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Abstract:
Physical activity has been shown to induce the expression of a wide range of genes, thereby altering the function of the musculoskeletal system. The changes often occur through genetic and epigenetic alterations occurring in the coding and promoter regions of different genes, respectively, and can alter (increase or decrease) the expression of different genes. Although several studies have analyzed genetic changes in response to short-term physical activity, the differences in gene expression associated with long-term physical activity as compared to physical inactivity (sedentary lifestyle) are poorly understood. This study aims to analyze gene expression network that is differentially expressed in physically active individuals compared to sedentary individuals, within a muscle cell line model.

Introduction:
Physical activity is proven to have a positive effect on both physical and mental health, making it an indicator of a healthy daily life (Kumar, 2017). It has been shown to induce the expression of a wide range of genes, which can alter the function of the musculoskeletal system. As an adaptation mechanism to endurance exercise, mitochondria number and size increase in skeletal muscle and it is regulated by PGC-1ɑ (Yan, 2012). Akt, GSK-3β, and mTOR serve as important indicators of muscle hypertrophy, following resistance training (Leger, 2006). Our previous research on transcriptomic datasets has shown the seven most differentially expressed genes (DEGs) among elite athletes and sedentary individuals (Table 1). 
	No
	Gene
	Gene symbol
	Function in human organism

	1
	Activating Transcription Factor 3 
	ATF3
	Modulation of homeostatic response to stress signals in skeletal muscle after acute exercise (Verdejo et al., 2018)

	2
	MYC Proto-Oncogene
	MYC
	Regulation of skeletal muscle protein synthesis (Edman et al., 2024)

	3
	Nuclear Factor, Interleukin 3 Regulated
	NFIL3
	The transcriptional regulation of several gene families involved in circadian physiology of skeletal muscle (Martin et al., 2025)

	4
	Nuclear Receptor Subfamily 4, Group A, member 2
	NR4A2
	Involvement in mitochondrial biogenesis and function (Mok et al., 2024) 

	5
	Nuclear Receptor Subfamily 4, Group A, member 3
	NR4A3
	Regulation of glucose metabolism and protein synthesis in skeletal muscle (Smith et al., 2025)

	6
	Solute Carrier Family 2 Member 3/GLUT3
	SLC2A3
	Glucose uptake in neurons (Ziegler et al., 2020)

	7
	Suppressor of Cytokine Signaling 3 
	SOCS3
	Mediates muscle atrophy through protein synthesis and degradation modulation (Ji., et al., 2022)


Table 1. DEGs and their function
Our STRING analysis showed that the seven DEGs are inter-connected, with ATF3 exhibiting the highest degree of connectivity to other genes and may be acting as the hub gene in the network (Figure 1). 
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Figure 1. The protein-protein interaction network.
Since Denk and colleagues (2015) established tamoxifen as an agent that induces ATF3 upregulation, in this study it was used to alter ATF3 expression. The overall aim of the present study was to investigate the relationship between alterations in the mRNA expression of ATF3 and the six abovementioned genes in muscle cell line model.

Methods:
Cell line and culture
Human rhabdomyosarcoma (RD) cells were used as the model muscle cells in this study. RD cells are large, multinucleated, spindle-shaped cells (McAllister et al., 1969) and were isolated from an embryonic rhabdomyosarcoma of a 7-year-old female. RD cells are often utilized in rhabdomyosarcoma research (Hinson et al., 2013), are a model for skeletal muscle research (Wu, 1993) and therefore, can bring valuable results as a skeletal muscle model to explore gene alterations.
Human embryonal rhabdomyosarcoma RD cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The cell line was cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 1% Penicillin/Streptomycin solution (Sigma-Aldrich, St. Louis, MO, USA) and maintained at 37°C with 5% CO2 in T-75 flask. 
Cell harvesting and tamoxifen treatment
Cells were and harvested from the T-75 flasks by adding 3 mL of 1X phosphate-buffered saline (PBS, Gibco, Thermo Fisher Scientific) and 3 mL of 1X Trypsin-EDTA (Gibco, Thermo Fisher Scientific) to the T-75 flask and incubating at 37°C with 5% CO2. For neutralization of trypsin, 3 mL of DMEM with 10% FBS (Sigma-Aldrich, St. Louis, MO, USA) was added.  Subsequently, cells were sub-cultured in a 6-well plate. To induce changes in ATF3 expression, cells were treated with 20 μM of tamoxifen and assessed at two timepoints (24 hours and 48 hours). Here, cells treated with 2 mL of DMSO 1% + 2 mL of DMEM as a control. 
Morphological analysis
At each timepoint, cells were evaluated for morphological changes using inverted microscope (Carl Zeiss Microscopy, GmbH, Germany). Snapshots of cells were recorded using ZEN 2.6 blue edition (Zeiss, Germany) at 24 hours and 48 hours. Qualitative morphological analysis was performed based on following characteristics: cell shape, size, density, detachment and apoptosis.
RNA extraction and cDNA conversion: 
The RNA from tamoxifen-treated cells at 24 and 48 hours was extracted using the Monarch® Total RNA Miniprep Kit (New England Biolabs, Ipswich, MA, US), following the manufacturer’s instructions. RNA was converted to cDNA using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). RNA purity and integrity were determined using a Nanodrop ONEC (Thermo Scientific).
Real Time-qPCR 
The cDNA was utilized in RT-qPCR (QuantStudio™ 6 Flex, Thermo Fisher Scientific) experiments. Each PCR reaction mixture consisted of Maxima SYBR Green/ROX qPCR Master Mix 2X (Thermo Fisher Scientific) 4 μL, Forward primer 0.5 μL, Reverse primer 0.5 μL, Template cDNA 1 μL and nuclease free-water 4 μL. The concentrations of primers (Table 2) were less than 500 ng/μL and 300 pmol/ μL, respectively. Gene-specific primers were obtained from Nazarbayev University (NU, Astana, Kazakhstan). Each PCR was performed using the following conditions: 2 minutes at 50° C, 10 minutes at 95° C, 15 seconds at 95° C, 1 minute at 60° C, 15 seconds at 95° C. Each sample was analyzed in duplicate with non-template control (NTC). In short, 

Table 2. Gene-specific primers used in this study 
	Primer
	Sequences

	ATF3-Forward
	5’-CCTCTGCGCTGGAATCAGTC-3’

	ATF3-Reverse
	3’-TTCTTTCTCGTCGCCTCTTTTT-5’

	MYC-Forward
	5’-GGCTCCTGGCAAAAGGTCA-3’

	MYC-Reverse
	3’-CTGCGTAGTTGTGCTGATGT-5’

	NFIL3-Forward
	5’-CTGCTTTAACGGAAGTGTCAGA-3’

	NFIL3-Reverse
	3’-TTCCTCCGACATGCAGAAGAT-5’

	NR4A2-Forward
	5’-GCACTCCGGGTCGGTTTAC-3’

	NR4A2-Reverse
	3’-GCCACGTAGTTCTGGTGGAA-5’

	NR4A3-Forward
	5’-GGTCGTCTGCCTTCCAAAC-3’

	NR4A3-Reverse
	3’-GCTCGGACAAGGGCATTCA-5’

	SLC2A3-Forward
	5’-GCTGGGCATCGTTGTTGGA

	SLC2A3-Reverse
	3’-GCACTTTGTAGGATAGCAGGAAG-5’

	SOCS3-Forward
	5’-CCTGCGCCTCAAGACCTTC-3’

	SOCS3-Reverse
	3’-GTCACTGCGCTCCAGTAGAA-5’

	RPL13A-Forward
	5’-CTCAAGGTGTTTGACGGCATCC-3’

	RPL13A- Reverse
	3’-TACTTCCAGCCAACCTCGTGAG-5’



Statistical analysis: 
To identify the expression of shortlisted genes, the Delta CT/fold change method (Rao et al., 2013) was applied in Microsoft Excel software (Microsoft Corporation, Redmond, Washington, USA). 
We used the Spearman correlation test to determine the correlation between gene expressions using GraphPad Prism 10 (Dotmatics, Boston, MA, USA). For all analyses, a p<0.05 will be considered statistically significant.
Results:
Morphological Analysis
The RD cells were examined with a phase-contrast microscope (Carl Zeiss Microscopy) at 10x magnification. Cell shape and size across tamoxifen-treated and control cells did not differ, and both groups of cells at the 48-hour timepoint showed a doubling in confluency (Figure 2). Cells were elongated, maintained spindle-shaped morphology, and adherent in both drug-treated and control cells. Detachment and apoptotic signs were slightly prominent in cells treated with tamoxifen at 48 hours compared to vehicle control and drug-treated at 24 hours. 
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Figure 2. RD cells treated with DMSO 1% and tamoxifen 20 μM at 24 and 48 hours
Time-dependent effect of tamoxifen on expression of DEGs. The normal group is represented by cells that were cultured in DMEM at 0 hours. 
Gene expression analysis 
In RD cells, treated or untreated with tamoxifen 20 μM for 24 and 48 hours, the change in gene expression was assessed for ATF3, MYC, NFIL3, NR4A2, NR4A3, SLC2A3, SOCS3 by RT-qPCR (2-ΔΔCt method) (Figure 3). 
As shown in Figure 3, the relative gene expression of ATF3 had a 2.9 and 1.9-fold decrease for 24 and 48 hours, respectively, compared to the control group. The expression of MYC increased after tamoxifen treatment; at 24 hours it increased 1.5-fold, at 48 hours 3.8-fold. The mRNA level of NFIL3, in contrast, decreases over time: at 24 hours increases 4-fold, whereas at 48 hours decreased to 2.3-fold. RT-qPCR demonstrated downregulation of NR4A2 in both experimental groups compared to control: 24- and 48-hours treatment with tamoxifen led to 1-fold decrease. Meanwhile, NR4A3 was downregulated to 1.2-fold at 24 hours, while upregulated to 1.3-fold at 48 hours. The expression rate of SLC2A3 significantly reduced by at 48 hours compared to 24 hours (2.37-fold at 24 hours to -1.3-fold at 48 hours). At last, SOCS3 was upregulated at 24 hours 1.5-fold and 1.2-fold at 48 hours. 
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Figure 3. Gene expression by RT-qPCR. Analysis of gene expression of ATF3, MYC, NFIL3, NR4A2, NR4A3, SLC2A3, SOCS3 in RD cells treated with 20 μM of tamoxifen for 24 and 48 hours. Bar charts show the relative mRNA level, normalized to housekeeping gene RPL13A, compared to control (untreated cells). 


Correlation analysis 
Spearman correlation analysis showed the expression of NFIL3, NR4A2, and NR4A3 to be positively correlated with ATF3 expression (r ≥ 0.4) (Figure 4). In contrast, mRNA expression of MYC and SLC2A3 was negatively correlated with ATF3 (r ≤ -0.4), and SOCS3 showed no correlation with ATF3. 
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Figure 4. Correlation matrix plot showing the correlation coefficients for the level of expression of pairs of genes. Blue color illustrates genes displaying positive correlations, and red denotes genes showing negative correlations.
Discussion
In this work, time dependent effect of tamoxifen on a rhabdomyosarcoma (RD) cell line was tested; morphological changes, difference in the gene expression and correlation between sets of genes were evaluated. 
The investigation made by our researchers led to a necessity for exploring the connection between DEGs, using STRING analysis, which is a powerful tool that is based on current evidence and allows to predict possible interactions between genes (Szklarczyk, 2025). According to it, ATF3 was hypothesized to be the hub gene. 
After treatment with tamoxifen, no significant apoptotic effect in cells was observed and confluency increased significantly at 48 h. While confluency increased significantly, rounding of cells elevated slightly at 48 h compared to 24 h. 
	In the present study, exposure to tamoxifen led to a reduction in ATF3 mRNA expression at both 24 and 48 hours. Nevertheless, comparison between the two time points revealed 1-fold decrease in ATF3 expression levels. In contrast, the previous reports demonstrated upregulation of ATF3 following treatment with tamoxifen in breast cancer cell lines (MCF7 and T47D), various cells of central and peripheral nervous system of a mice model, (Borgoni et al., 2020; Denk et al., 2015), cardiac cells (Li et al., 2017). Such discrepancy could be attributed to differences in cell type, as previous studies were conducted in breast cancer, neural and cardiac cells. Moreover, mRNA expression of MYC was increased following tamoxifen treatment in both groups of cells (24 and 48 hours) in this study and this finding is consistent with previous studies. Tamoxifen had upregulating effect on c-MYC in breast cancer cells (Kang et al., 1996) and angiomyolipoma cells (Yu et al., 2004). In this study, NFIL3 upregulation was greater in tamoxifen treated cells at 24 hours than in cells at 48 hours, while Alamholo and Tarinejad (2025) identified NFIL3 to be downregulated in tamoxifen-resistant breast cancer cells. This finding may suggest that NFIL3 may play a role in the early cellular response to tamoxifen, while its downregulation could contribute to the establishment of resistance in cells. NR4A2 was downregulated in both groups, while Ashraf et al. (2022) showed that tamoxifen induces upregulation of NR4A2 in cardiac cells in mice. After treatment with tamoxifen, cells at 24 hours showed a downregulation of NR4A3, while at 48 hours it was upregulated. Kim et al. (2021) reported expression of NR4A3 did not differ between tamoxifen-sensitive MCF7 cells and tamoxifen-resistant TamR cells. In this study SLC2A3 was downregulated in cells at 24 hours, while upregulated at 48 hours. Li and colleagues (2026) identified SLC2A3 to be activated in tamoxifen-resistant breast cancer cells. As it was mentioned before, the difference in findings could be attributed to variation in cell line models and conditions. In RD cells treated with tamoxifen at 24 and 48 hours the expression of SOCS3 was upregulated.  This finding is consistent with previous report (Mirzaei et al., 2022) showing SOCS3 was overexpressed in breast cancer cells treated with tamoxifen. Despite variations in cellular background, the consistent upregulation suggests that SOCS3 activation may represent a common cellular response to treatment.
ATF3 has also shown to have a functional link with MYC (Tamura et al., 2005); downregulated together with NR4A3 in rats with overuse jumping (Shi et al., 2023); identified with NR4A2 as two key hub genes in knee osteoarthritis (Xu et al., 2024); regulates transcription of Il12b which could also be coregulated by NFIL3 (Kobayashi et al., 2011). Also, Luo and colleagues (2024) confirmed that ATF3 binds to the SOCS3 promoter, thereby verifying a direct regulatory link. Although ATF3 is not connected to SLC2A3 directly in the proposed network, Xiang et al. (2023) identified SLC2A3 and ATF3 as two of the three hub genes involved in rheumatoid arthritis and ferroptosis. Combined, this evidence suggests ATF3 to be the “central” gene in the network and its expression induces an effect on the expression of this list of genes. 
According to Figure 4, NR4A2 demonstrated the strongest positive correlation with ATF3 expression among the genes analyzed (r=1). Although there are no reports available on the correlation in expression between this pair of genes in a muscle cell line following tamoxifen treatment, our finding highlights the need for further investigation into the underlying mechanism of ATF3 regulation of NR4A2.
In conclusion, tamoxifen induced the downregulation of ATF3 in RD cells and its expression was correlated with DEGs. Spearman correlation analysis established that the strongest correlation of ATF3 expression was with NR4A2. 
The experiment in this study was conducted once; therefore, the findings should be interpreted with caution and require validation in independent experiments. 
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