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Thymopentin (TP5) is an immunomodulatory pentapeptide that has been widely used in malignancy patients with immunodeficiency due to radiotherapy and chemotherapy. Here, we propose that TP5 directly inhibits the stemness of colon cancer cells HCT116 and therefore enhances the cytotoxicity of oxaliplatin (OXA) in HCT116 cells. In the absence of serum, TP5 was able to induce cancer stemness reduction in cultured HCT116 cells and significantly reduced stemness-related signals, such as the expression of surface molecular markers (CD133, CD44 and CD24) and stemness-related genes (ALDH1, SOX2, Oct-4 and Nanog), and resulted in altered Wnt/β-catenin signaling. Acetylcholine receptors (AchRs) are implicated in this process. OXA is a common chemotherapeutic agent with therapeutic effects in various cancers. Although TP5 had no direct effect on the proliferation of HCT116, this pentapeptide significantly increased the sensitivity of HCT116 to OXA, where the effect of TP5 on the stemness of colon cancer cells through stimulation of AchRs may contribute to this process. Our results provide a promising strategy for increasing the sensitivity of colon cancer cells to chemotherapeutic agents by incorporating immunomodulatory peptides.
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INTRODUCTION
Colorectal cancer (CRC) is one of the common malignant tumors of the gastrointestinal system, and the current 5-year survival rate of colorectal cancer is 66% worldwide, but the 5-year survival rate of patients with advanced disease is only 13% (Miller et al., 2019). Currently, the main treatments for colorectal cancer include surgical resection, radiotherapy, and immune anti-cancer therapy (Ciombor et al., 2015). Numerous studies have shown that cancer stem cells (CSCs) are the core factor leading to postoperative recurrence, radiotherapy insensitivity, and immunotherapy resistance in tumor patients (Regan et al., 2017; Tosoni et al., 2017; Luo et al., 2018). Cancer stem cells are a very small subpopulation of tumor cells with unlimited self-renewal, multidirectional differentiation potential and high malignancy, which have been shown to be present in many types of tumors including colon cancer, and they confer tumor metastasis, chemoresistance and sustained adaptation to the microenvironment (Kreso and Dick, 2014; Fearon and Carethers, 2015).
During tumor treatment, cancer stem cells exhibit a high degree of insensitivity to chemotherapy and radiotherapy (Zhao, 2016). It has been found that colorectal cancer stem cells are intrinsically resistant to first-line chemotherapeutic agents for rectal cancer, such as 5-fluorouracil and oxaliplatin (OXA) (Hammond et al., 2016). In addition, cancer stem cells are theoretically mostly in a quiescent state, while oncologic therapies such as radiotherapy and chemotherapy target proliferating tumor cells (Phi et al., 2018). Therefore, in many colorectal cancer patients, although good therapeutic results can be achieved at the beginning of drug administration, an avalanche of multidrug resistance soon occurs and tumors progress rapidly (Hervieu et al., 2021). The mechanism of this phenomenon may be due to the fact that chemotherapeutic drugs do not act on cancer stem cells when killing proliferating tumor cells (Van der Jeught et al., 2018). This screening pressure creates a competitive advantage for cancer stem cells, thus allowing cancer stem cells and their derivatives to become the main body of advanced tumors, exacerbating tumor resistance, progression and metastasis (Ayob and Ramasamy, 2018). On the other hand, surgical resection of tumors or radiotherapy cannot guarantee the removal of all cancer stem cells, and a very small number of cancer stem cells can become tumorigenic cells. Therefore, cancer stem cells are an important cause of drug resistance in tumor treatment and of recurrence and metastasis after treatment (Zhu et al., 2009; Lytle et al., 2019; Clara et al., 2020). Colon cancer stem cells can express specific surface markers such as CD24, CD44 and CD133, which are highly resistant to radiotherapy and chemotherapy (Du et al., 2008). ALDH1, OCT4, SOX2 and Nanog are all markers of the stemness state of cancer stem cells and are important in maintaining the nature and drug resistance of cancer stem cells (Chambers et al., 2003; Tirosh et al., 2016; Anorma et al., 2018; Bocci et al., 2019).
TP5 is a synthetic pentapeptide derived from the active fragment of thymosin (49 amino acids), which exhibits very strong immunomodulatory activity in many animal models and in vitro assays of human cells (Patruno et al., 2012; Zhang et al., 2019). Numerous in vivo studies have shown that TP5 can be effective in the treatment of various diseases such as primary and secondary immunodeficiency, autonomic immunodeficiency, and severe infections (Fabrizi et al., 2006; Csaba, 2016). The combined application of chemotherapy and immunotherapy is a very effective modality in the treatment of tumors. TP5 can be used as a good immune adjuvant in the treatment of tumors, enhancing the immune system and reducing the side effects of chemotherapy and radiotherapy (Singh et al., 1998; Bodeya et al., 2000). In addition to the immune system, TP5 can also act directly on tumor cell-related signaling pathways (Li et al., 2010). Our previous study found that the immunomodulatory peptides thymosin and TP5 could inhibit the proliferation of leukemia cells and induce their differentiation into granulocytes (Fan et al., 2006a; Fan et al., 2006b).
In the present study, we found that TP5 can directly inhibit cultured colon cancer stem cells in medium without serum, and reduce the expression of cancer stem cell markers: CD44, CD24 and CD133, and stem-cell related genes: ALDH2, SOX2, OCT4 and Nanog. Additionally, although TP5 could not inhibit the proliferation of colon cancer cells directly, this peptide could promote the anti-proliferative effect of chemotherapeutic drug OXA on colon cancer cells HCT116, and acetylcholine receptors (AchRs) are implicated in this process.
RESULTS
TP5 Inhibits the Formation of HCT116 Cancer Stem Cell Spheroids
Cancer stem cells have a very typical growth pattern in that they can be grown in suspension in serum-free medium with the addition of growth factors, eventually forming cancer stem cell spheroids with a three-dimensional structure. The ability to form spheroids is an important way to identify cancer stem cells in vitro (Masuda et al., 2016). Therefore, we investigated the effect of TP5 on spheroid formation of HCT116 cancer stem cells. The number of cancer stem cell spheroids was significantly less in HCT116 cells treated with TP5 than in the control group, and the spheroid formation rate was significantly decreased in a concentration-dependent manner (Figures 1A,B), indicating that TP5 reduced the stemness of HCT116 cancer stem cells and inhibited the self-renewal and proliferation ability of cancer stem cells.
[image: Figure 1]FIGURE 1 | TP5 inhibits the stemness of cancer stem cells in HCT116 cells. (A, B) Representative photomicrographs of sphere formation experiments (A) and statistical analysis of the number of spheres with diameter ≥140 μm in visual field (B). HCT116 cells were incubated with different treatments of TP5 (0, 100, 200, 400, and 800 μM) and grown in serum-free medium for 6 days. Scale bar = 200 μm. (C–H) Flow cytometer analysis of the expression of CD24, CD44 or CD133 (C, E, G) and pooled data of cell surface markers CD24 (D), CD44 (F) and CD133 (H) (n = 3 independent experiments). All data are expressed as mean ± SD; *p < 0.05, **p < 0.01 and ***p < 0.001 vs. control, one-way ANOVA with Dunnett’s post-hoc test, (A), [F (4, 10) = 8.265, p = 0.0033], (B), [F (4, 10) = 11.76, p = 0.0008] [F (4, 10) = 5.039 p = 0.0174], [F (4, 10) = 34.00, p < 0.0001].
TP5 Reduces the Expression of Cancer Stem Cell Markers in HCT116 Cells
To further verify the effect of TP5 on colon cancer stem cells, we used flow cytometry to detect the expression of cancer stem cell markers CD24, CD44 and CD133, which are surface markers that can be specifically expressed by colon cancer stem cells (Jaggupilli and Elkord, 2012; Sahlberg et al., 2014). In the concentration range of 100–800 μM, TP5 could concentration-dependently decrease the expression of CD24, CD44 and CD133 in HCT116 cells (Figures 1C–H). The percentage of CD24-positive cells decreased from 29.7 ± 1.9% to 26.9 ± 2.1%, 24.7 ± 2.9%, 21.5 ± 0.9% and 20.4 ± 1.2%, after 48 h of action of 100, 200, 400, and 800 μM of TP5, respectively (Figures 1C,D). The percentage of CD44-positive cells decreased from 48.0 ± 2.4% to 46.0 ± 2.1%, 44.2 ± 6.6%, 36.6 ± 5.8%, and 34.5 ± 4.3%, respectively (Figures 1E,F). The percentage of CD133 positive cells decreased from 63.4 ± 0.5% to 63.9 ± 0.5%, 63.2 ± 1.5%, 58.5 ± 1.7%, and 53.4 ± 1.0%, respectively (Figures 1G,H).
TP5 Inhibits LoVo Cancer Stem Cell Spheroid Formation and Reduces the Expression of Cancer Stem Cell Markers
We also investigated the effect of TP5 on cancer stem cell spheroid formation of another cell line, LoVo. The number of cancer stem cell spheroids was significantly less in LoVo cells treated with TP5 than in the control group, and the rate of spheroid formation was also significantly decreased (Figures 2A,B), indicating that TP5 also reduced the stemness of LoVo cancer stem cells. At a concentration of 800 μM, TP5 reduced the expression of CD24, CD44 and CD133 in HCT116 cells (Figures 1C–H). The percentage of CD24-positive cells decreased from 18.7 ± 1.8% to 14.0 ± 0.4% after 24 h of TP5 at 800 μM (Figures 2C,D). The percentage of CD44-positive cells decreased from 30.7 ± 1.3% to 23.7 ± 1.8%, respectively (Figures 2E,F). After 24 h of TP5 at 400 and 800 μM, the percentage of CD133 positive cells decreased from 54.8 ± 1.1% to 49.3 ± 1.2% and 47.2 ± 1.1%, respectively (Figures 2G,H). These results suggest that TP5 inhibition of cancer stem cells is not limited to HCT116 cells.
[image: Figure 2]FIGURE 2 | TP5 inhibits the stemness of cancer stem cells in LoVo cells. (A, B) Representative photomicrographs of sphere formation experiments (A) and statistical analysis of the number of spheres with diameter ≥140 μm in visual field (B). LoVo cells were incubated with different treatments of TP5 (0, 100, 200, 400, and 800 μM) and grown in serum-free medium for 6 days. Scale bar = 200 μm. (C–H) Flow cytometer analysis of the expression of CD24, CD44 or CD133 (C, E, G) and pooled data of cell surface markers CD24 (D), CD44 (F) and CD133 (H) (n = 3 independent experiments). All data are expressed as mean ± SD; *p < 0.05, **p < 0.01 versus control, one-way ANOVA with Dunnett’s post-hoc test, (B), [F (4, 10) = 8.484, p = 0.0030], (D), [F (4, 10) = 3.795, p = 0.0397], (F), [F (4, 10) = 3.397 p = 0.0531], (H), [F (4, 10) = 11.09, p = 0.0011].
TP5 Reduces the Expression of Cancer Stem Cell-Related Genes in HCT116 Cells
Although TP5 inhibits both HCT116 and LoVo cancer stem cells, it has a slightly stronger ability to inhibit HCT116 stem cell formation, we therefore focused on HCT116 as an example and continued to investigate the mechanism of TP5 inhibition of cancer stem cell formation and its application.
ALDH1, OCT4, SOX2 and Nanog are all stemness markers of cancer stem cells and have important roles in maintaining the nature of cancer stem cells and drug resistance (Anorma et al., 2018). We used Real-time PCR to detect the expression of cancer stem cell-related genes ALDH1, SOX-2, OCT-4, and Nanog. The expressions of ALDH1, SOX-2, OCT-4 and Nanog were significantly decreased after 100–800 μM TP5 were applied to HCT116 cells for 48 h (Figures 3A–D). It is suggested that TP5 may inhibit the self-renewal and tumorigenesis of colon cancer stem cells by regulating the important stemness genes ALDH1, SOX-2, OCT-4, and Nanog. Additionally, 100–800 μM TP5 also could significantly decrease the expression of CD24, CD44 and CD133 genes in HCT116 cells (Figures 3E–G). We also examined ALDH enzyme activity as a marker of cancer stem cell stemness (Jiang et al., 2019). TP5 concentration-dependently inhibited ALDH activity in HCT116 cells (after 48 h of TP5 action at 100, 200, 400, and 800 μM, ALDH activity decreased to 0.94 ± 0.10, 0.70 ± 0.05, 0.69 ± 0.02 and 0.33 ± 0.02; Figure 3H).
[image: Figure 3]FIGURE 3 | TP5 reduced the expression of cancer stem cell-related genes in HCT116 cells. (A–G) RT-qPCR analysis of relative mRNA expression of CSC-associated genes ALDH1 (A), SOX-2 (B), Oct-4 (C), Nanog (D), CD24 (E), CD44 (F) and CD133 (G) in HCT116 cells. (H) ALDH activity before and after treatment with different concentrations of TP5 (n = 3–4 independent experiments). All data are expressed as mean ± SD; *p < 0.05 and ***p < 0.001 vs. control, one-way ANOVA with Dunnett’s post hoc test, (A), F (4, 15) = 63.02, p < 0.0001, (B), F (4, 15) = 17.52, p < 0.0001, (C), F (4, 15) = 22.74, p < 0.0001, (D), F (4, 15) = 22.83, p < 0.0001, (E), F (4, 10) = 3.392, p = 0.0533, (F), F (4, 10) = 53.61, p < 0.0001, (G), F (4, 10) = 29.41, p < 0.0001, (H), (F (4, 10) = 83.55, p < 0.0001; ns, not significant.
Effect of TP5 on Wnt/β-Catenin Signaling Pathway
The Wnt signaling pathway is a key pathway for cancer stem cell development, and the sustained activation of the Wnt signaling pathway leads to the generation of cancer stem cells, which is an important factor for tumor resistance to conventional chemotherapy. Therefore, blocking the Wnt signaling pathway may be the key to removing cancer stem cells for the treatment of colon cancer (Polakis, 2007). β-catenin is a key downstream effector molecule in the Wnt signaling pathway (Liu et al., 2002). After the action of TP5 at 100–800 μM (Figure 4), HCT116 cells exhibited decreased PI3K (110 β) expression (100–400 μM effective), decreased AKT (P-Ser473 + Tyr474) phosphorylation levels (400–800 μM effective), and decreased WNT1 expression (200–800 μM effective); phosphorylated β-catenin (Ser33/37/Thr41) was increased (100–800 μM effective), leading to β-catenin degradation and expression decreased (800 μM effective) (the slightly different sensitivity of these indicators to TP5 may be due to some complex association of these factors), suggesting that TP5 inhibited colon cancer stem cells by affecting the wnt/β-catenin signaling pathway, which in turn inhibited colon cancer stem cells.
[image: Figure 4]FIGURE 4 | Effect of TP5 on Wnt/β-catenin signaling pathway. (A–F) Typical Western blot analysis (A) and pooled data of protein expression levels of PI3K-P110 β (B), WNT1(C), P-AKT(D), P-β-catenin (E) and β-catenin (F). Histograms are expressed as induction rates in triplicate for the GAPDH control. All data are expressed as mean ± SD; *p < 0.05, **p < 0.01 and ***p < 0.001, one-way ANOVA with Dunnett’s post hoc test, (B), F (4, 10) = 7.486, p = 0.0047, (C), F (4, 10) = 11.47, p = 0.0009, (D), F (4, 10) = 6.387, p = 0.0081, (E), F (4, 10) = 7.421, p = 0.0048, (F), F (4, 10) = 1.342, p = 0.3204; ns, not significant.
TP5 Reduces Intracellular Calcium Concentration in HCT116 Cells
As a universal second messenger, calcium ions (Ca2+) promote the growth and metastasis of certain malignant tumor cells (Roderick and Cook, 2008; Yang et al., 2021). The self-renewal, drug resistance, and tumorigenic properties of colon cancer stem cells may function by regulating the inward flow of Ca2+ (Terrie et al., 2019); Ca2+ can promote the growth and spread of cancer stem cells. The percentage of Fluo-4 positive cells decreased from 52.0 ± 2.1% to 47.5 ± 3.0%, 43.5 ± 6.7%, 38.3 ± 2.4% and 32.5 ± 0.6% after 24 h of action of TP5 on HCT116 cells with 100, 200, 400 and 800 μM, respectively (Figures 5A,B), indicating that TP5 can concentration dependently reduce the intracellular Ca2+ concentration of HCT116 cells and thus inhibit the properties of cancer stem cells.
[image: Figure 5]FIGURE 5 | TP5 reduces intracellular calcium concentration in HCT116 cells. (A, B) Representative cellular calcium decrease (A) and the summary of three independent experiments (B). Altered intracellular calcium concentration of HCT116 cells after various concentrations of TP5 treatment. All data are expressed as mean ± SD; *p < 0.05, **p < 0.01 and ***p < 0.001, one-way ANOVA with Dunnett’s post hoc test [F (4, 10) = 13.81, p < 0.001]; ns, not significant.
TP5 Promotes the Anti-proliferative Effect of OXA on Colon Cancer Cells
Given the possible resistance of cancer stem cells to chemotherapeutic agents (Prieto-Vila et al., 2017) and the diminished proliferation inhibition of tumor cells by chemotherapeutic agents, the direct inhibitory effect of TP5 on colon cancer stem cells suggests that the combination of TP5 with chemotherapeutic agents may enhance the therapeutic effect of these chemotherapeutic agents. Consistent with this speculation, we show that 25–100 μM of chemotherapeutic drug OXA produced inhibition on the proliferation of HCT116 in a concentration-dependent manner, while 100–800 μM TP5 significantly enhanced the anti-proliferative effect of OXA (Figure 6A).
[image: Figure 6]FIGURE 6 | TP5 promotes the anti-proliferative effect of OXA on colon cancer cells. (A) The HCT116 cell viability measured by MTT assay at different concentrations of TP5 and OXA. HCT116 cells were exposed to different concentrations of TP5 (0, 100, 200, 400, and 800 μM) and OXA (0, 25, 50, 75, and 100 μM) for 48 h. (B) The HCT116 cell viability measured by MTT assay after treatment with TP5 for 48 h only. (C) Apoptosis of HCT116 cells analyzed by Annexin V/PI staining by flow cytometry after treatment with different concentrations of TP5. (D) Morphological changes observed in TP5-treated HCT116 cells and untreated cells. Scale bar = 50 μm. All data are expressed as mean ± SD; *p < 0.05, **p < 0.01 and ***p < 0.001, two-way ANOVA with Dunnett’s post hoc test (A), F (4, 50) = 25.15, p < 0.0001, and one-way ANOVA with Dunnett’s post hoc test (B) and (C), F (4, 10) = 0.6217, p = 0.6575, (C), F (4, 10) = 1.132, p = 0.3952; ns, not significant.
To rule out the possibility that TP5 significantly enhanced the anti-proliferative effect of OXA on HCT116 because TP5 directly inhibited the proliferation of HCT116 cells, we treated HCT116 cells with TP5 for 48 h and observed its inhibitory effect on the proliferation of HCT116.100–800 μM TP5 did not cause significant visible changes in the cell viability and morphology of HCT116 cells compared with the control (Figures 6B,D); also, 100–800 μM TP5 did not induce apoptosis in HCT116 cells (Figure 6C). These results suggested that TP5 did not have a direct effect on the proliferation, morphology, and apoptosis of HCT116 cells.
To further verify whether TP5 promotes the antitumor effect of OXA by inhibiting colon cancer stem cells, we measured the expression of cancer stem cell markers CD24 and CD44 by flow cytometry after TP5 and OXA were co-administered to colon cancer HCT116 cells for 24 h. Compared with the control group, 5 μM OXA could not change the proportion of CD24-positive cells (28.6 ± 0.5% vs 27.8 ± 0.5%, p > 0.05; Figures 7A,B), while the proportion of CD24-positive cells decreased from 28.6 ± 0.5% to 18.3 ± 0.3% after 800 μM TP5 was administered to HCT116 cells for 24 h (p < 0.01, Figures 7A,B). Co-administration of TP5 (800 μM) with OXA (5 μM) further reduced the proportion of CD24-positive cells to 15.7 ± 0.4% (p < 0.01, Figures 7A,B). Similarly, 5 μM OXA could not change the proportion of CD44-positive cells, while the proportion of CD44-positive cells decreased from 46.6 ± 0.7% to 36.7 ± 0.7% after 24 h of 800 μM TP5 action on HCT116 cells, and the combined administration of TP5 (800 μM) with OXA (75 μM) further reduced the proportion of CD44-positive cells proportion to 33.6 ± 0.4% (p < 0.01, Figures 7C,D). It suggests that TP5 may inhibit colon cancer stem cells and therefore possibly sensitize the antitumor effect of OXA.
[image: Figure 7]FIGURE 7 | TP5 promotes the inhibitory effect of OXA on colon cancer stem cells. (A–D) Flow cytometer analysis of the expression of CD24 (A) and CD44 (C) in HCT116 cells after OXA and TP5 treatments, and pooled data of cell surface markers CD24 (B), CD44 (D) (n = 3 independent experiments). All data are represented as mean ± SD; *p < 0.05 and **p < 0.01, unpaired two-tailed Student’s t-test. ns, not significant.
TP5 Inhibits HCT116 Cancer Stem Cells via Acetylcholine Receptors (nAchRs)
Our previous studies suggested that D-tubocurarine (TUB), an antagonist of nAchRs (Fan et al., 2006b), significantly antagonized the inhibitory effect of TP5 on the proliferation of leukemic HL60 cells, whereas the inhibitor of muscarinic acetylcholine receptors (mAchRs), atropine (Atr), did not have this antagonistic effect, suggesting that the inhibitory proliferative effect of TP5 on leukemic cells may be achieved through nAchRs (Fan et al., 2006a). We further investigated whether TP5 inhibited nAchRs via acetylcholine receptors in HCT116 colon cancer stem cells by using agonists and antagonists of nAchRs. TUB (10–100 μg/ml) significantly antagonized this effect of TP5 (Figures 8A–D). After 24 h of TP5 action on HCT116 cells with 800 μM, the percentage of CD24-positive cells decreased from 27.9 ± 0.5% to 19.3 ± 0.3% (p < 0.01) and the percentage of CD44-positive cells decreased from 48.0 ± 0.3% to 38.4 ± 0.7% (p < 0.001); whereas the early addition of 10 μg/ml or 100 μg/ml TUB, the proportion of CD24-positive cells reversed to 25.9 ± 0.2% (p < 0.01, vs. 19.3 ± 0.3%) and 24.9 ± 0.8% (p < 0.01, vs. 19.3 ± 0.3%); the proportion of CD44-positive cells reversed to 39.7 ± 1.4% (p > 0.05 vs. 38.4 ± 0.7%) and 45.0 ± 0.9% (p < 0.01 vs. 38.4 ± 0.7%).
[image: Figure 8]FIGURE 8 | TP5 inhibits HCT116 cancer stem cells via acetylcholine receptors (AchRs). (A–D) Flow cytometric analysis of CSC surface markers CD24 (A, B) and CD44 (C, D) in HCT116 cells treated with TP5-conjugated AchR inhibitor D-Tubocurarine (TUB). (E–H) Flow cytometric analysis of CSC surface markers CD24 (E, F) and CD44 (G, H) in HCT116 cells treated with TP5-conjugated AchR agonist L-nicotine (L-Nico). Data are represented as mean ± SD of three independent experiments; *p < 0.05, **p < 0.01 and ***p < 0.001, one-way ANOVA with Tukey’s post hoc test, (A), F (3, 8) = 158.6, p < 0.0001, (B), F (3, 8) = 71.08, p < 0.0001, (C), F (3, 8) = 123.9, p < 0.0001, (D), F (3, 8) = 120.8, p < 0.0001; ns, not significant.
In contrast, the cholinergic agonist the nicotine L-Nicotine (L-Nico) further promoted the inhibitory effect of TP5 on cancer stem cells in colon cancer cells (Figures 8E–H). Pretreatments of L-Nico (0.1 and 1 μg/ml) further reduced the proportion of CD24-positive cells to 14.0 ± 1.7%, 12.5 ± 0.9% (p < 0.01, vs. 19.3 ± 0.3%), and the proportion of CD44-positive cells to 34.3 ± 1.6%, and 33.5 ± 1.2% (p < 0.05 vs. 38.4 ± 0.7%).
We further found that the inhibitor TUB (1–100 μg/ml) significantly blocked the TP5-promoted proliferation inhibition of HCT116 by OXA, whereas the agonist L-Nico promoted this effect of TP5 (Figure 9A, B), implying that nAchRs might be involved in TP5-mediated inhibition of HCT116 colon cancer stem cells inhibition, thereby interrupting the TP5-promoted proliferation inhibition of HCT116 by oxaliplatin. Certainly, since restoration of cell viability in the presence of TP5 is only partial, there may be other mechanisms for TP5 to act on HCT116 cells in addition to nAchRs.
[image: Figure 9]FIGURE 9 | TP5 promotes the inhibitory effect of OXA on colon cancer cell proliferation via AchRs. (A, B) HCT116 cells were tested for cell viability after treatment with TP5 and OXA, or in combination with AchR inhibitors TUB (1, 10 and 100 μg/ml) (A), or with AchR agonists L-Nico (0.1, 0.5 and 1 μg/ml) (B) for 48 h. All data are represented as mean ± SD. **p < 0.01, ***p < 0.001, unpaired two-tailed Student’s t-test; ns, not significant.
DISCUSSION
According to a large number of clinical studies (Costantini et al., 2019), TP5 is indicated for immune impairment due to malignant tumors and therefore can be used frequently in tumor patients and is very safe, with very few toxic side effects, both subcutaneously and intravenously (Xiaojing et al., 2017). In the present study, we found that the immunomodulatory peptide TP5 can not only be used as a good immune adjuvant in the treatment of tumors, but also can act directly on colon cancer cells. TP5 could not inhibit the proliferation of colon cancer cells HCT116, but it could enhance the anti-proliferative effect of chemotherapeutic drug oxaliplatin on colon cancer cells HCT116.
Evidence from the following aspects suggests that TP5 can effectively influence the stemness of HCT116 cancer stem cells. First, the ability of sphere formation is an important method to identify cancer stem cells in vitro (Cao et al., 2011). After TP5 action, the number of cancer stem cell spheroids formed by HCT116 cells was significantly reduced, and the spheroid formation rate was also significantly decreased, indicating that TP5 inhibited the self-renewal and proliferation ability of cancer stem cells. Secondly, CD24, CD44 and CD133 are specific surface markers that can be expressed by colon cancer stem cells (Choi et al., 2009); ALDH1, OCT4, SOX2 and Nanog are all markers of stemness status of cancer stem cells, which are important for maintaining the nature and drug resistance of cancer stem cells (Liu et al., 2013). TP5 significantly decreased the expression of these important stemness genes, thus inhibiting stemness of colon cancer stem cells. Third, the self-renewal, drug resistance and tumorigenicity of colon cancer stem cells may function by regulating the inward flow of Ca2+ (Yang et al., 2020). Ca2+ promote the growth and proliferation of cancer stem cells. TP5 can concentration-dependently decrease the intracellular calcium ion concentration in HCT116 cells, thus inhibiting the properties of cancer stem cells. Fourth, the wnt/β-catenin signaling pathway is a key pathway for cancer stem cell development (Valkenburg et al., 2011). Sustained activation of the wnt signaling pathway leads to the generation of cancer stem cells, thus blocking the wnt/β-catenin signaling pathway may be the key to removing cancer stem cells for the treatment of colon cancer (Krishnamurthy and Kurzrock, 2018). TP5 can inhibit cancer stem cells by inhibiting the PI3K/Akt/wnt/β-catenin signaling pathway to inhibit cancer stem cells, thereby suppressing colon cancer stem cells.
The mechanism by which TP5 enhances the antitumor effect of the chemotherapeutic drug OXA by affecting the stemness of HCT116 cancer stem cells may be as follows. 1. Cancer stem cells have an enhanced ability to repair DNA damage, which induces resistance to chemotherapy, including resistance to DNA-damaging drugs (Yu et al., 2017). TP5 inhibits colon cancer stem cells and reduces the ability of cancer stem cells to repair DNA damage, thereby enhancing stem cell sensitivity to the DNA-damaging drug OXA. 2. Cancer stem cells, like stem cells, can be more viable through multiple mechanisms that can avoid cell death due to apoptosis and senescence (Sabisz and Skladanowski, 2009; Triana-Martinez et al., 2020). TP5 can inhibit colon cancer stem cells, thus reducing the viability of stem cells and thus enhancing the cytotoxicity of chemotherapeutic drugs on cancer stem cells. 3. TP5 and OXA target both HCT116 tumor cells and stem cells, producing a synergistic effect. TP5 acts mainly on cancer stem cells and OXA acts mainly on tumor cells. However, OXA also reduced the expression of CD24 and CD44, which are specific surface markers for colon cancer stem cells, while TP5 mildly enabled OXA to exert an inhibitory effect on stem cell stemness. Thus, the synergistic effect between the two ultimately enhanced the antitumor effect of OXA.
Colorectal cancer is the third most common cancer and the fourth most common cause of death in the world, with approximately 700,000 deaths worldwide each year (Rawla et al., 2019). The development and metastasis of cancer is thought to be caused by cancer stem cells. Cancer stem cells are latent in the body, ready to metastasize and cause tumor recurrence in a more aggressive and drug-resistant form (Chang, 2016). Colon cancer stem cells are highly resistant to radiotherapy and chemotherapy, and most drugs can act on tumor cells but are ineffective against cancer stem cells. Therefore, inhibition of cancer stem cells is a critical and difficult point in tumor treatment (Ordonez-Moran et al., 2015; Hirata et al., 2019). TP5 can promote the antitumor effect of oxaliplatin by inhibiting colon cancer stem cells, suggesting that TP5 may become a novel drug to target cancer stem cells, thus reducing cancer recurrence rate and improving tumor treatment efficacy, and may provide a new treatment option for patients with drug-refractory colorectal cancer. Nevertheless, many questions are still unclear: here, can TP5 inhibit colon cancer stem cells, however, does TP5 have any effect on other types of cancer stem cells, and does TP5 act directly on acetylcholine receptors.
Finally, for the adjuvant treatment of TP5, the dose is mainly intramuscular or subcutaneous and may be 50 mg per day (Conant et al., 1992; Fabrizi et al., 2006; Wolf et al., 2011). One study evaluated the clinical efficacy and tolerability of high-dose intravenous TP5 in 16 patients with melanoma (Cascinelli et al., 1998). Patients received 1 g of intravenous TP5 every 2 days for 7 weeks and were then evaluated; responders received a follow-up course of 2 g of intravenous TP5 every 2 days for 5 weeks. In this study, high-dose intravenous TP5 administered three times weekly enhances immune function in patients with cutaneous and subcutaneous metastases from melanoma without associated side effects (Cascinelli N et al., 1998). Therefore, TP5 may reach relatively high concentrations at the local administration site, but the concentrations in the whole blood of patients may be lower than in our experiments. This study might not directly guide the clinical application of TP5 at this time, but offers the possibility of continuing to modify the TP5 sequence to increase its potency to act on cancer stem cells and protect against immune repair, such as through some unnatural amino acid substitutions, cyclization modifications, etc. Therefore, further research on these scientific questions may lay a solid theoretical foundation for the realization of immunomodulatory peptide TP5/TP5 analogs alone or in combination with chemotherapeutic drugs for the clinical treatment of colon cancer.
MATERIALS AND METHODS
Chemicals and Cell Culture
TP5 was purchased from ChemBest Research Laboratories Ltd. (China). Oxaliplatin (OXA), D-tufosine pentahydrate (TUB) and L-nicotine (L-Nico) were purchased from MedChemExpress (USA). HCT116 cells were cultured in RPMI-1640 medium (C11875500BT, Gibco) supplemented with 10% fetal bovine serum (10099–141, Gibco), penicillin (100 IU/ml) and streptomycin (100 μg/ml, C0222, Beyotime). LoVo cells were cultured in F-12K Nutrient Mixture (21127–022, Gibco) supplemented with 10% fetal bovine serum (10099–141, Gibco), penicillin (100 IU/ml) and streptomycin (100 μg/ml, C0222, Beyotime). Cells were incubated in a humidified incubator containing 5% CO2 at 37°C.
Sphere Formation Test
The serum-free medium for spheroid culture consisted of DMEM/F12 (SH30023.01, HyClone) medium supplemented with 0.4% BSA (B2064-100G, Sigma), 20 ng/ml human recombinant epidermal growth factor (AF-100-15-100UG, PeproTech), 20 ng/ml human recombinant basic fibroblast growth factor (100–18 B-10UG, PeproTech), 25 μg/ml human insulin (HY-P0035, MCE), 2% B27 supplement (50×) (17504–044, Gibco), and 0.1% 2-mercaptoethanol (21985023, Gibco). Cells were plated in Corning Ultra-Low Attachment 24-well plates (3473, Costar) at a density of 5,000 viable cells/well and grown in serum-free medium. Cells were grown for 6 days and the number of spheroids was counted under the microscope (DMI3000 B, Leica) as previously described (Tominaga et al., 2019).
Flow Cytometry
HCT116 cells or LoVo cells (1.5 × 105 cells/well) were seeded in 12-well plates and exposed to different concentrations of TP5 for 24 h. The supernatant was then removed and cells were digested with 0.25% trypsin (25200-072, Gibco). After washing, cells were resuspended in 100 ul of PBS (ST476, Beyotime). For surface staining, cells were labeled with PE-CD24 (555428, BD Pharmingen), FITC-CD44 (555478, BD Pharmingen), and PE-CD133 (12-1338-41, eBiosciences) (He et al., 2021). Cell suspensions were incubated with the appropriate antibodies for 30 min at room temperature in the dark, followed by a washing step to remove unlabeled antibodies. Flow cytometry analysis was performed using BD FACS Jazz™ (BD Biosciences) and analyzed by FlowJo software.
RT—qPCR Assay
Total RNA was isolated and reverse transcribed using EZ-press RNA purification kit (B0004-plus, EZBioscience) and PrimeScript RT kit (RR047A, TaKaRa), respectively, according to the manufacturer’s instructions (Wang et al., 2013), and qPCR was performed using TB Green Premix Ex Taq (RR420A. TaKaRa) for qPCR. relative changes in gene expression were determined using the 2-ΔΔCt method, and relative mRNA expression was normalized to GAPDH. Following primer sets were used for analyzing the expression of specific genes including ALDH1, forward: 5′-ACG​CCA​GAC​TTA​CCT​GTC​CTA​CTC-3′ and reverse: 5′- TCT​TGC​CAC​TCA​CTG​AAT​CAT​GCC-3′; SOX-2, forward: 5′- GCT​CGC​AGA​CCT​ACA​TGA​ACG​G-3′, and reverse: 5′-AGC​TGG​CCT​CGG​ACT​TGA​CC -3′; OCT-4, forward: 5′- GATGTGGTCCGAGTGTGGTTCTG-3′and reverse: 5′-CGA​GGA​GTA​CAG​TGC​AGT​GAA​GTG -3′; Nanog, forward: 5′- AGC​AAT​GGT​GTG​ACG​CAG​AAG​G-3′, and reverse: 5′-ACC​AGG​TCT​GAG​TGT​TCC​AGG​AG -3′; CD24, forward: 5′- CTC​CTA​CCC​ACG​CAG​ATT​TAT​TC-3′, and reverse: 5′-AGA​GTG​AGA​CCA​CGA​AGA​GAC-3′; CD44, forward: 5′- CTG​CCG​CTT​TGC​AGG​TGT​A-3′, and reverse: 5′-CAT​TGT​GGG​CAA​GGT​GCT​ATT-3′; CD133, forward: 5′- AGT​CGG​AAA​CTG​GCA​GAT​AGC-3′, and reverse: 5′-GGT​AGT​GTT​GTA​CTG​GGC​CAA​T-3′; GAPDH, forward: 5′-TTG​GTA​TCG​TGG​AAG​GAC​T-3′, and reverse: 5′-GGA​TGA​TGT​TCT​GGA​GAG​C-3′.
Aldehyde Dehydrogenase Activity Assay
ALDH activity was assessed using an ALDH activity detection kit (BC0755, Solarbio) according to the manufacturer’s instructions (Jiang et al., 2019). HCT116 cells (3.5 × 105 cells/well) were seeded in 6-well plates with different treatments of TP5 (0, 100, 200, 400, and 800 μM) for 48 h at 37°C. Cells were lysed with ultrasound, centrifuged and the supernatant (100 μL/well) was transferred to UV-Star 96-well plates (655801, Greiner Bio-one) and incubated at 37°C for 10 min. ALDH activity was measured at 340 nm using a microplate reader (VarioskanTM LUX, Thermo).
Western Blot Analysis
After treatment with TP5 (100, 200, 400 and 800 µM) for 48 h, total proteins from HCT116 cells were lysed in lysis buffer (P0013, Beyotime) containing 1% cocktail (B14001, Bimake) (Li et al., 2012; Wang et al., 2017). Cell lysates were cleared by centrifugation at 12,000 rpm for 15 min at 4°C. The concentration of total protein was determined using the Enhanced BCA Protein Assay Kit (P0010, Beyotime). Protein sample buffer was added and samples were boiled at 100°C for 10 min. Briefly, 20 µg of protein was loaded into each lane and transferred to a polyvinylidene difluoride (PVDF) membrane. The membranes were incubated overnight at 4°C with primary antibody, and secondary antibodies anti-rabbit IgG HRP-conjugated (1: 3,000, 7074S, Cell Signaling Technology) and anti-mouse IgG HRP-conjugated (1: 3,000, 7076S, Cell Signaling Technology) were incubated at 25°C for incubate for 2 h. The primary antibodies used are Beta Catenin Rabbit Polyclonal Antibody (1: 1,000, 51067-2-AP, Proteintech), WNT1 Rabbit Polyclonal Antibody (1: 1,000, 27935-1-AP, Proteintech), Phospho-beta Catenin (Ser33/37/Thr41) antibody (1: 1,000, 9561, Cell Signaling Technology), AKT1 (Phospho-Ser473 + Tyr474) antibody (1: 1,000, 12669, Abcam), PI3K p110 (beta) polyclonal antibody (1: 1,000, 20584-1-AP, Proteintech), AKT1 polyclonal antibody (1: 1,000, 10176-2-AP, Proteintech), and GAPDH (1: 10,000, 60004-I-Ig, Proteintech). Phosphorylated protein bands were categorized as their total protein level, and other bands were categorized as GAPDH.
Molecular Probes Fluo-4 AM Calcium Assay
HCT116 cells were incubated in 12-well plates with different treatments of TP5 (0, 100, 200, 400, 800 μM) for 24 h at 37°C. To determine the cellular calcium concentration (He et al., 2021), the cell membrane Ca2+-free concentration was assessed using the fluorescent Ca2+-probe Fluo-4 AM (S1060, Beyotime). Briefly, cells were incubated in PBS at 37°C with 2 μM Fluo-4 AM for 30 min in the dark, followed by three washes with PBS. Binding buffer (500 μL) containing 1% FBS (Gibco, Australia) was added and incubated for 30 min in the dark at room temperature. The results were then evaluated by flow cytometry. The excitation wavelength was 488 nm and the emission wavelength was 520 nm. The experiment was repeated at least three times.
Cell Viability Assay
Cell viability was assessed using the MTT assay kit (C0009, Beyotime) according to the manufacturer’s protocol (Foldbjerg et al., 2011). HCT116 cells were seeded in 96-well plates at a density of 15 × 103 cells/well and incubated overnight at 37°C. Next, cells were treated with TP5 and OXA and incubated for 48 h 10 μl MTT was added to each well and incubation was continued for 4 h. The absorbance was measured at 570 nm using a microplate reader (VarioskanTM LUX, Thermo). Cell viability was estimated by comparing the relative absorbance values with those of the untreated samples.
Annexin V/Propidium Iodide Staining Assay
The extent of apoptosis in treated HCT116 cells was assessed using the Annexin V-FITC/PI Apoptosis Assay Kit (556547, BD Pharmingen) according to the manufacturer’s instructions (Park et al., 2017). HCT116 cells (1.5 × 105 cells/well) were seeded in 12-well plates, exposed to different concentrations of TP5 for 48 h, and stained with 5 μl of FITC-labeled Annexin V and 5 μl of PI simultaneously at room temperature, protected from light. Stained cells were analyzed using a fluorescence-activated cell sorter flow cytometer (BD FACS Jazz™, BD Biosciences). A minimum of 10,000 cells were used for each analysis, and experiments were performed in triplicate.
Statistical Analysis
Data are expressed as mean ± SD. All experiments were performed independently, at least 3 times. Statistical analyses were performed as described in each corresponding legend. Differences between two groups were assessed by unpaired two-sided Student’s t-test, and differences between multiple groups were assessed by one- or two-way ANOVA and Dunnett’s post hoc test. p less than 0.05 was considered statistically significant.
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