce cell death and reduce cell viability at room light, even though much less
efficient than UV or X-ray (Figure 1B)12. Then, we tested the inhibitory effect of
combination of DSF and Cu-Cy NPs at concentrations 50 UM and 1 pM, respectively. The
statistical analysis of cell viability demonstrated that combination of DSF (50 uM) and Cu-
Cy NPs (1 uM) achieved a significantly better inhibitory effect than any single agent alone
(Figure 1C). Interestingly, with the equal amount of Cu-Cy NPs at 1 uM, DSF concentration
at 1 uM could induce more cell death in KYSE-30 cells (15% vs. 33% of cell viability)
(Figure 1D). Data suggest that the anti-cancer effect of DSF and Cu-Cy NPs may be
dependent upon the formation of new complex material at a certain ratio rather than simple
additive effects.
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Effect of DSF on Physical Color and Luminescence of Cu-Cy NPs.

In order to observe the physical color of different combinations of DSF and Cu-Cy NPs,
stock solutions of DSF and Cu-Cy NPs were prepared in ethanol and DI water, respectively.
After that, various ratios of DSF to Cu-Cy were prepared diluting in DI water. It is showed
that the different ratios of DSF to Cu-Cy (50:1, 10:1, 1:1, 1:4, and 1:8) and Cu-Cy alone
after 4 h of incubation under room light (top) and UV light (bottom) (Figure 2A). As shown
in Figure 2A (top), Cu-Cy NPs presented clear color under room light. With increasing ratio
and concentration of DSF, the color turned into brown, indicating a possible reaction
between DSF and Cu-Cy NPs and subsequent formation of a DSF-copper complex8: 24,
Consistent with the changes in color under room light, the bright orange fluorescent color of
the Cu-Cy NPs upon UV light (365 nm) decreased gradually with the increase in
DSFconcentration. When the ratio of DSF to Cu-Cy reached to 50:1, Cu-Cy NPs completely
lost its luminescence within 4 h of incubation.

Next, the PL spectra of Cu-Cy NPs dispersed in ethanol were compared with or without
DSF after 4 h of incubation (Figure 2B). The PL intensity of Cu-Cy+DSF (DSF:Cu-Cy=1:4)
was noticeably reduced when compared to Cu-Cy alone. As DSF has the ability to react with
thiol groups® 22, the reduction in the PL intensity of Cu-Cy+DSF is most likely due to the
breaking of the thiol group of Cu-Cy by DSF, thereby resulting in the formation of a DSF-
Cu complex. It should be worthwhile mentioning that the PL intensity of Cu-Cy at 0 and 4 h
did not change noticeably, signifying the stability of Cu-Cy NPs.

UV-Vis Absorption Spectra of Various Molar Ratios of DSF to Cu-Cy.

In order to identify the end product from the reaction of DSF and Cu-Cy NPs, UV-Vis
absorbance spectroscopy was adopted. The disappearance of the characteristic peak of Cu-
Cy at 365 nm suggested that the chemical reaction has occurred between DSF and Cu-Cy
(Figure 2C). Moreover, a strong peak at about 433 nm was observed in all combinations of
Cu-Cy and DSF (DSF:Cu-Cy=50:1, 10:1, 1:1, 1:4, and 1:8) but absent in Cu-Cy or DSF
alone (Figure 2D), indicating that a chemical reaction between Cu-Cy and DSF may result in
the formation of copper diethyldithiocarbamate (Cu(DDC),) complex26-31, Furthermore, the
peaks observed at 270 and 290 nm in the UV region (Figure 2C) are ascribed to the rt-nt*
transition of S— C — N and S — C —S chromophores, respectively3L. The stronger
signals revealed more Cu(DDC), production with a higher ratio of DSF. The UV-vis
absorbance spectra (Figure 2C-D) and physical color change along with the decrease in
solubility (Figure 2A) suggest the formation of Cu(DDC), complex.

XRD Patterns.

Then, the powder XRD patterns of DSF, Cu-Cy, and DSF/Cu-Cy at various ratios (10:1, 1:1,
1:4, 1:8 and 50:1) were collected (Figure 2E). There are two obvious changes in XRD
patterns from DSF to DSF/Cu-Cy (10:1). Three new peaks are seen as labeled by the black
arrows indicating the formation of new material resulting from the reaction between Cu-Cy
and DSF, which can be better visualized in the enlarged view of the XRD patterns of DSF,
DSF/Cu-Cy (1:4) and Cu-Cy NPs. On the other hand, other new peaks in the XRD patterns
of 10:1 display the residue DSF forms a different crystal structure attributed to the reaction
condition. The further increase of Cu-Cy between DSF to Cu-Cy to 1:1, 1:4 and 1:8 results
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in the noticeable peaks of Cu-Cy, while the three new peaks seen in the DSF/Cu-Cy (10:1)
were diminished and completely disappeared in DSF/Cu-Cy (1:8).

Fourier-Transform Infrared Spectroscopy (FTIR) Analysis.

Finally, the FTIR spectra of DSF+Cu-Cy (DSF:Cu-Cy=1:4), DSF, and Cu-Cy powders were
compared (Figure 2F). In the FTIR spectrum of DSF+Cu-Cy (DSF:Cu-Cy=1:4), all the
characteristic peaks of Cu-Cy NPs were present, with the reduction in the intensity peaks of
Cu-Cy as compared to bare Cu-Cy results suggesting that DSF reacted with Cu-Cy. The
characteristic absorption peak at 997 cm™1 can be assigned to the stretching vibrations C-S
and the v(C-S) value indicates that the sulfur in the diethyldithiocarbamate coordinated with
the metal cation31-32, These results further suggest that DSF reacted with Cu-Cy, and a new
material was formed, which is consistent with all the results as described above.

DSF and Cu-Cy at Ratio 1:4 Presented the Best Effect to Inhibit Cell Proliferation and
Induce Apoptosis in KYSE-30 cells.

The anti-cancer effect of the combination of DSF and Cu-Cy at various ratios was tested in
KYSE-30 cells. As a copper(ll) donor, CuCl, was included as a positive control. Since one
molecule of Cu-Cy contains three atoms of copper, the concentration of CuCls in the control
group was 12 pM. As shown in Figure 3A, DSF/Cu-Cy (in pM, 1:4) achieved the lowest cell
viability (3%), which presented a slightly better inhibitory effect than DSF/Cu-Cy (1:8)
group and the same effect as CuCl, control group. Data suggest that the nanostructure of
Cu-Cy does not interfere with the reaction between copper and DSF. The nucleus staining
images of Hoesct dye 33342 revealed condensed chromatin (arrow heads) and loss of nuclei
membrane integrity in KYSE-30 cells treated with DSF+Cu-Cy NPs and DSF+CuCls,, which
were absent in control, DSF only, or Cu-Cy only groups (Figure 3B). Data suggest that DSF
+Cu-Cy NPs could induce cell apoptosis and have a greatly enhanced anti-cancer effect on
EC cells.

DSF and Cu-Cy NPs Produced ROS.

To reveal the mechanism underlying the enhanced anti-cancer effect of DSF+Cu-Cy NPs,
the production of ROS was examined. A nonfluorescent probe DHR was used in aqueous
solution. It is known to react with ROS leading to the formation of a fluorescent molecule,
rhodamine 12322, The relative PL intensity at 524 nm enhanced significantly after using
DSF+Cu-Cy+H,0, as compared to DI water alone, DSF alone, H,O5 alone, or DSF+H505,
revealing that the combination of Cu-Cy and DSF can produce ROS (Figure 4A). For
comparison, the ROS generation ability of Cu-Cy+H,0, was also measured. It is worthwhile
to note that Cu-Cy+H,0, produced more ROS as compared to DSF+Cu-Cy+H,0,, which
can be attributed to the scavenging role of DSF. The relative PL intensities were lesser after
using DSF alone as compared to DI water alone; H,O,+DSF as compared to H,0, alone,
which demonstrates that DSF is a scavenger of ROS as discussed in the literature2®,

Cu-Cy NPs have been shown to be able to generate «<OH through Fenton-like reaction?0. We
next measured the production of *OH using coumarin as a *OH trapping agent. When
coumarin reacts with «OH, it produces 7-hydroxycoumarin, a highly fluorescent
molecule33-35, The relative intensity of 7-hydroxycoumarin at 452 nm enhanced
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significantly in H,O, alone, indicating *OH production. DSF+H,0, showed apparent loss in
*OH production, confirming, again, DSF as an antioxidant (Figure 4B). In the presence of
DSF+Cu-Cy +H,0,, the relative PL intensity of 7-hydroxycoumarin at 452 nm enhanced
significantly when compared to DI water alone or DSF+H,05 or H,O5 alone, justifying the
higher amount of «OH production (Figure 4B). However, *OH produced by Cu-Cy+DSF
+H,0, was less when compared to Cu-Cy+H,0,, again, which could be due to the ROS
scavenging capability of DSF25 and is consistent with the results of detection of ROS using
the DHR probe (Figure 4A). Intracellular ROS was further examined in KYSE-30 cells
loaded with ROS fluorescent probe DHE. Intracellular DHE fluorescence increased
gradually after treatment, especially with Cu-Cy NPs (1uM) or Cu-Cy (1uM) + DSF (4uM)
(Figure 4C). However, there was no statistical significance between any two of these groups,
implying ROS accumulation may not be the major cause for cell death in cells treated with
Cu-Cy NPs and DSF.

Combination of CuCy and DSF Inhibited Nuclear Translocation of NF-xB (p65).

Next, cellular mechanism and signaling pathways were examined in cancer cells upon the
treatment of DSF+Cu-Cy NPs. NF-xB (p65) is a major transcription factor in cell
proliferation. Nuclear translocation of p65 was compared among groups of DSF+Cu-Cy
NPs, DSF+CuCly, DSF only, Cu-Cy only and control. After starvation and drug incubation
for 2 h, KYSE-30 cells were stimulated with 10% FBS to induce the translocation of NF-xB
(p65) from cytosol to the nucleus (Protocol illustrated in Figure 5A). In the control or single-
agent treated groups, there were 13-14% cells with NF-xB (p65) located in the nucleus. But
in DSF+Cu-Cy group, the cell number with NF-xB (p65) nuclear localization was decreased
to 1.4 %, similar to DSF+CuCl, group (Figure 5B). The results demonstrated that a
combination of DSF and Cu-Cy NPs inhibited NF-xB (p65) signaling pathways in KYSE-30
cells.

Combination of DSF and Cu-Cy NPs Inhibited Tumor Growth in Xenograft EC Mice.

The /n vivo anti-cancer effect of Cu-Cy NPs and DSF was tested in xenograft nude mice
bearing KYSE-30 cells. After inoculation, the mice were divided into five groups with the
treatment of vehicle control, 1 pM of DSF alone, 4 uM of Cu-Cy alone, 1 uM of DSF and 4
UM of Cu-Cy, 1 uM of DSF and 12 uM of CuCls. In each group, the body weight and tumor
volume were measured every two days (Figure 6A-B). In statistical analysis, the tumor
volume was first log2 transformed to reduce variance and skewness. A linear mixed effects
model was introduced to take account of the correlation among observations from the same
animal. The results showed that treatment of combined DSF+Cu-Cy significantly decreased
tumor volume compared to control and single agent groups averaged over time between days
20 and 46 without correction for multiple comparisons. It was considered that the time taken
by agents to present effect and the tumor growth were similar before day 20. There was
significant difference in the trend of tumor growth over time between DSF+Cu-Cy and DSF
group (p-value=0.0008), but not between other groups, which had similar growth rate. It is
noteworthy that no significant differences were observed in body weight among all treatment
groups except in DSF+CuCl, group. Mice in DSF+CuCl, group presented almost 20% body
weight lost after 10 days of treatment. Treatment had to be terminated in this group
following animal welfare recommendation. At day 32, animals were euthanized. Tumor
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tissue, heart, liver, spleen, kidney, and lung of each animal were collected and subject to
H&E staining. The H&E images revealed normal tissue histology in heart, kidney, spleen,
liver, and lung in the groups of vehicle control, Cu-Cy, DSF, and DSF+Cu-Cy. In DSF
+CuCl, treated animals, however, there were signs of tissue damage in the heart, kidney,
spleen, and liver (Figure 6C). The tissue toxicity data was consistent with the observation of
significant body weight loss in these animals.

DISCUSSION

In this contribution, the anti-cancer effect of the combination of DSF and Cu-Cy NPs was
evaluated in cultured ESCC cells and in vivo. Data showed that Cu-Cy NPs could greatly
facilitate DSF to inhibit cell proliferation and induce apoptosis. Interestingly, the combined
inhibitory function could be even further enhanced when DSF and Cu-Cy NPs presented an
optimal molar ratio of 1:4. The change in physical color and the spectra of UV-vis
absorption, XRD patterns, and FTIR spectra from mixtures of DSF and Cu-Cy NPs suggest
the formation of new materials The mechanistic studies revealed that combination of DSF
and Cu-Cy NPs blocked the nuclear translocation of NF-KB (p65) in ESCC cells.

We also demonstrated that the combined administration of DSF and Cu-Cy greatly inhibited
tumor growth without noticeable histological toxicity in xenograft nude mice. Together, this
study demonstrates the effective anti-cancer function of combined treatment of DSF and Cu-
Cy NPs Jjn vitro and in vivo, which could be a promising new chemotherapy for esophageal
cancer patients.

Consistent with previous reports, we found that the full anti-cancer effect of DSF requires
adjuvant Cu?* ions, which can be supplied either through CuCl, or Cu-Cy NPs. In many
clinical studies, Cu2* ions (such as in Cu gluconate) are delivered orally or through
intravenous injection, thereby increasing levels of Cu2* ions in the body. Due to its toxicity
as a heavy metal and short systemic half-life, Cu?* concentration may not easily reach a
therapeutic window to work together with DSF in the human body®. Consequently, the
administration of preformed Cu(DDC); in a single formulation has become to be a more
effective strategy to acquire a higher Cu(DDC), amount in tumors with increased anti-cancer
efficacy?4 26, However, the poor aqueous solubility of the Cu(DDC), hampers its clinical
use. In this work, both in vitroand in vivo data showed that Cu-Cy NPs were able to provide
Cu2* ions to react with DSF in cancer cells. The results of the change in physical color, the
UV-vis absorption and fluorescence spectra, XRD patterns, and FTIR spectra all suggest that
Cu-Cy NPs reacted with DSF and formed new materials, such as Cu(DDC), (Figure 2). The
formation of Cu(DDC), was best demonstrated by the absorption peak at about 433 nm,
which is the signature peak of Cu(DDC), (Figure 2C-D). It is well known that NPs can be
either passively accumulated into tumors via EPR effect or selectively targeted to tumors via
cancer specific markers. Therefore, Cu-Cy NPs may have even more advantages than Cu
gluconate to reach high enough concentration in tumor but less in normal tissues to work
together with DSF. Additionally, Cu-Cy NPs have good solubility in blood stream, reduced
potential immunogenicity, and stabilized and prolonged half-life. These advantages make
Cu-Cy a better copper provider to assist DSF and largely reduces the toxicity to cells and
animals. Furthermore, Cu-Cy NPs can serve as photosensitizers used in different
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radiotherapies, from UV light to X-ray, from microwave to ultrasound based cancer
treatment11-14. 16,19, 21 Therefore, Cu-Cy NPs + DSF may not only be effective
chemotherapy by itself, but also provide a possible adjuvant therapy with radiotherapy or
phototherapy.

Another important finding of this work is the identification of the optimal ratio between DSF
and Cu2* in anti-cancer function. This study showed that the molar ratio of DSF and Cu-Cy
was optimized to 1:4 (Figure 3A), which made the ratio of DSF and Cu?* was 1:12 (each
molecule of Cu-Cy contained 3 atoms of Cu). This result is very similar like the molar ratio
range of DSF to Cu?™ (i.e. 1:6) used in the treatment of melanoma in a previous report3°.
These data are consistent to suggest that the new complex material formed by DSF and Cu
may be the key contributor to the anti-tumor effect.

It has been reported that DSF/Cu targets cancer cells by the combination of two actions: (1)
instant cell death caused by the production of ROS as a result of the reaction between DSF
and Cu, and (2) delayed cell killing introduced by the toxic nature of the end product, DSF-
Cu complex38. To evaluate whether ROS accumulation plays a role in DSF/Cu-Cy NPs
mediated anti-cancer function, we measured ROS, including «OH, in cell-free system and in
cultured ESCC cells. Cu-Cy NPs alone had the best capability to produce ROS, including
*OH, and DSF acted as a ROS scavenger with reduced ROS and «OH (Figure 4). Since DSF
+Cu-Cy NPs had a better anti-cancer effect even with less production of ROS, including
*OH, than Cu-Cy alone, these results indicate that generation of ROS, including *OH, may
not be the key mechanism underlying the anti-cancer effect of DSF/Cu-Cy.

The anti-cancer effect of DSF and Cu-Cy relied on not only inhibiting cell proliferation but
also on the induction of apoptosis (Figure 3). Several transcription factors have been
demonstrated to play a key role in cell proliferation and apoptosis in ESCC. NF-xB is one of
them3’. This transcription factor family contains p65/RelA, p50, p52, c-Rel, and RelB.
When activated, 1xB complex releases NF-xB (p65) which translocates from cytosol to
nucleus38. As shown Figure 5, DSF+Cu-Cy NPs clearly blocked nuclear translocation of
NF-xB in KYSE-30 cells. Since NF-xB signaling pathway is also known to be involved in
epithelial-mesenchymal transition and metastasis, the administration of DSF+Cu-Cy NPs
could be beneficial for metastatic ESCC cases too. Combination of DSF and Cu has been
shown to decrease drug resistance of chemotherapy drug in both colon and breast cancer3,
it will be of importance to investigate whether DSF+Cu-Cy NPs could overcome drug
resistance in ESCC cells in the future.

CONCLUSIONS

This study provided evidence to show that Cu-Cy NP is a new and safer agent providing Cu
to work together with DSF to significantly improve the anti-cancer effect in esophageal
cancer. The enhanced cytotoxic nature of Cu-Cy+DSF may be ascribed to the synergetic
effect of the ROS production and formation of DSF-Cu complex. The formation of the DSF-
Cu complex can be supported by the evidence of change in the physical color, fluorescence
and absorption spectra, XRD patterns, and FTIR spectra. Data further showed that the
combination of DSF and Cu-Cy induced cell apoptosis, and blocked the translocation of NF-
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KB (p65) into the nucleus in ESCC cells. This work may provide some insight to pave the
way for the development of a new chemotherapy strategy using DSF and CuCy NPs for EC
and other cancer patients. Further investigation on how to improve the stability of DSF and
CuCy NPs in the bloodstream and how to combine with other treatments, such as
radiotherapy and photodynamic therapy, are warranted.
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Figure 1.
Combination of disulfiram (DSF) and Cu-Cy nanoparticles (NPs) inhibiting cell

proliferation in KYSE-30 cells. A. Dose-dependent curve of DSF in cell viability. B. Dose-
dependent curve of Cu-Cy NPs in cell viability. C. Statistics of cell viability among the
different groups. Data are shown as mean + S.E.M., ** p <0.01, *** p <0.001, n=3. D.
Phase contrast images of K'YSE-30 cells treated with vehicle only (control), DSF combined
with Cu-Cy NPs (1 uM) at either 50 uM or 1 uM. Note, DSF at 1 uM induced more cell
death than at 50 UM with 1 UM Cu-Cy NPs.
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Figure2.
Formation of new material in a mixture of DSF and Cu-Cy NPs. A. Pictures of the various

ratios of DSF to Cu-Cy NPs (DSF: Cu-Cy=50:1, 10:1, 1:1, 1:4, and 1:8) and Cu-Cy NPs
alone (from left to right) after 4 h of incubation upon room light (top) and ultraviolet (UV)
light (bottom). B. Photoluminescence (PL) spectra of Cu-Cy NPs and Cu-Cy+DSF
(DSF:Cu-Cy=1:4) with the excitation wavelength of 365 nm. C. UV-vis absorption spectra
of DSF:Cu-Cy at 1:4, Cu-Cy (84 uM), and DSF (21 uM) dispersed in ethanol. D. UV-vis
absorption spectra of various molar ratios of DSF to Cu-Cy (50:1, 10:1, 1:1, 1:4, and 1:8,
respectively) dispersed in ethanol. E. X-ray diffraction (XRD) patterns of Cu-Cy NPs mixed
with DSF at various ratios (DSF: Cu-Cy at 10:1, 1:1, 1:4 and 1:8), Cu-Cy alone and DSF
alone. Inserted panel is an enlarged view of the XRD spectra of Cu-Cy NPs mixed with
disulfiram (DSF:Cu-Cy at 1:4). Three black arrows indicate the new peaks observed. F.
Fourier-transform infrared (FTIR) spectra of DSF:Cu-Cy=1:4, DSF, and Cu-Cy powders.
The black arrow indicates the characteristic absorption peak at 997 cm™1,
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Figure 3.
Reduced cell viability in KYSE-30 cells treated with DSF and Cu-Cy NPs at various ratio.

A. Cell viability of KYSE-30 cells treated with DSF, Cu-Cy NPs or combination at various
ratio as indicated. Cell numbers are normalized with cells cultured in normal growth
medium without any addition (control). Data are represented as the mean + S.E.M, *p <
0.05, ** p < 0.01, n=3. B. Confocal microscopy images of nuclei with hoechst staining.
Cells were treated with DSF, Cu-Cy NPs or combination. Arrows point out nuclear
fragmentation and condensation, a hall mark of apoptosis. Scale bar, 10 um.
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Figure4.
Detection of ROS and hydroxyl radical (*OH) production in solutions containing Cu-Cy NPs

using fluorescent probes. A. Relationship between the relative photoluminescence (PL)
intensity at 524 nm with incubation time. The enhancement in the relative PL intensity
shows the generation of ROS. The excitation and emission wavelengths were 495 nm and
524 nm, respectively. B. Relationship between the relative photoluminescence (PL) intensity
at 452 nm with incubation time. The enhancement in the relative PL intensity shows the
generation of hydroxyl radical (*OH). The excitation and emission wavelengths were 332
nm and 452 nm, respectively. The data are presented as the mean * standard deviation from
the three independent experiments. C. Intracellular ROS measurement using fluorescent
probe DHE. DHE fluorescence was measured in KYSE-30 cells treated with Cu-Cy (1 uM),
DSF (4 uM), Cu-Cy (1 pM)+DSF (4 uM), CuCl;, (12 pM), CuCl, (12 pM)+DSF (4 uM) for
indicated hours. The data are shown as the mean + S.E.M., n=18 from 2 independent
biological replicates.
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Combined treatment of Cu-Cy and DSF inhibiting NF-KB (p65) nuclear translocation. A.
Immunostaining of NF-KB (p65) (green) and Hoechst nuclei (red) in KYSE-30 cells. The
treatment protocol is shown at the top. Cells were starved in 0.1% FBS for 2 hours and then
switched to 10% FBS to initiate stimulation. NF-RB (p65) is stained with antibody (green)
and nuclei is stained with Hoechst (red). Scale bar, 50 um. B. The percentage of cells with

NF-KB (p65) nuclear pattern in each group is calculated. Data are presented as mean +
S.E.M., *p<0.05, **p<0.01, n=7.
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Figure®6.
Combined treatment of Cu-Cy and DSF inhibiting tumor growth in xenograft mice. A.

Tumor growth curve of xenograft mice in control or treatment groups, i.e. Cu-Cy alone, DSF
alone, DSF+Cu-Cy, DSF+CuCl,. Data are presented as as mean + S.E.M., ** p < 0.01, n=6.
B. The bodyweight curves of xenograft nude mice in the control group. Data are shown as as
mean + S.E.M., n=6. C. H&E staining of tumor tissue, heart, kidney, spleen, liver and lung
in control and different treatment groups. * p < 0.01, ** p < 0.001, n=6. Scale bar, 100 um.
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