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Adult acute myeloid leukemia (AML) patients with biallelic mutations of CEBPA (biCEBPA) displays a favorable clinical outcome, and is defined as a unique entity in the 2016 World Health Organization classification. However, due to the intrinsic characteristics of the mutation, existence of co-occurring mutations and diversified gene expression signature, the prognosis of these patients needs to be analyzed in a more systematic way. In this study we evaluated the genetic characteristics and clinical outcome in a cohort of 137 biCEBPA AML cases, and proposed a prognostic nomogram to predict the overall survival (OS) of based on the clinical variables selected by multivariate Cox regression model in training cohort, including age, white blood cell count, co-existence of DNMT3A and CSF3R mutation and whether patients could achieve complete remission after induction therapy. The area under the receiver operating characteristic (ROC) curves for 3 and 5-year OS were 0.833 and 0.863, respectively. RNA sequencing of 4 relapsed patients showed that over-expression of VMP1 was an indicator of poor prognosis of biCEBPA AML patients. In conclusion, this prognostic nomogram might provide a more accurate prediction of the clinical outcomes of biCEBPA AML patients.
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Introduction

CCAAT/enhancer binding protein α (CEBPA) plays a pivotal role as a transcription factor in both self-renewal of hematopoietic stem cells (HSCs) and proliferation and differentiation of myeloid progenitor cells. Major CEBPA mutated AML cases carry two mutations, one in the N-terminal of the protein and the other one in the basic leucine zipper (bZIP) domain. N-terminal nonsense and frameshift mutations truncate the CEBPA protein and lead to a dominant negative effect, while mutations in the bZIP domain at the C terminus are generally in-frame insertions or deletions which brings disrupted DNA binding and dimerization (1, 2). Biallelic CEBPA (biCEBPA) mutations are detected in 2-15% of de novo acute myeloid leukemia (AML) patients, and are associated with a favorable clinical outcome compared to wildtype or monoallelic CEBPA mutation (3). Due to its biological and clinical significance, AML with biCEBPA mutations has been classified as a distinct entity with an excellent overall prognosis in the World Health Organization (WHO) 2016 edition of classification of tumors of hematopoietic and lymphoid tissues (4–6). However, around 40% patients could relapse after conventional chemotherapy, indicating a blatant heterogeneity within this disease entity (7, 8).

To date, several studies have reported genetic heterogeneity in biCEBPA AML cases, the number of the genes and patients being analyzed was limited. In the present study, we aimed to evaluate the role of concurrent mutations and their prognostic value in biCEBPA AML patients. We will also investigate on underlying reasons of treatment failures in these patients.



Materials And Methods


Clinical Patients

From June 2016 to November 2018, a total of 137 de novo AML patients who were detected with CEBPA mutations and received treatment were enrolled in the study. The diagnosis of these patients fulfilled the criteria of the WHO 2016 edition of myeloid neoplasms and acute leukemia. The study was approved by the Ethics Committee of the First Affiliated Hospital of Soochow University [No. 221 of 2019 LSP (application)] and was conducted following the Declaration of Helsinki. All patients carried biallelic CEBPA mutations, involving both the N-terminal TAD1 region and the C-terminal bZIP domain. Major (99/137, 72.3%) patients were treated with standard “3+7” regimen for initial induction therapy (darubicin/idarubicin + cytarabine). In some elderly and severe underlying diseases patients, pre excitation scheme [cytarabine + aclarubicin + granulocyte-colony stimulating factor (G-CSF)] were administered. The first consolidation therapy was generally the same as that used to achieve CR or high/medium-dose cytarabine at 2-3 g/m (2) were administered for consolidation therapy. High-risk patients, or those with a matched sibling, were treated with hematopoietic stem cell transplantation (HSCT).



DNA Sequencing and Mutation Analysis

Genomic DNA was extracted from bone marrow or peripheral blood samples at the onset of disease diagnosis by using Invitrogen DNA Extraction Kit. The mutational hotspots or whole coding regions of 51 genes (Supplementary Table 1) that were recurrently mutated in hematological malignancies were sequenced. The procedures were in accordance with an amplicon-based Next Generation Sequencing (NGS) protocol with Ion Torrent PGM sequencer (Thermo Fisher Scientific, Waltham, MA, USA). An allele frequency threshold of 2% was defined for mutation detection. All CEBPA mutations were confirmed by Sanger sequencing. Bone marrow or peripheral blood samples in complete remission (CR) or fingernail samples were also detected for exclusion of CEBPA germline mutations.



RNA Sequencing

RNA was extracted from 16 bone marrow samples of biCEBPA AML cases using TRIzol reagent. These libraries were set up through TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA). Then these libraries were detected on the Illumina sequencing platform (HiSeq TM 2500 or Illumina HiSeq X Ten) and 125bp/150bp paired-end reads were amplificated.



Statistical Analysis

Overall survival (OS) is defined as the time from diagnosis to death or to the time of the last follow-up. Disease-free survival (DFS) is defined as the time from CR to relapse、death or the time of last follow-up. All alive patients were followed on December 31, 2019.

The SPSS software (version 23.0; SPSS Inc., Chicago, IL) was applied in statistical analysis. The significance between categorical data was calculated by Chi-square test. Kaplan–Meier method was employed for overall survival analysis, and log-rank test was used to compare differential survival rates between groups. A two-sided P < 0.05 was considered as statistical significance.




Results


Clinical Characteristics

The clinical characteristics of patients in the study were summarized in Table 1 (N=137). The median age of biCEBPA mutated patients in the study was 39.5 years old (range, 10-65 years old), including 82 male and 55 female patients. The median WBC count and PLT count was 21.07×109/L (range, 0.16-384.64×109/L) and 24×109/L (range, 3-431×109/L), while the median bone marrow blast cell percentage was 62% (range, 20.5-90%). Only 32 (23.3%) patients demonstrated abnormal karyotype, among which +21 and del(9q) were the most commonly seen aberrations. In those patients, GATA2 mutations were the most frequently observed additional mutation, occurring in 21.9% (30/137) patients. Other commonly mutated genes were WT1 (25/137), FLT3-ITD (23/137), NRAS (19/137), CSF3R (16/137), C-kit (14/137) and DNMT3A (10/137).


Table 1 | Clinical characteristics of patients with AML.





Cox Regression Analysis of Training Cohort

Univariate Cox proportional hazard regression analysis for OS showed that there were significant difference in OS of age, WBC, bone marrow blast cell percentage, one course complete remission and transplantation, which were further included in multivariate Cox regression analysis (Supplementary Table 2). GATA2 mutation, although seen in over 20% of biCEBPA AML cases, did not impact the clinical outcome of these patients (p = 0.914, Supplementary Figure 1) Multivariate Cox proportional hazard regression models demonstrated that age, whether CR is achieved, transplantation, CSF3R mutation were independent prognostic factors for biCEBPA AML (Figure 1). We found that CSF3R mutation improved the survival of biCEBPA AML patients (p = 0.005). In addition, biCEBPA AML patients harboring DNMT3A mutation also showed better outcome, although failing to reach statistical significance (p = 0.057).




Figure 1 | Forest figure for AML patients with biCEBPA mutations. Old age and high WBC count predicted lower overall survival, while CSF3R mutation, transplantation and the achievement of complete remission (CR) was associated with higher overall survival. *p < 0.05, **p < 0.01, ***p < 0.001.





Nomograms of biCEBPA AML Predicting Survival

Clinical categorical data after multivariate Cox regression were taken into the construction of training cohort nomogram (Figure 2). However, due to P < 0.05 of multivariate Cox regression in the OS, WBC and bone marrow blast could not be applied in nomogram.




Figure 2 | Prognostic nomogram for AML patients with biCEBPA mutations. Age: 1, age < 35 years; 2, age between 35-50 years; 3, age > 51 years. WBC: 1, WBC>25*109/L; 0 WBC<25*109/L. DNMT3A: 1, DNMT3A mutation positive; 0, DNMT3A mutation negative. CSF3R: 1, CSF3R mutation positive; 0, CSF3R mutation negative. Transplantation: 1, HSCT; 0, non-HSCT. CR: 1, complete remission after one course of induction therapy; 0, failure to achieve complete remission after one course of induction therapy.





Internal Validation

The calibration plot for the probabilities of 3 and 5-year survival rate displayed a great correlation between the actual observed and prediction outcome by this study nomogram (Supplementary Figure 2). The predictive ability for OS in training cohort is using ROC curves. The area under the curve (AUC) of ROC curves for 3 and 5-year survival rates were 0.833 and 0.863, respectively (Figure 3).




Figure 3 | Internal validation of the nomogram to predict OS likelihoods in patients using ROC curve. Blue line, ROC curve of three years survival; Red line, ROC curve of five years survival.





VMP1 High Expression Predicts Poorer OS

RNA sequencing of samples onset of diagnosis was performed in four patients who finally relapsed as well as 12 patients who survived without detectable genetic aberration. Results showed that autophagy related genes clustered in relapsed samples (Figure 4), and the main differences lay in the NKX2-3 and VMP1 genes. Furthermore, overexpression of VMP1 may negatively impact the survival of biCEBPA AML patients (Figure 5A, p = 0.00014).




Figure 4 | Volcano plot of differentially expressed autophagy related genes between relapse and remission patients with biCEBPA mutation. (FDR < 0.05, P < 0.05 and |log2 FC|>1.5).






Figure 5 | Kaplan-Meier survival curves of the primary cohort according to VMP1 gene expression. (A) Survival probability in biCEBPA AML patients with VMP1 high vs. low VMP1 expression. (B) Survival probability in normal karyotype AML patients with VMP1 high vs. low VMP1 expression.



To further explore the role of VMP1 expression in AML patients, we evaluated its expression in another 116 normal karyotype AML patients by real time PCR. We found that high VMP1 gene expression was an apparent correlation with poor overall survival rate (Figure 5B, p = 0.028).




Discussion

Although AML patients with biCEBPA mutation were associated with longer survival, the heterogeneity of these patients was reported in recent years (9). In the present study, we aimed to estimate the probability of 5-year OS based on a multivariate Cox proportional hazards model that included five clinical variables at the onset of diagnosis, including age, white blood cell count, co-existence of DNMT3A mutation and/or CSF3R mutation and complete remission is achieved after induction therapy.

The best characterized concurrent mutation was GATA2 mutation. In line with previous studies, we found that GATA2 mutation, although comprising the highest additional lesion, did not significantly influence the outcome of biCEBPA AML patients showed poor relativity (10–12). Several other mutations such as FLT3-ITD (13), WT1 (14), CSF3R mutation (15) are indicators of unfavorable clinical outcome in AML patients with biCEBPA mutations. However, Julia E reported that pediatric AML patients with CSF3R mutation had a trend towards low risk disease (p = 0.055) (16, 17). Furthermore, Shigeo Masuda also reported that in biCEBPA AML patients, DNMT3A mutations did not impact neither OS nor DFS (18). In our study, CSF3R mutation was significantly correlated a better clinical outcome and DNMT3A showed a trend. Further studies with a greater number of patients are warranted to test the results.

Relapse is the major cause of treatment failure and final death. In order to probe into the reason why some patients still relapse after remission, RNA sequencing was performed on samples onset of diagnosis in 4 relapsed, with12 patients who survived without detectable genetic aberration as the control. Results showed that the relapsed patients had high expression of blood-related gold and silver VMP1 gene.

VMP1 is a transmembrane protein that is related to endoplasmic reticulum, Golgi and intracellular vesicles (19), and is functionally important for cell adhesion, cellular membrane biology and early autophagosome formation (20). It has been shown to be highly expressed in ovarian tumors and is linked to malignant cell proliferation and metastasis (21). Nevertheless, overexpression of VMP1 gene may decrease the proliferation, invasion and metastasis of tumor cells in colorectal (22) and hepatocellular cancer (23),. This contradiction may be partially explained by different types of tumor, but more importantly, by the role of VMP1 in autophagy. Hypoxia inducible factors (HIFs) are activated in regions of rapidly growing tumors that are often poorly oxygenated (24). HIF1α expression increases VMP1-induced autophagy that results in less cell death in response to photodynamic therapy (25). To date, the impact of VMP1 in AML is poorly clarified. In this study, we found that biCEBPA AML patients with high VPM1 gene expression had a poor survival, and this may be partially explained by more autophagosome formation, which provides building blocks for cell replication and survival. Taken together, our findings implicated that high VMP1 expression may be a predictable marker for prognosis of biCEBPA-mutated AML patients.

In conclusion, we found that although AML patients with biCEBPA mutation were generally correlated with an excellent survival, a significant portion of those patients such as those with VMP1 mutation are still at high risk for relapse. In future studies we will investigate on how VMP1 mutation will impact the prognosis of biCEBPA AML patients.
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