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UBE2T mediates the stemness properties of breast cancer cells through the mTOR signaling pathway
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Abstract: Objectives: This study aimed to reveal the role and possible mechanism of the ubiquitin-conjugating enzyme 2T (UBE2T) in the biological activities of breast cancer stem cells (BCSCs). Methods: The specific protein and gene expression were quantified by Western blotting and quantitative real-time polymerase chain reaction, the proportion of BCSCs was examined by flow cytometry, and the self-renewal and proliferation of BCSCs were verified by serial sphere formation and soft agar. Results: Increasing expression of UBE2T was drastically found in breast cancer than that in adjacent tissues. Furthermore, UBE2T overexpression significantly increased the proportion of BCSCs in breast cancer cells and promoted their self-renewal and proliferation. Silent UBE2T exhibited the opposite functions. UBE2T increased the levels of the mammalian target of rapamycin and the phosphorylated mammalian target of rapamycin. Mammalian target of rapamycin (mTOR) inhibitor rapamycin inhibited the function of UBE2T in BCSCs. Conclusion: UBE2T plays a role in BCSCs through mTOR pathway and may suggest a novel therapeutic strategy for breast cancer.
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Introduction

A higher incidence of breast cancer (BCa) in women has been reported, and BCa is at the top list of cancer-related deaths. It is disputed that cancer stem cells (CSCs) are closely associated with the progression of multiple tumors [1,2]. CSCs are a small number of cells characterized by strong survival, high replication, self-renewal, high differentiation potential, and drug resistance [3]. Abnormal expression of ubiquitin enzymes such as channel intrinsic protein (CHIP) [4], F-box/WD repeat-containing protein 7 (Fbxw7) [5], and tripartite motif-containing protein 16 (TRIM16) [6] plays a significant role in BCSCs. Our study revealed the role and possible mechanism of action of ubiquitin-conjugating enzyme 2T (UBE2T) in breast cancer stem cells (BCSCs), and we suggested a novel target for BCa therapy.

In previous reports, UBE2T was shown to play an essential role in the DNA repair pathway in Fanconi anemia through UBE2T-mediated mono-­ubiquitination of Homo sapiens Fanconi anemia, complementation group D2 (FANCD2), resulting in the activation of the Fanconi anemia core pathway [7,8]. It has been reported that elevated expression of UBE2T was found in lung cancer [9,10], bladder cancer [11], BCa [12], and prostate cancer [13]. In addition, UBE2T increased the proliferative rate of BCa cells both in cellular and animal experiments by suppressing the expression of breast cancer susceptibility gene 1 (BRCA1) [14], suggesting poor outcomes in patients with breast cancer [15]. UBE2T also promoted the metastasis of prostate cancer cells through epithelial-mesenchymal transition [13]. Recently, UBE2T was reported to increase the proliferation rate of renal cell carcinoma cells via the phosphoinositide3 (PI3K)-kinase-protein kinase B (AKT) pathway [16] and hepatocarcinoma cells via the p53 pathway [17,18] or the G2/M checkpoint [19]. Although the oncogenic function of UBE2T has been verified in multiple tumors, the specific mechanism remains to be elucidated. In this study, we revealed that UBE2T was effective in maintaining the stemness of BCa cells and suggested a possible pathway through which UBE2T affects the malignancy of BCa.

The mammalian target of rapamycin (mTOR) has been shown to regulate cell growth and many proteins complex as a serine-threonine kinase. Two mTOR complexes 1 and 2 (mTORC1 and mTORC2) have been reported [20]. mTORC1 comprises mTOR, raptor, and mTOR associated protein/LST8 homolog [21] which regulates transcription factors such as ribosomal protein S6 kinase and eIF4E-binding protein [22]. mTORC2 comprises mTOR, DEP domain-containing mTOR-interacting protein, mTOR-associated protein/LST8 homolog, proline-rich protein 5, a rapamycin-insensitive companion of mTOR, and mitogen-activated protein kinase-associated protein 1 [22]. mTOR has been proven to have a positive role in BCSCs [23–25]. However, there is no evidence that UBE2T influences the stemness of BCa cells through the mTOR pathway.

For this work, we attempted to elucidate the role and possible mechanism of UBE2T in BCSCs.

Materials and Methods

Cell culture and retroviral transduction

We purchased the BCa cell lines from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured according to the manufacturer’s instructions. HCC1428, MDA-MB-231, and BT549 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Merck, R6504, Shanghai, China) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, 12107C, Shanghai, China) and 1% penicillin/streptomycin (Merck, 516106, Shanghai, China) MCF-7 cells were grown in Dulbecco’s modified eagle medium (DMEM)(Merck, D0822, Shanghai, China) supplemented with 10% FBS and 1% penicillin/streptomycin. All the BCa cell lines were incubated at 37°C in 5% CO2.

Cell lines overexpressing or silencing UBE2T were established according to methods described in our previous study [13].

Western blotting (WB) and antibodies

Proteins were extracted using Radioimmunoprecipitation Assay (RIPA) lysis buffer (Merck, 20-188, Shanghai, China). Protein concentration was quantified using a Bicinchoninic Acid (BCA) reagent (Merck, BCA1, Shanghai, Chian). Proteins were separated within a 10% bis-tris precast gel, then were transferred to polyvinylidene fluoride (PVDF) membranes (BESTOPBIO, IPVH00010, Beijing, China), and incubated with primary antibodies overnight at 4°C. The next day, the PVDF membranes were incubated with the secondary antibodies after being washed in TBST (ThermoFisher, 28360, Shanghai, China). Finally, the semiquantitative results of proteins were measured by an enhanced chemiluminescence system.

All antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) and used at indicated concentrations: anti-actin (1:2000, CST3700), anti-UBE2T (1:1000, CST12992S), anti-SRY-box containing gene 2 (Sox2; 1:500, CST23064), anti-octamer-binding transcription factor (Oct4; 1:500, CST2840), anti-Nanog homeobox (Nanog; 1:1000, CST4893), anti-mTOR (1:500, CST47102), anti-phosphorylated mammalian target of rapamycin (p-mTOR; 1:500, CST5536).

Flow cytometry assay

The BCa cells were cultured in 100-mm dishes at 37°C in 5% CO2 and collected at 70–80% density, then incubated with anti-CD44-APC (Abcam, ab81424, Beijing, China) and anti-CD24-PE (Abcam, ab314420, Beijing, China) antibodies or stained with their isotype controls according to the manufacturer’s instructions and examined using a flow cytometry system (BD FACS Melody, ThermoFisher, Shanghai, China). CD24−/CD44+ cells are considered BCSCs.

Quantitative real-time polymerase chain reaction (qRT-PCR)

We used TRIzol reagent (Invitrogen, 15596026, Beijing, China) to extract the total RNA, followed by reverse transcription with First Strand cDNA Synthesis Kit (Invitrogen, K1621, Beijing, China) and real-time quantitative PCR on a PRISM 7900HT system (Applied Biosystems, Shanghai, China). The steps of the qPCR reaction were as follows: denaturation (95°C, 15 min), amplification (40 cycles, 94°C for 40 s), and extension (58°C, 1 min). All oligonucleotide DNA primers utilized in this study were Homo sapiens: UBE2T forward, CAAATATTAGGTGGAGCCAACAC and reverse, TAGATCACCTTGGCAAAGAA.

C; GAPDH forward, TCTTCTTTTGCGTCGCCAG, reverse, TGGAGAAGGCTGGG.

GCT; OCT4A forward, GACAACAATGAGAACCTTCAGGAGA, reverse, CTGGCG.

CCGGTTACAGAACCA; Nanog forward, TTGTGGCCTGAAGAAAACTATCC, reverse, CTGCGTCACACCATTGCTATTCTT; Sox2 forward, CCCCCGGCGGCAAT. AGCA, reverse, TCGGCGCCGGGGAGATACAT.

RNA sequencing (RNA-seq)

The RNA-seq samples or cells were stored in liquid nitrogen, and then RNA-seq was performed by PTM Bio (Application registration number: 53112954, Hangzhou, China).

Sphere formation assay

The sphere formation assay was performed as described by Lei Yang et al. with slight modifications [26]. The special culture medium contained mammary epithelial growth medium, B27 (1:50, Gibco, 17504044, Shanghai, China), epidermal growth factor (20 ng/mL, Invitrogen, PHG0311, Beijing, China), basic fibroblast growth factor (20 ng/mL, Invitrogen, 100-18B, Beijing, China), and heparin (10 μg/mL, Sigma, 9041-08-1, Shanghai, China). Single-cell suspensions were plated in ultra-low-attachment 96-well plates (Costar) at 1000 viable cells per well. Cells were grown as spheroids and counted after 7–10 days. The secondary number of spheroids was counted 8–10 days after plating.

Soft agar assay

The agar (A5431) and agarose (A9045) were purchased from Sigma-Aldrich. The bottom layer was a 0.6% agar mix, and the top layer was 0.35% agarose mixed with 5000 cells that needed to be detected. Then, 2–3 weeks after being incubated at 37°C in 5% CO2, the clones were counted under a microscope (OLYMPUS, BX-36, Shanghai, China).

Clinical specimen collection

The 24 pairs of BCa and adjacent tissues were obtained with informed consent. With the approval of the Ethics Committee of Shandong University School of Basic Medical Science (No. ECSBMSSDU2021-2-157). We then determined the expression of UBE2T using WB and qRT-PCR. All tissues were preserved in liquid nitrogen before protein extraction.

Statistical analysis

All data are expressed as mean ± SD. A p-value of equal to or less than 0.05 based on the Student’s t-test of SPSS (NDTimes, Beijing, China) was considered statistically significant. Each assay was repeated three times.

Results

Elevated expression of UBE2T is found in BCa

To verify whether UBE2T expression levels were elevated in human BCa, RNA-sequence was performed on six paired breast cancer samples. Increased expression of UBE2T was observed in the breast cancer (Figs. 1A and 1B). To confirm this finding, the expression levels of UBE2T in 24 primary BCa and control tissues were detected using WB and qRT-PCR. As shown in the results, both the transcription (Figs. 1C and 1D) and protein (Figs. 1E and 1F) levels of UBE2T in BCa tissues were significantly elevated compared with that in control tissues, suggesting a potentially oncogenic role of UBE2T in BCa. Next, we verified the quantitative levels of UBE2T in several BCa cell lines and human normal mammary epithelial cells (MCF-10A). Similar to the results in BCa tissues and consistent with previous reports [12], the expression levels of UBE2T in BT549, MDA-MB-231, HCC1428, and MCF-7 were higher than those in human normal mammary epithelial cells (MCF-10A) (Figs. 1G and 1H) and were higher in the more invasive BCa cell lines BT549 and MDA-MB231 compared with HCC1428 and MCF7 (Figs. 1G and 1H). These results suggest that UBE2T plays an oncogenic role and contributes to BCa malignancy. Therefore, it would be worthwhile to explore the precise function of UBE2T in BCSCs.
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Figure 1: Elevated ubiquitin-conjugating enzyme 2T (UBE2T) is examined in BCa. (A) mRNA-seq of BCa and control. (B) Bioinformatics analysis of the data from (A). (C) qRT-PCR of UBE2T in breast cancer and control. (D) Analysis of UBE2T levels in (C) (**p < 0.01). (E) WB of UBE2T levels in some breast cancer and control. AN: adjacent tissue, BCa: breast cancer. (F) Statistics of UBE2T expressions in BCa and adjacent tissues (**p < 0.01). (G) WB for UBE2T levels in BCa cell lines. (H) Quantification of UBE2T in breast cancer cells. Error bars, SD. Each assay was repeated three times.

Overexpressed UBE2T increases the proportion of BCSCs

Based on the expression levels of UBE2T in BCa tissues and cells and the association of BCSCs with cancer growth, metastasis, and relapse [27,28], we aimed to verify the exact role of UBE2T in BCSCs. First, we retrovirally established breast cancer cells with overexpressed UBE2T or silenced UBE2T which were confirmed by WB (Figs. 2A and 2B). The proportion of BCSCs was analyzed using fluorescence-activated cell sorting. Surprisingly, overexpression of UBE2T significantly increased the proportion of cells marked as CD44+/CD24−/low, which is considered to be the phenotype of BCSCs in MCF-7 and HCC1428 cells, whereas silencing of UBE2T had the opposite effect (Figs. 2C–2F). In summary, UBE2T increased the proportion of BCSCs in BCa cells, suggesting that UBE2T may affect the properties of BCSCs.
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Figure 2: Elevated UBE2T increases the proportion of BCSCs. (A) WB of UBE2T in MCF7 and HCC1428 cells with overexpressed UBE2T (above) and quantitation of UBE2T (below) (**p < 0.01). (B) WB of UBE2T levels in MDA-MB-231 and BT549 cells with silenced UBE2T (above) and quantitation of UBE2T (below) (**p < 0.01). (C and D) Fluorescence-activated cell sorter (FACS) for the proportion of BCSCs in MCF7 and HCC1428 cells with overexpressed UBE2T (**p < 0.01). (E and F) FACS for the proportion of BCSCs in MDA-MB-231 and BT549 cells with silenced UBE2T. In (E and F), we identify 231 CD44-positive cells with higher CD44 expression (**p < 0.01). Error bars, SD. Each assay was repeated three times.

UBE2T regulates the properties of BCSCs

Based on the increased proportion of BCSCs induced by UBE2T overexpression, we verified the influence of UBE2T on the stemness of BCa cells. First, a soft agar assay was used to detect the clonogenic potential of BCSCs. More and larger clones were induced by UBE2T in MCF7 and HCC1428 cells overexpressing UBE2T (Figs. 3A–3D) while silencing of UBE2T showed the opposite effect in BT549 and MDA-MB-231 cells (Figs. 3E–3H). Furthermore, sphere formation for self-renewal of BCSCs verified that overexpression of UBE2T significantly increased the number of primary and secondary spheres formed by MCF7 and HCC1428 cells (Figs. 4A–4D), while silencing of UBE2T showed opposite effect in MDA-MB-231 and BT549 cells (Figs. 4E–4H). Consistent with our hypothesis, these data indicate that UBE2T enhances the properties of BCSCs.
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Figure 3: The proliferation of BCSCs with overexpressed UBE2T in soft agar. (A–D) Soft agar assay of MCF7 (A and B) and HCC1428 (C and D) with overexpressed UBE2T (**p < 0.01). (E–H) Soft agar assay of MDA-MB-231 (E and F) and BT549 (G and H) with silenced UBE2T (*p < 0.05, **p < 0.01). Scale bars in A, C, E, G, 200 μm. Error bars, SD. Each assay was repeated three times.
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Figure 4: Sphere formation for self-renew of BCSCs. (A–D) Images of spheres formed by MCF7 (A and B) and HCC1428 (C and D) cells with overexpressed UBE2T (**p < 0.01). (E–H) Images of spheres formed by MDA-MB-231 (E and F) and BT549 (G and H) cells with silenced UBE2T expression (*p < 0.05, **p < 0.01). Scale bar, 20 μm. Error bars, SD. Each assay was repeated three times.

Nanog, Oct4, and Sox2 have been reported as pluripotency markers essential for the characteristics of CSCs [29–31]. Therefore, we measured the expression levels of these markers in BCSCs with overexpressed or silenced UBE2T. As shown in Fig. 5, overexpressed UBE2T significantly increased both protein and RNA levels of Sox2, Oct4, and Nanog in MCF7 and HCC1428 cells (Figs. 5A and 5C), whereas silencing UBE2T inhibited the expression levels of these proteins (Figs. 5B and 5D). These data further confirmed that UBE2T regulates the stemness of BCSCs and suggested that UBE2T may regulate the properties of BCSCs by increasing the expression of these CSC-related proteins.
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Figure 5: The expression of BCSC markers is affected by UBE2T. (A) WB of BCSC markers in MCF7 and HCC1428 with overexpressed UBE2T (above) and quantitation of these markers (below) (**p < 0.01). (B) WB of BCSC markers in MDA-MB-231 and BT549 with silenced UBE2T (above) and quantitation of these markers (below) (**p < 0.01). (C) qRT-PCR of BCSC markers in MCF7 and HCC1428 with overexpressed UBE2T (*p < 0.05, **p < 0.01). (D) qRT-PCR of BCSC markers in MDA-MB-231 and BT549 with silenced UBE2T (*p < 0.05, **p < 0.01). Error bars, SD. Each assay was repeated three times.

UBE2T contributes to the properties of BCSCs through the mTOR pathway

UBE2T is associated with BCSC properties, but the mechanism involved in this progression remains unknown. Therefore, we attempted to identify the possible mechanism through RNA-seq. As shown in Figs. 6A and 6B, an increased number of genes overlapped with the mTOR pathway, which has been reported to be important in CSCs [32,33]. To verify that whether UBE2T was associated with mTOR pathway, we detected mTOR and p-mTOR expression levels in the indicated cells. As shown in Fig. 6C, elevated levels of p-mTOR were observed in MCF7 and HCC1428 cells overexpressing UBE2T compared with control cells, suggesting that the mTOR pathway was activated. Moreover, UBE2T silencing significantly decreased the p-mTOR levels in BT549 and MDA-MB-213 cells (Fig. 6D). The data above suggested that UBE2T could activate the mTOR pathway. Furthermore, we analyzed the database and found that UBE2T was negatively correlated with phosphatase and tensin homolog (PTEN) (Fig. 6E) and UBE2T inhibited the expression of PTEN (Fig. 6F), which suggests that UBE2T inhibits PTEN and activates mTOR signaling pathway.
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Figure 6: UBE2T promotes the properties of BCSCs through the mTOR pathway. (A) GO analysis of data of mRNA-seq between MCF7 with or without UBE2T overexpression. (B) KEGG analysis of data of mRNA-seq between MCF7 with or without UBE2T overexpression. (C and D) WB for proteins in mTOR signaling pathway in MCF7, HCC1428 with overexpressed UBE2T, and MDA-MB-231 and BT549 with silenced UBE2T (above) and quantification of p-mTOR and p-S6K (below) (**p < 0.01). (E) Linear correlation analysis of UBE2T and PTEN in breast cancer. (F) WB for PTEN in BCa cells with UBE2T overexpression (left) and quantitation of PTEN (right) (**p < 0.01). Each assay was repeated three times.

According to previous reports, mTOR is very important for the biological behavior of CSCs by altering the expression levels of Oct4, Nanog, and Sox2 [34,35]. To confirm whether UBE2T regulated these three proteins through the mTOR pathway in BCSCs, we suppressed the function of mTOR using rapamycin. In test we found that rapamycin significantly inhibited p-mTOR levels in MCF7 and HCC1428 cells overexpressing UBE2T and restrained the upregulated expression of Nanog, Oct4, and Sox2 induced by UBE2T overexpression (Fig. 7A and 7B). Moreover, rapamycin significantly reduced the number of spheres increased by UBE2T overexpression in MCF7 cells (Fig. 7C), and a similar phenomenon was confirmed in HCC1428 cells (Fig. 7D). The preliminary data reveal that UBE2T enhances the stemness of BCa cells through the mTOR pathway.
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Figure 7: Rapamycin restrains the effect of UBE2T on breast CSCs. (A) WB of BCSC markers in MCF7 and HCC1428 overexpressing UBE2T with mTOR inhibitor rapamycin (above) and quantitation of indicated proteins (below) (**p < 0.01). (B) WB of BCSC markers in MDA-MB-231 and BT549 silencing UBE2T with mTOR inhibitor rapamycin (above) and quantitation of indicated proteins (below) (**p < 0.01). (C and D) Sphere formation assay for the MCF7 and HCC1428 overexpressing UBE2T with mTOR inhibitor rapamycin (**p < 0.01). Scale bar, 20 μm. Error bars, SD. Each assay was repeated three times.

In conclusion, overexpression of UBE2T enhances the function of the mTOR pathway and increases the levels of CSC-related proteins, thus affecting the stemness of BCa cells.

Discussion

Recently, the incidence of BCa has been increasing in most countries despite efforts to prevent the disease [36,37]. The key role of BCSCs in BCa recurrence has been widely confirmed, and the hypothesis of specifically targeting CSCs sheds new light on the development of BCa treatments and provides the possibility of curing BCa permanently [38]. In this study, we investigated the role of UBE2T in BCSCs. Some assays have revealed that UBE2T significantly increases the proportion of BCSCs and promotes the stemness of BCSCs, including clonogenicity and self-renewal. Mechanistically, UBE2T increased the expression of CSC markers such as Nanog, Oct4, and Sox2 by mediating the mTOR pathway and affecting the stemness of BCa cells. These results suggest a potential therapeutic target for BCa treatment.

The oncogenic role of UBE2T has been reported in the bladder [11], lung [39,40], and prostate cancers [13] and other tumors [41–43]. In this study, UBE2T expression was significantly elevated in human BCa tissues, suggesting that UBE2T may play a role in BCa malignancy. Since BCSCs and stemness have been proven critical for the progression, metastasis, and recurrence of BCa, we examined whether UBE2T affected the stemness of BCa cells. In our results, UBE2T significantly increased the proportion of BCSCs and promoted the self-renewal and clonogenic potential of BCa cells, suggesting that UBE2T regulates the stemness of BCa cells. In other words, BCSCs regulated by UBE2T may be partially responsible for the poor prognosis of BCa.

CSC markers, such as Nanog, Oct4, and Sox2, are responsible for BCSC properties [44–46]. In our study, UBE2T increased the expression of these proteins by upregulating mTOR and p-mTOR expression. Moreover, the mTOR inhibitor, rapamycin, significantly inhibited the function of UBE2T in BCa cells. This was the first time we revealed that UBE2T plays a positive role in BCSCs. Therapies for BCa have been limited, and the prognosis has not been satisfactory because of therapy resistance induced by BCSCs. Herein, we revealed the role and possible mechanism of action of UBE2T in BCSCs and suggested a potential target for treating BCa. However, the mechanism by which UBE2T inhibits PTEN requires further investigation.

Conclusions

UBE2T is associated with BCa malignancy because UBE2T can increase the proportion of BCSCs and promote the clonogenicity and self-renewal properties of BCa cells through the mTOR pathway. These findings suggest a potential target gene for BCa therapy.
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