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RESUMO  

 

A zona pelúcida (ZP) humana é uma estrutura acelular glicoproteica que reveste o ovócito e o 

embrião até ao momento da implantação uterina. Constituída por quatro glicoproteínas – ZP1, 

ZP2, ZP3 e ZP4 – é uma matriz com um papel muito importante no desenvolvimento folicular, 

na fertilização e no desenvolvimento embrionário inicial. Focando nas proteínas que constituem 

a ZP é importante salientar que todas possuem na sua constituição um domínio denominado ZP. 

Este domínio está também presente noutras proteínas além das glicoproteínas da ZP. As proteínas 

contendo o domínio ZP são designadas de proteínas com o domínio ZP (do inglês ZP-domain 

proteins).  

Recentemente, estudos têm vindo a associar as proteínas com domínio ZP ao cancro. Alguns 

investigadores demonstraram a expressão da proteína ZP3 no cancro da próstata e do ovário. Esta 

descoberta permitiu o desenvolvimento de uma terapia baseada na imunização contra a proteína 

ZP3 com regressão da massa tumoral e diminuição da sua capacidade invasora e metastática.  

Com base nestes resultados promissores, decidimos investigar se o carcinoma da próstata e 

uma das linhas celulares derivada do carcinoma da próstata (PC3) expressam do mesmo modo as 

restantes proteínas que compõem a estrutura da ZP. Em primeiro lugar, realizamos a 

caracterização da ultraestrutura das células da linha celular humana PC3 onde se observou dois 

tipos de crescimento, um crescimento aderente (células pavimentosas) e um crescimento em 

suspensão (células em agregados). Observou-se ainda que as células pavimentosas e as células 

em agregados diferem ultraestruturalmente e apresentam algumas características ultraestruturais 

semelhantes ao tecido tumoral e outras características que ainda não foram descritas. 

A expressão das proteínas ZP1-ZP4 foi avaliada por imunohistoquímica no tecido de 

carcinoma da próstata e por imunocitoquímica nos dois tipos de células da linha celular PC3. 

Observou-se a expressão de todas as proteínas da ZP tanto no tecido tumoral como nas células e 

não se observou positividade no tecido prostático normal. 

A expressão dos genes ZP1-ZP4 foi também avaliada em ambas as células pavimentosas e 

agregadas por métodos de biologia molecular. Nestes ensaios foi possível confirmar a expressão 

dos genes ZP1, ZP3 e ZP4 em ambas as células. A avaliação quantitativa por PCR permitiu 

concluir que o gene ZP3 é o mais expresso, seguido da ZP1 e ZP4. Observou-se ainda que as 

células pavimentosas apresentam uma expressão maior dos genes ZP1, ZP3 e ZP4 face às células 

em agregados. 

Neste trabalho apresentamos uma descrição detalhada da ultraestrutura das células da linha 

celular PC3 e mostramos a expressão das proteínas ZP1-ZP4 no tecido e células tumorais da 

próstata. No entanto, mais estudos precisam de ser realizados de forma a entender qual o 
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mecanismo que leva à expressão das proteínas da ZP no tecido e células tumorais e esclarecer as 

suas possíveis funções na célula. 

 

 

Palavras-chave: Zona pelúcida; Cancro da próstata; linha celular neoplásica prostática PC3; 

Ultraestrutura; Imunocitoquímica; PCR quantitativo. 
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ABSTRACT  

 

The human zona pellucida (ZP) is an acellular structure that surrounds the oocyte and the 

developing embryo untill the moment of uterine implantation. The ZP is an extracellular matrix 

constituted by four glycoproteins (ZP1, ZP2, ZP3 and ZP4) with important roles in 

folliculogenesis, fertilization and in the embryo early development. Focusing on the proteins that 

constitute the ZP it is important to emphasize that all of them have in their composition a domain 

called ZP-domain. The ZP-domain is also present in other proteins besides ZP glycoproteins. The 

proteins that have the ZP-domain are named ZP-domain proteins. 

Recent studies have been associating ZP-domain proteins with cancer. Some researchers have 

shown the expression of the ZP3 protein in prostate and ovarian cancer. These findings allowed 

the development of a new therapy based on the immunization against the ZP3 protein that lead to 

regression of the tumoral mass and decreased invasion and metastasis. 

Based on these promising results, we decided to investigate if prostatic carcinoma and one of 

the cell-lines derived from prostatic carcinoma (PC3) express, in the same way, the remaining 

proteins that make up the ZP structure. First, we characterized the ultrastructure of the cells from 

the PC3 cell-line where it was possible to observe two types of growth, one adherent (pavement-

cells) and one in suspension (aggregated-cells). We also observed that pavement and aggregated 

cells differed from one another ultrastructurally and have some characteristics that are similar to 

the prostatic carcinoma tissue and other characteristics that have not been described. 

The expression of the ZP1-ZP4 proteins was evaluated by immunohistochemistry in the tissue 

from prostate carcinoma and by immunocytochemistry in both pavement and aggregated cells of 

the PC3 cell-line. The expression of the ZP1-ZP4 proteins was detected in both tumoral tissue 

and cells. It was not observed any positivity in the normal prostatic tissue. 

ZP1-ZP4 gene expression was also evaluated on both adherent and aggregated cells by 

molecular biology methods. These assays confirm the expression of the ZP1, ZP3 and ZP4 genes 

in both cell types. The quantitative evaluation by RT-PCR revealed that the ZP3 gene is the most 

expressed, followed by ZP1 and ZP4 genes. Also, pavement cells present higher expression levels 

of the ZP1, ZP3 and ZP4 genes when compared with aggregated cells. 

In this work we present a detailed description of the ultrastructure of the cells from the PC3 

cell-line and reveal the expression of the ZP1-ZP4 proteins in the prostate cancer tissue and tumor 

cells. Nevertheless, further studies are required in order to understand the mechanism behind the 

expression of the ZP1-ZP4 proteins in the tumoral tissue and cells, and elucidate the plausible 

mechanisms of these proteins in the cell. 
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Figure 1. Ultrastructure of PC3 pavement-cells. A. In this cell pole, the cytoplasm 

contains a net of elongated mitochondria (m) that present a dense matrix with thin pale 

cristae (inset), a net of rough endoplasmic reticulum cisternae (arrowheads), multiple 

small secondary lysosomes (arrows) and pale vesicles (*). B. The nucleus (N) is 

eccentric, lobulated with a regular outline, and presents a pale matrix (*), without 

patches of heterochromatin, and with reticulated nucleoli (Nc) (inset). Cell membrane 

(me); microvilli (mv); stereocilia (sc). 

22 

Figure 2. Ultrastructure of PC3 pavement-cells. A. In the other pole of the cell, 

profound surface invaginations (arrows) are observed with appearance of pale vesicles 

of different sizes with microvilli (*). B. Higher magnification to evidence the surface 

invagination (arrow) originating light vesicles with microvilli (*). Cell membrane (me); 

microvilli (mv); stereocilia (sc); mitochondria (m); rough endoplasmic reticulum 

cisternae (arrowheads); dictiosome (G); nucleus (N); nucleoli (Nc). 

23 

Figure 3. Ultrastructure of PC3 pavement-cells. A. Higher magnification to evidence 

the mesh formed by light vesicles with microvilli (*). B. At the pole with surface 

invaginations, mitochondria (m) are small and present a pale matrix with thin dense 

cristae. Rough endoplasmic reticulum cisternae (arrowheads); dictiosome (G); vesicles 

(*); nucleus (N). 

24 

Figure 4. Ultrastructure of PC3 pavement-cells. A. Note the richness in free ribosomes 

(Ri) and the presence of rough endoplasmic reticulum cisternae (arrowheads); 

mitochondria (m) evidence a pale matrix with thin dense cristae (inset). B. Detail of 

secondary lysosomes (arrows). C. Detail of a multivesicular vesicle (arrow). D. Detail 

of the cell surface to show microvilli (mv) and stereocilia (arrowheads), which are 

branched and anastomosed microvilli. E. Detail of the centriole (arrow). F. Tight-

junction. Note the dense peripheral components (arrowheads) with attached 

“microfilaments” (arrow). G. Desmosome. Note the dense peripheral components 

(arrowheads) with attached “intermediate filaments” (arrow). Bellow there is a coated 

vesicle (*), which indicates the presence of receptor-mediated endocytosis. Cell 

membrane (me); lumen (Lu). 
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Figure 5. Ultrastructure of PC3 aggregated-cells. A. Cell rich in lipid droplets. The 

nucleus (N) is lobulated, presents an irregular outline, and the nuclear matrix is dense, 

with patches of heterochromatin and a vacuolar nucleolus (Nc) (inset). The cytoplasm 

evidences lipid droplets (L) and pale vesicles (v). B. Cell with surface invaginations. 

The nucleus has the same appearance. Profound surface invaginations (arrow) at one 

pole of the cell originates multiple vesicles with microvilli (*) (bottom inset). The 

cytoplasm contains mitochondria (m) and rough endoplasmic reticulum cisternae 

(white arrowheads). Adjacent cells appeared linked by tight-junctions through short 

surface expansions (black arrowheads) (upper inset). Cell membrane (me); microvilli 

(mv); stereocilia (sc); short large expansion (white arrow). 

27 

Figure 6. Ultrastructure of PC3 aggregated-cells. A. Detail of the cytoplasm a cell rich 

in lipids. Note the presence of pale vesicles (v) without evident signs of microvilli, 

mitochondria (m), rough endoplasmic reticulum cisternae (arrowheads) and the 

nucleus (N). B. Low magnification of a cell to show the abundance of lipid droplets 

(L), microvilli (mv), stereocilia (sc) and short surface expansions (arrows). C. Cells 

appeared linked by tight-junctions (arrowheads) through the short surface expansions 

(*). Cell membrane (me). 

28 

Figure 7. Ultrastructure of PC3 aggregated-cells. A. The cytoplasm of cells contains 

rough endoplasmic reticulum cisternae (arrowheads), dictiosome (inset a), secretory 

vesicles (inset b), secondary lysosomes (inset c), the centriole (inset d) and two types 

of mitochondria, those with a pale matrix and thin dense cristae (m) and other with a 

dense matrix and enlarged pale cristae (inset e). B. Cells joined laterally through tight-

junctions (black arrowheads) and desmosomes (right inset: white arrowheads) with 

their associated filaments (black arrows). Probable gap-junctions could be observed 

(right inset: white arrow). Near these junctions coated vesicles (*) were observed (left 

inset). Nucleus (N); lipid droplets (L); vesicles (v); cell membrane (me); microvilli 

(mv). 

29 

Figure 8. A, B. Histochemical detection of glycogen (PAS technique) in PC3 cells. A. 

Pavement-cells stained negative. B. Aggregated-cells presented two types of cell 

staining, one positive (arrowheads) and the other negative. Nucleus (n); cytoplasm (c); 

vesicles (v). C, D. Histochemical detection of lipids (Sudan black technique) in PC3 

cells. C. Pavement-cells stained negative. D. Aggregated-cells presented two types of 

cell staining, one positive (arrowheads) and the other negative. Nucleus (n); cytoplasm 

(c); vesicles (v). 

30 

Figure 9. Immunohistochemical detection of zona pellucida glycoproteins ZP1 (A, E), 

ZP2 (B, F), ZP3 (C, G) and ZP4 (D, H). A-D. Human oocytes: staining was observed 

in the zona pellucida (arrows) and in the ooplasm (o). Granulosa cells (GC). Bars: 20 

µm. E-H. Prostate adenocarcinoma tissue cells: note labeling in the cytoplasm (c) and 

surface (arrowheads) of the cells. Nuclei (arrows). Bars: 5 µm. 

31 

Figure 10. Immunocytochemical detection of zona pellucida glycoproteins ZP1 (A, E, 

I), ZP2 (B, F, J), ZP3 (C, G, K) and ZP4 (D, H, L). A-D. Human oocytes: staining 

was observed in the zona pellucida (arrows) and in the ooplasm (o). Bars: 20 µm. E-

H. Pavement-cells. I-L. Aggregated-cells. in PC3-cells, note labeling in the cytoplasm 

(c) and cell surface (arrows). Nuclei (n). Bars: 2 µm. 

32 
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Figure 11. Molecular biology. A. Amplification products of ZP1, ZP2, ZP3 and ZP4 

genes on PC3 pavement-cells (Pv) and aggregated-cells (Ag), oocytes (Ov) and 

negative control (C-). B. Quantification of mRNA expression by qRT-PCR. Gene 

expression of ZP1, ZP3 and ZP4 mRNA in PC3 pavement-cells and aggregated-cells. 

Normalized levels to the GAPDH reference gene and the positive control (oocyte) 

mRNA as reference. ZP3 mRNA expression is significantly higher in pavement-cells 

(*) when compared with aggregated-cells (p<0.05). 
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I. INTRODUCTION 

1. The human zona pellucida 

The Zona pellucida (ZP) is an acellular matrix that surrounds the oocyte and the developing 

embryo until uterine implantation of the blastocyst. The ZP is composed by four glycoproteins 

(ZP1-ZP4) that polymerize and guarantee the important functions of ZP, which include, among 

others, the promotion of follicle development in the ovary, the sperm-oocyte interaction, and the 

protection of the developing embryo from mechanical stress and immune rejection. A common 

characteristic between the four ZP glycoproteins is the presence of a protein domain named ZP-

domain. Besides the ZP1-ZP4 proteins, other proteins have been described to share the same ZP-

domain. Increasingly number of studies have demonstrated an association between ZP-domain 

proteins and cancer. 

 

1.1. Structure 

The human ZP is an extracellular glycoprotein matrix composed of four glycoproteins ZP1, 

ZP2, ZP3 and ZP4 (Lefièvre et al., 2004). These proteins are encoded by four distinct genes ZP1-

ZP4 located on chromosomes 11, 16, 7 and 1, respectively (Hughes & Barratt, 1999). 

Zona pellucida glycoproteins are highly conserved among species and share several domains 

(Gupta et al., 2012), such as a ZP domain, a transmembrane like-domain, a N-terminal signal 

sequence, and a C-terminal propeptide that is removed by a protease sensitive region. Human ZP 

glycoproteins also share a consensus furin cleavage site (CFCS) where protein precursors are 

cleaved by furin and switch to the active state. This consensus cleavage site on ZP1-ZP3 proteins 

is the amino acid sequence Arginine-Any amino acid-Arginine-Arginine (RXRR), while in the 

human ZP4 the protein sequence is Serine-Arginine-Arginine-Arginine (SRRR). Human ZP1 and 

ZP4 share a trefoil domain likewise, which is absent from ZP2 and ZP3. Goudet and colleagues 

(2008), suggested that ZP4 is a paralog of ZP1 and that they may play similar roles since seem to 

have evolved from a common ancestor through duplication (Goudet et al., 2008). 

Zona pellucida proteins are synthesized in the endoplasmic reticulum of oocyte and granulosa 

cells and are actively secreted to support folliculogenesis (Gook et al., 2008). Repeating units of 

ZP2, ZP3 and ZP4 heterodimers are cross-linked by ZP1 dimers to form a paracrystaline three-

dimensional network structure (Green, 1997). Under polarized light, the human ZP has an 

estimated thickness of 19.5 ± 2.2 µm with delimitation of three layers, outer, middle and inner, 

with approximately 6.1 µm, 3.7 µm and 9.8 µm, respectively (Pelletier et al., 2004). Moreover, 

studies with transmission electron microscopy showed that the ZP is homogeneously finely 

fibrillar with numerous remnants of follicular cell feet (Sá et al., 2011; Sousa et al., 2016). 

Alterations of the human ZP affect a small proportion of retrieved oocytes from Assisted 

Reproductive Technology (ART) treatment cycles. These alterations are considered 
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extracytoplasmic oocyte dimorphisms. Extracytoplasmic ZP dimorphisms have a proven impact 

on ART outcomes as they may compromise the ZP thickness, hardness, density and elasticity 

(Sousa et al., 2015). Still, how the ZP proteins assemble in this filament-based extracellular matrix 

remains unclear. Jimenez-Movilla and Dean (2011) gave some clues of how ZP proteins 

incorporate into the ZP. They demonstrated that ZP proteins have cytoplasmic tails that prevent 

protein oligomerization in the cytoplasm and guide them to the oocyte plasma membrane where 

they are cleaved at the endoproteinase cleavage site. Then, the remaining protein is released in 

the extracellular medium where it polymerizes with other ZP proteins and become part of the ZP 

extracellular matrix (Jimenez-Movilla et al., 2011). 

 

1.2. Functions 

The ZP history begins in the ovary, more precisely at the primary follicle stage, were ZP 

proteins begin to be secreted and polymerized in the final ZP structure. Herein, the ZP mediates 

the connections between the oocyte and follicular cells ensuring an accurate folliculogenesis 

process (Makabe et al., 2006). After ovulation, the ZP is responsible for the interactions with 

sperm, where it is essential in the species-specific gamete recognition, in the induction of the 

acrosome reaction and in polyspermy prevention (Lefièvre et al., 2004; Gupta et al., 2012; Sá et 

al., 2015). 

In the sperm-oocyte interaction, the role of each ZP protein have been studied. It was suggested 

that ZP1 glycoprotein is responsible for the crosslink between the other ZP proteins, ZP3 is 

responsible for the primary sperm adhesion/binding and ZP4 assists ZP3 in the induction of the 

acrosome reaction. ZP2, besides its function as a secondary binding site, is also responsible for 

the conversion of proacrosin into acrosin, which then helps ZP penetration (Lefièvre et al., 2004; 

Gupta et al., 2012). 

Following fertilization, ZP of the developing embryo endorses the compactation process by 

promoting the contacts between the embryonic cells. Furthermore, during pre-implantation 

embryo development, ZP avoids premature implantation, and protects the embryo from 

mechanical stress and immune rejection (Ewoldsen et al., 1987; Clark et al., 1996; Grasa et al., 

2012). 

Ultimately, the blastocyst emerges from the enveloping ZP in a phenomenon known as 

hatching. This phenomenon is imperative for the invasion of the endometrium by blastocyst 

trophectoderm cells and therefore is essential for implantation (Seshagiri et al., 2016). 

 

1.3. The ZP domain 

The ZP-domain consists of approximately 260 amino acids with 8 to 12 cysteine residues that 

are linked by intramolecular disulfide bonds. Disulfide bonds are frequently present in 

extracellular or transmembrane proteins where they are important for protein structure 
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stabilization and protein function and can be used to contact with other proteins of the 

extracellular environment (Litcher and Wassarman, 2015). 

The ZP-domain is predominantly found in the C-terminus of polypeptides and can be divided 

in two major sub-domains, ZP-N and ZP-C, which are known to have an immunoglobulin-like 

appearance at high-resolution X-ray crystallography. A protease sensitive region is found between 

the two ZP sub-domains and several other domains can be present along with the ZP-domain such 

as: transmembrane domain (TMB), complement C1r/C1s, Uegf, Bmp1 (CUB) domain, scavenger 

receptor cysteine‐rich (SRCR) domain, epidermal growth factor (EGF) domain, and others 

(Litcher and Wassarman, 2015). 

A signal sequence (SS) is present at the N-terminus of the proteins which will follow the 

secretory pathway either to be allocated at the cell membrane or to be secreted into the 

extracellular medium. The consensus Furin cleavage site (CFCS) is a short sequence recognized 

by a proteolytical enzyme of the furin-like family that cleaves the protein in this particular site. 

Transmembrane domain as the name itself indicates, is a stable hydrophobic domain that can be 

included in the cell membrane. The CUB domain is a structural motif present in extracellular and 

plasma membrane associated proteins where it may be responsible for oligomerization and 

recognition of substrates or binding partners. The SRCR domain is usually associated with the 

capacity of binding to specific ligands like bacterial and viral pathogens. The EGF domain role is 

not fully understood but it is believed that its responsible for the binding to specific cell-surface 

receptors and their dimerization and activation. The nidogen (entactin) domain is an extracellular 

domain with unknown functions. The Von Willebrand factor type D domain is found in several 

extracellular and intracellular proteins and is frequently involved in multiprotein complexes 

where it can have a variety of functions such as cell adhesion, migration, or pattern formation and 

is known to participate in platelet clotting (Colombatti et al., 1993). The Domain with 8 conserved 

Cys residues (D8C) is also a domain present in ZP-domain proteins that presents four pair of 

disulfide bridges that, when disrupted, can lead to protein disfunction (Yang et al., 2004). 

ZP-domain proteins, similarly to ZP1-ZP4 proteins, are frequently secreted to the extracellular 

medium after posttranslational modifications. Besides the already mentioned functions of ZP1-

ZP4 proteins, ZP-domain proteins have been associated with other biological functions such as 

polymerization, cell adhesion, morphogenesis, and cell and cytoskeleton shape remodeling (Plaza 

et al., 2010).  

 

1.4. Proteins with ZP-domain and Infertility 

Some infertility diseases have been related with the ZP. Morphological anomalies that affect 

the structure, shape and thickness of the ZP have been associated with a poor outcome on ART 

treatments. To uncover if ZP dimorphisms are associated with mutations on the ZP1-ZP4 genes, 

several authors analyzed the sequence of ZP genes in oocytes with ZP anomalies versus 
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morphological normal oocytes (Mannikko et al., 2005; Pokkyla et al., 2011; Yang et al., 2017). It 

was found that mutations in the ZP2 and ZP3 genes were associated with a greater predisposition 

for ZP dimorphisms but there was no direct association between the different types of anomalies 

and a specific mutation. 

Missense and nonsense mutations were found in all the four ZP genes and were related to 

decreased fertility either by a visible alteration in the ZP structure, such as ZP absence (Huang et 

al., 2014) or a thin ZP (Liu et al., 2017), or by the association with other diseases, like the empty 

follicle syndrome (Chen et al., 2017) or the polycystic ovary syndrome (Meczekalski et al., 2015). 

Briefly, mutations in the ZP genes result in misfolded proteins or in the absence of a protein 

domain that is crucial for protein function.  

Autoantibodies against the human ZP proteins were found in the serum and cervical mucus, 

and were demonstrated to be a source of infertility (Shivers and Dunbar, 1977; Kamada et al., 

1984; Hovav et al., 1994; Ulcova-Gallova, 2010; Huo et al., 2015). First, ZP autoantibodies are 

able to elicit an immune response against the ovary tissue that result in ovarian dysfunction and 

infertility (Kelkar et al., 2005; Takamizawa et al., 2007). Second, given the important functions 

of ZP proteins in sperm-oocyte interactions, an antibody anti-ZP can compete for the binding site 

of the sperm and prevent fertilization (Sacco & Moghissi, 1979; Curtis et al., 1991; Takamizawa 

et al., 2007). 

 

1.5. Proteins with ZP-domain and Reproductive cancer 

In the field of carcinogenesis, ZP3 protein expression was found in ovarian cancer (Rahman 

et al., 2012) and prostate cancer (Bennink, 2016). These observations enabled the development 

of new therapeutic strategies for these types of cancer, which are based on the immunization 

against tumor cells expressing ZP3. This immune response was associated with a decrease in 

tumor mass and metastasis. 

Mice and human granulosa cell tumors also express ZP3 and the vaccination against ZP3 of 

mice with ovarian tumor lead to an increased humoral and cellular response against the ZP3 

antigen (Rahman et al., 2012). This vaccination resulted in weight tumor decrease accompanied 

by a lack of metastases, autoimmune oophoritis and other side effects. This study reveals a novel 

strategy for immunotherapy of malignancies that express ZP proteins. Nevertheless, studies in 

humans are lacking. 

Over expression of the CUB and Zona Pellucida-like Domain-1 (CUZD1) gene was found in 

ovarian cancer and in an ovarian cancer cell-line by immunohistochemistry and semiquantitative 

polymerase chain reaction (sqPCR) (Leong et al., 2004). Authors also exposed ovarian cancer 

cells to anti-CUZD1 serum and observed a decrease in cell attachment and proliferation, 

suggesting a potential role of this ZP-domain protein in the interactions between the cell and its 

environment. Later, the same authors performed a gene silencing assay in an ovarian cancer cell-
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line, where CUZD1 was silenced using small interfering ribonucleic acid (siRNA) (Leong et al., 

2007). Authors found that CUZD1 silencing decreased cell growth and proliferation and increased 

cisplatin sensitivity. Cisplatin is a chemotherapy drug used to treat ovarian cancer and is 

associated with the development of drug resistance. In this study, authors also showed that the 

exposure of cells to cisplatin decreased CUZD1 levels in a dose-dependent manner. Leung et al 

(2012) measured, by a commercial enzyme-linked immunosorbent assay (ELISA), CUZD1 levels 

in the serum of late stage ovarian cancer patients. Authors found that CUZD1 levels were elevated 

in ovarian cancer serum with a high correlation with the cancer antigen 125 (CA-125), an already 

used ovarian cancer biomarker.  

Elevated serum levels of CUZD1 were also found in breast and lung cancer but, in this case, 

a smaller sample was used (for review see: Liaskos et al., 2013). Shortly after, Prassas et al (2014) 

demonstrated an unspecific reactivity of the ELISA commercial kit used by Leung et al (2012). 

Authors found that the detected protein did not match the predicted molecular weight of CUZD1 

protein and, instead, it was detecting the CA-125 protein. These results proved the need of caution 

about results and further studies will be needed to confirm if CUZD1 levels are in fact 

overexpressed in the serum of cancer patients. Nevertheless, the findings of Leong et al (2004) 

should not be called into question, since the ELISA method was not used by those authors. 

Recently, Mapes et al (2018) have developed a non-transformed mammary epithelial cell-line 

overexpressing CUZD1 and demonstrated that CUZD1 overexpression increased cell 

proliferation. In addition, when these cells were injected orthotopically into the mammary gland 

they had the ability to form adenocarcinomas. Taken together, these results suggest that CUZD1 

may have a role in human breast tumorigenesis. 

Molecular analysis of the Deleted in Malignant Brain-Tumor-1 (DMBT1) gene, through 

representational differential analysis, was performed by Somerville et al (1998). Deletions of the 

DMBT1 gene were found in prostate cancer (Leube et al., 2002). In this work, loss of 

heterozygosity (LOH) was analyzed using microsatellite markers for the 10q23-26 and 8p 

chromosomal regions in 59 prostate cancer samples with different tumor grades. Loss of the 

DMBT1-containing region was found in seven tumors and deletions in the 10q23-26 region were 

more frequent in tumors of higher grade and stage, which may indicate that loss of 10q is a late 

event in the carcinogenesis of these tumors. 

Endoglin is also a ZP-domain protein with a powerful association with cancer. Endoglin, also 

known as Cluster of Differentiation Molecule-105 (CD105), is expressed in the endothelial cells, 

with particular expression on peri- and intratumoral blood vessels, reason why it had been used 

as a marker of tumor associated angiogenesis (Burrows et al., 1995; Fonsatti et al., 2001; Fonsatti 

et al., 2003; Nassiri et al., 2011). Quantification of endoglin expression by immunohistochemistry 

can be used as a prognosis marker since high levels of expression are associated with more 

aggressive tumors. Likewise, high levels of the soluble form of endoglin can be detected at the 
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plasma of patients with solid and hematological tumors and its quantification can work as a 

diagnosis marker (Takahashi et al., 2001; Calabrò et al., 2003). Besides, it would also be 

interesting to make use of these discoveries to assess therapy response. 

Endoglin can modulate the response to transforming growth factor beta 1 (TGF-β1) given the 

findings of Li et al (2000), in which the suppression of CD105 promotes TGF-β1-induced growth 

and migration suppression. In contrast, decreased expression of endoglin on prostate cancer cells 

was associated with metastasis proneness since endoglin was found to be associated with focal 

adhesion complexes and its loss can result on more detached and motile cells (Liu et al., 2002). 

Further studies are required to clarify endoglin role on cell adhesion and invasion. 

Given its almost exclusive expression in the tumor vasculature, anti-endoglin therapies have 

been developed to inhibit metastasis and promote tumor shrinkage with promising results (for 

review see: Rosen et al., 2014). However, like other therapies based on antibodies, there are no 

perfect target. This lack of specificity and the high probability of side effects lead to some 

apprehension by clinicians (Balza et al., 2001; Seon, 2002). 

Expression of the Placenta-specific-1 (PLAC1) gene has been demonstrated in a variety of 

cancer types including breast, prostate and ovarian cancer (for review see: Fant et al., 2010). 

Recently, PLAC1 expression was evaluated by immunohistochemistry in the study of Ghods et 

al (2014). Authors showed that PLAC1 expression levels increased throughout tumor progression 

(normal tissue < benign prostate hyperplasia < high-grade prostatic intraepithelial neoplasia < 

prostate cancer) and the highest expression was observed in poorly differentiated cells. These 

observations suggested that PLAC1 expression is an early event in prostate carcinogenesis and 

that PLAC1 can be a novel target for immunotherapy, mainly in patients in more advanced stages 

of cancer. 

PLAC1 expression in normal tissue is rare and thus this protein is a potential target for cancer 

immunotherapy. However, PLAC1 expression is also found in the placental tissue, leading us to 

questioning the possible effect of this therapy in female fertility. Liso et al (2017) performed a 

preliminary study in mice to evaluate if the immunization with PLAC1 peptides affected the 

fertility of females. Authors inoculated female mice with the PLAC1 peptide to promote an 

immune response and the production of anti-PLAC1 antibodies. They demonstrated that 

vaccination against PLAC1 did not cause infertility since inoculated females got pregnant and 

gave birth to normal puppets. 

In humans, breast cancer cell-lines were used to evaluate the therapeutic potential of PLAC1-

specific T lymphocytes (Li et al., 2018). Authors generate cytotoxic T-lymphocytes against 

PLAC1 peptides and co-cultured them with PLAC1-expressing breast cancer cell-lines. Cancer 

cells expressing PLAC1 were specifically identified and eliminated by the activated cytotoxic 

CD8+ T-cells. Authors also performed an in vivo assay using a breast cancer model of female 

nude mice where PLAC1 T-cell receptor (TCR)-transduced CD8+ T-cells were transplanted 
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intravenously through the tail vein. In this assay it was observed that PLAC1 TCR-transduced 

CD8+ T cells delayed tumor growth when compared with the control group. 

 

1.6. Final remarks 

The current medicine is governed by the principle of prevention with early diagnosis and 

appropriate therapy being the foremost contributors for human wellbeing. Recent studies have 

described the role of human ZP glycoproteins on several human disorders. Therefore, new 

therapeutic strategies using these proteins are promising technologies for future clinical 

application. 

As biomarkers, ZP-domain proteins may result in new biological measurable indicators of: a) 

oocyte quality and hence lead to increased rates of success in ART treatments; and/or b) cancer 

and here function as diagnostic, prognostic, predictive or therapeutic tools with high specificity 

and sensibility since its presence on tumor cells, metastases as well as recurrences. 

As autoantigens, ZP-domain proteins are also an exciting therapeutic option both in patients 

with autoimmune disease and/or cancer. Although this approach has already some promising 

results in the reduction of autoantibodies titer and disease symptoms in several animal models as 

well as in cross-breeding contraception, more studies are needed before its human application. 

ZP-domain proteins are present in several types of cancer with mutations or an altered 

expression, a fact that cannot go unnoticed. In some cases, the mutations occur in the ZP-domain, 

but no causal relationship is given by the authors. However, without further studies to uncover 

the functions of the ZP-domain, the development of new therapies or biomarkers remain only as 

a fond hope. 

Nevertheless, we believe that the therapeutic potential of the ZP-domain proteins prospects 

considerable engagement, and hopefully they may in near future be combined with clinical 

strategies. 
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II. AIMS  

 

Recent studies have shown an association between the ZP-domain proteins and cancer. One 

example is the expression of ZP3 protein in prostate and ovarian cancer. Prostate cancer and the 

cell-line PC3 have been described ultrastructurally but with small detail. For this reason, we 

proposed to perform a detailed characterization of the ultrastructure of the human prostate cancer 

cell-line PC3 and correlated it with the already existing information.  

The evaluation of the expression of the ZP1-ZP4 proteins in prostate cancer tissue and PC3-

cells was also one of the goals of the present work in order to confirm the expression of ZP3 and 

determine if the remaining ZP glycoproteins, which have not yet been evaluated, were also 

expressed by the prostate cancer tissue and PC3-cells. Another goal of our work was the 

evaluation and quantification of the expression of the genes ZP1-ZP4 on both pavement and 

aggregated PC3-cells and correlated it with the protein expression on both prostate cancer tissue 

and PC3-cells. Finally, we proposed to investigate the association between the ultrastructural 

morphology (pavement and aggregated cells) and ZP-proteins expression. 
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III. RESULTS  

Structural and molecular analysis of the cancer prostate cell line PC3: oocyte zona pellucida 

glycoproteins. 

 

Original article submitted to Tissue and Cell (Attachments) 
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ABSTRACT 

The human oocyte zona pellucida (ZP) is made of four glycoproteins, ZP1-ZP4. Recently, the 

prostate adenocarcinoma and prostate cancer PC3 cell-line were shown to express the human 

oocyte ZP3 glycoprotein, which was evaluated in a single report submitted to patenting. To further 

clarify if oocyte zona pellucida glycoproteins are expressed in prostate cancer tissue and PC3-

cells, in the present report we evaluated protein expression of the four ZP glycoproteins in normal 

prostate tissue, prostate adenocarcinoma tissue and PC3-cells, and performed quantitative mRNA 

expression of the four ZP glycoproteins in the PC3 cell-line. Additionally, as PC3-cells have not 

yet been studied in detail regarding their ultrastructural characteristics, in the present report we 

bring forward the detailed ultrastructure of PC3-cells. PC3-cells were divided into pavement and 

aggregated cells. We observed new ultrastructural features in pavement and aggregated cells, with 

the later exhibiting two different cell types. In prostate carcinoma tissue and PC3-cells we found 

protein expression of the four oocyte glycoproteins, ZP1, ZP2, ZP3 and ZP4. Moreover, mRNA 

expression studies revealed expression of ZP1, ZP3 and ZP4 glycoproteins, but not of ZP2. 

Interestingly, the mRNA product of ZP1 presents intron retention.  

 

Keywords: Electron Microscopy; Immunocytochemistry; Real Time PCR; Prostate Cancer; PC3 

Cell-Line; Zona Pellucida Glycoproteins 
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1. Introduction 

The human oocyte is coated by a translucent network of fine fibrils, the zona pellucida (ZP), 

which is constituted by four glycoproteins, ZP1, ZP2, ZP3 and ZP4. In the oocyte, ZP1 crosslinks 

ZP glycoproteins, ensuring ZP integrity; ZP3 is responsible for primary sperm binding; ZP3 and 

ZP4 induce the sperm acrosome reaction; and ZP2 is responsible for secondary sperm binding 

and acrosomal vesicle enzyme activation (Lefièvre et al., 2004; Wassarman, 2008; Gupta et al., 

2012). 

Due to its function in fertilization, ZP3 was investigated as a potential contraceptive through 

antibody-mediated disruption of sperm-oocyte binding, but this approach was forsaken as results 

showed that it also elicited ovarian pathology (Gupta et al., 1997; Hasegawa et al., 2014).  

The human oocyte ZP3 has likewise been found to be expressed in somatic cells (The Human 

Protein Atlas, 2018). Based on these observations and due to its immune properties, ZP3 was also 

investigated in cancer treatments as a protein useful in cancer immunization. In this setting, as 

ZP3 expression was observed in human granulosa cell tumors and human surface ovarian tumors, 

authors developed a novel treatment based on immunization against recombinant human ZP3 

(Rahman et al., 2012). More recently, the prostate adenocarcinoma and its cell-line PC3 were also 

shown to express ZP3, and authors are currently developing a ZP3-based immunotherapy against 

prostate adenocarcinoma, with data submitted to patenting (Bennink, 2016) 

In the Human Protein Atlas (HPA: online version 18; last acceded at 14th June of 2018), protein 

and mRNA expression of several genes is organized according to normal tissue, cancer tissue and 

different cell-lines. Regarding ZP1, data for protein expression was not available and mRNA 

expression was found in certain normal tissues (excluding prostate), in certain cancer tissues 

(including prostate) and in certain cancer cell-lines (excluding PC3). ZP2 protein expression was 

found in certain normal tissues (excluding prostate) an in certain cancer tissues (including 

prostate), whereas mRNA expression was observed in certain normal tissues (excluding prostate) 

and in certain cancer cell-lines (excluding PC3) and was not expressed in cancer tissues. ZP3 

protein expression was found in certain normal tissues (excluding prostate) and was not expressed 

in cancer tissues, whereas mRNA expression was observed in all normal tissues (including 

prostate), cancer tissues (including prostate) and cancer cell-lines (including PC3). ZP4 protein 

expression was found in certain normal tissues (excluding prostate) and was not expressed in 

cancer tissues, whereas mRNA expression was observed in certain normal tissues (excluding 

prostate) and in certain cancer cell-lines (excluding PC3) and was not expressed in cancer tissues.  

Thus, according to HPA, prostate cancer was shown to express protein ZP2 and to express 

ZP1 and ZP3 mRNA, whereas in the PC3 cell-line only ZP3 mRNA expression was found. In a 

previous work using prostate tissue and ZP3 expression (Bennink, 2016), authors also did not find 

ZP3 protein expression in normal prostate tissue, but observed, contrary to HPA, protein 
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cytoplasmic expression in prostate cancer tissue; in relation to mRNA expression, authors also 

observed ZP3 expression in prostate cancer but not, contrarily to HPA, in normal prostate tissue. 

Regarding the PC3 cell-line, authors observed ZP3 cytoplasmic protein expression and mRNA 

expression. 

In the study of prostate cancer, 21 cell-lines have been described but only three of them are 

routinely used, namely PC3, LNCaP and DU145 (van Bokhoven et al., 2003; Tai et al., 2011). 

The PC3 cell-line is derived from a bone metastasis of a grade IV prostate adenocarcinoma, 

LNCaP is derived from a left supraclavicular lymph node metastasis and DU145 is originated 

from a brain metastasis. Of the prostate cancer cell-lines, ZP3 glycoprotein expression was only 

found in PC3-cells, which was evaluated in a single report submitted to patenting (Bennink, 

2016). This is the reason why we choose the PC3 cell-line to evaluate oocyte ZP glycoprotein 

expression. To further clarify if ZP glycoproteins are expressed in prostate cancer tissue and PC3-

cells, in the present report we evaluated protein expression of the four ZP glycoproteins in normal 

prostate tissue, prostate adenocarcinoma tissue and PC3-cells, and performed quantitative mRNA 

expression of the four ZP glycoproteins in the PC3 cell-line. Additionally, as PC3-cells have not 

yet been studied in detail regarding their ultrastructural characteristics, with previous authors 

presenting the description of only a single cell (Ravenna et al., 1996; Kim et al., 2005; You et al., 

2015; Xu et al., 2016) or some cellular details (Kaighn et al., 1979), in the present report we bring 

forward the detailed ultrastructure of PC3-cells.  

 

2. Materials and methods 

2.1. Ethics 

Ethical guidelines were followed in the conduct of research, with informed consent having 

been obtained before the beginning of the present work. This work did not involve human or 

animal experiments. An approval by an Ethics Committee and the provisions of the Declaration 

of Helsinki as revised in Tokyo 2004 on human experimentation does not apply to this kind of 

work. Paraffin tissue blocks were provided under informed consent for the use of this kind 

material for hospital diagnostic and research purposes. According to the National Law on 

Medically Assisted Procreation (http://data.dre.pt/eli/diario/1/142/2017/0/pt/html) and the 

National Council on Medically Assisted Procreation guidelines 

(http://www.cnpma.org.pt/Docs/Profissionais_Requisitos_CentrosPMA.pdf), surplus donated 

oocytes were used under patient informed consent from cases enrolled in infertility treatments, 

with no further authorizations being required. 

 

http://data.dre.pt/eli/diario/1/142/2017/0/pt/html
http://www.cnpma.org.pt/Docs/Profissionais_Requisitos_CentrosPMA.pdf
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2.2. Cell culture 

The human PC3 cell-line was kindly provided by Prof. Ragnhild A. Lothe from the 

Department of Cancer Prevention at the Institute for Cancer Research, Oslo, Norway. The PC3 

cell-line is derived from a prostate carcinoma and were maintained in culture flasks of 25cm2 

(Sarstedt, Nümbrecht, Germany) in Roswell Park Memorial Institute (RPMI)-1640 medium 

(Merck, Darmstadt, Germany) supplemented with 10% Fetal Bovine Serum (FBS; Merck) and 

1% of penicillin-streptomycin (Merck) at 37ºC, 5% CO2. The medium was then replaced with 

RPMI serum-free medium to starve cells and improve anchorage-independent grow. After 24h, 

cells were trypsinized with TripLETM Express (Gibco, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) and centrifuged at 1200 rpm for 5 min. The cell pellet was resuspended in 

RPMI serum containing medium and used for Transmission Electron Microscopy (TEM), 

histochemistry, immunohistochemistry (IH), immunocytochemistry (IC) and molecular biology 

studies. 

For TEM, cell suspensions were used in two systems. In the first, the PC3 cell line was cultured 

in In Vitro Fertilization (IVF) Petri dishes (35 mm; Nunc, Roskild, Denmark) for three days on a 

microdrop of RPMI medium under liquid paraffin (Origio, Malov, Denmark) to improve 

anchorage-independent growth (by decreasing the adhesion area). The aggregates of PC3-cells 

that grew in suspension (aggregated-cells) were aspirated and processed for TEM. The other 

system used the four well Lab-Tek Chamber Slide System (Electron Microscopy Sciences, 

Hatfield, Pennsylvania, USA). In this case, PC3-cells were cultured on wells and left to grow until 

total confluence. When aggregates were observed in suspension, the medium (along with the cell 

aggregates) were removed and the cells that grew adherent to the bottom of the well (pavement-

cells) were submitted to TEM processing on the same well. 

Concerning IC and molecular biology studies, the PC3 cell-line was maintained on a new 

culture flask with RPMI serum containing-medium were cells grew until total confluence. By this 

time (3 days), the culture medium was replaced and culture left till the end of the experiment (6 

days) to preserve the aggregates that grew in suspension. After more three days, cell aggregates 

were well established and could be observed in the inverted microscope (CkX41; Olympus, 

Tokyo, Japan). At this point, the culture medium was aspirated along with cell aggregates and 

placed on a Cellstar tube (Greiner Bio-One, Frickenhausen, Germany). Cells that grew adherent 

were trypsinized and placed on another Cellstar tube. Both tubes were centrifuged at 1200 rpm (5 

min). The supernatant was discharged and the pellet resuspended in RPMI medium. Half of the 

resulting suspension was used to make cell smears for IC and the remaining cell suspension was 

used for RNA extraction.  
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2.3. Transmission electron microscopy 

PC3-cells were processed for TEM according to a previously published protocol (Sá et al., 

2011; Sousa et al., 2015). Aggregates of PC3-cells that grew in suspension were aspirated and 

fixed with Karnovsky [2.5% glutaraldehyde (Merck) plus 4% paraformaldehyde (Merck) in 

0.15M sodium cacodylate buffer, pH 7.3 (BDH, Poole, UK)] for 2h at room temperature (RT), 

washed in buffer, post-fixed with 2% osmium tetraoxide (Merck) in buffer containing 0.8% 

potassium ferricyanide (Merck) for 2h (4ºC), washed in buffer (10 min), serially dehydrated in 

ethanol (Panreac, Barcelona, Spain), equilibrated with propylene oxide (Merck), and embedded 

in Epon (Sigma-Aldrich, Steinheim, Germany).  

Pavement-cells processing was performed directly in the wells of the Lab-Tek Chamber Slide 

System. Fixation was performed with 8% glutaraldehyde plus 4% paraformaldehyde (1h; RT) 

followed by 4% glutaraldehyde plus 2% paraformaldehyde (overnight; 4ºC) in buffer. After 

washing with 0.15M sodium cacodylate buffer, post-fixation was accomplished with osmium 

tetraoxide for 2h (4ºC). Afterwards, pavement-cells were washed in buffer (15 min), incubated 

with 1% aqueous uranyl acetate (30 min; BDH), washed in distilled water (15 min), serially 

dehydrated in ethanol, equilibrated with propylene oxide/Epon with continuous stirring, and 

embedded in Epon. Semithin and ultrathin sections for both aggregated-cells and pavement-cells 

were made with a diamond knife (Diatome, Hatfield, Switzerland) in an ultramicrotome (LKB; 

Leica Microsystems, Weltzlar, Germany). Semithin sections with 2 μm thickness were stained 

(1% methylene blue in 1% borax aqueous solution plus 1% Azur II in aqueous solution, 1:1; 

Merck) and observed in a light microscope (BX41; Olympus) to obtain the overall morphology 

of PC3-cells and select the area of interest. Ultrathin sections were collected on 300-mesh copper 

grids (Taab, Berks, UK), contrasted with 3% aqueous uranyl acetate (20 min) and Reynolds lead 

citrate (10 min; Merck), and observed in a transmission electron microscope operated at 60 kV 

(Jeol 100CXII; JEOL, Tokyo, Japan). 

2.4. Histochemistry in semithin sections 

For Periodic Acid Schiff (PAS) polysaccharides staining, semithin sections of 2 µm were 

collected in adhesive slides (Starfrost, Knitttel-Glass, Brunswick, Germany) and dried for 2h 

(60ºC). Removal of the Epon resin from semithin sections was then performed to facilitate stain 

penetration. For this, slides were dipped in sodium ethoxy solution (saturated solution of sodium 

hydroxide in absolute ethanol; Merck) for 10 min (RT), washed twice in absolute ethanol (1 min 

each; RT) and then in distilled water (3 min; RT). For the PAS reaction, slides were dived in 1% 

periodic acid solution in water (Merck) for 15 m (RT), rinsed in distilled water (3 min; RT), 

incubated in Schiff reagent (Merck) for 20 min (RT), under light protection, washed in distilled 

water (3 min; RT), air-dried and mounted in CoverQuick 2000 medium (VWR, Fontenay-sous-

Bois, France). Slides were observed in the light microscope. 
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For Sudan Black lipids staining, semithin sections of 2 µm were collected in adhesive slides 

and dried for 2h (60ºC). Oxidation of the reduced osmium from semithin sections was then 

performed to unblock chemical reactions. For this, slides were dipped in 0.06% hydrogen 

peroxide solution (Merck) for 10 min (RT) and washed twice in distilled water (3 min; RT). For 

the Sudan Black reaction, slides were dived in saturated solution of Sudan black in 70% ethanol 

(Merck) for 15 min (RT), washed twice with 70% ethanol and rinsed with distilled water (3 min; 

RT). The slides were air-dried and mounted in CoverQuick. Slides were observed in the light 

microscope. 

2.5. Immunohistochemistry 

Ovary, prostate and prostate cancer human tissues were analysed from formalin-fixed paraffin-

embedded blocks using primary monoclonal antibodies against human ZP1, ZP2, ZP3 and ZP4 

(ZP1: sc-365435; ZP2: sc-390422; ZP3: sc-398359; ZP4: sc-49587; Santa Cruz Biotechnology, 

Santa Cruz, California). Normal ovary tissue was used as a positive control. 

Immunohistochemistry was performed in tissue sections of 3µm thickness attached to adhesive 

slides. Tissue sections were deparaffinised with xylene (VWR) and serially hydrated in a 

decreasing scale of ethanol followed by a wash in distilled water. Heat antigen retrieval was 

performed with citrate buffer pH 6 (0.1M citric acid plus 0.1M sodium citrate; Merck) in a 

microwave (at 600W) for 20 min. Tissue sections were washed in tap water (5 min) followed by 

distilled water (5 min). Endogenous peroxidases were inhibited with 3% of hydrogen peroxide 

(Merck) and non-specific background staining was minimized with normal horse serum (Vector 

Laboratories, Burlingame, California), with both treatments being performed for 30 min. 

Sections were incubated with primary monoclonal antibodies for 60 min. For each experiment, 

a negative control was included, which consisted in the omission of the primary antibody and its 

replacement by Phosphate Buffer Saline (PBS; Panreac). Ultraview universal diaminobenzidine 

(DAB) anti-mouse detection kit (Ventana Medical Systems, Tucson, Arizona, USA) was used to 

reveal expression of ZP1, ZP2 and ZP3 antigens. The ZP4 antigen was revealed using the 

Vectastain Universal anti-goat Quick Kit (Vector Laboratories). Between each step a wash in 

three changes of PBS was carried out. After dehydration, sections were mounted on Coverquick. 

Results were observed in the light microscope. Experiences were performed in triplicate. 

2.6. Immunocytochemistry 

Donor surplus human oocytes (used as a positive control) were transferred to adhesive slides. 

PC3-cell smears were made from cell suspensions containing either pavement-cells or 

aggregated-cells. Oocytes and PC3-cells were fixed with 1% paraformaldehyde in PBS for 10 

min (RT), followed by a wash in three changes of PBS. For permeabilization, cells were incubated 

in 0.1% Triton X-100 (Sigma) plus 0.1% sodium citrate in PBS for 3 min (4ºC). Cells were then 



17 

 

 
 

washed three times in PBS and incubated with 5% Bovine Serum Albumin (BSA; Sigma) for 20 

min (RT) to inhibit non-specific binding. After rinsing with PBS, cells were incubated with 

primary monoclonal antibodies for 1h (37ºC). For each experiment, a negative control was 

included, which consisted in the omission of the primary antibody and its replacement by PBS. 

Antibody solution was then removed and a wash of three changes of PBS was performed. 

Secondary antibody conjugated with fluorescein isothiocyanate (FITC; Santa Cruz 

Biotechnology) was applied to cells for 45 min (RT). For ZP1, ZP2 and ZP3 we used the 

secondary antibody anti-mouse FITC (sc-516140), whereas for ZP4 we used the secondary 

antibody anti-goat FITC (sc-2024). After washing thrice in PBS, PC3-cells were counterstained 

with Vectashield mounting medium containing 4', 6-diamidino-2-phenylindole (DAPI; Vector 

Laboratories). Oocytes were washed in PBS but not counterstained with DAPI and observed in 

PBS. Results were observed in an epifluorescence microscope (Eclipse E400; Nikon, Tokyo, 

Japan). Experiences were performed in triplicate.  

2.7. Molecular biology 

2.7.1. RNA purification 

Total ribonucleic acid (RNA) from both oocytes and PC3-cells was extracted using column-

based methods. Total RNA from PC3-cells was extracted using the PerfectPure RNA Cell & 

Tissue Kit (5 PRIME, Hamburg, Germany), according to manufacturer instructions. Due to the 

low number of available oocytes, total RNA from 4 oocytes was extracted using the Single Cell 

RNA Purification Kit (Norgen, Thorold, Canada), also following the manufacturer instructions. 

The concentration and purity of RNA samples were determined on a Nanodrop spectrophotometer 

(ND-1000, version 3.3; LifeTechnologies, California, USA). Only samples with an A260/A280 

ratio between 1.8-2.1 were selected as it is an indicative of highly purified RNA.  

2.7.2. cDNA synthesis 

PC3-cell RNA was converted to complementary deoxyribonucleic acid (cDNA) using the 

High Capacity cDNA Reverse Transcription kit (Applied Biosystems, California, USA), 

according to manufacturer instructions and including the optional step of “DNase treatment” that 

is intended to digest genomic DNA (gDNA) to avoid gDNA contamination. For oocytes, RNA 

conversion was performed with Superscript IV VILO Master Mix (Invitrogen, ThermoFisher 

Scientific), as per manufacturer instructions, including too the optional step of “DNase treatment”, 

because this enzyme is known to have superior sensitivity and effectivity, even with samples of 

low RNA concentration, as is the oocytes case.  
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2.7.3. Primer design 

ZP1 (NM_207341.3), ZP2 (NM_003460.2), ZP3 (NM_001110354.1) and ZP4 

(NM_021186.4) mRNA sequences were retrieved using the National Center for Biotechnology 

Information (NCBI) genome browser (http://www.ncbi.nlm.nih.gov/). Primer design was 

performed using the Primer-BLAST tool (Ye et al., 2012) from NCBI browser using the following 

parameters: PCR product size from 70bp-250bp; primer melting temperatures from 56ºC-65ºC; 

and primers must span an exon-exon junction. Each primer pair was followed tested against the 

presence of dimers using the FastPCR software (v. 3.7.7; Institute of Biotechnology, University 

of Helsinki, Finland) applying a cut-off dimer local alignment similarity of 72%. Moreover, the 

Primer-BLAST tool (Ye et al., 2012) was used to evaluate the specificity towards the regions of 

interest. The resulting primer sequences (5’->3’) are described on Table 1. 

2.7.4. Polymerase Chain Reaction 

ZP1, ZP2, ZP3 and ZP4 genes were amplified by Polymerase Chain Reaction (PCR) using the 

primers previously design. PCR conditions were optimized using oocyte cDNA as control. Final 

conditions used to amplify the referred genes were the following: an initial denaturation for 10 

min (95ºC), followed by 38 cycles of denaturation for 30 sec (95ºC), primer annealing for 30 sec 

at specific annealing temperature (Table 1), and extension for 60 sec (72ºC). A final extension 

was performed for 8 min (72ºC), followed by a gradual decrease of temperature till 4ºC. The PCR 

reaction mixture (20 μl) contained: 10 µL of AmpliTaq Gold 360 Master Mix (ThermoFisher 

Scientific), 1 µL of each primer (at 10 pmol/µL) (NZYTech, Lisbon, Portugal), 1 µL of cDNA 

and 7 µL of sterile bidistilled water. For ZP4, the PCR reaction master mix was replaced by the 

PCR 2x Master Mix (Promega, Madison, USA). PCR reactions were conducted in a thermocycler 

(VERITI; LifeTechnologies).  
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Table 1: Designed primers for each gene, their annealing temperature after optimization and the 

expected length for each amplification product. 

Gene Primers 

Product length 

(base pairs, 

bp) 

Annealing 

Temperature 

ZP1 

NM_207341.3 

F: CATTCAGGCATCCATTTTCC 

R: ACGAGCTGAAGGTCTCGTCT 
104bp 60ºC 

ZP2 

NM_003460.2 

F: GCCAGAAGGATTTCATGTCTTT 

R: GCACCATCACCAACCTCAA 
112bp 58ºC 

ZP3 

NM_001110354.1 

F: GGTTGTTTGTGGACCACTGC 

R: TCGACAAGACAGCCATGGAA 
94bp 60ºC 

ZP4 

NM_021186.4 

F: CTTCTAGCCCGAGATGCTCC 

R: ACGTTCCGAGACACAGCAAT 
215bp 58ºC 

GAPDH 

NM_001289745.2 

F: AGGTCGGAGTCAACGGATTT 

R: TGGAATTTGCCATGGGTGGA 
157bp 58ºC 

EMC7 

NM_020154.2 

F: ATGAGACGGGAAATGGAGCA 

R: CCAGTGTTGCCGTGTTTGTG 

207 bp 58ºC 

 

 

PCR products (5 µL) were analyzed by 2% agarose gel electrophoresis: mix of TAE 1X 

SeaKem LE Agarose (Lonza, Rockland, USA) and 5µL/100ml of GelRed Nucleic Acid Gel Stain, 

10,000x in water (Biotium, California, USA). GeneRuler DNA Ladder Mix (ThermoFisher 

Scientific) was used as a marker for sizing and approximate quantification of cDNA fragments. 

Finally, the PCR products were visualized and photographed in a Luminescent Image Analyzer 

(LAS-3000; v. 2.2; Fuji Film, Tokyo, Japan).  

2.7.5. Sanger Sequencing reaction 

PCR products were enzymatically purified using the Illustra ExoStar kit (GE Healthcare- 

Buckinghamshire, UK), following manufacturer instruction. Posteriorly, a new asymmetric PCR 

was prepared based on Sanger sequencing method. For this asymmetric PCR it was used the 

BigDye Terminator (v. 1.1) Cycle Sequencing Kit (Life Technologies). The asymmetric PCR 

included: 2 µL of BigDye Terminator, 1.5 µL of primer (at 10 pmol/µL), 2 µL bidistilled water, 

and 5 µL of the product from Illustra ExoStar purification. These reactions were then purified 

using a size selection column method Performa DTR (Dye Terminator Removal; EdgeBio, 

Maryland, USA). In the final step, the obtained products were resolved and analysed by high 

resolution electrophoresis in a genetic analyzer (3130xl; LifeTechnologies). The Nucleotide 

BLAST tool (Zhang et al., 2000; Morgulis et al., 2008) was used to access nucleotide sequence 

similarity between the sequencing data and the transcript of interest. 
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2.7.6. Quantitative RT-PCR 

Real-time quantitative PCR (qPCR) was performed to evaluate mRNA expression of ZP genes 

in both PC3-cell types and compared from the expression to oocytes. Specific primers were the 

same previously described (Table 1). GAPDH and EMC7 were used as housekeeping genes to 

normalize gene expression levels (Eisenberg and Levanon, 2013). qPCRs were carried out in a 

real-time PCR apparatus (CFX96; Bio-Rad, Hercules, USA) and the efficiency of the 

amplification was determined for all primer sets using serial dilutions of cDNA (1:5; 1:10; 1:15; 

and 1:20). PCR conditions and reagents concentrations were previously optimized. qPCR 

amplifications used 1µL of synthesized cDNA in a 20 µL reaction containing 10 µL NZY qPCR 

Green (NZYTech) and 1µL of each primer (at 5 pmol/µL) for each gene. The cDNA dilutions 

were adjusted based on RNA concentration (used to cDNA synthesis) to ensure that samples had 

an equivalent cDNA concentration. Reaction conditions were the following: 10 min denaturation 

(95ºC), followed by 40 cycles at 95ºC for 30 sec, and a specific annealing temperature for each 

gene for 30 sec (Table 1). For melting curves, the conditions were 95ºC for 60 sec, 55ºC for 30 

sec, followed by an increment of 0.5ºC until 95ºC. Samples were run in triplicate in each PCR 

assay.  

2.8. Statistical analysis 

Fold variation of gene expression levels was calculated following the mathematical model 

proposed, using the formula 2-ΔΔCt (Pfaffl, 2001). The non-parametric Kolmogorov-Smirnov test 

was run in the IBM SPSS Statistics (IBM Corp Released 2015; IBM SPSS Statistics; v. 23.0) to 

access the differences on ZP1, ZP3 and ZP4 expression levels between cells. 

 

3. Results 

3.1. Ultrastructure of the cell line PC3  

3.1.1. Pavement-cells 

These cells have an elongated appearance and a surface with numerous long microvilli and 

stereocilia (Figs. 1, 2). The nucleus is lobulated and has a regular outline; the nuclear matrix is 

pale, with a fine fibrilar appearance, and did not present heterochromatin patches (Fig. 1B); small 

reticulated nucleoli (Fig 1B-inset) appeared positioned at the center or in contact with the nuclear 

envelope (Fig. 1B). In one pole of the cell (Fig. 1A), the surface showed a lower number of 

microvilli and the cytoplasm contained numerous elongated and ramified mitochondria with 

moderate-dense matrix and thin pale cristae (Fig. 1A-inset); this region also presented an 

extensive net of rough endoplasmic reticulum (RER) cisternae, numerous secondary lysosomes 

and pale vesicles (Fig. 1A). The other pole of the cell (Fig. 2A) exhibited a lacework of complex 

surface invaginations that entered deep into the cytoplasm and originate a network of multiple 
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light vesicles of different sizes containing microvilli (Figs. 2, 3A); in this region, there were 

numerous mitochondria with a pale matrix and thin dense cristae (Figs. 3B, 4A-inset), light 

vesicles and RER cisternae, and rare small dictiosomes (Fig. 3B), occasional secondary 

lysosomes (Fig. 4B) and multivesicular bodies (Fig. 4C), and the centriole (Fig. 4E); this region 

was rich in microvilli and stereocilia (Fig. 4D). Cells were joined through tight-junctions (Fig. 

4F) and desmosomes (Fig. 4G). Near these junctions coated vesicles were observed (Fig. 4G). 

Cytoplasmic small granules observed at high density (Fig. 4A) were considered ribosomes, as the 

cytoplasm was not stained for glycogen with the PAS technique (Fig. 8A). Secretory vesicles and 

lipid droplets were not observed. The absence of lipid droplets was confirmed by a negative 

staining with Sudan black (Fig. 8C).  
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Figure 1. Ultrastructure of PC3 pavement-cells. A. In this cell pole, the cytoplasm contains a net 

of elongated mitochondria (m) that present a dense matrix with thin pale cristae (inset), a net of 

rough endoplasmic reticulum cisternae (arrowheads), multiple small secondary lysosomes (arrows) 

and pale vesicles (*). B. The nucleus (N) is eccentric, lobulated with a regular outline, and presents 

a pale matrix (*), without patches of heterochromatin, and with reticulated nucleoli (Nc) (inset). 

Cell membrane (me); microvilli (mv); stereocilia (sc). 
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Figure 2. Ultrastructure of PC3 pavement-cells. A. In the other pole of the cell, profound surface invaginations (arrows) are 

observed with appearance of pale vesicles of different sizes with microvilli (*). B. Higher magnification to evidence the 

surface invagination (arrow) originating light vesicles with microvilli (*). Cell membrane (me); microvilli (mv); stereocilia 

(sc); mitochondria (m); rough endoplasmic reticulum cisternae (arrowheads); dictiosome (G); nucleus (N); nucleoli (Nc). 

 



24 

 

 
 

  

0.5µ 

A 

* * 

* 

* 

* 
* 

* 

* 

* 

N 

* 

m 

1µ 
m 

B 

* 

0.1µ 

G 

Figure 3. Ultrastructure of PC3 pavement-cells. A. Higher magnification to evidence the mesh formed by light vesicles with 

microvilli (*). B. At the pole with surface invaginations, mitochondria (m) are small and present a pale matrix with thin dense 

cristae. Rough endoplasmic reticulum cisternae (arrowheads); dictiosome (G); vesicles (*); nucleus (N). 
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Figure 4. Ultrastructure of PC3 pavement-cells. A. Note the richness in free ribosomes (Ri) and the presence of rough endoplasmic reticulum 

cisternae (arrowheads); mitochondria (m) evidence a pale matrix with thin dense cristae (inset). B. Detail of secondary lysosomes (arrows). C. 

Detail of a multivesicular vesicle (arrow). D. Detail of the cell surface to show microvilli (mv) and stereocilia (arrowheads), which are branched 

and anastomosed microvilli. E. Detail of the centriole (arrow). F. Tight-junction. Note the dense peripheral components (arrowheads) with attached 

“microfilaments” (arrow). G. Desmosome. Note the dense peripheral components (arrowheads) with attached “intermediate filaments” (arrow). 

Bellow there is a coated vesicle (*), which indicates the presence of receptor-mediated endocytosis. Cell membrane (me); lumen (Lu). 
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3.1.2. Aggregated-cells 

These cells have an oval appearance (Fig. 5) and seemed heterogeneous, with presence of two 

major subtypes: one is rich in lipid droplets (Fig. 5A) and the other is rich in membrane 

invaginations (Fig. 5B). The surface of cells presented microvilli and stereocilia and short 

enlarged microvilli-like protusions (Figs. 5, 6); these protrusions established tight junctions 

between neighboring cells (Figs. 5B, 5B-upper inset, 6C). The nucleus was lobulated and had 

an irregular outline; the nuclear matrix was dense, with a flocculent appearance, and presented 

internal and peripheral patches of heterochromatin (Fig. 5); a large vacuolar nucleolus (Fig. 5A-

inset) was observed peripherally (Fig. 5). The cell-type rich in membrane invaginations presented 

in one pole complex surface invaginations that entered deep into the cytoplasm, originating 

multiple light vesicles of different sizes containing microvilli (Fig. 5B, 5B-bottom inset). The 

cell-type rich in lipid droplets presented pale vesicles without evident signs of microvilli (Fig. 

6A). The cytoplasm of both cell-types contained abundant RER cisternae and mitochondria (Figs. 

5B, 6A, 7), rare dictiosomes (Fig. 7a), a few secretory vesicles (Fig. 7b) and secondary lysosomes 

(Fig. 7c), and the centriole (Fig. 7d). There were two types of mitochondria: one with a pale 

matrix and moderate dense longitudinal cristae (Fig. 7A) and another with a dense matrix with 

enlarged pale cristae (Fig. 7e). Cells were joined through tight-junctions and desmosomes (Figs. 

5B, 5B-upper inset, 6C, 7B-right inset). Near these junctions coated vesicles were observed 

(Figs. 7B-left inset). When applied the PAS technique, two types of cells were observed. One 

cell type was rich in glycogen, whereas the other cell type did not stain (Fig. 8B). The same was 

observed with the Sudan black technique, with one cell type being rich in lipid droplets, whereas 

the other cell type did not stain (Fig. 8D).  
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Figure 5. Ultrastructure of PC3 aggregated-cells. A. Cell rich in lipid droplets. The nucleus (N) is lobulated, presents an 

irregular outline, and the nuclear matrix is dense, with patches of heterochromatin and a vacuolar nucleolus (Nc) (inset). The 

cytoplasm evidences lipid droplets (L) and pale vesicles (v). B. Cell with surface invaginations. The nucleus has the same 

appearance. Profound surface invaginations (arrow) at one pole of the cell originates multiple vesicles with microvilli (*) 

(bottom inset). The cytoplasm contains mitochondria (m) and rough endoplasmic reticulum cisternae (white arrowheads). 

Adjacent cells appeared linked by tight-junctions through short surface expansions (black arrowheads) (upper inset). Cell 

membrane (me); microvilli (mv); stereocilia (sc); short large expansion (white arrow). 
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Figure 6. Ultrastructure of PC3 aggregated-cells. A. Detail of the cytoplasm a cell rich in lipids. Note the presence of pale 

vesicles (v) without evident signs of microvilli, mitochondria (m), rough endoplasmic reticulum cisternae (arrowheads) and 

the nucleus (N). B. Low magnification of a cell to show the abundance of lipid droplets (L), microvilli (mv), stereocilia (sc) 

and short surface expansions (arrows). C. Cells appeared linked by tight-junctions (arrowheads) through the short surface 

expansions (*). Cell membrane (me). 
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Figure 7. Ultrastructure of PC3 aggregated-cells. A. The cytoplasm of cells contains rough endoplasmic reticulum cisternae 

(arrowheads), dictiosomes (inset a), secretory vesicles (inset b), secondary lysosomes (inset c), the centriole (inset d) and two types 

of mitochondria, those with a pale matrix and thin dense cristae (m) and other with a dense matrix and enlarged pale cristae (inset 

e). B. Cells joined laterally through tight-junctions (black arrowheads) and desmosomes (right inset: white arrowheads) with their 

associated filaments (black arrows). Probable gap-junctions could be observed (right inset: white arrow). Near these junctions 

coated vesicles (*) were observed (left inset). Nucleus (N); lipid droplets (L); vesicles (v); cell membrane (me); microvilli (mv).  
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3.2. Immunohistochemistry 

As expected, ovarian follicles showed a positive staining of the zona pellucida for the four ZP 

glycoproteins (Fig. 9A-D). A relative lower staining intensity of the ZP was observed for 

glycoproteins ZP2 and ZP4, and a relative higher staining intensity of the ZP was observed for 

glycoproteins ZP1 and ZP3. A relative strong staining in the ooplasm was observed for 

glycoprotein ZP4 followed in relative staining intensity by glycoproteins ZP3, ZP1 and ZP2. The 

normal prostate tissue did not show any staining regarding the four ZP glycoproteins. In the 

prostate adenocarcinoma tissue, a positive staining for the four ZP glycoproteins was observed in 

the surface and cytoplasm of the cells (Fig. 9E-H). The relative staining intensity was higher for 

ZP3 and ZP2 and lower for ZP4 and ZP1.  

 

 

 

 

Figure 8. A, B. Histochemical detection of glycogen (PAS technique) in PC3 cells. A. Pavement-cells stained negative. B. 

Aggregated-cells presented two types of cell staining, one positive (arrowheads) and the other negative. Nucleus (n); cytoplasm 

(c); vesicles (v). C, D. Histochemical detection of lipids (Sudan black technique) in PC3 cells. C. Pavement-cells stained negative. 

D. Aggregated-cells presented two types of cell staining, one positive (arrowheads) and the other negative. Nucleus (n); 

cytoplasm (c); vesicles (v). 
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Figure 9. Immunohistochemical detection of zona pellucida glycoproteins ZP1 (A, E), ZP2 (B, F), ZP3 (C, G) and ZP4 (D, H). 

A-D. Human oocytes: staining was observed in the zona pellucida (arrows) and in the ooplasm (o). Granulosa cells (GC). Bars: 

20 µm. E-H. Prostate adenocarcinoma tissue cells: note labeling in the cytoplasm (c) and surface (arrowheads) of the cells. Nuclei 

(arrows). Bars: 5 µm.  
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3.3. Immunocytochemistry 

As expected, oocytes showed a positive staining of the zona pellucida for the four ZP 

glycoproteins (Fig. 10A-D). A relative strong staining of the ZP was observed for glycoprotein 

ZP1, followed in relative intensity by glycoproteins ZP4, ZP3 and ZP2. A relative strong staining 

in the ooplasm was observed for glycoprotein ZP4, followed in relative intensity by glycoproteins 

ZP3, ZP1 and ZP2. Regarding PC3-cells, both pavement-cells (Fig. 10E-H) and aggregated-cells 

(Fig. 10I-L) showed a positive staining for the four ZP glycoproteins in the surface and cytoplasm 

of the cells, with similar relative intensities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 10. Immunocytochemical detection of zona pellucida glycoproteins ZP1 (A, E, I), ZP2 (B, F, J), ZP3 (C, G, K) and ZP4 

(D, H, L). A-D. Human oocytes: staining was observed in the zona pellucida (arrows) and in the ooplasm (o). Bars: 20 µm. E-H. 

Pavement-cells. I-L. Aggregated-cells. in PC3-cells, note labeling in the cytoplasm (c) and cell surface (arrows). Nuclei (n). Bars: 

2 µm.  
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3.4. Molecular biology 

Gel electrophoresis (Fig. 11A) of PCR amplification products from the positive controls 

(oocytes) revealed one specific band with the expected size for each interest gene (ZP1, 104bp; 

ZP2, 112bp; ZP3, 94bp; ZP4, 215bp). Regarding PC3-cells and relative to the ZP1 gene, on both 

pavement and aggregated cells it was observed one amplification product with a length of 

approximately 190bp, greater than that observed at the positive control. The result of ZP2 gene 

amplification in pavement-cells revealed an inconspicuous product with the same length of the 

control, with no amplification product observed in aggregated-cells. For ZP3 and ZP4, both 

pavement and aggregated cells revealed an amplification product with the same length of the 

control sample. Negative controls did not reveal any amplification product.  

The specificity of the PCR products was confirmed by Sanger sequencing. All control samples 

have significant similarity with the transcript of interest (99-100% of identity and query cover 

and an E-value below 1e-6). Regarding ZP3 and ZP4, a significant similarity was observed on 

PCR products from both pavement and aggregated cells. For ZP2, no significant similarity was 

found for the PCR products of pavement-cells, which means that the PCR product may not 

correspond to ZP2 or that ZP2 expression is very low to be detected. In relation to ZP1, 

sequencing of PCR products of both pavement and aggregated cells demonstrated a significant 

similarity with the transcript of interest with 100% identity and an E-value below 1e-6 like control 

samples but with a query cover of 23-26%. A detailed observation of the sequencing result of the 

PCR products revealed that, for both pavement and aggregated cells, the amplification product of 

ZP1 corresponded to a transcript variant containing intron 7. 

EMC7 was not considered a good housekeeping gene for these cells given its variability. For 

this reason, relative quantification (qRT-PCR) of the ZP1, ZP3 and ZP4 genes on oocytes and 

PC3-cells was normalized to the GAPDH reference gene (Fig. 11B). Using the normalized values 

and the oocyte mRNA as reference, the ratio of oocyte/pavement-cells/aggregated-cells mRNA 

was 1/0.00022/0.00016 for ZP1, 1/0.00103/0.00087 for ZP3 and 1/0.00019/0.00018 for ZP4 

genes. In pavement-cells, ZP3 mRNA was the most expressed, followed by ZP1 and ZP4. 

Aggregated-cells also expressed higher levels of ZP3 mRNA, followed by ZP4 and ZP1. 

Pavement-cells expressed 1.19-fold more ZP3 than aggregated-cells (p<0.05). ZP1 and ZP4 

expression was higher in pavement-cells than in aggregated-cells, yet no statistically significant 

difference was observed. 
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4. Discussion  

4.1. Previous ultrastructural studies on prostate cancer tissue 

In the study of Mao et al (1996), prostate carcinoma tissue cells evidenced a polymorphic 

morphology. The nucleus could be dense, lobulated, with margination of heterochromatin, or 

round and pale; the nucleolus was of the vacuolar type, or reticulated, central or peripheral. The 

cytoplasm could be rich or poor in free ribosomes; mitochondria could be pale with thin dense 

cristae, or possess a moderate dense matrix with pale cristae; RER cisternae, Golgi apparatus, 

dense multivesicular vesicles (bodies), secretory vesicles, secondary lysosomes and lipid droplets 

could also be observed. Cells exhibited short microvilli and occasional cilia, and appeared 

attached by tight junctions and desmosomes.  

In our study, we also found two similar types of nuclear morphology. Pavement-cells 

presented a lobulated nucleus with a regular outline, with margination of heterochromatin, a pale 

matrix and a reticulated nucleolus. In aggregated-cells the nucleus was also lobulated, but 

Figure 11. Molecular biology. A. Amplification products of ZP1, ZP2, ZP3 and ZP4 genes on PC3 pavement-cells (Pv) 

and aggregated-cells (Ag), oocytes (Ov) and negative control (C-). B. Quantification of mRNA expression by qRT-PCR. 

Gene expression of ZP1, ZP3 and ZP4 mRNA in PC3 pavement-cells and aggregated-cells. Normalized levels to the 

GAPDH reference gene and the positive control (oocyte) mRNA as reference. ZP3 mRNA expression is significantly 

higher in pavement-cells (*) when compared with aggregated-cells (p<0.05). 
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presented an irregular outline, a denser matrix, with patches of heterochromatin, and a vacuolar 

nucleolus. Similarly, to cancer tissue cells, we also observed RER cisternae, secondary 

lysosomes, rare dictiosomes and secretory vesicles (the later only in aggregated-cells), microvilli, 

tight junctions and desmosomes, but not abundant secretory vesicles or cilia. However, in PC3 

cells, microvilli were long and mixed with stereocilia; additionally, and although we have also 

observed occasional multivesicular vesicles in pavement-cells, these had a pale matrix. Yet not 

mentioned in the text, from image analysis of the cancer tissue, we could distinguish occasional 

vesicles with microvilli and coated vesicles similarly to PC3-cells. The cytoplasmic organization 

of PC3-cells appeared quite different from cancer tissues. Pavement-cells appeared polarized: one 

pole showed an accumulation of dense elongated mitochondria, RER cisternae and small 

secondary lysosomes, and the other pole evidenced profound surface invaginations that originated 

a net of vesicles containing microvilli, and light mitochondria; cytochemical analysis confirmed 

the absence of lipid droplets and glycogen accumulation in these cells. Aggregated-cells 

evidenced two types of cells, one also with surface invaginations, and another rich in lipid 

droplets; cytochemical analysis also evidenced two types of cells, one rich in glycogen and the 

other rich in lipid droplets. Another difference to pavement-cells was the presence of enlarged 

pale cristae in dense mitochondria.  

In the work of Sahlén et al (2004) of prostate cancer bone metastases, authors only described 

cytoplasmic organelles. Nevertheless, from one image we could observe part of a nucleus, which 

showed a regular outline, a pale matrix and a reticulated nucleolus. This nuclear appearance is 

similar to the nucleus of pavement-cells with the exception that in PC3-cells the nucleus was 

lobulated. In the cell surface authors observed short microvilli and prostasome exocytosis, 

whereas in PC3-cells we found long microvilli and stereocilia, but no signs of exocytosis. Authors 

did not show cell junctions, but PC3-cells evidenced tight junctions and desmosomes. In the 

cytoplasm of metastatic cells, images evidenced the presence of RER cisternae, Golgi complexes 

and numerous secretory vesicles (prostasomes); regarding the mitochondria, from the images we 

could also observe moderate-dense mitochondria with pale or thin dense cristae. In PC3-cells, we 

also observed RER cisternae, and rare dictiosomes and secretory vesicles (the later only in 

aggregated-cells). Regarding the mitochondria, we found different aspects, as pavement-cells 

showed long dense mitochondria with pale cristae and pale mitochondria with dense cristae, 

whereas aggregated-cells evidenced dense mitochondria with pale enlarged cristae and pale 

mitochondria with dense cristae.  

In the study of Hetzl et al (2010), prostate cancer tissue cell images were of low resolution, 

which prejudiced detailed comparisons. From images we could distinguish that the nucleus was 

oval and of two main types, one presented a moderate-dense matrix with the nucleolus attached 

to the nuclear envelope, and the other presented a dense matrix with numerous heterochromatin 

patches. The pale nucleus resembled the nucleus of our pavement-cells, and the dense nucleus 
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resembled that of our aggregated-cells, with the exception that in PC3-cells the nucleus was 

lobulated, with a regular outline in pavement-cells and an irregular outline in aggregated-cells. 

The low magnification used by the authors did not allow comparisons for the type of nucleolus 

neither to compare the mitochondria. Nevertheless, authors described the presence of RER 

cisternae, Golgi apparatus, secretory vesicles and short and sparse microvilli, and do not mention 

the presence of secondary lysosomes, lipid droplets or cell junctions. In contrast and regarding 

the cell surface, in PC3-cells we found long microvilli and stereocilia, profound surface 

invaginations, and cell adhesion through tight junctions and desmosomes. In relation to the 

cytoplasm, in PC3-cells we observed RER cisternae, secondary lysosomes and lipid droplets, and 

rare dictiosomes and secretory vesicles (the later only in aggregated-cells).  

4.2. Previous ultrastructural studies on the prostate cancer PC3 cell-line 

In the study of Kaighn et al (1979), authors established and characterized the PC3 cell-line, 

which was derived from prostate adenocarcinoma tissues and bone metastases. Regarding cell 

ultrastructure, the authors divided the observations into adherent cells (that correspond to our 

pavement-cells) and grape-like aggregates of loosely attached cells formed above adherent cells 

(that correspond to our aggregated cells). In the text, authors stated that the cytoplasmic structure 

of the cells was similar. 

As authors did not specify their findings, we thus conducted a detailed image review. The 

adherent cells described by the authors had a fusiform appearance and the surface contained 

numerous short microvilli and occasional long stereocilia; the nucleus presented an irregular 

outline with a moderate-dense matrix, without heterochromatin patches, and large reticulated 

nucleoli; at one pole of the cell, the cytoplasm was rich in long dense mitochondria and RER 

cisternae, with presence of a few secondary lysosomes; the other cytoplasmic pole of the cell was 

rich in dense mitochondria and secondary lysosomes; although described in the text, we could not 

discern in images the dictiosomes, annulate lamellae, lipid droplets and desmosomes. In 

comparison to our pavement-cells, the cell surface presented longer microvilli and numerous 

stereocilia, and we here demonstrate the presence of tight junctions and desmosomes. Contrary 

to authors, the nucleus of pavement-cells had a regular outline, was lobulated and presented a pale 

matrix, although they were similar regarding the absence of patches of heterochromatin and 

presence of reticulated nucleoli. In relation to one of the poles, pavement-cells similarly presented 

a high concentration of long dense mitochondria and RER cisternae, but additionally presented a 

higher concentration of secondary lysosomes. Concerning the other pole of the cell, authors did 

not observe the lacework of complex surface invaginations that we found in pavement-cells. Also 

contrary to author findings, we did not observe annulate lamellae or lipid droplets. Another 

difference was the presence of two types of mitochondria in pavement-cells. Similarly to authors, 

we observed a high number of ribosomes, which were here proved to not be glycogen particles. 
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The spherical cell aggregates described by the authors were oval, and showed scarce and short 

microvilli; the nucleus was eccentrically located, possessed an irregular outline, contained a 

moderate-dense matrix, without heterochromatin patches, and large reticulated nucleoli; the 

cytoplasm showed aggregates of dense mitochondria, large vesicles with presence of microvilli 

and numerous large secondary lysosomes; although not shown in the micrograph, authors 

described the presence of Golgi complexes, RER cisternae, annulate lamellae, lipid droplets, tight 

junctions and desmosomes. In comparison to our aggregated-cells, the cell surface presented long 

microvilli and stereocilia, and we here demonstrate the presence of tight junctions and 

desmosomes. In contrast, the nucleus of our aggregated-cells was profoundly irregular, lobulated 

and presented a denser matrix, filled with patches of heterochromatin, and vacuolar nucleoli. 

Moreover, we observed two main types of cells, one filled with light vesicles presenting microvilli 

formed subsequently to a profound invagination of the cell surface at one pole of the cell, and 

another filled with lipid droplets. Also oppositely, we did not observe annulate lamellae, but we 

have similarly found numerous RER cisternae. Another difference was the presence of two types 

of mitochondria in aggregated-cells. Similarly to authors, we observed a high number of small 

cytoplasmic granules, which were here proved to be glycogen particles. 

In the work of Ravenna et al (1996), authors studied the effect of the n-Hexane lipid/sterol 

plant extract on PC3-cells. There is only one ultrastructural image of a normal cell. In the image, 

a round cell at metaphase is superposed on two elongated cells. The connections between those 

cells could not be identified due to the low image magnification. Elongated cells had an irregular 

nucleus without heterochromatin patches and several nucleoli, but details are not possible to infer 

due to the low magnification of the image. Although not visible due to the low magnification, 

authors described the existence of numerous mitochondria and a scarce presence of other 

organelles. We thus had no data for comparisons with our pavement-cells. Regarding the round 

cell, which probably corresponds to our aggregated-cells, it is in metaphase and thus comparisons 

could not be performed. 

In the study of Kim et al (2005), authors analysed the effect of the plant extracted 

andrographolide on PC3-cells. There is only one ultrastructural image of a normal cell. This cell 

is ovoid and the nucleus has a moderate-dense matrix, with patches of internal and peripheral 

heterochromatin and a large peripheral nucleolus. This resembles the nucleus of our aggregated-

cells. In the image, aggregated dense mitochondria and large vesicles could be observed, but the 

low magnification did not allow further comparisons with our observations.  

In the work of You et al (2015), authors studied the effect of sodium metaarsenite on PC3-

cells. There is only one ultrastructural image of a normal cell. This cell was oval and the nucleus 

had a moderate-dense matrix, without patches of heterochromatin, and a central nucleolus. This 

resembles the nucleus of our aggregated-cells except that these have patches of heterochromatin, 

and the nucleolus is peripheral. Other nuclear and cytoplasmic features could not be compared 
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with our observations due to the low magnification used. The cell appears to present microvilli 

and do not exhibit evident connections to adjacent cells. On the contrary, our aggregated-cells 

possess prominent microvilli and stereocilia, and evident connections.  

In the study of Xu et al (2016), authors studied the effect of dihydroartemisinin on PC3-cells. 

There is only one ultrastructural image of a normal cell. This cell was oval and the nucleus had a 

moderate-dense matrix with patches of internal and peripheral heterochromatin. This resembles 

the nucleus of our aggregated-cells. In the image, mitochondria, RER cisternae and small vesicles 

could be observed, but the low magnification did not allow for comparisons with our observations.  

4.3. Previous studies on cancers expressing ZP3 

In the work of Rahman et al (2012), authors found expression of ZP3 in the cytoplasm of 

human granulosa cell-lines, granulosa tumors and surface ovarian cancer. There are no 

ultrastructural images. Using recombinant ZP3, authors were able to treat ovarian cancer through 

immunization against ZP3.  

In the report of Bennink (2016), the author submitted a patent on prostate cancer, where the 

author developed a method to improve the immune response against these cancer cells. The author 

evidenced ZP3 expression in prostate tumor cells and observed that an immune killer response 

against prostate cancer cells could be induced using ZP3 as antigen. Additionally, the author 

showed expression of ZP3 in the cytoplasm of human prostate adenocarcinoma tissue cells and 

in PC3-cells, but not in normal prostate tissue. All these images are in black-white and there are 

no ultrastructural images. These findings were confirmed by immunocytochemistry and mRNA 

expression. Regarding our immunohistochemical observations we not only also found ZP3 

staining in the cytoplasm of prostate adenocarcinoma tissue cells, but staining was also observed 

at the cell surface; additionally, we also observed cytoplasmic and surface staining for the other 

ZP glycoproteins, ZP1, ZP2 and ZP4 in prostate cancer tissue. We further evaluated PC3-cells by 

immunocytochemistry and mRNA expression, not on total cells as authors did, but on separate 

pavement-cells and aggregated-cells. We observed surface and cytoplasmic expression in both 

cell types regarding the four ZP glycoproteins, and confirmed mRNA expression by quantitative 

PCR.  

 

4.4. Molecular biology 

In the present study, we demonstrated that the mRNA of ZP1, ZP3 and ZP4 genes is expressed 

in PC3-cells. PCR products from each gene were confirmed by Sanger sequencing, which proved 

the specificity of PCR products. Further, ZP1, ZP3 and ZP4 mRNA expression, as demonstrated 

by RT-PCR, was in accordance with immunofluorescence results. However, the PCR product of 

ZP1 exhibited a higher size than what was expected. Product specificity was confirmed by Sanger 

sequencing, and the higher size was shown to be due to intron retention. Given that genomic DNA 
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was digested prior to amplification and all the other genes (amplified using the same cDNA) had 

the expected sequence, it is unlikely that this could be due to a genomic DNA contamination. 

Therefore, we hypothesize that the PC3 cell-line expresses a variant of the ZP1 mRNA, which 

holds an intron sequence. At the Ensembl database (Ensembl Release 93; July 2018) three other 

transcripts with intron retention are described. These corresponded to major events leading to loss 

of four, eight or nine exons, respectively, which gave rise to a nonfunctional protein. On the 

contrary, we here present a case of intron retention in ZP1 in the prostate cancer PC3 cell-line 

that apparently did not affect protein production as it was present in immunocytochemical 

experiences. Intron retention has been associated with cancer molecular phenotype. This 

phenomenon can result in an inactivated protein and, when it happens at a tumor suppressor 

protein, it gives advantage to tumor cells (Jung et al., 2015). Also, intron-retaining mRNAs are 

known to play essential roles in normal physiology and disease, and in prostate cancer it has been 

related to microRNA expression regulation (Wong et al., 2016). 

ZP2 amplification resulted in an inconspicuous PCR product in pavement-cells that, after 

sequencing, showed no significant similarity with any transcript. Several PCR conditions were 

tested and still the existing techniques applied within this study were not sensitive enough to 

detect it. These results could indicate that the mRNA expression of ZP2 is very low, or even 

absent, in PC3-cells. Notwithstanding, ZP2 protein expression was positive on 

immunofluorescence assays, which seems to contradict the gene expression results. However, 

mRNA and protein levels correlations are not as linear. In fact, it is generally reported a poor 

correlation between the levels of mRNA and protein expression (Greenbaum et al., 2003). 

Biologically, this poor correlation could be explained by post-transcriptional and post-

translational modifications, as well as by the possibility that proteins have very different half-

lives (Greenbaum et al., 2003). In this case, a low mRNA stability or a rapid mRNA turnover 

could justify the presence of the ZP2 protein without concomitant mRNA expression (Vogel and 

Marcotte, 2012).  

Data from HPA have no records on protein expression of ZP1 in prostate normal and cancer 

tissue, or prostate cancer cell-lines. We observed protein expression in cancer tissue and PC3-

cells. This difference can be justified by the fact that HPA data is based on genome-wide analysis 

of human proteins that, although very useful and breakthrough, can be problematic because the 

massive number of data has a great potential for false-positive/negative results (Pearson and 

Manolio, 2008). Relatively to RNA expression, the HPA database found expression in prostate 

cancer, but not in normal prostate tissue or prostate cancer cell-lines. We not only found mRNA 

expression in prostate cancer, but also in PC3-cells. Regarding ZP2, data from HPA showed that 

the prostate cancer tissue express the ZP2 glycoprotein, but not mRNA. We here confirm ZP2 

protein expression in prostate cancer tissue and in PC3-cells, and that mRNA expression in PC3-

cells was not detected. In relation to ZP3, data from HPA showed no protein expression of ZP3 
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in prostate normal or cancer tissues. In relation to mRNA expression, HPA data revealed RNA 

expression of ZP3 in prostate normal and cancer tissue, and in PC3-cells. Protein and mRNA 

expression of ZP3 was found in prostate cancer tissue and PC3-cells, but not in normal prostate 

tissue (Bennink, 2016), which is in accordance to our present results. Additionally, we also 

discriminated ZP3 expression according to the growth pattern of this cell-line. We demonstrated 

that pavement-cells express 1.19-fold more ZP3 mRNA than aggregated-cells (p<0.05). The 

human ZP, among all its functions, is responsible for preventing immune rejection of the pre-

implantation embryo. Assuming that cancer cells, in order to evolve, make use of all cell potential, 

it will not be so strange to think that cancer cells can express ZP proteins to evade immune 

rejection. Being true, pavement-cells, which have a similar morphology with the invading cells, 

have a higher necessity to evade immune rejection and for that reason need to express a higher 

level of ZP proteins. On the other hand, aggregated-cells are more similar to the in-situ tumor and 

may not have such need for immune evasion. Nevertheless, further studies are needed to unveil 

the existence of pathophysiological consequences of this ZP3 mRNA expression differences in 

pavement-cells and aggregated-cells. Data from HPA have no records on protein or mRNA 

expression of ZP4 in prostate normal and cancer tissue, or prostate cancer cell-lines. On the 

contrary, we here give evidence for protein and mRNA expression of ZP4 in both prostate 

adenocarcinoma tissue and PC3-cells. 

5. Conclusion  

We found substantial differences on the ultrastructure of PC3-cells. We believe that this was 

due to the detailed analysis here performed. We here firstly describe that pavement-cells are 

polarized, with one of the poles exhibiting profound surface invaginations, whose fate and 

function remain to be explored; another difference relates to the presence of two types of 

mitochondria in opposite poles of pavement-cells. Two types of aggregated-cells were observed, 

one exhibiting surface invaginations, and the other being rich in lipid droplets; the morphology 

of mitochondria found in both cell-types was also different, and aggregated-cells with surface 

invaginations were rich in glycogen. We here also firstly show the detection of the four oocyte 

ZP glycoproteins in the cell surface and cytoplasm of prostate adenocarcinoma tissue cells and 

PC3-cells. These observations were further expanded by the detection of mRNA expression of 

ZP1, ZP3 and ZP4 in both pavement-cells and aggregated-cells, but not of ZP2. Additionally, we 

showed that the mRNA transcript of ZP1 presents intron retention, but for the moment, we do not 

know if this affects protein structure and function. 
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IV. FINAL REMARKS 

 

Prostate cancer is a highly incident type of cancer which has seen its molecular biology 

scrutinized. However, little attention has been given to its morphology especially that of the cell-

lines routinely used on current investigation. PC3 is one of the cell-lines used since long ago, yet 

its ultrastructural morphology is not fully understood. In this work we performed a detailed 

description of the cells from this cell-line.  

First, two types of growth were identified, adherent growth (pavement-cells) and growth in 

suspension (aggregated-cells). The two types of cells, pavement and aggregated, showed distinct 

ultrastructural characteristics. Pavement-cells present a polarized architecture with two types of 

mitochondria in opposite poles. Aggregated-cells were constituted by two different cell-types, 

one rich in glycogen and exhibiting surface invaginations and the other being rich in lipid droplets. 

Second, the expression of ZP1-ZP4 proteins was found in both prostate cancer tissue and 

pavement and aggregated PC3-cells but not in normal prostate tissue. ZP1, ZP3 and ZP4 gene 

expression was found in both pavement and aggregated cells, with pavement-cells presenting 

higher expression levels of all proteins. ZP3 was the most expressed gene in both pavement and 

aggregated cells. Additionally, we showed that the ZP1 mRNA transcript was a variant with intron 

retention, a phenomenon that has been associated with cancer cells. 

As development of immune-based therapies against ZP proteins for the treatment of prostate 

cancer are being developed, our present results can thus strongly contribute to this oncology field. 

Nevertheless, further studies are required to identify the mechanisms behind the expression of the 

four oocyte ZP glycoproteins in prostate cancer tissue and cell-lines.  
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V. FUTURE PERSPETIVES 

 

Zona pellucida and prostate cancer: the intriguing connection 

The present work firstly describes the detailed ultrastructure of the cells from the PC3 cell-line. 

However, other cell-lines from the prostate carcinoma are routinely used, namely LNCaP and 

DU145, which lack a detailed description of their ultrastructure. Their description will be of great 

interest not only to better understand the nature of those cells but also to compare them with the 

ultrastructural characteristics of PC3-cells and identify the differences between them. 

Protein expression of ZP1-ZP4 was evaluated on both prostate cancer tissue and PC3-cells, 

being firstly found the expression of all proteins in both tissue and cells. It will be interesting to 

evaluate if other cell-lines from prostate carcinoma also express ZP1-ZP4 proteins and to assess 

the expression of the ZP1-ZP4 genes. 

The expression of the ZP proteins in prostate cancer tissue and cells does not have a plausible 

justification and further studies are required to uncover the mechanisms that lead to the expression 

of ZP1-ZP4 proteins in the tumoral tissue since normal tissue does not express ZP proteins. Since 

PC3-cells expressed ZP proteins, a possible assay would be to silence the expression of ZP 

proteins and evaluate the effects of gene silencing by proliferation, migration and invasion assays. 

One of the main participants in this story is the ZP-domain, which has been described to be 

present in several proteins associated with cancer, but its exact function remains to be unveiled. 

We believe that the discovery of the functions of the ZP-domain will be a huge step towards 

understanding of these proteins and their association with cancer. 
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