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Oleanolic acid inhibits colon cancer cell stemness and reverses chemoresistance by suppressing JAK2/STAT3 signaling pathway
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Abstract: Background: Oleanolic acid (OA), a pentacyclic triterpenoid exhibiting specific anti-cancer properties and highly effective antioxidant activity, was isolated from traditional Chinese medicinal herbs. Conversely, the OA that impacts colon cancer (CC) cells and its underlying mechanisms remain poorly understood. Methods: The cytotoxic effect of OA alone or OA-5-Fluorouracil (5-FU) combination on normal and CC cells was analyzed by methyl thiazolyl diphenyl-tetrazolium bromide (MTT). Then, the impact of OA on CC cell lines (LoVo and HT-29) proliferation and stemness were measured using colon formation and tumorsphere formation assays. Octamer-binding transcription factor 4 (Oct4), Prominin-1 (CD133), Nanog, and transcription factor SOX-2 (SOX2) are cell stemness-related indicators whose expression was assessed using fluorescence qPCR assay, Western blotting, and immunohistochemistry. The effect of OA on the proliferative potency of CC cells was evaluated using an in vivo model. Results: The stem-like characteristics and clone production of colon cancer cells were markedly reduced by OA alone or in combination with OA-5-FU. Moreover, OA increases the susceptibility of CC cells to 5-FU by blocking the cell stemness-related markers (CD133, Nanog, SOX2, and Oct4) expression levels both in vitro and in vivo, as well as by inactivating the activator of transcription 3 (STAT3 signaling) and Janus kinase 2/signal transducer (JAK2). Conclusion: These findings imply that oleanolic acid, both in vitro and in vivo, suppresses the JAK2/STAT3 pathway, which in turn reverses chemoresistance and decreases colon cancer cell stemness. Therefore, by reducing the recommended amount of 5-FU, this strategy may improve chemotherapeutic effectiveness and minimize undesired side effects.
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Introduction

Colon cancer (CC) is a highly prevalent and deadly form of cancer that is currently one of the most commonly diagnosed malignancies worldwide [1]. Even though screening and treatment strategies (surgery, chemotherapy, and targeted therapy) for colon cancer have improved in recent years, about 40% of patients experience recurrence, resistance, and even death within 5 years of treatment [1,2]. Currently, chemotherapy for colon cancer consists of two types: single-agent therapy, such as 5-FU, and multiple-agent regimens that include drugs like capecitabine, irinotecan (IRI), and oxaliplatin (OX). These treatments have enhanced the overall survival (OS) rate and quality of life (QoL) for individuals with CC [3,4]. Nevertheless, chemotherapy is hindered by particular drawbacks, including systemic toxicity, resistance, and limited tumor-specific selectivity [5]. Additionally, after long-term use of these drugs, 50% of CC patients have developed drug resistance, which is the main contributor to a poor prognosis among CC patients [6].

Moreover, prior research has demonstrated a high occurrence of abnormally activated JAK2/STAT3 in many malignancies, such as CC, which typically do not respond well to conventional treatment [7]. Recently, the JAK2/STAT3 pathway has attracted attention as a potential target for creating new anti-tumor drugs. It shows promise in treating various types of solid cancers [8]. Many studies have demonstrated that numerous bioactive compounds from natural plants or Chinese medicine have shown anti-tumor properties against multiple cancers by inhibiting the JAK2/STAT3 pathway in vivo and in intro [9–11]. Anthraquinone can hinder the growth and advancement of CC cells by targeting the JAK2/STAT3 signaling pathway [12]. Telocinobufagin, derived from the toad cake, effectively suppresses the growth and spread of osteosarcoma by blocking the JAK2/STAT3 signaling pathway [13]. Currently, a significant proportion (over 70%) of drugs approved by the FDA are made up of bioactive substances or their synthetic counterparts [14,15]. As a result, it is crucial to develop innovative and highly efficient anti-cancer medications derived from natural plants specifically for treating CC.

Oleanolic acid (OA), a natural triterpenoid isolated from traditional Chinese medicinal herbs, is receiving outstanding attention due to its biological activity against multiple diseases [16]. OA modulates human dendritic cell’s function in a fashion that favors T helper 1 cell (Th1) polarization via the activation of interleukin-12 (IL-12) dependent on Toll-like receptor-4 (TLR4) and/or Toll-like receptor-2 (TLR2) [17]. OA exhibits notable antibacterial action against many bacterial species, which makes it a promising natural source of free radical scavengers [18]. Compared to the above bioactivities, the anti-cancer activity of OA has received the most attention from researchers. Prior research has indicated that OA can inhibit tumor cells’ growth, movement, and infiltration in several forms of cancer by obstructing multiple internal biological mechanisms [19]. For instance, the growth of Hela cells is suppressed by OA, which is used in cervical cancer by modifying the Acyl-CoA synthetase long-chain family (ACSL4) ferroptosis signaling pathway [20]. The compound OA triggers apoptosis and autophagy in CC cells by blocking the adenosine monophosphate-activated protein kinase (AMPK) [21].

Additionally, OA lowers aerobic glycolysis by preventing gastric cancer cells from expressing yes-associated protein (YAP)-associated protein [22]. Apart from the direct anti-cancer activity, OA can also act synergistically with chemo and radiotherapy. When combined with radiation therapy, OA and olaparib substantially lowered the rate of cell growth in triple-negative breast cancer [23]. Additionally, OA makes doxorubicin more effective against pancreatic cancer cells [24]. Therefore, OA may be a potential compound showing outstanding clinical application prospects.

In the present research, we used 5-FU to test the effects of either combo therapy or OA alone. We investigated the fundamental processes of CC in vivo and in vitro settings.

Study Methodology

Cell culture

People with stage I colon cancer (CCD 841 CoTr, No. JY771) and human adenocarcinoma cells (HT-29, No. TCHu103, and LoVo, No. TCHu 82) were obtained from the Shanghai Cell Bank at the Chinese Academy of Science in Shanghai, China. The cells were maintained alive in DMEM (Hyclone, SH30022, Shanghai, China) medium that had fetal bovine serum (FBS, 10%; #10270-106; Thermo Fisher Scientific, USA) and 100 U/mL penicillin-streptomycin. Cells were characterized and authenticated by short tandem repeats (STR). The results of the measurements revealed that no mycoplasma contamination was detected in any of the lines.

Cell viability

The impact of OA (No. 508-02-1, Sigma-Aldrich, USA) on HT-29 and LoVo cells was evaluated through methyl thiazolyl diphenyl-tetrazolium bromide (MTT) assay. For 12 h, 3 × 103 cells were seeded into each of the 96 wells. Subsequently, during 24, 48, and 72 hours, cells were exposed to various concentrations of dissolved OA (0, 10, 20, 40, 60, 80, and 100 μM) in 0.1% dimethyl sulfoxide (DMSO). Upon completion of the treatment, 25 μL of MTT (5 mg/mL in PBS) (No. 298-93-1, Sigma-Aldrich) was added to each well and incubated for an extra 4 h at 37°C. Then, the DMSO (100 μL) was used to dissolve the formazan residue. After that, a BIO-TEK Instruments microtiter plate reader (Winooski, VT, USA) was used to measure absorbance at 590 nm.

Clone formation assay

Following seeding onto six-well plates, LoVo and HT-29 cells were grown at a density of 600 cells per well in DMEM medium enhanced with 10% FBS. After 12 h incubation, the medium was replaced with different doses (20 and 40 μM) of OA. The control group was not treated with OA (0 μM), only with 0.1% DMSO. The colonies were fixed with paraformaldehyde (4%) (P0099, Beyotime Biotech, Shanghai, China) and stained with crystal violet (0.5%) (C0121, Beyotime Biotech) following a 14-day culture period with 5% CO2 at 37°C in an incubator. A camera captured pictures of six-well plates, and the visible colonies were tallied.

Tumorsphere formation assay

Trypsin (C0201, Beyotime Biotech, Shanghai, China) was used to digest LoVo and HT-29. The cells were then processed into a single cell suspension using serum-free DMEM medium, which was enhanced with epidermal growth factor (EGF) (354001, Corning, New York, USA) Primary fibroblast growth factor (bFGF) at 20 ng/mL concentration (CB40060, Corning, NY, USA) 10 ng/mL, N-2 Supplement (N2) (C0335, Beyotime Biotech) at 2% and 1%, and Bottenstein’s N-27 formulation (B27) (A3582801, Thermo Fisher Scientific, USA). Cells (2000/well) were seeded into 6-well ultralow attachment plates for 2 weeks and with different doses (0, 20, and 40 μM) of OA. Then, the images were taken by photography (CK40, Olympus Corporation, Tokyo, Japan), and the number of cell spheres was counted.

The real-time PCR assay

The FAST200 kit (220011, Feijie, Shanghai, China) extracted total RNA from CC cell lines. The NanoDrop 2000 kit (Thermo Scientific, USA) was utilized to quantify the amount and quality of RNA (at 260 and 280 nm wavelengths). Subsequently, the DNA was transcribed in the opposite direction and converted into complementary DNA (cDNA) using a qRT-PCR cDNA synthesis kit (RR067A, Takara, Dalian, China). The gene expression was measured using the Bio-Rad iQ5 Real-Time PCR System (Invitrogen Life Technologies, USA) with SYBR green detection (RR064B, Takara, Dalian, China). The cycling conditions were as follows: 95°C for 5 min, 95°C for 5 s, 60°C for 30 s, and 72°C for 34 s. The melting curve stage was then reached. The GAPDH gene served as a standard gene. Target mRNA levels were determined using the 2−ΔΔCt method with three replicates [25]. The primer sequences used in this work are as follows:

CD133 forward: 5’-GGTTTCATCCATCCGACATTG-3’;

CD133 reverse: 5’-ACACGGCAGGCATACTCATCT-3',

GAPDH, Nanog, SOX2, and Oct4 primers were synthesized [26,27].

Western blotting

The BCA protein assay kit (No. 23225, Pierce, Rockford, IL, USA) was used to quantify the total proteins, which were extracted using RIPA buffer with protease inhibitor (P0013C, Beyotime Biotech). The procedure for Western blotting analysis was mentioned earlier [27]. After electrophoresis using 10% SDS-PAGE, 80 μg of total protein was extracted and placed onto polyvinylidene difluoride (PVDF) membranes (No. 88518, Thermo Fisher Scientific, USA). After blocking the membrane with 5% skim milk for two hours, the membrane was incubated with primary antibodies to CD133 (1:1000, ab284389), Nanog (1:1000, ab21624, SOX2 (1:800, ab92494), Oct4 (1:800, ab184665), GADPH (1:1000, ab8245), all acquired from Abcam, UK), JAK2 (1:800, 3230, CST, USA), phosphorylated JAK2 (Y1007/1008) (1:800, 3771, CST, USA), phosphorylated STAT3 (Y705) (1:800, 9145, CST, USA), and STAT3 (1:1000, 9139, CST, USA) overnight at 4°C, followed by HRP-conjugated secondary antibodies(1:2000, ab150077, Abcam, UK) at room temperature for 1 h Enhanced Chemiluminescence (ECL) reagents (No. 32209, Thermo Fisher Scientific, Inc., USA) were used to detect the band signals. Densitometric analysis of the Western blotting was conducted with the help of Image Lab Software (v.3.0) (Bio-Rad Laboratories, USA).

In vivo model

Guangdong Medical University approved all in vivo investigations, which complied with the procedures established for the Care and Use of Laboratory Animals (Approval No. GDY2202009). The mice were accustomed to living in a particular pathogen-free (SPF) animal facility. The animals were cared for under constant humidity, temperature, and a regulated light-dark cycle. Male BALB/c nude mice (age = 4 to 5 weeks) received subcutaneous injections of HT-29 cells into their right flanks at a concentration of 2 × 106 cells per mouse. The mice were sourced from the Animal Center of Southern Medical University in Guangzhou, China. The tumors were randomly categorized into 4 groups (n = 5 for each group) once their volume reached 100 mm3. For three days throughout 18 days, mice received injections of DMSO (0.1%), OA (15 mg/kg), 10 mg/kg of 5-FU, and OA + 5-FU (15 mg/kg + 10 mg/kg). Every three days, the mice were observed. A sliding caliper was used to measure the tumor volumes of the xenografts after 18 days, and the tumor volume was computed as length × width2 × 0.5. After 18 days, the mice were placed in a new cage with 100% carbon dioxide for 5 min. Then, the tumors were dissected and weighed.

Immunohistochemistry (IHC) staining

Tumor were fixed for immunohistochemical experiments, as reported earlier [27]. In summary, sections were incubated with CD133 (1:150, ab284389), Nanog (1:150, ab21624, Abcam, UK), SOX2 (1:150, ab92494), Oct4 (1:100, ab184665, from Abcam, UK), phosphorylated JAK2 (Y1007/1008) (1:100, 3771, CST, USA), phosphorylated STAT3 (Y705) (1:100, 9145, CST, USA) at 4°C overnight, and then employing the streptavidin-conjugated horseradish peroxidase they were subsequently incubated. Sections were visualized with a DAB kit (P0202, Beyotime Biotech, Shanghai, China) and analyzed using a brightfield microscope (Leica DMI 40008, Germany).

Statistical analysis

The GraphPad Prism v.9.0 software (La Jolla, USA) was used to compare two groups using the student’s t-test. A p-value of <0.05 indicated a statistically significant difference in all two-sided statistical significance tests.

Results

The impact of OA concentrations on the viability of CC cells

To ascertain the optimal concentrations of OA for CC cells (CCD 841 CoTr) and human normal colon epithelial cells. CCD 841 CoTr cells and CC cells (HT-29 and LoVo) were subjected to OA treatment at varying concentrations (0, 10, 20, 40, 60, 80, and 100 μM) for 24, 48, and 72 h. Cell viability was evaluated through the utilization of cell growth curve assays. The findings indicated that the HT-29 and LoVo cells viability remained unaffected by 10 μM OA within 48 h or less than 20 μM within 24 h (p > 0.05). Conversely, as treatment duration and OA concentration increased, cell viability decreased compared to cells not treated with OA (0 M) (Figs. 1A and 1B). Furthermore, at 24, 48, and 72 h, OA’s IC50 (inhibitory concentration) on the HT-29 cell line was 56.2, 46.3, and 31.6 M, respectively (Fig. 1A). The IC50) value of OA on the LoVo cell line was 81.4 μM at 24 h, 69.3 μM at 48 h, and 37.3 μM at 72 h (Figs. 1A and 1B). Furthermore, human normal colon epithelial cells (CCD 841 CoTr) are hazardous to higher doses of OA (above 40 μM for 24 h; Fig. 1C). The CCD 841 CoTr cell line’s IC50 values for OA were 86.3, 59.4, and 42.6 μM at 24, 48, and 72 h, respectively (Fig. 1C). HT-29 and LoVo cells, on the other hand, were more prone to OA than CCD 841 CoTr cells. These findings demonstrated that OA considerably and time-dependently reduced the CC cell growth.
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Figure 1: The effects of OA on cell viability of CC cells. HT-29 and LoVo cells were treated with different doses (0, 10, 20, 40, 60, 80, and 100 μM) of OA at various times (24, 48, and 72 h), respectively. The HT-29 (A), LoVo (B), and CCD 841 CoTr (C) were tested for cell vitality using the MTT assay. The control group’s cell viability, which was treated with 0 mg/mL OA, was 100%. The cell viability percentage was computed with the control group. The mean ± SD of the proportion of viable cells from three separate trials, each with three duplicates, is represented by every single data point in the figure. *p < 0.05, **p < 0.01 in comparison to the control group (0 mg/mL OA) simultaneously.

OA inhibits proliferation and self-renewal capacity of CC cells

According to recent studies, colon cancer stem cells (CCSCs) are considered the primary initiator of cancer metastasis, recurrence, progression, or chemoresistance [28]. Thus, the sphere-formation assay and plate clone-formation assay were employed. The findings demonstrated that, in a concentration-dependent way, OA at lower doses (20 or 40 μM) effectively prevented the production of CC cell clones (Fig. 2A). OA also significantly reduced tumorsphere size in colon cancer cells (Fig. 2B).
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Figure 2: OA prevents CC cells from proliferating and from being able to replenish themselves. OA was applied to CC cells at 0, 20, and 40 μM over 14 days. (A) Plate clone development To determine the inhibitory impact of OA on CC cells, an assay was utilized. (B) Utilizing a sphere-formation assay, the inhibitory effect of OA on the stemness properties of CC cells was determined. The mean ± SD of the percentage of viable cells was calculated for each of the 3 independent experiments, with triplicates of each experiment. *p < 0.05, **p < 0.01.

Additionally, the stemness property of CCSCs was assessed using real-time PCR by measuring the prominin-1 (CD133) and Octamer-binding transcription factor 4 (Oct4) expression level in Nanog. The findings demonstrated that, following a 48-h treatment, OA considerably and concentration-dependently raised the mRNA levels of stemness-related markers (CD44, Nanog, Oct4, and CD133) (Figs. 3A and 3B). These findings demonstrated that OA decreased colon cancer cells’ ability to increase.

[image: images]

Figure 3: The ability of CC cells to self-renew is inhibited by OA. For 48 h, HT-29 (A) and LoVo (B) cells were exposed to varying concentrations of OA (0, 20, and 40 μM), and then the stemness properties of CCSCs were measured using real-time PCR. The mean ± SD of the proportion of viable cells from 3 distinct examinations, each with three replicas, is represented by each data point in the figure. *p < 0.05, **p < 0.01.

OA promotes the CC cell’s sensitivity to 5-FU

Many studies have demonstrated that CCSCs were regarded as the key contributors to 5-FU resistance in colorectal carcinoma [6,29]. According to the above results, OA inhibited the stemness property of LoVo and HT-29 CC cells. We investigated whether OA increases the sensitivity of LoVo and HT-29 cells to 5-FU. LoVo and HT-29 cells were subjected to varying concentrations of 5-FU (0, 5, 10, and 15 μM) for distinct durations of 48 h. The findings demonstrated that the proliferation of CC cells (HT-29 and LoVo) was inhibited in a concentration-dependent fashion by 5-FU (Figs. 4A and 4B). Following 48 h, the administration of various dosages (0, 20, 40, and 60 μM) of OA effectively suppressed the CC cell development in a manner that was dependent on the concentration (Figs. 4A and 4B). OA and 5-FU, when used together, have a higher inhibitory impact than when used separately (Figs. 4A and 4B).
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Figure 4: 5-FU sensitivity of CC cells is increased by OA. The sensitivity of HT-29 and LoVo cells to 5-FU was evaluated using MTT assays (A and B). The cells were cultured for a duration of 48 h with varying concentrations of 5-FU (0, 5, 10, and 15 μM), OA (0, 20, 40, and 60 μM), or a combination of OA and 5-FU. *p < 0.05, **p < 0.01.

In addition, plate clone formation assay and sphere-formation assay indicated that OA (40 μM) or 5-FU (10 μM) treatment inhibited the clone formation and tumorsphere formation ability of LoVo and HT-29 cells. But the combination of OA + 5-FU (40 μM + 10 μM) showed a dramatical inhibitory effect on clone formation and tumorsphere formation comparison with OA (40 μM) or 5-FU (10 μM) treatment (Figs. 5A and 5B). These results showed that OA improved the sensitivity of CC cells (HT-29 and LoVo) to 5-FU.
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Figure 5: The inhibitory effects of OA (40 μM), 5-FU (10 μM), and OA + 5-FU (40 μM + 10 μM) combination on the proliferation of HT-29 and LoVo cells. HT-29 and LoVo cells were treated with OA (40 μM), 5-FU (10 μM), and OA + 5-FU (40 + 10 μM) for 14 d. (A) The plate clone formation test assessed the inhibitory effects on HT-29 and LoVo cells. (B) A sphere-formation assay was used to measure the self-renewal capacity of LoVo and HT-29 cells. *p < 0.05, **p < 0.01.

OA improves the CC cell’s sensitivity to 5-FU by inactivation of JAK2/STAT3 signaling

It is well known that the JAK2/STAT3 signaling activation is closely related to the stemness acquisition of cancer cells through regulating cancer stem cell markers expression [26,30,31]. To examine the mechanism by which OA increases the responsiveness of CC cells to 5-FU, we assessed the STAT3 and JAK2 protein levels using Western blot analysis. The results showed that the treatment of OA (40 μM) or 5-FU (10 μM) downregulated the p-STAT3 and p-JAK2 protein levels without affecting the total protein expression. However, when OA (40 μM) and 5-FU (10 μM) were combined at 40 μM and 10 μM concentration, respectively, there was a significant reduction in the protein levels of p-STAT3 and p-JAK2 compared to when OA or 5-FU were used alone (Figs. 6A and 6B).

[image: images]

Figure 6: In vitro, OA impeded the JAK2/STAT3 signaling pathway. For 48 h, HT-29 cells were exposed to OA (40 μM), 5-FU (10 μM), and OA + 5-FU (40 + 10 μM). (A) The protein was extracted and then analyzed using SDS-PAGE, followed by Western blot analysis. The internal control used was GAPDH. (B) the fold variation in protein integrated absorbance following GAPDH normalization. One was the protein level in the cells treated with 0 mg/mL OA (Control). *p < 0.05, **p < 0.01.

Furthermore, Western blot was used to assess the expression of SOX2, Oct4, Nanog, and CD133, the cancer stem cell markers. The findings demonstrated that the expression of cancer stem cell markers was suppressed by OA (40 μM) or 5-FU (10 μM) therapy. But the combination of OA + 5-FU (40 μM+10 μM) showed a dramatical decrease in the protein levels comparison with OA (40 μM) or 5-FU (10 μM) treatment alone (Figs. 7A and 7B).
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Figure 7: OA suppresses the cancer stem‑like properties of CC cells through inhibited JAK2/STAT3 signaling in vitro. For 48 h, the HT-29 cells were treated with OA (40 μM), 5-FU (10 μM), and OA + 5-FU (40 + 10 μM). (A) The total protein was extracted and subjected to SDS-PAGE, followed by Western blot analysis. GAPDH was used as an internal control. (B) The fraction variation of protein integrated absorbance after GAPDH normalization. A protein concentration of 1 was established for cells treated with 0 mg/mL OA (Control). *p < 0.05, **p < 0.01.

OA enhances the CC cell’s sensitivity to 5-FU in vivo

To verify that OA increases the susceptibility of 5-FU-resistant CC cells to 5-FU in vivo, HT-29 cells were injected subcutaneously into BALB/c nude mice, and tumors were developed. The findings indicated that compared to the groups treated with OA (12 mg/kg), 10 mg/kg of 5-FU, or OA + 5-FU, the tumors in the control group (DMSO) developed more quickly (Fig. 8A). The group receiving OA with 5-FU treatment had a considerably reduced tumor volume and weight compared to those receiving 12 mg/kg of OA or 10 mg/kg of 5-FU alone (Figs. 8B and 8C).
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Figure 8: OA enhances the sensitivity of CC cells to 5-FU in vivo. After the tumors reached a size of 100 mm3, the mice were split into 4 groups at random (n = 5). For eighteen days, mice in each group received injections every 3 days of control (0 mg/kg), OA (12 mg/kg), 5-FU (10 mg/kg), and OA + 5-FU (12 + 10 mg/kg). (A) The representative tumor pictures from xenografted BALB/C nude mice. (B) Tumor volumes were assessed every 3 days. (C) After 18 days of therapy with OA (12 mg/kg), 5-FU (10 mg/kg), and OA + 5-FU (12 + 10 mg/kg), tumor weights were determined. *p < 0.05, **p < 0.01.

The expression of the subcutaneous tumors of nude mice was subsequently assessed using IHC. According to the data, the subcutaneous tumors treated with the control group (DMSO) showed increased expression levels of cancer stem cell markers. A decreased expression of cancer stem cell markers CD133, Oct4, and SOX2 in the OA + 5-FU treated group than those in the OA (12 mg/kg) or 5-FU (10 mg/kg) alone group (Figs. 9A and 9B). Furthermore, we assessed the p-STAT3 and p-JAK2 expression in the corresponding subcutaneous tumors in mice without clothing. The findings demonstrated that p-STAT3 and p-JAK2 were highly expressed in the tumors in the control group (DMSO) and that these expressions were reduced in the tumors in the groups treated with 12 mg/kg of OA or 10 mg/kg of 5-FU. However, the expression of p-JAK2 and p-STAT3 levels was lower in the OA + 5-FU treated group than those in the OA (12 mg/kg) or 5-FU (10 mg/kg) alone group (Figs. 9A and 9B). These findings demonstrated that OA increases the sensitivity of CC cells to 5-FU by inhibiting JAK2/STAT3 signaling.
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Figure 9: Effects of control (0), 12 mg/kg of OA, 10 mg/kg of 5-FU, and OA + 5-FU on the expression of CD133, Oct4, SOX2, p-JAK2 and p-STAT3 in HT-29 xenograft models. (A) The expression of SOX2, Oct4, CD133, p-JAK2, and p-STAT3 was found in the specified subcutaneous tumors of nude mice using immunohistochemical staining. (B) The CD133, Oct4, SOX2, p-JAK2 and p-STAT3 expression were quantified. Thus, by inhibiting the JAK2/STAT3 pathway, OA increases the sensitivity of CC cells to 5-FU and decreases their ability to improve. *p < 0.05, **p < 0.01.

Discussion

Colon cancer, one of the most prevalent malignant malignancies in humans, is increasing in incidence annually worldwide [2]. Although chemotherapy is still the predominant ways for colon cancer treatments, many patients show drug resistance after long-term treatment [32]. Although they have fewer side effects and have been used widely as effective substitute treatments for various malignancies, natural products may be an option. The current study showed that OA alone, or combined with OA + 5-FU, effectively suppressed the stem-like qualities and clone generation of CC cells. OA is a naturally occurring triterpenoid extracted from traditional Chinese medicinal herbs. According to studies on the molecular mechanisms involved, OA increases the susceptibility of CC cells to 5-FU by blocking JAK2/STAT3 signaling and reducing the expression of cell stemness-related markers (CD133, Nanog, Oct4, and SOX2) in vivo and in vitro.

Cancer stem cells (CSCs) are a distinct subpopulation of cancer cells that can differentiate and self-renew, as is widely recognized [28,33]. Numerous studies conducted in recent times have provided evidence that CSCs play a role in tumorigenesis, drug resistance, and proliferation of using their persistent proliferation and resistance to traditional anti-cancer treatments [34–36]. Therefore, it has been thought that targeting CSCs is the best course of action for treating cancer in recent years. Thymoquinone, the primary active component separated from black seed oil, inhibits the characteristics of lung cancer stem cells by inducing YAP breakdown [37]. Sec62 stimulates the Wnt/β-catenin pathway, which increases colorectal cancer stemness and chemoresistance [38].

The present study showed that OA significantly inhibited CC cells’ stem-like properties and clone formation through down-regulating cell stemness-related markers (CD133, Nanog, Oct4, and SOX2) expression. Furthermore, a revolutionary method of cancer therapy that simultaneously targets various therapeutic anti-cancer pathways is combination therapy, which involves the use of two or more chemotherapeutic drugs. The natural isoflavone Biochanin-A increased 5-fluorouracil anti-cancer activity through suppression of estrogen receptor alpha (ER-α)/serine/threonine kinase (Akt) axis in vitro and in vivo [39]. Chemotherapeutic and chemopreventive effects of OA have been observed in a range of human cancer types, including prostate cancer and breast cancer [40,41]. In pancreatic cancer cells, OA also boosts doxorubicin’s anti-cancer efficacy [24].

Moreover, combined therapy of ursolic and OA prevents CC cells from migrating in vivo and in vitro [42]. In agreement with earlier findings, the current findings demonstrated that, compared to OA or 5-FU treatment, combining the OA + 5-FU demonstrated a markedly inhibitory effect on the production of tumorspheres and clones. Through its inhibition of cell stemness, our finding first demonstrated that OA may be a powerful drug against CC and offers a scientific justification for additional clinical application. Evidence shows that the JAK2/STAT3 pathway is crucial in several malignancies [7,30]. By controlling downstream gene expression, the JAK2/STAT3 pathway promotes the potential of CSCs to transition and metastasize, causing tumors to become more resistant to chemotherapy. For instance, panaxadiol downregulated the JAK2/STAT3 pathway, dramatically reducing proliferation and promoting [43]. Through the JAK2/STAT3 signaling pathway, the anthraquinone derivative C10 prevents colon cancer cells from proliferating and progressing through the cell cycle [12]. The maintenance of non-small cell lung cancer stem cells is mediated by JAK2/STAT3 signaling through the aryl hydrocarbon receptor [44]. Previous studies also showed that OA suppresses tumor cell invasion and cell proliferation by blocking STAT3, AMPK, nuclear factor kappa-B (NF-κB), and mTOR signaling pathways.

Consequently, we explore the impact of OA on JAK2/STAT3 in greater detail. By inhibiting the JAK2/STAT3 signaling pathway, OA increased the sensitivity of CC cells to 5-FU. Additionally, OA suppressed the expression of cell stemness-related markers in vitro and in vivo. Currently, no empirical evidence indicates that OA inhibits the activity of extracellular phosphatases. Prior research has demonstrated that OA can impede hepatocellular carcinoma cells’ migration and invasion capabilities by promoting inducible nitric oxide synthase (iNOS) dimerization [45]. Furthermore, OA was found to inhibit the up-regulation of vascular endothelial growth factor (VEGF) and p38 mitogen-activated protein kinase (MAPK) phosphorylation in rat models of subarachnoid hemorrhage [46].

However, mechanisms of how OA directly or indirectly regulates the JAK2/STAT3 signaling pathway need further investigation. Investigating the potential utility of OA is valuable. Therefore, the target genes of OA were analyzed using ChEMBL (https://www.ebi.ac.uk/chembl/). Analysis results show that OA may affect or interact with intracellular enzyme (DNA polymerase beta (Polb), phospholipase A2 group 1B (PLA2G1B) and aldo-keto reductase family 1 member B10 (AKR1B10)), T-cell protein-tyrosine phosphatase (PTPN2), phosphatase (Protein-tyrosine phosphatase 1B (PTPN1) or dual specificity phosphatase (CDC25B)) activity, regulate nuclear receptor (Nuclear receptor ROR gamma, ROR γ) and so on (Suppl. Fig. S1 and Suppl. Table S1). For example, Abnormal expression of PTPN1 can affect the JAK/STAT pathway in classical Hodgkin lymphoma [47]. In diabetes mellitus type 2 patients, JAK2, STAT3, and ROR-γ expression were positively related [48]. Consequently, the subsequent research will delve deeper into the target genes of OA. However, there are certain limitations to the present study: (1) The critical limitation was the investigation of only two CC cell lines. (2) We did not investigate the mechanisms of how OA directly or indirectly regulates the JAK2/STAT3 pathway. (3) although the target genes of OA were analyzed using ChEMBL, some assays will be conducted to confirm the regulatory relationship between OA and PTPN1 (or ROR γ) within the cellular context.

Conclusion

In summary, this research revealed that OA exhibited a substantial inhibitory effect on the stem-like characteristics and clone formation of CC cells. Furthermore, the combined administration of OA and 5-FU demonstrated a considerably stronger anti-cancer effect than either OA or 5-FU treatment alone. OA increases the CC cell’s sensitivity to 5-FU by inhibiting the JAK2/STAT3 signaling pathway and by reducing the CD133, Nanog, SOX2, and Oct4 expression levels in vitro and in vivo, according to molecular mechanism studies. As a result, these findings are expected to offer fresh perspectives on the mechanisms by which OA targets critical components of stemness and establish a scientific justification for the potential future clinical application of OA and 5-FU in combination. In addition, the current findings make it a potentially effective adjunct to chemotherapeutics for the treatment of CC.
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