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Introduction 

Prostate cancer is the most frequent type of cancer among men worldwide. A prostate carci-

noma can be hormone-refractory or hormone-sensitive. Depending on the type, a different 

treatment management is pursued. Hormone-refractory prostate carcinomas exhibit a differ-

ent protein profile on the surface and different abilities of migration and interaction with or-

gans and tissues than hormone-sensitive migrating and metastasizing prostate carcinoma.  

A typical prostate in adult men is 3 centimeters long and weighs 20 grams. It is part of the 

reproductive system and helps to produce and store seminal fluid. The prostate contains many 

small glands. In prostate cancer, the cells of these glands mutate into cancer cells. Male hor-

mones, known as androgens, are essential for the proper working of the prostate glands. A 

prostate cancer is classified as adenocarcinoma or glandular cancer if normal gland cells mu-

tate into cancer cells. An adenocarcinoma is most common in the peripheral zone of the pros-

tate gland. At the beginning, small clumps of cancer cells remain confined to normal prostate 

glands, a condition known as ‘carcinoma in situ’ or ‘prostate intraepithelial neoplasia’. Over 

time, cancer cells multiply and spread to the surrounding tissue forming a tumor. Finally, the 

tumor may grow large and may be able to invade nearby organs. Also, it may develop the 

ability to invade and travel in the blood stream and lymphatic system. This invasion is called 

‘metastasis’. Prostate cancer most commonly metastasizes to the bones and lymph nodes and 

after local progression may invade the rectum, bladder, and lower ureters. Metastasis to the 

bones is thought to be venous, as the prostate venous plexus, draining the prostate, connects 

with the vertebral veins (Mustafa et al. 2016).  

The prostate cancer metastasis to bones is thought of as an osteoblastic process, but there is 

also abnormal osteoclastic activity. Osteoclasts are able to adhere to the surface of bone 

through integrin αvβ3, which is an integrin upregulated in prostate adenocarcinomas, but not 

found in normal prostate tissue. When osteoclasts adhere to bones, they demineralize the 

bone matrix and destroy matricellular proteins. They create a pit on the surface of bones and 

secret enzymes that signal a degradation of underlying bone. That condition is counterbal-

anced by osteoblasts which derive from mesenchymal stem cells, synthesize bone matrix col-

lagenase, and thus rebuild bone. This harmony is dysregulated in skeletal metastases, a pro-

cess which starts before tumor cells proliferate in bone (Autio and Morris 2013). 
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It has been demonstrated that lymph node metastasis might be associated with tumor-asso-

ciated lymphangiogenesis. Growth factors secreted by tumor contribute to the creation of 

new lymphatic vessels from a precursor. VEGF family molecules are the most well-studied and 

well-known to be involved in lymphangiogenesis. There are controversies as to the relation-

ship between lymphangiogenesis and prostate cancer lymph node metastasis. However, sci-

entists agree that one possible mechanism is the increased invasion of tumor cells into the 

peritumoral lymphatics and/or the increase of peritumoral lymphatic vessel density (Datta et 

al. 2010). 

The aim of the present study is to analyze the different prostate carcinoma cell lines, grown 

in a model environment resembling the environment of bones or lymph nodes, in order to 

detect biomarkers that indicate whether metastasis will take place through bones or lymph 

nodes. The prostate metastatic cancer cell lines were explanted from a bone metastasis and 

cultured in model culture environment. Specifically, a cell 3D culture was developed with an 

extracellular matrix (ECM) deriving from a product of Tissue Engineered Osteoblast (TEB) 

based on cell sheet techniques and the prostate cancer cell lines as seeded to this culture (co-

cultured). The lymph nodes were developed similarly, namely on a co-cultivation model be-

tween endothelial cell lines and the relevant prostate cancer cell lines. The above experiments 

were repeated, with relevant depletion or inhibition of the relevant markers or membrane 

proteins, in order to prove the value of the concept, i.e. to study particular proteins and their 

role in colonization and metastases formation according to a specific metastatic pattern. Pro-

teins that were found to be overexpressed were knocked down by using siRNA techniques. 

The experiments of culturing and cell interaction were repeated in order to validate, in an in 

vitro cell culturing model, the role of the related proteins in the metastases process and their 

interaction with specific types of cells.  

To sum up, this experimental study aims to answer the question whether there are specific 

genes whose expression might be essential for lymph node metastasis, which would mean 

that a surgical removal of lymph nodes may be beneficial for the patient.  
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Materials & Methods 

Cell Lines 

We selected two types of human prostate carcinoma cancer cell lines: one group of hormone-

sensitive cell lines and one group of hormone-refractory cell lines that had developed bone 

metastases.  

The first group consisted of three cell lines: LNCap, VCaP and MDA-PCa-2b. LNCap clone FGC 

(89110211, ECACC) derived from a metastasis at the left supraclavicular lymph node of a 50-

year-old patient with a confirmed diagnosis of metastatic prostate carcinoma. It was an ad-

herent cell line cultured in RPMI 1640 culture medium (R0883, Sigma) with 2 mM Glutamine 

(G5792-1KG, Sigma), 1.0 mM sodium pyruvate (S8636, Sigma), 10% Fetal Bovine Serum (FBS) 

(F9665, Sigma) and 1% hydroxyethyl piperazineethanesulfonic acid (HEPES) (H0887-100ML, 

Sigma) (Horoszewicz et al. 1983). The second cell line was the VCaP (06020201, ECACC) cell 

line, established from prostate cancer tissue harvested from a metastatic lesion to a lumbar 

vertebral body of a patient with hormone-refractory prostate cancer. The cells were reported 

to express large quantities of prostate specific antigen (PSA). This cell line also expressed pros-

tatic acid phosphatase (PAP) cytokeratin-18 and the androgen receptor and was androgen-

sensitive in vitro and in vivo. This cell line came from a cell-based model system of human 

prostate cancer. It was an adherent cell line cultured in DMEM (D5546, Sigma): Ham’s F12 

(N4888, Sigma) (1:1) culture mediums with 2 mM Glutamine and 10% Fetal Bovine Serum (FBS) 

(Korenchuk et al. 2001). The third cell line was the MDA-PCa-2b (CRL-2422™, ATCC®) estab-

lished from a bone metastasis of a 63-year-old black male with androgen-independent ade-

nocarcinoma of the prostate. The cell line expressed prostate specific antigen (PSA) and an-

drogen receptor, grew in vitro and in vivo and was androgen-sensitive. It was an adherent cell 

line cultured in F-12K Medium with 20% Fetal Bovine Serum (FBS), 25 ng/ml cholera toxin 

(C8052, Sigma), 10 ng/ml mouse Epidermal Growth Factor (354010, Corning), 0.005 mM phos-

phoethanolamine (P0503, Sigma), 100 pg/ml hydrocortisone (H0135, Sigma), 45 nM sodium 

selenite (9133, Sigma) and 0.005 mg/ml human recombinant insulin (12585-014, Life Technol-

ogies) (Navone et al. 1997).  

The hormone-insensitive group also consisted of three cell lines: PC-3, DU 145 and SerBob. 

PC-3 (90112714, ECACC) was established from a grade 4 prostatic adenocarcinoma from a 62-



4 
 

year-old male Caucasian. It exhibited low acid phosphatase and testosterone-5-alpha reduc-

tase activity. It was an adherent cell line cultured in DMEM culture medium with 2 mM Gluta-

mine and 10% Fetal Bovine Serum (FBS) (Ware et al. 1982). DU 145 (HTB-81™, ATCC®) was 

established from a prostate carcinoma derived from a metastatic site in the brain of a 69-year-

old male Caucasian. It was an adherent cell line cultured in EMEM culture medium (30-2003, 

ATCC) with 2 mM Glutamine and 10% Fetal Bovine Serum (FBS) (Stone et al. 1978). SerBob 

(10021101, ECACC) was the first spontaneously immortalized prostate cancer cell line to be 

established from a transrectal needle biopsy (TRBP) of a patient with castration-resistant pros-

tate cancer (CRPC). SerBob grew as a monolayer culture with limited differentiation. It was an 

adherent cell line cultured in Keratinocyte-SFM culture medium (37010-022, Invitrogen sup-

plied with prequalified human recombinant epidermal growth factor 1-53 [EGF 1-53], bovine 

pituitary extract [BPE] and glutamine) supplemented with 2 ng/ml leukemia inhibitory factor 

(L5283, Sigma), 2 ng/ml stem cell factor (H8416, Sigma), 100 ng/ml cholera toxin, 1 ng/ml gran-

ulocyte macrophage colony stimulating factor (CYT-221-A, PROSPEC), and 10% Fetal Bovine 

Serum (FBS) (Attard et al. 2009).  

The two kinds of cancer cell lines were grown in a model environment which resembled the 

environment of bones or lymph nodes, respectively. The bone environment was developed 

on a co-cultivation model between Human Osteoblasts (HOb) and the relevant prostate can-

cer cell line. The Human Osteoblasts (HOb) (C-12720, PromoCell) were isolated from fetal hu-

man bones. The cells, responsible for bone mineralization, provided an excellent model sys-

tem for studies relevant to the skeletal system. It was an adherent cell line cultured in Osteo-

blast Cell Growth Medium (C-27001, PromoCell).  

The lymph nodes were similarly developed on a co-cultivation model between the endothelial 

cell line (HDLEC) and the relevant prostate cancer cell line. Primary Human Dermal Lymphatic 

Endothelial Cells (HDLEC) (C-12216, PromoCell) were a subpopulation of the Human Dermal 

Endothelial Cells. They were isolated from the dermis of juvenile foreskin. Lymphatic vessels 

transport excess fluids from tissues to the circulatory system and are a major component of 

the immune system. The transported fluid is nearly cell free. The vessels are highly permeable, 

because they lack a continuous basal membrane. Lymphatic endothelial cells are involved in 

pathological alterations of the lymphatic system. During tumor lymphangiogenesis, the lym-

phatic endothelial cells build new vessels that infiltrate tumors, attract tumor cells, and induce 
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tumor cell metastasis (He et al. 2021). It was an adherent cell line cultured in Endothelial Cell 

Growth Medium (ready-to-use) (C-22022, PromoCell).  

 

3D Cultures – Alvetex® 

The 3D cell culture was introduced using the Alvetex® technology. This is a highly porous pol-

ystyrene scaffold designed for 3D cell culture. Cells grown in Alvetex® possess a natural tissue-

like structure that enables them to function in a more physiologically relevant manner. The 

3D cell culture enables cells to maintain their in vivo morphology, behavior, and responsive-

ness within an in vitro model system. In conventional 2D cell culture, cells come into contact 

with the flat surface of the culture vessel (e.g. Petri dish, flask or multi-well plate). In this un-

natural environment, cells get flattened against the substrate. In this abnormally thin struc-

ture, the internal cellular components are significantly re-modelled. The entire cytoskeleton 

is re-modelled and organelles, such as the nucleus, are flattened. The 3D cell culture technol-

ogy has been designed to stop this shape change from happening. Cells enter the scaffold, 

where they retain their natural 3D architecture and do not flatten out like in conventional 2D 

cell culture technology. Thus, by introducing the vertical dimension, the Alvetex® Scaffold 

technology allows cells to retain their natural 3D shape, morphology, and organization and 

helps preserve the natural attributes of the cell. Moreover, this technology not only preserves 

the native 3D shape of individual cells, it also acts to bring cells together in a more natural 

manner. This results in the formation of tissue-like structures and cell-to-cell interactions that 

are more representative of normal tissue function. The Alvetex® scaffold technology enabled 

more sophisticated investigation and clearly showed the relevance and value of the data gen-

erated to researchers wishing to replicate an in-vivo-like situation. Thus, it helped them to 

develop a better understanding of basic biology, the mechanism of drug action, and disease 

modeling (Edmondson et al. 2016). 

The bone environment was developed with 3D cell culture in Alvetex® inserts (AMS.AVP005- 

96, AMSBIO). Human Osteoblasts (HOb) were plated on the scaffolds in a 6-well plate (07- 

6006, Biologix) and cultured in 7 ml of Osteogenic Medium. The Osteogenic Medium consisted 

of HOBs basal medium (C27010, PromoCell) with 10 mM glycerol 2-glycerophosphate (G9422-

10G, Sigma-Aldrich), 50 μg/ml L-ascorbic acid (A8960-5G, Sigma-Aldrich), and 100 nM 
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dexamethasone (D4902-25M, Sigma-Aldrich). The cells were refed two times per week (7 ml) 

for 21 days. This was followed by a co-culture with prostate cell lines for 5 days in RPMI 1640 

culture medium with 2 mM Glutamine, 10% Fetal Bovine Serum (FBS) and 1% hydroxyethyl 

piperazineethanesulfonic acid (HEPES) after the 21-days-growth of Human Osteoblasts in Os-

teogenic Medium. HEPES has no nutritional benefit to cells. It is added to the medium solely 

for extra buffering capacity when cell culture requires extended periods of manipulation out-

side of a CO2 incubator. The addition of HEPES provides supplemental buffering to the cell 

culture medium at pH 7.2 to 7.6 (Baicu and Taylor 2002).                                                                                       

 

Figure 1: Cell line images under microscope, during culture with osteogenic medium. Cells visualized before 
addition of osteogenic medium and post-addition of medium at different times (3, 5, 12, 15, and 21 days). 

The lymph nodes were similarly developed with 3D cell culture in Alvetex® scaffolds. An en-

dothelial cell line (HDLEC) was plated on the scaffolds in a 6-well plate and cultured in 7 ml 

Endothelial Cell Growth Medium for 1 day. There followed a co-culture with prostate cell lines 

for 5 days in RPMI 1640 culture medium with 2 mM Glutamine, 10% FBS, and 1% HEPES. The 

RNA was isolated from cells with RNeasy Mini Kit for further analysis. The normalization in the 

data analysis similarly happened with scaffolds plated with endothelial cell line (HDLEC) or 

with prostate cell lines alone. The co-cultivation of an endothelial cell line (HDLEC) with pros-

tate cell lines without scaffolds was also performed. The process of removing the cells from 

the scaffolds in order to proceed to RNA isolation was very critical. The membrane of the scaf-

folds was removed, washed with phosphate-buffered saline, ph 7.4 (PBS) (P3813, Sigma), and 
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left in 3 ml of trypsin-EDTA 0.25% (T4049-500 ml, Sigma) for 15 minutes at 37 oC. Trypsin-EDTA 

0.25% was then inactivated with 3 ml of culture medium and the cells were centrifuged. The 

supernatant was discarded and the cell pellet was resuspended in culture medium. The cells 

were then ready for RNA isolation. 

 

3D Cultures – Matrigel® 

Parallel to using the Alvetex® scaffold technology, another type of 3D cell culture was em-

ployed, the so-called Matrigel®. This is a protein mixture in gelatinous form produced from 

Engel-Holm-Swarm (EHS) mouse sarcoma cells. Matrigel® resembles the extracellular environ-

ment found in many tissues and is used as a substrate for culturing cells. Cells cultured on 

Matrigel® demonstrate a complex cellular behavior similar to in vivo conditions. It can be used 

in angiogenesis assays to study the networks created by endothelial cells that resemble the 

microvascular capillary systems, which suffuse living tissues with blood. Tumor growth and 

metastatic models can also be studied using the Matrigel® technology. The main components 

of Matrigel® are structural proteins such as laminin, nidogen, collagen, and heparan sulfate 

proteoglycans, which provide cultured cells with the adhesive peptide sequences that they 

would encounter in their natural environment. Also present are growth factors like TGF-beta 

and EGF, which prevent differentiation and promote the proliferation of many cell types. 

Much like Alvetex® scaffolds technology, Matrigel® technology allows cells to retain their nat-

ural 3D morphology and organization, thus preserving their natural attributes. Unlike Alvetex® 

technology, Matrigel® is transparent and ideal for imaging the cells during the assays. It also 

makes it easier to dissolve and recover the cells for downstream applications. For the Mat-

rigel® 3D cell co-cultures, different numbers of cancer cells from each of the different condi-

tions to be tested were mixed with endothelial cells. The cell mix was resuspended in Mat-

rigel®-RPMI mix (ratio 1:1) and plated in the center of the wells of 24 well plates. Plates were 

incubated at 37 oC for 30 minutes in order to let the Matrigel® solidify. After 30 minutes, 1 ml 

of RPMI medium containing 1 μg/ml tetracyclin was slowly added into the cultures. The cells 

were co-cultured for 4 days before RNA extraction. In order to recover the cells, the Matrigel® 

co-culture had to be broken down. This was achieved by incubating the plates at 4 oC for 1 

hour. This allowed the Matrigel® to liquify, while having little to no effect on cell viability. After 

https://en.wikipedia.org/wiki/Laminin
https://en.wikipedia.org/wiki/Nidogen
https://en.wikipedia.org/wiki/Collagen
https://en.wikipedia.org/wiki/Peptide
https://en.wikipedia.org/wiki/Matrigel#cite_note-r1-1
https://en.wikipedia.org/wiki/Growth_factors
https://en.wikipedia.org/wiki/Cellular_differentiation
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1 hour, the 3D culture was dissolved into the medium by gently pipetting each well several 

times. The medium was removed and the wells were washed with ice-cold PBS to ensure min-

imal cell loss. After that the cells were ready for RNA extraction. 

 

Calcium Detection 

The harvesting period was calculated based on the calcium release by osteoblasts. The osteo-

blasts 3D cell culture calcium detection in supernatants of co-cultures was performed by EDTA 

titration. EDTA binds on Ca with higher affinity than Mg. On the other hand, Eriochrome Black 

T (CL00.0510.0010, Chem-Lab) binds on Mg with higher affinity than Ca and is blue under basic 

conditions and red when in a complex with Mg. The addition of EDTA (LN40074-A-14, LachNer) 

reduces free Ca and Mg in the solution. When EDTA binds the Mg from Eriochrome Black T, 

the solution turns blue (MTSU n. d.). Titration results revealed that calcium was released from 

the start of co-cultivation. The highest concentrations occurred between day 3 and day 6 and 

we selected day 5 for the harvesting of co-cultures.  

 

Flow Cytometry 

All cell lines were initially (before co-culture) tested for Prostate-Specific Membrane Antigen 

(PSMA). The hormone-refractory cell lines (PC3, DU145, and SerBob) were not supposed to 

express PSMA, while hormone-sensitive cell lines (LNCaP, VCaP, and MDA-PCa-2b) were ex-

pected to express higher levels of PSMA. For PSMA expression, mouse anti-human PSMA an-

tibody was used, conjugated with Phycoerythrin (AbCam, AB77228). The cells were tryp-

sinized, washed in PBS-2% BSA buffer, and stained using the concentration of antibody sug-

gested by the manufacturer. The cells were incubated for 20 minutes and then washed with 

PBS-2% BSA. Then they were centrifuged for 5 minutes at 1600 rpm and the pellet was resus-

pended in 500 ul of phosphate buffered saline. Data acquisition was performed on a Becton 

Dickinson FACS Calibur equipped with 2 lasers (blue, red) and data analysis was performed 

using FCSExpress v6. Gates were drawn using the negative samples on FL2-SS dot plots for 

PSMA expression. 
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MYO1B, MYADM, and PIP5K1a expression was tested on clinical and healthy blood samples. 

Monoclonal antibodies conjugated with fluorescein (FITC) were used against the above three 

proteins. 100 μl of blood were stained with each of the monoclonal antibodies. Then the sam-

ples were fixed and permeabilized in order to expose the intracellular epitopes. The staining 

protocol was as above and samples were analyzed on a Becton Dickinson FACS Calibur 

equipped with 2 lasers (blue, red). Data analysis was performed using FCSExpress v6. Gates 

were drawn using the control (unstained) samples on FL1 histograms for FITC expression. 

 

DNA Microarrays 

The total RNA from cultured cells was extracted using an RNeasy Mini Kit (74105; Qiagen, 

Hilden, Germany). A total of 1 μg of the extracted RNA was prepared for DNA microarray ex-

periments using the Amino Allyl MessageAmps II kit (AM1753; Ambion, TX, USA) according to 

the manufacturer’s protocol. The dye was performed by using the Amersham CyDye Post-la-

belling Reactive Dye Pack (RPN5661; GE Healthcare, UK). The reference sample was labeled 

with Cy3, while the prostate samples were labeled with Cy5. For each condition, the reference 

and prostate samples were mixed together and hybridized on a Human Ready Array platform 

(HS1100; Microarrays Inc., AL, USA). The pre-hybridization, hybridization and washing proce-

dures were automated on the HS400Pro (TECAN, Switzerland). Finally, the slides were imaged 

on the InnoScan 710 scanner (Innopsys, France) with 5 μM resolution. Scanned microarray 

image data were used to process expression data by Array-Pro Analyzer 6.3 Software. The 

microarray gene expression data were normalized using background subtraction. 

 

Real-time qPCR  

The total RNA samples (1 µg) were used as a template for cDNA synthesis using a PrimeScript 

RT Reagent Kit (RR037A; Takara, Beijing, China). Real-time qPCR was then performed using 

KAPA SYBR Fast Master Mix (2×) Universal (KK4618; KAPA Biosystems, MA, USA) in a final vol-

ume of 20 μl. Specific primers for each marker and for reference genes were designed using 

Beacon Designer 8. Primer sequences were evaluated by BLAST aiming to exclude those that 

would amplify undesired genes (Tab. 1). The PCR program was as follows: initial denaturation 

at 95 °C for 2 min followed by 45 cycles of denaturation at 95 °C for 10 s and annealing at 59 °C 
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for 30 s. A melting-curve analysis was performed from 70 °C to 90 °C with 0.5 °C increments for 

5 s at each step. The DeltaCt (ΔCt) value was used for analysis of the experiments. The ΔCt 

calculates the relative expression of a gene of interest in relation to another gene. 

In all sets of reactions, cDNA from Universal Human Reference RNA (740000-41; Agilent, CA, 

USA) was used as a positive control. Template-free and negative controls were also used in all 

experiments. All the reactions were performed in triplicates. 

Table 1: Primer sequences for all the primers tested with RT-qPCR. ACTB represents the housekeeping gene 
actin-β.  

Gene Forward Primer (5’–3’) Reverse Primer (5’–3’) 

ACTB GCCCTGGACTTCGAGCAAGAGA CAGGAAGGAAGGCTGGAAGAGTG 

MYADM CCACCATCACAACCACCAC TAGCCACCAGCGAGAAGG 

SPAG9 ATGTATCTACTGGCTCTGCTGAA TTTGGTGGGAGTGCTTGAAC 

FGF7 
GGAGGGGATATAAGAGTGAGAAGA

C 
ATTATTCTTCATCTCTTGGGTCCCT 

PIP5K1A CTGTTGCCTTCCGCTACTTC TCGTCGCTGGACACATAGAATA 

SSX2IP TGCTTCACCTTCCACTTCAGA TCTTGACGCCACACTCCAT 

PTGER4 GGAAGACACCACCTCACTGA ACCAGCCTCATCCACCAG 

OCLN CTTCGCCTGTGGATGACTTC CTTGCTCTGTTCTCTTTGACCTT 

KLK15 GCTGGAAGGTGACGAGTGT GTGTGGGGAGATGAGGGAAG 

MYO1B ACAGCCAAGAGGTGAAAGAAAC GCCGAATCCAGACTCAGGTA 

PRDM4 CAATAGACTCTCGCTCTGTGAAC TCCTCTGCCATTCCATCTGT 

 

Transient Knockdown Experiments 

During the exponential phase of proliferation, cells were plated in 12-well plates (4430400N; 

Orange Scientific) and transfected with gene-specific siRNAs using Xfect RNA Transfection Re-

agent (631450; Takara), according to the manufacturer’s instructions. The siRNA molecules 

were designed in accordance with the rules of Reynolds et al. (2004). 

The siRNA sequences were as follows (Tab. 2):  
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Table 2: siRNA sequences for permanent KD assays. All siRNA molecules added as double-stranded RNA mol-
ecules, with a dTdT overhang at 3’. 

Gene Sequence (5’-3’) 

SPAG9 
AGAUCUCAGUGGAUAUAAA-dTdT 

UUUAUAUCCACUGAGAUCU-dTdT 

MYADM 
GGCAACUGGUCCAUGUUCA-dTdT 

UGAACAUGGACCAGUUGCC-dTdT 

PIP5K1A 
GACGAUGAGUUCAUUAUUA-dTdT 

UAAUAAUGAACUCAUCGUC-dTdT 

PTGER4 
GAAAGACAGUGCUCAGUAA-dTdT 

UUACUGAGCACUGUCUUUC-dTdT 

MYO1B 
GGAUAUGGUUCUUUUAGAA-dTdT 

UUCUAAAAGAACCAUAUCC-dTdT 

PRDM4 
GCAACCUUGUUUACAAUUU-dTdT 

AAAUUGUAAACAAGGUUGC-dTdT 

 

All sequences were run on BLAST to ensure there was no risk of off-target effects. After 48 h 

of incubation, the cells were harvested by trypsinization (T4049; Sigma-Aldrich). For each con-

dition, samples were incubated with Xfect Reagent only (without siRNA), in order to study the 

effect of the Xfect Reagent itself on gene expression. Finally, samples incubated with non-

specific siRNA were tested to study the specificity of the particular siRNA. The mRNA knock-

down was calculated relative to a non-targeting control siRNA in each experiment. The ex-

pression level of the gene of interest and its percentage knockdown were calculated using the 

comparative Ct method (Livak and Schmittgen 2001):  

  

ΔCt = Cttarget – CtACTB 

ΔΔCt = ΔCt(siRNA treated) − ΔCt(siRNA non-treated) 

Relative expression level = 2- ΔΔCt 

% KD = 100 × (1−2- ΔΔCt) 
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Stable Knockdown Experiments 

In order to create stable KD on cells, the BLOCK-iT™ Inducible H1 RNAi Entry Vector Kit 

(K492000; Thermofisher Scientific) was used. The sequences for shRNA were based on previ-

ous siRNA molecules (Tab. 3). 

Table 3: Sequences for shRNA (forward and reverse) used for the creation vectors. 

Gene Sequence (5’-3’) 

SPAG9 
CACCagatctcagtggatataaaCGAAtttatatccactgagatc 

AAAAagatctcagtggatataaaTTCGtttatatccactgagatc 

MYADM 
CACCggcaactggtccatgttcaCGAAtgaacatggaccagttgccC 

AAAAGggcaactggtccatgttcaTTCGtgaacatggaccagttgcc 

PIP5K1A 
CACCgacgatgagttcattattaCGAAtaataatgaactcatcgtcC 

AAAAGgacgatgagttcattattaTTCGtaataatgaactcatcgtc 

PTGER4 
CACCgaaagacagtgctcagtaaCGAAttactgagcactgtctttcC 

AAAAGgaaagacagtgctcagtaaTTCGttactgagcactgtctttc 

MYO1B 
CACCggatatggttcttttagaaCGAAttctaaaagaaccatatccC 

AAAAGggatatggttcttttagaaTTCGttctaaaagaaccatatcc 

PRDM4 
CACCgcaaccttgtttacaatttCGAAaaattgtaaacaaggttgcC 

AAAAGgcaaccttgtttacaatttTTCGaaattgtaaacaaggttgc 

 

The cloning and transfection were performed according to the manufacturer’s instructions, 

using competent cells appropriate for the above assays. The isolated recombinant DNA was 

used to transform prostate cancer cell lines with Xfect (631317; Takara). Cells were selected 

with Zeocin™ Selection Reagent (R25001; Thermofisher Scientific) and then co-cultured with 

endothelial cells. 

In positive knockdown cells, genes correlated with metastasis, invasion, and endothelial-mes-

enchymal transition were analyzed by qRT-PCR. The analyzed genes included CD44, Cadherin-

1 (CDH1), N-cadherin (CDH2), Catenin beta-1 (CTNNB1), Dipeptidyl peptidase-4 (DPP4), Integ-

rin alpha-5 (ITGA5), Integrin alpha-V (ITGAV), Integrin beta-1 (ITGB1), Integrin beta chain-2 

(ITGB2), cytokeratin-19 (KRT19), Zinc finger protein SNAI1 (SNAI1), Zinc finger protein SNAI2 

(SNAI2), Twist-related protein 1 (TWIST1), Caveolin-2 (CAV2), Claudin 3 (CLDN3), epidermal 
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growth factor receptor (EGFR), Desmocollin-1 (DSC1), Fibronectin (FN1), hepatocyte growth 

factor receptor (MET), Epithelial cell adhesion molecule  (EPCAM), and Vimentin (VIM). 

 

Statistical Analysis 

ANOVA (Analysis of Variance) tests the hypothesis that all group means are equal versus the 

alternative hypothesis that at least one group mean is different from the others. In particular, 

the procedure assigns sample variance to different sources and decides whether the variation 

arises within or among different population groups. Samples are described in terms of varia-

tion around group means and variation of group means around an overall mean. If variations 

within groups are small relative to variations between groups, a difference in group means 

may be inferred (Schober and Vetter 2020).  

In this data set, ANOVA treats each column as a separate group and evaluates whether the 

population means of the columns are equal. If the test hypothesis in ANOVA – i.e. that all 

group means are equal – is rejected, we can determine which group means are different from 

others. In particular, a pairwise comparison results from a multiple comparison test using the 

Bonferroni method (Armstrong 2014). Then, a p-value is estimated (p-value for testing the 

hypothesis that the corresponding mean difference is equal to zero) concerning the compari-

son of each group with another group. Values lower than 0.05 (or 0.01) indicate the signifi-

cance of the difference between group means. The statistical analysis was performed using 

MATLAB. 

This was followed by Tukey’s Q pairwise test using PAST statistical software, in order to eval-

uate the gene expression change between the cell lines cultured with osteoblasts and endo-

thelial cells (Hammer et al. 2001). 

Results 

PSMA Expression 

Initially, cell lines were tested for PSMA expression. The results show (Fig. 2) that hormone-

sensitive cell lines (LNCaP, MDA-PCa-2b, and VCaP) express PSMA at various levels, as 
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expected. On the other hand, hormone-refractory cell lines (PC3, DU145, and SerBob) show 

little to no PSMA expression (Laidler et al. 2005). 

 

Figure 2: PSMA expression in different prostate cancer cell lines. 

 

Biomarkers Detection  

Microarray experiments revealed hundreds of differentially-expressed genes when co-culti-

vated with osteoblasts or endothelial cells (Fig. 3). We also compared gene expression be-

tween co-cultivated cells, osteoblasts, endothelial cells, and cancer cell lines. Genes highly ex-

pressed before co-cultivation were not included in the final analysis. 

 

Figure 3: Heatmap of microarray gene expression assays. 

After validating the differentially-expressed genes, MYADM, PIP5K1A, PTGER4, MYO1B, 

SPAG9, OCLN, PRDM4, SSX2IP, KLK15, and FGF7 were selected for further experiments. These 

were expressed in the initial cancer cell line (before co-cultivation) and had different expres-

sion profiles after culture. The figures below (Fig. 4–13) illustrate the gene expression levels, 

calculated according to reference RNA. Positive values indicate overexpression correlated 
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with the reference RNA, while negative values indicate downregulations relative to reference 

RNA. The Y-axis represents the log10 value of relative gene expression. 

 

 

Figure 4: MYADM gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

 

Figure 5: PIP5K1A gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 
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Figure 6: PTGER4 gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

 

Figure 7: MYO1B gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

 

Figure 8: SPAG9 gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 
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Figure 9: OCLN gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

 

Figure 10: PRDM4 gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

 

Figure 11: SSX2IP gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

OCLN

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

PRDM4

-1.00
-0.80
-0.60
-0.40
-0.20
0.00
0.20
0.40
0.60

SSX2IP



18 
 

 

Figure 12: KLK15 gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

 

Figure 13: FGF7 gene expression in all six prostate cell lines, in 3D cultures themselves (SC),  
and as co-culture with osteoblasts (HB) or endothelial cells (HL). 

 

The genes that were finally selected are MYADM, PIP5K1A, and MYO1B (Fig. 14), as we ob-
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changed in a different manner depending on whether the cell line was co-cultured with oste-

oblasts or endothelial cells. 

 

Figure 14: Heatmap of RT-qPCR experiments for selected genes. 

The statistical analysis data, based on qPCR gene expression data of all the above markers, 

revealed that sensitive and refractory cell lines have different profiles when cultivated with 

endothelial cells. The p value in all cases was <0.05. On the contrary, no significant difference 

was observed for cells cultivated with osteoblasts.  

Therefore, the study then focused on MYADM, MYO1B, and PIP5K1A, which gave the most 

encouraging data. For these three genes, no significant difference could be observed between 

the insensitive and sensitive cell lines, in both co-cultures. However, on osteoblasts co-culti-

vation, the expression pattern of each gene was different (MYADM-PIP5K1A p=0.0078, MY-

ADM-MYO1B p=0.049). No similar difference was observed in endothelial culture. 

Regarding the statistical significance among the cultures with endothelial cells and osteo-

blasts, the tables below (Tab. 4–6) present the p value for each pair. In the majority of cases, 

the gene expression profile is statistically significant between two different conditions of co-

cultivation (highlighted values indicate p<0.05). 

Table 4: MYADM gene expression statistical analysis. 
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Table 5: MYO1B gene expression statistical analysis. 

 

Table 6: PIP5K1A gene expression statistical analysis. 

 

 

Biomarkers Evaluation – Transient Knockdown  

For the markers showing significant results in qRT-PCR during biomarker detection, knock-

down was performed with specific siRNA molecules. The table below (Tab. 7) shows the KD 

efficiency. 

Table 7: Percentage of KD experiments (in %). “-” indicates that knockdown was not efficient. 

 DU145 PC3 SERBOB MDA-PCa-2b 

MYADM 68.57 69.58 64.25 66.11 

PIP5K1A 77.60 63.36 66.07 79.79 

PTGER4 33.87 - - - 

MYO1B 74.65 57.25 61.62 81.92 

SPAG9 77.32 66.78 71.78 84.88 

PRDM4 58.42 33.02 - 65.58 

 

After KD, qPCR was performed for different markers (Fig. 15–19) (all the results are listed in 

the Raw Data section).  
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Figure 15: Gene expression post MYADM-KD. Relative quantification performed according to non-KD sample. 

 

 

Figure 16: Gene expression post PIP5K1A-KD. Relative quantification performed according to non-KD sample. 
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Figure 17: Gene expression post MYO1B-KD. Relative quantification performed according to non-KD sample. 

 

Figure 18: Gene expression post SPAG9-KD. Relative quantification performed according to non-KD sample. 
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Figure 19: Gene expression post PRDM4-KD. Relative quantification performed according to non-KD sample. 

 

Biomarkers Evaluation – Stable Knockdown  

Regarding the stable KD, the shRNA vector was compatible only for MYADM, MYO1B, PIP5K1A, 

PRDM4, and PTGER4. However, efficient KD was not observed for PRDM4 and PTGER4 in all 

cell lines. Table 8 presents the KD efficiency data. 

Table 8: Percentage of KD experiments (in %).  
N/C: The gene expression decreased and the percentage of KD could not be calculated. 

 DU145 PC3 VCaP LNCaP 

MYADM N/C N/C N/C N/C 

MYO1B 25.02 85.9 45.52 - 

PIP5K1A 20.77 25.49 69.86 40.45 

 

Following KD, qPCR was performed for different markers (all the results are listed in the Raw 

Data section). MYADM knockdown caused a decrease in ITGB1, IGF1R, and TWIST1 expression 

in all cell lines. Further, FN1, ITGA5, ITGAV, and PECAM1 were upregulated in hormone-refrac-

tory cell lines, but downregulated in hormone-sensitive cells. MYO1B knockdown downregu-

lated ITGB1 and IGF1R in all tested cell lines and upregulated CTNNB1 and DSC1. We observed 

MET and PECAM1 overexpression only in hormone-sensitive cell lines. Additionally, ITGB1 and 
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IGF1R were downregulated after PIP5K1A knockdown. Our results revealed crosstalk between 

several tested genes, which could explain the expression patterns in some of the associated 

genes. 

 

Figure 20: Gene expression post permanent transfection in DU145 prostate cell line. 

 

Figure 21: Gene expression post permanent transfection in PC3 prostate cell line. 
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Figure 22: Gene expression post permanent transfection in LNCaP prostate cell line. 

 

 

Figure 23: Gene expression post permanent transfection in VCaP prostate cell line. 
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with PIP5K1A knockdown appeared to grow as single cells without making junctions with other 

cells or with HUVEC cell formations (Fig. 24D). 

 

Figure 24: PC3 cell culture pre- and post-knockdown. Cultures were imaged at 10x magnification. A) 2D culture of PC3 cells; 
B) 2D culture of PC3 cells after PIP5K1A knockdown. No matrix formation is observed; C) 3D culture of PC3 cells co-cultured 
with endothelial cells in Matrigel®. Cells grow next to the endothelial cells, forming clusters with them; D) 3D culture of 
PC3 cells after PIP5K1A knockdown and co-culture with endothelial cells in Matrigel®. Cells grow as single cells without 
making junctions. 

 

Clinical Cases 

The three candidate genes (MYADM, PIP5K1A, and MYO1B) were tested with flow cytometry 

(immunostaining for extracellular as well as intracellular antigens) on clinical samples from 

patients with prostate cancer. Moreover, genes of patients with breast or colorectal cancer 

and genes of healthy individuals were also tested. The analysis revealed that there is no sta-

tistically significant difference among healthy and cancer cases (MYADM p=0.31, MYO1B 

p=0.17, PIP5K1A p=0.23). Data analysis is presented in Table 9, while selective flow cytometry 

graphs are presented in Figures 25–28.   
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Table 9: Expression of biomarkers (in %) after flow cytometry analysis.  
Positive values on negative controls indicate auto-fluorescence. 

Sample Control MYADM MYO1B PIP5K1a 

Healthy 1 0.06 0.21 0.29 0.36 
Healthy 2 1.74 1.33 0.92 1.27 
Healthy 3 0.14 0.34 0.31 0.46 
Healthy 4 0.44 1.19 0.71 0.24 
Healthy 5 0.14 0.99 0.74 1.2 
Patient 1 0.04 1.57 0.56 7.57 
Patient 2 0.07 0.41 0.07 0.58 
Patient 3 0.05 0.11 0.06 0.96 
Patient 4 0.09 1.31 0.09 0.21 
Patient 5 0.18 0.81 0.09 11.2 
Patient 6 0.11 0.21 0.08 0.29 
Patient 7 0.22 1.27 0.04 0.4 
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Figure 25: Flow cytometry histograms from healthy individual no. 1 for the three biomarkers. 
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Figure 26: Flow cytometry histograms from healthy individual no. 2 for the three biomarkers. 
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Figure 27: Flow cytometry histograms from cancer patient no. 1 for the three biomarkers. 
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Figure 28: Flow cytometry histograms from cancer patient no. 1 for the three biomarkers. 
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Discussion 

The detection of potential biomarkers expressed in prostate tumors would be beneficial for 

patients, as they could serve as indicators of lymph node metastasis. With the help of such 

biomarkers, physicians could distinguish metastasis to lymph nodes or to osteoblasts. During 

the surgery, the presence of markers associated with lymph node metastasis could be 

observed using rapid staining tests. Based on this, physicians could decide whether a 

lymphadenectomy should be performed or not. 

Among the genes that were selected from microarrays experiments, those correlating with 

invasion, adhesion, and/or motility were selected for further analysis. The concept for further 

analysis was to identify a specific molecule that might be used as an indicator for lymph node 

metastasis. This biomarker should be expressed in prostate tumors and have a different 

expression on being co-cultivated with osteoblasts or endothelial cells, respectively. The 

molecules initially selected were SPAG9, FGF7, PIP5K1A, MYADM, PTGER4, OCLN, MYO1B, 

PRDM4, and KLK15. Only five of these were selected for further experiments, since they 

showed different expression patterns on co-cultivation with endothelial cells and osteoblasts, 

respectively. The cell lines where the molecules were successfully knocked down were 

submitted to a gene expression analysis of the genes correlated with invasion, motility, 

adhesion, metastasis, proliferation, and aggressiveness of cancer, in order to investigate the 

optimum results. 

It was further found that the sperm-associated antigen 9 (SPAG9) is correlated with tumor 

development, cell proliferation, cell survival, and cell apoptosis. It is thought to contribute to 

prostate cell growth, possibly by regulating cyclin proteins (cyclin D1 and cyclin E). 

SPAG9 is a scaffolding protein that brings MAPKs and their target transcription factors 

together to execute specific signaling pathways (Li et al. 2014). It belongs to the JNK-

interacting protein family and takes part in molecular interactions during mitogen-activated 

protein kinase, signaling pathway and sperm-egg fusion. SPAG9 expression shares a close 

relationship with the Gleason score, NED rate, and radical prostatectomy. A high SPAG9 

expression predicts a poor prognosis for prostate cancer patients (Sun et al. 2017).  

Keratinocyte growth factor (KGF)/fibroblast growth factor-7 (FGF7) is a paracrine and 

epithelium-specific growth factor that regulates cell migration and invasion, and the paracrine 

sources of KGF/FGF7 are one of the malignancy-contributing factors from tumor stroma. 

KGF/FGF7 activates nuclear factor kB (NF-kB), which in turn activates VEGF, MMP9, and 
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urokinase-type plasminogen activator and enhances migration and invasion of epithelial cells 

(Niu et al. 2007). FGF7 may be responsible for the development of castration-resistant 

prostate cancer by enabling the survival of cells in the presence of a castrate environment. 

FGF7 activates the receptor tyrosine kinase FGFR2IIIb and this binding leads to FGFR2 

dimerization. This in turn triggers RAS-mitogen-activated protein kinase (MAPK) and 

phosphoinositide 3-kinase (PI3K) AKT signaling pathways, which play an important role in 

tumor progression (Huang et al. 2017). 

The lipid kinase phosphatidylinositol-4-phosphate 5-kinase type 1 alpha (PIP5K1A) regulates 

the PI3K/AKT/androgen receptor pathways and results in cancer cell proliferation, invasion, 

and survival. IP5K1A catalyzes the phosphorylation of phosphatidylinositol 4-phosphate 

(PtdIns4P) to form phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2). In the nucleus, 

PIP5K1A interacts with Star-PAP (nuclear speckle targeted PIPKIalpha regulated-poly(A) 

polymerase) through PtdIns(4,5)P2, regulating its activity and therefore gene expression 

(Mellman et al. 2008). Star-PAP polyadenylates select a subset of mRNAs in the cell involved 

in oxidative stress response, apoptosis, and cancer and exhibit a tumor-suppressing activity in 

breast cancer (Yu et al. 2017). Apart from production of (PtdIns(4,5)P2), PIP5K1A is an 

upstream regulator of Rac1, which in turn is involved in the control of actin dynamics and cell 

migration (Chao et al. 2010). PIP5K1A produces PIP2, which is required for PI3K/AKT 

activation. Overexpression of PIP5K1A is associated with poor prognosis in prostate cancer 

and is related to elevated levels of the androgen receptor (Semenas et al. 2014). Metastatic 

lesions contain significantly higher levels of PIP5K1A and AR compared with primary tumors. 

It increases the expression of AR, which forms protein-protein complexes in the nucleus with 

the cell cycle protein CDK1 (Flemming 2014). 

The myeloid-associated differentiation marker (MYADM) is involved in the organization of 

membranes for cell migration. It colocalizes with Rac1 in membrane protrusions at the cell 

surface and distributes in condensed membranes. MYADM and Rac1 act on parallel pathways 

that lead to similar functional outcomes. MYADM plays an important role in lamellipodium 

extension and in cell motility (Aranda et al. 2011). 

Rac1 is a Rho-family guanosine triphosphatase (GTPase) that regulates the spreading and 

actin-mediated extension of lamellipodia (Ridley et al. 2003). MYADM also regulates the 

proteins ezrin, radixin, and moesin (ERM), which are connectors between the plasma 

membrane and the cytoskeleton and regulate the structure and function of filopodia, 
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therefore signaling processes such as motility and cytokinesis (Fehon et al. 2010). The ERM 

expression in turn regulates the expression of the intercellular adhesion molecule (ICAM)-1 

(Clark et al. 2007; Aranda et al. 2013). It is also noteworthy that upon activation of ERM, a 

specific domain (N-terminal four point one, ezrin, radixin-moesin [FERM]) interacts with 

PtdIns(4,5)P2, whose role was explained above (Kwiatkowska 2010). As mentioned, 

PtdIns(4,5)P2 regulates the activity of Star-PAP poly(A) polymerase, which in turn might 

regulate the expression of different mRNAs associated with cell protection (Mellman et al. 

2008).   

The SSX2IP gene encodes a protein that binds the cancer-testis antigen Synovial Sarcoma X 

breakpoint 2 protein. The encoded protein may regulate the activity of Synovial Sarcoma X 

breakpoint 2 protein in malignant cells. Alternate splicing results in multiple transcript vari-

ants. A pseudogene of this gene is found on chromosome 3. It belongs to an adhesion system 

that plays a role in the organization of homotypic, interneuronal, and heterotypic cell-cell ad-

herens junctions (AJs). It may connect the nectin-afadin and E-cadherin-catenin system 

through alpha-actinin and may be involved in the organization of the actin cytoskeleton at AJs 

through afadin and alpha-actinin. It is also involved in cell movement. Thus, it is localized at 

the leading edge of moving cells in response to PDGF and is required for the formation of the 

leading edge and the promotion of cell movement, possibly via activation of Rac signaling. It 

acts as a centrosome maturation factor, probably by maintaining the integrity of the pericen-

triolar material and proper microtubule nucleation at mitotic spindle poles. The function 

seems to implicate WRAP73 at least in part; it is suggested that the SSX2IP:WRAP73 complex 

acts as a regulator of spindle anchoring at the mitotic centrosome. Moreover, it is involved in 

ciliogenesis, being required for targeted recruitment of the BBSome, CEP290, RAB8, and SSTR3 

to the cilia. The expression of SSX proteins in tumor tissues has been associated with advanced 

stages of disease and worse patient prognosis (Smith and McNeel 2010). 

The PTGER4 encodes a receptor for prostaglandin E2 (PGE2). The activity of this receptor is 

mediated by G(s) proteins that stimulate adenylate cyclase. It has a relaxing effect on smooth 

muscles and may play an important role in regulating renal hemodynamics, intestinal epithe-

lial transport, adrenal aldosterone secretion, and uterine function. PTGER4 is a protein-coding 

gene. Diseases associated with PTGER4 include malignant epithelial mesothelioma and epidi-

dymis cancer. Among its related pathways are eicosanoid ligand-binding 

http://www.malacards.org/card/malignant_epithelial_mesothelioma
http://www.malacards.org/card/epididymis_cancer
http://www.malacards.org/card/epididymis_cancer
http://pathcards.genecards.org/card/eicosanoid_ligand-binding_receptors
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receptors and signaling by GPCR. The protein encoded by this gene is a member of the G-pro-

tein-coupled receptor family. This protein is one of four receptors identified for prostaglandin 

E2 (PGE2). This receptor can activate T-cell factor signaling. It has been shown to mediate 

PGE2-induced expression of early growth response 1 (EGR1), to regulate the level and stability 

of cyclooxygenase-2 mRNA, and to lead to the phosphorylation of glycogen synthase kinase-

3. Knockout studies in mice suggest that this receptor may be involved in the neonatal adap-

tation of the circulatory system, in osteoporosis, as well as in the initiation of skin immune 

responses. The blockage of PGE2-EP4 signaling prevents the bone destruction required for 

prostate metastases and this is in part due to the abrogation of bone cell responses. The EP4 

antagonist is a candidate for the treatment of prostate cancer in the blockage of bone metas-

tases (Watanabe et al. 2016). 

OCLN (Occludin) is a protein-coding gene. Diseases associated with OCLN include Pseudo-

Torch Syndrome 1 and Torch Syndrome. Among its related pathways are Development Slit-

Robo signaling and Blood–Brain Barrier and Immune Cell Transmigration: VCAM-1/CD106 Sig-

naling Pathways. This gene encodes an integral membrane protein required for cytokine-in-

duced regulation of the tight junction paracellular permeability barrier. Mutations in this gene 

are thought to be a cause of band-like calcification with simplified gyration and polymicrogyria 

(BLC-PMG), an autosomal recessive neurologic disorder also known as pseudo-TORCH syn-

drome. A related pseudogene is located 1.5 Mb downstream on the q arm of chromosome 5. 

It may play a role in the formation and regulation of the tight junction (TJ) paracellular perme-

ability barrier. It is able to induce adhesion when expressed in cells lacking tight junctions. 

Occludin is expressed in all stages of prostate cancer (Furuse et al. 1993; Ekinci et al. 2020; 

Jędroszka et al., 2017). 

Myosin 1b (MYO1B) is a member of the myosin superfamily proteins and involved in orga-

nelles transportation, membrane tension generation, and muscle contraction (Heissler and 

Sellers 2016). In prostate cancer cell lines, MYO1B is expressed in high levels in cells with high 

metastatic potential. It can directly influence actin organization and cell morphology that can 

contribute to the metastatic phenotype. Expression levels of MYO1B are significantly higher 

in PC3 than in LNCaP cells. High endogenous levels of MYO1B in more highly metastatic cells 

might increase cortical tension, allowing cells to move through stiff extracellular matrices in 

vivo, which explains why knockdown of MYO1B only affects migration in 3D but not 2D 

http://pathcards.genecards.org/card/eicosanoid_ligand-binding_receptors
http://pathcards.genecards.org/card/signaling_by_gpcr
http://www.malacards.org/card/pseudo_torch_syndrome_1
http://www.malacards.org/card/pseudo_torch_syndrome_1
http://www.malacards.org/card/torch_syndrome
http://pathcards.genecards.org/card/development_slit-robo_signaling
http://pathcards.genecards.org/card/development_slit-robo_signaling
http://pathcards.genecards.org/card/blood-brain_barrier_and_immune_cell_transmigration_vcam-1cd106_signaling_pathways
http://pathcards.genecards.org/card/blood-brain_barrier_and_immune_cell_transmigration_vcam-1cd106_signaling_pathways
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(Makowska et al. 2015). MYO1B correlates with proliferation, migration, and invasion in other 

types of cancer (Zhang et al. 2018; Ohmura et al. 2015) and contributes to membrane traffick-

ing by controlling the shape of organelles (Yamada et al. 2014). MYO1B might be involved in 

migration by participating in filopodia and lamellipodia formation as well as by regulating actin 

assembly (Diz-Muñoz et al. 2010; Almeida et al. 2011). The localization of MYO1B within filo-

podia requires MYO1B to bind with phosphoinositides, indicating once again their role in mi-

gration (Komaba and Coluccio 2010). 

PR/SET domain 4 (PRDM4) is a transcription factor interacting with YAP WW domains. It co-

operates with TEAD to mediate YAP-induced ITGB2 expression. ITGB2 and PRDM4 are signifi-

cantly higher in metastatic prostate cancer than in normal tissue or clinically localized cancer. 

Activation of YAP and PRDM4 may contribute to elevated ITGB2 expression in metastatic pros-

tate cancer (Liu, Shangli et al. 2018; Liu, Dai et al. 2018; Liu, Liang et al. 2018).   

Kallikrein-related peptidase 15 (KLK15) expression levels are upregulated in CaP compared to 

benign prostate tissues and in advanced disease. KLK15 is also associated with advanced 

pathological stages. It is located adjacent to KLK3 on chromosome 19q13.4, which is a prostate 

specific antigen (Yousef et al. 2002).   

CD44 is a transmembrane glycoprotein involved in cell–cell and cell–matrix adhesion. The ab-

normal expression is correlated with different types of cancer including prostate carcinoma. 

It has been proved that the expression of CD44 is downregulated in prostate tumors (De 

Marzo et al. 1998). However, it has a functional role in invasion (Omara-Opyene et al. 2004).  

The role of SNAI1 in EMT (epithelial-mesenchymal transition) is well-studied, through down-

regulation of cell adhesion molecules (Cano et al. 2000). In addition, the knockdown inhibits 

the invasiveness, revealing SNAI1’s role in the aggressiveness of prostate cancer (Deep et al. 

2014). Integrin αV (ITGAV) has been implicated in prostate cancer progression and mAb are 

used against integrins αV impacts (Jiang et al. 2017). Furthermore, ITGAV is correlated not 

only with prostate cancer maintenance, but also with bone metastasis (van der Horst et al. 

2011). KRT19 is studied as a biomarker for prostate cancer, including also other serum proteins 

such as FLNA and FLNB (Ravipaty et al. 2017). The Twist1 transcription factor is a regulator in 

the epithelial-to-mesenchymal transition and has been proved to be implicated in prostate 

cancer metastasis (Gajula et al. 2013). Vimentin is also involved in invasiveness of prostate 
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cancer, through src regulation (Wei et al. 2008). Apart from invasiveness, it also affects the 

prostate cancer cells’ motility (Zhao et al. 2008).  

Beta-catenin is correlated with adhesion and signal transduction and a lot of mutations have 

been observed in prostate cancer (Voeller et al. 1998), while overexpression can promote in-

vasive prostate cancer (Francis et al. 2013). In prostate cancer, CDH1 (E-cadherin) abundance 

and activity are inversely associated with cell invasiveness and motility (Keil et al. 2014). N-

cadherin (CDH2) is implicated in EMT and has been demonstrated to be overexpressed in tu-

mor cells from different types of cancer (Wheelock et al. 2008). DPP4 encodes a membrane-

anchored protein that cleaves dipeptides from multiple growth factors, resulting in their in-

creased degradation. The inhibition of DPP4 with sitagliptin enhanced the growth of prostate 

cancer xenografts following castration. Significantly, DPP4 inhibitors are frequently used to 

treat type 2 diabetes, as they increase insulin secretion. Together, these results point to DPP4 

as an AR-regulated tumor suppressor gene whose loss enhances growth factor activity and 

suggest that treatment with DPP4 inhibitors may accelerate the emergence of resistance to 

ADT (Russo et al. 2018). The decreased expression of DSC1 molecules facilitates metastatic 

and aggressive tumor behavior and a poorer prognosis in squamous carcinomas and cell lines 

(Myklebust et al. 2012). PTK2 is part of the FAK family. The SRC/FAK pathway is associated 

with spinal metastasis of prostate cancer cells and is regulated by the expression levels of 

CXCL1/CXCR1. CX3CL1/fractalkine enhances prostate cancer spinal metastasis by activating 

the Src/FAK pathway. ITGA5 is a migration-related gene and plays an important role in medi-

ating cell adhesion and migration in cancer. The expression of ITGA5 can increase the for-

mation of mother vessels by stimulating the VEGF-A pathway. The downregulation of ITGA5 

prevents all steps of metastasis. Caveolin 2 (CAV2) is a cell membrane protein involved in can-

cer progression. The downregulation of CAV2 inhibits proliferation, migration, and invasion 

(Liu, Shangli et al. 2018; Liu, Dai et al. 2018; Liu, Liang et al. 2018; Kamibeppu et al. 2018). 

SNAI2 is a zinc finger protein playing an essential role in the proliferation and invasiveness of 

prostate cancer, while also affecting cytoskeleton and adhesion. The downregulation leads to 

the inhibition of invasion and disturbed microtubule and actin cytoskeletons (Emadi Baygi et 

al. 2010). Moreover, it has been proved that SNAI2 promotes migration and invasion through 

the suppression of CDH1 (Peinado et al. 2007). EGFR overexpression has been implicated in 

survival of tumor-initiating cells, circulating tumor cells, and metastasis to the bones (Day et 
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al. 2017). CLDN3 is overexpressed in many types of cancer including ovarian, pancreatic, 

breast, and prostate cancers. It regulates motility and invasion through the Wnt pathway. In 

hepatocellular carcinoma, it inhibits cancer invasiveness and tumor formation (Jiang et al. 

2014; Morin 2005). ITGB1 is a molecule involved in cell adhesion and metastasis, while in pros-

tate cancer it is involved in TGFβ signaling and contributes to the switch from suppressive to 

oncogenic (Pellinen et al. 2018). IGF1R is involved in prostate cancer and particularly enhanced 

in tumor growth, migration, and angiogenesis (Heidegger et al. 2014). The epithelial-mesen-

chymal transition (EMT) is a process by which epithelial cells lose their cell polarity and cell–

cell adhesion and gain migratory and invasive properties to become mesenchymal cells. Apart 

from numerous developmental processes, EMT is important for the initiation of metastasis. 

The mesenchymal-epithelial transition (MET) is the opposite process essential for the creation 

of new metastatic sites. The adhesion and invasive features of cells are important for the com-

plete process of metastasis (Lee et al. 2006).   

Taking everything into consideration and also studying the signal transduction pathways of 

the above genes (see Raw Data section), some of the molecules might be used as indicators 

of metastasis to lymph nodes.  

The Matrigel® co-cultivation of cancer cells with endothelial cells enabled interactions that 

would otherwise be difficult or impossible in two-dimensional cultures. In general, the 

knocked-down cells demonstrated a slightly different phenotype (smaller-sized cells than the 

controls). Moreover, in contrast to the control cells, some cell lines such as VCaP showed a 

reduced ability to form clusters while in 3D culture. A complete formation of vascular struc-

tures was not observed in most of the cultures. However, this may be due to the fact that 

cultures were broken down for RNA extraction on the 4th day. 2D cultures of knocked-down 

cell lines demonstrated an inability to adhere to the surface, hence they grew in suspension. 

This may stem from the fact that the knocked-down genes were associated with genes that 

regulate cell adhesion and migration. 

The KD of MYADM caused the decrease of ITGB1, IGF1R, and TWIST1 in all cell lines, sensitive 

as well as insensitive ones. Distinct patterns were observed for FN1, ITGA5, ITGAV, and 

PECAM1, where upregulation was observed in refractory cell lines, but downregulation in sen-

sitive ones. Stable KD of MYO1B led to the downregulation of ITGB1 and IGF1R in all cell lines 
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tested, while CTNNB1 and DSC1 upregulated. The overexpression observed for MET and 

PECAM1 applied only to insensitive cell lines. The downregulation of ITGB1 and IGF1R was also 

identified post PIP5K1A KD, but no other pattern was observed among the other molecules. 

The study of signal transduction pathways showed cross-talking for most of these genes. This 

could explain the non-expected expression patterns in some of the associated genes (see Raw 

Data section under “pathways”).  

The flow cytometric analysis of clinical and healthy samples did not reveal any statistically 

significant difference. However, certain samples showed a higher expression of PIP5K1a in 

comparison to all others. Further information about those samples is required in order to draw 

safer conclusions. Also, the testing was done on blood samples and not on tissues, which is 

why there might be a difference in the expression of those markers depending on the origin 

of the sample. 

Thus, MYADM, PIPSK1A, and MYO1B in primary prostate cancer tumors could indicate future 

lymph node metastasis and could help guide lymph node dissection in prostate cancer pa-

tients. 

The dissection of lymph nodes is based mainly on D’Amicos risk classification for prostate can-

cer, which is associated with the levels of Prostate Specific Antigen (PSA), the Gleason score, 

and the clinical stage (D’Amico et al. 1998). However, the value of pelvic lymph node dissec-

tion in patients with prostate cancer, based on D’Amico’s classification risk, remains unclear 

(Preisser et al. 2020). Apart from this, other classification systems for managing prostate can-

cer treatment have been proposed, such as the ‘Candiolo’ classifier (Gabriele et al. 2016). 

Based on our experimental data – which of course need to be validated with clinical samples 

– the study of at least one of the three markers (MYADM, MYO1B, PIP5K1A) on the tumor (e.g. 

by histological techniques) contributes to a rapid classification system independent from hor-

mone sensitivity.  

Conclusion 

The detection of markers able to predict the metastasis to lymph nodes might be helpful in 

the management of prostate cancer, as the removal of lymph nodes could be beneficial for 

the patient. The present study identified a number of biomarkers that are expressed in 
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prostate cancer, but whose expressions differed depending on whether the prostate cancer 

cells were co-cultivated with osteoblasts or with endothelial cells. These genes were also in-

volved in procedures required for metastasis, and their knockdown altered the expression of 

key regulators for EMT, invasion, motility, and migration. Therefore, the detection of MYADM, 

PIP5K1A, or MYO1B in a primary tumor could be used as an indicator for future metastasis in 

lymph nodes. To prove this concept, the examination of more tissue samples would be re-

quired. 
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Abstract 

Background: Prostate cancer is the most frequent type of cancer among men worldwide. The treat-

ment protocol depends on the extension of the disease and on whether the carcinoma is hormone-

refractory or hormone-sensitive. Hormone-refractory carcinoma exhibit a different protein profile at 

the surface as well as different migration abilities and interactions with organs and tissues than hor-

mone-sensitive carcinoma. Prostate cancer most commonly metastasizes to the bones and lymph 

nodes, and after local progression it may invade the rectum, bladder, and lower ureters. Surgical exci-

sion of inguinal or other regional lymph nodes is recommended and beneficial for patients as it pre-

vents metastasis through the lymph nodes. However, not all cases metastasize through the regional 

lymph nodes. Therefore, the present study analyzed different human prostate carcinoma cell lines 

grown in a 3D culture model environment resembling the environment of bone or lymph node niches. 

The aim of the study was to detect niche specific biomarkers that predict whether the metastasis will 

proceed through the lymph nodes or metastasize via the hematogenic route to the bones or other 

organs.  

Materials & Methods: Two categories of human prostate carcinoma cell lines were selected: one 

group of hormone-sensitive cell lines and one group of hormone-refractory cell lines that had devel-

oped bone metastases. The first group consisted of the three sensitive cell lines LNCap, VCaP and MDA-

PCa-2b, while the hormone-insensitive group consisted of the cell lines PC-3, DU 145 and SerBob. The 

cancer cell lines were grown in a 3D culture model resembling the bone or lymph node micro-environ-

ment. The bones environment was developed on a co-cultivation model between Human Osteoblasts 

(HOb) and the relevant prostate cancer cell line. The lymph nodes micro-environment was similarly 

developed on a co-cultivation model between the endothelial cell line (HDLEC) and the relevant pros-

tate cancer cell line. 3D cell cultures were grown with Matrigel®, which resembles the extracellular 

environment found in many tissues and is used as a substrate for culturing cells. RNA was isolated from 

the co-cultures and whole gene expression microarray experiments followed. Targets expressed in 

prostate cancer whose expression alters upon metastasis to lymph nodes in a different way than in 

bone metastasis were further studied. These targets were knocked down on the cancer cell lines, which 

was followed by a repetition of co-cultivation experiments with HDLEC. Gene expression assays were 

then done in order to validate the implication of the new potential biomarkers in metastasis.  

Results: As expected, the two groups of cell lines expressed different levels of prostate-specific mem-

brane antigen. The co-culture experiments in a 3D environment revealed hundreds of differentially-

expressed genes when co-cultivated with osteoblasts or endothelial cells. We also compared gene ex-

pression between co-cultivated cells, osteoblasts, endothelial cells, and cancer cell lines. Genes highly 
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expressed before co-cultivation were not included in the final analysis. Therefore, the differentially-

expressed genes MYADM, PIP5K1A, PTGER4, MYO1B, SPAG9, OCLN, PRDM4, SSX2IP, KLK15, and FGF7 

were selected for further depletion knockdown experiments. All of the above markers were expressed 

in the initial cancer cell lines and changed their expression after co-culture. Finally, the genes MYADM, 

PIP5K1A, and MYO1B were selected, since their expression increased upon cultivation with endothelial 

cells, while when co-cultured with osteoblasts, the expression decreased in the majority of the cell 

lines. The knockdown of the above genes led to alterations in the expression of gene levels essential 

for metastasis, including integrins and growth factor receptors, amongst others. In particular, MYADM 

knockdown caused a decrease in ITGB1, IGF1R, and TWIST1 expression in all cell lines, whereas FN1, 

ITGA5, ITGAV, and PECAM1 were upregulated in hormone-refractory cell lines and downregulated in 

hormone-sensitive cells. MYO1B knockdown decreased ITGB1 and IGF1R expression levels and upreg-

ulated CTNNB1 and DSC1 in all tested cell lines. Furthermore, we observed that MET and PECAM1 were 

overexpressed in hormone-sensitive cell lines. Finally, integrin receptors ITGB1 and IGF1R were down-

regulated after PIP5K1A knockdown in all tested cell lines.  

Discussion: Biomarkers associated with prostate cancer metastasis to lymph nodes would be helpful 

for prostate cancer management, since in these incidences, the removal of lymph nodes could be ben-

eficial for the patient. Up to now, the dissection of lymph nodes is generally based on D’Amico’s risk 

classification for prostate cancer, which is associated with the levels of Prostate Specific Antigen (PSA), 

the Gleason score, and the clinical stage. The predictive value of this algorithm is unclear since it is very 

difficult to stratify prostate cancer patients who will gain a clinical benefit from the regional and/or 

inguinal lymph node clearance from those who will not. Therefore, a model based on a few niche spe-

cific biomarkers, using easy-to-perform and well-established techniques, is lacking and very much re-

quired. MYADM, MYO1B, and PIP5K1A constitute three biomarkers that are detected in primary hor-

mone-refractory or hormone-sensitive prostate tumors and can predict the metastasis of the primary 

tumor to regional (iliac) lymph nodes. The detection of these biomarkers can be easily performed using 

histological methods or nanopore technology. This enables a quick decision about lymph nodes clear-

ance, even during the operation procedure. For use at the clinical level, the above markers still need 

to be validated on clinical samples.  
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Raw Data  

DNA microarrays 

Table 10: Insensitive: markers expressed in co-cultivation with osteoblasts. 

Gene Name Function 

COL11A1 Skeletal morphogenesis, fibrillogenesis 

COMP 
Pathogenesis of osteoarthritis, human limb development, 

protects cells against death 

GREM1 
Early limb outgrowth, inhibits growth or viability of nor-

mal cells, inhibits differentiation of osteoblasts. 

LEP 

Regulates bone mass and secretion of hormones, pro-an-

giogenic for endothelial cells, affects innate and adaptive 

immunity. 

SSH1 Actin dynamics 

TAGLN Replicative senescence, senescent human fibroblasts 

 

Table 11: Insensitive: markers expressed in co-cultivation with endothelial cells. 

Gene Name Function 

TMEM209 Cell growth 

PELO Chromosome segregation 

RAB18 
Apical endocytosis/recycling, eye and brain develop-

ment, neurodegeneration 

RCBTB1 Cell cycle regulation 

SCAMP1 Cell surface recycling 

SLC25A24 Buffering calcium levels in the mitochondrial matrix 

TIFA Immune response 

NEDD1 Mitosis progression 
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Table 12: Sensitive: markjkkkers expressed in co-cultivation with osteoblasts. 

Gene Name Function 

PEX7 Peroxisomal biogenesis – synthesis of lipids 

PDGFRB Growth factor receptor 

ITGBL1 EGF-like protein family 

HAS1 Hyaluronan synthesis 

RB1CC1 

Interacts with signaling pathways to coordinately regulate 

cell growth, cell proliferation, apoptosis, autophagy, and 

cell migration. This tumor suppressor also enhances reti-

noblastoma 1 gene expression in cancer cells. 

GREM1 

Cytokine, BMP (bone morphogenic protein)-antagonist 

family, inhibits BMP2-mediated differentiation of osteo-

blasts. 

FOSB AP-1 transcription factor subunit 

EYA2 Eye development 

LTBP2 Growth factor beta binding protein 

FMOD Assembly of the collagen fibers of the extracellular matrix 

RRAD 
Regulates voltage-dependent L-type calcium channel subu-

nit alpha-1C trafficking to the cell membrane. 

COX7A1 Cytochrome c oxidase 

CCDC80 
Cell adhesion and matrix assembly. Downregulated in can-

cer and after osteoblastic differentiation. 

COMP 
Structural integrity of cartilage. Potent suppressor of apop-

tosis. 

MYADM 
Expressed in myeloid cells, upregulated during differentia-

tion of stem cells and myeloid leukemia cells. 

HOOK1 Cytoskeleton, microtubules 

ADAMTS2 Collagen biosynthesis 

PPFIBP1 Axon guidance and mammary gland development 

COL1A1 Collagen biosynthesis 

COL3A1 Collagen biosynthesis 
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COL8A1 
Component of the basement membrane of the corneal en-

dothelium. 

COL11A1 Minor fibrillar collagen 

 

Table 13: Sensitive: markers expressed in co-cultivation with endothelial cells. 

Gene Name Function 

CDC123, CDK1, CCNG1, PKN2, AHR, EPS15, IK, ILKAP, 

CCNB1IP1, CTDP1, PDS5B, PSMC4, PSMD13, SLBP 
Cell cycle regulation 

DUX4, HIF1A, MATR3, MED1, AC027125.1, ACTN4, 

AHR, DAPK3, DHX9, EWSR1, IK, IKZF5, ZNF160, 

ZNF253, ZNF28, ZNF33B, ZNF12, ZNF346, ZNF654, 

ZNF790, ZNF93, ZBTB33, ZBTB44, ZHX1, CTBP2, 

PAPOLA, RPP38, SERBP1, SIRT2, SMN1, SUPT4H1, 

TBPL1 

Transcription/Post-

transcription regulator 

ASAH1, ASPH, C11orf31, ASNS, GOT2, ISOC2, 

MGST3, MMADHC, MGAT4B, CYP20A1, FECH, 

ACADM, ALG3, ATP6V0D1, ATP6V1D, ATP7A, 

COQ10B, GFPT1, MB, MTMR2, PNPLA8, PRPS2, 

PRPSAP2, TMX2, UGT2B17, WBSCR22, TM9SF2 

Metabolism 

ATG4A, C9orf72, SCOC, TRIM5 Autophagy 

CDK10, AC008810.1, ADD1, C6orf168, DAPK3, 

LARP4, IFT81, LMNB1, LMAN1, HDAC2, RABGAP1, 

SAP30, SMEK2, TFG, SEPT2, PAFAH1B1 

Cytoskeleton 

EIF5, EIF2AK3, EIF4A2, GANAB,  DAPK3, LARP4, 

NXT2, CNOT6, KIAA1429, KLHL8, WSB1, COMMD10, 

FBXO3, FURIN, LGMN, NMD3, NOL11, RFWD2, 

RNF11, RNF181, USP10, P4HA1 

Translation/Post-

translation regulator 

DSG2, PKN2, ILKAP, ENAH, VAPA, RAC3 Cell adhesion 

DDB2, RAD50, PSMC4, PSMD13, RNF138, SHPRH, 

TDG 
Repair mechanism 
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BIRC1, CASP6, ANKHD1, DAPK3, MOBKL1A, DNAJA1, 

PSMC4, PSMD13, TAX1BP1, TM7SF3, TRIAP1 
Apoptosis/Cell death 

AC008810.1, EPS15, ZNF3, CNOT6, MOBKL1A, 

PIK3C2A, USP8, WNK1 
Cell proliferation 

PKN2, MOBKL1A, VEGFA Cell migration 

C6orf170, DUSP3, JKAMP, KCTD6, TTC3, WNK1 Signaling 

DHX9, FAF1, RBBP6, XRCC6 Replication 

ERP29, HKE2, HERPUD2, BAG5, TMX2 Protein folding 

HP1BP3 Self-renewal 

CBARA1, ETFA, MRPL40, UQCRC2, PPA2 Mitochondrial related 

GOSR1, SCP2, RHOBTB3, DCTN6, SAMD8, SLC30A5, 

TRAPPC8, SCFD1, SULT1A1, TMED10, TOMM20, 

USO1, VPS13A, C20orf30 

Peptide/protein etc. 

transporation 

LRPAP1, NAP1L4,  Chaperone 

ATP6V1E1, DNAJA2, TCP1, SMARCA5, PPFIA1, SU-

CLG1, UBXN6 
ATP-related 

FAM111B 
Cancer-associated nu-

cleoprotein  

KIAA1598 
Neuronal polarization 

and neurite outgrowth 

KIAA1715 
Endoplasmic reticulum 

morphology 

LDHC Sperm motility 

PEX11A 
Peroxisomal 

proliferation 

SHANK2 
Adapter protein in PSD 

of excitatory synapses 
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Transient Knockdown Experiments 
 

Table 14: MYADM KD gene expression data. Relative quantification according to non-transfected cell line. 

 DU145 PC3 SERBOB MDA-Pca-2b 

ACTB 0.00 0.00 0.00 0.00 

CAV2 -0.22 -0.14 0.10 #VALUE! 

CD44 -0.27 -0.04 -0.06 -0.12 

CDH1 -0.17 0.04 0.07 0.13 

CDH2 #VALUE! -0.14 0.02 #VALUE! 

CLDN3 -0.08 -0.06 0.25 -0.08 

COL11A
1 

#VALUE! #VALUE! #VALUE! #VALUE! 

CTNNB1 -0.19 -0.05 0.17 0.07 

DPP4 0.11 0.04 0.18 -0.01 

DSC1 #VALUE! 0.26 0.27 1.48 

EGFR 0.13 0.00 -0.12 0.26 

EPCAM #VALUE! #VALUE! #VALUE! #VALUE! 

FN1 -0.09 0.05 0.33 0.14 

IGF1R -0.15 0.00 0.12 -0.12 

ITGA4 #VALUE! -0.01 -0.09 #VALUE! 

ITGA5 0.07 0.13 0.22 0.32 

ITGA8 #VALUE! #VALUE! #VALUE! -0.41 

ITGAL #VALUE! #VALUE! #VALUE! #VALUE! 

ITGAM 0.09 #VALUE! #VALUE! #VALUE! 

ITGAV 0.01 0.06 0.19 0.10 

ITGB1 -0.13 0.05 0.09 0.11 

ITGB2 -0.12 -0.01 #VALUE! 0.04 

ITGB3 -0.26 #VALUE! #VALUE! #VALUE! 

KRT19 -0.11 -0.16 #VALUE! -0.13 

MET -0.19 0.04 0.20 0.49 

PECAM1 #VALUE! -0.20 #VALUE! #VALUE! 

PTK2 0.07 0.01 0.06 0.16 

SNAI1 -0.13 -0.02 -0.11 #VALUE! 

SNAI2 -0.10 0.03 0.01 #VALUE! 

TWIST1 #VALUE! -0.40 0.20 -0.10 

VASP -0.14 0.20 0.12 0.34 

VIM -0.09 -0.29 0.05 #VALUE! 
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Table 15: PIP5K1A KD gene expression data. Relative quantification according to non-transfected cell line. 

 DU145 PC3 SERBOB MDA-Pca-2b 

ACTB 0.00 0.00 0.00 0.00 

CAV2 -0.23 -0.01 0.01 #VALUE! 

CD44 -0.26 0.06 0.03 0.17 

CDH1 -0.18 0.00 -0.11 0.07 

CDH2 #VALUE! -0.01 -0.03 #VALUE! 

CLDN3 -0.11 -0.01 0.11 -0.01 

COL11A
1 

#VALUE! #VALUE! #VALUE! #VALUE! 

CTNNB1 -0.17 0.00 0.05 0.13 

DPP4 0.08 0.22 -0.05 0.02 

DSC1 #VALUE! 0.25 -0.05 1.76 

EGFR 0.07 -0.08 -0.01 0.47 

EPCAM #VALUE! #VALUE! #VALUE! #VALUE! 

FN1 -0.05 0.09 0.03 0.15 

IGF1R -0.20 0.05 -0.02 -0.06 

ITGA4 #VALUE! 0.15 0.13 #VALUE! 

ITGA5 -0.18 0.18 -0.01 0.02 

ITGA8 #VALUE! #VALUE! #VALUE! 0.02 

ITGAL #VALUE! #VALUE! #VALUE! #VALUE! 

ITGAM 0.12 #VALUE! #VALUE! #VALUE! 

ITGAV -0.06 0.08 0.00 0.19 

ITGB1 -0.24 0.13 -0.17 0.03 

ITGB2 -0.23 0.14 #VALUE! -0.23 

ITGB3 -0.19 #VALUE! #VALUE! #VALUE! 

KRT19 -0.16 0.14 #VALUE! 0.00 

MET -0.26 0.13 -0.02 -0.37 

PECAM1 #VALUE! 0.19 #VALUE! #VALUE! 

PTK2 -0.05 0.24 -0.04 0.09 

SNAI1 -0.11 0.15 0.14 #VALUE! 

SNAI2 -0.20 0.31 -0.12 #VALUE! 

TWIST1 #VALUE! -0.26 -0.16 0.15 

VASP -0.27 0.35 -0.04 0.19 

VIM -0.11 0.09 -0.01 #VALUE! 

 

 

 

 

 

 



49 
 

Table 16: MYO1B KD gene expression data. Relative quantification according to non-transfected cell line. 

 DU145 PC3 SERBOB MDA-Pca-2b 

ACTB 0.00 0.00 0.00 0.00 

CAV2 -0.15 0.05 0.04 #VALUE! 

CD44 -0.21 0.04 -0.03 -0.35 

CDH1 -0.18 0.10 -0.15 -0.08 

CDH2 #VALUE! 0.07 -0.01 #VALUE! 

CLDN3 -0.30 0.13 0.03 -0.11 

COL11A1 #VALUE! #VALUE! #VALUE! #VALUE! 

CTNNB1 -0.16 0.11 0.03 -0.07 

DPP4 0.01 0.13 0.01 -0.06 

DSC1 #VALUE! 0.65 -0.06 1.25 

EGFR -0.07 -0.15 0.02 0.20 

EPCAM #VALUE! #VALUE! #VALUE! #VALUE! 

FN1 -0.22 0.14 0.06 -0.07 

IGF1R -0.44 0.11 -0.05 -0.14 

ITGA4 #VALUE! 0.11 -0.18 #VALUE! 

ITGA5 -0.14 0.28 0.02 0.19 

ITGA8 #VALUE! #VALUE! #VALUE! 0.07 

ITGAL #VALUE! #VALUE! #VALUE! #VALUE! 

ITGAM #VALUE! #VALUE! #VALUE! #VALUE! 

ITGAV -0.08 0.10 0.01 -0.01 

ITGB1 -0.18 0.18 -0.04 -0.08 

ITGB2 -0.17 0.08 #VALUE! -0.33 

ITGB3 -0.30 #VALUE! #VALUE! #VALUE! 

KRT19 -0.14 0.18 #VALUE! -0.25 

MET -0.19 0.13 -0.02 0.18 

PECAM1 #VALUE! -0.21 #VALUE! #VALUE! 

PTK2 0.03 0.28 -0.08 -0.06 

SNAI1 -0.06 0.19 -0.07 #VALUE! 

SNAI2 -0.20 0.30 -0.07 #VALUE! 

TWIST1 #VALUE! -0.32 -0.05 -0.30 

VASP -0.25 0.25 -0.04 0.15 

VIM -0.10 0.12 -0.15 #VALUE! 
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Table 17: SPAG9 KD gene expression data. Relative quantification according to non-transfected cell line. 

 DU145 PC3 SERBOB MDA-Pca-2b 

ACTB 0.00 0.00 0.00 0.00 

CAV2 -0.10 0.10 -0.04 #VALUE! 

CD44 -0.20 0.10 -0.06 -0.35 

CDH1 -0.17 -0.10 -0.16 0.01 

CDH2 #VALUE! 0.00 0.02 0.18 

CLDN3 -0.18 0.06 0.14 -0.05 

COL11A
1 

#VALUE! #VALUE! #VALUE! #VALUE! 

CTNNB1 -0.22 0.12 0.08 -0.01 

DPP4 0.04 0.04 0.11 -0.11 

DSC1 #VALUE! 0.16 0.23 0.89 

EGFR 0.06 -0.14 -0.27 0.18 

EPCAM #VALUE! #VALUE! #VALUE! #VALUE! 

FN1 -0.12 0.17 0.08 0.07 

IGF1R -0.22 0.09 -0.07 -0.06 

ITGA4 #VALUE! 0.19 0.19 #VALUE! 

ITGA5 -0.14 0.27 0.22 0.14 

ITGA8 #VALUE! #VALUE! #VALUE! 0.05 

ITGAL #VALUE! #VALUE! #VALUE! #VALUE! 

ITGAM 0.19 #VALUE! #VALUE! #VALUE! 

ITGAV -0.02 0.13 0.03 0.00 

ITGB1 -0.15 0.16 0.03 0.03 

ITGB2 -0.16 0.12 #VALUE! -0.34 

ITGB3 -0.21 #VALUE! #VALUE! #VALUE! 

KRT19 -0.19 0.15 #VALUE! -0.22 

MET -0.21 0.13 0.07 0.25 

PECAM1 #VALUE! -0.03 #VALUE! #VALUE! 

PTK2 -0.02 0.23 -0.03 0.01 

SNAI1 -0.19 0.16 #VALUE! #VALUE! 

SNAI2 -0.26 0.35 -0.01 #VALUE! 

TWIST1 #VALUE! -0.25 -0.15 0.02 

VASP -0.25 0.29 0.01 0.31 

VIM -0.12 0.13 0.11 #VALUE! 
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Table 18: PRDM4 KD gene expression data. Relative quantification according to non-transfected cell line. 

 DU145 PC3 MDA-Pca-2b 

ACTB 0.00 0.00 0.00 

CAV2 -0.28 0.01 #VALUE! 

CD44 -0.26 0.04 -0.20 

CDH1 -0.31 0.02 0.05 

CDH2 #VALUE! -0.09 0.15 

CLDN3 -0.01 0.20 -0.02 

COL11A1 #VALUE! #VALUE! #VALUE! 

CTNNB1 -0.15 -0.10 0.06 

DPP4 0.00 0.15 0.06 

DSC1 #VALUE! -0.16 1.55 

EGFR 0.16 -0.02 0.18 

EPCAM #VALUE! #VALUE! #VALUE! 

FN1 -0.24 0.04 0.06 

IGF1R -0.27 0.02 -0.28 

ITGA4 #VALUE! 0.06 #VALUE! 

ITGA5 -0.05 0.20 0.23 

ITGA8 #VALUE! #VALUE! #VALUE! 

ITGAL #VALUE! #VALUE! #VALUE! 

ITGAM #VALUE! #VALUE! #VALUE! 

ITGAV 0.02 0.11 0.19 

ITGB1 -0.26 0.11 -0.09 

ITGB2 -0.08 0.34 #VALUE! 

ITGB3 #VALUE! #VALUE! #VALUE! 

KRT19 -1.07 0.09 -0.16 

MET -0.34 0.03 #VALUE! 

PECAM1 #VALUE! 0.10 #VALUE! 

PTK2 -0.05 0.21 0.17 

SNAI1 -0.15 0.16 #VALUE! 

SNAI2 -0.90 0.21 #VALUE! 

TWIST1 #VALUE! -0.33 -0.21 

VASP -0.08 0.12 0.52 

VIM -0.10 -0.10 #VALUE! 
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Stable Knockdown Experiments 

 

Table 19: DU145 cell line stable KD. Relative quantification according to non-transfected cell line. 

 MYADM KD MYO1B KD PIP5K1A KD 

ACTB 0.00 0.00 0.00 

CAV2 -0.10 -0.01 0.04 

CD44 0.51 0.63 0.67 

CDH1 #DIV/0! 0.02 0.12 

CDH2 #DIV/0! #DIV/0! #DIV/0! 

CLDN3 0.02 -0.05 0.09 

COL11A1 #DIV/0! #DIV/0! #DIV/0! 

CTNNB1 0.37 0.38 0.54 

DPP4 #DIV/0! #DIV/0! #DIV/0! 

DSC1 #DIV/0! 0.04 0.07 

EGFR 0.07 0.09 0.13 

EPCAM 0.03 0.26 0.25 

FN1 0.71 0.68 0.68 

IGF1R #DIV/0! -0.21 -0.09 

ITGA4 #DIV/0! #DIV/0! #DIV/0! 

ITGA5 0.62 0.43 0.42 

ITGA8 #DIV/0! #DIV/0! #DIV/0! 

ITGAL #DIV/0! #DIV/0! #DIV/0! 

ITGAM #DIV/0! #DIV/0! #DIV/0! 

ITGAV 0.12 -0.01 0.07 

ITGB1 -0.29 -0.10 -0.11 

ITGB2 -0.36 -0.28 -0.18 

ITGB3 #DIV/0! #DIV/0! #DIV/0! 

KRT19 0.00 0.21 0.21 

MET 0.37 0.50 0.41 

PECAM1 1.12 0.54 0.61 

PTK2 -0.17 -0.01 0.16 

SNAI1 0.87 0.32 0.53 

SNAI2 0.84 0.90 0.97 

TWIST1 #DIV/0! #DIV/0! #DIV/0! 

VASP 0.33 0.14 0.30 

VIM 0.28 0.31 0.33 

 

  



53 
 

Table 20: PC3 cell line stable KD. Relative quantification according to non-transfected cell line. 

 
MYADM KD MYO1B KD 

ACTB 0.00 0.00 

CAV2 -0.03 -0.18 

CD44 -0.18 -0.21 

CDH1 #DIV/0! #DIV/0! 

CDH2 0.39 0.49 

CLDN3 0.31 0.28 

COL11A
1 

#DIV/0! #DIV/0! 

CTNNB1 0.44 0.31 

DPP4 #DIV/0! #DIV/0! 

DSC1 1.21 1.01 

EGFR -0.01 -0.14 

EPCAM -0.02 -0.07 

FN1 0.17 -0.02 

IGF1R -0.59 -0.57 

ITGA4 #DIV/0! #DIV/0! 

ITGA5 0.15 -0.14 

ITGA8 #DIV/0! #DIV/0! 

ITGAL 0.55 #DIV/0! 

ITGAM #DIV/0! #DIV/0! 

ITGAV 0.13 0.11 

ITGB1 -0.08 -0.12 

ITGB2 0.03 0.07 

ITGB3 #DIV/0! #DIV/0! 

KRT19 -0.25 -0.20 

MET 0.16 0.13 

PECAM1 0.76 0.62 

PTK2 0.04 0.03 

SNAI1 #DIV/0! #DIV/0! 

SNAI2 0.01 -0.17 

TWIST1 -0.03 -0.08 

VASP -0.01 -0.05 

VIM 0.11 0.10 

 

  



54 
 

Table 21: LNCaP cell line stable KD. Relative quantification according to non-transfected cell line. 

 MYADM KD 

ACTB 0.00 

CAV2 0.33 

CD44 0.19 

CDH1 #DIV/0! 

CDH2 #DIV/0! 

CLDN3 #DIV/0! 

COL11A1 #DIV/0! 

CTNNB1 #DIV/0! 

DPP4 #DIV/0! 

DSC1 0.92 

EGFR #DIV/0! 

EPCAM -0.03 

FN1 -0.66 

IGF1R #DIV/0! 

ITGA4 #DIV/0! 

ITGA5 -0.41 

ITGA8 #DIV/0! 

ITGAL #DIV/0! 

ITGAM #DIV/0! 

ITGAV -0.69 

ITGB1 -0.16 

ITGB2 #DIV/0! 

ITGB3 #DIV/0! 

KRT19 #DIV/0! 

MET #DIV/0! 

PECAM1 -0.14 

PTK2 #DIV/0! 

SNAI1 #DIV/0! 

SNAI2 #DIV/0! 

TWIST1 #DIV/0! 

VASP #DIV/0! 

VIM #DIV/0! 
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Table 22: VCaP cell line stable KD. Relative quantification according to non-transfected cell line. 

 
MYADM KD MYO1B KD PIP5K1A KD 

ACTB 0.00 0.00 0.00 

CAV2 #DIV/0! #DIV/0! #DIV/0! 

CD44 0.42 0.36 0.28 

CDH1 #DIV/0! #DIV/0! #DIV/0! 

CDH2 #DIV/0! #DIV/0! #DIV/0! 

CLDN3 -0.36 -0.12 -0.54 

COL11A1 #DIV/0! #DIV/0! #DIV/0! 

CTNNB1 0.12 0.03 #DIV/0! 

DPP4 #DIV/0! #DIV/0! #DIV/0! 

DSC1 0.56 0.51 0.63 

EGFR #DIV/0! #DIV/0! #DIV/0! 

EPCAM -0.12 -0.48 -0.81 

FN1 -0.35 0.53 -0.24 

IGF1R #DIV/0! #DIV/0! #DIV/0! 

ITGA4 #DIV/0! #DIV/0! #DIV/0! 

ITGA5 #DIV/0! #DIV/0! #DIV/0! 

ITGA8 #DIV/0! #DIV/0! #DIV/0! 

ITGAL #DIV/0! #DIV/0! #DIV/0! 

ITGAM #DIV/0! #DIV/0! #DIV/0! 

ITGAV -0.20 -0.25 0.11 

ITGB1 -0.19 -0.48 -0.75 

ITGB2 #DIV/0! #DIV/0! #DIV/0! 

ITGB3 #DIV/0! #DIV/0! #DIV/0! 

KRT19 -0.01 -0.05 #DIV/0! 

MET #DIV/0! -0.49 #DIV/0! 

PECAM1 #DIV/0! #DIV/0! #DIV/0! 

PTK2 #DIV/0! #DIV/0! #DIV/0! 

SNAI1 #DIV/0! #DIV/0! #DIV/0! 

SNAI2 #DIV/0! #DIV/0! #DIV/0! 

TWIST1 #DIV/0! #DIV/0! #DIV/0! 

VASP #DIV/0! #DIV/0! #DIV/0! 

VIM #DIV/0! #DIV/0! #DIV/0! 
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Pathways  

The figures below (Fig. 29–33) illustrate the networks involving the detected biomarkers. 

Green indicates the desired biomarkers, while red indicates the genes that were further tested 

and are associated with the desirable biomarkers. 

 

Figure 29: MYADM signaling transduction pathway. 
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Figure 30: MYO1B signaling transduction pathway. 

 

 

Figure 31: PIP5K1A signaling transduction pathway. 
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Figure 32: PRDM4 signaling transduction pathway. 

 

 

Figure 33: PTGER4 signaling transduction pathway. 

:  Activation 
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