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Simple Summary: Zinc is one of the most abundant trace elements in our body. It is very important 

since it plays a role as a signaling molecule in cell homeostasis and immune system. These functions 

are essential in cancer. This is the reason why dysregulation of zinc causes a plethora of issues and 

in particular participates in tumor development. In this review, zinc homeostasis in healthy and 

cancer cells is described. We also describe zinc-related diagnostic and prognostic markers for cancer. 

Moreover, therapeutic strategies linked to zinc as a target for cancer are given.  

Abstract: Zinc (Zn) is a trace element crucial for oxidative stress, apoptosis, the immune response, 

and more globally for various processes involved in cellular homeostasis. In some cancers, Zn ho-

meostasis is dysregulated. In this review, the role of Zn in cancer and all the components associated 

to Zn, the use of Zn and Zn-related proteins as biomarkers and Zn-based strategies for the treatment 

of tumors will be described. ZIP and ZnT are proteins related to Zn metabolism in normal condi-

tions. In cancer, the level of expression of Zn related proteins is abnormal. These Zn proteins may 

act as prognostic or diagnostic biomarkers, and may be helpful for detecting early-stage cancers or 

monitoring the course of the disease. Additionally, Zn and its pathways may also be targeted to 

treat cancers. Indeed, the use of metals for binding Zn cations allows to regulate the biodistribution 

of Zn within cells, and will control several downstream signaling pathways. Zinc may also be di-

rectly used as a therapeutic substance to improve the prognosis of cancer patients, especially with 

the supplementation of zinc or the use of Zn oxide nanoparticles.    
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1. Introduction 

Zinc (Zn) is one of the most important trace elements in the same way as iron (Fe) and copper (Cu). Zinc 

plays a role as a central signaling molecule for cell homeostasis[1,2]. The dysregulation in Zn homeostasis 

leads to structural abnormalities, or to the loss of essential physiological functions, enabling the development 

of a variety of diseases, including cardiovascular diseases, cancer, or diabetes[3–7]. It has been clearly demon-

strated that Zn homeostasis is disturbed in many cancers[1,7,8]. Moreover, numerous studies showed that the 

disturbance of trace element homeostasis might be, at the same time, the cause and the consequence of carcin-

ogenesis. Some studies have also revealed that these dysregulations could be of clinical interest as prognostic 

and/or predictive biomarkers of response to treatments[9–11]. Accordingly, several therapeutic strategies tar-

geting or using trace elements have been designed. Among the immense literature in the field, we present the 

most significant studies on cell mechanisms relating to Zn homeostasis dysregulation and cancer. This review 

is also an opportunity to present discordant results obtained in this field. Finally, in this work, we will also 

review the main therapeutic strategies targeting Zn or using Zn as a central player for cancer treatment.   

2. Zinc metabolism in normal conditions  

Zinc is an essential and the second-most abundant trace element in humans. In cells, Zn appears in two forms: 

protein-bound Zn and mobilizable-Zn (not free but bound by unknown non-protein-ligands) [12]. The activity of 

about 300 enzymes and the maintenance of structural integrity of approximately 2,000 transcription factors are 

Zn-dependent. These transcription factors contain zinc finger domains that coordinate Zn cations to stabilize their 

structure and folding [13]. Thereby, Zn plays a crucial role in a wide range of cellular processes such as oxidative 

stress, apoptosis, the immune response, etc.…[14]. Moreover, Zn is clearly associated with pathophysiological 

conditions such as growth retardation, hypogonadism, neurosensory and cognitive disorders, cardiovascular dis-

ease, diabetes mellitus and cancer [1,15]. Among the 2 g of Zn contained in our human body, 99.9% is present 

inside the cells, while the remaining is found in blood plasma [16]. Zinc is present in our organism as a divalent 

cation that can form tetrahedral complexes. Unlike Cu and Fe [17,18], its absorption does not require oxidation or 

reduction [19].  

 

       2.1 Zinc homeostasis  

Zinc homeostasis is definitely based on two Zn transporter families that function in opposite direction to 

tightly maintain Zn homeostasis. The first family of Zn transporter is composed of 10 members named ZnTs or 

SLC30, and the second family of Zn transporters is composed of 14 members named Zrt- and Irt-like proteins, 

also known as ZIPs or SLC39. ZnTs allow the exportation of Zn from cytosol to the extracellular medium or into 

intracellular compartments whereas the cytosolic Zn concentration is increased by ZIPs (Table 1). ZIP family is 

divided into 4 subfamilies. Among the 14 human members of ZIP family, nine of them belong to the LIV-1 sub-

family [20].  

 

 

 

 

Table 1. The different Zn-binding proteins in human. Inspired from Zhao et al. and Bafaro et al. [1,14]. 
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Protein Function 
Major Tissue  

distribution 

Subcellular localiza-

tion 

ZnT1 Plasma Zn exporter Ubiquitous Plasma membrane 

ZnT2 
Plasma Zn exporter, transport Zn into mam-

mary gland vesicles 

Mammary gland, pancreas, prostate,  

retina, intestine, kidney 

Endosome, lysosome, 

secretory vesicles, 

plasma membrane 

ZnT3 
Transport Zn into synaptic  

vesicles 
Brain, pancreas, testis Synaptic vesicles 

ZnT4 

Plasma Zn exporter, transport Zn into mam-

mary 

gland vesicles 

Mammary gland, placenta, prostate, kid-

ney, brain 

Endosome, secretory 

vesicle, plasma mem-

brane 

ZnT5 Plasma Zn exporter, transport Zn into Golgi 
Heart, placenta, prostate, ovary, testis, in-

testine, thymus, bone 

Golgi, vesicles, 

plasma membrane 

ZnT6 Transport Zn into Golgi Brain, lung, intestine Golgi, vesicles 

ZnT7  Transport Zn into Golgi 
Intestine, stomach, pancreas, prostate, 

placenta, testis, retina, muscle 
Golgi, vesicles 

ZnT8 Transport Zn into insulin granules 
Pancreatic islet, adrenal gland, thyroid, 

testis 
Secretory granules 

ZnT9 
Plasma Zn exporter, transcriptional regula-

tion in nucleus 
Brain, muscle, kidney 

Endoplasmic reticu-

lum, nucleus 

ZnT10 Cation transporter Brain, retina, liver 
Golgi, plasma mem-

brane 

ZIP1 
Plasma Zn importer, Zn release from vesi-

cles 

Prostate, small intestine, kidney, liver, 

pancreatic α cells 

Plasma membrane, 

endoplasmic reticu-

lum 

ZIP2 Plasma Zn importer 
Prostate, uterine, epithelial cells, ovary, 

liver, skin 
Plasma membrane 

ZIP3 
Plasma Zn importer, Zn release from lyso-

somes 
Testes, pancreatic cells 

Plasma membrane, ly-

sosomes 

ZIP4 Plasma Zn importer 
Small intestine, stomach, colon, cecum, 

kidney, pancreatic β cells  
Plasma membrane 

ZIP5 Plasma Zn importer Liver, kidney, spleen colon, pancreas Plasma membrane 

ZIP6  Plasma Zn importer Testis, pancreatic β cells Plasma membrane 

ZIP7 
Zn release from Golgi and the 

 Nucleus 
Brain, liver, pancreatic β cells 

Golgi, endoplasmic 

reticulum, nucleus 

ZIP8 
Plasma Zn importer at the onset of inflam-

mation  

Pancreas, placenta, lung, liver, testis, thy-

mus, red blood cells 

Plasma membrane, ly-

sosomes, endosomes 

ZIP9 Zn release from Golgi Prostate Golgi  

ZIP10 Plasma Zn importer 
Testis, kidney, breast, pancreatic α cells, 

red blood cells 
Plasma membrane 

ZIP11 Cation transport 
Mammary gland, testis, stomach, ileum 

and cecum 
Golgi  

ZIP12 Cation transport 
Neurons, endothelial, smooth muscle 

and interstitial cells 
N.D. 

ZIP13 Zn release from Golgi and vesicles 
Retinal pigment, epithelial cell line,  

Osteoblasts 

Endoplasmic reticu-

lum, Golgi 

ZIP14 Plasma Zn importer 
Smooth muscle, pancreas islet, liver, 

lung, brain, heart, intestine 

Plasma membrane, 

mitochondria, en-

dosome, lysosomes 
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1. N.D.: Not determined 

About intracellular Zn sensing, the metal regulatory transcription factor 1 (MTF-1) is zinc dependent. Indeed, 

that factor needs Zn to regulate expression of its target [1]. MTF-1 has 6 Cys2-His2 Zn fingers as DNA-binding 

domains [21]. In response to Zn, MTF-1 allows the transcription of several genes and particularly genes encoding 

for ZnT1 and ZnT2, and metallothioneins [1,22].  

Metallothioneins (MTs) have a high affinity for Zn (and for other metals such as Cu, Cd,…) and thus are the major 

intracellular Zn -binding proteins [23]. These small, cysteine-rich proteins can control the storage and release of 

intracellular Zn [24]. Among the total Zn, less than 1% is located in the serum, of which about 80% is bound to 

serum albumin and 20% to α2-macroglobulin [25] (Figure 1).  

 

 
Figure 1: General overview of zinc metabolism. In the bloodstream, Zn is mainly bound to albumin and α-2-macroglubulin 

while inside the cell, metallothioneins are the major zinc-binding proteins. The internalisation of Zn inside cells is carried out by 

ZIPs (in red) and the externalisation of Zn outside compartments is carried out by ZnTs (in orange). Zn2+ = Zn ion; ER = Endo-

plasmic reticulum; GA = Golgi apparatus; Mito = Mitochondria; E/L = Endosome/Lysosome; SV = Synaptic vesicles. Created with 

Biorender.com 

 

 

2.2 Zinc signaling 

Zn is a key chemical element for cell signaling, acting both as an extracellular (neurotransmitter) and intra-

cellular (second messenger) signaling molecule [26]. Zinc stimulates serine/threonine protein kinases (MAPK) that 
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are implicated in cell proliferation, differentiation, and apoptosis. Among MAPK, the extracellular signal-related 

kinase (ERK) and the c-Jun N-terminal kinase (JNK) are two targets of Zn signaling [1]. Moreover, Zn promotes 

T-cell proliferation through the MAPK pathway, inhibiting the dephosphorylation of MEK and ERK [27]. Thus, 

Zn clearly acts as a second messenger, since it is involved in intracellular signaling events [28]. Another signaling 

pathway instigated by Zn is the STAT pathway, which will promote the expression of genes associated with dif-

ferentiation, survival, cell proliferation and apoptosis [29]. 

In lymphocyte T cells, PKC is activated and is bound to the membrane and cytoskeleton upon Zn treatment [30]. 

However, the chelation of Zn inhibits these mechanisms [31]. Zinc is present in synaptic vesicles and has a role in 

postsynaptic cells by their activation. Indeed, Zn is released from vesicles via exocytosis to bind ligand ion chan-

nels [32].  

The dysregulation of Zn homeostasis and its consequences are known to promote of series of pathologies, includ-

ing cancers, which will be discussed in the following part.  

 

3. Altered Zinc metabolism in cancer, and Zinc proteins as cancer biomarkers 

 

There is a general agreement suggesting that Zn may prevent cancer. Indeed in cancers, an important cause 

of chromosome instability is the attrition of telomere, but high Zn levels reduces the telomere attrition [33]. More-

over, a high level of Zn is correlated with a decrease of micronucleus frequency [34]. Micronuclei are fragment 

from chromosomes, generally used as biomarkers for chromosome instability [35]. Hence, Zn plays a protective 

role for DNA integrity and may prevent cancer evolution. Depending on the type and stage of cancers, Zn related 

proteins are differentially regulated (Table 2). 

 

3.1. Pancreatic cancer  

 The analysis of the mRNA levels of ZIP and ZnT proteins shows that all ZIP proteins are downregulated in 

human pancreatic adenocarcinoma compared to normal tissues, with the exception of ZIP4, which is upregulated 

[36]. ZIP4 has been proven to increase cell proliferation. Through CREB, ZIP4 overexpression causes an increase 

in the activity of mi-373 promoter. That process leads to the silencing of mi-373 target genes and thus to a subse-

quent increase in cell proliferation and tumor progression [37]. The tumor progression is also promoted by ZIP4 

via decreasing the expression of tight junction protein ZO-1 and claudin-1 [38]. Concerning ZnT transporters, 

gene expression levels are lower or similar in the pancreatic cancer compared to normal tissues [36]. After Zn 

supplementation, ZnT1 up-regulation is linked with the induction of cytotoxicity in pancreatic cancer cells [39]. 

This cytotoxicity is defined by ubiquitination of proteins, which is an important mechanism for cell death [40], 

independent from apoptosis. In pancreatic cancer, ZIP4 is upregulated. Exosomal ZIP4 may be used as diagnostic 

biomarker. Exosomes are small molecules secreted by cells [41]. This secretion is carried out by normal and patho-

logical cells, including cancer cells. Thereby, exosomal proteins have a huge potential as biomarkers for diagnostic 

[42]. For exosomal ZIP4 level, a significative difference has been established between samples from patients with 

malignant pancreatic cancer and patient normal control [43]. Moreover, with the decreased of ZIP3, there is a 

considerable loss of Zn level in pre-cancerous pancreatic tissues [8]. 
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3.2. Prostate cancer  

  The human prostate contains the highest level of Zn in our body. In normal prostate, cells are accumulating 

Zn [44]. The role of Zn in this organ is to block citrate oxidation. The inhibition of this process allows the produc-

tion of citrate, a constituent of the prostatic fluid [45]. Depending on the study, contradictory results concerning 

the effect of Zn in prostate cancer can be observed. In fact, the supplementation of Zn seems to increase the risk 

of advanced prostate cancer [46]. The level of Zn seems to be decreased in prostate cancer, since prostate cancer 

cells lose their ability to accumulate Zn. Moreover, the inhibition of malignant cells is associated with Zn effects 

[47]. Zinc has the capacity to induce the arrest of the cell cycle and to trigger the apoptosis [48].  

In normal prostate cells, the expression of ZIP1 is notable. In contrast in prostate cancer, Zn is decreased and 

ZIP1 is downregulated [44,49,50]. Thereby, the cause of low amounts of Zn in cancers seems to induce ZIP1 

downregulation. In prostate carcinoma, despite its unknown role, ZIP4 expression is decreased. ZIP4 and ZIP1 

may actually behave as tumor suppressors. Before, the evidence about the decrease of ZIP1 and ZIP4 in prostate 

cancer were showed. The measurement of the ZIP1 and ZIP4 level of expression may serve as biomarkers in early 

steps in the development of prostate cancer [51,52]. In addition, compared to healthy prostate cells, prostate can-

cer cells display a diminution of Zn concentration and this decrease continue during the progression of the cancer 

[53]. Thereby, a monitoring of Zn status in association with PSA screening can be a relevant and more specific 

approach to diagnostic prostate cancer [54].  

MT, the major intracellular Zn-binding protein, is used as marker for tumor in prostate cancer. Indeed, the level 

of MT in serum from prostate cancer-diagnosed patient is systematically increased [55]. Additionally, MT are 

markers for head tumors, melanoma and to differentiate malignant and benign tumors [56]. 

 

3.3. Breast cancer  

  Tamoxifen is a treatment for estrogen-receptor (ER) positive breast cancers [57]. With time, a resistance 

against this drug (TamR) can appear giving rise to cancer cells able to proliferate and metastasize in presence of 

tamoxifen [58]. Studies have shown that in TamR cells, the level of Zn is higher than in tamoxifen sensitive cells 

[59,60]. Zinc also induced the inhibition of PTP1B, which is a protein tyrosine phosphatase [61]. PTP1B has a pleth-

ora of substrates, including EGFR, insulin receptor, or Src. Thereby, the inhibition of PTP1B through Zn has a sig-

nificant effect on these signalling pathways, blocking dephosphorylation and thus preventing their inactivation. 

So, Zn has an effect on cell growth by induction of gene expression [60]. The increase of intracellular Zn is correlated 

to the increased expression of ZIP7. Indeed, when ZIP-7 is silenced by siRNAs in TamR cells, different signalling 

pathway such as EGFR and Src are inactivated and cell migration is significantly reduced [59]. 

LIV-1 is a protein belonging to a subfamily of ZIP Zn transporters named LZT (LIV-1 subfamily of ZIP Zn trans-

porters)[62]. LIV-1 is also involved in breast cancer since it has been reported that LIV-1 is associated with ER 

positive breast cancer [63]. LIV-1 is also linked with metastatic breast cancer [60]. Thereby, LIV-1 is used as a reliable 

marker. Indeed, an increase of LIV-1 is described in oestrogen-receptor positive cancers [64]. LIV-1 is correlated 

with metastatic breast cancer. Thereby, it is a valuable indicator of these types of cancer [65]. As mentioned above 

ZIP7 is increased in oestrogen-receptor positive breast cancer and participates to the resistance of tamoxifen. ZIP7 

is activated by phosphorylation on two serine residues [51]. This activation leads to pathways involved in cancer 

progression [8]. Therefore, phosphorylated ZIP7 may be a reliable biomarker for this particular cancer.  
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3.4 Lung cancer  

  In lung cancer, the role of Zn remains unclear, with variable expression levels of ZIPs and ZnTs in lung 

cancer cell lines, or in tumors. ZnTs are downregulated while ZIPs are upregulated [66]. In lung tumor tissue, 

several genes are overexpressed and Zn may prevent lung cancer [67]. Zinc deficiency induced DNA damage and 

increased APE expression [68], which is an endonuclease playing a crucial role in base-excision repair. Besides 

causing DNA damage, low intracellular Zn concentrations prevented the DNA binding activity of p53, which is a 

Zn-binding tumor suppressor [69].  

 

3.5 Hepatocarcinoma  

Zinc finger proteins (ZNF) play a role in DNA transcription and replication. One of them, ZN191 has the 

potential to promote hepatocellular carcinoma proliferation [70]. In hepatocellular cancer, ZIP14 is decreased at the 

early stage of cancer and persists at late stage [71]. Hence, the quantification of ZIP14 in liver tissues may be a 

potential indication for the development of this cancer.  

 

Table 2. The role and the location of zinc associated proteins in cancers. 

Cancer 
Altered 

player 
Regulation Sample Prognostic Ref. 

Pancreatic adenocarcinoma ZIP4 + 
Pancreatic 

tissue 
 [36–38] 

Pancreatic adenocarcinoma ZIP3 - 
Pancreatic 

tissue 
 [8,72] 

Prostate cancer ZIP1 - Prostate   [44,49,50] 

Prostate cancer ZIP2 - Prostate  [73] 

Prostate cancer ZIP3 - Prostate Early event [8,73] 

Prostate cancer ZIP4 - Prostate Early event [74] 

Prostate cancer MT + Prostate  [55] 

Oestrogen-receptor positive 

breast cancer 
LIV-1 + Breast Poor [60,64] 

Oestrogen-receptor positive 

breast cancer 
ZIP7 + Breast 

Increased growth 

and invasion 
[8,59,63,75] 

Breast cancer  ZnT1 - Rat breast  [76] 

Breast cancer ZIP6 + 
Lymph-node 

metastasis 
 [77] 

Breast cancer ZIP10 + 
Lymph-node  

metastasis 
 [78] 

Renal cell carcinoma ZIP10 + Kidney 
Late event, ag-

gressive  
[79] 

Colon cancer ZIP10 + Colon   [8] 

Liver cancer ZIP4 + Liver  [80] 

Liver cancer ZIP14 - Liver Early event [71] 
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4. Zinc as a target for cancer treatment 

 

4.1 Targeting Zinc with metal-binding compounds  

The role of metals in cancer has been acknowledged [17,18,81]. Nowadays, metal-binding compounds are 

explored as potential anticancer agents [82]. 

Depending on its effect, a metal-binding compound can be classified as a “metal chelator” or a “metal ionophore”. 

The former reduces the availability of a metal by chelating it, while the latter locates in membrane bilayer and 

enables the diffusion of the metal between both sides of the membrane leading to equilibration of the concentra-

tion of the free metal ion. Ionophores are thus transmembrane metal ion transporters [83]. This is possible since 

the binding between an ionophore and a molecule is reversible. On the contrary, the binding of a metal with a 

chelator is almost irreversible [84]. 

Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline) is a Zn2+ chelator that acts as an anticancer molecule in prostate 

cancer. Indeed, ZIP1-deficient malignant cells need Zn to apply its tumor suppressor effect in prostate cancer. 

Clioquinol is the Zn delivery agent that allows the internalization of Zn inside these cells, therefore also acting as 

an ionophore. The complex Zn-Clioquinol overcomes the absence of ZIP1 by increasing the cellular level of Zn 

[85]. Clioquinol inhibits tumor growth in animals [86]. A phase-I clinical trial using clioquinol as a treatment for 

different hematological malignancies such as leukaemia, lymphoma and myeloma was completed in 2012 and 

indicated a minimal inhibition of the proteasome [87,88]. 

Dithiocarbamates are metal-chelating compounds. Disulfiram (DSF), a dithiocarbamate, is used as a treat-

ment of melanoma and hepatic cancer. This treatment is enhanced by Zn supplementation [89] and the activity of 

the complex DSF-Zn could be explained by the inhibition of the proteasome [82], a key player for the degradation 

of unfolded or ubiquitinated proteins [90]. The proteasome activity is increased in several cancers [91] suggesting 

that cancer cells use more the ubiquitin proteasome-pathway than normal cells. Indeed, proteasome inhibition is 

able to prevent the elimination of pro-apoptotic factors [92]. DSF, in association with copper, is currently tested 

for multiple myeloma [93]. 

The N,N,N,N-Tetrakis(2-pyridylmethyl)-ethylenediamine (TPEN) is a Zn chelator and more specifically a 

membrane permeable Zn chelator [94,95]. It is known to induce apoptosis in several cancer cells [96]. TPEN trig-

gered apoptosis of pancreatic cancer cells [97]. The apoptosis induced by TPEN was associated with the activation 

of caspase 3 and 8. Additionally, the anti-proliferative effect of TPEN in pancreatic adenocarcinoma cells is time 

and dose-dependent [98]. 

 

4.2 Targeting zinc metabolism proteins  

Depending on the type of cancer, up-regulation or down-regulation of selected Zn transporter proteins leads 

to carcinogenesis or, conversely, slows the progression of tumor cells.  

In pancreatic adenocarcinomas, Zn supplementation led to an increase of cytotoxicity and the up-regulation of 

ZnT1 [39]. ZIP4 is upregulated in pancreatic cancer. The use of RNA interference against ZIP4 induced the inhi-

bition of cell proliferation, migration and invasion in ZIP4-overexpressed pancreatic carcinoma [99]. 

ZIP1 is decreased in prostate cancer. Transfection of ZIP1 in prostatic cancer cells results in a recovery of Zn 

uptake and an inhibition of cell growth [47,100]. Moreover, in contrast to pancreatic cancer, the silencing of ZIP4 

increased cell proliferation in prostate cancer cells while overexpression of ZIP4 inhibited invasiveness and pro-

liferation [74] .  
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Since the activation of ZIP7 in estrogen-receptor positive breast cancer is phosphorylation-dependant, targeting 

that activation may be an interesting therapeutic approach. In addition, protein CK2 induces the activation of 

ZIP7 [8]. This suggests that CK2 inhibitors may prevent the phosphorylation of ZIP7 and ultimately act as anti-

cancer agents. 

 

 

4.3 Other strategies  

The supplementation of Zn may also represent a valuable strategy in some cancer treatment. In pancreatic 

cancer cells, the addition of Zn (0.01–0.5 mM) increased cytotoxicity in human adenocarcinoma cell lines. Im-

portantly, normal human β-cells were not impacted by the supplementation of Zn [39]. Treatments of human 

prostate cancer cells with supplementation of Zn led to the decreased expression of intercellular adhesion mole-

cule 1 leading to the reduction of tumor cell adhesion and invasiveness [101]. An oral supplementation of 70 mg 

of Zn, every day during 16 weeks prevented fatigue and enhanced quality of life for patients treated by chemo-

therapy with colorectal cancer [102]. Patients undergoing cancer chemotherapy have a poorer quality of life and 

oral mucositis is a classical complication of cancer chemotherapy [103]. Oral supplementation of Zn was used for 

patients with oral mucositis. The study showed that Zn reduced both the frequency and the severity of oral mu-

cositis [104]. In rats with early stage breast cancer, the supplementation of Zn nanoparticles inhibited tumor 

growth [105]. The mechanism of action still needs to be elucidated.  

The use of nanoparticles (NPs) is a different therapeutic strategy, emerging as valuable treatments for cancer. 

Zn oxide nanoparticles (ZnO NPs) are approved by the Food and Drug Administration as safe substances [106]. 

ZnO NPs are one of the most attractive metal oxide nanoparticles, because of their low toxicity, their cheapness 

and their good biocompatibility [107]. Therefore, they are used in a wide range of fields including antibacterial, 

antidiabetic and anticancer treatments [108]. The cytotoxicity of ZnO NPs has been successfully assessed in dif-

ferent cancers such as cervix carcinoma, tongue squamous cell carcinoma, non-small cell lung cancer and urothe-

lial carcinoma, glioblastoma, cervical carcinoma cells [109–112]. In all these cancer cell lines, ZnO NPs triggered 

cell death, notably apoptosis, while normal fibroblasts were unaffected [112]. In liver cancer, ZnO NPs increased 

p53 expression [113]. In ovarian cancer, ZnO NPs treatment induced both oxidative and proteotoxic stresses, and 

finally apoptosis [114].   

 

5. Conclusions 

Zinc is a chemical element that plays a crucial role in cancer. Its activity as a second messenger is important 

in a plethora of cellular pathways, such as cell proliferation, differentiation, and migration. Small disruption in Zn 

homeostasis may result in the development/aggressiveness of cancers. Despite a few contradictory results, there 

is a clear association of the dysregulated levels of ZIPs and ZnTs in several cancers. The exact signaling process 

by which these transporters are involved in oncogenetic processes remain to be elucidated, for each cancer type 

or even probably at the individual cancer patient level, since there may exist a strong interindividual heterogeneity 

among Zn protein expression levels. The status of Zn and its associated proteins can serve as biomarkers for the 

detection and the diagnosis of cancer at early stages or to evaluate the outcomes of a cancer (prognostic marker). 

Moreover, specific alterations of Zn metabolism in cancer may represent valuable targets for therapy. Effectively, 

the down-regulation or the overexpression of Zn-associated proteins have already been used as rationales for 

developing innovative therapeutic strategies. Some compounds with high affinity with Zn are potential treat-

ments for some cancer but for now, little clinical trials have been conducted. Zinc is also used as another way to 
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treat cancers. Indeed, the field of therapeutic nanoparticles is emerging and lots of studies using ZnO NPs are 

currently being released. ZnO NPs are efficient and show a selective toxicity against cancer cells. In the future, Zn 

and its metabolism will undoubtedly continue to play an important role both for cancer diagnosis and therapeutic 

strategies. 

 

Authors Contributions: M.B., P.L., A.D. and B.B. wrote the manuscript. A.D. and B.B. conceived the original idea. L.S. and JL.C. 

provided review and editing support. M.B. did artwork. All authors have read and agreed to the published version of the manu-

script. 

Funding: Agence Nationale de la Recherche (ANR) with grant # ANR-17-CE18-0028-01. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

6. References 

 

1.  Bafaro, E.; Liu, Y.; Xu, Y.; Dempski, R.E. The Emerging Role of Zinc Transporters in Cellular Homeostasis and 

Cancer. Signal Transduction and Targeted Therapy 2017, 2, 1–12, doi:10.1038/sigtrans.2017.29. 

2.  King, J.C.; Shames, D.M.; Woodhouse, L.R. Zinc Homeostasis in Humans. The Journal of Nutrition 2000, 130, 1360S-

1366S, doi:10.1093/jn/130.5.1360S. 

3.  Begum, F.; Me, H.M.; Christov, M. The Role of Zinc in Cardiovascular Disease. Cardiol Rev 2022, 30, 100–108, 

doi:10.1097/CRD.0000000000000382. 

4.  Little, P.J.; Bhattacharya, R.; Moreyra, A.E.; Korichneva, I.L. Zinc and Cardiovascular Disease. Nutrition 2010, 26, 

1050–1057, doi:10.1016/j.nut.2010.03.007. 

5.  Chausmer, A.B. Zinc, Insulin and Diabetes. J Am Coll Nutr 1998, 17, 109–115, doi:10.1080/07315724.1998.10718735. 

6.  Ranasinghe, P.; Pigera, S.; Galappatthy, P.; Katulanda, P.; Constantine, G.R. Zinc and Diabetes Mellitus: Under-

standing Molecular Mechanisms and Clinical Implications. Daru 2015, 23, 44, doi:10.1186/s40199-015-0127-4. 

7.  Prasad, A.S.; Beck, F.W.J.; Snell, D.C.; Kucuk, O. Zinc in Cancer Prevention. Nutr Cancer 2009, 61, 879–887, 

doi:10.1080/01635580903285122. 

8.  Ziliotto, S.; Ogle, O.; Taylor, K.M. 17. Targeting Zinc(II) Signalling to Prevent Cancer. In Metallo-Drugs: Develop-

ment and Action of Anticancer Agents; Sigel, A., Sigel, H., Freisinger, E., Sigel, R.K.O., Eds.; De Gruyter: Berlin, Boston, 

2018; pp. 507–530 ISBN 978-3-11-047073-4. 

9.  Wang, J.; Zhao, H.; Xu, Z.; Cheng, X. Zinc Dysregulation in Cancers and Its Potential as a Therapeutic Target. 

Cancer Biol Med 2020, 17, 612–625, doi:10.20892/j.issn.2095-3941.2020.0106. 

10.  Zinc Transporters and Dysregulated Channels in Cancers - PMC Available online: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5199720/ (accessed on 9 September 2022). 

11.  Alam, S.; Kelleher, S.L. Cellular Mechanisms of Zinc Dysregulation: A Perspective on Zinc Homeostasis as an 

Etiological Factor in the Development and Progression of Breast Cancer. Nutrients 2012, 4, 875–903, 

doi:10.3390/nu4080875. 

12.  Costello, L.C.; Fenselau, C.C.; Franklin, R.B. Evidence for Operation of the Direct Zinc Ligand Exchange Mecha-

nism for Trafficking, Transport, and Reactivity of Zinc in Mammalian Cells. J Inorg Biochem 2011, 105, 589–599, 

doi:10.1016/j.jinorgbio.2011.02.002. 

13.  Maret, W.; Jacob, C.; Vallee, B.L.; Fischer, E.H. Inhibitory Sites in Enzymes: Zinc Removal and Reactivation by 

Thionein. Proc Natl Acad Sci U S A 1999, 96, 1936–1940. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1


Cancers 2021, 13, x FOR PEER REVIEW 10 of 17 
 

 

14.  Zhao, L.; Xia, Z.; Wang, F. Zebrafish in the Sea of Mineral (Iron, Zinc, and Copper) Metabolism. Front Pharmacol 

2014, 5, doi:10.3389/fphar.2014.00033. 

15.  Prasad, A.S. Discovery of Human Zinc Deficiency: 50 Years Later. Journal of Trace Elements in Medicine and Biology 

2012, 26, 66–69, doi:10.1016/j.jtemb.2012.04.004. 

16.  Lu, Q.; Haragopal, H.; Slepchenko, K.G.; Stork, C.; Li, Y.V. Intracellular Zinc Distribution in Mitochondria, ER and 

the Golgi Apparatus. Int J Physiol Pathophysiol Pharmacol 2016, 8, 35–43. 

17.  Lelièvre, P.; Sancey, L.; Coll, J.-L.; Deniaud, A.; Busser, B. Iron Dysregulation in Human Cancer: Altered Metabo-

lism, Biomarkers for Diagnosis, Prognosis, Monitoring and Rationale for Therapy. 2020, 23. 

18.  Lelièvre, P.; Sancey, L.; Coll, J.-L.; Deniaud, A.; Busser, B. The Multifaceted Roles of Copper in Cancer: A Trace 

Metal Element with Dysregulated Metabolism, but Also a Target or a Bullet for Therapy. Cancers 2020, 12, 3594, 

doi:10.3390/cancers12123594. 

19.  Guerinot, M.L. The ZIP Family of Metal Transporters. Biochimica et Biophysica Acta (BBA) - Biomembranes 2000, 1465, 

190–198, doi:10.1016/S0005-2736(00)00138-3. 

20.  Taylor, K.M.; Morgan, H.E.; Smart, K.; Zahari, N.M.; Pumford, S.; Ellis, I.O.; Robertson, J.F.R.; Nicholson, R.I. The 

Emerging Role of the LIV-1 Subfamily of Zinc Transporters in Breast Cancer. Mol Med 2007, 13, 396–406, 

doi:10.2119/2007-00040.Taylor. 

21.  Kimura, T.; Itoh, N.; Andrews, G.K. Mechanisms of Heavy Metal Sensing by Metal Response Element-Binding 

Transcription Factor-1. J. Health Sci. 2009, 55, 484–494, doi:10.1248/jhs.55.484. 

22.  Guo, L.; Lichten, L.A.; Ryu, M.-S.; Liuzzi, J.P.; Wang, F.; Cousins, R.J. STAT5-Glucocorticoid Receptor Interaction 

and MTF-1 Regulate the Expression of ZnT2 (Slc30a2) in Pancreatic Acinar Cells. PNAS 2010, 107, 2818–2823, 

doi:10.1073/pnas.0914941107. 

23.  Vasak, M. Metallothioneins: New Functional and Structural Insights. Current Opinion in Chemical Biology 2000, 4, 

177–183, doi:10.1016/S1367-5931(00)00082-X. 

24.  Feng, W.; Cai, J.; Pierce, W.M.; Franklin, R.B.; Maret, W.; Benz, F.W.; Kang, Y.J. Metallothionein Transfers Zinc to 

Mitochondrial Aconitase through a Direct Interaction in Mouse Hearts. Biochemical and Biophysical Research Communica-

tions 2005, 332, 853–858, doi:10.1016/j.bbrc.2005.04.170. 

25.  Hara, T.; Takeda, T.; Takagishi, T.; Fukue, K.; Kambe, T.; Fukada, T. Physiological Roles of Zinc Transporters: 

Molecular and Genetic Importance in Zinc Homeostasis. J Physiol Sci 2017, 67, 283–301, doi:10.1007/s12576-017-0521-4. 

26.  Mason, Andrew.Z.; Perico, N.; Moeller, R.; Thrippleton, K.; Potter, T.; Lloyd, D. Metal Donation and Apo-Metal-

loenzyme Activation by Stable Isotopically Labeled Metallothionein. Marine Environmental Research 2004, 58, 371–375, 

doi:10.1016/j.marenvres.2004.03.082. 

27.  Kaltenberg, J.; Plum, L.M.; Ober-Blöbaum, J.L.; Hönscheid, A.; Rink, L.; Haase, H. Zinc Signals Promote IL-2-

Dependent Proliferation of T Cells. Eur J Immunol 2010, 40, 1496–1503, doi:10.1002/eji.200939574. 

28.  Yamasaki, S.; Sakata-Sogawa, K.; Hasegawa, A.; Suzuki, T.; Kabu, K.; Sato, E.; Kurosaki, T.; Yamashita, S.; To-

kunaga, M.; Nishida, K.; et al. Zinc Is a Novel Intracellular Second Messenger. J Cell Biol 2007, 177, 637–645, 

doi:10.1083/jcb.200702081. 

29.  Supasai, S.; Aimo, L.; Adamo, A.M.; Mackenzie, G.G.; Oteiza, P.I. Zinc Deficiency Affects the STAT1/3 Signaling 

Pathways in Part through Redox-Mediated Mechanisms. Redox Biology 2017, 11, 469–481, doi:10.1016/j.redox.2016.12.027. 

30.  Csermely, P.; Somogyi, J. Zinc as a Possible Mediator of Signal Transduction in T Lymphocytes. Acta Physiol Hung 

1989, 74, 195–199. 

31.  Haase, H.; Rink, L. The Immune System and the Impact of Zinc during Aging. Immun Ageing 2009, 6, 9, 

doi:10.1186/1742-4933-6-9. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1


Cancers 2021, 13, x FOR PEER REVIEW 11 of 17 
 

 

32.  Li, Y.; Hough, C.J.; Suh, S.W.; Sarvey, J.M.; Frederickson, C.J. Rapid Translocation of Zn(2+) from Presynaptic 

Terminals into Postsynaptic Hippocampal Neurons after Physiological Stimulation. J Neurophysiol 2001, 86, 2597–2604, 

doi:10.1152/jn.2001.86.5.2597. 

33.  Human Telomere Biology: A Contributory and Interactive Factor in Aging, Disease Risks, and Protection Availa-

ble online: https://www.science.org/doi/epdf/10.1126/science.aab3389 (accessed on 3 November 2021). 

34.  Bai, Y.; Feng, W.; Wang, S.; Zhang, X.; Zhang, W.; He, M.; Zhang, X.; Wu, T.; Guo, H. Essential Metals Zinc, Sele-

nium, and Strontium Protect against Chromosome Damage Caused by Polycyclic Aromatic Hydrocarbons Exposure. 

Environ. Sci. Technol. 2016, 50, 951–960, doi:10.1021/acs.est.5b03945. 

35.  Fenech, M.; Kirsch-Volders, M.; Natarajan, A.T.; Surralles, J.; Crott, J.W.; Parry, J.; Norppa, H.; Eastmond, D.A.; 

Tucker, J.D.; Thomas, P. Molecular Mechanisms of Micronucleus, Nucleoplasmic Bridge and Nuclear Bud Formation in 

Mammalian and Human Cells. Mutagenesis 2011, 26, 125–132, doi:10.1093/mutage/geq052. 

36.  Yang, J.; Zhang, Y.; Cui, X.; Yao, W.; Yu, X.; Cen, P.; Hodges, S.E.; Fisher, W.E.; Brunicardi, F.C.; Chen, C.; et al. 

Gene Profile Identifies Zinc Transporters Differentially Expressed in Normal Human Organs and Human Pancreatic 

Cancer. Curr Mol Med 2013, 13, 401–409. 

37.  Zhang, Y.; Yang, J.; Cui, X.; Chen, Y.; Zhu, V.F.; Hagan, J.P.; Wang, H.; Yu, X.; Hodges, S.E.; Fang, J.; et al. A Novel 

Epigenetic CREB‐miR‐373 Axis Mediates ZIP4‐induced Pancreatic Cancer Growth. EMBO Molecular Medicine 2013, 5, 

1322–1334, doi:10.1002/emmm.201302507. 

38.  Liu, M.; Yang, J.; Zhang, Y.; Zhou, Z.; Cui, X.; Zhang, L.; Fung, K.-M.; Zheng, W.; Allard, F.D.; Yee, E.U.; et al. ZIP4 

Promotes Pancreatic Cancer Progression by Repressing ZO-1 and Claudin-1 through a ZEB1-Dependent Transcriptional 

Mechanism. Clin Cancer Res 2018, 24, 3186–3196, doi:10.1158/1078-0432.CCR-18-0263. 

39.  Jayaraman, A.K.; Jayaraman, S. Increased Level of Exogenous Zinc Induces Cytotoxicity and Up-Regulates the 

Expression of the ZnT-1 Zinc Transporter Gene in Pancreatic Cancer Cells. The Journal of Nutritional Biochemistry 2011, 

22, 79–88, doi:10.1016/j.jnutbio.2009.12.001. 

40.  Hoeller, D.; Dikic, I. Targeting the Ubiquitin System in Cancer Therapy. Nature 2009, 458, 438–444, doi:10.1038/na-

ture07960. 

41.  Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, Biogenesis and Function. Nat Rev Immunol 2002, 2, 

569–579, doi:10.1038/nri855. 

42.  Yakimchuk, K. Exosomes: Isolation and Characterization Methods and Specific Markers. Materials and Methods 

2020. 

43.  Jin, H.; Liu, P.; Wu, Y.; Meng, X.; Wu, M.; Han, J.; Tan, X. Exosomal Zinc Transporter ZIP4 Promotes Cancer 

Growth and Is a Novel Diagnostic Biomarker for Pancreatic Cancer. Cancer Sci 2018, 109, 2946–2956, 

doi:10.1111/cas.13737. 

44.  Costello, L.C.; Franklin, R.B. A Comprehensive Review of the Role of Zinc in Normal Prostate Function and Me-

tabolism; and Its Implications in Prostate Cancer. Arch Biochem Biophys 2016, 611, 100–112, doi:10.1016/j.abb.2016.04.014. 

45.  Costello, L.C.; Franklin, R.B. The Clinical Relevance of the Metabolism of Prostate Cancer; Zinc and Tumor Sup-

pression: Connecting the Dots. Mol Cancer 2006, 5, 17, doi:10.1186/1476-4598-5-17. 

46.  Leitzmann, M.F.; Stampfer, M.J.; Wu, K.; Colditz, G.A.; Willett, W.C.; Giovannucci, E.L. Zinc Supplement Use and 

Risk of Prostate Cancer. J Natl Cancer Inst 2003, 95, 1004–1007, doi:10.1093/jnci/95.13.1004. 

47.  Kolenko, V.; Teper, E.; Kutikov, A.; Uzzo, R. Zinc and Zinc Transporters in Prostate Carcinogenesis. Nat Rev Urol 

2013, 10, 219–226, doi:10.1038/nrurol.2013.43. 

48.  Liang, J.Y.; Liu, Y.Y.; Zou, J.; Franklin, R.B.; Costello, L.C.; Feng, P. Inhibitory Effect of Zinc on Human Prostatic 

Carcinoma Cell Growth. Prostate 1999, 40, 200–207, doi:10.1002/(sici)1097-0045(19990801)40:3<200::aid-pros8>3.0.co;2-3. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1


Cancers 2021, 13, x FOR PEER REVIEW 12 of 17 
 

 

49.  Franklin, R.B.; Feng, P.; Milon, B.; Desouki, M.M.; Singh, K.K.; Kajdacsy-Balla, A.; Bagasra, O.; Costello, L.C. HZIP1 

Zinc Uptake Transporter down Regulation and Zinc Depletion in Prostate Cancer. Molecular Cancer 2005, 4, 32, 

doi:10.1186/1476-4598-4-32. 

50.  Rishi, I.; Baidouri, H.; Abbasi, J.A.; Bullard-Dillard, R.; Kajdacsy-Balla, A.; Pestaner, J.P.; Skacel, M.; Tubbs, R.; 

Bagasra, O. Prostate Cancer in African American Men Is Associated with Downregulation of Zinc Transporters. Appl 

Immunohistochem Mol Morphol 2003, 11, 253–260, doi:10.1097/00129039-200309000-00009. 

51.  Taylor, K.M.; Hiscox, S.; Nicholson, R.I.; Hogstrand, C.; Kille, P. Protein Kinase CK2 Triggers Cytosolic Zinc Sig-

naling Pathways by Phosphorylation of Zinc Channel ZIP7. Sci Signal 2012, 5, ra11, doi:10.1126/scisignal.2002585. 

52.  Feng, P.; Li, T.; Guan, Z.; Franklin, R.B.; Costello, L.C. The Involvement of Bax in Zinc-Induced Mitochondrial 

Apoptogenesis in Malignant Prostate Cells. Mol Cancer 2008, 7, 25, doi:10.1186/1476-4598-7-25. 

53.  Johnson, L.A.; Kanak, M.A.; Kajdacsy-Balla, A.; Pestaner, J.P.; Bagasra, O. Differential Zinc Accumulation and 

Expression of Human Zinc Transporter 1 (HZIP1) in Prostate Glands. Methods 2010, 52, 316–321, 

doi:10.1016/j.ymeth.2010.08.004. 

54.  Castillejos-Molina, R.A.; Gabilondo-Navarro, F.B. Prostate Cancer. Salud Publica Mex 2016, 58, 279–284, 

doi:10.21149/spm.v58i2.7797. 

55.  Krizkova, S.; Ryvolova, M.; Gumulec, J.; Masarik, M.; Adam, V.; Majzlik, P.; Hubalek, J.; Provaznik, I.; Kizek, R. 

Electrophoretic Fingerprint Metallothionein Analysis as a Potential Prostate Cancer Biomarker. Electrophoresis 2011, 32, 

1952–1961, doi:10.1002/elps.201000519. 

56.  Krizkova, S.; Ryvolova, M.; Hrabeta, J.; Adam, V.; Stiborova, M.; Eckschlager, T.; Kizek, R. Metallothioneins and 

Zinc in Cancer Diagnosis and Therapy. Drug Metabolism Reviews 2012, 44, 287–301, doi:10.3109/03602532.2012.725414. 

57.  Osborne, C.K. Tamoxifen in the Treatment of Breast Cancer. N Engl J Med 1998, 339, 1609–1618, 

doi:10.1056/NEJM199811263392207. 

58.  Liu, Y.; Li, M.; Yu, H.; Piao, H. LncRNA CYTOR Promotes Tamoxifen Resistance in Breast Cancer Cells via Spong-

ing MiR‐125a‐5p. Int J Mol Med 2020, 45, 497–509, doi:10.3892/ijmm.2019.4428. 

59.  Taylor, K.M.; Vichova, P.; Jordan, N.; Hiscox, S.; Hendley, R.; Nicholson, R.I. ZIP7-Mediated Intracellular Zinc 

Transport Contributes to Aberrant Growth Factor Signaling in Antihormone-Resistant Breast Cancer Cells. Endocrinol-

ogy 2008, 149, 4912–4920, doi:10.1210/en.2008-0351. 

60.  Taylor, K.M. A Distinct Role in Breast Cancer for Two LIV-1 Family Zinc Transporters. Biochemical Society Trans-

actions 2008, 36, 1247–1251, doi:10.1042/BST0361247. 

61.  Beyersmann, D.; Haase, H. Functions of Zinc in Signaling, Proliferation and Differentiation of Mammalian Cells. 

Biometals 2001, 14, 331–341, doi:10.1023/a:1012905406548. 

62.  Taylor, K.M.; Morgan, H.E.; Johnson, A.; Hadley, L.J.; Nicholson, R.I. Structure–Function Analysis of LIV-1, the 

Breast Cancer-Associated Protein That Belongs to a New Subfamily of Zinc Transporters. Biochemical Journal 2003, 375, 

51–59, doi:10.1042/bj20030478. 

63.  Manning, D.L.; McClelland, R.A.; Knowlden, J.M.; Bryant, S.; Gee, J.M.; Green, C.D.; Robertson, J.F.; Blamey, R.W.; 

Sutherland, R.L.; Ormandy, C.J. Differential Expression of Oestrogen Regulated Genes in Breast Cancer. Acta Oncol 1995, 

34, 641–646, doi:10.3109/02841869509094041. 

64.  Schneider, J.; Ruschhaupt, M.; Buness, A.; Asslaber, M.; Regitnig, P.; Zatloukal, K.; Schippinger, W.; Ploner, F.; 

Poustka, A.; Sültmann, H. Identification and Meta-Analysis of a Small Gene Expression Signature for the Diagnosis of 

Estrogen Receptor Status in Invasive Ductal Breast Cancer. Int J Cancer 2006, 119, 2974–2979, doi:10.1002/ijc.22234. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1


Cancers 2021, 13, x FOR PEER REVIEW 13 of 17 
 

 

65.  Zhao, L.; Chen, W.; Taylor, K.M.; Cai, B.; Li, X. LIV-1 Suppression Inhibits HeLa Cell Invasion by Targeting 

ERK1/2-Snail/Slug Pathway. Biochemical and Biophysical Research Communications 2007, 363, 82–88, 

doi:10.1016/j.bbrc.2007.08.127. 

66.  Huang, C.; Cui, X.; Sun, X.; Yang, J.; Li, M. Zinc Transporters Are Differentially Expressed in Human Non-Small 

Cell Lung Cancer. Oncotarget 2016, 7, 66935–66943, doi:10.18632/oncotarget.11884. 

67.  Bai, Y.; Wang, G.; Fu, W.; Lu, Y.; Wei, W.; Chen, W.; Wu, X.; Meng, H.; Feng, Y.; Liu, Y.; et al. Circulating Essential 

Metals and Lung Cancer: Risk Assessment and Potential Molecular Effects. Environment International 2019, 127, 685–693, 

doi:10.1016/j.envint.2019.04.021. 

68.  Ho, E.; Ames, B.N. Low Intracellular Zinc Induces Oxidative DNA Damage, Disrupts P53, NF B, and AP1 DNA 

Binding, and Affects DNA Repair in a Rat Glioma Cell Line. Proceedings of the National Academy of Sciences 2002, 99, 

16770–16775, doi:10.1073/pnas.222679399. 

69.  Méplan, C.; Richard, M.J.; Hainaut, P. Metalloregulation of the Tumor Suppressor Protein P53: Zinc Mediates the 

Renaturation of P53 after Exposure to Metal Chelators in Vitro and in Intact Cells. Oncogene 2000, 19, 5227–5236, 

doi:10.1038/sj.onc.1203907. 

70.  Liu, G.; Jiang, S.; Wang, C.; Jiang, W.; Liu, Z.; Liu, C.; Saiyin, H.; Yang, X.; Shen, S.; Jiang, D.; et al. Zinc Finger 

Transcription Factor 191, Directly Binding to β-Catenin Promoter, Promotes Cell Proliferation of Hepatocellular Carci-

noma. Hepatology 2012, 55, 1830–1839, doi:10.1002/hep.25564. 

71.  Costello, L.C.; Franklin, R.B. The Status of Zinc in the Development of Hepatocellular Cancer: An Important, but 

Neglected, Clinically Established Relationship. Cancer Biology & Therapy 2014, 15, 353–360, doi:10.4161/cbt.27633. 

72.  Costello, L.C.; Levy, B.A.; Desouki, M.M.; Zou, J.; Bagasra, O.; Johnson, L.A.; Hanna, N.; Franklin, R.B. Decreased 

Zinc and Downregulation of ZIP3 Zinc Uptake Transporter in the Development of Pancreatic Adenocarcinoma. Cancer 

Biol Ther 2011, 12, 297–303, doi:10.4161/cbt.12.4.16356. 

73.  Desouki, M.M.; Geradts, J.; Milon, B.; Franklin, R.B.; Costello, L.C. HZip2 and HZip3 Zinc Transporters Are down 

Regulated in Human Prostate Adenocarcinomatous Glands. Mol Cancer 2007, 6, 37, doi:10.1186/1476-4598-6-37. 

74.  Chen, Q.; Zhang, Z.; Yang, Q.; Shan, G.; Yu, X.; Kong, C. The Role of Zinc Transporter ZIP4 in Prostate Carcinoma. 

Urol Oncol 2012, 30, 906–911, doi:10.1016/j.urolonc.2010.11.010. 

75.  Hogstrand, C.; Kille, P.; Nicholson, R.I.; Taylor, K.M. Zinc Transporters and Cancer: A Potential Role for ZIP7 as 

a Hub for Tyrosine Kinase Activation. Trends Mol Med 2009, 15, 101–111, doi:10.1016/j.molmed.2009.01.004. 

76.  Lee, R.; Woo, W.; Wu, B.; Kummer, A.; Duminy, H.; Xu, Z. Zinc Accumulation in N-Methyl-N-Nitrosourea-In-

duced Rat Mammary Tumors Is Accompanied by an Altered Expression of ZnT-1 and Metallothionein. Exp Biol Med 

(Maywood) 2003, 228, 689–696. 

77.  Cousins, R.J.; Liuzzi, J.P.; Lichten, L.A. Mammalian Zinc Transport, Trafficking, and Signals. J Biol Chem 2006, 281, 

24085–24089, doi:10.1074/jbc.R600011200. 

78.  Kagara, N.; Tanaka, N.; Noguchi, S.; Hirano, T. Zinc and Its Transporter ZIP10 Are Involved in Invasive Behavior 

of Breast Cancer Cells. Cancer Science 2007, 98, 692–697, doi:10.1111/j.1349-7006.2007.00446.x. 

79.  Pal, D.; Sharma, U.; Singh, S.K.; Prasad, R. Association between ZIP10 Gene Expression and Tumor Aggressive-

ness in Renal Cell Carcinoma. Gene 2014, 552, 195–198, doi:10.1016/j.gene.2014.09.010. 

80.  Weaver, B.P.; Zhang, Y.; Hiscox, S.; Guo, G.L.; Apte, U.; Taylor, K.M.; Sheline, C.T.; Wang, L.; Andrews, G.K. Zip4 

(Slc39a4) Expression Is Activated in Hepatocellular Carcinomas and Functions to Repress Apoptosis, Enhance Cell Cy-

cle and Increase Migration. PLoS One 2010, 5, doi:10.1371/journal.pone.0013158. 

81.  Desoize, B. Metals and Metal Compounds in Carcinogenesis. In Vivo 2003, 17, 529–539. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1


Cancers 2021, 13, x FOR PEER REVIEW 14 of 17 
 

 

82.  Schmitt, S.M.; Frezza, M.; Dou, Q.P. New Applications of Old Metal-Binding Drugs in the Treatment of Human 

Cancer. Front Biosci (Schol Ed) 2012, 4, 375–391. 

83.  Ding, W.-Q.; Lind, S.E. Metal Ionophores – An Emerging Class of Anticancer Drugs. IUBMB Life 2009, 61, 1013–

1018, doi:https://doi.org/10.1002/iub.253. 

84.  Steinbrueck, A.; Sedgwick, A.C.; Brewster, J.T.; Yan, K.-C.; Shang, Y.; Knoll, D.M.; Vargas-Zúñiga, G.I.; He, X.-P.; 

Tian, H.; Sessler, J.L. Transition Metal Chelators, pro-Chelators, and Ionophores as Small Molecule Cancer Chemother-

apeutic Agents. Chem. Soc. Rev. 2020, 49, 3726–3747, doi:10.1039/C9CS00373H. 

85.  Costello, L.C.; Franklin, R.B. Cytotoxic/Tumor Suppressor Role of Zinc for the Treatment of Cancer: An Enigma 

and an Opportunity. Expert Rev Anticancer Ther 2012, 12, 121–128, doi:10.1586/era.11.190. 

86.  Ding, W.-Q.; Liu, B.; Vaught, J.L.; Yamauchi, H.; Lind, S.E. Anticancer Activity of the Antibiotic Clioquinol. Cancer 

Res 2005, 65, 3389–3395, doi:10.1158/0008-5472.CAN-04-3577. 

87.  University Health Network, Toronto Phase 1 Study Evaluating the Tolerance and Biological Activity of Oral Clioquinol 

in Patients With Relapsed or Refractory Hematological Malignancy; clinicaltrials.gov, 2015; 

88.  Schimmer, A.D.; Jitkova, Y.; Gronda, M.; Wang, Z.; Brandwein, J.; Chen, C.; Gupta, V.; Schuh, A.; Yee, K.; Chen, 

J.; et al. A Phase I Study of the Metal Ionophore Clioquinol in Patients with Advanced Hematologic Malignancies. Clin 

Lymphoma Myeloma Leuk 2012, 12, 330–336, doi:10.1016/j.clml.2012.05.005. 

89.  Brar, S.S.; Grigg, C.; Wilson, K.S.; Holder, W.D.; Dreau, D.; Austin, C.; Foster, M.; Ghio, A.J.; Whorton, A.R.; Stow-

ell, G.W.; et al. Disulfiram Inhibits Activating Transcription Factor/Cyclic AMP-Responsive Element Binding Protein 

and Human Melanoma Growth in a Metal-Dependent Manner in Vitro, in Mice and in a Patient with Metastatic Disease. 

Mol Cancer Ther 2004, 3, 1049–1060. 

90.  Adams, J. The Proteasome: A Suitable Antineoplastic Target. Nat Rev Cancer 2004, 4, 349–360, doi:10.1038/nrc1361. 

91.  Dou, Q.P.; Li, B. Proteasome Inhibitors as Potential Novel Anticancer Agents. Drug Resist Updat 1999, 2, 215–223, 

doi:10.1054/drup.1999.0095. 

92.  Gelman, J.S.; Sironi, J.; Berezniuk, I.; Dasgupta, S.; Castro, L.M.; Gozzo, F.C.; Ferro, E.S.; Fricker, L.D. Alterations 

of the Intracellular Peptidome in Response to the Proteasome Inhibitor Bortezomib. PLoS One 2013, 8, e53263, 

doi:10.1371/journal.pone.0053263. 

93.  University of Utah A Phase I Study of Disulfiram and Copper Gluconate in Patients With Treatment-Refractory Multiple 

Myeloma; clinicaltrials.gov, 2021; 

94.  Cho, Y.-E.; Lomeda, R.-A.R.; Ryu, S.-H.; Lee, J.-H.; Beattie, J.H.; Kwun, I.-S. Cellular Zn Depletion by Metal Ion 

Chelators (TPEN, DTPA and Chelex Resin) and Its Application to Osteoblastic MC3T3-E1 Cells. Nutr Res Pract 2007, 1, 

29, doi:10.4162/nrp.2007.1.1.29. 

95.  Hyun, H.J.; Sohn, J.H.; Ha, D.W.; Ahn, Y.H.; Koh, J.-Y.; Yoon, Y.H. Depletion of Intracellular Zinc and Copper 

with TPEN Results in Apoptosis of Cultured Human Retinal Pigment Epithelial Cells. 2001, 42, 6. 

96.  Seth, R.; Corniola, R.S.; Gower-Winter, S.D.; Morgan, T.J.; Bishop, B.; Levenson, C.W. Zinc Deficiency Induces 

Apoptosis via Mitochondrial P53- and Caspase-Dependent Pathways in Human Neuronal Precursor Cells. Journal of 

Trace Elements in Medicine and Biology 2015, 30, 59–65, doi:10.1016/j.jtemb.2014.10.010. 

97.  Yu, Z.; Yu, Z.; Chen, Z.; Yang, L.; Ma, M.; Lu, S.; Wang, C.; Teng, C.; Nie, Y. Zinc Chelator TPEN Induces Pancreatic 

Cancer Cell Death through Causing Oxidative Stress and Inhibiting Cell Autophagy. J Cell Physiol 2019, 234, 20648–

20661, doi:10.1002/jcp.28670. 

98.  Donadelli, M.; Dalla Pozza, E.; Costanzo, C.; Scupoli, M.T.; Scarpa, A.; Palmieri, M. Zinc Depletion Efficiently 

Inhibits Pancreatic Cancer Cell Growth by Increasing the Ratio of Antiproliferative/Proliferative Genes. J Cell Biochem 

2008, 104, 202–212, doi:10.1002/jcb.21613. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1


Cancers 2021, 13, x FOR PEER REVIEW 15 of 17 
 

 

99.  Li, M.; Zhang, Y.; Bharadwaj, U.; Zhai, Q. (Jim); Ahern, C.H.; Fisher, W.E.; Brunicardi, F.C.; Logsdon, C.D.; Chen, 

C.; Yao, Q. Downregulation of ZIP4 by RNA Interference Inhibits Pancreatic Cancer Growth and Increases the Survival 

of Nude Mice with Pancreatic Cancer Xenografts. Clin Cancer Res 2009, 15, 5993–6001, doi:10.1158/1078-0432.CCR-09-

0557. 

100.  Huang, L.; Kirschke, C.P.; Zhang, Y. Decreased Intracellular Zinc in Human Tumorigenic Prostate Epithelial Cells: 

A Possible Role in Prostate Cancer Progression. Cancer Cell Int 2006, 6, 10, doi:10.1186/1475-2867-6-10. 

101.  Uzzo, R.G.; Crispen, P.L.; Golovine, K.; Makhov, P.; Horwitz, E.M.; Kolenko, V.M. Diverse Effects of Zinc on NF-

KappaB and AP-1 Transcription Factors: Implications for Prostate Cancer Progression. Carcinogenesis 2006, 27, 1980–

1990, doi:10.1093/carcin/bgl034. 

102.  Ribeiro, S.M. de F.; Braga, C.B.M.; Peria, F.M.; Martinez, E.Z.; Rocha, J.J.R. da; Cunha, S.F.C. Effects of Zinc Sup-

plementation on Fatigue and Quality of Life in Patients with Colorectal Cancer. Einstein (Sao Paulo) 2017, 15, 24–28, 

doi:10.1590/S1679-45082017AO3830. 

103.  Singh, V.; Singh, A.K. Oral Mucositis. Natl J Maxillofac Surg 2020, 11, 159–168, doi:10.4103/njms.NJMS_10_20. 

104.  de Menêses, A.G.; Normando, A.G.C.; Porto de Toledo, I.; Reis, P.E.D.; Guerra, E.N.S. Effects of Oral Supplemen-

tation in the Management of Oral Mucositis in Cancer Patients: A Meta-Analysis of Randomized Clinical Trials. J Oral 

Pathol Med 2020, 49, 117–125, doi:10.1111/jop.12901. 

105.  Bobrowska-Korczak, B.; Gątarek, P.; Skrajnowska, D.; Bielecki, W.; Wyrebiak, R.; Kovalczuk, T.; Wrzesień, R.; 

Kałużna-Czaplińska, J. Effect of Zinc Supplementation on the Serum Metabolites Profile at the Early Stage of Breast 

Cancer in Rats. Nutrients 2020, 12, E3457, doi:10.3390/nu12113457. 

106. Nutrition, C. for F.S. and A. GRAS Substances (SCOGS) Database - Select Committee on GRAS Substances (SCOGS) 

Opinion: Zinc Salts Available online: http://wayback.archive-

it.org/7993/20171031063109/https://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/SCOGS/ucm261041.htm 

(accessed on 23 May 2022). 

107.  Smijs, T.G.; Pavel, S. Titanium Dioxide and Zinc Oxide Nanoparticles in Sunscreens: Focus on Their Safety and 

Effectiveness. Nanotechnol Sci Appl 2011, 4, 95–112, doi:10.2147/NSA.S19419. 

108.  Jiang, J.; Pi, J.; Cai, J. The Advancing of Zinc Oxide Nanoparticles for Biomedical Applications. Bioinorganic Chem-

istry and Applications 2018, 2018, e1062562, doi:10.1155/2018/1062562. 

109.  Pandurangan, M.; Enkhtaivan, G.; Kim, D.H. Anticancer Studies of Synthesized ZnO Nanoparticles against Hu-

man Cervical Carcinoma Cells. J Photochem Photobiol B 2016, 158, 206–211, doi:10.1016/j.jphotobiol.2016.03.002. 

110.  Wahab, R.; Kaushik, N.; Khan, F.; Kaushik, N.K.; Choi, E.H.; Musarrat, J.; Al-Khedhairy, A.A. Self-Styled ZnO 

Nanostructures Promotes the Cancer Cell Damage and Supresses the Epithelial Phenotype of Glioblastoma. Sci Rep 2016, 

6, 19950, doi:10.1038/srep19950. 

111.  Chandrasekaran, M.; Pandurangan, M. In Vitro Selective Anti-Proliferative Effect of Zinc Oxide Nanoparticles 

Against Co-Cultured C2C12 Myoblastoma Cancer and 3T3-L1 Normal Cells. Biol Trace Elem Res 2016, 172, 148–154, 

doi:10.1007/s12011-015-0562-6. 

112.  Wiesmann, N.; Kluenker, M.; Demuth, P.; Brenner, W.; Tremel, W.; Brieger, J. Zinc Overload Mediated by Zinc 

Oxide Nanoparticles as Innovative Anti-Tumor Agent. J Trace Elem Med Biol 2019, 51, 226–234, 

doi:10.1016/j.jtemb.2018.08.002. 

113.  Yang, R.; Wu, R.; Mei, J.; Hu, F.-R.; Lei, C.-J. Zinc Oxide Nanoparticles Promotes Liver Cancer Cell Apoptosis 

through Inducing Autophagy and Promoting P53. Eur Rev Med Pharmacol Sci 2021, 25, 1557–1563, 

doi:10.26355/eurrev_202102_24864. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1


Cancers 2021, 13, x FOR PEER REVIEW 16 of 17 
 

 

114.  Padmanabhan, A.; Kaushik, M.; Niranjan, R.; Richards, J.S.; Ebright, B.; Venkatasubbu, G.D. Zinc Oxide Nanopar-

ticles Induce Oxidative and Proteotoxic Stress in Ovarian Cancer Cells and Trigger Apoptosis Independent of P53-Mu-

tation Status. Appl Surf Sci 2019, 487, 807–818, doi:10.1016/j.apsusc.2019.05.099. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 September 2022                   doi:10.20944/preprints202209.0282.v1

https://doi.org/10.20944/preprints202209.0282.v1

