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Abstract

Background: Retinoblastoma is a rare intraocular malignancy that leads to vision loss in children. While copper (Cu) chelation
has been reported as a therapy in many cancers, its relevance to retinoblastoma has not yet been explored.

Objectives: In this study, we have explored the role of penicillamine (a Cu chelator) as a therapeutic target for retinoblastoma
using Y79 cells as a model.

Methods: The effect of the Cu chelator on the viability of Y79 was assessed using the MTT assay. Additionally, we performed
nuclear fractionation to assess Nuclear factor erythroid 2-related factor 2 (NRF2) activation, evaluated the downstream
targets of NRF2 at transcript and protein levels, and measured SOD (superoxide dismutase) activity.

Results: Penicillamine (2 mM) induced cell death in Y79 cells, inhibited NRF2 signaling, and reduced SOD activity. Furthermore,
the downstream targets of NRF2 namely VEGF as well as PCNA (proliferating cell nuclear antigen) were decreased with
penicillamine, which induced cell death in Y79 cells. We observed similar results in HeLa cells (positive control) comparable
to Y79 cells.

Conclusion: Therefore, we speculate that penicillamine could be a target for retinoblastoma as it induces cell death in Y79

cells by regulating NRF2 nuclear translocation and decreasing its downstream targets.
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Abbreviations

Y79: Retinoblastoma Cell Line; ARPE-19: Adult Retinal
PigmentEpithelial 19; HNO3: Concentrated Nitric Acid; H202:
Hydrogen Peroxide; CTR1: Copper Transporter 1; VEGF:
Vascular Endothelial Growth Factor; ATP7A & 7B: Copper
Transporting ATPase 7A & 7B; SOD1: Superoxide Dismutase
1; NRF2: Nuclear Factor Erythroid 2-Related Factor 2;
NQO1INAD(P)H: Quinone Acceptor Oxidoreductase; HO1:
Heme Oxygenase; MDM2: Mouse Double Minute 2 Homolog;
GST: Glutathione S-Transferase; PCNA: Proliferating Cell
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Nuclear Antigen; KEAP1: Kelch-like ECH Associated Protein
1; ARE: Antioxidant Response Element; HepG2 & Hep3B:
Human Liver Cancer Cells.

Introduction

Retinoblastoma (RB) is an ocular cancer that
predominantly affects children, one case per 15,000-20,000
live births [1]. Nearly 45% of RB cases are hereditary,
initiated by deactivation of both copies of the retinal RB1 gene
(located at 13q14) [2]. An earlier study from our institute
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showed increased SOD (superoxide dismutase) expression
in RB tumor tissues, suggesting active involvement of redox
signaling pathways in RB pathogenesis. Y79 cells subjected
to H202 treatment exhibited increased levels of the SOD1
enzyme, as indicated by microarray analysis [3]. The SOD
helps in preventing oxidative damage by converting free
radical into hydrogen peroxide. SOD1, SOD2, and SOD3 are
the three SOD subtypes [4]. SOD1, a major cytosolic enzyme,
accounts for 80% of cellular SOD activity and is rapidly
emerging as a novel target for cancer therapy [5-7]. Copper
(Cu) is arequired cofactor for the enzymatic activity of SOD1
[8]. Cu chelation has been widely used as a cancer therapy
[9] Inretinoblastoma, although the levels of Cu are unknown,
increased parental Cu intake has been associated with child’s
risk of sporadic bilateral retinoblastoma resulting from a
new germline RB1 mutation [10].

NRF2 is a transcription factor in humans belonging to
the Cap ‘n’ Collar (CNC) subfamily [11]. Modifying cysteine
residues of KEAP1 by oxidative and electrophilic stress is a
principal mechanism by which NRF2 is activated [12]. NRF2
knockout mice show decreased levels of SOD1 expression,
thereby abolishing the cytoprotective role against H202
stress in cardiomyocytes [13]. Copper (Cu) is one of the
main factors reported to induce NRF2 in many cancers
[14]. In normal physiological circumstances, proteosomal
degradation of NRF2 is mediated by KEAP1 which marks
ubiquitin to NRF2 in the cytoplasm. KEAP1/NRF2 complex
is separated when faced with stress. NRF2 has been shown
to be activated by PKC, JNK, PIK3, and ERK. Transcription of
downstream genes like HO-1, NQO1, GCLM, and GCLC was
initiated when the NRF2 combines with MAF and ARE in the
nucleus [12]. Among these, HO1 and MDM2 are associated
with cancer progression [15,16]. HO1 is reported to be
elevated in various tumor cell types, including hepatoma,
gastric cancer, lung cancer, and breast cancer, and it
stimulates rapid cell growth, promotes angiogenesis, and
aids in tumor metastasis [17]. MDM2 is present at high levels
in some cancers, suppresses p53 activity, and functions
as an independent oncogene [16]. Therefore, in this study,
we aimed to identify the role played by the Cu chelator
penicillamine in regulating NRF2 expression and SOD
activity in Y79 cells as a model for retinoblastoma. Similarly,
we also examined the role of Cu chelator in regulating NRF2
expression in HeLa cells.

Materials and Methods

Cell Culture

The human-derived metastatic RB cell line Y79 and the
cervical carcinoma cell line HeLa were kindly provided by Dr.
V. Umashankar, Vision Research Foundation. Y79 cells were
grown in RPMI-1640 with 10% FBS (Gibco, USA) at 37°C
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in 5% CO2. HeLa cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, USA) with 10% FBS (Gibco,
USA) at 37°C in 5% CO2. Both cell lines were serum-starved
for 4 hours using their respective media supplemented with
1% FBS before exposure. The treatment conditions included
50 uM copper (Cu), 2 mM penicillamine (P), a co-treatment of
Cu and penicillamine (Cu+P), and untreated cells as controls
(CTRL). Adult human Retinal Pigment Epithelial cells (ARPE-
19, ATCC - CRL 2302) were cultured in DMEM-F12 (Sigma,
USA) medium supplemented with 10% FBS (Gibco, USA) and
0.1x antimycotic and antibacterial solution (Gibco, USA). The
ARPE-19 cells were treated with varying concentrations of
penicillamine in DMEM-F12 supplemented with 1% FBS and
antimycotic and antibacterial solution (Gibco, USA).

Viability Assay

To assess cell viability, we conducted the MTT
(3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium
bromide) assay under different treatment conditions and
with varying concentrations of penicillamine (ranging from
50 uM to 500 pM and from 1 mM to 4 mM) for 24 hours
in ARPE-19, HeLa, and Y79 cells. Post-treatment, the cells
were exposed to MTT and the resulting formazan crystals
were dissolved in DMSO and measured at 570 nm using
a Spectramax MZ2e spectrophotometer from Molecular
Devices, located in California.

Estimation of Copper in Y79 Cells

Intracellular Cu was measured using an atomic
absorption spectrophotometer (AAS) Analyst 700 (Perkin
Elmer, USA). After exposure, the cells were washed with
PBS and lysed using a 5:1 mixture of HNO3 and perchloric
acid (Merck, India) and ashed in a Bunsen flame. The ashed
samples were dissolved in 1 ml of 0.2% HNO3, centrifuged,
and the supernatant was used to estimate Cu. The AAS
parameters for the assay included a Cu hollow cathode lamp
at a wavelength of 324.8 nm with a slit width of 0.7 nm. The
sample Cu was atomized at 2300°C using a graphite furnace,
and the absorbance was recorded. The concentration of Cu
was calculated after calibration with a known Cu standard
from Perkin Elmer (20-100 pg/L).

RNA Extraction and Polymerase Chain Reaction

Total RNA was extracted using TRIzol reagent (Sigma,
USA) according to the manufacturer’s protocol, and 1 pg
of the RNA was converted to cDNA using the iScript cDNA
synthesis kit (Bio-Rad, USA). Quantitative PCR (qPCR) was
performed using SYBR chemistry. The list of primers used is
provided in Table 1. The specificity of the amplified products
was confirmed based on the melting curve, and the fold
change was calculated using the 27 ACt (treated - untreated)
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method. 18S rRNA was used for normalization [18].

Nuclear Localization Studies

Nuclear fractionation and western blotting were
performed on Y79 cells, while immunocytochemistry was
conducted on HeLa cells. The nuclear fractionation protocol
was based on the Abcam nuclear extraction and fractionation
protocol (https://www.abcam.com/protocols/nuclear-
extraction-protocol-nuclear-fractionation-protocol).  Post-
treatment, Y79 cells were centrifuged, and the pellet was
resuspended in fractionation buffer A (10 mM HEPES, 1.5 mM
MgCl2, 10 mM KC], 0.5 mM DTT, 0.05% NP40; pH 7.9) with a
protease inhibitor cocktail. The suspension was placed on ice
for 10 minutes, followed by centrifugation at 3000 rpm for
10 minutes at 4°C. The supernatant containing the cytosolic
fraction was preserved. The pellet was resuspended in
fractionation buffer B (5 mM HEPES, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM DTT, 26% glycerol; pH 7.9, 4.6 M NaCl) and
homogenized using a 21-gauge syringe, then placed on ice
for 30 minutes, followed by centrifugation at 24,000 g for 20
minutes at 4°C. The supernatant was aliquoted and used for
western blotting.

For immunocytochemistry, coverslips were placed in a
24-well plate, and HeLa cells grown on them were exposed
to the conditions mentioned above for 24 hours. Post-
treatment, the cells were fixed with 4% formaldehyde and
permeabilized with 0.1% Triton X-100. The cells were stained
with NRF2 antibody (1:200; Santa Cruz Biotechnology, USA),
and images were captured using a Carl Zeiss microscope
(100x) (Zeiss Axio Observer Z1, Jena, Germany).

Western Blot Analysis

Y79 cells were lysed using RIPA buffer with a protease
inhibitor cocktail (Roche, Switzerland). Protein estimation
was performed using a BCA kit (Thermo Scientific, USA), 35-
40 pg of protein were subjected to 12% resolving gel SDS-
PAGE then the blot was transferred to a PVDF membrane
(GE Healthcare, USA) using a semi-dry transfer method. 5%
of non-fat dry milk in TBST was used as a blocking agent.
The appropriate dilution of primary antibodies: CTR1
(1:1000; polyclonal, rabbit, Pierce, Thermo Scientific, USA),
HO1 (1:500; monoclonal, mouse, Santa Cruz Biotechnology,
USA), VEGF (1:1000; polyclonal, rabbit, Cell Science), NRF2
(1:500; monoclonal, mouse, Santa Cruz Biotechnology,
USA), PCNA (1:3000; monoclonal, rabbit, Cell Signaling
Technology), H3 (1:1000; monoclonal, mouse, Cell Signaling
Technology) and B-actin (1:1000; monoclonal, mouse, Santa
Cruz Biotechnology, USA) were used and kept at 2-8°C for
overnight. After incubation, the blot was washed using TBST
and incubated for 2 hours with the appropriate secondary
antibody (sc-2005 & sc-2357, Santa Cruz Biotechnology,

Bharathidevi SR, et al. Down-Regulation of NRF2 Signaling Triggers Cell Death in Y79 Cells upon Copper

Chelation. ] Ophthalmol 2025, 10(1): 000329.

Open Access Journal of Ophthalmology

USA). ECL substrate (Bio-Rad, USA) was used to detect the
bands on the membrane, visualized with a FluorChem FC3 Gel
Documentation System. -actin was used for normalization,
and H3 was used as a normalization control for fractionation
studies.

SOD Activity Assay

SOD is an antioxidant and has been shown to inhibit
the auto-oxidation of epinephrine. The SOD activity under
copper and penicillamine-treated conditions was measured
using the epinephrine auto-oxidation method based on the
protocol by Mishra H.P. and Fridovich I [19]. The protein
was extracted by lysing the cells in RIPA buffer (pH 8.0)
via sonication on ice for a minimum of 2 x 30 seconds.
Samples were centrifuged for 10 minutes at 10,000 rpm at
4°C (5810R Eppendorf, Hamburg, Germany) and the protein
concentration in the supernatant was determined using the
BCA protein assay kit. Forty micrograms of protein were
used for the assay. The lysates containing SOD were tested
for inhibition of epinephrine auto-oxidation in 50 mM
carbonate buffer (pH 9.8) at 480 nm at 15-second intervals
up to 4 minutes (kinetic method) in a spectrophotometer
(M2 Spectrmax, USA) and the results were expressed as
percent inhibition of auto-oxidation.

Detection of Reactive Oxygen Species (ROS)

ROSproductionin Y79 cells on treatment with copperand
a co-treatment of Cu and penicillamine (Cu+P), was detected
by measuring the fluorescent signal using the DCFDA assay
(redox-sensitive-fluoroprobe- 2’, 7’-dichlorofluorescein-
diacetate). The Y79 cells were treated with the conditions
along with the DCFDA (10 mM) and incubated in the dark
for 30 min at 37 - C in 96 well plates. Post-treatment, the
cells were washed with PBS, and the fluorescence of DCF was
detected with 525 nm as an emission wavelength and 485
nm as an excitation wavelength.

Statistical Analysis

All experiments were done as biological triplicates.
Statistical analysis was performed using Graphpad Software
version 8. Results were expressed as mean * standard
deviation. One-way ANOVA followed by Dunnett’s post hoc
test was used. A p-value < 0.05 was considered statistically
significant.

Results

Expression Pattern of CTR1 in Y79 Cells

Initially, since there are no reports on the expression of
Cu transporter (CTR1) in Y79 cells, we compared the protein
levels of CTR1 in these cells with those in the normal ocular
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cell line ARPE19, which forms the blood-retinal barrier.
We found that CTR1 expression was increased in Y79 cells
compared to ARPE19. Furthermore, Cu uptake in Y79
cells was assessed using atomic absorption spectroscopy.
Intracellular Cu accumulation was higher in Y79 cells (37
pg/L) compared to ARPE19 cells (24 pg/L) (Figure 1A &
B). Additionally, we measured the mRNA levels of CTR1 and
intracellular copper in HeLa cells and found that both were
elevated compared to ARPE19 cells (1.8-fold increase for
CTR1 and 42 pg/L for intracellular copper) (Figure S1A & B).

Cell Cytotoxicity Assay with Penicillamine

The dosage of the copper chelator penicillamine for
Wilson’s disease ranges from 750 mg to 1500 mg per day,
which corresponds to approximately 5 to 10 mM [20].
About 250 mg per day has been used for copper depletion
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and anti-angiogenesis treatment in glioblastoma [21].
Therefore, we used varying concentrations of penicillamine
(50 puM to 4 mM) to assess cell viability in Y79 cells using
the MTT assay. Significant cell death was observed at 2 mM
and 4 mM concentrations of penicillamine (32% and 52%,
respectively) which was confirmed by BAX & BCL2 expression
in penicillamine with and without Cu co treatment (Figure
S2). Consequently, further experiments were conducted
with a 2 mM concentration of penicillamine. Additionally,
we evaluated cell viability and the efficacy of penicillamine
in inducing cell death by co-treating with Cu (50 uM, a
concentration observed in the serum of cancer patients [22-
24], and found it to be cytotoxic (35% in P+Cu) (Figures 1C
& D). We also found that 2 mM and 4 mM concentrations of
penicillamine were cytotoxic in HeLa cells (25% in P and
31% in P+Cu) but non-toxic to ARPE19 cells (Figures S1C-F).

Figure 1: CTR1 expression, Intracellular copper concentration and Cytotoxicity: (A) CTR1 expression in Y79 compared to
ARPE19 cells; (B) Intracellular copper concentration in Y79 compared to ARPE-19 cells using AAS; (C) Cell viability was
measured at varying concentrations of penicillamine in Y79 cells at 24 h; (D) Cell viability on penicillamine co-treatment with
Cuin Y79 cells; ** p < 0.01; *** p < 0.001; when compared to control. # p < 0.05; when compared Cu.

Regulation of Cu Homeostasis by Penicillamine
in Y79 Cells

Further, Cu accumulation in Y79 cells was significantly
increased with Cu treatment, whereas it was inhibited by
penicillamine, both with and without Cu co-treatment.
Penicillamine-Cu co-treatment significantly reduced copper
accumulation compared to penicillamine treatment alone
(42 pg/L with Cu, 23 pg/L with penicillamine, and 20 ug/L
with penicillamine-Cu co-treatment) (Figure 2A). The Cu
influx transporter CTR1 expression was elevated with Cu
treatment, whereas penicillamine with copper significantly
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reduced its expression (1.3-fold increase with Cu and
0.6-fold decrease with penicillamine-Cu co-treatment)
(Figures 2B & C). The transcript levels of efflux chaperones
ATP7A and ATP7B were increased with penicillamine and
penicillamine-Cu co-treatment compared to control (ATP7A
was 5-fold higher with penicillamine and 9-fold higher
with penicillamine-Cu co-treatment, while ATP7B was
4-fold higher with penicillamine-Cu co-treatment alone).
Penicillamine-Cu co-treatment significantly increased the
mRNA levels of efflux chaperones compared to Cu alone and
penicillamine alone (Figure 2D).
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Figure 2: Copper transport chaperones: (A) Intracellular copper concentration measured using AAS; (B) CTR1 western
blot in the treatment conditions; (C) CTR1 densitogram of western blot normalized to 3 actin; (D) Transcript levels of efflux
chaperones ATP7A and 7B; * p < 0.05; when compared to control. # p < 0.05; ## p < 0.01; when compared Cu. $ p < 0.05; when
compared to penicillamine

Figure 3: NRF2 activation and its downstream molecules: (A) Transcript levels of KEAP1 and NRF2; (B) NRF2 western blot
showing nuclear fractionation; (C) NRF2 densitogram normalized to H3; (D) Western blotting for total protein lysate; (E)
NRF2 densitogram normalized to 8 actin; (F) Transcript levels of downstream targets of NRF2; * p < 0.05; ** p < 0.01; when
compared to control. # p < 0.05; ## p < 0.01; when compared Cu. $ p < 0.05; when compared to penicillamine.
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Effect of Penicillamine of SOD and NRF2 Activity

Cu is known to modulate the transcription factor
NRF2, whose activation is inhibited by binding to KEAP1.
Transcript levels of KEAP1 were significantly decreased
with Cu treatment (0.7-fold) but significantly increased with
penicillamine, both with (1.3-fold) and without (2.7-fold) Cu
co-treatment. The increase in KEAP1 transcript levels with
penicillamine-Cu co-treatment was also significantly higher
compared to penicillamine alone. Similarly, Cu treatment
significantly increased NRF2 transcript level by 2.9-fold but
significantly decreased with penicillamine treatment (Figure
3A). Cu treatment induced NRF2 nuclear translocation in
Y79 cells and total protein lysates also showed increased
NRF2 levels with Cu treatment, while NRF2 levels were
decreased with penicillamine and penicillamine-Cu co-
treatment in both nuclear and cytoplasmic fractions
(Figures 3B-E). Additionally, we have also verified in HeLa
cells that NRF2 nuclear translocation was inhibited with
penicillamine treatment (Figure S3). Further transcript
levels of downstream targets of NRF2, namely NQO1 (3.2-
fold), HO1 (4.3-fold), MDM2 (5-fold), and GST (13-fold), were
significantly decreased with penicillamine, both with and
without Cu co-treatment, compared to Cu treatment in Y79
cells (Figure 3F).

As NRF2 inhibition has been reported to reduce SOD1
expression levels, we assessed the activity of SOD in Cu and
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penicillamine treatments. SOD activity was measured as
the percentage inhibition of epinephrine auto-oxidation.
We observed increased inhibition of epinephrine auto-
oxidation with Cu treatment but a significant decrease with
penicillamine co-treatment, indicating that penicillamine
may inhibit SOD activity in Y79 cells (Figure 4A). Cu
chelation reduces NRF2 translocation and also decreases
SOD activity in Y79 retinoblastoma cells. Since NRF2 and
SOD are known to decrease ROS levels, we measured
ROS levels under the different treatment conditions. Cu,
penicillamine, and penicillamine-Cu co-treatment all showed
significant increases in ROS levels compared to the control
(Figure 4B). Notably, penicillamine-Cu co-treatment resulted
in a significant increase in ROS levels compared to Cu and
penicillamine-alone treatments. It us well studied and
established that copper generates ROS through Fenton's
reaction. Further the generation of ROS by penicillamine
is reported due to reduction of Cu(Il) to Cu(I) that catalyze
oxidation that leads to the generation of reactive oxygen
species (ROS) such as superoxideradicals, H202,and hydroxyl
radicals [25]. ROS is suggested as an important factor which
can induce apoptosis by increasing the ubiquitination of Bcl-
2, protein that prevents apoptosis and increases the levels
of Bax and caspases which are proopptotic factors [26]. We
also observed increased BAX/BCL2 ratio in this study and
speculate the increase in ROS levels could be the reason for
the cell death.

Cu. $ p < 0.05; when compared to penicillamine.

Figure 4: SOD activity and intracellular ROS: (A) SOD activity measured as inhibition of auto-oxidation of epinephrine; (B)
Intracellular ROS measured using DCFDA fluorescence assay; * p < 0.05; when compared to control. # p < 0.05; when compared

Effect of Penicillamine on HO1 and MDM2

Two main downstream targets of NRF2 well-studied in
cancer cells are heme oxygenase-1 (HO1) and Mouse double
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minute 2 homolog (MDM2). VEGF, a downstream target
of HO1, also showed a similar decrease in expression in
penicillamine alone and with Cu co-treatment (Figures 5A &
B), indicating that Cu chelation decreases cell proliferation
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through the HO1-VEGF axis. This was further confirmed
in HeLa cells, where a significant decrease in VEGF protein
levels was observed with penicillamine treatment (Figures
S4A & B). PCNA, a downstream target of MDM?2, also showed
decreased levels with penicillamine and co-treatment

Open Access Journal of Ophthalmology

compared to Cu treatment (Figures 5A & C). Additionally,
HeLa cells also exhibited a significant decrease in PCNA
protein levels under co-treatment conditions (Figure S4A &
C). Our study indicates that both VEGF and PCNA expression
was significantly reduced by the Cu chelator penicillamine.

# p < 0.05; when compared Cu.

Figure 5: Effect of penicillamine on HO1 and MDM2: (A) Western blots for VEGF and PCNA with their respective {3 actins; (B)
VEGF densitogram normalized to  actin; (C) PCNA densitogram normalized to {3 actin; * p < 0.05; when compared to control.

Discussion

Retinoblastoma management is based on the severity
and extent of the disease, the status of the other eye, the
child’s overall health, socioeconomic background, and
access to expert care [27]. Primary treatments include
enucleation, intravenous chemotherapy combined with focal
therapy (such as laser therapy or cryotherapy), intra-arterial
chemotherapy combined with focal therapy, and focal therapy
alone for small tumors at diagnosis [28]. New treatment
regimens targeting retinoblastoma cell proliferation and
tumorigenesis are being explored for improved disease
management [29]. Intracellular Cu accumulation with
increased CTR1 levels has been reported in various cancers,
including breast, ovarian, gallbladder, stomach, and lung
cancers [9,30]. Cu chelation has been utilized as a therapy in
multiple cancers [31]. However, there are no reports so far
on Cu chelation therapy specifically for retinoblastoma.

In this study, we have demonstrated that there is
increased expression of CTR1 and elevated Cu accumulation
in Y79 cells compared to the normal ocular cell line ARPE19.
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Cu is known to modulate the transcription factor NRF2,
which is crucial for the ARE-mediated response [14]. NRF2
nuclear translocation has been reported in various cancers
and is a critical factor for cancer progression. The activation
of the NRF2 transcription factor depends on KEAP1
regulation, which forms a complex with NRF2, leading to
the ubiquitination and proteasome-dependent degradation
of NRF2 [32]. KEAP1 is reported to maintain a steady state
kinetics of NRF2 under basal homeostatic conditions [33].
Under stress or cancer conditions, NRF2 is released from
the KEAP1-NRF2 complex, activated, and translocated into
the nucleus to induce its downstream targets which are
cytoprotective genes [34]. Disulfiram complex has been
shown to inhibit NRF2 expression and induce apoptosis
in leukemia [35], while tetra-thiomolybdate has also been
reported to decrease NRF2 expression in neuroblastoma cell
lines [36]. In our study, we observed an increase in KEAP1
transcript levels and a decrease in NRF2 transcript levels
with penicillamine treatment and also a decreased nuclear
translocation of NRF2 in both Y79 and HeLa cells with this
Cu chelator.
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NRF2 knockdown has been reported to reduce
SOD1 expression levels in cardiomyocytes of mice [13].
SOD1 expression has been shown to be increased in
retinoblastoma [3]. SOD1 was found to be overexpressed in
lung adenocarcinoma [37], and inhibition of SOD1 by a tetra-
thiomolybdate analogue, a Cu chelator, induced cell death
in non-small cell lung cancers [38]. Inhibition of SOD1 in
nasopharyngeal carcinoma leads to cell death and apoptosis
[39]. Further small molecules that inhibit SOD1 are reported
to induce cell death in lung adenocarcinoma cells [40].
A decrease in SOD1 results in excess ROS, which induces
cell death by augmenting protein dysfunction and altered
cellular metabolism [41]. In our study, we demonstrate that
Cu chelation with penicillamine decreases SOD1 activity,
leading to an increase in ROS levels in both Y79 and HeLa
cells, which in turn induces cell death.

Thereductionin NRF2 translocation was furtherreflected
in the inhibition of its downstream targets, including NQO1,
MDM2,HO1, and GST. Increased HO1 expression in squamous
cell carcinoma, colorectal cancer, prostate cancer, and breast
cancer has been shown to promote cancer cell growth. Cu-
based nanoparticles have been reported to enhance chemo-
dynamic therapy by inhibiting HO1 in tumor cells [42]. The
Cu chelator bathocuproine disulfonic acid (BCS) has been
reported to decrease HO1 expression in HepG2 and Hep3B
cells [43]. HO1 is known to induce VEGF and promote
cell proliferation in non-small cell lung carcinoma [44].
Brusatol, an NRF2 inhibitor, has been shown to target the
NRF2-HO1 axis, thereby reducing VEGF and angiogenesis in
gastric cancer [45]. The induction of angiogenesis through
NRF2-HO1 pathways has also been reported in various
cancers, including gastric cancer, breast cancer, papillary
thyroid cancer, and bladder cancer [45-48]. In our study,
we demonstrate that Cu chelation decreases NRF2-HO1-
mediated increases in VEGF in both Y79 and HeLa cells.

Cu binding agents, such as dithiocarbonates and zinc
metallochaperones, diminish the expression of MDM2 by
increasing the expression of the tumor suppressor gene
p53 [49,50]. The isatin-Schiff base derivative Cu(Il) complex
promotes p53-dependent gene expression and apoptosis
through MDM2 suppression [51]. Cu oxide nanoparticles
have been shown to increase p53 levels, arrest the cell cycle,
and induce apoptosis by suppressing PCNA in breast cancer
cells [52]. In our study, we demonstrate that Cu chelation
with penicillamine reduces the expression of transcript
levels of MDM2 and decreases PCNA protein expression.
Thus, we hypothesize that the Cu chelator penicillamine
induces cytotoxicity by decreasing SOD activity, increasing
intracellular ROS, reducing angiogenesis and diminishing
cell proliferation through the NRF2-HO1-VEGF pathway.
We propose that copper chelation could be explored as a
therapeutic strategy for retinoblastoma, pending further
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evaluation of its efficacy in animal models.

Conclusion

From this study we speculate that chelation of
copper by penicillamine could be a strategy in managing
retinoblastoma. Limitation of the study: The long term
impact of NRF2 inhibition in normal retinal cells is still not
clear and therefore the effect of NRF2 inhibition in normal
retinal cells has to be validated in animal models.
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