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Abstract: Obesity is a popular topic due to both its mortality and morbidity rates and related 

diseases such as cardiovascular diseases, diabetes and cancer. Cancer development and 

progression relate to many factors one of which is dysfunctional adipocytes found in the 

tumor microenvironment. However, underlying molecular mechanisms of the obesity-cancer 

link have not been fully understood. In the current study, condition media (CM) obtained 

from differentiated pre-adipocytes was used to set an indirect co-culture system with the 

prostate cancer cell line. Firstly, adipogenesis of 3T3F44-2A was checked by oil red o 

staining and expressions of specific genes. CM of differentiated 3T3F44-2A was applied on 

prostate cancer cells (PC3). Cell viability, migration capacity and related gene expression 

levels of the cells were evaluated. 20% CM increased cell viability after 48h. The 

administration also induced proliferation, migration and epithelial-mesenchymal transition 

(EMT)-related gene expressions. The results presented the roles of adipocytes found in the 

tumor microenvironment and this could allow new therapeutic developments. As a new 

perspective to evaluate the obesity-cancer link, our model experiment may also be useful for 

other cancer types.  

Özet: Obezite, hem mortalite ve morbidite oranları hem de kardiyovasküler hastalıklar, 

diyabet ve kanser gibi ilişkili olduğu hastalıklar nedeniyle en popüler konulardan biridir. 

Kanser gelişimi ve ilerlemesi, tümör mikroçevresinde bulunan işlevsiz adipositler g ibi 

birçok faktörle ilgilidir. Bununla birlikte, obezite-kanser bağlantısının altında yatan 

moleküler mekanizmalar tam olarak anlaşılamamıştır. Mevcut çalışmada, farklılaştırılmış 

preadipositlerden elde edilen şartlandırılmış ortam (CM), prostat kanseri hücre hattı ile 

indirekt bir ortak kültür sistemi kurmak için kullanıldı. İlk olarak, 3T3F44-2A'nın 

adipogenezi, oil red o boyaması ve spesifik genlerin ifadeleri ile kontrol edildi. 

Farklılaştırılmış 3T3F44-2A'nın CM’si, prostat kanseri hücrelerine (PC3) uygulandı. 

Hücre canlılığı, migrasyon kapasitesi ve hücrelerin ilgili gen ekspresyon seviyeleri 

değerlendirildi. %20 CM, 48 saat sonra hücre canlılığını arttırdı. Uygulama ayrıca, 

proliferasyon, migrasyon ve epithelial-mesenchymal aktarım (EMT) ile ilgili gen 

ekspresyonlarını indükledi. Sonuçlar, tümör mikroçevresinde bulunan adipositlerin 

rollerini ortaya koydu ve bu, yeni terapötik gelişmelere ışık tutabilir. Obezite-kanser 

bağlantısını değerlendirmek için yeni bir bakış açısı olarak, model deneyimiz diğer kanser 

türleri için de faydalı olabilir.  

 

Introduction

Obesity has recently been one of the most important 

health problem that may have consequences for 

morbidity and mortality (McMillan et al. 2006). 

According to the 2016 data of the World Health 

Organization (OECD/WHO), 39% of the world’s adult 

population is considered overweight and 13% is obese 

(OECD/WHO 2020). Obesity is a risk factor for several 

diseases such as cardiovascular diseases, diabetes, and 

cancer (Poirier & Eckel 2002, McMillan et al. 2006, 

Renehan et al. 2008, Fuster et al. 2016). 
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Deposition of exaggerated adipose tissue due to an 

imbalance between energy intake and expenditure is 

responsible for obesity (Pérez-Hernández et al. 2014, 

Fuster et al. 2016). In recent years, substantial evidence 

has been found that there is a direct correlation between 

exaggerated adipose tissue and cancer progression 

(Eheman et al. 2012). Adipose tissue mainly consists of 

fat storage cells called adipocytes which secrete 

adipokines such as growth factors, cytokines, 

chemokines and hormones (Deng & Scherer 2010, 

Dumas & Brisson 2021). These adipokines have a 

crucial role in tumor growth, migration and invasion due 

to their paracrine signaling function. This feature of 

adipokines can alter tumor microenvironment which has 

a prominent role in carcinogenesis and includes several 

cell types such as adipocytes, immune cells, endothelial 

cells, fibroblasts and cancer-associated fibroblasts 

(Nieman et al. 2011, Toren et al. 2013, Augsten 2014, 

Park et al. 2014, Pérez-Hernández et al. 2014, Lengyel 

et al. 2018, Zhang & Scherer 2018, Quail & Dannenberg 

2019). 

Prostate cancer is the second most common cancer 

type among men worldwide with estimated 1,414,259 

newly diagnosed cases in 2020 (GLOBOCAN 2020: New 

Global Cancer Data|UICC n.d.). Adipose tissue 

surrounds the prostate tissue and may lead to prostate 

cancer development (Price et al. 2012). According to 

epidemiological studies, the accumulation of adipose 

tissue is associated with prostate cancer aggression, 

recurrence and mortality (Calle et al. 2003, Freedland et 

al. 2009, Hu et al. 2014a, b). Additionally, it is known that 

adipocytes trigger prostate cancer malignancy by 

inducing epithelial-mesenchymal transition (EMT) (Jung 

et al. 2013, Su et al. 2019). EMT is a process that cancer 

cells can undergo during migration, invasion and 

consequently correlates with high mortality rates 

(Sherman et al. 2020). Several cellular markers such as 

Vimentin, Snail, Twist, Slug, MMP’s-2,3,9 play roles in 

EMT (Wallerand et al. 2010). In addition to other genes, 

Cyclin D and AKT also relate with EMT. Furthermore, 

EMT is significantly associated with the contribution to 

the metastatic castration-resistant prostate cancer 

(mCRPC) progression and metastasis (Matuszak & 

Kyprianou 2011). 

Previous studies showed that adipose tissue stimulate 

prostate cancer aggressiveness, through the increased 

expression of proinflammatory mediators. These 

mediators induce the activation of JAK/STAT, ERK, 

and PI3K signaling, thus leading to evasion of apoptosis, 

stimulating proliferation and invasion of cells (Deep & 

Schlaepfer 2016, Neurath & Finotto 2011, Nguyen & 

Tewari 2014, Ribeiro et al. 2012,). Diet-induced obesity 

has been shown to increase prostate cancer proliferation, 

invasion, migration, and also matrix metallopeptidase 

(MMP)-9 activity in a murine model (Price et al. 2012). 

A wide range of studies have demonstrated that obesity 

was positively associated with more aggressive PCa, 

whereas the exact molecular mechanisms that contribute 

to PCa progression remain unclear. In this study, we 

aimed to investigate the possible molecular mechanism 

between obesity and prostate cancer progression in 

respect to EMT expression of the cells. We used 

condition medium (CM) as an indirect co-culture model 

that could mimic the interaction between differentiated 

3T3F44-2A pre-adipocytes and prostate cancer cell line 

(PC3). 

Materials and Methods 

Cell Culture and Differentiation 

The pre-adipocyte cells 3T3F44-2A (EF3002; 

Kerafast) and PC3 cells were cultured in Dulbecco’s 

Modified Eagle Medium with 4.5 g/L D-glucose (DMEM, 

Invitrogen, Gibco, UK) containing 10% fetal bovine 

serum (FBS, Invitrogen, Gibco, UK) and 1% of 

penicillin/streptomycin/amphotericin (PSA, Invitrogen, 

Gibco, UK) (also called as DMEM high complete media) 

and incubated in a 5% CO2 humidified incubator. The pre-

adipocyte cells were seeded into T-25 cell culture flask at 

a concentration of 1.5x105 cells/flask. They were cultured 

in DMEM high complete media and incubated in a 5% 

CO2 humidified incubator for post-confluence. 

Adipogenic induction medium [DMEM high complete 

media containing 0.25 μmol/L dexamethasone, 0.5 

mmol/L isobutylmethylxanthine (ibmx) and 1 μmol/L 

insulin] were added onto the cells to start differentiation. 

After 2 days, the medium was changed with a new DMEM 

high complete media and 1 μmol/L insulin. Then the 

medium was changed with only DMEM high complete 

media every day up to day 10. 

CM Collection and Controlling Differentiation 

The medium was collected three times between days 

6-10 of differentiation for obtaining CM, filtered through 

0.22 nm filter and stored at -20°C. After the 

differentiation period, the cells were fixed with 4% PFX 

and oil red o staining (#1391, Sigma –Aldrich, Darmstadt, 

Germany) was performed to detect lipid droplets 

according to the manufacturer's instructions. The cells 

were collected to isolate total mRNA and qPCR analysis 

were done with adipogenesis-specific marker genes to 

check differentiation. 

Cell Viability Assay (MTS) 

MTS assay (3-(4,5-di-methyl-thiazol-2-yl)-5-(3-

carboxy-methoxyphenyl)-2-(4-sulfo-phenyl)-2H-

tetrazolium) (#G3582, CellTiter96 AqueousOne 

Solution; Promega, Southampton, UK) was performed 

to evaluate the effects of different concentrations of 

CM on the cell viability of the PC3 cells. The cells were 

seeded onto 96-well plates at a concentration of 5x103 

cells/well. The next day, five different concentrations 

of the CM (10% to 50%, with 10% intervals) were 

administered onto the cells. The assay was performed 

at 24, 48 and 72 hours after administration and 

colorimetric changes in the wells were measured by 

ELISA microplate reader (Biotek, Winooski, VT) at 

495 nm. 
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Annexin V & Dead Cell Assay 

Apoptosis was assessed by the Muse® Annexin V & 

Dead Cell Kit (Merck Millipore, USA and Canada). PC3 

cells were seeded onto 6-well plates at a concentration of 

1.5x105 cells/well. The next after, 20% CM which was 

decided according to MTS results was applied onto the 

cells. 48 hours later, the cells were collected and Annexin 

V assay was performed according to the manufacturer's 

instructions and Muse® Cell Analyser was used to 

analyse. 

Cell Cycle Assay 

Cell cycle position was determined by Muse® Cell 

Cycle Kit (Merck Millipore USA and Canada). PC3 cells 

were seeded onto 6-well plates (1.5x105 cells/well). The 

next day, 20% CM was applied onto the cells. 48 hours 

later, the cells were collected and fixed in 70% ethanol at 

-20°C for 2 hours. Cell Cycle reagent was used according 

to the manufacturer's instructions and Muse® Cell 

Analyser was used for the analysis. 

Quantative Polimerase Chain Reaction (qPCR) 

The expressions of adipogenesis-related genes such as 

CEBPα, FABP4, GLUT4, and PPARγ in differentiated 

3T3F44-2A were evaluated. The expression levels of 

proliferation and EMT-related genes in PC3 cells under 

the 20% CM administration were also determined. The 

cells were seeded onto 6-well plates (1.5x105 cells/well). 

The next day, 20% CM was applied onto the cells. 48 

hours later, the cells were collected and RNA isolation 

was performed by using High Pure RNA Isolation Kit 

(Roche) according to the manufacturer's instructions. 

Isolated total RNA was used for cDNA synthesis by 

Transcriptor High Fidelity cDNA Synthesis Kit (Roche) 

according to the manufacturer's instructions. SYBR Green 

mix (Applied Biosystems, UK), specific primers for AKT, 

CYCLIN-D1, MMP-9, NFκB, P38 MAPK, SNAIL-1, 

TWIST, and VIMENTIN and synthesized cDNA were 

mixed for qPCR reaction by running iCycler RT-PCR 

system (CFX Real Time System; Bio-Rad, Singapore). 

Western Blot Analysis 

Proliferation and EMT-related protein expression 

levels of the PC3 cells under the 20% CM administration 

were evaluated by western blot analysis. The cells were 

seeded onto 6-well plates (1.5x105 cells/well). The next 

day, 20% CM was applied onto the cells. 48 hours later, 

the cells were collected and protein isolation was 

performed. RIPA buffer with protease inhibitor cocktail, 

PMSF and sodium orthovanadate (Santa Cruz 

Biotechnology, USA) were used for protein isolation. The 

concentrations of the isolated proteins were measured by 

Bicinchoninic acid Assay (BCA) (Thermo Scientific™, 

Waltham, MA USA). The proteins were electrophoresed 

in Any kD™ Mini15 PROTEAN® TGX Stain-Free™ 

precast gels (Bio-Rad, USA). After electrophoresis, the 

proteins were transferred from gel to nitrocellulose 

membrane and incubated primary antibodies p-Akt 

(#4060 Cell Signaling Technology), Akt (#9272, Cell 

Signalling Technology, USA), NFκB(#8242; Cell 

Signaling Technology), (Snail (#3895 Cell Signaling 

Technology), Vimentin (#5741 Cell Signaling 

Technology) and Gapdh (#5174 Cell Signaling 

Technology) for overnight at 4°C. The next day, the 

membranes were washed and treated with secondary 

antibodies (anti-rabbit, #7074 Cell Signaling Technology) 

for 1 hour at room temperature (RT). The bands were 

photographed ChemiDoc MP imaging system (Bio-Rad, 

USA) and the band intensities were calculated by Image 

Lab software program. 

Scratch Assay 

To evaluate the migration capacities of PC3 cells 

under 20% CM administration, the cells were seeded onto 

6-well plates at a concentration of 1.5x105 cells/well. The 

next day, scratch model was formed with the help of a 

sterile pipette and 20% CM was applied. At 0 and 24 

hours, each well was photographed at three randomly 

selected areas using the Zeiss PrimoVert light microscope 

with an AxioCam ERc5s camera (Carl Zeiss Microscopy, 

LLC, Thornwood, NY, USA) and the closure area rate 

were calculated.  

Statistical Analysis 

One-way analysis of variance (ANOVA) followed by 

Tukey's post hoc test was used for statistical analysis. 

Differences with p values less than 0.05 were considered 

statistically significant. 

Abbreviation List 

BCA Bicinchoninic Acid Assay 

CM Condition Media 

EMT Epithelial-mesenchymal Transition 

mCRPC Metastatic Castration-resistant Prostate Cancer 

WHO World Health Organization 

FBS Fetal Bovine Serum 

PSA Penicillin/Streptomycin/Amphotericin 

qPCR Quantative Polimerase Chain Reaction 

ANOVA Analysis of Variance 

DMEM Dulbecco’s Modified Eagle Medium 

Results 

Pre-adipocytes were successfully differentiated into 

mature adipose cells and CM were collected 

CM of the differentiated pre-adipocyte were collected 

between days 6-10 of differentiation. To check the 

differentiation, lipid droplets where localized in the 

differentiated cells were detected with oil red o staining. 

While the control group (undifferentiated group) was not 

stained with oil red o, differentiated group was profusely 

stained (Fig. 1a). Besides, expressions of the 

adipogenesis-related genes such as CEBPα, FABP4, 

GLUT4 and PPARγ were significantly overexpressed in 

the differentiated group compared to undifferentiated pre-

adipocytes (Fig. 1b). 
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While the selected dose of CM, which increased the 

cell viability of the PC3 cells, did not display apoptotic 

activity, it caused accumulation of the cells in G2/M 

phase. 

To decide non-toxic concentration of the CM for 

further experiments, MTS assay was done. While other 

doses did not display any significant effect on the cell 

viability of PC3 cells, 20% CM administration 

significantly increased the cell viability of the cells at 48 

and 72 hours. In order to assess the non-toxic effect of 

20% CM on PC3 cells, Annexin V/PI assay was carried 

out. Similar apoptotic rates were detected in control 

(⁓6.55%) and 20% CM (⁓7.25%) groups. Moreover, cell 

cycle distribution of the PC3 cells under 20% CM 

administration were detected with cell cycle analysis. The 

percentage of the cells in G0/G1 phase was significantly 

decreased in 20% CM group (⁓42.7%) compared to the 

control group (⁓48.1%), while percentages of the cells in 

S phase were similar in both groups. The most dramatic 

change was detected in G2/M phase. 20% CM caused 

accumulation of the PC3 cells in G2/M phase at a 

percentage of ⁓34.4% while in the control group, this ratio 

was ⁓27.0%.  

The proliferation and EMT-related markers were 

significantly upregulated with 20% CM administration 

Proliferation and EMT-related gene expressions 

analyses were performed with qPCR. Firstly, expression of 

proliferation related genes such as AKT, CYCLIN-D1, NF-

κB and P38-MAPK were evaluated in 48 h. 20% CM 

significantly increased AKT, CYCLIN-D1, NF-κB and 

P38-MAPK by 2.64 ± 0.43, 2.62 ± 0.48, 1.83 ± 0.20 and 

1.95 ± 0.38 folds, respectively. EMT-related genes 

including SNAIL-1, MMP-9, TWIST and VIMENTIN 

were also determined after 20% CM administration. The 

applied dose of CM caused significantly overexpression in 

SNAIL-1 (1.67 ± 0.41), MMP-9 (1.95 ± 0.33), TWIST 

(2.59 ± 0.35) and VIMENTIN (3.91 ± 0.5). Moreover, the 

effects of 20% CM on proliferation and EMT-related protein 

expression levels were detected in western blot analysis. 

While 20% CM did not affect AKT, the expression level of 

p-AKT, active form of AKT, was significantly 

overexpressed by 1.70 ± 0.06 fold. NF-κB and SNAIL-1 

levels were significantly upregulated by 1.51 ± 0.04 and 1.58 

± 0.05 folds, respectively, but VIMENTIN level (1.03 ± 

0.07) was not changed compared to the control group.

 

Fig. 1. a. Representative images of oil red o stained undifferentiated (control) and differentiated preadipocytes (DIFF), b. the expression 

levels of adipogenic marker genes, CEBPα, FABP4, GLUT4, and PPARγ. *p<0.05. 
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Fig. 2. a. The effects of different concentrations of CM (10-50%) on cell viability of PC3 cells for 24, 48 and 72 h, b. Annexin V-PI 

apoptosis analysis results of 20% CM treated and untreated (Control) PC3 cells for 48 h. Bar graph indicates the percentages of viable 

and apoptotic cells, c. cell cycle distribution of the 20% CM treated and untreated (Control) PC3 cells for 48 h. Bar graph indicates the 

percentages of the cell cycle distribution. *p<0.05. CM: Conditioned Medium.  

 

Fig. 3. Related expression levels of 20% CM treated and untreated (Control) PC3 cells for 48 h, a. gene, b. protein. *p<0.05. CM: 

Conditioned Medium. 
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Fig. 4. Scratch assay photographs of 20% CM treated and untreated (Control) PC3 cells at 0 and 24 h.  Bar graph indicates the 

percentage of wound closure. *p<0.05. CM: Conditioned Medium. 

20% CM contributed to migration of PC3 cells in 

scratch assay 

To detect the effects of 20% CM on the migration 

capacities of the PC3 cells, scratch assay was carried out. 

Each well was photographed at 0 h and 24 h and the 

closure area rate was calculated. The results indicated that 

20% CM significantly enhanced migration capacities of 

the PC3 cells compared to the control group. 20% CM 

administration caused 91.83% ± 1.16 closure rate, while 

66.83% ± 6.88 closure area rate was calculated in the 

control group. 

Discussion 

Over 1.9 billion adults were overweight and more than 

650 million of these were obese in 2016, based on WHO 

data (OECD/WHO, 2020). The high population rate of 

obese patients requires a good comprehension of 

associated diseases and treatments since obesity brings 

along multiple metabolic and cardiovascular diseases, 

endocrine problems and cancer progression (Bray 2002, 

Eckel et al. 2005, Tumminia et al. 2019, Zalesin et al. 

2008).  Several studies suggest that obesity promotes 

prostate cancer aggressiveness and incidence (Hu et al. 

2014a, Su et al. 2019). However, the possible molecular 

mechanism of obesity-associated prostate cancer 

progression and metastasis still remains blurry and needs 

to be elucidated.  

This study aims to demonstrate the effect of 

differentiated pre-adipocytes on metastatic castration-

resistant prostate cancer proliferation and migration via 

indirect co-culture by using CM from differentiated pre-

adipocytes. The indirect co-culture model was 

successfully used to reveal obesity-breast cancer cells of 

different p53 statuses (Abdik 2021). CM was collected in 

the adipocyte maturation phase (days 6-10). According to 

the previous studies, CM includes several extracellular 

vesicles, growth factors, cytokines and could promote 

cancer cell proliferation and migration (Dowling & 

Clynes 2011, Ko et al. 2019). These secretory adipokines 

of differentiated preadipocytes can induce EMT which is 

a critical process in transforming tumor cells into 

aggressive cells (Lee et al. 2015, Su et al. 2019). 

 In the present study, 20% CM of differentiated pre-

adipocytes increased the cell viability of PC3 without 

displaying significant apoptotic cell death in other 

treatment groups. Moreover, most of the PC3 prostate 

cancer cells accumulated in G2/M phase. In gene 

expression analysis, CM increased expressions of the 

proliferation-related genes AKT, CYCLIN-D1, NF-κB 

and P38-MAPK in PC3 cell line. Proliferation-related 

protein upregulations of p-AKT and NF-κB were also 

upregulated. This increase of cell viability can associate 

with the low prognosis of the prostate cancer in 

overweight patients. 

Recent studies have demonstrated that adipocytes can 

trigger cancer cell proliferation, migration, and metastasis 

by inducing EMT (Lee et al. 2015, Su et al. 2019). 

Dysfunctional adipocytes enhance the malignancy of 

prostate cancer by inducing EMT (Jung et al. 2013, Su et 

al. 2019). In the present study, the relation between 

obesity-associated EMT and prostate cancer progression 

was proven by scratch assay, qPCR and Western blotting. 

Our findings indicated that 20% CM administration 

caused upregulation of EMT markers, SNAIL-1, MMP-9 

and TWIST. Riberio et al. (2012) reported that 

periprostatic adipose tissue CM enhances prostate cancer 

proliferation through increased MMPs, which has a 

central role in tumor progression with the association of 

EMT (Ribeiro et al. 2012). However, as one of the 

hallmarks of EMT, we did not observe any significant 

difference of Vimentin expression. In addition, migration 

capacities of the CM treated PC3 cells were higher than 

the untreated group. The treated cells closed the gap much 

faster due to the induction of EMT. Su et al. (2019) have 

also shown that the co-culture of adipose stromal cells 

with LNCap and PC3 prostate cancer cell lines enhances 

the migration of the cells. Moreover, EMT significantly 

contributes to metastatic castration-resistant prostate 

cancer (mCRPC) progression and metastasis (Matuszak & 
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Kyprianou 2011). Overall, the up regulation of EMT-

related genes and the scratch assay results indicate the 

enhanced migratory effect of the prostate cancer cell 

which can accelerate the spread of the cancer cells to other 

tissues and organs. 

In conclusion, adipocytes, which increased as a result of 

the progression of obesity has a quiet substitutional role in 

the progression of prostate cancer and this study suggests 

that CM of differentiated pre-adipocytes may promote 

prostate cancer progression through inducing EMT. 

Understanding the role of adipocytes on prostate cancer 

progression could allow new therapeutic developments and 

increase obese patient survival. As a new approach to 

determine the obesity-cancer link, our model experiment 

may also be helpful for other cancer types. 
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