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Abstract: Introduction: Structural maintenance of chromosome 1A (SMC1A) is a crucial compound of the cohesin complex. It has been reported to regulate the epithelial-mesenchymal transition (EMT) process in multiple cancers. Objectives: The present study aims to further clarify the role of SMC1A in cervical cancer. Methods: We analyzed data from four datasets and confirmed that SMC1A showed high expression in cervical cancer samples and was related to poor prognosis of patients with cervical cancer. Cell proliferation of SiHa and C-33A with knockdown of SMC1A was assessed using CCK-8 and colony formation assay. The migration and invasion were estimated by wound healing assay and Transwell assay separately. The effect of SMC1A on the chemosensitivity of cisplatin and paclitaxel in cervical cancer cells was detected by flow cytometry assay. Results: Results of the immunohistochemistry (IHC) assay confirmed that the expression of SMC1A was increased in tumor tissues. The cell viability was remarkably suppressed in SiHa and C-33A by knocking down the expression of SMC1A. The increase of E-cadherin expression and decrease of N-cadherin and Snail expression verified that inhibition of SMC1A suppressed the EMT process of cervical cancer cells. Further, cell migration, and invasion were significantly repressed by the absence of SMC1A. Cisplatin and paclitaxel are effective chemotherapeutic agents used in the treatment of cervical cancer. Silencing of SMC1A remarkably promoted the apoptosis induced by cisplatin and paclitaxel, revealing that the chemotherapy resistance to cisplatin and paclitaxel in cervical cancer could reduce by knocking down SMC1A. Further, metastasis associated with colon cancer 1 (MACC1) was identified as the downstream factor of SMC1A. Its upregulation reversed the proliferation and the EMT process induced by SMC1A silencing. Conclusion: Therefore, our study concluded that SMC1A serves as a therapeutic molecular target to regulate the malignant phenotypes of cervical cancer.
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Introduction

Cervical cancer is a malignant gynecological tumor with high incidence and has emerged as a severe public health problem (Arbyn et al., 2020). For instance, there is a report documenting that 13.3 out of every 100,000 women suffer from cervical cancer around the world (Singh et al., 2022). Approximately a third of the patients with cervical cancer are distributed in China and India, and cases in China in 2018 were more than those in India (Arbyn et al., 2020). Given these grim figures, it is necessary and urgent to explore a molecular target as an adjuvant therapy to improve the prognosis of cervical cancer.

Effective cancer treatments include surgery, chemotherapy, and radiotherapy (Mandal et al., 2022). Cisplatin, one of the most widely used chemotherapeutic drugs, has shown great efficacy in treating different types of cancer, including cervical cancer (Xie et al., 2021). Paclitaxel is a compound extracted from Taxus brevifolia (Chowdhury et al., 2019). It is a well-known anticancer drug that can be used with cisplatin as a treatment approach for various cancers (Della Corte et al., 2020; Dan et al., 2021). However, due to the frequent use of cisplatin and paclitaxel in cancer treatment, the chemotherapy resistance to paclitaxel has increased in cancer cells (Ashrafizadeh et al., 2021). This has seriously affected the prognosis of many cancers. Consequently, exploring new targeted therapies is necessary to overcome drug resistance.

Structural maintenance of chromosome 1A (SMC1A) is a crucial subunit in the sister chromatid cohesion complex (Gregson et al., 2002). SMC1A is a cohesion member, which has been demonstrated to be indispensable for human cell bipolar mitosis (Díaz-Martínez et al., 2010). In addition, SMC1A modulates the functional connection between the enhancer and promoter of its target gene, further affecting the transcription of the target gene (Dowen et al., 2013). Recently, it has been clarified that the proliferation of lung cancer cells is partially regulated by SMC1A, which arrests the process of the cell cycle (Zhang et al., 2013). There are reports documenting that the alteration of SMC1A expression is crucial in affecting the epithelial-mesenchymal transition (EMT) of breast cancer (Zhang et al., 2022). High expression of SMC1A was reported to facilitate the malignant phenotypes and tumorigenesis of colorectal cancer (Zhou et al., 2017; Sarogni et al., 2019), and was associated with radioresistance of prostate cancer (Yadav et al., 2019; Kumar and Clair, 2021). Further, previous studies suggest that SMC1A showed high expression in cervical cancer (Narayan et al., 2007). However, till date, no report reveals the biological function of SMC1A in cervical cancer. Hence, this study aims to investigate whether SMC1A regulates the malignant phenotypes of cervical cancer.

This study explored the effects of SMC1A on the cell proliferation, migration, invasion, and EMT process of cervical cancer by the depletion of SMC1A in two cervical cancer cell lines. Subsequently, metastasis associated in colon cancer 1 (MACC1) was identified to mediate the regulation of SMC1A in terms of the biological behaviors of cervical cancer cells. Further, the chemotherapy resistance to cisplatin and paclitaxel was also influenced by the downregulation of SMC1A. According to our results, SMC1A might serve as an effective molecule involved in regulating cervical cancer.

Materials and Methods

Bioinformatics analysis

The datasets GSE9750, GSE63514, GSE39001, GSE7803 GSE113678, GSE113942, and GSE151666 were downloaded from the Gene Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/gds). We used the UALCAN online tool (http://ualcan.path.uab.edu/analysis.html) to analyze the correlation between the expression of SMC1A and different clinical characteristics of cervical cancer along with its expression in multiple cancers (Chandrashekar et al., 2017, 2022). The correlation between SMC1A expression level and disease-free interval (DFI) of patients with cervical cancer was estimated using Gene Set Cancer Analysis (GSCA) (http://bioinfo.life.hust.edu.cn/GSCA/#/). Differentially upregulated genes in the four datasets (GSE9750, GSE63514, GSE39001, and GSE7803) were screened according to the following thresholds: adjusted p < 0.01 and log-fold change (FC) ≥ 1. An online tool (https://www.xiantao.love/) was used to produce the Venn diagram. The potential downstream factors from GSE113678 were screened using p < 0.05 and |logFC| > 1 as filter criteria. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed to classify these genes.

Immunohistochemistry assay

We collected healthy cervical tissue (n = 3) and cervical cancer tissue (n = 7) for detecting the expression of SMC1A. These tissues were embedded in paraffin and cut into 5-μm-thick sections, followed by deparaffinizing with xylene, and then rehydrating with graded ethanol. The slides were placed in a heated antigen retrieval solution and heated for 10 min, and then were incubated with 3% H2O2 for 15 min at room temperature. After blocking by 1% bovine serum albumin (BSA) for 1 min, the sections were incubated with anti-SMC1A (Cat. no. 21695-1-AP, 1:50 dilution, Proteintech, Wuhan, China) at 4°C overnight and then treated with HRP labeled goat anti-rabbit IgG (Cat. no. SE134, 1:100 dilution, Solarbio, Beijing, China) for 45 min at room temperature. Subsequently, the slides were dyed by 3,3-diaminobenzidine tetrahydrochloride (Sangon Biotech, Shanghai, China) for 10 min and redyed using hematoxylin (Solarbio, Beijing, China) for 3 min. Finally, they were observed under a BX53 microscope (magnification, ×400, Olympus, Tokyo, Japan).

Cell culture and transfection

The human cervical cancer cell lines SiHa (Human Papiloma Virus or HPV+) and C-33A (HPV−) (iCell Bioscience Inc., Shanghai, China) were cultured with minimum essential medium (MEM) (Solarbio, Beijing, China) containing 10% fetal bovine serum (FBS) (Tianhang Biotechnology, Huzhou, China) in an incubator at 37°C. Cells (5 × 106 per well) were seeded in 6-well plates. Two molecules of short hairpin RNAs (shRNAs) targeting SMC1A (shSMC1As) were used to knockdown the expression of SMC1A, and their sequences are as follows: shSMC1A-a: 5′-AGTACAAGATCAACAACAA-3′; shSMC1A-b: 5′-GGAAGAAAGTAGAGACAGA-3′. They were constructed in the vector pRNAH1.1 (GenScript, Nanjing, China) and were transfected into cells using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), SiHa cells were maintained in a complete medium supplemented with 500 μg/ml G418 (Solarbio, Beijing, China) per well after 24 h transfection to establish the stable cell lines with low expression of SMC1A. The C-33A cells were cultured in a complete medium containing 600 μg/ml G418 after 24 h transfection. Cells were collected 1–2 weeks later for follow-up experiments. Additionally, a commercial MACC1 overexpression plasmid (YouBio, Changsha, China) was transfected into the SMC1A-downregulated cell lines to investigate the role of MACC1 in cervical cancer.

Real-time quantitative PCR assay

Total RNAs from SiHa and C-33A cells were extracted using TRIpure (BioTeke, Beijing, China). The complementary DNA (cDNA) was synthesized using a BeyoRT II M-MLV reverse transcriptase kit (Beyotime, Shanghai, China) according to the manufacturer’s protocol. The quantitative PCR was performed using 2 × Taq PCR MasterMix (Solarbio, Beijing, China) and SYBR Green (Solarbio, Beijing, China). The primers used in this assay have been listed in Suppl.Table S1.

Western blotting

SiHa and C-33A cells were harvested and lysed with RIPA lysate (Beyotime, Shanghai, China) containing 1% phenylmethanesulfonylfluoride (Beyotime, Shanghai, China). Total protein was estimated using an enhanced BCA protein assay kit (Beyotime, Shanghai, China). The equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE), and then transferred onto a polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific, Pittsburgh, PA, USA). After blocking in 5% bovine serum albumin (BSA) (Biosharp, Hefei, China) buffer for 1 h, the membrane was probed with primary antibodies overnight at 4°C. Then, the membrane was incubated with secondary antibodies at 37°C for 40 min. The details of these antibodies have been listed in Suppl. Table S2. After reaction with enhanced chemiluminescence (7 Sea Biotech, Shanghai, China) for 5 min, bands on the membrane were observed using a Tanon Image densitometric scanner (Biotanon, Shanghai, China).

Cell counting kit-8 assay

Cells (5 × 103 per well) were seeded into 96-well plates in different groups and cultured in an incubator at 37°C for 0, 24, 48, and 72 h, respectively. They were then cultured in 10 μl CCK-8 (KeyGen Biotech, Nanjing, China) reagent for 2 h. To investigate the effects of SMC1A on the chemotherapy sensitivity of cervical cancer cells, we cultured the cells with different concentrations of cisplatin or paclitaxel. Cells were treated with cisplatin (0, 1, 2, 4, 8, 16 μM) or paclitaxel (0, 10, 20, 40, 80 nM) for 48 h. These cells were then incubated with 10 μl CCK-8 reagent for 2 h. The optical density (OD) was evaluated using a microplate reader (BioTek, Winooski, VT, USA) at 450 nm. The formula for calculating the inhibition rate of cervical cancer cells is as follows: inhibition rate = (1 − OD of cells treated with different doses of cisplatin or paclitaxel/OD of untreated cells) × 100%.

Colony formation assay

When the cell density reached 90%, cells were collected, followed by reseeding 400 cells and their culturing for 14 days. Cell colonies were fixed with paraformaldehyde (Aladdin, Shanghai, China) for 1 min and stained using a Wright—Giemsa Stain Kit (Jiancheng Bioengineering Institute, Nanjing, China) for 5 min. The colony formation rate was calculated using the following formula: colony formation rate = (number of colonies/number of seeded cells) × 100%.

Immunofluorescence assay

Cells were fixed with 4% paraformaldehyde (Sinopharm, Shanghai, China) for 5 min and incubated with 0.1% tritonX-100 (Beyotime, Shanghai, China) at room temperature for 30 min. After being blocked by 1% BSA (Sangon Biotech, Shanghai, China) for 15 min, cells were incubated with E-cadherin antibody (Cat. no. A20798, 1:100 dilution, ABclonal, Wuhan, China) at 4°C overnight. Subsequently, cells were incubated with fluorescein isothiocyanate (FITC) labeled goat anti-rabbit IgG (Cat. no. ab6717, 1:200 dilution, Abcam, Cambridge, UK) at room temperature for 60 min in the dark, and the nuclei of cells were dyed using 4′,6-diamidino-2-phenylindole (DAPI) (Aladdin, Shanghai, China). The results were observed and captured using a BX53 fluorescence microscope (magnification, ×400, Olympus, Tokyo, Japan).

Wound healing assay

After the cells were grown to confluence, the medium was replaced with a serum-free medium and treated with mitomycin C (Sigma-Aldrich, St. Louis, MO, USA) for 1 h before detection. Wounds were created using a 200 μl pipette tip and imaged to record the location of cells. Subsequently, cells were continued to be cultured in a serum-free medium for 24 h. Images of cells were captured at 0 h and 24 h using an IX53 inverted microscope (magnification, ×100).

Transwell assay

Cells (5 × 104 per well) were seeded into Transwell upper chamber (Labselect, Beijing, China) containing Matrigel (Corning, NY, USA), and 800 μl medium with 10% FBS was supplemented into the lower chamber. The cells were cultured in an incubator with 5% CO2 at 37°C for 24 h. Next, these cells were fixed with 4% formaldehyde (Aladdin, Shanghai, China) for 20 min at 37°C and stained with 0.5% crystal violet (Amresco, Solon, OH, USA) for 5 min. Images of cells that invaded through the Matrigel membrane were captured using an IX53 inverted microscope (magnification, ×200), and the number of invaded cells was calculated.

Flow cytometry analysis

SMC1A-downregulated cells and cells in shNC and parental groups were treated with 2 μM cisplatin or 80 nM paclitaxel for 48 h. After collecting and cleaning the cells, 5 μl AnnexinV-FITC was added into cell suspension, and then mixed with 5 μl Propidium Iodide (PI). The mixture was incubated at room temperature in the dark for 10 min according to the instructions of the Annexin V-FITC/PI Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China). Cell apoptosis was estimated using the NovoCyteflow cytometer (Agilent, Santa Clara, CA, USA).

Statistical analysis

In this study, statistical results were presented as mean ± standard deviation (SD). Statistical differences between the two groups were estimated by the Student’s t-test, while differences among three or more groups were examined using analysis of variance (ANOVA). p < 0.05 was regarded as statistically significant.

Results

The association between SMC1A expression and clinical characteristics in cervical cancer

We downloaded four datasets related to cervical cancer, including GSE9750, GSE63514, GSE39001, and GSE7803. The overlap of differentially upregulated genes in cervical cancer was obtained using Venn analysis (Fig. 1A). SMC1A is one of these overlapped genes, and its expression was upregulated in the cervical cancer samples (Fig. 1B). This finding was further demonstrated by the result from the analysis of the cancer genome atlas (TCGA) database (Fig. 1C). Subsequently, compared with patients with lower SMC1A expression, cervical cancer patients with high SMC1A expression had lower survival probability, suggesting that poor prognosis of cervical cancer might be partially related to the upregulation of SMC1A (Fig. 1D). Moreover, analysis results obtained from the UALCAN database showed high SMC1A expression in primary tumors (Fig. 1E). The expression of SMC1A in different characters of cervical cancer has been presented in Figs. 1F–1J. The SMC1A mRNA expression upregulated first and then decreased with the increase of tumor grade or patient’s age (Figs. 1G and 1J). As shown in Fig. 1I, SMC1A expression in patients with N0 and N1 metastasis of cervical cancer was higher than that in normal patients. No clear association was found between SMC1A expression and cancer stages as well as tumor histology of cervical cancer (Figs. 1F and 1H). Additionally, IHC results demonstrated that SMC1A was significantly upregulated in cervical cancer tissues (Fig. 1K). These results validated that SMC1A was highly expressed and possibly played a vital role in cervical cancer.
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Figure 1: The association between clinical characters and structural maintenance of chromosome 1A (SMC1A) expression in cervical cancer. (A) Venn diagram of the differentially upregulated genes in cervical cancer samples from GSE9750, GSE63514, GSE39001, and GSE7803 datasets. (B) The mRNA expression of SMC1A in the four datasets. (C) SMC1A expression in different cancers from the The Cancer Genome Atlas (TCGA) database detected using UALCAN. (D) The relevance between SMC1A expression and the prognosis of cervical cancer was examined using Gene Set Cancer Analysis (GSCA). The expression of SMC1A in different sample types (E), cancer stages (F), tumor grade (G), tumor histology (H), nodal metastasis status (I), and patient’s age (J) in cervical cancer. (K) The expression of SMC1A was detected in cervical cancer tissue and normal cervical tissue by immunohistochemistry (IHC) assay (N, Normal tissue, n = 3; T, Tumor tissue, n = 7). Scale bars: 50 μm. *p < 0.05, **p < 0.01.

Downregulation of SMC1A inhibits cell proliferation in cervical cancer

Two molecules of shRNAs targeted SMC1A were transfected into SiHa and C-33A cells to knockdown SMC1A. The relative mRNA level of SMC1A was significantly decreased in the two cervical cancer cell lines (Fig. 2A). As shown in Fig. 2B, the protein expression of SMC1A was obviously downregulated by shSMC1A-a and shSMC1A-b in the cancer cells. Additionally, cell proliferation was remarkably suppressed in the SiHa and C-33A cells with depletion of SMC1A at 24, 48, and 72 h (Fig. 2C). Meanwhile, knockdown of SMC1A suppressed the protein expression of ki67 and proliferating cell nuclear antigen (PCNA) (Kayaselçuk et al., 2002) in cervical cancer cells (Fig. 2D). The subsequent colony formation assay verified that silencing of SMC1A significantly repressed the viability of the cancer cells (Fig. 2E). Therefore, SMC1A downregulation effectively suppressed the cell proliferation ability in cervical cancer.
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Figure 2: Downregulation of structural maintenance of chromosome 1A (SMC1A) inhibits cell proliferation in cervical cancer. (A) Real-time reverse transcription polymerase chain reaction (RT-qPCR) was used to detect the mRNA expression of SMC1A in SiHa and C-33A cells. (B) The protein expression of SMC1A was assessed by western blotting. (C) Cell viability of SiHa and C-33A cells was examined using the cell counting kit-8 (CCK-8) assay. (D) The protein expression of ki67 and proliferating cell nuclear antigen (PCNA) was evaluated by western blotting. (E) Colony formation assay determined the proliferation of cervical cancer cells transfected by shSMC1As. Scale bars: 1 cm. n = 3. ns, p > 0.05, *p < 0.05, **p < 0.01.

Knockdown of SMC1A suppresses epithelial-mesenchymal transition (EMT), migration, and invasion of cervical cancer cells

Previous reports have identified that EMT acts as an indispensable process to enhance the malignant phenotypes of tumor cells, including migration and invasion (Ribatti et al., 2020). To understand the contribution of SMC1A on EMT in cervical cancer, we then observed cellular characteristics of SiHa and C-33A cells with downregulation of SMC1A. As displayed in Fig. 3A, the parental SiHa cells and negative control cells exhibited an elongated cell morphology. After being transfected by shSMC1A-a and shSMC1A-b, SiHa cells became shorter and rounder. Similarly, the depletion of SMC1A blocked the extension of C-33A cells. This suggested that the EMT process in cervical cancer cells was possibly associated with the alteration of SMC1A expression. Moreover, the changes in the expression of several factors, such as N-cadherin, Snail, and E-cadherin, have been used to estimate the occurrence of EMT (Kim et al., 2006; Hsu et al., 2007). When the expression of SMC1A was knocked down, the protein expression of N-cadherin and Snail declined in the cancer cells (Fig. 3B). In addition, after SMC1A expression was blocked in the cervical cancer cells, a significant increase of E-cadherin expression was observed (Fig. 3C).
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Figure 3: Knockdown of structural maintenance of chromosome 1A (SMC1A) suppresses epithelial-mesenchymal transition (EMT) in cervical cancer. (A) Cell morphology was observed under an inverted microscope. Scale bars: 50 μm. (B) Western blotting was used to examine the protein expression of N-cadherin and Snail. (C) Expression of E-cadherin was estimated using immunofluorescence (IF) staining in SiHa and C-33A cells. Scale bars: 50 μm. n = 3.

Moreover, the wound healing assay revealed that the knockdown of SMC1A obviously inhibited the migration of SiHa and C-33A cells. The migration rate of cervical cancer cells was reduced to less than 40% (Fig. 4A). Meanwhile, the number of invaded cells was significantly decreased in the two cell lines, suggesting that the absence of SMC1A also suppressed the invasion of cervical cancer cells (Fig. 4B). To summarize, these findings supported that the absence of SMC1A suppressed the EMT process of cervical cancer cells, and also inhibited cell migration and invasion in cervical cancer.
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Figure 4: The knockdown of structural maintenance of chromosome 1A (SMC1A) suppresses the migration and invasion of cervical cancer cells. (A) Migration of SiHa and C-33A cells was determined by the wound healing assay. Scale bars: 200 μm. (B) Invasion of cervical cancer cells was examined using transwell assay. Scale bars: 100 μm. n = 3. ns, p > 0.05, *p < 0.05, **p < 0.01.

Silencing of SMC1A improves the chemosensitivity and enhances the apoptosis of cervical cancer cells

There is little literature on the regulation of SMC1A expression on cisplatin and paclitaxel chemotherapy sensitivity in cervical cancer cells. After treatment with different concentrations of cisplatin, the growth of SiHa cells was inhibited and the inhibition rate of the cells with silence of SMC1A was dose-dependently increased. The inhibition rate of C-33A cells was significantly increased by shSMC1A-a and shSMC1A-b compared with the negative control cells at 1, 2, 4, and 8 μM cisplatin treatment (Fig. 5A). When cells were cultured in the medium with different concentration of paclitaxel, their inhibition rate was significantly raised after transfected by the silencing of SMC1A. With the increase of paclitaxel concentration, knockdown of SMC1A showed an obvious inhibitory effect on cervical cancer cells (Fig. 5B). Collectively, reduction of SMC1A might be an effective method to improve the chemosensitivity of cervical cancer cells to cisplatin and paclitaxel.
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Figure 5: Silencing of structural maintenance of chromosome 1A (SMC1A) improves the chemosensitivity of cervical cancer cells. (A) The resistance of cervical cancer cells to cisplatin was measured using the cell counting kit-8 (CCK-8) assay. (B) The resistance to paclitaxel was assessed using CCK-8 assay. (C) Cell apoptosis induced by cisplatin and paclitaxel was evaluated by flow cytometry. n = 3. ns, p > 0.05, *p < 0.05, **p < 0.01.

Furthermore, the effect of SMC1A on cell apoptosis induced by cisplatin and paclitaxel was estimated by using flow cytometry. As depicted in Fig. 5C, the knockdown of SMC1A significantly increased the apoptosis rate of the SiHa and C-33A cells. When cells were cultured with cisplatin for 48 h, the apoptosis rate of SiHa C-33A cells was increased to over 20%. The absence of SMC1A further facilitated the apoptosis of cervical cancer cells. Meanwhile, paclitaxel also enhanced cell apoptosis in the two cell lines, and the apoptosis rate was significantly upregulated by silencing of SMC1A. Therefore, the downregulation of SMC1A further promoted the apoptosis of cervical cancer cells induced by cisplatin and paclitaxel, indicating that inhibiting SMC1A expression could serve as a molecular therapy approach to assist in the efficacy of cisplatin or paclitaxel in cervical cancer.

The downstream factor MACC1 is decreased by SMC1A downregulation

The dataset GSE113678 was examined for the potential molecules that may be regulated by SMC1A in tumor cells. The top 10 differentially upregulated gene-enriched GO terms with the smallest p-value in the categories of biological process (BP), cellular components (CC), and molecular function (MF) have been presented in Fig. 6A. The KEGG pathway enrichment analysis of the differentially upregulated genes suggested that they were enriched in serval human diseases and cell survival-related signaling pathways (Fig. 6B). Furthermore, the enrichment results in Figs. 6C and 6D revealed that the differentially downregulated genes were involved in the biological behavior of interaction with other molecules. The RNA expression levels of Kruppel-like factor 5 (KLF5), Centrosomal Protein 55 (CEP55), Chromatin Assembly Factor 1 Subunit A (CHAF1A), LINC00008 (H19), Transmembrane 4 L Six Family Member 1 (TM4SF1), Histone Deacetylase 9 (HDAC9) and MACC1 were evaluated using RT-qPCR. As shown in Fig. 6E, the mRNA levels of CEP55, CHAF1A, and TM4SF1 presented no alteration in cancer cells with the knockdown of SMC1A. However, a significant decrease in KLF5, H19, and MACC1 expression was documented in cervical cancer cells due to the knockdown of SMC1A. Interestingly, HDAC9 mRNA expression was markedly increased in cancer cells in the absence of SMC1A. Since MACC1 has been reported to promote malignant phenotypes of cervical cancer, such as migration and invasion (Zhou et al., 2015; Mei et al., 2022), we further explored whether MACC1 mediates the regulation of SMC1A in cervical cancer cells. In the SMC1A-suppressed cells, the protein expression of MACC1 was evidently declined compared with that in shNC-transfected cells (Fig. 6F). Overall, these findings confirmed that MACC1 as a downstream factor was affected by SMC1A.
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Figure 6: Investigation of downstream factors potentially regulated by structural maintenance of chromosome 1A (SMC1A). (A) Gene ontology (GO) enrichment analysis was performed on genes positively correlated with SMC1A expression. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analysis of genes positively related to SMC1A expression. (C) GO enrichment analysis of genes negatively associated with SMC1A expression. (D) KEGG pathways enrichment analysis of negatively correlated genes. (E) The RNA levels of potential downstream factors were estimated using real-time reverse transcription polymerase chain reaction (RT-qPCR). (F) The protein expression of metastasis associated in colon cancer 1 (MACC1) was determined by western blotting. BP: Biological process, CC: Cellular components, MF: Molecular function. n = 3. ns, p > 0.05, *p < 0.05, **p < 0.01.

SMC1A affects malignant phenotypes of cervical cancer by regulating MACC1

To further outline whether MACC1 participates in the regulation of SMC1A in malignant phenotype of cervical cancer, MACC1 was overexpressed in SiHa and C-33A cells transfected by shSMC1As. As displayed in Fig. 7A, the protein expression of MACC1 was markedly upregulated in cancer cells. Compared with the proliferation of negative control cells, the silencing of SMC1A significantly suppressed the proliferation of the test cells. As expected, when MACC1 was overexpressed in cancer cells, the downregulation of proliferation induced by shSMC1A was notably reversed at 24, 48, and 72 h after transfection (Fig. 7B). Moreover, the effect of MACC1 on the EMT of cancer cells was examined using immunofluorescence staining. The increase of E-cadherin expression induced by shSMC1As was inhibited in the two cells after transfection of MACC1 overexpression (Fig. 7C). These results demonstrated that MACC1mediated the inhibition of SMC1A decrease on cell proliferation and EMT.
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Figure 7: Structural maintenance of chromosome 1A (SMC1A) affects malignant phenotypes of cervical cancer by regulating metastasis associated in colon cancer 1 (MACC1). (A) The protein expression of MACC1 in the SMC1A-downregulated cells with overexpression of MACC1 was detected by western blotting. (B) Cell viability was examined using the cell counting kit-8 (CCK-8) assay. (C) The expression of E-cadherin was assessed by immunofluorescence (IF) staining of the cervical cancer cells. Scale bars: 50 μm. n = 3. **p < 0.01.

Discussion

Cervical cancer is a gynecological disease that affects many women all over the world (Marth et al., 2017). SMC1A has been reported to regulate the development of several human cancers. In a recent study, SMC1A showed high expression in human colorectal cancer. Further, its overexpression promoted the biological behaviors of colorectal cancer (Sarogni et al., 2019). Additionally, there is literature suggesting that the absence of SMC1A leads to the inhibition of cell proliferation and invasion of lung cancer cells (Zhang et al., 2013). Furthermore, upregulation of SMC1A facilitated cell viability and invasion of cancer cells in colorectal cancer (Zhou et al., 2017). According to these reports, we speculated SMC1A was likely involved in the regulation of cervical cancer. Human papillomavirus (HPV) has been known as the major cause of cervical cancer. In our study, we used two cervical cancer cell lines to investigate the biological function of SMC1A. The SiHa cell line contains the HPV16 genome (Akagi et al., 2014), and C-33A is an HPV-negative cervical cancer cell line. Results obtained from GSE113942 and GSE151666 datasets have been shown in Suppl. Fig. S1, which demonstrated that SMC1A expression levels did not change significantly in HPV-positive and HPV-negative cervical tissues (Xu et al., 2019; Ruiz et al., 2021). Therefore, results in this report demonstrated that the expression of SMC1A was not affected by HPV in cervical cancer. Further, SMC1A was highly expressed in cervical tumor tissues. The proliferation and EMT of cervical cancer were remarkably suppressed by the depletion of SMC1A in cancer cells. SMC1A can be regarded as a potential molecular target to improve the prognosis of cervical cancer.

A previous study has clarified that molecular therapeutic targets for malignant tumors can improve the specificity of therapeutic drugs and minimize the possible side effects of drugs (Zhang et al., 2013). The alteration of Caspase-8 expression partly influenced the chemoresistance of cervical tumors. Its downregulation led to the therapy with CDK9 inhibitor combined with cisplatin overcoming chemotherapy resistance of cervical cancer cells (Mandal et al., 2022). Inhibition of microtubule affinity-regulating kinase (MARK) 2 resulted in enhancing the cytotoxicity of paclitaxel. Additionally, the inhibition of downstream factor histone deacetylase (HDAC) 4 could overcome chemoresistance to paclitaxel in cervical cancer cells (Zeng et al., 2022). Surprisingly, we found that downregulation of SMC1A reduced resistance to the chemotherapeutic drugs cisplatin and paclitaxel. Based on these findings, SMC1A could be used as a novel molecular target to assist therapies for cervical cancer. Increasing the sensitivity of tumor cells to traditional cytotoxic drugs and radiotherapy, so as to reduce the possibility of metastasis and clinical recurrence provides an approach for the improvement of cervical cancer outcomes.

Studies have shown that EMT is a biological process that promotes epithelial cells to acquire mesenchymal characteristics. EMT plays an important role in the invasion and distant metastasis of cancer progression (van Staalduinen et al., 2018; Aiello and Kang, 2019). During this process, the phenotype of epithelial cells becomes shorter and rounded along with weakened cell adhesion (Pastushenko and Blanpain, 2019). Additionally, the reduction of epithelial adhesion proteins such as E-cadherin, and the increase of interstitial molecular markers such as N-cadherin, vimentin, and Snail, are essential hallmarks of the EMT process (Lamouille et al., 2014). A study documented that SMC1A directly targeted the promoter region of Snail to enhance Snail transcription, which facilitated the EMT progression in breast cancer (Zhang et al., 2022). Our study estimated the progression of EMT by observing the phenotype of cervical cancer cells and detecting the alteration of E-cadherin, N-cadherin, and Snail. These results supported that the knockdown of SMC1A promoted the transformation of mesenchymal cells into epithelial cells in cervical cancer via MACC1 regulation.

To explore the underlying mechanism of SMC1A in the regulation of cervical cancer, we screened its downstream factors from the dataset GSE113678. According to the results of GO and KEGG enrichment analyses as well as the transcription levels of potential downstream factors, MACC1 was identified for further exploration of mechanisms. A published genome-wide search demonstrated that MACC1 differently expresses in colorectal cancer samples (Stein et al., 2009). Additionally, downregulation of MACC1 was reported to block migration and invasion of cells and promote apoptosis in cervical cancer. Meanwhile, the AKT/signal transducer and activator of transcription 3 (STAT3) signaling pathway was found to mediate the regulation of MACC1 in cervical cancer (Mei et al., 2022). MACC1 has been identified as a promising molecular target for cervical cancer prognosis (Guo et al., 2014; Wang et al., 2018). In our study, the expression of MACC1 significantly decreased in the SiHa and C-33A cells transfected with knockdown of SMC1A. The proliferation of SMC1A-knockdown cervical cancer cells was significantly enhanced when MACC1 was overexpressed. A remarkable decrease of E-cadherin induced by MACC1 upregulation suggested that MACC1 mediated the regulation of SMC1A in the EMT process of cervical cancer.

Collectively, our study verified that SMC1A was highly expressed in cervical cancer, and it was possibly associated with the poor prognosis of cervical cancer. Knockdown of SMC1A inhibited cell viability and the EMT process of cervical cancer cells by inhibiting the expression of MACC1. The chemotherapy resistance of cells to cisplatin and paclitaxel was also decreased by the silencing of SMC1A. In the future, in vivo experiments are still required to further corroborate the above conclusions.
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FIGURE S1: Data came from GSE113942 and GSE151666 revealed the SMC1A expression in HPV-positive and HPV-negative cervix tissues.
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TABLE S§1

Primers used for real-time quantitative PCR assay

Genes Sequences (5'-3')
CEP55 F:GGAGAAAGGAGGGAGC
R:AAACGGAGTGTATTGGT
CHAFIA F:GGGAAGGTGCCTATGGTG
R:GGGACGAATGGCTGAGTA
HI9 F:CTGGGCAACGGAGGTGTA
R:CTGGGAGGGTGTCTGCTTC
SMCIA F-TTAAGTCGTACAAGGGTCG
R:CGCAGGTTGCTGGTTT
TMA4SF1 F-TGTGCGATGCTTTCTTCT
R:GACATAGTGGTCCTTCTGCT
KLF5 F:-TCATCTTTCTGTCCCTACC
R:TGTCCATTGCTGCTGTC
HDAC9 F:GAGACGCAGACGCTTAG
R:GTCGCATTTGTTCTTTCA
MACCI F-TTACTCACATCTGTCCCTG

R: GACGTGCGACTAACTCTT

Note: F: Forward. R: Reverse.
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TABLE S2

Information of antibodies used for western blot assay

Category Name Dilution Catalog no. Manufacturer
anti-SMC1A 1:200 sc-393171 Santa Cruz Biotechnology
anti-PCNA 1:1000 A0264 ABclonal
anti-ki67 1:1000 AF0198 Affinity

Primary antibody anti-N-cadherin 1:1000 A19083 ABclonal
anti-Snail 1:1000 A5243 ABclonal
anti-MACCI1 1:500 DF13135 Affinity
anti-B-actin 1:20000 66009-1-Ig Proteintech

. HRP labeled goat anti-rabbit IgG 1:10000 SA00001-2 Proteintech

Secondary antibody

HRP labeled goat anti-mouse IgG 1:10000 SA00001-1 Proteintech

Note: HRP: horseradish neroxidase.
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