
General Physiology and Biophysics
Revised manuscript #1

Title: Novel insights into the combined effect of triorganotin compounds and all-trans retinoic
acid on expression of selected proteins associated with tumor progression in breast cancer cell 
line MDA-MB-231: Proteomic approach
Running title: Combined effect of triorganotin compounds and ATRA
Create date: 2018-10-25

Name Affiliations

Dana Strouhalova 1. Institute of Analytical Chemistry of the CAS, v.v.i., Brno, 
Czech Republic

Lucia Toporova 1. Institute of Experimental Endocrinology, BMC, SAS, 
Bratislava, Slovakia

Marketa Lastovickova 1. Institute of Analytical Chemistry of the CAS, v.v.i., Brno, 
Czech Republic

Dana Macejova 1. Institute of Experimental Endocrinology, BMC, SAS, 
Bratislava, Slovakia

Janette Bobalova 1. Institute of Analytical Chemistry of the CAS, v.v.i., Brno, 
Czech Republic

Julius Brtko 1. Institute of Experimental Endocrinology, BMC, SAS, 
Bratislava, Slovakia

Corresponding author: Janette Bobalova <bobalova@iach.cz>

Abstract
Trialkyltins and triaryltins function as nuclear retinoid X receptors (RXR) agonists due to their 
affinity to the ligand-binding domain of RXR subtypes and function as transcriptional activators. 
We present the data on combined effects of all-trans retinoic acid (ATRA), RAR ligand and 
tributyltin chloride or triphenyltin chloride (RXR ligands) on protein pattern in MDA-MB-231 
cells. Proteomic strategies based on bottom-up method were applied in this study. The total cell 
proteins were extracted, separated on 2D SDS-PAGE and their characterization was achieved by 
MALDI-TOF/TOF MS/MS. By employing PDQuest™ software, we identified more than 30 
proteins differently affected by the above compounds. For further studies, we selected specific 
proteins associated either with metabolic pathway (glyceraldehyde-3-phosphate dehydrogenase) or 
to cellular processes as apoptosis, regulation of gene transcription or epithelial–mesenchymal 
transition (annexin 5, nucleoside diphosphate kinase B and vimentin). We have found that treatment
of MDA-MB-231 cells with triorganotins reduced the expression of studied proteins. Moreover, the 
treatment of MDA-MB-231 cells with triorganotin compounds together with ATRA resulted in an 
additional reduction of annexin 5, vimentin and nucleoside diphosphate kinase B. These results 
demonstrate that RXR/RAR heterodimer may act under this experimental design as permissive 
heterodimer allowing activation of RXR by triorganotins.

Keywords: Breast cancer; Triorganotin compounds; Retinoids; Proteomics

Response to reviews:



response to reviews file - download

Supplementary files
Fig. S1 - download

Tables:
Tab. 1 - download

https://mmplus.sav.sk/MMPlus2/api/download/articleFile/98058/Seo57rjN8zNNiXc2LbQxfGe4hbYVuOGO6929Akfra6yj9kVJSYMslQXAgFm4Gi6F
https://mmplus.sav.sk/MMPlus2/api/download/articleFile/98052/EEmwfXcbjqy5W6dvnaljxTNhqNIRknLd0px8xOV21Wl74ocCZOgToLfyi2m2xJm8
https://mmplus.sav.sk/MMPlus2/api/download/articleFile/98051/Gtni1M5DA9ED7cP2cCPxHOM4JbsbX1MWBByvYgG33WiVFH8tIlCrnvkwHJpEqJ9p


 

Abbreviations: ANXA5, annexin A5; ATRA, all-trans retinoic acid; EMT, epithelial 

mesenchymal transition; G3P, glyceraldehyde-3-phosphate dehydrogenase; MDA-MB-231, 

breast cancer cell line, NDKB, nucleoside diphosphate kinase B; 9cRA, 9-cis retinoic acid; 

RAR, nuclear retinoic acid receptor; RXR, nuclear retinoid X receptor; TBT-Cl, tributyltin 

chloride; TPT-Cl, triphenyltin chloride; VIME, vimentin 

Novel insights into the combined effect of triorganotin compounds and all-trans 1 

retinoic acid on expression of selected proteins associated with tumor 2 

progression in breast cancer cell line MDA-MB-231: Proteomic approach 3 

 4 

 5 

Dana Strouhalova1, Lucia Toporova2, Marketa Lastovickova1, Dana Macejova2, Janette 6 

Bobalova1*, Julius Brtko2 7 

 8 

1Institute of Analytical Chemistry of the CAS, v. v. i., Brno, Czech Republic 9 

2Institute of Experimental Endocrinology, BMC, Slovak Academy of Sciences, Bratislava,  10 

Slovak Republic 11 

 12 

 13 

First author e-mail: strouhalova@iach.cz 14 

 15 

*Corresponding author:  16 

Janette Bobalova 17 

Institute of Analytical Chemistry of the CAS, v. v. i. 18 

Veveří 97 19 

602 00 Brno 20 

Czech Republic  21 

Phone: +420 532 290 106 22 

Fax:  +420 541 212 113 23 

e-mail: bobalova@iach.cz 24 

 25 

 26 

 27 

 28 

 29 

 30 

mailto:strouhalova@iach.cz
mailto:bobalova@iach.cz


2 

 

 

 31 

  32 

Abstract 33 

 34 

Trialkyltins and triaryltins function as nuclear retinoid X receptors (RXR) agonists due to 35 

their affinity to the ligand-binding domain of RXR subtypes and function as transcriptional 36 

activators. We present the data on combined effects of all-trans retinoic acid (ATRA), RAR 37 

ligand and tributyltin chloride or triphenyltin chloride (RXR ligands) on protein pattern in 38 

MDA-MB-231 cells. Proteomic strategies based on bottom-up method were applied in this 39 

study. The total cell proteins were extracted, separated on 2D SDS-PAGE and their 40 

characterization was achieved by MALDI-TOF/TOF MS/MS. By employing PDQuest™ 41 

software, we identified more than 30 proteins differently affected by the above compounds. 42 

For further studies, we selected specific proteins associated either with metabolic pathway 43 

(glyceraldehyde-3-phosphate dehydrogenase) or to cellular processes as apoptosis, regulation 44 

of gene transcription or epithelial–mesenchymal transition (annexin 5, nucleoside diphosphate 45 

kinase B and vimentin). We have found that treatment of MDA-MB-231 cells with 46 

triorganotins reduced the expression of studied proteins. Moreover, the treatment of MDA-47 

MB-231 cells with triorganotin compounds together with ATRA resulted in an additional 48 

reduction of annexin 5, vimentin and nucleoside diphosphate kinase B. These results 49 

demonstrate that RXR/RAR heterodimer may act under this experimental design as 50 

permissive heterodimer allowing activation of RXR by triorganotins. 51 

 52 

 53 
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 57 

Introduction 58 

 59 

Nuclear retinoic acid receptors (RARs) and nuclear retinoid X receptors (RXRs) are 60 

retinoid/rexinoid inducible transcription factors that play an irreplaceable role in many tissues 61 

of higher vertebrates. The retinoid receptors are considered to be ligand-activated, DNA-62 

binding, trans-acting, transcription-modulating proteins (Lotan 1995; Sun and Lotan 2002; 63 

Brtko and Dvorak 2011; Brtko and Dvorak 2015). In addition, their presence in the organism 64 

together with their cognate biologically active ligands is essential for many important 65 

functions, e.g. cell growth and differentiation, they play an important role in embryonic 66 

development, reproduction and apoptosis. Dysfunction of nuclear receptor signaling leads to 67 

cell proliferation defects, reproductive and metabolic diseases such as infertility, obesity and 68 

diabetes.  69 

Both, retinoids and rexinoids are either natural or synthetic compounds related to 70 

retinoic acids (RAs) that act through interaction with two basic types of nuclear receptors 71 

belonging to the nuclear receptor superfamily: retinoic acid receptors (RARα, RARβ and 72 

RARγ) and retinoid X receptors (RXRα, RXRβ and RXRγ) (Germain et al. 2006; Perez et al. 73 

2012). Retinoids are known to inhibit carcinogenesis, suppress tumor growth, and induce 74 

tumor cell differentiation and invasion in a variety of tissues. A number of retinoids and 75 

rexinoids acting through their cognate nuclear receptors have been tested both, in vitro and in 76 

vivo, using cell cultures or animal models (Flodrova et al. 2015; Macejova at al. 2009; Chen 77 

et al. 1995). They are considered to be promising anti-cancer drugs for a variety of cancers 78 

(Lin el al. 1999; Garattini et al. 2007) but on the other hand, they are teratogenic (Hinds et al. 79 

1997). It has been described that retinoids are able to inhibit mammary gland cancer at animal 80 

and human breast cancer (Macejova el al. 2001). The inhibition of breast cancer cell 81 

proliferation by retinoids is accomplished by blocking cell cycle progression in the G1 phase. 82 
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All-trans retinoic acid (ATRA) has been shown to slow the progression of human mammary 83 

carcinoma cells (MCF-7) in vitro (Danforth 2004).  84 

Triorganotin compounds contain a group of organometallic moieties characterized by a 85 

Sn atom covalently bound to one or more organic substituents, while some of them represent 86 

pollutants of organic origin, e.g.: biocides and fungicides exploitable predominantly in 87 

agriculture or disinfecting preparations exploitable for adjustment of cooling liquids in 88 

industry (Baldi and Mantovani 2008). Stability studies of tributyltin and triphenyltin 89 

compounds in water model reported high stability for both tested derivatives (Novotny at al. 90 

2018). A notable breakthrough in this field came out with the important findings that a group 91 

of triorganotin compounds possesses capability to disrupt endocrine system (le Maire et al. 92 

2009). Several of them have been gaining a growing importance in oncology (Alama et al. 93 

2009), since they might affect a variety of nuclear receptor signaling pathways through their 94 

effect on RXR subtypes. They are agonists of RXR subtypes acting in nanomolar 95 

concentrations (Nakanishi 2008). Early studies based on investigations of the selected 96 

triorganotin derivatives have shown that these compounds may also modulate steroid 97 

hormone synthesis, change mRNA concentration and the activity of the steroidogenous 98 

enzymes in various cell lines (Nakanishi 2008). Moreover, they significantly suppress growth 99 

of breast cancer cells; the effectiveness is higher at the early stages of breast cancer and lower 100 

at some aggressive types of tumors (Brtko and Dvorak 2015). The most of triorganotins are 101 

DNA-targeted and mitotic, the action mode occurring via gene-mediated pathway, they are 102 

efficacious and might be curative against a select number of neoplasias with a tendency to 103 

elicit drug resistance (Tabassum and Pettinary 2006). Recent study also shown that tributyltin 104 

chloride (TBT-Cl) and triphenyltin chloride (TPT-Cl) have different effect on cell 105 

proliferation and expression of levels of apoptotic protein markers levels in human breast 106 

cancer MCF-7 cell line (Fickova et al. 2015). In 2009, Osman et al. reported proteomic 107 
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profiling of mouse thymoma cells treated with tributyltin oxide and found that this compound 108 

altered the expression levels of 12 proteins, including prothymosin alpha (Osman et al. 2009). 109 

Nevertheless, triorganotin-induced cytotoxicity involves different mechanisms of action 110 

depending on the compound, concentration, and incubation time (Ferreira et al. 2013). In SH-111 

SY5Y neuroblastoma cell line, intensive studies confirmed that tributyltin chloride causes 112 

apoptosis (Qing et al. 2013) and endoplasmic reticulum stress via Ca2+ depletion (Isomura et 113 

al. 2013).  114 

Both oxidative damage and increased concentration of intramolecular calcium ions 115 

seem to be major factors contributing to triorganotin-induced apoptosis in many cell lines 116 

(Varela-Ramirez et al. 2011). Recently, the differences of the TBT-Cl and TPT-Cl action in 117 

both toxicity and selected RAR and RXR subtype mRNA expression patterns in human breast 118 

cancer MCF-7 and MDA-MB-231 cell lines, have been shown (Hunakova et al. 2016). 119 

Bohacova et al. (2018) assumed that triorganotin derivatives induce cell death effect on 120 

L1210 leukemia cells at submicromolar concentrations independently of P-glycoprotein 121 

expression. A recent study also examined both agonistic as well as antagonistic effects of 122 

selected triorganotin compounds on vitamin D3 receptor and the peroxisome proliferator-123 

activated receptor gamma (Toporova et al. 2018). 124 

The effect of retinoid receptor ligand of natural origin (ATRA) together with synthetic 125 

retinoid X ligands was studied. The aim of this study was to investigate the biological effects 126 

of selected environmental endocrine disruptors, tributyltin or triphenyltin compounds (RXR 127 

ligands), in the absence or presence of all-trans retinoic acid, a natural RAR ligand.  128 

 129 

 130 

 131 

 132 
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Materials and Methods 133 

Chemicals and Samples 134 

All-trans retinoic acid (ATRA), tributyltin chloride (TBT-Cl) and triphenyltin chloride 135 

(TPT-Cl), Dulbecco´s modified Eagle´s medium (DMEM), fetal bovine serum (FBS), Radio-136 

Immunoprecipitation Assay (RIPA) buffer and other conventional chemicals were obtained 137 

from Sigma (Schnelldorf, Germany). Penicillin/streptomycin, gentamicin and glutamine were 138 

from PAA Laboratories GmbH (Cölbe, Germany). Enzymes were obtained from Roche 139 

Diagnostics (Mannheim, Germany). ZipTip C18 pipette tips were purchased from Merck 140 

Millipore (Billerica, MA, USA) and alpha-cyano-4-hydroxycinnamic acid was purchased 141 

from LaserBio Labs (Sophia-Antipolis Cedex, France).  142 

 143 

Cell culture 144 

The estrogen receptor negative breast carcinoma cell line MDA-MB-231 was obtained 145 

from the HPACC (Health Protection Agency Culture Collections, Salisbury, U.K.), grown 146 

and passaged routinely as monolayer cultures in 75 cm2 flasks (Sarstedt, Germany). The cells 147 

were used at passages 10-30. Cells were seeded in Petri dishes (Sarstedt, Germany) in 148 

Dulbecco´s modified Eagle´s medium (DMEM) supplemented with 10% fetal bovine serum 149 

(FBS), glutamine and antibiotics (penicillin/ streptomycin, gentamicin) and cultured at 37°C 150 

in humidified atmosphere of 5 % CO2. The cells were treated for 48 h either with 1 µmol/L 151 

all-trans retinoic acid (ATRA), 100 nmol/L tributyltin chloride (TBT-Cl) or triphenyltin 152 

chloride (TPT-Cl) individually, or with their combination with ATRA. Compounds at 153 

selected concentration were dissolved in ethanol and then added into medium. Control cells 154 

were incubated with particular concentration of ethanol. After incubation, cells were washed 155 

twice with ice-cooled PBS. The cell lysis was made according to an instruction manual of the 156 

RIPA (Radio-Immunoprecipitation Assay) buffer. The cell lysates were stored at -70 °C for 157 
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further analysis. Protein concentrations were assessed using the Lowry assay. Each 2D-PAGE 158 

gel was performed from six culture plates. 159 

 160 

2D-PAGE 161 

2D-PAGE was performed using ReadyPrep 2D Starter Kit, ReadyStrip IPG strips 7 cm, 162 

pH 3 – 10 nonlinear and 4 – 20 % Mini-Protean TGX gel (all from Bio-Rad, Hercules, CA, 163 

USA). Samples were dialyzed against deionized water using Slide A Lyzer Dialysis Cassettes 164 

(Thermo Fisher Scientific, Waltham, MA, USA) with 2 kDa cut-off and lyophilized.  165 

Purified samples were dissolved in 300 μL of rehydration/sample buffer and the IPG 166 

strip was passively rehydrated using 125 μL of reconstituted sample overnight at room 167 

temperature. Then, IEF was running with the maximum current of 50 μA/strip. After IEF, IPG 168 

strips were equilibrated according to the manufacturer’s instructions and placed on the top of 169 

the Mini-Protean TGX gel. Gel electrophoresis was performed at constant voltage of 160 V. 170 

Approximately, 4 µg of each samples was loaded on 2D SDS-PAGE. The protein 171 

visualization was carried out using Coomassie Brilliant Blue G 250 dye. 172 

 173 

In-gel digestion  174 

Stained protein spots were excised from the gel and digested (after reduction with 10 175 

mmol/L dithiothreitol and subsequent alkylation with 55 mmol/L iodoacetamide) with trypsin 176 

(digestion buffer: 50 mmol/L NH4HCO3, 5 mmol/L CaCl2, 12.5 ng/μl of enzyme) overnight at 177 

37 °C. The resulting tryptic peptides were extracted from the gel by three changes of 0.1% 178 

trifluoroacetic acid (TFA) and acetonitrile solution (1:1, v/v). Combined extracts were finally 179 

dried in the Speed-Vac centrifuge. For mass spectrometric analyses, the samples were purified 180 

by ZipTip C18 (Millipore). 181 

 182 
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Mass spectrometry and database searching 183 

A solution of α-cyano-4-hydroxycinnamic acid (10 mg/mL in acetonitrile/0.1% TFA, 184 

1:1, v/v) for dried-droplet preparation was used for mass spectrometric analysis of peptides. 185 

MALDI-TOF MS experiments in positive ion reflectron mode were performed on AB SCIEX 186 

TOF/TOF™ 5800 System (AB SCIEX, Framingham, MA, USA) equipped with a 1 kHz 187 

Nd:YAG laser. Acquired mass spectra were processed using TOF/TOF Series Explorer 188 

software and the data were submitted to the Mascot database searching. Protein identifications 189 

were assigned using the Swiss-Prot and NCBInr databases with taxonomy restriction to Homo 190 

sapiens. Maximum tolerance for peptide masses was 0.5 Da and fragment error was set to 0.2 191 

Da. Additional parameters used: enzyme trypsin; allowed missed cleavages: up to one, fixed 192 

modification: carbamidomethyl, variable modification: oxidation of methionine; peptide 193 

charge: +1; monoisotopic masses; instrument MALDI-TOF/TOF. 194 

 195 

Statistical analyses 196 

According to PDQuest analyses, the data were presented as the means ± SD (standard 197 

deviation) from three independent experiments. Statistical analyses were performed with 198 

Student’s t-test.  199 

 200 

 201 

Results  202 

Proteomic analysis of differently treated cells 203 

Both triorganotin chloride derivatives alone or in combination with ATRA, natural 204 

nuclear retinoid receptor ligand acting via RARs, were used for proteomic studies. The 205 

monitoring of the effects and the changes of protein composition were examined within triple 206 

negative human breast cancer cell line MDA-MB-231. Differently treated samples as well as 207 
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untreated control cell lysates were dialyzed using 2 kDA cut-off cassettes to remove 208 

undesirable components from RIPA lysis buffer and cultivation medium. Purified samples 209 

were freeze-dried and concentrated protein samples were directly separated by 2D gel 210 

electrophoresis. Obtained 2D maps of individual proteins were processed by PDQuest 211 

software™ and compared with focus on quantitative and qualitative changes. In comparison 212 

with the PDQuest 2-D software quantification, the spots, which showed more than a 50% 213 

changes in intensity, were defined and used for tryptic digest, MALDI MS/MS analysis and 214 

identification. The schedule of methodology approaches is described in Fig. 1.  215 

Approximately 30 proteins affected by tributyltin chloride or triphenyltin chloride 216 

were analyzed (Fig. 2). The information about these specific proteins with their biological 217 

role in relationship to breast cancer incidence was summarized in the Table 1.  218 

Obtained 2D qualitative profiles of individual treated samples correspond to our 219 

previous results where the effect of natural retinoids, namely ATRA, 9cRA and their 220 

combination was monitored (Flodrova et al. 2017). Similarly, there are considerable changes 221 

in quantitative representation of several proteins. Protein maps confirm the existence almost 222 

of the same types of genes or groups of genes as found within our previous study on natural 223 

ATRA treatment effect (Fig. S1).   224 

 225 

Monitoring of quantitative changes in selected tumor associated proteins 226 

Accordingly, based on our previous work (Flodrova et al. 2017), we focused on 227 

specific proteins associated with tumor process, namely annexin A5 (ANXA5), vimentin 228 

(VIME), glyceraldehyde-3-phosphate dehydrogenase (G3P) and nucleoside diphosphate 229 

kinase B (NDKB) (Fig. 3). Acquired results from PDQuest software analysis confirm the 230 

decreasing tendency in expression of selected proteins (Fig. 4a). Expression profiles of 231 

studied proteins showed significant change after individual treatment.  232 
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Both types of chloride derivatives (TBT-Cl, TPT-Cl) caused the down-regulation of 233 

protein expression, and the silencing effect was significantly enhanced by combination with 234 

ATRA. Significant effect was evident especially in the case of VIME and NDKB, where the 235 

protein levels were reduced up to 10% (VIME) or were almost completely suppressed 236 

(NDKB) (Fig. 4b). This is in agreement with our previous results reporting the same impact 237 

of ATRA (RAR agonist) and 9cRA (RXR agonist) (Flodrova et al. 2017).  238 

Annexin A5 showed also decreased tendency after triorganotin chlorides (TBT-Cl, 239 

TPT-Cl) treatment, as well as the enhanced effect with ATRA combination. On the other 240 

hand, in our previous study (Flodrova et al. 2017), there was no evidence of an increased 241 

effect of ATRA and 9cRA. Moreover, after treatment by this natural retinoid mixture, the 242 

suppression of ANXA5 was insignificant. In the case of G3P, the reduction of protein 243 

expression was caused by triorganotin chloride derivatives alone as well as by combination 244 

with ATRA in the similar rate. 245 

 246 

Discussion 247 

Our work was focused on the monitoring of biological effects of triorganotin 248 

compounds, synthetic ligands of nuclear retinoid X receptors, in relation to protein profile in 249 

triple negative MDA-MB-231 cells. Used endocrine disrupting chemicals TBT-Cl and TPT-250 

Cl upon binding to the ligand binding domain of RXR subtypes are known to act as nuclear 251 

RXR agonists, and thus they play a role as transcriptional activators of several biological 252 

processes (Toporova et al. 2016). Our research was based on hypothesis that triorganotin 253 

compounds, as RXR agonists, might synergistically enhance antitumor effect of natural RARs 254 

ligand (ATRA). Thus, the aim of current study was profiling of the proteins upon following 255 
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treatment: triorganotin chlorides as RXR agonists, ATRA as a RAR agonist, or their 256 

combination. 257 

In our previous study, the combined treatments of MDA-MB-231 with ATRA and 9-258 

cis retinoic acid (9cRA), natural ligand of RXRs, were applied to investigate their possible 259 

synergistic action. Several proteins, potentially affected by both RXR/RAR ligands, were 260 

clearly demonstrated (Flodrova et al. 2017). Accordingly, we have selected proteins that were 261 

found to be markedly influenced by treatment with ATRA, triorganotins and their 262 

combination and have been associated with cell proliferation, tumor progression and 263 

invasiveness, or with cancer suppression. Based on their role in cells, we sorted these proteins 264 

according to their three crucial biological processes: epithelium-mesenchymal transition 265 

(EMT) process, regulation of apoptosis and glycolysis. Referring to our previous data 266 

(Flodrova et al. 2017), selected proteins in this study confirmed the decreasing tendency of 267 

expression at protein level. Based on their function within cell, their relation to cancer, and 268 

the fact, that their expression or overexpression indicate a poor prognosis, we focused our 269 

attention on VIME, NDKB, ANXA5 and G3P, all mentioned as breast cancer markers with 270 

either pro-oncogene or metastasis suppressor function.  271 

 272 

Epithelium-Mesenchymal Transition (EMT)  273 

 274 

VIME plays a very important role in the process of metastasis and its expression is typical for 275 

neoplastic cells with metastatic properties. The observed protein is a key element regulating 276 

the expression of the EMT-related transcription factors and thus it is associated with the 277 

metastatic spread of cancer. In addition, overexpression of VIME indicates the aggressive and 278 

invasive type of breast cancer (Hemalatha et al. 2013; Bottoni et al. 2016) and correlates with 279 

upregulated migration and invasion of cancer cells (Calaf et al. 2014). Currently, VIME is 280 
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supposed to be a potential therapeutic target for cancer research and mainly for understanding 281 

– how variable expression of VIME can influence the reversible EMT-MET process. Since, 282 

the vimentin represents one of the main factors linked with a poor prognosis in triple negative 283 

breast cancer, our findings on the combined effect of ATRA and triorganotins resulting in 284 

marked decrease of vimentin protein level might be a relevant information for both 285 

experimental and clinician oncologists. 286 

   287 

Apoptosis regulation 288 

 289 

Next identified protein, strongly linked with an aggressive type of breast cancer is protein 290 

NDKB. Nucleoside diphosphate kinase exists in several enzymatically active isoforms and it 291 

is known that regulates angiogenesis (Youn et al. 2008). Currently, NDKB is supposed to 292 

report the distinct function for extracellular and intracellular type of protein. Considering the 293 

variable cell location and given functions, NDKB can operate as a pro-oncogene and 294 

metastasis suppressor, equally (Mandili et al. 2011).  The extracellular NDKB is assumed to 295 

be crucial element in signaling of vascular endothelial cell growth factor (VEGF), whereby is 296 

able to affect an EMT process (Yokdang et al. 2015; Thiery et al. 2009) as well as progress of 297 

metastasis (Serrano-Gomez et al. 2016). Our data clearly demonstrate the combined effect of 298 

ATRA and TBT-Cl on NDKB marked decrease at protein level, as well. 299 

ANXA5 is the protein playing an anti-apoptotic role, promoting metastatic process and 300 

progression of breast cancer (Wehder et al. 2009, Deng et al. 2013; Peng et al. 2014). Our 301 

findings on the reduction of ANXA5 expression by treatment with triorganotin chloride 302 

compounds and ATRA, as negative apoptotic regulators, might be also valuable information.  303 

 304 

Glycolysis regulation 305 
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 306 

G3P represents the key protein of glycolytic and gluconeogenesis processes. G3P 307 

upregulation is accompanied with the upregulations of the other genes from glycolytic 308 

pathway connected with poor prognosis in cancer cells. This G3P associated upregulation is a 309 

crucial regulation factor for study of cancer cell functions and can be useful as a marker of 310 

tumor progression (Pucci-Minafra et al. 2017; Elkhalfi et al. 2012; Wang et al. 2013). 311 

Moreover, together with other genes (cathepsin D, heat shock protein 27 kDa, fructose-312 

bisphosphate aldolase A, alpha-tubulin etc.), G3P protein participates in pathway of MTA-3 313 

downregulation in estrogen negative breast tumors. MTA-3, representing one of the 314 

metastasis-associated genes, is a crucial component of an estrogen dependent pathway 315 

affecting the cell growth and differentiation. Specifically, the lack of both, estrogen receptor 316 

as well as MTA-3, result in activation of the Snail expression (transcriptional repressor) and 317 

EMT process, respectively. MTA-3 is supposed to be a linker between estrogen receptor 318 

absence and invasiveness of breast cancer cells (Kumar 2003; Saha Roy and Vadlamudi 319 

2012). Based on the mentioned facts, observed downregulation of G3P protein by ATRA or 320 

triorganotins provides the tool for the proteomic research approaches with possible 321 

therapeutic application. On the other hand, we did not find the effect of ATRA and 322 

triorganotin on G3P expression at protein level.  323 

All mentioned proteins were strongly affected by triorganotin chlorides treatment 324 

(downregulated or completely reduced). Generally, observed enhancement of protein 325 

suppression, due to combined treatment, confirmed the synergism of both nuclear retinoid 326 

receptor ligands. Moreover, since overexpression of all these proteins has been found in the 327 

human triple negative breast cancer cells, triorganotin-induced silencing of these proteins 328 

indicates the promising perspective for further research. 329 

 330 
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Conclusion 331 

Based on the fact that triorganotin compounds are ligands for nuclear retinoid X 332 

receptors and ATRA is a natural ligand for nuclear retinoid receptors, we applied the 333 

combination of both nuclear receptors cognate ligands in order to investigate their potential 334 

combined effect. Our results have clearly shown that chlorides of triorganotin compounds 335 

affected more than 30 proteins and that the changes observed for these proteins were highly 336 

reproducible. The combined effect of ATRA and triorganotin chlorides predominantly on 337 

VIME, NDKB and ANXA5 downregulation suggests that RXR/RAR heterodimer may act 338 

under this experimental design as a permissive heterodimer allowing activation of RXR by 339 

triorganotins. 340 

In conclusion, our data on combined effect of ATRA and triorganotin chlorides based on 341 

proteomic analysis provide new insights into a role of RXR/RAR heterodimer that behaves in 342 

the case of VIME and NDKB and partly ANXA5 as a classical permissive heterodimer. On 343 

the other hand, the effect of combination ATRA and triorganotin on G3P expression at 344 

protein level was not confirmed.  345 

The knowledge achieved from current studies offers further opportunity to study 346 

triorganotins more intensively in order to enhance antitumor effect of natural or synthetic 347 

RARs ligands and take advantage of the fact on direct activation of RXR by triorganotins. 348 

The activation of ligand inducible transcription factors – nuclear receptors, which forms 349 

conditional types of RXR-RAR heterodimers is extremely complex because activation of 350 

RXRs by either natural ligands (9-cis retinoic acid) or synthetic ligands (triorganotins) may 351 

yield in induction of different regulatory pathways. The further intensive research work on 352 

this topic is warranted.    353 

 354 
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Figure captions 535 

 536 

Fig. 1 Schedule of methodology approaches. 537 

 538 

Fig. 2  2D gel map showing the summary of identified proteins found in sample of 539 

MDA-MB-231 cells treated with TPT-Cl for 48 hours. 540 

 541 

Fig. 3 Overview of 2D maps of protein separation after treatments with individual 542 

triorganotin chloride compounds. Selected proteins are marked in rectangle 543 

marks. 544 

 545 

Fig. 4a  Expression profiles of selected proteins after individual treatment. The images 546 

represent VIME, G3P, NDKB and ANXA5 protein levels after treatment with 547 

tributyltin and triphenyltin chlorides or by their combination with ATRA, vs 548 

ATRA or mock treated samples. 549 

 550 

Fig. 4b  PDQuest analyses results of 2D separation based on automated spot matching 551 

algorithm and normalization between gel maps. Quantitative and/or qualitative 552 

representation of chosen proteins after individual synthetic chloride derivatives 553 

A) triphenyltin chloride, B) tributyltin chloride compared to their combination 554 

with ATRA or to ATRA alone or with mock treated samples. Each bar 555 

represented means ± SD of three separate experiments. *p < 0.05, **p < 0.01 556 

and ***p < 0.001 compared to control group. 557 

 558 
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Fig. S1  Representative 2D-PAGE images for ATRA (lower) treated MDA-MB-231 559 

cells for 48 h and the control sample (upper). 560 

 561 
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