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Retinoic acid affects basic cellular processes and SOX2 and SOX18 expression in breast carcinoma cells
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Abstract: Genetic and molecular heterogeneity, together with intrinsic and acquired resistance to therapy, represent the major obstacles to the successful treatment of different types of breast carcinoma. Increasing evidence demonstrates that SOX transcription factors in breast carcinomas could act both as oncogenes and tumor suppressors and have been associated with tumor stage and grade, poor prognosis, and therapy resistance. Both SOX2 and SOX18 over-expression has been correlated with poor prognosis in breast carcinomas, and these genes are recognized as potential antitumor targets. Our aim was to evaluate the effect of retinoic acid (RA), a well-known cyto-differentiating agent, on breast carcinoma cells in vitro and to investigate the potential of RA treatment to modify the expression of SOX2 and SOX18 genes. By applying various experimental approaches, we evaluated the effect of RA on basic cellular processes in SK-BR-3 and MCF7 breast carcinoma cell lines. We have shown that RA inhibits cell growth, reduces the number of Ki-67 positive cells, and causes cell-cycle arrest. RA effect was more prominent in SK-BR-3 cell line that lacks SOX2 expression, including a higher decrease in cell viability, reduction in colony formation, and significant remodeling of cellular structure. We have shown that RA treatment led to the downregulation of SOX2 expression in MCF7 cells and to the reduction of SOX18 expression in both cell lines. By functional analysis, we showed that the anti-proliferative effect of RA in both cell lines was not based on the activity of stemness marker SOX2, pointing to a SOX2-independent mechanism of action. The ability of RA to reduce SOX2/SOX18 expression raises the possibility that these genes can be used as biomarkers to distinguish RA-responders from non-responders. Together, our study shows that the response of breast carcinoma cell lines to RA treatment may vary, highlighting that the development of RA-based therapy should consider differences in breast carcinoma subtypes.
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Introduction

Breast cancer is a heterogeneous disease, with three major subtypes, estrogen and/or progesterone receptor-positive (ER+/PR+), HER-2 amplified (HER-2+), and triple-negative (ER−/PR−/HER2−) that respond differently to therapy and develop different mechanisms of chemotherapy resistance (Testa et al., 2020). In addition to surgical treatments, radiation and chemotherapy represent important parts of breast cancer therapies. However, many patients develop acquired resistance that prevents response to therapy that was initially effective (Housman et al., 2014). In some cases, intrinsic resistance to chemotherapy is a significant cause of treatment failure (Higgins and Baselga, 2011).

Since various mechanisms could contribute to the chemoresistance of breast cancer cells, the search for promising treatments that would overcome drug resistance is of high priority (Ji et al., 2019).

Breast cancer cells that survive various treatments often exhibit properties of cancer stem cells (Ji et al., 2019; Lee et al., 2011; Nedeljkovic and Damjanovic, 2019; Piva et al., 2014). It was shown that the level of SOX2 transcription factor, one of the well-known stem cells’ markers, is elevated in primary breast carcinomas that do not respond to endocrine therapy (Piva et al., 2014). Xiaoxian Li and co-workers showed that chemotherapy treatment increases the percentage of breast cancer cells that have unique properties and enhanced self-renewal ability and may display an increased propensity for tumor formation (Li et al., 2008). These cells with cancer stem cells’ properties are also more resistant to radiation therapy (Phillips et al., 2006). Therefore, targeting these chemo- or radio-resistant cells may provide a more specific approach to prevent cancer recurrence and improve long-term survival.

Overexpression of SOX2 has been documented in many types of solid tumors, including breast carcinomas (Li et al., 2004; Rodriguez-Pinilla et al., 2007; Sanada et al., 2006; Zhu et al., 2012). In a meta-analysis published by Wang and co-workers, the overexpression of SOX2 was correlated with poor prognosis in human solid tumors (Wang et al., 2020). The expression of SOX2, together with OCT4 and NANOG, was positively associated with poor pathological differentiation and advanced disease stage (Yang et al., 2018). Both gain-of-function and loss-of-function studies indicate that SOX2 contributes to breast cancer cell proliferation and tumorigenic properties both in vitro and in vivo (Chen et al., 2008). A significant positive correlation between SOX2 transcription factor expression and increased tumor size, higher histological grade, lymph node metastasis, and the highly aggressive triple-negative phenotype of breast cancer has been found in a meta-analysis performed by Yan Zheng and co-workers (Zheng et al., 2015). Another study revealed that SOX2 and ALDH1 could be considered as markers of poor prognosis, particularly in ER-negative breast cancer patients (Shima et al., 2016).

In addition to SOX2, SOX18 as another member of the SOX family of transcription factors has been shown to play an important role in tumor growth and metastasis, including breast carcinoma (Duong et al., 2012; Pula et al., 2013; Wang et al., 2015; Young et al., 2006; Zhang et al., 2016). Previously, we have revealed that SOX18 promotes migration and invasion of cancer cells in vitro, showing its potential in promoting metastatic phenotype (Petrovic et al., 2015). Jianxiang Zhang and co-workers have demonstrated that knockdown of SOX18 inhibits breast cancer cell growth (Zhang et al., 2016). In a mouse preclinical model of breast cancer, pharmacological inhibition of SOX18 significantly improved survival by reducing metastatic spread due to a reduction in tumor vascular density (Overman et al., 2017).

Both SOX2 and SOX18 transcription factors are recognized as potential targets in anticancer therapy (Pietrobono et al., 2016; Wang et al., 2016; Wuebben et al., 2016; Zhang et al., 2016). Therefore, it is important to explore the effects of modulation of their expression in cancer cells. Search for novel therapeutic strategies targeting transcription factors is challenging and one of the options is to employ already known agents that affect their expression/activity.

RA, an active metabolite of vitamin A, is the first clinically useful cyto-differentiating agent, being employed in the treatment of acute promyelocytic leukemia (APL) (Gianni et al., 2001). It has been shown that treatment of breast cancer cells with RA affects the expression of various miRNAs, inhibits invasive behavior, and deregulates the growth of cancer cells (Fisher et al., 2015; Khan et al., 2015; Terao et al., 2011). In the last two decades, the growing interest in the application of RA in the treatment of breast cancer led to many preclinical studies (Costantini et al., 2020). However, the results gathered in clinical trials are insufficient and seem to be rather disappointing (Bryan et al., 2011; Budd et al., 1998; Garattini et al., 2014; Sutton et al., 1997; Veronesi et al., 2006).

Our aim was to re-evaluate the effect of RA on breast carcinoma cells in vitro and to investigate the potential of RA treatment to modify the expression of SOX2 and SOX18 genes. We evaluated the effects of RA on the proliferation, apoptosis, cell cycle distribution, and migration of SK-BR-3 and MCF7 breast cancer cell lines. We showed that RA inhibits cell growth, reduces the number of Ki-67-positive cells, and causes cell-cycle arrest. Importantly, RA treatment led to the downregulation of SOX2 expression in MCF7 cells and SOX18 expression in both SK-BR-3 and MCF7 cells. Functional analysis showed that the anti-proliferative effect of RA in both cell lines is not related to the activity of stemness marker, SOX2, pointing to a SOX2-independent mechanism of action.

Materials and Methods

Cell culture

We have used two different breast carcinoma cell lines: MCF7 (ATCC HTB-22) and SK-BR-3 (ATCC HTB-30). These cells represent different breast cancer histotypes, MCF7 cells express estrogen receptor (ER+) and progesterone receptor (PR+) but lack HER-2 receptor (HER2−), while SK-BR-3 cells have HER2 amplification (HER2+). Both cell lines were maintained in high-glucose Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific, Waltham, Massachusetts, USA), supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, Massachusetts, USA) at 37°C in 5% CO2. Cells were treated with various concentrations of RA (Sigma-Aldrich/Merck, St. Louis, Missouri, USA), including 1 μM, 5 μM and 10 μM, or with DMSO (Serva, Heidelberg, Germany) as a vehicle.

Cell viability assay

Cells’ viability was tested using the MTT assay (Merck, St.Louis, Missouri, USA). A day before treatment with increasing concentrations of RA (1 μM, 5 μM and 10 μM), cells were seeded at a density of 1 × 104 cells per well for 3 days of treatment and 0.5 × 104 cells per well for 5 days of treatment in 96-well plates. The effect of RA on the cell viability was monitored using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye as described previously (Petrovic et al., 2015). Colorimetric quantification was performed by measuring absorbance at 550 nm using a microplate reader Infinite 200 PRO (Tecan, Mannedorf, Zurich, Switzerland).

LIVE/DEAD cytotoxicity test

For the LIVE/DEAD cytotoxicity test, SK-BR-3 and MCF7 cells were seeded on coverslips in 12-well plates at a density of 5 × 104 cells per well. The following day, DMSO or 1 μM RA were added to the cells and further incubated for 72 h. Cytotoxicity was measured using LIVE/DEAD™ Cell Imaging Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) as previously described (Markovic et al., 2019). The kit enables a two-color discrimination system of live cells (green fluorescence) from dead cells (red fluorescence). The cells were visualized using Olympus BX51 fluorescence microscope (FITC filter for green fluorescence and Texas Red filter for red fluorescence) and analyzed using Cytovision 3.1 software (Applied Imaging Corporation, USA). All images were captured using a 20 × objective.

Clonogenic assay

Clonogenic assay was performed as previously described (Buch et al., 2012). In particular, cells were seeded in triplicates in 12-well plates, 500 cells per well as single cells. Cells were maintained in the complete medium with DMSO as a negative control or with 1 μM RA for 8 days. Medium with DMSO or RA was replaced every second day. After colonies were formed (minimum 50 cells per colony), they were fixed and stained with crystal violet, performed as previously described (Petrovic et al., 2015). Upon staining, colonies were photographed and counted.

Immunocytochemistry

Cells were plated on coverslips and treated with 1 μM RA or 0.1% DMSO as a vehicle for 72 h. Following the treatment, cells were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 20 min at room temperature (RT), permeabilized in 0.2% Triton X-100 for 10 min, and blocked in 1% bovine serum albumin (BSA) and 10% normal goat serum in PBS for 1 h at RT. Primary antibodies were diluted in PBS containing 1% BSA, 0.1% Triton X-100 (PBT) and incubated overnight at 4°C as follows: mouse anti-tubulin, diluted 1:500 (ab56676, Abcam, Cambridge, UK), mouse anti-vimentin, diluted 1:300 (sc-6260, Santa Cruz Biotechnology, Inc., Heidelberg, Germany), rabbit anti-Ki67, diluted 1:250 (ab15580, Abcam, Cambridge, UK), rabbit anti-SOX2, diluted 1:1000 (39823, Active Motif, Carlsbad, California, USA), rabbit anti-SOX18, diluted 1:50 (orb163563, Biorbyt, Cambridge, UK). Appropriate secondary antibodies, biotinylated goat anti-rabbit IgG (BA-1000) or horse anti-mouse IgG (BA-2000) (Vector Laboratories, Burlingame, CA, USA) diluted 1:500 in 1% BSA and PBT were applied for 1 h at RT. For fluorescence detection, cells were incubated for 1 h on RT in DyLight 488 streptavidin (SA-5488) (Vector Laboratories, Burlingame, CA, USA) diluted 1:500 in PBS. Fluorescent staining of actin filaments (F-actin) was achieved by incubating cells for 1 h at RT in CytoPainter Phalloidin-iFluor 594 Reagent (ab176757, Abcam), diluted 1:3000 in PBS. Nuclei were stained with 0.1 mg/mL diamino phenylindole (DAPI) (Sigma-Aldrich/Merck, St. Louis, Missouri, USA). Images were taken by a Leica TCS SP8 confocal microscope and analyzed by Leica Microsystems LAS AF-TCS SP8 software (Leica Microsystems, Wetzlar, Germany). Images of tubulin and F-actin double staining were used to measure the cell area. The average cell area in each experiment was determined by measuring the surface area of individual cells. The relative levels of SOX2 and SOX18 nuclear staining intensity in each experiment were determined by measuring the mean fluorescence intensity (total fluorescence intensity per number of pixels) in the nuclei.

Apoptosis assay and cell cycle

For apoptosis assay, 6 ×105 cells were seeded in 35-mm cell culture dishes a day before treatment. The next day, they were treated with DMSO as a negative control, 1 μM doxorubicin as a positive control, or 1 μM RA for 24 h. Upon treatment, cells were collected from both media (detached cells) and dish surface (attached cells) and resuspended in 1 × Annexin binding buffer. 5 μL of Annexin V-AlexaFluor 488 conjugate (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and 5 μL of propidium iodide (PI) (Thermo Fisher Scientific, Waltham, Massachusetts, USA) were added to resuspended cells. The cells were gently mixed, incubated for 15 min in the dark at RT, and examined by flow cytometer CyFlow space (Sysmex Partec, Gorlitz, Germany). The flow cytometer collected 100,000 events, which were analyzed using FloMax software for cytometry.

For flow cytometric analysis of the cell cycle, 1.25 × 105 cells (SK-BR-3 and MCF7) were seeded in 35-mm cell culture dishes and treated with 1 µM RA or vehicle (0.1% DMSO) for 72 h. Cells were harvested and collected by centrifugation, washed twice in PBS, and fixed with cold 70% ethanol at 4°C for 24 h. Cells were kept at −20°C until further analysis. After washing with PBS, the cells were incubated with RNase (250 µg/ml) and DNA-binding dye propidium iodide (PI, 20 µg/mL) in PBS for 30 min at 37°C in the dark. Flow cytometry analysis was performed on a FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany), using CellQuest Pro software for acquisition and analysis. 10,000 cells were recorded, and the results presented as a percentage (± SEM) of cells in different phases of the cell cycle (G0/G1, S, G2/M) and in the sub G0 compartment (hypodiploid cells) from four independent experiments.

Wound-healing assay

The potential of cells to migrate was investigated by wound-healing assay (wound-scratch assay) (Liang et al., 2007). Cells were plated in 35 mm-cell culture dishes, grown to confluence, and pre-treated with 1 μM RA or DMSO as a control. The confluent cell monolayer was scratched with a 200 μL tip, washed with serum-free medium to remove detached cells, and finally, fresh medium containing 1 µM RA or DMSO was added. Cell migration into the wounded area was monitored using DM IL LED Inverted Microscope (Leica Microsystems, Wetzlar, Germany), and closure of the gap distance was quantified using Leica Application Suite V4.3.0. The speed and the mode of cell migration were analyzed by capturing two different parts of the wounded area from three independent experiments.

RT-PCR and qRT-PCR analysis

Total RNA and cDNA synthesis were prepared as previously described (Popovic et al., 2014). For quantitative PCR analysis, cDNAs were subjected to real-time PCR using Power SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, Germany) in 7500 Real-Time PCR System (Applied Biosystems, Carlsbad, Germany). All samples were measured in triplicate, and the mean value was considered. The relative expression level of analyzed genes was determined using a comparative quantification algorithm where the resulting ΔΔCt value was incorporated to determine the fold difference in expression (2−ΔΔCt). The sequences of primers used in this study are SOX18 forward: 5’TTCCATGTCACAGCCCCCTAG3’; SOX18 reverse: 5’GACACGTGGGAACTCCAG3’; SOX2 forward: 5’CCCCTGGCATGGCTCTTGGC3’; SOX2 reverse: 5’TCGGCGCCGGGGAGATACAT3’; GAPDH forward: 5’GGACCTGACCTGCCGTCTAG3’; GAPDH reverse: 5’CCACCACCCTGTTGCTGTAG3’.

Western blot

Whole-cell lysates (WCL) were prepared, proteins were separated, and Western blot was performed as previously described (Milivojevic et al., 2013). Antibodies used were: primary rabbit anti-SOX18, diluted 1:1000 (sc-20100, Santa Cruz Biotechnology, Texas, USA), rabbit anti-SOX2, diluted 1:1000 (39823, Active Motif, Carlsbad, California, USA), mouse anti-α-tubulin, diluted 1:10000 (CP06, Calbiochem, Massachusetts, USA).

Lentivirus production and infection of SK-BR-3 and MCF7 cell lines

Lentiviral particles were produced by transient co-transfection of HEK293T cells using PEI MAX™ transfection reagent (Polysciences Inc., Warrington, PA, USA) according to the manufacturer’s instructions. Co-transfection of HEK293T cells is performed in a 10 cm-cell culture dish with 8.6 µg of envelope plasmid (pCMV-VSV-G), 13 µg of packaging plasmid (delta 3.81), and 17 µg of either lentiviral pSin-SOX2 transduction construct or pSin-empty vector. The virus particles were harvested 48 h after transfection and filtered through a 0.2 μm-filtration unit. SK-BR-3 and MCF7 cell lines, cultured in 10 cm-cell culture dishes, were incubated overnight in a medium containing the lentiviral particles and 8 μg/mL of Polybrene (Sigma-Aldrich, St.Louis, Missouri USA). The following morning, the virus-containing medium was removed and replaced with growth medium. The cells were cultured for an additional two days before RA (1 μM) or DMSO treatments. The viability of the cells was measured upon 5 days of RA treatment.

Statistical analyses

Statistical analyses were performed with SPSS statistical software (version 20). The data represent means ± SEM from three to five independent experiments (indicated in figure legends). Statistical analyses were performed by Student’s t-test, and a P-value of 0.05 was considered significant.

Results

Retinoic acid decreases the viability and proliferative capacity of breast cancer-derived cells and induces changes in their morphology

To examine the effect of RA on cell viability, we have treated SK-BR-3 cells (HER-2+) and MCF7 cells (ER+/PR+) with various concentrations of RA (1 μM, 5 μM and 10 μM) for 3 and 5 days. We have observed a significant decrease in the viability of the cells in both cell lines, with a more prominent effect on SK-BR-3 cells (Fig. 1A). Precisely, RA treatment led to a moderate reduction in MCF7 cell viability to approximately 70–80%, regardless of concentration used and treatment duration. On the other hand, SK-BR-3 showed a more pronounced time-dependent response. The maximal effect was achieved upon 5 days of treatment with 10 μM RA, which led to a decline of cell viability to approximately 20%. We did not observe any apparent cell death in both cell lines throughout the treatments.

In order to test whether a decline in cell viability detected by MTT assay is a result of RA cytotoxic activity, we have performed a LIVE/DEAD cytotoxicity test. Simultaneous staining with green and red-fluorescent dyes discriminates living (green) from dead (red) cells. The results of the analysis of three independent experiments revealed that RA has no significant cytotoxic effect on SK-BR-3 or MCF-7 cells as only sporadic dead cells were detected in RA-treated compared to DMSO-treated cultures (Fig. 1B). This indicates that treatment with RA does not induce considerable cell death.

The clonogenic assay revealed that treatment with 1 μM RA of both cell lines significantly impaired the capacity of cells to form colonies during the period of 8 days. In particular, both SK-BR-3 and MCF7 cells were capable of forming detectable colonies upon treatment with DMSO, while RA treatment led to the reduction in colony formation, both in number and size (Fig. 1C).

The remodeling of cellular structure (plasticity of cytoskeletal dynamics) is associated with cell turnover involved in metastasis. To evaluate the effects of RA on cell morphology of breast cancer cell lines, we analyzed the expression of cytoskeletal filaments tubulin, F-actin, and vimentin by immunocytochemistry and estimated cell surface area on images from immunostaining experiments. As presented in Fig. 2A, treatment with 1 μM RA for 72 h triggered rearrangements of tubulin, F-actin, and vimentin filaments in SK-BR-3 cells, causing significant changes in cell shape and size/volume, observed primarily as enlargement of cytoplasm (Fig. 2A). Quantitative analysis of treated (N = 178) and control (N = 198) cells revealed that RA induced an increase in the average cell area by approximately 3.6-fold (the calculated average cell area of RA-treated was 1771 µm2 compared to the DMSO-treated that was 495 µm2). Next, results of our immunocytochemistry analysis showed that treatment with 1 μM RA for 72 h also affected MCF7 cell morphology (Fig. 2B). Quantitative analysis of RA-treated cells (N = 195) and control cells (N = 206) showed that RA induced discrete reorganization of cytoskeletal proteins and enlargement of average cell area by approximately 1.5-fold (the calculated average cell area of RA-treated was 1227 µm2 compared to the DMSO-treated that was 810 µm2).
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Figure 1: The effect of RA treatment on viability and proliferation capacity of SK-BR-3 and MCF7 cells.

Retinoic acid does not induce cell death but affects cell cycle distribution of breast cancer-derived cells

To further elucidate whether treatment of cells with RA induces apoptotic and/or necrotic cell death, we have treated cells either with 1 μM RA or 1 μM doxorubicin as a positive control for 24 h, and the proportion of apoptotic and necrotic cells was analyzed using Annexin V/PI staining. Obtained results revealed that treatment of SK-BR-3 and MCF7 cells with RA does not induce cell death by either apoptotic or necrotic processes (Fig. 3A).

Next, we tested whether RA treatment could affect cell cycle distribution of both SK-BR-3 and MCF7 cells. Flow cytometry analysis performed 72 h after treatment revealed a significant increase in the fraction of cells in the G0/G1 phase of the cell cycle, together with a corresponding decrease in S and G2/M phases (Fig. 3B). In particular, upon RA treatment, the percentage of SK-BR-3 and MCF7 cells in the G0/G1 phase is increased from 62% to 73% and from 55% to 78%, respectively. These results suggest that RA induced considerable accumulation of cells in the G0/G1 phase of the cell cycle, thus influencing the proliferative capacity of these cells.
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Figure 2: The effect of RA treatment on SK-BR-3 (A) and MCF7 (B) cell morphology.

Finally, we have investigated Ki-67 protein expression by immunofluorescence to determine the rate of cell growth of both cell lines upon treatment with 1 μM RA. It is well known that Ki-67 protein is present during all active phases of the cell cycle but is absent in resting cells, indicating a cell fraction in the cell population that is arrested in the G0 phase. As presented in Fig. 3C, the number of Ki-67-positive cells decreased by approximately 15% upon RA treatment in both cell lines, which correlates with the results obtained by cell cycle analyses where a similar increase in the percentage of cells arrested in the G0/G1 phase was detected.

Taken together, it was clearly demonstrated that RA does not induce cell death but influences cell cycle distribution and impairs the proliferation of both cell lines.

Retinoic acid does not affect the migration of breast carcinoma cell lines

The ability of cancer cells to migrate is closely related to their capacity to colonize distant organs (van Zijl et al., 2011). Therefore, we tested the migratory potential of SK-BR-3 and MCF7 cells upon treatment with 1 μM RA. Upon making a wound scratch, we have monitored the effect of RA treatment on the migratory potential of the cells at three time points (24 h, 48 h and 72 h). We have observed that RA treatment had no effect on the migration rate of both cell lines even upon three days. In Fig. 4, we have presented the statistical analysis of the results obtained 48 h upon treatment.

The effect of retinoic acid on SOX2 and SOX18 expression in breast carcinoma cell lines

Having in mind that both SOX2 and SOX18 overexpression have been correlated with poor prognosis in breast carcinoma, our next aim was to analyze the effects of RA treatment on their expression. SK-BR-3 and MCF7 display differences in the expression of these genes. MCF7 cells express both SOX2 and SOX18, while SK-BR-3 cells express only SOX18 to a lower extent (data not presented). Treatment with 1 μM RA reduced expression of SOX2 in MCF7 cells and SOX18 in both SK-BR-3 and MCF7 cells (Figs. 5A and 5B). This reduction was observed on both mRNA and protein levels.
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Figure 3: The effect of RA treatment on apoptosis and cell cycle distribution of SK-BR-3 and MCF7 cells.

[image: images]

Figure 4: The effect of RA treatment on the migration of SK-BR-3 and MCF7 cells.

In order to gain further insight into the effect of RA, we performed immunofluorescence detection of SOX2 and SOX18 transcription factors in MCF7 cells (Fig. 5C) and quantified the relative level of fluorescence intensity of staining signal in the nuclei. As presented in Fig. 5, expression of SOX2 (Fig. 5C, left panel) and SOX18 (Fig. 5C, right panel) proteins were detected in all examined MCF7 cells. Quantitative analysis of treated (N = 196) and control (N = 234) cells showed that 72 h treatment with RA induced a decline in the average fluorescence intensity of SOX2 antibody staining in MCF7 cells’ nuclei by approximately 35% compared to fluorescence intensity in control cells that was set as 100%. Similarly, quantitative analysis of treated (N = 245) and control (N = 315) MCF7 cells’ nuclei revealed that RA caused a decrease in the mean fluorescence intensity of SOX18 antibody staining, by approximately 27%, compared to the fluorescence intensity in control cells that was set as 100%. In contrast to qPCR and Western blot analyses, by immunofluorescence, we were not able to detect any significant changes in SOX18 transcription factor level in SK-BR-3 cells following RA treatment, probably due to the low level of endogenous SOX18 in these cells (data not shown).
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Figure 5: The effect of RA treatment on SOX2 and SOX18 expression in SK-BR-3 and MCF7 cells.

Anti-proliferative activity of RA is independent of SOX2 expression

The evident difference in response to RA treatment between two cell lines, with the more prominent effect on SK-BR-3 cells that lack SOX2 expression, raised the question of whether the reduction in cell viability and proliferation upon RA treatment is associated with the SOX2 expression level. To address that question, we have performed lentiviral transduction of both cell lines with SOX2 expression construct and treated the cells with 1 μM RA for 5 days. We have detected efficient ectopic overexpression of SOX2 in both cell lines (Fig. 6A). The analysis of cell viability showed that overexpression of SOX2 in both cell lines did not reverse the anti-proliferative effect of RA (Fig. 6B). Therefore, we concluded that RA affects cell viability in both cell lines by the mechanism that is SOX2-independent. However, reduction of the SOX2/SOX18 expression upon RA treatment in MCF7 cells deserves further investigation aimed to explore the combined effects of RA, chemotherapeutics, and endocrine therapeutics.
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Figure 6: The effect of SOX2 overexpression on the outcome of RA treatment.

Discussion

Cytotoxic and/or differentiating potential of RA on carcinoma cells was observed in many studies, including its therapeutic effects in certain hematologic malignancies and solid tumors such as breast cancer (de Thé and Chen, 2010; Garattini et al., 2012). Although it is well known that RA is endowed with antiproliferative, cyto-differentiating and apoptotic effects, the opposite function has also been described pointing that RA can antagonize cell differentiation or promote stemness (Mezquita and Mezquita, 2019). In the various breast carcinoma cells, both induction of stemness and cell differentiation by RA have been reported that are cell type-dependent. Thus, RA can produce pro-tumorigenic and anti-tumorigenic effects in different cancer cell types, leading to the poor clinical outcomes of RA treatments that might be associated with the types of breast cancer and heterogeneity of the cells within the tumor.

It has been demonstrated that approximately 30% of the human HER2-positive breast cancers show co-amplification of the gene encoding the retinoic acid nuclear receptor RARα, thus representing a subtype of breast cancer that has significant sensitivity to RA (Paroni et al., 2012). Also, in breast carcinoma cells, RARα expression is controlled by estrogens, and high levels of this nuclear receptor are observed in estrogen receptor-positive tumors (Sun et al., 1998). Herein, we have presented a moderate response of MCF7 cells (ER+) to RA treatment, represented by a reduction of both viability and proliferative capacity of these cells. On the other hand, SK-BR-3 cells (HER-2+) responded to RA treatment approximately twice as strong as MCF7 cells (Fig. 1A). This is in line with the fact that SK-BR-3 cells, in addition to HER-2 amplification, also have RXRα nuclear retinoid receptor co-amplification (Centritto et al., 2015; Li et al., 2004; Paroni et al., 2012). Retinoid receptor amplification affects the response to RA, and this, given the heterogeneity of the breast cancers, should be taken into consideration regarding therapy options.

Both SOX2 and SOX18 have been recognized as significant diagnostic and prognostic markers in various types of cancer, including breast carcinoma (Pietrobono et al., 2016; Wang et al., 2016; Wuebben et al., 2016; Zhang et al., 2016). Although chemotherapy is the primary treatment for breast carcinoma, as for many other malignant tumors, the resistance to chemotherapeutic drugs presents a major obstacle and limitation (Holohan et al., 2013). Many data are showing that SOX2-positive cells play a critical role in the progression of cancer due to, among other characteristics, high chemo-resistance to conventional drug treatments (Wuebben and Rizzino, 2017). Therefore, targeting SOX2-positive cells could be crucial for successful treatment. Many data points to RA being effective against tumor cells that have acquired cancer stem cell phenotype. Therefore, there is a possibility that RA treatment could be effective in the cases of patients that failed hormonal therapy since trials with hormonal therapy have shown enrichment of residual tumors with cancer stem cells (Creighton et al., 2009).

RA reduced the mammosphere-forming ability of cell lines that expressed higher levels of SOX2, suggesting that only the cancer cells that are dependent on SOX2 for self-renewal are responsive to RA (Bhat-Nakshatri et al., 2013). However, the results presented in this paper shed new light on the potential role of SOX2 in response to RA treatment. We showed that RA effect is more prominent in the SK-BR-3 cell line, pointing that this cell line represents a good RA responder. This effect includes a higher decrease in cell viability, accompanied by a reduction in colony formation and significant morphological changes (Figs. 1 and 2). This peculiar result led us to investigate whether SOX2 expression level has an impact on the outcome of RA treatment in these model systems. It is well known that SOX2, as a stem cell marker, achieves its effect by maintaining cell proliferation (Rizzino, 2008); therefore, we hypothesized that an increase in its expression level might, to some extent, compete with the antiproliferative effect of RA. We showed that the increased expression of SOX2 did not antagonize the antiproliferative effect of RA in both cell lines (Fig. 6). We have clearly presented that upon ectopic overexpression of SOX2 in both cell lines, RA retains its potential to significantly reduce the viability of breast carcinoma cells. However, overexpression of SOX2 in both cell lines did not lead to significant induction of cell viability as presented by MTT assay (Fig. 6). Although we detected a notable increase in the quantity of SOX2 protein upon lentiviral overexpression in both cell lines (Fig. 6A), we did not detect any changes in cell viability that could indicate changes in proliferative capacities of the cells. This might be explained with at least two previous findings. An important feature of SOX proteins is that they generally display their gene regulatory functions by forming complexes with transcription partners (Kamachi et al., 2000). Accordingly, SK-BR-3 cells that lack SOX2 are probably deficient in SOX2-partner factors; thus, SOX2 overexpression alone is not sufficient to activate transcription machinery necessary for increased proliferation. For instance, OCT4 as an important SOX2 binding partner has been reported to be undetectable in a large panel of breast tumors, including MCF7 cell line (Wu et al., 2012). The second explanation relies on the data of Wu and co-workers, who identified two novel phenotypically distinct cell subsets in two breast cancer cell lines, including MCF7, based on their differential activity of SOX2 transcription factor (Wu et al., 2012). Although both cell lines express SOX2 protein, its activity was confirmed in only a small proportion of cells. No significant difference in cell proliferation was found between cells showing SOX2 activity compared to those that lacked transcriptionally active SOX2. Moreover, the authors have shown no significant change in the number of viable cells despite considerable downregulation of SOX2 by siRNA in both phenotypically distinct MCF7 cell subsets. Authors have concluded that regardless of the total SOX2 protein level, only SOX2 protein that is transcriptionally active underlies the tumorigenicity and cancer stem cell-like phenotypes in breast cancers.

The reduction of viability of both SK-BR-3 and MCF7 cells was not governed by the induction of apoptosis but rather by interfering with cell cycle and proliferation processes. Obtained effect of RA on cell cycle distribution is in accordance with other reports showing RA-induced G0/G1 arrest in different cancer cell types, including breast carcinoma cells (Chen and Ross, 2004; Lin et al., 2014; Tighe and Talmage, 2004; Zhu et al., 1997). Various data indicate that RA interferes with breast carcinoma cell viability and proliferation, either by cytostatic or both cytostatic and cytotoxic mechanisms (Reinhardt et al., 2018). Clonal proliferation in the presence of RA, presented in this paper, revealed that RA led to a reduction of number, diameter, and cell density of respective colonies in both cell lines. Together with a lack of significant effect on apoptosis, this data indicates that RA exerts cytostatic and no cytotoxic effect in tested breast carcinoma cell lines. This is in correlation with previous data describing RA as a predominantly growth inhibitory and cyto-differentiating agent (Garattini et al., 2014; Garattini et al., 2007a, Garattini et al., 2007b). Also, the growth of SK-BR-3 and MCF7 cell lines was evaluated by Ki-67, an established biomarker of cell division that is routinely used in clinics to assess the proliferation rate of breast carcinoma cells. We have detected a reduction in the number of Ki-67-positive cells in both model systems upon treatment with RA.

The ability of RA to inhibit SOX2 expression in responsive cell lines raises the possibility that SOX2 gene can be used as a biomarker to distinguish RA responders from non-responders, as already discussed by Poornima Bhat-Nakshatri and co-workers (Bhat-Nakshatri et al., 2013). However, the results presented here demonstrated that SK-BR-3 cells, which are SOX2-negative, are RA responders, suggesting the existence of additional mechanisms that govern RA effect in these cells. Moreover, it has been postulated that ER+ breast cancer cells are more sensitive to RA treatment, and here we have shown that SK-BR-3 cells (ER−/HER2+) respond strongly to RA-induced growth inhibition. Taking together, we can make an assumption that even SOX2-negative breast carcinoma histotypes could benefit from RA treatment. Finally, for the first time, we have shown that expression of SOX18 could be altered by RA in breast carcinoma cell lines. The observed reduction of its expression, especially in MCF7 cells, deserves further investigation. Future research is needed to provide more insight into the mechanisms by which RA exerts its effects on cell viability and proliferative capacity of breast cancer-derived cells.

Although many SOX transcription factors have been shown to be essential for cell survival, tumor cell proliferation and growth, a number of limitations should be recognized in considering these genes as potential drug targets (Tighe and Talmage, 2004). There is a clear potential to deploy novels strategies aimed to regulate the activity of SOX transcription factors, SOX2 and SOX18 in particular, by developing specific inhibitors that will inhibit protein-DNA and protein-protein interactions (Chen and Ross, 2004; Overman et al., 2017). However, therapeutic targeting of transcription factors is still rather challenging. Today, the opinion prevails that retinoid monotherapy will probably never be recognized as a practicable option and that is of great importance to consider combined treatments with other agents. Therefore, further work is needed to investigate the potential options for modulation of SOX2/SOX18 expression by RA in breast carcinoma, enabling the further study of the combinatory effect of RA and chemotherapeutics and/or endocrine therapeutics.
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