

[image: The Metabolic Signature of AML Cells Treated With Homoharringtonine]
The Metabolic Signature of AML Cells Treated With Homoharringtonine





ORIGINAL RESEARCH

published: 14 June 2022

doi: 10.3389/fonc.2022.931527

[image: image2]


The Metabolic Signature of AML Cells Treated With Homoharringtonine


Yulong Zhang 1†, Na Li 1†, Zhiguang Chang 1†, Huabin Wang 2†, Hanzhong Pei 1, Dengyang Zhang 1, Qi Zhang 1, Junbin Huang 2, Yao Guo 1, Yuming Zhao 1, Yihang Pan 1*, Chun Chen 2* and Yun Chen 1*


1 Edmond H. Fischer Translational Medical Research Laboratory, Scientific Research Center, The Seventh Affiliated Hospital, Sun Yat-Sen University, Shenzhen, China, 2 Department of Pediatrics, The Seventh Affiliated Hospital of Sun Yat-Sen University, Shenzhen, China




Edited by: 

Jian Yu, Beihang University, China

Reviewed by: 

Bin Qin, Shenyang Pharmaceutical University, Chi

na; Linlin Zeng, Jilin University, China

*Correspondence: 

Yun Chen
 cheny653@mail.sysu.edu.cn

Chun Chen
 chenchun@mail.sysu.edu.cn 

Yihang Pan
 panyih@mail.sysu.edu.cn



†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Hematologic Malignancies, a section of the journal Frontiers in Oncology


Received: 29 April 2022

Accepted: 18 May 2022

Published: 14 June 2022

Citation:
Zhang Y, Li N, Chang Z, Wang H, Pei H, Zhang D, Zhang Q, Huang J, Guo Y, Zhao Y, Pan Y, Chen C and Chen Y (2022) The Metabolic Signature of AML Cells Treated With Homoharringtonine. Front. Oncol. 12:931527. doi: 10.3389/fonc.2022.931527



Acute myeloid leukemia (AML) is a hematologic malignancy. The overall prognosis is poor and therapeutic strategies still need to be improved. Studies have found that abnormalities in metabolisms promote the survival of AML cells. In recent years, an increasing number of studies have reported the effectiveness of a protein synthesis inhibitor, homoharringtonine (HHT), for the treatment of AML. In this study, we demonstrated that HHT effectively inhibited AML cells, especially MV4-11, a cell line representing human AML carrying the poor prognostic marker FLT3-ITD. We analyzed the transcriptome of MV4-11 cells treated with HHT, and identified the affected metabolic pathways including the choline metabolism process. In addition, we generated a line of MV4-11 cells that were resistant to HHT. The transcriptome analysis showed that the resistant mechanism was closely related to the ether lipid metabolism pathway. The key genes involved in these processes were AL162417.1, PLA2G2D, and LPCAT2 by multiple intergroup comparison and Venn analysis. In conclusion, we found that the treatment of HHT significantly changed metabolic signatures of AML cells, which may contribute to the precise clinical use of HHT and the development of novel strategies to treat HHT-resistant AML.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematologic malignancy featured by a proliferation of myeloblasts that are unable to undergo normal differentiation (1). It is the most prevalent form of leukemia in adults and the second major type of acute leukemia in children (2, 3). The disease progresses rapidly, with a survival of only a few weeks to a few months if untreated. In the United States, the 5-year overall survival rate for adults with relapsed/refractory AML (excluding APL) is approximately 10% (4).

Homoharringtonine (HHT) is a plant alkaloid that inhibits protein synthesis and has anti-tumor properties. In October 2012, HHT was approval by the U.S. Food and Drug Administration (FDA) for the treatment of chronic or accelerated CML after failure treatment of 2 or more tyrosine kinase inhibitors (5, 6). HHT has been used in China for more than 40 years to treat AML (7). A multicenter phase 3 trial found that the HAA (homoharringtonine-cytarabine-aclarubicin) regimen could be used as an alternative induction therapy for untreated AML, particularly in those patients with favorable and intermediate cytogenetics (8). Previous studies have found multiple mechanisms of HHT in treating AML, including targeting FLT3 pathway, antioxidant defense, SP1/TET1/5hmC pathway, TRAIL and p53 pathway, NF-κB pathway and the expression of myosin-9 and eIF4E (9–15). The mechanisms of resistance to HHT in AML include the reactivation of PI3K/AKT signaling pathway and the overexpression of MDR1, MRP1, P170-glycoprotein, MCL-1, and MAP4K1 (16–20). In addition, an increasing number of studies have reported synergistic effects of HHT combined with FLT3 inhibitors for the treatment of AML with FLT3-ITD (9, 21, 22). Recent research has shown that the treatment of FLT3 inhibitor gilteritinib leads to reprogramming of glycolipid metabolism in the tumor microenvironment, resulting in early and late drug resistance (23). Also, HHT in combination with glutaminase inhibitor CB-839 exacerbates AML mitochondrial reactive oxygen species and apoptosis (24). Venetoclax is a potent and selective oral inhibitor of BCL-2, a key regulator of mitochondrial energy metabolism that plays an important role in the survival of AML stem cells (25, 26). A study has shown a strong synergistic effect of venetoclax and HHT in diffuse large B-cell lymphoma in vitro and in vivo (27). Although a major progress has been made, the detailed mechanisms of effectiveness and resistance in HHT-based therapy in AML still need to be explored. And, the mechanisms of HHT metabolism-related studies in AML have not been reported.

Deregulating cellular metabolism is a hallmark of cancer (28). In AML, knockdown of ANRIL leads to decreased glucose uptake and inhibits survival of leukemia cells (29). Inhibition of glycolysis attenuates the proliferation of AML cells and enhances the cytotoxicity of Ara-C (30). Also, acetyl-CoA carboxylase 1(ACC1) was found to be the rate-limiting enzyme for fatty acid synthesis, and upregulation of ACC1 protein expression has the potential to be an effective strategy for the treatment of AML (31). Therefore, metabolic abnormalities in AML are highly involved in disease progression and resistance to the treatment, which need to be further investigated. In this study, we explored the change in transcriptome of HHT-treated AML cells and identified key metabolism pathways that may affect sensitivity and resistance of AML cells to HHT.



Materials and Methods


Cell Culture

Human AML cell lines MOLM-13 and MV4-11 were obtained from DSMZ (Braunschweig, Germany) and ATCC (VA, USA). The cells were maintained in RPMI 1640 (Hyclone, Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS) (Gemini, USA), 100 U/ml penicillin, and 100µg/ml streptomycin (Hyclone, Thermo Fisher Scientific, USA) at 37°C in a humidified atmosphere containing 5% CO2.



Cell Viability Assay and Flow Cytometry

For the cell viability assay, 6 × 104 cells were plated in each well in a 96-well plate with complete RPMI 1640 supplemented with 10% FBS. The plate was incubated for 24 hours before detection. Cell viability was measured by the cell counting kit-8 (CCK-8, Solaribio, Beijing, China). For the apoptotic assay, cells were seeded in 24-well plates at 0.75× 106 cells/well and incubated for 18 hours and subjected to flow cytometry. The Annexin V-FITC Apoptosis Detection Kit was obtained from DOJINDO (Japan) (AD10-50). Flow cytometric analysis was performed by a Cytoflex flow cytometer (Beckman, USA).



Transcriptome Analysis

We obtained the resistant MV4-11 strain (R) by gradually increasing the concentration of HHT and kept the cells in culture with 10 nM for about 10 months. After obtaining the resistant strain, we cultured the resistant strain off-drug for about 3 months to obtain the detoxified strain (O). Together with the parental MV4-11 cells (N), R and O cells were cultured with or without 10 nM HHT for 6 hours. The samples were designated N0 and N6 for parent cells without or with HHT, O0 and O6 for off-drug cells without or with HHT, and R0 and R6 for resistant R cells with or without HHT, respectively. Cells were collected in lyophilization tubes and frozen in liquid nitrogen for 10 minutes. The isolation of RNA and next-generation of sequencing were performed by Genedenovo Biotechnology Co., Ltd (Guangzhou, China). Raw data and normalized gene expression data are deposited in the sequence read archive database under accession numbers PRJNA832421. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were performed by Omicshare tools (https://www.omicshare.com/tools/). Gene Set Enrichment Analysis (GESA) was performed by using software GSEA and MSigDB (32).



Statistics

Data visualizing and statistical analysis were performed using GraphPad Prism 8.0 (GraphPad Software Inc., CA, USA). Differences between experimental groups were analyzed using unpaired Student t test. p value < 0.05 was considered significant.




Results


HHT Significantly Induced Apoptosis of MV4-11 and MOLM13

In the cell viability assay, we found that MV4-11 and MOLM13 were sensitive to the treatment of HHT, with IC50 of 7.92 nM and 12.98 nM, respectively (Figure 1A). Flow cytometry showed that HHT induced significant apoptosis in MV4-11 and MOLM13 (Figure 1B). To explore the resistant mechanism in HHT-treated AML cells, we established MV4-11 that resisted to HHT by gradually increasing the concentration of HHT in the medium. The cell viability assay showed that MV4-11 resistant strain and off-drug strain were less sensitive to the treatment of HHT, compared with the original MV4-11 (Figure 1C).




Figure 1 | AML cell lines were sensitive to HHT and the establishment of HHT-resistant cells. MV4-11, MOLM13 cells were treated with different concentrations of HHT for 24 hours, and cell viability was detected by CCK-8 (A). AML cells were treated without or with 15.6 nM HHT for 18 hours, and analyzed by flow cytometry (B). Cells were treated with different concentrations of HHT for 24 hours. The cell viability of MV4-11, MV4-11 resistant strain (R-MV4-11), and off-drug strain (O-MV4-11) was detected by CCK-8 (C).





Choline Metabolism Was Associated With HHT Treatment in AML

We performed transcriptome analysis in 3 strains of MV4-11 cells treated by HHT or out of HHT, including the original strain (N0 and N6), the HHT-resistant strain (R0 and R6), and the off-drug strain (O0 and O6). The genetic heat map analysis and principal component analysis revealed a large inter-group variability and a small intra-group variability (Figures 2A, B), which was in accordance with the number of up- and down-regulated genes in each group (Figure 2C). These data indicate an ideal cell line modeling in our transcriptome analysis.




Figure 2 | Transcriptome analysis showed an ideal cell line modeling. Correlation heat map (A) and Principal Component Analysis (PCA) (B) were used to assess intra- and inter-group differences in the samples. Bar charts showed the number of significantly different genes between groups (FDR < 0.05, multiple of difference greater than or equal to 2) (C).



In groups of N0 vs N6, O0 vs O6, and R0 vs R6, genes in metabolism processes were found to be significantly enriched by GO enrichment analysis (Figures 3A–C). To clarify the specific metabolic pathways, we performed KEGG enrichment analysis and found that genes in the choline metabolism pathway were significantly enriched after short-term intervention with HHT or out of HHT (N0 vs N6, p = 0.01; O0 vs O6, p = 0.02; R0 vs R6, p = 0.001) (Figures 3D–F). In contrast, this metabolic pathway was not significantly enriched in groups of long-term intervention of HHT (Figures 4C, D). Therefore, we speculated that the choline metabolism pathway is involved in the anti-leukemia effect of HHT in AML.




Figure 3 | The drug efficacy mechanism of HHT was related to choline metabolism. Biological processes significantly affected in different cell lines with 10 nM HHT treatment for 6 hours (A, B) or HHT withdraw for 6 hours in the resistant line were found by GO enrichment analysis (C). HHT was found to significantly affect metabolism-related signaling pathways by KEGG enrichment analysis (D–F).






Figure 4 | Ether lipid metabolism was associated with the mechanism of HHT resistance. By GO enrichment analysis, several biological processes were found to be significantly affected in long-term HHT-treated cell lines (A, B). Significant effects of HHT on metabolism-related signaling pathways were found by KEGG enrichment analysis (C, D).





Ether Lipid Metabolism Was Associated With the Resistance to HHT in AML

In groups of N0 vs R0 and N0 vs O0, GO enrichment analysis revealed that genes in metabolism-related biological processes were significantly enriched (Figures 4A, B). To clarify specific metabolic pathways, we performed KEGG enrichment analysis and found that the genes in ether lipid metabolism pathway were significantly enriched after long-term HHT intervention (N0 vs R0, p= 0.048) (Figure 4C). In the off-drug group, genes in this pathway were also significantly enriched (N0 vs O0, p = 0.02) (Figure 4D). In contrast, this metabolic pathway was not significantly enriched in HHT short-term intervention groups (N0 vs N6, p = 0.30; O0 vs O6, p = 0.51; R0 vs R6, p = 0.25). Therefore, we conclude that the ether lipid metabolism pathway is involved in promoting the development of resistance to HHT in AML cells. Interestingly, in the N0 vs O0 group, “arginine and proline metabolism” (p = 0.037), “alanine, aspartate and glutamate metabolism” (p = 0.044), and “glycerophospholipid metabolism” (p = 0.045) were also significantly enriched, and these pathways may contribute to the re-sensitization of O0 strain to HHT.



AL162417.1, PLA2G2D, and LPCAT2 Were Key Genes in the Metabolic Signature of HHT-Treated AML Cells

By using KEGG enrichment analysis, we identified the core set of genes associated with the treatment of HHT in AML cells. Drug efficacy gene of HHT was AL162417.1 (Figures 5A, C). The key genes of resistance to HHT were PLA2G2D, LPCAT2, UGT8, CHPT1, and GDPD1 (Figure 5B).




Figure 5 | AL162417.1, PLA2G2D, and LPCAT2 are candidate genes for drug efficacy and resistance. The core genes of drug efficacy and resistance related pathways identified by KEGG enrichment analysis and the shared key genes were found by Venn diagram (A, B). Expression of key genes for drug efficacy and resistance were detected by RNA-seq (C, D).



Since the fluctuation of drug resistance genes should not be significant changed after short-term administration or withdrawal of HHT, CHPT1, UGT8, and GDPD1 were excluded (Figure S1A). The key drug resistance-related genes were identified as PLA2G2D and LPCAT2 (Figure 5D). In addition, we found that PLA2G2D and LPCAT2 were significantly enriched in the group of N0 vs O0 by GSEA (Figure S1B), which further validated PLA2G2D and LPCAT2 as key HHT-resistance genes in AML cells.




Discussion

Tumorigenesis and progression require metabolic reprogramming of cancer cells (33, 34), and understanding this process is important for tumor diagnosis, treatment, and prognosis. Abnormalities in choline metabolism have been reported in a variety of tumors. Several studies have reported that C-choline PET/CT can detect biochemical recurrent prostate cancer recurrence and survival (35, 36). In Glioblastomas cell lines U87MG and GBM5, choline increases tumor cell proliferation and anti-apoptosis by activating α7- and α9-containing nicotinic receptors and promoting AKT and ERK phosphorylation (37). The increased choline uptake was reported in endometrial cancer cell lines compared to normal endometrial stromal cells (38). CHPT1 drives cytidine diphosphate-choline (CDP-Cho) to generate phosphatidylcholine (PtdCho). Knockdown of CHPT1 inhibits the growth and proliferation of breast cancer cells, and in vivo experiments have shown that knockdown of CHPT1 inhibits the early metastasis of breast cancer cells (39). Genomic pooling analysis of colorectal cancer gut microbes shows that the choline trimethylamine-lyase gene is overexpressed in colorectal cancer (40). It is reported that in some types of tumors, the upregulation of choline metabolic pathway may lead to proliferation and anti-apoptosis of tumor cells. Wang, Musharraf et al. found significant alterations in choline metabolism in AML patients (41, 42). Besides, increased phosphorylcholine (PCho) was found to be a common feature of all observed AML cell lines (43). However, the specific pathological significance of abnormal choline metabolism in AML has not been revealed. In this study, we found that the drug efficacy mechanism of HHT is closely related to the choline metabolism, and further identified key genes in the pathway. Note that AL162417.1 is a novel protein-coding gene that is a homolog of RALGDS, which activates CHK (44), and promotes the production of PCho. Therefore, AL162417.1 could serve as a potential target of HHT in treating AML cells. The current findings on this gene are limited, which deserves further in-depth studies.

Ether lipids play a role in membrane fusion, participate in cellular differentiation and signaling, and act as endogenous antioxidants (45). Ether lipid levels have been shown to elevate in tumors. The enzyme alkylglycer-onephosphate synthase (AGPS) is upregulated in several types of aggressive human cancer cells and primary tumors, and knockdown of AGPS in cancer cells decreases survival of tumor cells, cancer invasiveness, and tumor growth [24]. In this study, we found that HHT resistance mechanism is closely related to the ether lipid metabolism pathway, and further identified key genes as PLA2G2D and LPCAT2. PLA2G2D encodes a secreted member of the phospholipase A2 family, which produces lysophospholipids and free fatty acid and involves in ether lipid metabolism. Studies show that oxidative stress may induce the expression of PLA2G2D in mouse and human monocyte-derived macrophages through lipid peroxidation. The high expression of PLA2G2D increases viral infection, and mice lacking PLAG2D are protected from COVID-19 invasion (46, 47). Besides, it has been reported that upregulation of PLA2G2D could be a potential biomarker for cancer immunotherapy (48). LPCAT2 is involved in ether lipid metabolism and is a member of the family of enzymes encoding lysophospholipid acyltransferases. The expression level of LPCAT2 is positively correlated with aggressive prostate cancer (49). Importantly, LPCAT2 mediated lipid droplet production has been shown to promote resistance to chemotherapy in colorectal cancer (50). Therefore, LPCAT2 is more promising candidate genes for HHT resistance. Furthermore, by ether lipids metabolism KEGG signaling pathway diagram (Figure S2), we found that PLA2G2D and LPCAT2 are involved in the conversion between lysoPAF and plasmanylcholine, but overall promote lysoPAF to plasmanylcholine production.

In summary, our study found that the mechanism of HHT efficacy in AML is related to choline metabolism, and the key candidate gene was AL162417.1. The resistance mechanism is related to ether lipid metabolism, and the core resistance candidate genes are PLA2G2D and LPCAT2. This study provides a new perspective for the rational clinical use of HHT and the development of new HHT-resistant treatment strategies.
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