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Zinc dyshomeostasis is manifested in breast and prostate cancer cells. This study attempted to uncover the molecular details
prodded by the change of extracellular zinc by employing a panel of normal and cancerous breast and prostate cell lines coupled
with the top-down proteomics with two-dimensional gel electrophoresis followed by liquid chromatography-tandem mass
spectrometry. The protein samples were generated from MCEF-7 breast cancer cells, MCF10A normal breast cells, PC3 prostate
cancer cells, and RWPE-1 normal prostate cells with or without exogenous zinc exposure in a time course (T, and Tjy). By
comparing the cancer cells vs respective normal epithelial cells without zinc treatment (T,), differentially expressed proteins (23
upregulated and 18 downregulated in MCE-7 cells; 14 upregulated and 30 downregulated in PC3 cells) were identified, which
provides insights into the intrinsic differences of breast and prostate cancer cells. The dynamic protein landscapes in the cancer
cells prodded by the extracellular zinc treatment reveal the potential roles of the identified zinc-responsive proteins (e.g., tri-
osephosphate isomerase, SI00A13, tumour proteins hD53 and hD54, and tumour suppressor prohibitin) in breast and prostate
cancers. This study, for the first time, simultaneously investigated the two kinds of cancer cells related to zinc dyshomeostasis, and
the findings shed light on the molecular understanding of the breast and prostate cancer cells in response to extracellular zinc
variation.

1. Introduction

Zinc (Zn**) is essential to life. It functions in the cell as
a cofactor for well over 300 enzymes and as a structural
component for approximately 10% of the human pro-
teome (~3000 proteins) [1]. Consequently, the cell has
developed an elaborate molecular network over the ex-
tensive evolutionary timeline to maintain zinc homeo-
stasis. Any disruption of such a network may lead to zinc
dyshomeostasis, resulting in health problems such as
cancers. Breast cancer is the most common malignancy in

females worldwide [2, 3], and prostate cancer in males is
the second and fifth highest in incidence and mortality,
respectively [2]. Both breast and prostate cancers are
associated with intracellular zinc dysregulation. Breast
cancer cells exhibit elevated intracellular zinc levels
compared to their normal epithelial cells [4], while
prostate cancer cells show decreased intracellular zinc
levels compared to their normal counterparts [5]. Such
diametrically opposite zinc profiles of breast and prostate
cancer cells provide an avenue for understanding the role
of zinc in these two types of cancer cells.


https://orcid.org/0000-0002-9855-8242
https://orcid.org/0000-0003-3988-9196
https://orcid.org/0000-0003-2131-9638
https://orcid.org/0000-0003-0577-1907
https://orcid.org/0000-0002-5882-8228
mailto:m.wu@westernsydney.edu.au
mailto:c.malladi@westernsydney.edu.au
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2024/9925970

It is well documented that cellular zinc homeostasis is
maintained by Zrt/Irt-like protein (ZIP), Zn>" transporter
(ZnT), and metallothionein (MT) [6-8]. ZIP family contains
14 members, ZIP1-14 encoded by SLC39A1-14. They in-
crease the cytoplasmic zinc level by importing zinc from the
extracellular space or the intracellular organelles/vesicles
into the cytoplasm. In contrast, ZnT family, which has 10
members as ZnT1-10 encoded by SLC30AI-10, reduces
cytoplasmic zinc by exporting cytoplasmic zinc out of the
cell or into the lumens of intracellular organelles. MT family
buffers cytoplasmic zinc to maintain zinc homeostasis [9].
The elevated accumulation of intracellular zinc in breast
cancer cells or the reduced intracellular zinc in prostate
cancer cells is associated with the dynamic expression of ZIP,
ZnT, and MT [10, 11]. Previous studies demonstrated that
the extracellular zinc exposure resulted in the elevation of
intracellular zinc [12-15]. Therefore, this study attempts to
prod the molecular machinery for zinc homeostasis into
action by applying the extracellular zinc exposure and then
uncover the dynamic changes by the proteomic approach.
As intracellular zinc levels are fluctuating in the cells of living
human beings, the dynamic changes in the proteomes of
breast and prostate cancer cells are indeed relevant to our
understanding of the zinc homeostasis in cancer cells.

Proteomics, complementary to genomics, is an estab-
lished and essential platform for cancer research [16].
Proteomic analysis on breast and prostate cancer tissues or
cell lines or biological fluids from the cancerous individuals
was employed in previous studies for the discovery and
validation of the predictive, diagnostic, and prognostic
markers [17-26]. Differential protein profiles have been
generated by the proteomics approach employing normal
tissues and malignant tissues of low- or high-grade cancers
[23]. Comparative proteome analysis reveals changes in the
proteins associated with metabolism [20, 27], drug re-
sistance, and metastasis of breast and prostate cancer cells
[28, 29]. However, the proteomic profiling has not been
simultaneously carried out thus far in normal and cancerous
cells of breast and prostate with or without extracellular zinc
manipulation. Proteomic insights might be gained by in-
vestigating these two types of cancer cells with extracellular
zinc manipulation which could prod the cells to action in
response to the change of extracellular zinc.

In this study, the top-down proteomic analysis, by two-
dimensional gel electrophoresis (2-DE) coupled with liquid
chromatography-tandem mass spectrometry (LC-MS/MS),
was systematically carried out on MCF-7 breast cancer cells
and MCF10A normal breast epithelial cells, PC3 prostate
cancer cells, and RWPE-1 normal prostatic epithelial cells,
with and without exogenous zinc exposure. The following
comparisons were performed in the data analysis: (1) the
cancer cells vs the corresponding normal cells without zinc
treatment (T,) including MCF-7 cells vs MCF10A cells and
PC3 cells vs RWPE-1 cells, (2) the cancer cells vs the re-
spective normal cells with exogenous zinc treatment for
120 min (T,0) including MCF-7 cells Ty, vs MCF10A cells
Ty and PC3 cells T,0 vs RWPE-1 cells T, (3) comparison
of cancer cells between T, and Ty including MCE-7 cells T,
vs MCE-7 cells Ty and PC3 cells Ty, vs PC3 cells Ty, and (4)
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comparison of the normal cells between T;,0 and Ty including
MCF10A cells Ty59 vs MCF10A cells Ty and RWPE-1 cells T},
vs RWPE-1cells Ty. Such detailed comparative analyses
revealed differential protein expression profiles of breast and
prostate cells in the context of with or without extracellular
zinc treatment, which provides significant insights and en-
hances our understanding of the breast and prostate cancer
cells in response to extracellular zinc variation.

2. Materials and Methods

All the chemicals and reagents were of the highest purity
grade from commercial providers as indicated in the
methods. All the cell lines were purchased from American
Type Culture Collection (ATCC, USA).

2.1. Cell Culture and Protein Extraction from ZnSO 4 Treated
and Untreated Cells. Breast cells (MCF10A, MCF-7) and
prostate cells (RWPE-1, PC3) were cultured in their stan-
dard growth media and condition described previously [10].
According to the formulations of the media used here and
the available data for the zinc contents in foetal bovine
serum [30] and horse serum [31, 32], the base level of zinc for
the complete DMEM and RPMI 1640 media is approxi-
mately 5uM, that for the complete DMEM/F12 is approx-
imately 2 uM, and that for the complete keratinocyte serum
free medium is 0.5 M. The mild cytotoxic dosage of ZnSO,
for each cell line was determined by treating the cells with
the individual dosages of ZnSO, including 0, 20, 50, 100, 150,
200, 250, 300, 350, 400, and 500 uM as described in the
previous studies [10, 14]. Each dosage was the final con-
centration of ZnSO,, which was carried out by adding 10 yL
of the 20X ZnSO, stock to the culture well containing
7000 cells in 190 yL medium (the final volume per well was
200 yL). The mild cytotoxic dosage for ZnSO, was defined as
the dosage which resulted in above 70%-85% cell viability at
the end of 2h zinc sulfate treatment. In this study, we used
mild cytotoxic ZnSO, dosages of MCF-7 (320 uM), MCF10A
(195.5 M), PC3 (110 uM), and RWPE-1 (186.88 uM) cells
for zinc treatment in proteomic analysis. The rationale for
selecting the mild cytotoxic dosages of ZnSO, is to obtain the
datasets on differentially expressed proteins prodded by the
dosages without severely compromising the overall health of
the cells in the culturing flasks of this study. The viability of
cells between 70% and 85% is ideal here, which allows the
findings to be relevant to the physiological state of the cells
and provides maximum data possible. MCF-7, MCF10A,
PC3, and RWPE-1 cells were grown in 75cm? flasks until
achieving ~80% confluency and then the spent medium was
aspirated and replaced with 11.9 mL of complete medium.
ZnSOy at 120x stock concentration of each dosage for each
cell line was prepared in sterile Milli-Q H,O (Milli-Q®
Advantage A10 Water Purification System, Merck, Aus-
tralia). The cells were treated with 100 yL of their respective
ZnSO, stocks. The control cells were treated with 100 uL of
sterile Milli-Q water. The cells were incubated for 120 min
(Ty20) and then the protein extraction was performed. Each
treatment or control has three biological replicates, which
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means three protein samples for each time point of a given
treatment or control. Each protein sample was prepared with
three 75 cm? flasks of ~80% confluence.

Following the completion of incubation period, the
medium was discarded, and the cells were washed and
collected in 1x phosphate-buffered saline (PBS). The cell
pellets were obtained by centrifugation at 350 g for 3 min at
4°C and washed with ice cold 1x PBS twice. Finally, the cell
pellet was resuspended into 1 mL of ice cold 1x PBS and
transferred into sterile 1.5mL microfuge tubes. The cells
were centrifuged at 6000 rpm at 4°C for 5min and the su-
pernatant was discarded. The cells were snap frozen in liquid
nitrogen and stored at —80°C for protein extraction.

150-200 pL of total protein extraction buffer containing
8M urea (Amresco, Solon, OH, USA), 2M thiourea
(Amresco, Solon, OH, USA), 4% CHAPS (Amresco, Solon,
OH, USA), and 1x protease inhibitors (Sigma-Aldrich) was
added to each cell pellet in a microfuge tube kept on ice. The
cells were then homogenised by using a probe sonicator
(Across International, Australia) and centrifuged at 124436 g
(SW 55 Ti rotor, Beckman Coulter, Indianapolis, IN, USA) at
4°C for 1h. The supernatants were collected into individual
tubes for either immediate analysis or storage at —80°C.

2.2. Protein Quantification, Reduction, and Alkylation for 2D
Gel Electrophoresis. The protein concentration for each
sample was estimated using the EZQ™ protein quantitation
kit (Life Technologies, Eugene, OR, USA) according to the
manufacturer’s instructions. 100 g of each protein sample
was taken in a sterile 0.65mL microfuge tube. An equal
volume of rehydration buffer (containing a mixer of carrier
ampholytes (Bio-Lyte, Bio-Rad, Australia) at a final con-
centration 2% (v/v)) was added to each tube. The sample was
then mixed with 2.42 yL of reduction buffer 2 M DTT in
0.2 M TBP) and incubated at 25°C for 1 h on a heating block
(Dry Block Heater, Thermoline Scientific, Australia). Fol-
lowing the incubation, 5.1 yL acrylamide (5.6 M) was added
to each protein sample for alkylation, vortexed, and in-
cubated at 25°C for further 1h. The protein samples were
then ready for 2D separation.

2.3. First Dimension-Isoelectric Focusing (IEF). 'The nonlinear
7 cm long immobilised pH gradient (IPG) strips with pH 3-10
gradients were hydrated with 125uL of the above-treated
protein sample (100 ug). The IEF was then carried out by us-
ing Protean IEF apparatus (Bio-Rad, USA) with the following
program: desalting at 250 V for 15 min, ramping up the voltage
to 4000 V by a linear gradient for 2 h, keeping 4000 V constant
for a total of 37500 Vh and then terminating the isoelectric
focusing or holding at 500 V until the termination. The tem-
perature of the IEF apparatus during isoelectric focusing was
17°C. Upon completion of the isoelectric focusing, the IPG
strips were immediately subjected to the second dimension.

2.4. Second Dimension-Sodium Dodecyl Sulfate Poly-
acrylamide Gel Electrophoresis (SDS-PAGE). The IPG strips
from the first dimension were incubated in 130 mM DTT in
equilibration buffer for 10 min followed by 10 min alkylation

with 350 mM acrylamide at room temperature on a gentle
shaker. Instantly, the IPG strip was placed in warm agarose
layer over the stacking gel (5%) which was above the resolving
gel (12.5% (w/v) acrylamide, 1 mm thick 8.4 x 7 cm). Once the
agarose layer was solidified, the electrophoresis was carried
out in 1x tris-glycine-SDS running buffer at 90 V and 4°C for
3h until the tracking bromophenol blue dye reached the
bottom of the gel. Finally, the gels were taken out of the glass
plates, promptly dipped into the fixatives (10% methanol with
7% acetic acid) for gel fixation, and then stained with colloidal
Coomassie Brilliant Blue (cCBB) for 20h, followed by
destaining with 0.5M NaCl thrice (15min each). The gels
were imaged by FUJI LAS-4000 (GE Healthcare, USA).

2.5. Protein Spot Detection and Quantitative Analysis. The
protein spots were detected and quantitatively analysed in the
gel images by Delta2D (version 4.0.8, DECODON Gmbh,
Germany) as described previously [33]. The protein spots in the
gel images were quantitatively analysed in cancer cells com-
pared to normal cells with or without zinc treatment. Similarly,
the protein spots were analysed in each cell line with or without
zinc treatment. In each comparison, the gel images were
warped and fused to make master gel using “union fusion.” The
spots were then transferred to each image in their group to
ensure consistent spot matched (100% matching) in all bi-
ological replicates (n=3) in each group. The background-
subtracted spot volumes were described as grey values, fold
changes, p values (t-test), and relative standard deviation
(RSD). Based on p value (p < 0.05) and ratio of grey value, the
candidate spots were considered for further proteolytic di-
gestion and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to identify the proteins.

2.6. Peptide Extraction and LC-MS/MS. The selected protein
spots were excised manually and digested with trypsin
(Promega, USA) for 8h at 4°C. The digested protein samples
were analysed by LC-MS/MS (Mass Spectrometry Facility,
Western Sydney University), using Waters nanoAcquity LC-
MS/MSnanoACQUITY UPLC on a Xevo QToF mass spec-
trometer (Waters, USA) as described previously [34, 35]. The
protein identification was conducted employing ProteinLynx
Global Server (PLGS) program (version 3.0 Waters Corpo-
ration, USA) and the UniProt (Homo sapiens, human) database
with the following settings: (a) the allowed maximum missed
cleavages was set to 1, (b) the allowed false discovery rate was
set to 4% and the maximum protein size was set to 280 kDa, (c)
the peptide modifications were carbamidomethyl C (fixed) and
oxidation M (variable), (d) the minimum fragment per peptide
was 3, (e) the minimum peptide per protein was 1, and (f) the
minimum fragment per protein was 7. Finally, the identified
proteins from each spot by LC-MS/MS had to meet the se-
lection thresholds such as PLGS or protein score >200, se-
quence coverage >6%, and matched peptides >3.

2.7. Literature Mining and Bioinformatics. The identified
proteins from both breast and prostate cells were searched in
PubMed (https://www.ncbi.nlm.nih.gov/pubmed/), UniProt
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(https://www.uniprot.org) database, and PANTHER data-
base (https://www.pantherdb.org) to know their expression
status, cellular localisation, molecular function, and protein
classes.

2.8. Analysis of Functional Interactions of the Differentially
Expressed Proteins. The functional interactions of the dif-
ferential expressed proteins in breast cells (MCE-7,
MCF10A) and prostate cells (PC3, RWPE-1) were analysed
using STRING (https://string-db.org/) following the four
comparisons, including cancer vs normal cells without zinc
exposure (Ty), cancer vs normal cells with zinc exposure for
120 min (T},0), comparison of cancer cells between T;,, and
T, and comparison of the normal cells between Ti,4 and Ty,

3. Results

3.1. Differentially Expressed Proteins in Breast Cancer Cells
(MCEF-7) without Zinc Treatment. By comparing the protein
profiles of MCF-7 breast cancer cells against the normal
breast epithelial cells (MCF10A), the differentially expressed
proteins in breast cancer cells (MCF-7) were identified.
Quantitative analysis of the 2-DE gels by DECODON
Delta2D software revealed 23 upregulated (red circles) and
18 downregulated (green circles) protein species in MCF-7
breast cancer cells compared to MCF10A normal breast
epithelial cells without exogenous zinc exposure (Tj)
(Figure 1(a)). After LC-MS/MS analysis, the identified
proteins are listed in Table 1. The proteins such as 14-3-3
protein o (SFN), 14-3-3 protein 8 (YWHAQ), and protein
S100A2 (S100A2) were downregulated in MCEF-7 cells,
which were shown to have tumour suppression activity by
the previous studies [36, 37]. In addition, calcium-binding
annexin protein notably annexin Al (ANXA1I) is found to be
downregulated. The overexpressed proteins which are as-
sociated with breast cancer cell progression and invasion
include a-smooth muscle actin a2 (ACTA2), cytochrome b5
type B (CYB5B), D-3-phosphoglycerate dehydrogenase
(PHGDH), dihydrolipoamide S-succinyltransferase (DLST),
elongation factor Tu (TUFM), F-actin-capping protein
subunit f (CAPZB), FUBP1 (FUBPI), glutathione S-
transferase Mu 3 (GSTM3), glutathione synthetase (GSS),
heterogeneous  nuclear  ribonucleoproteins  C1/C2
(HNRNPC), high mobility group protein Bl (HMGBI),
histone H4 (HISTIH4]), nucleoside diphosphate kinase
(NME), proliferating cell nuclear antigen (PCNA), perox-
iredoxin 6 (PRDX6), protein S100A13 (S100A13), radixin
(RDX), triosephosphate isomerase (TPII), and tumour
protein D53 (TPD52L1).

Based on the molecular functions as per literature survey
and UniProt database, those 41 differentially expressed
proteins were classified into three prominent groups, in-
cluding catalytic enzymes (26%), metal ion binding proteins
(16%), and molecular chaperones (11%) (Supplementary
Figure 1a). PANTHER database-based protein classification
agrees with the molecular function-based classification as
catalytic enzyme (33%) and calcium binding-protein classes
(13%) are the prominent ones (Supplementary Figure 1b).
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The subcellular localisation classification showed that those
proteins are in the cytoplasm (39%), nucleus (22%), and
mitochondrion (11%) (Supplementary Figure 1c).

3.2. Differentially Expressed Proteins in MCF-7 Breast Cancer
Cells Compared to MCF10A Normal Breast Epithelial Cells
following Exogenous Zinc Exposure. The extracellular zinc
exposure resulted in 20 downregulated (green circle) and 14
upregulated (red circle) protein spots (Figure 1(b)) in MCF-
7 breast cancer cells compared to MCF10A normal breast
epithelial cells. Tumour suppressor 14-3-3 protein 0
(YWHAQ) and serpin B5 (SERPINB5) were downregulated
(Table 1). The suppressed proteins, including D-3-phos-
phoglycerate dehydrogenase (PHGDH), elongation factor Tu
(TUFM), adenylosuccinate lyase (ADSL), inosine-5'-
monophosphate dehydrogenase (IMPDH), L-lactate de-
hydrogenase B chain (LDHB), and perilipin (PLIN), are
related to catalytic activity (Table 1). The overexpressed
proteins, such as cathepsin D (CTSD), glutathione S-
transferase Mu 3 (GSTM3), NADH dehydrogenase (ubi-
quinone) iron-sulfur protein 3 (NDUFS3), actin y (ACTG2),
protein S100A13 (SI00A13), 40S ribosomal protein SA
(RPSA), triosephosphate isomerase (TPII), tumour protein
D53 (TPD52L1), and tumour protein D54 (TPD52L2), are
associated with cellular structure, cell proliferation, and
metastasis (Table 1). The differentially expressed 34 proteins
were classified into 38% catalytic, 14% structural, and 8%
signalling proteins based on molecular function according to
literature survey and UniProt database (Supplementary
Figure 2a). PANTHER database-based classification demon-
strated three prominent groups including catalytic enzyme
(34%), cytoskeletal proteins (11%), and translational proteins
(11%) (Supplementary Figure 2b). The proteins showed their
subcellular localisation in the cytoplasm (48%), nucleus (18%),
and mitochondrion (12%) (Supplementary Figure 2c).

3.3. Differentially Expressed Proteins in MCF-7 Breast Cancer
Cells with Exogenous Zinc Exposure Compared to MCF-7 Cells
without Zinc Exposure. MCF-7 breast cancer cells demon-
strated 16 downregulated (green circle) and 9 upregulated
(red circle) protein spots (Figure 2(a)) following exogenous
zinc exposure at Ty, compared to MCF-7 cells at T,. The
downregulated proteins, including «-smooth muscle actin 2
(ACTA2), adenosylhomocysteinase (AHCY), calmodulin 1
(CALM1), heterogeneous nuclear ribonucleoproteins C1/C2
(HNRNPC), stathmin (STMNI), cytochrome c¢ oxidase
subunit 6B1 (COX6B1), and vesicle amine transport protein
1 (VATI), are related to cancer cell proliferation and mi-
gration (Table 1). Tumour suppressor protein S100A2
(S8100A2) is downregulated under zinc exposure. The
overexpressed proteins, including actinin al isoform
(ACTNI), annexin A5 (ANXAS5), cathepsin D (CTSD), F-
actin-capping protein subunit § (CAPZB), inorganic pyro-
phosphatase (PPA1), and tubulin alc chain (TUBAIC), are
related to cellular structure, growth, or cancer cell invasion
(Table 1). Stress protein, heat shock 70kDa protein 1A
(HSPA1A), is overexpressed under zinc exposure. Those 25
proteins (Table 1) were classified into 35% catalytic enzymes,
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Figure 1: Differentially expressed protein spots in 2-DE gels by comparisons of MCF-7 T, vs MCF10A T and MCF-7 Ty, vs MCF10A T 5.
(a) Representative 2-DE gel images (in the left panel) of breast normal MCF10A cells (MCF10A T;) and breast cancer MCF-7 cells (MCEF-
7 To) without zinc exposure (Tj). (b) Representative 2-DE gel images (in the right panel) of breast normal MCF10A cells (MCF10A Tj,0) and
breast cancer MCF-7 cells (MCEF-7 Tj,0) with exogenous zinc exposure for 120 min (7T},¢). Each protein extract (100 ug) was resolved based
on isoelectric point (pI) and molecular weight (MW). The differentially expressed protein spots are shown with red circles denoting

upregulation and green circles denoting downregulation.

13% metal binding proteins, and 11% molecular chaperones
according to their molecular functions by literature review and
UniProt (Supplementary Figure 3a). PANTHER-based clas-
sification showed 29% catalytic enzyme and 21% cytoskeletal
proteins (Supplementary Figure 3b). The identified proteins are
found to be localised in the cytoplasm (48%), nucleus (22%),
and cytoskeleton (13%) (Supplementary Figure 3c).

3.4. Differentially Expressed Proteins in MCFIOA Breast
Normal Epithelial Cells with Exogenous Zinc Exposure
Compared to MCFI0A Cells without Zinc Exposure.
MCFI10A normal breast epithelial cells showed over-
expression of 7 protein spots (Figure 2(b)) under exogenous
zinc exposure for 120 min (T),y) compared to without zinc
exposure (Ty). D-3-Phosphoglycerate dehydrogenase

(PHGDH), elongation factor Tu (TUFM), ATP-dependent
RNA helicase DDX1 (DDX1), inosine-5'-monophosphate
dehydrogenase (IMPDH), plastin-3 (PLS3), radixin (RDX),
and torsin-1A-interacting protein 1 (TORIAIPI) were re-
lated to catalytic activity for cell metabolism and pro-
liferation (Table 1). The classification of these proteins is
described in Supplementary Figures 4a—4c.

3.5. Differentially Expressed Proteins in PC3 Prostate Cancer
Cells against RWPE-1 Normal Prostate Epithelial Cells without
Exogenous Zinc Exposure. PC3 prostate cancer cells showed
30 downregulated (green circle) and 14 upregulated (red circle)
protein spots (Figure 3(a)) compared to RWPE-1 prostate
normal epithelial cells without zinc exposure (T,). The
abundance of tumour suppressor proteins, such as 14-3-3
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FiGure 2: Differentially expressed protein spots in 2-DE gels by comparisons of MCF-7 T, vs MCF-7 T, and MCF10A Tj0 vs MCF10A Ty,
(a) Representative 2-DE gel images (in the left panel) of breast cancer MCF-7 cells without zinc (MCF-7 T,) and with exogenous zinc
exposure for 120 min (MCF-7 Tjy). (b) Representative 2-DE gel images (in the right panel) of breast normal MCF10A cells without zinc
(MCF10A T)) and with exogenous zinc exposure for 120 min (MCF10A Tj,,). Each protein extract (100 ug) extract was resolved based on
isoelectric point (pI) and molecular weight (MW). The differentially expressed protein spots are shown with red circles denoting

upregulation and green circles denoting downregulation.

protein o (SFN), latexin (LXN), glutathione S-transferase P
(GSTPI), Rho GDP-dissociation inhibitor 1 (ARHGDIA),
serpin B5 (SERPINBS), and glycine tRNA ligase (GARSI), was
reduced in PC3 cells compared to RWPE-1 at T, (Table 2). Also
reduced are the calcium-binding proteins annexin Al
(ANXAI) and annexin A5 (ANXA5), mitochondrial ATP
synthase subunit & (ATP5F1A), ATP-dependent RNA helicase
DDX39A (DDX39A), RNA helicase (DDX48), dihy-
drolipoamide S-succinyltransferase (DLST), exosome complex
component MTR3 (EXOSC6), T-complex protein 1 subunit «
(TCPI), and ubiquitin carboxyl-terminal hydrolase (USP14)
(Table 2). The upregulated proteins, such as protein S100A6
(SI00A6), aldehyde dehydrogenase 1 family member A3

isoform (ALDHIA3), 26S proteasome non-ATPase regulatory
subunit 11 (PSMD11), elongation factor 1 § (EEF1D), 60 kDa
heat shock protein mitochondrial (HSPD1), heat shock protein
90kDa « (cytosolic) class B member 1 isoform (HSP90ABI),
heat shock protein 1 (HSPBI), L-lactate dehydrogenase B
chain (LDHB), peroxiredoxin 6 (PRDX6), proteasome subunit
a type 1 (PSMAL1), superoxide dismutase (Cu-Zn) (SOD1I), and
acetyltransferase component of pyruvate dehydrogenase
complex (DLAT), are related to cancer cell proliferation,
growth, and invasion (Table 2).

Based on molecular functions, the 44 proteins belong to
three prominent classes including catalytic enzymes (34%),
molecular chaperones (19%), and metal ion binding proteins
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F1cure 3: Differentially expressed protein spots in 2-DE gels by comparisons of PC3 T;, vs RWPE-1 T, and PC3 T}, vs RWPE-1 Ty (a)
Representative 2-DE gel images (in the left panel) of prostate normal RWPE-1 cells without zinc exposure (RWPE-1 T,) and prostate cancer
PC3 cells without zinc exposure (PC3 Tj). (b) Representative 2-DE gel images (in the right panel) of prostate normal RWPE-1 cells with
exogenous zinc exposure for 120 min (RWPE-1 Tj,,) and prostate cancer PC3 cells with exogenous zinc exposure for 120 min (PC3 Ti,).
Each protein extract (100 ug) was resolved based on isoelectric point (pI) and molecular weight (MW). The differentially expressed protein
spots are shown with red circles denoting upregulation and green circles denoting downregulation.

(13%) (Supplementary Figure 5a). By using PANTHER
database, the 44 proteins are classified into different groups
including 29% catalytic enzymes and 14% translational
proteins (Supplementary Figure 5b). The proteins appar-
ently localise in the cytoplasm (44%), nucleus (23%), and
mitochondrion (12%) (Supplementary Figure 5c).

3.6. Differentially Expressed Proteins in PC3 Prostate Cancer
Cells Compared to RWPE-1 Normal Prostate Epithelial Cells
with Exogenous Zinc Exposure. PC3 prostate cancer cells
under zinc exposure for 120 min (T;,) showed 15 down-
regulated (green circle) and 22 upregulated (red circle)
protein spots compared to RWPE-1cells (Figure 3(b)).
Calcium binding proteins annexin Al (ANXAI) and

annexin A5 (ANXAS5) were suppressed and associated with
tumorigenesis (Table 2). The suppressed proteins, including
mitochondrial ATP synthase subunit a (ATP5FIA), cyto-
chrome ¢ oxidase subunit 5A mitochondrial (COX5A),
ethanolamine-phosphate cytidylyltransferase (PCYT2), F-
actin-capping protein subunit beta (CAPZB), glutathione S-
transferase P (GSTP1), MAD1 mitotic arrest deficient-like 1
(MADILI), serpin B5 (SERPINBS5), and ubiquitin carboxyl-
terminal hydrolase (USP14), and the overexpressed proteins
such as L-lactate dehydrogenase B chain (LDHB), prosta-
glandin E synthase 3 (PTGES3), and protein kinase C
substrate 80K-H isoform (PRKCSH) are related to cell
proliferation and apoptosis (Table 2). Tumour suppressor
protein NDRG1 (NDRGI) and prohibitin (PHB) were in-
creased in PC3 cells under zinc exposure. The overexpressed



11

Journal of Oncology

A T (2000°0/%0) T (900°0/€°0) L9 Ly 9TIT  9S/9C €'6/€€T 11260d IdISD d 9se1djsuen-§ uorylen[y 901
XI T (600°0/9°0) L€ 61 €T8Y  SLIV'SY 89/9'95 SINAavd 1anT aseuaBoIpAyap ajewreino 01
o Lo o aseuadorpLyap-1
XI 1 (10°0/5°5) 8¢ ¥C 8768  TL/TIL ¥'9/T°65 00 INF8EVOV adoo areydsoyd-g-3s0on[) P01
X T (9000/9°0) LT [ 6£6¢  L'S/T0E 9'6/90¢  OSYIFPSEVOV — g7ZdvD ¢ wunqns uejoxd Suddes-unoy-1 €01
111 T (10°0/9°0) T (100°0/€°0) 61 €1 S6L 6'S/S6¢C 09/T'8T 9IANISO 90SOXH Jusuoduwos mwmwoo swosoxg 201
IA 1 (€000°0/%°€) L1 9 1601 9'S/T0% €6/59¢ LFEETO 1414 :oiew_:m MMM_M%% MN e 101

. g -  Junqns ¢ 10)oej
IA 1 (2000/07) 1C 1 081  L'S/6°LS 9'6/T°TS 9084zl AEdIH wonenmur wonepsuen opokieyng 007

. Lo Lo aserajsue}A[Apnso
XI T (800°0/1°0) €T 6 €08 TLIEFS 0LV T LA17TEl ZLADd swydsoqd-surmerouegi 66
IA 1 (#000°0/1°5) €€ s 9TLT  L'9/S°0S VL/86Y  LIANPBEVOV  WANLL nJ, 10158} uoneduoly 86
IA T (#00°0/%0) 81 01 651 0°9/€FS T9/10S 1%992d D144 4 1 101085 woneduOry L6
IA 1 (c00/zD) L @00/ D) 1 (¢00/9'T) €T 81 T 0'S/T0% 89/7°69 LXTXL80VOV  dId99 9 T 10308y uonesuorg 96
A L (€007 LT 91 €811 T'9/TTS 9'5/L°6€ 8XAAYd VZLVIN ~ 9SEUIUAS SUIUOIYIOWIASOUSPY-S S6
I T #00°0/€°0) 8¢ 4% T84S T1'9/6'8S1 1'9/0'96 LAYMPO A méuﬁaﬁw MMHW surwedog 6

o o o 7 uroid
A T (100°0/€°0) 6C 61 G8¢€ 09/6°18 6'S/S€L  6XADLOIVOV  ZISAdA poyepi-ssempruuddosphyicy €6
® YD wiIojost (xaidurod
o . o L sjeren3-oxo-¢ jo yusuodurod

A T (€00/9°0) T (£000°0/2°0) 81 (4 SL9T  85/6'79 €'6/L°8F 6D9FT0V0Y IS1d 7q) aserdpsuenAuDOns-g 6

sprureodrjorpAyiq
A 1 (9000/6'7) T (20°0/5°0) 8¢ 6% 6LSY  T9/€8S €9/89%  OM8YPCOVOV  8PXAd ased1y VNI 16
A T (#00°0/9°0) 4! 8 S8TE 9'5/6C9 €S/T6Y 871000 V6EXAA  qpoay <Mmmwmm$ dop-dLv 06

e . - . [EHpUOYDO3II
1A T (€0°0/5°0) T (10°0/9°0) 13 4 6961  0°S/THI LSI8'L SINIAEH VSX00 V& UNqns 26ePIXo 5 SWOIGOND 68
Al 1 (z00/8°1) i 8 9611 TYIVSE TY/LT 96¥60d VIO v ureyd Jysi unged 88
IIIA T (€00°0/9°0) T (20°0/£°0) €€ |74 0041 T9/0°8L T'9/8S FIQYFeOVOY  VOIDD MWUH Mmmw_:muw_uwwﬁwwa L8
1A 1 (zoo0/21) 0L 43 L0L6  FH/ET8 IH/18% £6LLTd ATV urnonAIe) 98
; o e e o [eLIpUOYD0 I
A I T (3#00/9°0) T (800°0/%°0) 4 ST 96897  8L/€'9S v'6/L°65 S0L52d VI4SdLY o Junqns aseqiuks 41V S8
o . o o 11 yunqns £1o0jenSax
A T (#00°0/€°0) 1 (6000°0/0%) € 81 LEOT  L'9/6°€S U'9/%'L¥ 1£2000 TIaNSd aseq [ y-uou smosesioad $o7 78
1A T (#00°0/€°0) T (8000°0/2°0) 0s 0z 19€21  T'S/Fes L'¥/6°S¢E 85/80d SVXNV SV umxduuy €8
IIA T (#0°0/€°0) T (z0'0/2°0) 29 LT 6I8%C  9'9/9°C¥ 9'9/L°8¢ €80%0d VXNV IV urxsuuy 8
e R . B YYD WIOJOST ¢y Iaquuat
A 1 (zoo/s'T) 0¢ 6¢ €88  LLIVTL LIT9S S6DUFIOVOY  €VIHATV Aqrurey 1 552B01pAYP SPAYSPIV 18
A T (500°0/5°0) 44 0T LS9 6'S/6'0S 6S/LLy  COLINPSEVOV  ADHV aseure)sfoowoyfsouspy 08
IA 1 (900°0/5°1) 1 (too/#1) L € 80T I¥/€Th 9'S/€FE ISAAPTOVOY [d1d¥ 0d uj01d [EWOSOqLI JIPE §09 6L
A 1 (100/21) 81 1 €T 9'S/T'6€ ¥'9/S°LE 9SMAOPIVOY  TOdTV.L ase[opesuel], 8L
Al “IIT T (z0'0/€°0) T (€0°0/5°0) 8¢ 9 00T L'S/SLT FIL/L LT 69779d 8ISdY 815 urejoxd rewrosoqu Sop LL
11 1 (6000°0/5°T) T (€00°0/%0) (1i4 ST 8/8ST  L¥/€LT SH/8°LT 8FcLTd OVHMZX g u3oid ¢-¢-p1 9L
I T (100°0/%°0) 9 € €6 8'€/€ LT SHI8LT L¥61€d NS 0 upjord ¢-¢-p1 SL
orm o..H ONﬁH o..N 0
R 0zt % 19/(ea 19/(eq
suopuny - THAMAS L o pory eng [-gamu/L €0d  T-HAMALL €0d @mMsWS sopndad 21005 »zzé %Eé UOISSINVT - 1 Siany suojo1d paynuopy ai
Te[NOJ[ON T-4dMY PIYIIRN  SOTd uoId jodg
souanbag paAIIsSqQ  [ed1RI0dY],

(anea d/a8ueyd prog)

-ammsodxa ourz snouadoxa oYM 10 YIIM (T-FdMY) SO0 Tereydide ayejsoxd [eurtou pue (¢DJ) S[[22 Ieoued djeysord ur surdjord paynuopy g a14V],



&5
lm A 1 (¥00°0/€°2) 81 € 09€9  L'S/FLI £9/6'ST H700d 1dos (uz-nD) asenuwsip sprxoradng €71
m [eLIpUOydOIIUI
@) A T (€0°0/9°0) 0T 1 8067  T'9/6'06 0°L/LTL 0€ZO¥C0VOY  VHQS — wungns udjordosey (duoumbiqn)  zp1
s aseuaorpAysp areurnong
—~ Al 1 (€0'0/1°9) (572 6 YT ¥S/0°8T LS/ LT 6¥691d INWLS urwylels 1
[=] o o o umjoxd Sururejuod-urewop
) A T (60000°0/€°0) 8¥ 0L 967 9°L/6'8ST 89/6'101  6VIAOPIVOV IANS sseapnu [e20000jyder 0¥l
2 A T (900°0/%°0) T (200°0/€°0) €9 €€ €96F1  L'S/9TH 6F/TTH 9dTIPCOVOY  SANIdYAS g urdiag 6€1
Al 1 (900°0/5°1) T (£000°0/5°0) LT 69 0988  0°S/T°TS 9¥%/8°C¢E 9TTIFTOVOV vSdd V$ urajoxd [ewosoqir Sop 8¢l
A T (900°0/9°0) 54 €1 8S0F  T'S/S'ST 8F/T'ET §957sd VIGOHYY 1 I0NqIyul UOREDOSSIp-ddd oy LET
X A | #000/20) | (zo0/LT) T (1000°0/%°0) T (2000°0/2°0) €€ ¥1 6¥F  ¥¥/6°0S 0%/S°€E S0TT0D IdS 14S uwjo1ig 9€T
IIA 1 (6£0°0/9°1) €€ 9 080  €S/TTI TS/To1 €0£90d 9V001S 9V001S urjoig el
(e39q tunqns
IIA ‘A L (100/10) 81 01 50T SH/TEET IH/€°6S [AL4PT0V0Y  HSOMMd T dsepisoon[s) e WD wiojost el
H-08 Ewbwaﬂ.—m D wmmﬁ:& urdjord
A L (coo/m1) 99 €S 8981C  6F%/L'L9 9F/TLS SSRAPTOVOY qHpd SBISWOSI-IPYNSIP UII01] 331
A T (£00°0/2°0) u i4 0zg 1'S/€°9S 8F/S O0HA.LSO z1aa ¢ Sojowoy 11qQ uRl0Ig €l
111 1 (000°0/5°6) S¢ 01 LS9E  8'9/8'6T T9/5°6C 98£57d VNS 1 2d4 » jrungns swrosesjorg 1€l
® YYD WIojost
I 1L v00/2T) 9¢ 4 €T6€  L'S/L1E £9/60¢ €0TIFTOVOY  €ANSd (M 4 8zvd) € Junqns 10jeAnOE 0€T
(uredoxoewr aurosoxd) swosea}01g
IIIA 1 (€00/12) 4! 1 6¢¢ I9/8°61 TH/IT6T  €LAMLSOVOV  £SIDId ¢ aseqyuds g urpuelSesoid 6¢1
X 1 (1000°0/5°2) [ L1 1£9¢  96/9'9C ¥'5/8°6C 1078V qHd uniqyoiq 871
IIA T (10°0/9°0) L1 4! 6FIT  9°5/1'98 §'6/€°69 L6L£1d €91d € unse[q LTl
A 1 (€000°0/%°2) oF €1 967 9'5/6°0C 9'5/6'TC 611zed xadd T UIXOPAIIXOId 9zI
A T (€0°0/T°0) 1 (c00/877) 1 (£000°0/%°8) s i L9y TY/E'ST 09/0°ST 8E6UPTOVOY  IXAId 9 UIXOPAIX0Idd 141
IIIA 1 (%00°0/%7) 1 (€000°0/0°5) S9 6T 0€TIT  TS/HLY 8%/9°0% TZNN60O OITASN £¥d 10122§05 TTISN vl
II 1 (€00/8'T) LT 1 [8€8  9'S/6'€S 1'9/S°6€ CI6dF0VOY  IDYAN IDYAN umj01g €Tl
1A T (900°0/€°0) ¥C 9 SH0S  LP/THI 8%/4°9T vZ9ZL4 9TAW 9 apndad4jod 1ysiy wsoAy 44t
IIA 1 (200°0/9°1) T (#00°0/£°0) 43 9 98¢ 1'9/0°C0T 09/8°L9 8¢097d NSW UIS20J jra
1I T #0°0/5°0) 9T € 8¢L  8H/THEL 1'8/L16 eiat ITIAVI oy vuoyop %m@ snoww 1qvy Ot
A 1 (zoo/6'1) ST 4! 128 L'S/0SY 1'9/L°0€ S6SIEAEYOV VHAT aseuaB0IpAypap 21e0e -] 611
A T (€0°0/2°0) 1 (€000°0/2°7) 1 (10°0/0°7) €T 8 9LT  9S/9FE 8S/hLE  VNHZ6ASYOV — gHQT — ureyd g aseudaSoIpAyap ajepe]-T 811
IIA T (10°0/2°0) 44 LT SIET  8'6/6°06 L'SIT69  LTIAOVIVOV — HFVLT ase[0IpAY () V 2uaLnONaT L1
II T (20°0/8°0) €T 61 96T  9'S/8'6C ¥'S/LST 07S460 NXT urxaye] 911
A 1 (#000/8°1) 9T LT 0911 9'S/T°06 9'S/L°65 817004 TANdD 1 durdo) SII
A T (€0°0/9°0) 1 S 8%S  9'S/£'8S 0°5/S8¥ 8aaavd ISYVH  Orusedoifd oseSiy yNRI SWPUSTH - $11
A T (#00°0/0%°0) ¥C 0T 89 SLV9Y 99/T9%  69MAOVIVOV LLOD aseldjsuenjourwe ajepredsy €11
IIIA 1 (co0/T) 1 (zoo/1o) w 6 ¥EIS  FS/TLT 09/8°CC T6L¥0d 19dSH 1 ¢ urar01d ypoys jeay Il
® YYD WIojost
A 1 (200°0/8°T) ¥ L€ SE60T  €£6/9°€T1 8F/T'€8 08QIPTOVOV IdV06dSH T I9quidu g ssep (o10s034o) 1
eydre ey 06 uraro1d yooys jeay
A T (#00°0/5°0) 1 (zoro/sD) o s¢ ¥ECOT  9°5/T°06 €'S/T0L IMI[TOOVOV  gIVdSH g1 ujord e 0L YOoys LI 011
e e e o . [erpuoydOjIw
A 1 (10'0/6°7) 1 (5000°0/6'1) L (zoo/sn) 87 43 69791  9'S/L°0L 9'S/019  OMEYFIOVOV  IddSH upar01d YOYS 183y T 09 60T
A T (10000°0/€°0) 54 A8 688S  6'S/0911 86/SLL  0D8NO60VOY  ISYVD aseS VNI QUPAD 801
Al 1 (co0/s'D) T (c00/€°0) 9 8 90CE  T6/6F¢ 8II/F11 ouvacd [FHILSIH ¥H duoistg L01
o..ﬁ 0 ozt 0
y ozt L L L (%) 19/ 1d/(ea)
Hmﬁww ! ﬂm,w%m L eod/y €0d  T-HAME/TUL €0d  T-HAMY/CL €0d  s8eronoo memu_m M%quw MIN MIN :mwmmm ar sun sup101d paypusp] uomm
aouanbag paAIasqQ  [edo12109Y], '

(anea d/s8ueyd plog)

12

‘ponunuo) g dI1dVv],



13

Journal of Oncology

‘Surpuiq VYN ‘IIX ‘wonduosuen X Surpurq urajoxd Y ‘wistjoqelaw K] ‘ouoradeyd remosjour ‘A Surpuiq uor [ejowr A ‘Stsayjuhs urajord TA Aranoe onheied ‘A ernonns ‘Af
Surpurq vy ‘111 Surreusrs 4 ‘sisoydode ] :suonouny renoaolx 0, 03 paredwos 021y 105 ansodxa ourz SuImor[oy s[o 1-gd MY Ut surejoxd oy Jo a3ueypd proy uorssaxdxa oy st 07, T-FdMY/%LL T-Td MY Pue €, 03
paredwod 0217 103 axnsodxa ourz SuImo[oj s[[ed ¢Dd ut surajoxd ayy Jo adueypd poj uorssaxdxa ayy st O ¢Dd/OLL €Dd ‘(°FLL) urw gz 1 10§ 21nsodxa ourz 3y Surmor[og s[Ed [-gd MY 03 paredwod s[@d €D ut surajord
a3 jo a8uep pjoj uorssaxdxa ayy st 02l p 1-gd MA/OCLL €Dd (°L) 2Insodxa ouiz Jnoym s[[a0 1-gd MY 03 paredurod s[ao ¢ g ut surdjoxd oy jo a3ueypd proy uorssardxa oy st 0 T-FIMY/CL €Dd “(Aurwion yquo
NOQODId ‘§’0'F UOISIaA) a1emyos (e 4q (¢ = # dnoid yoea) saSeuur 128 oy jo sisdfeue aanenuenb oy woay paxmboe axom sanfea d pue sadueypd pioj ayJ, *sprepuels urojoxd 3y 03 Surp10o€ pajenoed a1om
Id pue AN PAAISSqO 2YT, "aseqeep JOIJIU[) WOJ PIALIIP SEM (J] SUSD) "aseqeiep (Uewny ‘suaidvs ouiof]) 101JIun) ay) pue (S ‘uonerodio)) s19Jep) ‘0°¢ UOISIDA) 91eMIJOs (SDTJ) 19AIRS [eqo[D) XukTurajoid Suisn
paureqo axam (%) aSeraa0d souanbas pue ‘sapndad payorewr Jd/ M A [8O112109Y) ‘UOTSSIdIE UI101d 91008 SOTJ YT, 'S[[o2 [erjeyiida fewrrou a1eysoxd 10§ T-FJ MY PUE S[[o0 190ued ajeysold 10y ¢Hd ‘uonendarumop
105 T ‘wonyemngaidn 10§ | utwr oz 10§ 9¢L7 {(Jonuod) a1msodxa JUIZ JNOYIIM JO UTW () 10J OF “I9AISS [eqO[D) XUATuIa101J 10§ ST Yutod o11303[20s1 10 [d “U0)[e( O 10J B IYSIOM J[NI[OW 10] SPUe)S MA 2JON

xadwos aseusfoapAyap ojeanidd

A 1 (10°0/9°1) L1 ¥C ¥81  9'S/T101 ¥'S/L'T9 X(avd LVI1d 10 Jusuoduios aseIdySUEHAIOY ST
1A T (20°0/9°0) 91 L 89L  T9/091I T9/T19 TH6S1O XAZ urxdz, 0ST
- e e o - ase[oIpAy
A 1 (¥00°0/0°€) T (£00°0/5°0) T (€0°0/5°0) 8 i €¥ST  9°S/0°8L 9G/T'IS TVINOV F1dSN [PuTII}-JAx0ques unmbiqn 6%1
Al 1 (zoo/en) T (£000/9°0) T (200°0/5°0) 6% 0z 8L0%L  T'S/T89 8F%/1°0S 9N 1L VIVINL ureydp y1 v urnqny, il
X 1 (z00°0/5°1) €9 ST 979T1 67 TE S¥/L'8C 8DVZISOVOV €L T wiojost ¢ ursofwodoxy, L¥1
A T (€00°0/2°0) €€ I €8Fl  T9/T1L 99/7TS  SSIWOVOVOV IdIVIYOL 1 umjoid Sunodersjul-yi-uisio], 91
I . - d unqns ¢ 1030ej
11 1 (s00°0/%'1) ST L 0L00T  T'S/E¥S r's/T6€ THSMEd A€l wonenu vonepsuen snokremy ST
IIA 1 (z0'0/9°%) T (s0°0/%°0) T (520°0/9°0) 44 ¥1 0Ty 8'S/HTL L'S/€°09 £86L1d IdO.I » yunqns T urejoid xodwo)- 1, 24!
Orﬁ 0 ozt 0
} ozt L L L (%) 19/(e) 19/(e)
HMMMMM ! ﬂmﬁ%m L e0d/y €0d  T-HAMENTUL €0d  T-HAMYE/CL €0d  s8eronoo memﬂ MMMM MIN MIN :MHMW ar suen supj0xd paypuap] smm
aouanbag paAIasqQ  [edo1R109Y], :

(anyea d/s8ueyd plog)

‘ponunuo) g I1dV],



14

proteins, such as 60S acidic ribosomal protein PO (RPLPI),
calreticulin (CALR), elongation factor 18 (EEFID), elongation
factor Tu (TUFM), eukaryotic translation initiation factor 3
subunit E (EIF3E), and eukaryotic translation initiation factor 3
subunit I (EIF3I), are associated with protein translation (Ta-
ble 2). Molecular chaperones including 60kDa heat shock
protein mitochondrial (HSPD1), heat shock 70kDa protein 1B
(HSPA1B), and heat shock protein 1 (HSPBI) were overex-
pressed (Table 2). Antioxidant proteins peroxiredoxin 6
(PRDX6) and peroxiredoxin 2 (PRDX2) were also upregulated
(Table 2). The 37 proteins are categorised into three key groups
including catalytic enzymes (32%), molecular chaperones
(19%), and protein synthesis (12%) based on literature and
UniProt database (Supplementary Figure 6a). By using PAN-
THER database, they are classified into catalytic enzymes (34%),
molecular chaperones (16%), and translation proteins (16%)
(Supplementary Figure 6b), which is in agreement with the
categorisation according to molecular function. The identified
proteins localise mainly in the cytoplasm (44%), nucleus (20%),
and mitochondrion (11%) (Supplementary Figure 6c).

3.7. Differentially Expressed Proteins in PC3 Prostate Cancer
Cells with Exogenous Zinc Exposure Compared to PC3 Cells
without Zinc Exposure. PC3 cells demonstrated 2 suppressed
and 7 overexpressed protein spots under exogenous zinc
exposure for 120 min (T},,) compared to PC3 cells without
zinc exposure (Ty) (Figure 4(a)). Tumour suppressor 14-3-3
protein 8 (YWHAQ) and translational proteins such as 60S
acidic ribosomal protein PO (RPLPI), elongation factor 16
(EEFID), and 40S ribosomal protein SA (RPSA) were
overexpressed (Table 2). Overexpressed tropomyosin 3
isoform 2 (TPM3) is related to cancer progression and
metastasis (Table 2). Protein disulfide-isomerase (P4HB) was
also upregulated which serves as molecular chaperone.
Peroxiredoxin 6 (PRDX6) and 26S proteasome non-ATPase
regulatory subunit 11 (PSMD11) were downregulated under
zinc exposure in PC3 cells (Table 2). The 9 identified proteins
showed two prominent molecular functional groups, cata-
Iytic enzymes (30%) and protein synthesis (20%) (Supple-
mentary Figure 7a). PANTHER database analysis revealed
38% translational protein class (Supplementary Figure 7b).
The identified proteins localise predominantly in the cyto-
plasm (50%), nucleus (25%), and endoplasmic reticulum
(13%) (Supplementary Figure 7c).

3.8. Differentially Expressed Proteins in RWPE-1 Prostate
Normal Epithelial Cells with Exogenous Zinc Exposure
Compared to RWPE-1Cells without Zinc Exposure. In
RWPE-1 cell, 14 suppressed (green circle) and 10 overex-
pressed (red circle) protein spots were identified following
exogenous zinc exposure for 120 min (7T},¢) compared to
RWPE-1 cells without zinc exposure (Ty) (Figure 4(b)). The
reduced proteins, such as chaperonin containing TCP1
subunit 6A (CCT6A), dihydropyrimidinase-related protein 2
(DPYSL2), dihydrolipoamide S-succinyltransferase (DLST),
succinate dehydrogenase (ubiquinone) flavoprotein subunit
mitochondrial (SDHA), aspartate aminotransferase (GOTI),
and L-lactate dehydrogenase B chain (LDHB), are related to
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cellular metabolism and proliferation (Table 2). Upregulated
proteins, such as glucose-6-phosphate 1-dehydrogenase
(G6PD), histone H4 (HISTIH4j), tubulin «lA chain
(TUBAIA), L-lactate dehydrogenase (LDHA), stathmin
(STMNT), and ubiquitin carboxyl-terminal hydrolase (USP14),
are also associated with cell metabolism as well as growth
(Table 2). The proteins involved in protein folding such as
60kDa heat shock protein mitochondrial (HSPDI1) and T-
complex protein 1 subunit & (TCPI) were overexpressed un-
der zinc exposure (Table 2). Based on molecular functions, the
24 proteins were categorised into catalytic enzymes (34%) and
molecular chaperones (23%) (Supplementary Figure 8a). Cat-
alytic enzyme (38%) was the prominent protein class according
to PANTHER database analysis (Supplementary Figure 8b). The
majority proteins localise in the cytoplasm (48%) and nucleus
(22%) (Supplementary Figure 8c).

3.9. Functional Interactions of the Differentially Expressed
Proteins in Breast and Prostate Cells. By STRING functional
protein-protein network analysis, both known and predicted
functional interactions were revealed for the differentially
expressed proteins in both cancerous and normal breast and
prostate cells under the experimental conditions with and
without zinc exposure (Supplementary Figures 9 and 10). Heat
shock protein 90kDa « (cytosolic) class B member 1 isoform
(HSP90ABI), actin cytoplasmic 1 (ACTB), and triosephosphate
isomerase (TPII) are prominent in the functional network
derived from the comparison of breast cancer cells (MCF-7) and
normal breast epithelial cells (MCF10A) without zinc exposure
(Supplementary Figure 9a). Triosephosphate isomerase (TPII)
displays its prominence again in the functional network of the
differentially expressed proteins in MCF-7 Ty, compared to
MCF10A T, under zinc exposure (Supplementary Figure 9b).
The metal ion binding proteins such as annexin Al (ANXAI),
annexin A5 (ANXA5), protein SI00A2 (SI00A2), and protein
S100A13 (S100A13) are at the peripheral edge of the protein
network of MCF-7 breast cancer cells without zinc exposure
(Supplementary Figure 9a) and again in the network of the
differentially expressed proteins in MCF-7 with zinc exposure
compared to MCF10A Tj,y (Supplementary Figure 9a).

Prohibitin (PHB) is prominent in the functional network of
the differentially expressed proteins in the prostate cancer cells
(PC3) with zinc exposure (Supplementary Figure 10b), apart
from the heat shock proteins encoded by HSPD1, HSPA1B, and
HSPBI. Heat shock protein 90kDa « (cytosolic) class B
member 1 isoform (HSP90ABI), proteasome subunit « type 1
(PSMA1I), elongation factor y (EEFIG), and 40S ribosomal
protein SA (RPSA) are predominant in the protein network of
the differentially expressed proteins in PC3 cells without zinc
exposure (Supplementary Figure 10a).

4. Discussion

Zinc dyshomeostasis is the hallmark of breast and prostate
cancer cells. Numerous studies have focused on the zinc ho-
meostasis of breast cancer cells or prostate cancer cells, al-
though the current work is the first to investigate these two
kinds of cancer cells together in tandem. Furthermore, we



Journal of Oncology

PC3 T,

Molecular weight (kDa)

Molecular weight (kDa)

()

15

RWPE-1 T,
3 pl 10

Molecular weight (kDa)
8 &

—_
wi

RWPE-1 T,
3 pl 10

w1

20

Molecular weight (kDa)

—
w1

(b)

FiGure 4: Differentially expressed protein spots in 2-DE gels by comparisons of PC3 Tj, vs PC3 Ty and RWPE-1 Tj,, vs RWPE-1 T,. (a)
Representative 2-DE gel images (in the left panel) of prostate cancer PC3 cells without zinc exposure (PC3 T,) and with exogenous zinc
exposure for 120 min (PC3 Tj,). (b) Representative 2-DE gel images (in the right panel) of prostate normal RWPE-1 cells without zinc
exposure (RWPE-1 T) and with exogenous zinc exposure for 120 min (RWPE-1 Tj,). Each protein extract (100 ug) was resolved based on
isoelectric point (pI) and molecular weight (MW). The differentially expressed protein spots are shown with red circles denoting

upregulation and green circles denoting downregulation.

examined the total proteomic profiles of breast cancer cells vs
normal breast epithelial cells and prostate cancer cells vs
normal prostate epithelial cells in the presence or absence of
zinc exposure. The differentially expressed proteins with or
without zinc exposure in breast cells (MCF-7, MCF10A)
(Table 1) and prostate cells (PC3, RWPE-1) (Table 2) in this
study are the key datasets, which enhances the understanding
of the zinc homeostasis in both breast and prostate cancer cells.

4.1. The Intrinsic Differences between the Cancer Cells and
Their Normal Counterparts (without Zinc Exposure).
First, the analysis without extracellular zinc treatment
demonstrates the intrinsic differences between breast cancer
cells MCF-7 and the normal breast epithelial cells MCF10A,

as well as between prostate cancer cells PC3 and the normal
counterpart RWPE-1 cells. The proteomic results demon-
strate a key feature of breast and prostate cancer cells,
namely, the downregulation of tumour suppressors or
antitumour proteins.

The results showed the reduction of tumour suppressor
14-3-3 protein ¢ and 6 in MCF-7 and PC3 cancer cells
compared to the normal counterparts (Tables 1 and 2),
which is in agreement with the previous findings [36, 37].
The 14-3-3 proteins, including seven isoforms such as ¢ and
0, are associated with cell cycle, signalling, and apoptosis and
are usually downregulated for cancer progression [36, 37].
The tumour suppressor protein S100A2 was decreased in
MCEF-7 cells (Table 1) as previously reported [38, 39].
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However, the expression of S100A2 was unchanged in PC3
cells (Table 2), which is consistent with the previous study
[40]. Antitumour proteins such as latexin, glutathione S-
transferase P, Rho GDP-dissociation inhibitor 1, and serpin
B5 were reduced in their expression in PC3 prostate cancer
cells (Table 2), in agreement with the previous studies
[41-44]. Annexin Al was found to be downregulated in
MCEF-7 and PC3 cancer cells (Tables 1 and 2), which is
related to breast and prostate cancer development [45-48].
Also, for the first time, we observed a downregulated
antitumour protein, glycine tRNA ligase [49], in PC3
prostate cancer cells but not in breast cancer cells. The
downregulation of glycine tRNA ligase could play a role in
prostate cancer development.

The proteomic results demonstrate another feature of
breast and prostate cancer cells, that is, the upregulation of
proteins related to cancer growth and metastasis. a-Smooth
muscle actin (a-SMA) and tumour protein D53 (hD53) were
overexpressed in MCF-7 cells (Table 1). a-SMA serves as the
marker of epithelial-to-mesenchymal transition (EMT) for
cancer metastasis [50, 51] and hD53 promotes breast cancer
cell proliferation and their expressions are correlated [51].
High expression of F-actin-capping protein subunit f
(CAPZB) in the breast cancer cells (Table 1) is linked with
a-SMA in regulating breast cancer cell growth and motility
[52, 53]. Overexpression of antioxidants in cancer cells
enhances the cancer cell proliferation, hence cancer growth
in patients. Peroxiredoxin 6, an antioxidant protein, pro-
motes cancer cell proliferation in an oxidative stress envi-
ronment [54, 55]. Thus, overexpressed peroxiredoxin 6 in
MCF-7 cancer cells (1.8-fold, Table 1) and PC3 cancer cells
(8.5-fold, Table 2) indicates its role in breast and prostate
cancer development. This finding also suggests that per-
oxiredoxin 6 (PRDX6) is a potential target for anticancer
drug development. Glutathione S-transferase Mu 3
(GSTM3) is another antioxidant overexpressed in MCE-7
breast cancer cells (Table 1), while superoxide dismutase
(SOD1) was overexpressed in PC3 prostate cancer cells
(Table 2). D-3-Phosphoglycerate dehydrogenase, a meta-
bolic enzyme, is involved in redox homeostasis [56]. Its
overexpression in MCF-7 breast cancer cells (Table 1) in-
dicates that this enzyme is associated with breast cancer
development.

In addition, the results in Tables 1 and 2 demonstrate the
overexpression of the proteins related to cancer cell growth,
invasion, and metastasis, including heat shock protein f1
[57, 58], 60kDa heat shock protein [59], heterogeneous
nuclear ribonucleoproteins C1/C2 [60], histone H4 [61],
nucleoside diphosphate kinase, protein S100A13 [62], rad-
ixin [63], and triosephosphate isomerase [64]. Metabolic
proteins including aldehyde dehydrogenase 1 family
member A3, L-lactate dehydrogenase B chain, cytochrome
b5 type B and elongation factor Tu, and elongation factor 18
were overexpressed in the breast cancer cells (Table 1) and
prostate cancer cells (Table 2). Their overexpression could be
related to the cancer cell proliferation. Intriguingly, dihy-
drolipoamide S-succinyl-transferase (E2 component of 2-
oxo-glutarate complex) (DLST), a metabolic enzyme of
Krebs cycle [65], was upregulated in MCF-7 breast cancer
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cells (Table 1), but downregulated in PC3 prostate cancer
cells (Table 2). The reason for such inverse expression of this
enzyme is yet to be examined.

4.2. The Dynamic Expression of Proteins in Breast and Prostate
Cancer Cells in Response to Zinc Exposure. The proteomic
datasets were obtained by the comparison between breast
cancer cells MCF-7 and the normal breast epithelial cells
MCF10A in response to the change of extracellular zinc
concentration, as well as the comparison between prostate
cancer cells PC3 and the control cells in response to the
change of extracellular zinc. The analysis demonstrates that
the cancer cells upregulated the proteins which are related to
lysosomal activity, antioxidant activity, stress response,
cancer growth, cellular structure, and metabolism.

MCEF-7 breast cancer cells showed overexpression of
cathepsin D in response to zinc exposure (Table 1). Ca-
thepsin D is an aspartic endoproteinase in lysosome and is
well known for its roles in angiogenesis, proliferation, and
invasion in breast cancer [66, 67]. The change of extra-
cellular zinc should lead to the elevation of cytoplasmic
zinc in MCEF-7 cells, which might in turn result in higher
zinc level in lysosome and hence cathepsin D upregulation.
Because zinc enhances cathepsin D activity in lysosome
[68], the overexpression of this endoproteinase might be
accompanied with increased proteinase activity in zinc-
treated MCF-7 cells. Interestingly, peroxiredoxin 6 was
overexpressed only in PC3 prostate cancer cells under the
zinc exposure, in contrast to its overexpression previously
described in both MCF-7 and PC3 cells without zinc ex-
posure. Additionally, peroxiredoxin 2 was also overex-
pressed in PC3 cells under zinc exposure. The findings
demonstrate that peroxiredoxin 6 is related to the cancer
development and stress response while peroxiredoxin 2 is
likely more relevant to stress response. Antioxidant pro-
teins, including glutathione S-transferase Mu 3 and mi-
tochondrial NADH dehydrogenase (ubiquinone) iron-
sulfur protein 3, were overexpressed in breast cancer
cells under zinc exposure (Table 1). A previous study
showed that glutathione S-transferase Mu 3 expression has
a positive relationship with zinc [69]. The molecular
chaperones such as mitochondrial 60kDa heat shock
protein, heat shock 70kDa protein 1B, and heat shock
protein 1 were overexpressed in PC3 cancer cells upon
zinc exposure (Table 2), which is likely a part of stress
response for the prostate cancer cells.

Zinc enhances breast cancer growth. This is evidently
supported by the increased intracellular zinc level in breast
cancer cells compared to the normal breast epithelial cells
[11, 70, 71]. The proteomic dataset showed the elevated
expression of tumour protein D53 (hD53 encoded by
TPD52L1) and tumour protein D54 (hD54 encoded by
TPD52L2) of MCE-7 breast cancer cells in response to the
change of extracellular zinc (Table 1), which explains to
some extent why zinc promotes breast cancer growth. This
finding also suggests that hD53 and hD54 are potential
targets for anticancer drug development against breast
cancers.
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Intriguingly, the change of extracellular zinc resulted in
overexpression of prohibitin (PHB) in prostate cancer cells
(PC3) (Table 2). Prohibitin can act as a tumour suppressor in
prostate cancers [72]. As is known, the intracellular zinc level
in prostate cancer cells is lower than the normal counterparts
[5, 71]. The variation of extracellular zinc should lead to the
increased level of zinc inside the PC3 cancer cells, which is
detrimental to the prostate cancer cells. The overexpression
of prohibitin might partly explain the cytotoxicity of excess
zinc for the prostate cancer cells. Moreover, the reduction of
metabolic enzymes including D-3-phosphoglycerate de-
hydrogenase,  adenylosuccinate  lyase,  inosine-5'-
monophosphate dehydrogenase, and translational elonga-
tion factor Tu under zinc exposure (Table 1) might be rel-
evant to the decreased cell viability in MCF-7 breast cancer
cells under zinc exposure [10], but the expression of these
metabolic enzymes is not changed in PC3 prostate
cancer cells.

Further proteomic analysis was also done by comparing
breast cancer cells MCF-7 with and without zinc treatment,
as well as comparing the prostate cancer cells PC3 with and
without zinc treatment. Firstly, MCF-7 breast cancer cells
exhibited 25 differentially expressed proteins (Table 1) under
zinc exposure compared to without zinc exposure (Tj), while
PC3 prostate cancer cells showed only 9 differentially
expressed proteins (Table 2). This very fact demonstrates
that breast cancer cells are more capable responders to the
variation of extracellular zinc levels. Their molecular net-
work of zinc homeostasis might be more sophisticated than
the one in prostate cancer cells.

The findings demonstrate that zinc upregulates the
proteins related to breast cancer growth and metastasis. Zinc
exposure upregulated actinin al and annexin A5 in MCF-
7 cells (Table 1). The cytokinetic protein actinin «1 is shown
to promote tumorigenesis and epithelial-to-mesenchymal
transition (EMT) in cancer via AKT/GSK3p/f catenin sig-
nalling pathways [73]. Among 12 annexin A isoforms
(annexin A1-11 and annexin A13), annexin A5 in particular
has unphosphorylated short N-terminus which enables this
protein to exhibit a wide range of functions such as sig-
nalling, cancer cell growth, and invasion [74]. The over-
expression of both inorganic pyrophosphatase (PPAI) and
tubulin alc (TUBAIC) in response to the variation of ex-
ogenous zinc in MCF-7 cells (Table 1) suggests that high
intracellular zinc promotes the metabolic activity of breast
cancer cells, since inorganic pyrophosphatase is involved in
cell metabolism, and tubulin alc promotes glycolysis in
breast cancer [75-77]. In addition, current finding dem-
onstrates that heat shock 70 kDa protein was overexpressed
in MCF-7 cells (Table 1), correlating well with its over-
expression at the gene level [78].

4.3. Interactions of the Differentially Expressed Proteins in
Cancer Cells. Human triosephosphate isomerase (TPII) is
a key glycolytic enzyme, and glycolysis is accelerated in
cancer cells [79]. The prominence of triosephosphate
isomerase in breast cancer cells (MCF-7) with and without
zinc exposure (Supplementary Figures 9a and 9b)

17

demonstrates that it is potentially associated with breast
cancer development. The marked upregulation of tri-
osephosphate isomerase in MCF-7 cells without zinc ex-
posure (T,) and with zinc exposure (T},) compared to the
normal counterparts (Table 1) reflects both its intrinsic
expression in the breast cancers and dynamic zinc-
responsiveness upon zinc exposure. Triosephosphate
isomerase was found to be involved in PI3K/AKT/mTOR
signalling pathway and hence breast cancer development
[64], which supports the significance of the finding for
triosephosphate isomerase in this study. Therefore, it is
potentially a druggable target, and it is indeed under in-
vestigation for anticancer drug development [80]. The
metal-binding proteins, SI00A2 and S100A13, belong to
S$100 protein family, which were first identified by Moore in
1965 [81, 82]. There are 18 members of S100A
(SI00A1-S100A18). Protein S100A13 is present in the
functional networks of MCF-7 with and without zinc ex-
posure (Supplementary Figures 9a and 9b), and it was highly
overexpressed both intrinsically in MCF-7 without zinc
exposure and responsively to zinc exposure in MCF-7 cells.
The findings suggest that SI00A13 is involved in zinc ho-
meostasis of breast cancer cells. Prohibitin (PHB) is
a worthwhile target for future investigations according to its
overexpression in the prostate cancer cells (PC3) at T}, zinc
exposure compared to the normal counterparts (Table 2) as
well as its prominence in the functional protein network of
PC3 Tiso vs RWPE-1 Ty, (Supplementary Figure 10b).
Prohibitin is a pleiotropic chaperone/scaffold tumour sup-
pressor protein implicated in the regulation of cell pro-
liferation and apoptosis [83]. This study, for the first time,
demonstrated that it is also a zinc-responsive protein in the
prostate cancer cells.

5. Conclusion

The systematic approach of high-resolution top-down
proteomics was carried out simultaneously, for the first
time, on the cancerous breast and prostate cells (MCF-7,
PC3) and the normal breast and prostate cells (MCF10A,
RWPE-1). The datasets revealed the intrinsic differences in
the proteomes of cancer cells (MCF-7 and PC3) and their
normal counterparts without zinc treatment, such as the
downregulation of antitumour proteins (14-3-3 protein o,
protein S100A2, latexin, and annexin Al) and the upre-
gulation of tumour protein (hD53), antioxidants (peroxir-
edoxin 6 and superoxide dismutase), and metabolic enzymes
(dihydrolipoamide S-succinyltransferase and aldehyde de-
hydrogenase 1) in both breast and prostate cancer cells. The
zinc-responsive proteomes were then unravelled by their
dynamic expressions prodded by the change of extracellular
zing, particularly observed were the increased expressions of
tumour proteins (hD53, hD54) and triosephosphate isom-
erase in breast cancer cells. As the cytoplasmic zinc level is
elevated in breast cancer cells, the overexpression of those
zinc-responsive proteins could be involved in breast cancer
development. Moreover, the upregulation of metal binding
protein S100A13 likely plays a role in zinc homeostasis of
breast cancer cells. The overexpression of the tumour
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suppressor prohibitin (PHB) in prostate cancer cells (PC3)
in response to the change of extracellular zinc provides an
explanation for the inhibitory effect of zinc in prostate
cancer development. The upregulation of antioxidants in
both kinds of cancer cells under zinc exposure, such as
peroxiredoxin 6, would benefit cancer cell growth in re-
sponse to the change of environmental conditions. Overall,
the findings here uncovered significant molecular targets for
anticancer drug development and enhanced our knowledge
as well as understanding of the role of zinc in breast and
prostate cancer cells.
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