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Multiple myeloma (MM) is a highly heterogeneous hematological malignancy originating from B lymphocytes, with a high recurrence rate primarily due to drug resistance. 2-((1H-indol-3-yl)methyl)-3-((3-((1H-indol-3-yl)methyl)-1H-indol-2-yl)methyl)-1H-indole (LTe2), a tetrameric indole oligomer, possesses a wide range of anticancer activities through various mechanisms. Here, we aim to explore the anti-tumor efficiency and potential downstream targets of LTe2 in MM. Its bioactivity was assessed by employing MTT assays, flow cytometry, and the 5TMM3VT mouse model. Additionally, transcriptomic RNA-seq analysis and molecular dynamics (MD) experiments were conducted to elucidate the mechanism underlying LTe2 induced MM cell apoptosis. The results demonstrated that LTe2 significantly inhibited MM cell proliferation both in vitro and in vivo, and revealed that LTe2 exerts its effect by inhibiting the phosphorylation of AKT at the Thr308 and Ser473 sites. In summary, our findings highlight the potential of LTe2 as a novel candidate drug for MM treatment and provided a solid foundation for future clinical trials involving LTe2.
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1 Introduction

Multiple Myeloma (MM), the second most common hematological malignancy accounting for ~10% of all hematological malignancies, is a malignant hematological tumor derived from plasma cell, which predominantly affects individuals aged 45 and above (1, 2). The disease is characterized by the presence of abnormal clonal plasma cell in bone marrow, uncontrolled proliferation of MM cells, and the development of destructive bone lesions, kidney damage, anemia and hypercalcemia (3, 4). With the global population aging, the incidence and mortality rates of MM have been increasing steadily (5). Despite the introduction of novel drugs, such as proteasome inhibitors represented by Bortezomib (BTZ), and advancements in treatment approaches like CAR-T therapy, MM remains an incurable disease (6, 7). Therefore, the development of new effective drugs is needed to explore more effective therapeutic strategies to improve the prognosis of patients.

Indole-3-carbinol (I3C), a plant-based small molecule compound, has been shown to modulate a variety of biological processes in mammals and has shown cancer preventive effects in different models (8–10), however its role in MM is unclear. I3C is chemically unstable in acidic aqueous media and microbial cultures and can form structurally distinct compounds (11). In our previous study, we have described how I3C obtained from cruciferous vegetables (i.e., the raw material for kimchi), can be oligomerization in acidic environments, forming 3,3′-diindolylmethane (DIM) and 2-(indol-3-ylmethyl)-3,3′-diindolylmethane (LTr1) (12). As two major I3C metabolites, both DIM and LTr1 have been shown to possess excellent anti-tumor efficacy, and more importantly, DIM has been incorporated into commercial nutraceutical products with anticancer potential (13, 14). Importantly, we further have identified I3C-derived tetramers, pentamers and hexamers from commercially available kimchi products. Interestingly, We have found that the tetramer, 2-((1H-indol-3-yl)methyl)-3-((3-((1H-indol-3-yl)methyl)-1H-indol-2-yl)methyl)-1H-indole (LTe2) could inhibit the proliferation of human leukemia cell lines MV4-11 and THP-1 (15). These studies support our speculations that IC3 and IC3-derived indole oligomers may inhibit MM cell proliferation and exert antitumor effects. Therefore, the present study aimed to further explore the downstream targets and potential mechanisms of various indole oligomers in MM.

We examined the antitumor effects of IC3 and various indole oligomers derived from it on MM and found that the tetramer LTe2 inhibited the proliferation of MM cells in vitro and in vivo as an effective and safe anti-cancer drug with broad therapeutic applications. Our previous studies have demonstrated the crucial role of the AKT signaling pathway, specifically phosphorylation at the Thr308 and Ser473 sites of AKT, in the development and progression of MM (16, 17). Therefore, these discoveries suggested that LTe2 has the potential to be utilized as a therapeutic agent for suppressing the development and progression of MM.




2 Materials and methods



2.1 Antibodies and reagents

All primary antibodies were diluted at a ratio of 1:1000 as follows: PARP (9542S, Cell Signaling Technology), Caspase-3 (19677-1-AP, Proteintech), Cleaved Caspase-3 (9661S, Cell Signaling Technology), β-actin (60008-1-Ig, Proteintech), CDK4 (11026-1-AP, Proteintech), CDK6 (14052-1-AP, Proteintech), CyclinD1 (55506T, Cell Signaling Technology), AKT (9272s, Cell Signaling Technology), P-AKT Thr308 (9275s, Cell Signaling Technology), P-AKT Ser473 (4060S, Cell Signaling Technology). The second antibodies were diluted 1:5000 and purchased from Santa cruz (California, USA), including goat anti-Rabbit IgG (sc-2005) and rabbit anti-mouse IgG (sc-2004).




2.2 Cell lines and culture

Human MM cell lines (ARP1, CAG, H929, KMS28BM, OCI-MY5), mouse MM cell line 5TMM3VT cells and human colorectal cancer (CRC) cell lines (RKO, CW-2) were cultured in RPMI-1640 (C3010-0500, VivaCell). The culture medium was supplemented with 10% fetal bovine serum (A6901FBS-500, Invigentech, California, USA), and 1% penicillin/streptomycin (C100C5, NCM Biotech, Suzhou, China). All cells were cultured in an incubator at a temperature of 37°C and a CO2 concentration of 5%.




2.3 Cell proliferation

Cells (6 × 103/well) were seeded in a 96-well plate with a cell suspension volume of 180 μL/well, and then 20 μL of different concentrations of drugs were added to each well and incubated for the specified duration. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to test cell viability and proliferation. After the incubation period, 20 μL of MTT reagent (5 mg/mL) was added to each well, and the plate was incubated for an additional 4 h. The MTT formazan crystals formed by metabolically active cells were solubilized. The absorbance was measured spectrophotometrically at 570 nm by using a microplate reader (Thermo Fisher Scientific, USA).




2.4 Cell cycle and apoptosis assays

5 μL of propidium iodide (PI) solution (No. C0080, Solarbio) was added to detect the cell cycle. 5 μL of APC Annexin V (640941, Biolegend, California, USA) and 5 μL of PI (No. C0080, Solarbio, Shanghai, China) were added to detect the cell apoptosis. The cell samples were analyzed by flow cytometry (Merck Millipore, Germany).




2.5 Western blotting

The total protein was extracted by RIPA lysis buffer and quantified by BCA Protein Quantification Kit (20201ES86, YEASEN) using a microplate reader (Thermo Fisher Scientific, USA). A total of 20 μg of protein was resolved by SDS-PAGE and transferred onto a 0.45 μm PVDF membrane (Millipore, Bedford, MA). After blocking the membrane with 5% non-fat milk or BSA for 1 h, it was incubated with primary antibodies overnight, followed by incubation with secondary antibodies for 1 h. Using super ECL Detection Reagent (36208ES60, YEASEN) to visualize.




2.6 Transcriptomic RNA-sequencing

F2, LTe2, DIM, I3C were added to ARP1 WT cells for treatment and then performed mRNA sequencing. All data analysis and processing are conducted by Lc-Bio Technologies (Hangzhou) Co., Ltd. (Hangzhou, Zhejiang, China) and deposited in NCBI GEO database (accession number GSE189309).




2.7 5TMM3VT mouse model

5TMM3VT cells (1 × 106) were administered via tail intravenous (i.v.) injection in 6-week-old male C57BL/KaLwRij mice (n = 10 per group). After 2 days the mice were randomly divided into two groups: the control group and the treatment group. The control group received injections of physiological saline, while the treatment group received injections of LTe2 at a dosage of 50 mg/kg twice a week. The injections were continued until the mice were either sacrificed or died. The survival time of each group of mice was recorded, and the data were used to plot survival curves (18).




2.8 Statistical analysis

Data were presented as the mean ± standard deviation and analyzed by using a two-tailed Student’s t-test (2 groups). Statistical analyses were performed using SPSS version 19.0 and Prism 8.0 software. p<0.05 (*), p<0.01 (**) and p<0.001 (***) were considered to indicate statistically significant differences.





3 Results



3.1 LTe2, tetramer of I3C, is screened out as the most potent inhibitory activity from various indole oligomers

To compare the effects of various indole oligomers on ARP1 cell activity, I3C (monomers), DIM (dimers), LTr1 (trimers), LTe2 (tetramers), T7 (pentamers) and F2 (hexamers) were assayed by using MTT method. The structures of these various indole oligomers depicted in Figure 1A. The results indicated that LTe2 (tetramers) exhibited the most potent inhibitory effect on the proliferation of MM cells (Figures 1B, C). These findings provided preliminary evidence supporting the potential of LTe2 targeted inhibiting of MM cell proliferation.




Figure 1 | LTe2, tetramer of I3C, is screened out as the most potent inhibitory activity from various indole oligomers. (A) The chemical structure of I3C, DIM, LTr1, LTe2, T7 and F2. (B, C) Effects of I3C, DIM, LTr1, LTe2, T7 and F2 on viability of ARP1 WT cells.






3.2 LTe2 inhibits cellular proliferation in MM cell lines

To further evaluate the potential antitumor activity of indole oligomers in different type of cancers, we conducted an MTT assay using a series of indole oligomers on colorectal cancer (CRC) cells (Supplementary Figure S1) as well as MM cells. Among the compounds tested, we found that indole oligomers inhibited MM cells better than CRC cells, with LTe2, T7, and LTr1 showing the best inhibitory activity on MM cell viability following a screening process. Subsequently, we further employed the MTT method to determine the IC50 values of LTe2, T7, LTr1 in two MM cells, respectively. Our findings revealed that LTe2 (IC50-H929 = 9.547 μM, IC50-KMS28BM=9.451 μM) demonstrated a promising anti-proliferation activity in both MM cells, exhibiting the lowest IC50 values among the tested compounds (Figures 2A–C). And the specific IC50 values were presented in the table (Figure 2D). In addition, IC50 values of LTe2 and conventional chemotherapeutic drugs for MM treatment, BTZ, in four types of MM cells were compared using the MTT assay (Figures 2E, F). Based on the IC50 values (Figure 2G), we further selected ARP1 (IC50-ARP1 = 9.146 μM) and OCI-MY5 (IC50-OCI-MY5 = 7.062 μM) cells with higher activity concentrations when treated with LTe2 for further study. The results showed LTe2 exhibited a promising anti-proliferation activity within a three-day period in the selected cells (Figures 2H, I). The specific IC50 values were presented in the table (Figure 2J). Collectively, these findings strongly suggest that LTe2 possesses promising inhibitory activity against MM cell proliferation.




Figure 2 | LTe2 inhibits cellular proliferation in MM cell lines. (A–D) Effects of LTe2, T7 and LTr1 on viability of H929 WT and KMS28BM WT cells. (E–G) Effects of LTe2 and BTZ on viability of KMS28BM WT, OCI-MY5 WT, CAG WT and ARP1 WT cells. (H–J) Effects of LTe2 on viability of ARP1 WT and OCI-MY5 WT cells at 24 h, 48 h and 72 h.






3.3 LTe2 inhibits proliferation and induces apoptosis of MM cells

To confirm whether LTe2 inhibited cells by affecting cell cycle, we next employed flow cytometry analysis to examine cell cycle, showing that treatment with LTe2 arrested the proportion of cells in the G0/G1 phase (p=0.0188, p=0.0003, p=0.0028, p=0.0029) (Figure 3A). As apoptosis is closely related to cell cycle in cancer cells, we followed to utilize Annexin V/PI staining assay to show that with the increase of LTe2 concentration, the ability to promote apoptosis of MM cells was enhanced (p=0.0000, p=0.0007, p=0.0020, p=0.0000) (Figures 3B, C). Consistently, the results of WB confirmed the increased expression of apoptosis markers: the cleaved PARP (poly ADP-ribose polymerase) as well as cleaved caspase-3 after LTe2 treatments (Figure 3D; Supplementary Figure S2), and the protein expressions of CDK4, CDK6 and CyclinD1 were decreased upon LTe2 treatment (Figure 3E; Supplementary Figure S3). Collectively, the above data suggest that LTe2 inhibits the proliferation and induces apoptosis of MM cells in vitro.




Figure 3 | LTe2 inhibits proliferation and induces apoptosis of MM cells. (A) Flow cytometry analysis displayed that treatment with LTe2 increased G0/G1 phase fraction in ARP1 WT and OCI-MY5 WT cells. (B) Flow cytometry analysis indicated that LTe2 facilitated cell apoptosis of ARP1 WT and OCI-MY5 WT cells. (C) The apoptotic rate of ARP1 WT and OCI-MY5 WT cells after treatment with LTe2 was determined quantitatively as histograms. (D) WB analysis confirmed that LTe2 increased the expressions of apoptotic proteins: caspase-3 & cleaved caspase-3 and PARP & cleaved PARP. (E) WB assays indicted that treatment with LTe2 decreased CDK4, CDK6 and CyclinD1 protein expressions in MM cells. The data are expressed as mean ± SD.






3.4 LTe2 extends the survival of 5TMM3VT MM mice

To verify the inhibitory effects of LTe2 on MM progression in vivo, we constructed a 5TMM3VT MM mouse model, which could be a mature and generalized MM mouse model in vivo (19, 20), as illustrated in Figure 4A. The LTe2 treatment group (50 mg/kg body weight, twice a week) exhibited a significant extension in the survival of myeloma mice compared to the control group (p=0.0093) (Figure 4B). These findings indicate that LTe2 prolongs the survival of 5TMM3VT mice in vivo and possesses potent anti-tumor activity.




Figure 4 | LTe2 extends the survival of 5TMM3VT MM mice. (A) Schematic of 5TMM3VT mouse model. (B) LTe2 greatly improved the survival time of MM-prone C57BL/KaLwRij mice (n = 10).






3.5 The activity of various indole oligomers is associated with apoptosis and AKT signaling pathways and LTe2 targeting is optimal

To further investigate the mechanism underlying the inhibitory effect of LTe2 on MM cell proliferation, we performed transcriptomic RNA-seq on ARP1 cells treated with I3C (monomers), DIM (dimers), LTe2 (tetramers), and F2 (hexamers) or not as a control. Based on the similarity of the gene expression profiles of the samples, we performed clustering analysis of the differentially expressed genes (DEG) to visualize the expression of the genes in different treatments, and the heatmap showed that the AKT1 gene was highly expressed in all groups (Figure 5A). Next, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis on the DEG, which were closely associated with apoptosis signaling pathway after treatment of MM cells with various indole polymers (Figure 5B; Supplementary table S1). Additionally, further investigation through the KEGG pathway revealed that the AKT signaling pathway is also one of the classic cell apoptosis pathways. To further confirm the binding affinity between LTe2 and the phosphorylation site of AKT1, we initially scored it through MD experiment. The MD experiment results showed that after a 50ns MD, DIM and LTr1 remained in an unstable state (Figure 5C). The RMSD value of compound F2 was the largest, indicating a significant deviation from the initial binding mode. On the other hand, compounds I3C, LTe2 and T7 exhibited relatively low RMSD values and stable binding modes. Especially the RMSD value of I3C is the lowest (Figure 5D). Furthermore, we analyzed and compared the combination modes of I3C, LTe2 and T7 and found that W80 might interact with the indole ring to form pi-pi bonds. IC3 had a simple structure and exerted a single force, resulting in relatively weak binding ability (Figure 5E). LTe2 tended to form hydrogen/ion bonds with D292 or a hydrogen bonding network through water molecules as bridges (Figure 5F). However, due to factors such as molecular volume, T7 did not easily form hydrogen bonds with the receptor protein D292 (Figure 5G). Based on these findings, we speculate that LTe2 could inhibit MM cell proliferation by targeting AKT phosphorylation.




Figure 5 | The activity of various indole oligomers is associated with apoptosis and AKT signaling pathways and LTe2 targeting is optimal. (A) The heat map showed that AKT1 was considered a differentially expressed gene after treatment of indole oligomers. (B) KEGG pathway analysis of the RNA-seq data indicated that various indole oligomers were associated with the apoptosis signaling pathway. (C) The molecular dynamics (MD) experiments showed that I3C, LTe2 and T7 have relatively low RMSD and stable binding mode. (D) The score value of molecular docking. (E–G) The combination modes of I3C, LTe2 and T7.






3.6 LTe2 promotes apoptosis of MM cells through inhibition of AKT phosphorylation at Thr308 and Ser473

Due to complete activation of AKT requires the phosphorylation at Thr308 and Ser473 sites (21), AKT activation plays a crucial role in various cellular processes, including cell proliferation and apoptosis (22). To confirm the involvement of LTe2 in regulating AKT phosphorylation, we examined the expression of AKT, P-AKT (Thr308), and P-AKT (Ser473) in MM cells with or without LTe2 treatment. Western blot results confirmed that LTe2 treatment substantially downregulated the expression of P-AKT (Thr308) and P-AKT (Ser473) in both ARP1 and OCI-MY5 cell lines (Figure 6; Supplementary Figure S4). In summary, LTe2 decreased the phosphorylation of AKT at the Thr308 and Ser473 sites. These findings suggest that LTe2 inhibits the proliferation of MM cells via targeting AKT phosphorylation, making it a potential effective drug for MM patients (Figure 7).




Figure 6 | LTe2 promotes apoptosis of MM cells through inhibition of AKT phosphorylation at Thr308 and Ser473. WB validated the protein expression profiles of AKT, P-AKT (Thr308) and P-AKT (Ser473) in ARP1 WT and OCI-MY5 WT cells with or without treatment of LTe2.






Figure 7 | Schematic diagram of the mechanism of LTe2 promoting apoptosis of MM cells.







4 Discussion

Protein Posttranslational Modifications (PTMs) and related drugs play a very important role in the pathogenesis of MM and drug development. Proteasome inhibition is an effective and commonly used treatment in MM, and drugs such as bortezomib, carfilzomib, and ixazomib have been approved for the clinical treatment of MM (23, 24). Inhibition of the proteasome leads to proteotoxic and genotoxic stress that drives apoptosis in MM cells (25), which suggests that PTM may be an important factor in the development of MM. PTMs play a significant role in various biological processes by regulating enzyme activity, protein stability, interaction and so on (26). The importance of PTM has attracted increasing attention, and > 450 unique PTMs have been discovered so far, including phosphorylation, acetylation, and ubiquitination. Dysregulation of PTM has been implicated in the development of diseases such as cancer (27, 28). Thus, we believe that the solution to MM resistance and malignant proliferation or the lack of new drugs should start from PTM. In this paper, we found that the natural small molecule compound IC3 is a good antitumor drug, and previous studies have shown that indole oligomers have significant pleiotropic effects on cancer cells by inactivating survival signals and activating multiple cell death pathways simultaneously (13, 29). However, the effect of IC3 on MM is still unclear. In particular, our data suggested that IC3 inhibit the proliferation of MM cells, and more importantly, the linear tetramer LTe2 was effective in inhibiting the growth and inducing apoptosis of MM cells both in vitro and in vivo. These results highlight the potential of LTe2 treatment in MM cells. During the process of animal experiments, we did observe the general condition of the mice who received LTe2. They looked healthy without obvious symptoms such as vomiting or convulsions, which were not significantly different from the mice not receiving LTe2 treatment. Besides, as an indirect indicator of systemic toxicity, the body weight changes were monitored throughout the experiment. Compared to the control group, the mice in LTe2 group did not show a significant decrease in body weight, reflecting the safety of the LTe2 treatment. Accordingly, we hypothesized that LTe2 may be a specific drug target in MM cells, opening up new therapeutic avenues in anti-myeloma therapies.

Our studies show that the I3C-derived tetramer LTe2 significantly inhibits the growth of MM cells. Kimchi provided an acidic environment for the oligomerization of I3C-derived indoles, which resulted in the derivation of indole dimers to hexamers. From this we know that the Michael addition of 3MI to the indole nucleus is regioselective, a result that can stimulate the construction and/or modification of indole alkaloids (15, 30). The discovery of more and more natural products also provides new inspiration for drug development.

At present, inducing apoptosis has emerged as a promising therapeutic approach for cancer treatment. Therefore, seeking bioactive compounds that can induce apoptosis represents a valuable strategy to inhibit carcinogenesis and prevent further malignant proliferation of tumor cells. Cell cycle dysregulation is a common feature of human cancers, and the cell cycle is closely related to apoptosis (17, 31). Blocking cell cycle progression and inducing apoptosis are two important mechanisms by which antiproliferative genes inhibit cancer cell growth. DIM, in particular, is well-known for its ability to induce cell cycle arrest and apoptosis, making it an effective anticancer agent (32). Therefore, we hypothesized whether the inhibition of MM cells by LTe2 was also related through induced apoptosis and cell cycle arrest. Our data demonstrated that treatment with LTe2 induced cell apoptosis, as evidenced by an increase in the proportion of cells in the G0/G1 phase and a decrease in the expressions of CDK4 and CDK6. These findings further emphasize the close relationship between cell cycle and apoptosis.

Furthermore, in combination with RNA-seq we found that indole oligomers could inhibit MM cell proliferation by suppressing AKT phosphorylation. AKT activation and degradation are known to be involved in various biological responses, such as cell survival, proliferation, protein translation, and metabolism (33–35). Many oncogenes and proto-oncogenes are protein kinases that undergo phosphorylation, and their activation often contributes to tumorigenesis (36, 37). Importantly, phosphorylation is one of the most extensively studied PTMs of AKT, which phosphorylation at Thr308 and Ser473 is essential for AKT activation (38, 39). Intriguingly, our study revealed that LTe2 inhibits the phosphorylation of AKT at the Thr308 and Ser473 sites. We demonstrated that the activation of AKT phosphorylation is associated with the promotion of MM cells, as AKT is a known biomarker for cell survival (40). Although our study has identified the potential of LTe2 as a new drug of MM treatment, one limitation is the incomplete characterization of the direct involvement of the drug-target interaction within the AKT pathway. Further investigations are needed to fully understand the mechanisms underlying the effects of LTe2 in MM cells.




5 Conclusions

In conclusion, our findings provide compelling evidence for the significant biological activity of LTe2 in MM treatment. Furthermore, our study has established a valuable strategy for the discovery of novel inhibitors specifically targeting MM. These results hold promise for the development of effective therapeutic approaches and contribute to advancing our understanding of MM treatment.
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