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The F-box and WD repeat domain-containing (FBXW) proteins play an important role in ubiquitin proteasome by inducing protein degradation. Ten FBXW proteins have been identified in humans. The functions of FBXW proteins, like FBXW7, have been well-established in many human cancers. However, little is known about their transcriptional expression profiles and relationship with prognosis in acute myeloid leukemia (AML). Here we investigated the roles of FBXW proteins in AML by analyzing their mRNA expression profiles and association with clinical features using data from EMBL-EBI, the Cancer Cell Line Encyclopedia, Gene Expression Profiling Interactive Analysis, and cBioPortal databases. Our results showed that the mRNA level of FBXW proteins were highly detected by microarray in 14 AML cell lines, although there were no obvious differences. The expression of FBXW4 was significantly higher in AML patients compared with that in normal controls (P < 0.01). Patients whose age was ≥60 years old had a higher FBXW4 expression when compared with those who were <60 years old (P < 0.05). Cytogenetic favorable-risk group patients had a much lower FBXW4 expression than the intermediate- and poor-risk group patients (P < 0.0001). Moreover, patients with high FBXW4 expression exhibited significantly shorter event-free survival (EFS) and overall survival (OS) than those with low FBXW4 expression (median EFS: 5.3 vs. 10.0 months, P = 0.025; median OS: 8.1 vs. 19.0 months, P= 0.015). A multivariate analysis indicated that high FBXW4 expression was an independent risk factor for poor EFS in AML patients who received intensive chemotherapy followed by allo-SCT. In summary, our data suggested that FBXW4 is aberrantly expressed in AML and high FBXW4 expression might be a poor prognostic biomarker; future functional and mechanistic studies will further illuminate the roles of FBXW4 in AML.
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INTRODUCTION

Acute myeloid leukemia (AML) is a hematopoietic malignancy originating from myeloid precursors and is the most common acute leukemia in adults (1). AML is still incurable in 60–65% of patients who are 60 or younger due to refractory or relapsed disease. For patients who are older than 60, the prognosis is even worse (2, 3). The rapid development of high-throughput sequencing technology has uncovered a series of genetic alterations which can predict clinical outcomes and lead to potential new therapeutic targets in AML (4–7).

F-box and WD repeat domain-containing (FBXW) proteins have been shown to play a role in ubiquitin proteasome-induced protein degradation. Until now, 10 FBXW proteins have been identified: FBXW1 (BTRC), FBXW2, FBXW4, FBXW5, FBXW7, FBXW8, FBXW9, FBXW10, FBXW11, and FBXW12. All of the FBXW proteins have one F-box domain and unequal amounts of WD repeat domain. The F-box domain is responsible for the assembly of ubiquitin ligase and the WD repeat domain binds to substrate proteins which will be degraded. Of all 10 FBXW proteins, FBXW7 is the one whose function has been studied most thoroughly (8). Under normal physiological conditions, the substrates can bind to FBXW7 after they have been phosphorylated at specific sites (9). Moreover, most of these substrates have been identified as key molecules or transcription factors that play important roles in the regulation of cell growth and cell proliferation, such as cyclin E, MYC, and NOTCH (9–14). Because these substrates are generally considered as proto-oncogene proteins that are widely involved in the tumorigenesis of human cancers, FBXW7 has been recognized as a tumor suppressor for its ability to mediate the degradation of these proteins (9). Importantly, in T-cell acute lymphoblastic leukemia and some solid tumors, many loss-of-function mutations have been identified in FBXW7. These mutations influence the interaction of FBXW7 with its substrates and then impair their degradation (15, 16). FBXW2 has also been shown to be a tumor suppressor in lung cancer cells by promoting SKP2 degradation (17).

On the other hand, other F-box and WD repeat domain-containing proteins have been reported to participate in or promote cancer cell growth and proliferation via interaction with different substrates. For example, CUL4A–DDB1–FBXW5 E3 ubiquitin ligase complex can promote non-small cell lung cancer cell growth by mediating DLC1 degradation (18). The proliferation of choriocarcinoma cells can be inhibited by siRNA-induced silencing of FBXW8 expression. In human colon cancer cells, FBXW8-mediated degradation of cyclin D1 is critical for survival and proliferation (19, 20). These results indicate that F-box and WD repeat domain-containing proteins may have different and complex functions in tumor suppression or tumorigenesis. There have only been a few reports about mRNA expression of FBXW proteins in human cancers and their association with clinical prognosis. FBXW11 expression is reported to be upregulated in lymphocytic leukemia patients and dramatically decreased in patients after they achieved complete remission (CR) (21). Recent work has shown that FBXW7 expression was downregulated in T-cell lymphoblastic lymphoma (22), which is in accordance with its tumor suppressor function. Similar expression characteristics of FBXW7 in human osteosarcoma have also been observed (23). However, the transcriptional expression features and clinical significance of FBXW proteins in acute myeloid leukemia (AML) have not been established. Here we analyzed the mRNA expression characteristics of F-box and WD repeat domain-containing proteins in AML cell lines and AML patients using Cancer Cell Line Encyclopedia (CCLE) and Gene Expression Profiling Interactive Analysis (GEPIA) online databases. Clinical prognostic significances were further examined in members with differential expression between AML patients and normal controls using cBioPortal TCGA database. Lastly, protein–protein interaction network and the potential biological function of FBXW4 in AML were explored by STRING and GeneMANIA databases and Gene Set Enrichment Analysis (GSEA).



METHODS


EMBL-EBI Dataset

EMBL-EBI (https://www.ebi.ac.uk) is an open-access dataset which provides numerous bioinformatics applications, including gene expression characteristics in human cancer cell lines (23). The F-box and WD repeat domain-containing family members' expression in AML cell lines is analyzed by the EMBL-EBI dataset.



CCLE Dataset

We explored FBXW10 and FBXW12 expression characteristics in AML cell lines using the CCLE dataset. The CCLE (https://www.broadinstitute.org/ccle) dataset is an online tool which provides gene expression data, mutation data, fusion/translocation data, and CpG methylation data for 84,434 genes and 1,457 cell lines freely (24).



GEPIA Dataset

The expression differences of F-box and WD repeat domain-containing family members between AML patients and normal patients were conducted by GEPIA dataset. GEPIA is a newly developed dataset which provides RNA sequencing information of 9,736 tumors and 8,587 normal samples from the TCGA and the GTEx projects in 33 different types of cancers. The RNA-Seq datasets that GEPIA used are based on the UCSC Xena project (http://xena.ucsc.edu) and are computed by a standard pipeline. Besides gene expression data, GEPIA also provides survival analysis, correlation analysis, and some other advanced bioinformatic analyses (25).



Patient Data

The RNA expression data (transcripts per million and Z-score), clinical and laboratorial parameters data, FLT3, TP53, ASXL1, and RUNX1 mutation conditions, and survival data of 173 out of 200 newly diagnosed AML patients from the TCGA dataset were downloaded from the cBioPortal dataset (26). Sixteen acute promyelocytic leukemia (APL, M3) patients were excluded from analysis for its' unique molecular signature and much better prognosis than those of other AML patients. Moreover, two patients without specific FAB subtype classification were also excluded from the analysis. Lastly, 155 de novo non-M3 AML patients were enrolled to go with further analysis. As a powerful tool, cBioPortal dataset provides a simple and convenient approach to access patient data from TCGA and other datasets (27, 28).



Bioinformatics Analysis

FBXW4 protein–protein interaction network was predicted by the STRING and GeneMANIA datasets. STRING and GeneMANIA are both frequently used datasets which can provide protein–protein interaction information (29, 30). FBXW4 co-expression network was analyzed by cBioPortal dataset. Gene Set Enrichment Analysis (gene sets: c2.all.v7.0.symbols.gmt) was performed to explore the potential biological pathways of FBXW4 involved in AML.



Statistical Analysis

The patients were divided into a high FBXW4 expression group and a low FBXW4 expression group [transcripts per million (TPM): 1st quartile vs. TPM: 2nd to 4th quartile; Z-scores ≥1 vs. <1]. All of the statistical analyses were carried out using SPSS 24.0 software (SPSS Inc., Chicago, IL, USA). The relationship between FBXW4 expression and the clinical and laboratorial parameters was analyzed by chi-square test. Kaplan–Meier method and log-rank test were used to generate the survival curves and analyze the survival difference between the high and the low FBXW4 expression group patients. Multivariate analyses were performed using Cox proportional hazards model. P < 0.05 were considered as statistically significant.




RESULTS


Transcriptional Expression Features of FBXW Proteins in 14 AML Cell Lines

We explored the transcriptional expression profiles of FBXW proteins in 14 AML cell lines using the EMBL-EBI database. Results indicated that FBXW5, FBXW11, FBXW2, FBXW9, FBXW4, FBXW8, and FBXW7 are well expressed in the cell lines, although FBXW5 had the highest expression in the cells. FBXW1 was specifically highly expressed in the MOLM-16 AML cell line (Figure 1A). EMBL-EBI database has no FBXW10 and FBXW12 expression data, but from the CCLE database, we found that they are expressed at a low level in all human cancer cell lines, including AML (Figures 1B,C).
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FIGURE 1. F-box and WD repeat domain-containing family member expression features in AML cell lines. (A) Heatmap of FBXW1, FBXW2, FBXW4, FBXW5, FBXW7, FBXW8, FBXW9, and FBXW11 expression in 14 AML cell lines; (B,C) expression features of FBXW10 and FBXW12 in 30 human cancer cell lines.




Transcriptional Levels of FBXW Proteins in AML Patients

Next, to further understand the transcriptional expression features of FBXW proteins in AML, we investigated their mRNA levels in AML patients with the GEPIA computer tool and the data from the TCGA database. Results showed that the expression of FBXW4 was significantly upregulated in AML patients compared with that in normal controls (P < 0.01) (Figure 2A). Other family members did not exhibit a significant difference in their mRNA levels between AML patients and normal controls (P > 0.05) (Figure 2B, Figure S1). Consistent with its expression characteristics in AML cell lines, FBXW5 mRNA level was higher in AML patients compared with other FBXW proteins (Figure 2B); however, it is also higher in normal controls. Therefore, no significant difference was observed between the AML patients and the normal controls. FBXW10 and FBXW12 showed low mRNA levels in both AML patients and normal controls (Figure S1).


[image: Figure 2]
FIGURE 2. Expression differences of FBXW4 and FBXW5 between 173 de novo AML patients and 70 normal controls. (A) FBXW4. (B) FBXW5 (*P < 0.01).




High FBXW4 Expression Is Associated With Older Age and Poorer Cytogenetic Risk Classification in AML Patients

In order to further explore the association of FBXW4 expression with clinical features in AML patients, FBXW4 mRNA (RNA Seq V2 RSEM) expression data and clinical parameters were analyzed with RNA-seq datasets downloaded from cBioPortal TCGA database. We dichotomized the patients into a high FBXW4 expression group (1st quartile) and a low FBXW4 expression group (2nd−4th quartile) based on FBXW4 TPM or a high and low FBXW4 expression with gene expression Z-score ≥1 and Z-scores <1, respectively (Table 1). We found that patients with a high expression of FBXW4 (Z-scores ≥1) were relatively older than those patients with a low FBXW4 expression (Z-scores <1) (median: 63.5 vs. 58, P = 0.046). Also, patients with age ≥60 years old at diagnosis had higher FBXW4 expression when compared with patients whose age was <60 years old (P = 0.035) (Figure 3A). The relationship between FBXW4 expression and cytogenetic risk classification was further analyzed. It is shown that patients with favorable risk had much lower FBXW4 expression compared with patients with intermediate risk and poor risk (P < 0.0001) (Figure 3B). No significant differences in FBXW4 expression were observed with sex, bone morrow blasts, peripheral blood blasts, and FLT3-ITD, FLT3-TKD, and TP53 mutation, ELN risk classification, treatment options (intensive or non-intensive), and allo-SCT (P > 0.05) (Table 1). Taken together, these data indicated that the high expression of FBXW4 is a feature of higher-risk AML, which is more frequently seen in older AML adults and those with high-risk karyotypes, suggesting its clinical significance in predicting clinical outcomes in AML patients.


Table 1. Correlation of FBXW4 expression with clinical and laboratorial parameters in AML patients.
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FIGURE 3. Association of FBXW4 and FBXW5 expression with age and cytogenetic risk classification in AML patients. FBXW4 expression difference between patients ≥60 and <60 (A) and patients with good-risk cytogenetic classification and intermediate/poor-risk cytogenetic classification (B). FBXW5 expression difference between patients ≥60 and <60 (C) and patients with good-risk cytogenetic classification and intermediate/poor-risk cytogenetic classification (D).


As FBXW5 is expressed the highest among FBXW proteins in AML cell lines and AML patients, we further analyzed the relationship between FBXW5 expression and the clinical and laboratorial parameters. Unlike FBXW4, patients with age ≥60 and age <60 years old showed no significant difference in FBXW5 expression (P > 0.05) (Figure 3C). Cytogenetic risk classification analysis results also exhibited a similar FBXW5 expression in favorable-risk and intermediate/poor-risk AML patients (P > 0.05) (Figure 3D). However, when we dichotomized the patients into high FBXW5 expression group (TPM: 1st quartile) and low FBXW5 expression group (TPM: 2nd to 4th quartile) and explored their differences in clinical parameters, we found that the low FBXW5 expression patients were relatively younger than the high FBXW5 expression patients at diagnosis (median: 57 vs. 64, P = 0.017) (Table 2). Interestingly, the low FBXW5 expression patients had a higher percentage to receive intensive chemotherapy (P = 0.005) and allo-SCT (P = 0.000) (Table 2). This may be partially because the patients with low FBXW5 expression were younger and had better physical conditions to tolerate intensive chemotherapy and allo-SCT than those with high FBXW5 expression. No significant differences were observed in sex, bone morrow blasts, FLT3-ITD, FLT3-TKD, and TP53 mutation, cytogenetic risk classification, and ELN risk classification between the high and the low FBXW5 expression patients (P > 0.05) (Table 2).


Table 2. Correlation of FBXW5 expression with clinical and laboratorial parameters in AML patients.
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High FBXW4 Expression Is Associated With Poor Clinical Outcome in AML Patients

To best understand the significance of high FBXW4 expression in the prognosis of AML patients, Kaplan–Meier survival curves were generated for overall survival (OS) and events-free survival (EFS) between patients with high and low FBXW4 expression. Results showed that patients with high FBXW4 expression (TPM: 1st quartile) had a shorter trend in EFS and OS compared with those with low FBXW4 expression (TPM: 2nd to 4th quartile), although no statistical differences were detected (EFS: median: 5.3 vs. 10.9 months; P = 0.080; OS: median: 8.2 vs. 20.5 months; P = 0.081) (Figures 4A,B). However, when Z-scores = 1 was set as the cutoff, a significant difference was detected in EFS and OS between the high FBXW4 expression (Z ≥ 1) patients and the low FBXW4 expression (Z < 1) patients. The EFS and OS in patients with high FBXW4 expression (Z ≥ 1) were significantly decreased when compared with those with low expression (Z < 1) (EFS: median: 5.3 vs. 10 months; P = 0.025; OS: median: 8.1 vs. 19 months; P = 0.015) (Figures 4C,D).
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FIGURE 4. Survival analysis of AML patients according to FBXW4 expression. (A) EFS of AML patients with high FBXW4 expression (TPM: 1st quartile) and low FBXW4 expression (TPM: 2nd to 4th quartile); (B) OS of AML patients with high FBXW4 expression (TPM: 1st quartile) and low FBXW4 expression (TPM: 2nd to 4th quartile); (C) EFS of AML patients with high FBXW4 expression (Z ≥ 1) and low FBXW4 expression (Z < 1); (D) OS of AML patients with high FBXW4 expression (Z ≥ 1) and low FBXW4 expression (Z < 1).


In multivariate survival analysis, the significant association of high FBXW4 expression (Z ≥ 1) with shorter EFS and OS was not detected after adjusting for age, cytogenetic risk, allo-SCT status, and TP53 and FLT3-ITD mutation (EFS: HR = 1.270, 95% CI: 0.742–2.174, P = 0.383; OS: HR = 1.367, 95% CI: 0.775–2.409, P= 0.280) (Table 3). As treatment options, especially intensive chemotherapy and allo-SCT, have profound positive influences on the prognosis of AML patients, we further screened out the 124 patients who received intensive chemotherapy and the 65 patients who received intensive chemotherapy followed by allo-SCT in the cohort to re-analyze the relationship between FBXW4 expression and survival. As expected, in patients who received intensive chemotherapy, high FBXW4 expression (Z ≥ 1) was associated with poorer EFS and OS, although there was no statistical significance (EFS: median: 6.3 vs. 11.8 months; P = 0.108; OS: median: 11.2 vs. 25.8 months; P = 0.181) (Figures 5A,B). In addition, for patients who received intensive chemotherapy followed by allo-SCT, the high FBXW4 expression (Z ≥ 1) patients exhibited significantly shorter EFS and OS compared with the low FBXW4 expression (Z < 1) patients (EFS: median: 5.2 vs. 13.6 months; P < 0.001; OS: median: 11.5 vs. 30.6 months; P = 0.040) (Figures 5C,D). Moreover, a multivariate survival analysis showed that high FBXW4 expression (Z ≥ 1) was an independent risk factor of shorter EFS in AML patients who received intensive chemotherapy followed by allo-SCT (HR = 3.459, 95% CI: 1.140–10.494, P= 0.028) (Table 4). Taken together, these results indicated that high FBXW4 expression is associated with poor clinical outcome in AML patients, and particularly it is an independent poor survival factor in patients with intensive chemotherapy and allo-SCT therapy.


Table 3. Cox proportional hazards model for overall survival and event-free survival in AML patients.
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FIGURE 5. Survival analysis of AML patients who received intensive chemotherapy or intensive chemotherapy followed by allo-SCT according to FBXW4 expression. (A) EFS of AML patients who received intensive chemotherapy with high FBXW4 expression (Z ≥ 1) and low FBXW4 expression (Z < 1); (B) OS of AML patients who received intensive chemotherapy with high FBXW4 expression (Z ≥ 1) and low FBXW4 expression (Z < 1); (C) EFS of AML patients who received intensive chemotherapy followed by allo-SCT with high FBXW4 expression (Z ≥ 1) and low FBXW4 expression (Z < 1); (D) OS of AML patients who received intensive chemotherapy followed by allo-SCT with high FBXW4 expression (Z ≥ 1) and low FBXW4 expression (Z < 1).



Table 4. Cox proportional hazards model for overall survival and event-free survival in AML patients who received intensive chemotherapy followed by allo-SCT.
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We also performed survival analysis according to FBXW5 expression. As expected, low FBXW5 expression (TPM: 2nd to 4th quartile) was associated with better EFS and OS in AML patients (EFS: median: 5.1 vs. 10.8 months; P = 0.006; OS: median: 7.5 vs. 20.5 months; P = 0.001) compared with that of high FBXW5 expression (TPM: 1st quartile) (Figures 6A,B). This result was consistent with low FBXW5 expression being associated with a high rate of intensive chemotherapy and allo-SCT as described above (Table 2). The survival differences no longer exist when Z-score = 1 was set as the cutoff to define the high and the low expression (P > 0.05) (Figures 6C,D). In patients who received intensive chemotherapy followed by allo-SCT, high FBXW5 expression (Z ≥ 1) also predicted shorter EFS (median: 3.0 vs. 13.0 months; P < 0.001) (Figures S2A,B). However, as the sample size of the high FBXW5 expression (Z ≥ 1) group is small (n = 3), the effect of FBXW5 expression on survival needs to be further illustrated with a bigger sample size cohort in AML patients.
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FIGURE 6. Survival analysis of AML patients according to FBXW5 expression. (A) EFS of AML patients with FBXW5 high expression (TPM: 1st quartile) and FBXW5 low expression (TPM: 2nd to 4th quartile); (B) OS of AML patients with FBXW5 high expression (TPM: 1st quartile) and FBXW5 low expression (TPM: 2nd to 4th quartile); (C) EFS of AML patients with FBXW5 high expression (Z ≥ 1) and FBXW5 low expression (Z < 1); (D) OS of AML patients with FBXW5 high expression (Z ≥ 1) and low FBXW4 expression (Z < 1).




Bioinformatic Analysis of FBXW4 Function in AML

As only a few proteins in the FBXW family are studied, there are no reports about FBXW4 function and its potential molecular mechanisms on oncogenesis. The protein–protein interactions of FBXW4 with other partners were analyzed using STRING and GeneMANIA online tools. Results showed that FBXW4 interacted with SKP1 and CUL1—two key components of Skp1-Cul1-F-box (SCF) E3 ubiquitin ligases (Figures 7A,B). The co-expression network analysis of FBXW4 was also conducted in the RNA sequencing data in the 173 AML patients used in the above analysis with cBioPortal dataset. The top 10 positively co-expressed genes of FBXW4 were identified as PACS2, TRABD, PARP10, ARHGAP4, ACBD4, SIPA1, SH3GLB2, SH2B1, ZNF414, and MXD4 and the top negatively co-expressed genes were ACBD3, ADSS, ERGIC2, CANX, MTM1, UBE2W, GMCL1, TXNDC9, VPS4B, and SSR1 (Table 5).


[image: Figure 7]
FIGURE 7. Potential biological functions of FBXW4 in AML. (A) Protein–protein interaction network of FBXW4 analyzed by STRING; (B) protein–protein interaction network of FBXW4 analyzed by GeneMANIA; (C) GSEA analysis of AML patients based on FBXW4 expression.



Table 5. Top 10 positively and negatively co-expressed genes of FBXW4.
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GSEA analysis of RNA-seq data was performed to further explore the involved biological pathways and cofactors of FBXW4 in AML. High FBXW4 expression was defined as TPM in the 1st quartile, and low FBXW4 expression was defined as TPM in the 4th quartile. The results showed that in the patients with high FBXW4 expression, the gene sets were significantly enriched in APC-MYC (WNT signaling pathway) [normalized enrichment score (NES) = 1.862, P = 0.002], EZH2 targets (NES = 1.862, P = 0.008), HDAC7 targets (NES = 1.915, P = 0.000), and KDM1A targets (NES = 1.704, P = 0.004) (Figure 7C). As EZH2, HDAC7, and KDM1A are all key epigenetic regulators with function on gene transcription and tumorigenesis, our data suggested that FBXW4 may be involved in epigenomic regulation by inducing the ubiquitination of those epigenetic proteins in AML.

Taken together, these results revealed that FBXW4 may play an important role in oncogenesis by substrate-mediated degradation through the assembly of SCF E3 ubiquitin ligases and may also be involved in multi-oncogenic pathways through a complex regulation network.




DISCUSSION

Ubiquitin proteasome-mediated protein degradation plays vital roles in various cellular processes such as proliferation, differentiation, and apoptosis (9, 17, 18, 21). FBXW proteins belong to the ubiquitin proteasome family. With several powerful publicly available datasets, herein we identified that the high expression of FBXW4, the less studied member of FBXW proteins, is associated with older age, poorer cytogenetic risk classification, and shorter survival in AML patients. Our data revealed that high FBXW4 expression may have the potential to be a potent prognostic biomarker for AML.

Functional studies of FBXW proteins in cancers are well-known to be involved in mediating substrate protein degradation. FBXW proteins can play either tumor suppressor or tumorigenesis roles in different cancers based on the substrate proteins' function in cellular processes. In hematopoietic malignancies, FBXW7 has been identified as a tumor suppressor for its ability to mediate proto-oncogene protein degradation in T-cell acute lymphoblastic leukemia (16). We found that FBXW4 was expressed higher in AML patients compared with that in normal controls. High FBXW4 expression was significantly associated with older age and poorer cytogenetic risk classification in AML. A survival analysis showed that high FBXW4 expression had a direct correlation with shorter OS and EFS compared with low FBXW4 expression in AML patients. A multivariate survival analysis showed that high FBXW4 expression is an independent risk factor of the poor survival in patients with intensive chemotherapy and allo-SCT. Our data not only indicated that high FBXW4 expression is a feature of higher-risk AML but also suggested that FBXW4 may play oncogenic roles in AML.

We observed that high FBXW4 expression did not have statistical significance as an independent poor survival factor if the treatment conditions in AML patients were not considered; however, it became an independent risk factor of poor survival in patients with intensive chemotherapy and allo-SCT. The possible reason is that in the AML patients, without the considering the treatment options, high FBXW4 expression was strongly associated with poorer cytogenetic risk and older age; this association may partly interfere with the effect of high FBXW4 expression as an independent survival factor. The patients who received intensive chemotherapy followed by allo-SCT usually show greater consistency in clinical characters and physical conditions, which may facilitate the role of high FBXW4 expression as an independent risk factor of shorter EFS in these patients.

Moreover, we observed that high FBXW4 expression is associated with both older age and poorer cytogenetic risk classification in AML. We noticed that there was an overlap in the older AML patients and those with poor-risk karyotypes in our analyzed data; thus, our data emphasized that the high FBXW4 expression is a more critical feature in older AML adults with higher-risk karyotypes.

Furthermore, although FBXW5 is expressed the highest in AML cell lines and in AML patients, we did not find an expression difference of FBXW5 between the AML patients and the normal controls. A survival analysis also showed that low FBXW5 expression was associated with a high rate of intensive chemotherapy and allo-SCT and associated with better survival in AML patients. High FBXW5 expression was associated with poor survival in patients who received intensive chemotherapy followed by allo-SCT. However, the relationship of FBXWB5 expression with survival in AML needs to be further explored in the future with a much bigger cohort study.

Previous work on FBXW4 mainly focused on its role in split hand and foot malformation (31, 32). Our analysis data here strongly suggest the role of FBXW4 in the oncogenesis of AML. Protein–protein interaction prediction results showed that FBXW4 interacts with two key components of SCF E3 ubiquitin ligases, SKP1 and CUL1. It is reported that FBXW7 acts as a tumor suppressor through the assembly of SCF E3 ubiquitin ligases as well. As WD repeat domain is responsible for substrate binding, the differences between FBXW7 and FBXW4 in WD repeat domain amounts (seven for FBXW7 and six for FBXW4) and space structures indicate that they possibly have different preferences in substrate binding. This may explain why FBXW7 functions as a tumor suppressor, while our data revealed that FBXW4 has oncogenic effects in AML. Also, we analyzed FBXW4 co-expression network for the first time, and these results suggest that FBXW4 may work together with other signaling pathways to exert its oncogenic effect in AML, which also provides hints about its underlying molecular mechanism in oncogenesis. Moreover, GSEA analysis indicated that high FBXW4 expression was involved in several epigenetic regulation gene sets in AML patients, providing a potential and interesting direction for further exploration of its biological functions.

High FBXW4 expression is associated with poor survival in AML patients. It is not only used as a prognostic factor particularly for the patient with intensive chemotherapy and allo-SCT but also it has the potential for developing new targeting therapy. FBXW4 has six conserved WD repeat domains which are responsible for substrate binding. Drugs targeting another WD repeat domain-containing protein—WDR5—are available and exhibited strong tumor suppression ability in several human cancers including hematologic malignancies (33–35). Another drug (MLN4924, Pevonedistat), which can inhibit cellular cullin RING ubiquitin ligases, has also been tested as an anti-tumor drug in several clinical trials (36, 37). These inspiring results give us convincing evidences and strong confidence that the WD repeat domain and the ubiquitin ligases system are efficient therapeutic targets, and the development of new drugs targeting other WD repeat domain-containing proteins like FBXW4 has broad prospects in the future.

In summary, we systemically analyzed the transcriptional expression profile of FBXW proteins in AML cell lines and patients. Our results indicated that FBXW4 is aberrantly expressed in AML patients, and its high expression is associated with high risk factors and poor prognosis; particularly, it is an independent poor survival factor in patients with intensive chemotherapy and allo-SCT therapy. FBXW4 may mediate substrate degradation through the assembly of SCF E3 ubiquitin ligases. Further work on detecting its interacting substrate proteins will provide more information about its function and underlying molecular mechanism to further illustrate its role in human cancers.
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Figure S1. Expression differences of FBXW1, FBXW2, FBXW7, FBXW8, FBXW9, FBXW10, FBXW11, and FBXW12 between 173 de novo AML patients and 70 normal controls.

Figure S2. Survival analysis of AML patients who received intensive chemotherapy followed by allo-SCT according to FBXW5 expression. (A) EFS of AML patients who received intensive chemotherapy followed by allo-SCT with FBXW5 high expression (Z ≥ 1) and FBXW5 low expression (Z < 1); (B) OS of AML patients who received intensive chemotherapy followed by allo-SCT with FBXW5 high expression (Z ≥ 1) and FBXW5 low expression (Z < 1).
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