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The MECOM (MDS1 and EVI1 complex locus) gene, located at 3q26.2, encodes an oncogenic transcription factor implicated in multiple signaling pathways. Rearrangements involving MECOM/3q26.2, including inversions, translocations, insertions and cryptic chromosomal changes, are observed in myeloid neoplasms and are associated with high-risk disease features and poor clinical outcomes. The translocation t(3;12)(q26.2;p13.1) is a rare genetic event, resulting in a fusion of the MECOM gene at 3q26.2 with the ETV6 gene at 12p13.1. To date, only 78 cases of hematologic neoplasms harboring t(3;12) have been reported in the English literature, primarily as case reports or case series. T(3;12) has been associated with abnormalities of chromosome 7, multiple hematopoietic lineage dysplasia, and poor prognosis. Given its rarity, studies on t(3;12) in myeloid neoplasms are limited. In this report, we present two additional cases exhibiting t(3;12), initially identified through routine karyotyping. The clinicopathological, cytogenetic and molecular genetic characteristics were summarized and discussed. A comprehensive review of partner genomic loci and genes mutated in myeloid neoplasms with MECOM rearrangement was conducted. The AF4 gene and the transcription elongation control pathways are proposed as potential therapeutic targets for MECOM-rearranged myeloid neoplasms.
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1 Introduction

Leukemia is a heterogeneous disease characterized by distinctive biological and clinical manifestations, driven by a variety of acquired genetic alterations. Chromosomal translocations involving the MECOM locus at 3q26.2 account for less than 1% of myeloid neoplasms. These translocations can be found in both primary and therapy-related cases and are associated with unfavorable clinical outcomes (1–3).

MECOM encodes a transcription factor, the mis-expression of which triggers leukemogenic effects through the dysregulation of its direct target genes (e.g., GATA2, PBX1, PML, etc.). Further downstream events play critical roles in upregulating protein 1, counteracting the growth-inhibitory effects of TGF-β, co-activating RAS/receptor tyrosine kinase pathway, and inhibiting differentiation and apoptosis. However, the precise functions and underlying molecular pathological mechanism by which MECOM induces leukemogenesis remain poorly understood (2, 4).

Myeloid neoplasms involving MECOM rearrangements can be classified into two groups. The first group is the classic type, which consists of inv (3)(q21q26.2) or t(3;3)(q21;q26.2), characterized by an apparent MECOM::RPN1 fusion resulting from a reciprocal chromosomal alteration. The second group is the non-classic type, represented by apparent fusions between the MECOM locus and genes other than RPN1. The involved chromosomal alterations in this group can be either balanced or unbalanced (2). The t(3;12)(q26.2;p13.1) resulting in an MECOM::ETV6 (formally named TEL) fusion, a non-classic type, is found in less than 0.1% of myeloid neoplasms (4). To date, only 78 cases have been reported in literature, and their clinical and molecular features have been reviewed and summarized by Ronaghy A. et al. (2021) (4). Herein, we describe the clinicopathological, cytogenetic, and molecular genetic features of two new cases. A comprehensive review of partner genomic loci and genes mutated in myeloid neoplasms with MECOM rearrangement was also conducted. Online data mining and pathway analysis have highlighted a possible pivotal role of the AF4 transcription elongation factor in these cases.




2 Clinicopathologic characteristics

Case #1 is a 55-year-old female with a past medical history of early-stage melanoma, 17 years post-excision, who presented to our institution with easy bruising and fatigue. A complete blood count (CBC) revealed pancytopenia. Bone marrow biopsy showed hypocellular marrow (10-20% cellularity) with myeloid immaturity and increased CD34 and CD117-positive myeloblasts (15%). Multi-lineage dysplasia was suggested by the presence of decreased granulocytes with pseudo-Pelger-Huët anomaly (PPHA), megaloblastic erythrocytes with anisocytosis, poikilocytosis, and schistocytes, as well as immature monocytes (Table 1, Figures 1D, E). A diagnosis of myelodysplastic syndrome with excess blasts-2 (MDS-EB2) was made. The patient was initially treated with decitabine. Unfortunately, after one cycle of decitabine, a bone marrow examination revealed disease progression to hypocellular acute myeloid leukemia with 50-60% blasts. An aggressive induction approach with FLAG-Ida-venetoclax was then administered, and complete remission (CR) and negative minimal residual disease (MRD) status were achieved two months later. After completing one cycle of FLAG-Ven (without idarubicin) for consolidation, she underwent a haploidentical allogeneic hematopoietic stem cell transplant (HSCT). At the latest follow up, the patient was 834 days post-allogeneic HSCT, doing exceptionally well, and with return to baseline functional status and resolution of all symptoms. The most recent CBC reveals only mild anemia with no other concerning abnormalities. Engraftment studies have consistently shown >99% donor cells (Table 1). This patient was lost to follow-up due to a family relocation.


Table 1 | Clinicopathologic, cytogenetic and molecular genetic features of two new cases with t(3;12)(q26.2;p13.






Figure 1 | Cytogenetics, FISH and histomorphological findings of case #1. (A) Representative karyogram of a translocation 46,XX,t(3;12)(q26.2;p13) observed in 20/20 metaphases. Arrows indicate aberrant chromosomes. (B) FISH using dual-color break-apart probes for MECOM 3q26.2 demonstrating one normal fusion signal, one split signal for 5’ end region of MECOM (green), and one split signal for the 3’ end region of MECOM (red), consistent with rearrangement at MECOM locus. (C) FISH using dual-color break-apart probes for ETV6 at 12p13.1 demonstrating one normal fusion signal, one split signal for 5’ end region of ETV6 (red), and one split signal for the 3’ end region of ETV6 (green), consistent with rearrangement at ETV6 locus. (D, E): Bone marrow biopsy and touch prep showing dysplasia in erythroid precursors.



Case #2 is a 74-year-old male who presented to the clinic with progressive fatigue and dyspnea. The patient had a history of a long-standing anemia and was diagnosed with a myelodysplastic/myeloproliferative neoplasm (MDS/MPN) with a JAK-2 mutation at an outside hospital approximately three years prior. He had been closely monitored for 34 months with no remarkable events until he developed progressive anemia, high ferritin and iron saturation, and negative HFE mutations. His platelet count and white blood cell count remained normal. The bone marrow examination revealed a hypercellular bone marrow (90%) with trilineage hematopoiesis, dysplastic erythroid hyperplasia, increased megakaryocytic proliferation with dysplasia, increased ringed sideroblasts (34% of bone marrow erythroid precursors), mild increased blasts (5-7%), and mild diffuse reticulin fibrosis, consistent with the patient’s known history (Table 1, Figures 2D, E). The patient was started on treatment with azacytidine; the hemoglobin level increased but remained low. By cycle 4, the patient continued to feel fatigued and showed no improvement in anemia. He declined a repeat bone marrow biopsy and was transferred to hospice care. The patient was deceased a month later (Table 1).




Figure 2 | Cytogenetic, FISH and histomorphological findings of case #2. (A) Representative karyogram of translocation 46,XY,t(3;12)(q26.2;p13),del(7)(q11.2q32) in 10/20 metaphases. Arrows indicate aberrant chromosomes. (B) FISH using dual-color break-apart probes for MECOM 3q26.2 demonstrating one normal fusion signal, one split signal for 5’ end region of MECOM (green), and one split signal for the 3’ end region of MECOM (red), consistent with rearrangement at MECOM locus. (C) FISH using dual-color break-apart probes for ETV6 at 12p13.1 demonstrating one normal fusion signal, one split signal for 5’ end region of ETV6 (red), and one split signal for 3’ end region of ETV6 (green), consistent with rearrangement at ETV6 locus. (D) Bone marrow aspirate showing dysplasia in erythroid precursors with irregular nuclear contours, budding, basophilic stippling and megaloblastoid features, megakaryocyte with dysplasia and hypolobated morphology (inlet). (E) Ringed sideroblasts (iron stain).






3 Methods



3.1 Histopathological examination

Flow cytometric immunophenotyping was performed on cell suspensions prepared from fresh bone marrow specimens using standard methods. A 7-color staining procedure was conducted with the following commercially available monoclonal antibodies: CD2, CD3, CD4, CD5, CD7, CD8, CD10, CD13, CD14, CD16, CD19, CD20, CD22, CD23, CD33, CD34, CD38, CD45, CD56, CD57, CD64, CD71, CD117, HLA-DR, kappa, lambda, IgG1 (FITC), IgG1 (PE), MPO, TdT, cCD3, cCD22, cCD79a, CD11b, CD11c and CD235a (Becton Dickinson Immunocytometry System, Beckman Coulter Inc., Dako Inc.). Bone marrow smears, core biopsies and immunohistochemistry staining were processed and analyzed with standard protocols or following the manufacturer’s instructions for hematological neoplasms (Ventana Medical Systems).




3.2 Conventional cytogenetic and interphase fluorescence in situ hybridization studies

Chromosome analyses were performed on metaphases harvested from 24- and 48-hour cultured, unstimulated bone marrow cells. Standard GTW-banding procedures were followed. Interphase FISH was conducted using dual color RPN1/MECOM translocation, MECOM break-apart, and ETV6 break-apart probe sets (CytoTest Inc., Rockville, MD, USA). Karyotyping and scoring of metaphases as well as FISH images capturing and analysis, were performed with the ASI system (Applied Spectrum Imaging, Carlsbad, CA, USA). The karyograms and FISH signals were described according to the International System for Human Cytogenetic Nomenclature (ISCN) 2020.




3.3 Mutation analysis

A next-generation sequencing (NGS)-based analysis was performed to detect somatic mutations in the coding sequences of 73 genes that are recurrently mutated in hematological neoplasms, as described previously (5). The cutoff for common hotspot variants was set at 5%, while for other variants it was 10%. Pathological sequence variants were described according to guidelines by the Human Genome Variation Society (http://www.hgvs.org/mutnomen) based on the genomic reference sequence of genome build hg19.




3.4 Literature review and data mining

A literature review was performed by searching published articles in PubMed using keywords “MECOM”, “3q”, “t(3;12)” and “acute leukemia”. The search was conducted exclusively in English and included studies published until November 2024. No specific inclusion or exclusion criteria were applied, except for the exclusion of non-English articles. Fusion partner genes of MECOM were identified through this literature review, as well as by searching the Atlas of Genetics and Cytogenetics in Oncology and Hematology (https://atlasgeneticsoncology.org) and the Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer (https://mitelmandatabase.isb-cgc.org). Functional annotation and enrichment analysis were conducted using online bioinformatics tools, including the Gene Ontology (GO) knowledgebase (6, 7) and Enrichr-KG (https://maayanlab.cloud/enrichr-kg) (8). Notably, since most of the selected cases in the literature were diagnosed before the recently published WHO 5th classification of myeloid neoplasms, their original diagnoses and classifications are retained in this report.





4 Results



4.1 Conventional cytogenetics, fluorescent in situ hybridization, and molecular genetics findings

In case #1, a conventional cytogenetics study observed a karyogram of 46,XX,t(3;12)(q26.2;p13.1)[20] (Figure 1A). FISH testing with the AML panel probes was negative, except for the presence of three copies of the MECOM probes with the RPN1/MECOM translocation probe set (data not shown), suggesting a MECOM rearrangement with an unknown partner. Reflex testing using gene-specific break-apart probes revealed a signal pattern indicative of rearrangement of the MECOM gene at 3q26.2 and the ETV6 gene at 12p13.1, consistent with a reciprocal translocation between MECOM and ETV6 and the t(3;12) observed in the conventional cytogenetics study (Figures 1A-C). NGS-based gene panel analysis revealed pathogenic mutations in genes EZH2 and SF3B1 (Table 1). In case #2, a conventional cytogenetics study observed a karyogram of 46,XX,t(3;12)(q26.2;p13.1),del (7)(q11.2q32)[10/20] (Figure 2A). Rearrangements of the MECOM gene and the ETV6 gene were confirmed by FISH studies (Figures 2B, C). NGS-based gene panel analysis revealed pathogenic mutations in the genes ASXL1, DNMT3A, JAK2, SETBP1 and SF3B1 (Table 1).




4.2 Online data mining, pathway, and gene ontology analysis

Myeloid neoplasms with structural alterations involving the chromosomal locus 3q26.2, as reported in the Atlas of Genetics and Cytogenetics in Oncology and Hematology, the Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer, and various literature reports (2, 9–11) were reviewed.

Thirty-five known genes located on 13 different chromosomes at 30 genomic loci involved in structural rearrangements with the MECOM locus at the 3q26.2 were documented, including translocations, inversions and insertions, either balanced or unbalanced (Table 2). Clinico-pathological and molecular genetics data are summarized, showing an overall aggressive presentation, poor treatment response and shorter survival time (Table 2). Gene ontology analysis, functional annotation, and pathway hunting were further attempted on the two groups of genes with online bioinformatic tools, the Gene Ontology (GO) knowledgebase (6, 7) and Enrichr-KG (https://maayanlab.cloud/enrichr-kg) (8, 12, 13). GO analysis identified “regulation of DNA-templated transcription” (GO: 00006355; https://www.ebi.ac.uk/QuickGO/term/GO:0006355) and “negative regulation of DNA-templated transcription” (GO:0045892; https://www.ebi.ac.uk/QuickGO/term/GO:0045892) as the top annotated biological processes, each comprising 13 and 10 genes, respectively (Supplementary Table 1, Supplementary Figures 1A, B).


Table 2 | Structural abnormalities resulting in chimeric gene fusion between MECOM locus at 3q26.2 and various partner genomic loci, with either known or unknown gene content in hematologic neoplasms, as documented in the public databases and literature.



Given the suggested role in transcription for genes involved in the MECOM rearrangement, Enrichr-KG was utilized to search for transcription binding sites and the corresponding factors bound to those sites enriched from ChEA2022 libraries across the aforementioned 35 genes. Chromatin immunoprecipitation sequencing (ChIP-seq) studies on a human leukemia cell line SEM documented from ChEA2022 study (14), identified 18 of the 35 genes as putative targets of the transcription elongation factor AF4 (Supplementary Table 2, Supplementary Figure 2).

Furthermore, although NGS-based cancer mutational panel testing data were available in literature for only a limited number of cases with MECOM rearrangement, 38 genes carrying pathogenic mutations co-existing with MECOM rearrangement were identified, including those in the current two cases (Supplementary Table 3). Enrichr-KG gene set enrichment analysis of these 38 genes showed that 20 of them are also targets of AF4 in SEM cells based on the ChIP-seq study (14) (Supplementary Figure 3).





5 Discussion

MECOM/3q26 abnormalities result in overexpression of MECOM rather than generating a chimeric gene. These abnormalities mainly involve the juxtaposition of regulatory sequences near MECOM, functioning as a super enhancer or a promoter (15). In myeloid neoplasms, t(3;12)(q26.2;p13.1) resulting in an apparent MECOM::ETV6 fusion was found in less than 0.1% of these cases. The corresponding neoplastic transformation is believed to be triggered by MECOM overexpression driven by the ETV6 promoter (4, 10, 15). To date, only 78 cases have been reported in literature. Through routine conventional cytogenetics study, we have identified two new cases with t(3;12).

In case #1, t(3;12) was found at the diagnosis, indicative of a driver event, while in case #2, it appeared as an acquired event during disease progression. Deletion 7q was observed in case #2, consistent with -7/7q being the most common secondary chromosomal abnormality in patients with MECOM rearrangements (Tang et al., 2019a, Tang et al., 2019b). Reports also suggest that t(3;12) is associated with the transformation of MDS to AML (2, 16), which was found in case #1. However, in contrast to the significantly high failure rates of therapy in literature (2, 16) and along with a quick AML transformation, case #1 is doing exceptionally well at the latest follow-up more than two years post-HSCT, suggesting that aggressive induction and consolidation therapy along with transplant are an effective approach treating patients with t(3;12). The poor prognosis of case #2 is most likely due to the presence of an additional 7q deletion, which by itself is a high-risk genetic marker in myeloid neoplasms. Despite the poor prognosis of case #2, his blast count was only 5-7%, which is consistent with findings that the prognosis of MDS or AML cases with MECOM rearrangements is not dependent on blast count (11). Although the expression level of MECOM was not directly measured, it is hypothesized to be elevated in both cases. Intriguingly, a recent study demonstrated that the hypomethylating agent 5-aza-2-deoxycytidine can induce widespread apoptosis in MECOM-high leukemia cells, highlighting its potential as a therapeutic agent for leukemia with MECOM overexpression (17). However, in case #1, the patient was initially treated with decitabine, a hypomethylating agent, upon diagnosis of MDS-EB2, but still progressed to AML. In case #2, the patient was treated with Azacitidine, a similar hypomethylating agent, but did not respond well, either. Although interesting, given that the current report includes only two cases, the clinical outcomes observed cannot be considered statistically conclusive. Both cases showed dysplasia affecting at least two lineages, consistent with dysplasia being a distinct morphological feature associated with MECOM rearrangements (2, 16).

To date, more than 30 genomic loci have been reported to fuse with the MECOM locus in human myeloid neoplasms. This diversity raises the question of whether any common traits are shared among these the fusion partners? Specifically, are there links among different MECOM rearrangement partners? Through a review of the literature and online database searches, 35 known genes at 30 genomic loci located at the fusion breakpoints with MECOM were identified. We demonstrate here that AF4 target genes are overrepresented among these fusion partners.

AF4 is primarily known to be the fusion partner of the KMT2A/MLL gene in infant acute lymphoblastic leukemia with chromosomal translocation t(5;12)(q31;q23). The AF4 gene (also known as ALF transcription elongation factor 4 or AFF4) is located on 5q31.1, and encodes a protein that belongs to the AF4/LAF4/FMR2 (ALF) family. AF4 directly interacts with ELL proteins (ELL, ELL2 or ELL3) and the P-TEFb complex to form the super elongation complex (SEC). SEC then stimulates transcript elongation by converting the RNA polymerase II (Pol II) into its elongating form with an enhanced catalytic rate at multiple sites along the DNA. Additionally, the AF4 family/ENL family/P-TEFb complex (AEP) is capable of activating transcription by binding to acetylated H3K9/18/27. Further functional verification of AF4 involvement in MECOM rearrangement-based myeloid neoplasms will help elucidate the corresponding molecular etiology and identify therapeutic targets (18–21).

The limitations of this study include:

	Reported data in literature primarily focus on clinical observations. We analyzed and predicted biological functions using multiple database searches and online bioinformatics tools. To advance in vivo proof-of-concept investigations, initial steps could include isolating endogenously occurring MECOM::ETV6 fusion products from the primary leukemia patient cells, mapping the nucleotide sequences of the breakpoints, characterizing potential functional elements, and generating immortalized cell lines using the chimeric fusion genes.

	There is a lack of genome-wide analyses of MECOM-rearranged leukemia. In fact, very limited data is available in literature. Only recently has NGS-based cancer panel sequencing begun to be tested on these patients, and the data is not available for the majority of reported cases. Given the complex biological nature of human cancer, genome-wide analyses, including epigenomics, genomics, proteomics and metabolomics studies, are warranted to further investigate and characterize key signaling pathways and networks and critical elements associated with leukemia containing the MECOM rearrangement.

	Due to limited resources, we were unable to but propose to conduct the following studies: isolation of the full-length MECOM::ETV6 fusion product, identification of the breakpoints, characterization of the functional domains of both MECOM and ETV6 included in the chimeric gene, and in vivo functional studies accessing MECOM expression and the responses of predicted signaling pathways. Additionally, future in vitro and in vivo studies are needed to provide experimental evidence evaluating the functional role of AF4 in MECOM-mediated leukemogenesis.

	This study is based on only two cases, which limits the general applicability of the conclusions. Future research with larger sample sizes and potential collaborations is warranted to enhance the robustness and applicability of the findings.

	The potential complex interplay between co-existing genetic mutations and MECOM rearrangements in disease progression, clonal evolution, and treatment response requires further exploration. Molecular classification of these mutations could guide the selection of targeted therapies, such as inhibitors of specific pathways. By incorporating clinical data, such as electronic medical records, the impact of these mutations on the efficacy of standard treatments like chemotherapy or stem cell transplantation can be further studied. Due to the limited availability of such data for the cases studied in this manuscript, the genetic analyses currently require further refinement.



Several questions remain to be answered. For example, is t(3;12) sufficient to transform myeloid progenitors? Is AF4 a potential link between MECOM-rearranged leukemia and CTCF pathways, given that both bind to acetylated H3K9/18/27? Is there any molecular mechanistic overlap between MECOM and KMT2A rearranged leukemia? Since AF4 is one of the partner genes for KMT2A, could therapeutic approaches currently utilized or studied for leukemia with KMT2 rearrangement be applicable to those with MECOM rearrangement?

In summary, we have described the clinical, histomorphological and genetic features of two new patients with myeloid neoplasms carrying a t(3;12). We demonstrate that AF4 is likely an upstream regulator in physiologic MECOM-dependent transcriptional pathways, and propose that it might be one of the major mechanisms of MECOM-mediated leukemic transformation. Our study provides further insight into the molecular etiology of MECOM translocation-based myeloid neoplasms. We propose that the AF4 gene and the transcription elongation control pathway could be potential targets for the treatment of MECOM-associated myeloid neoplasms. Additionally, our results underscore the significance of conducting routine conventional cytogenetics assessment in myeloid neoplasms. For future clinical and research studies of acute myeloid leukemia with t(3;12), we suggest grouping all patients with various chromosomal rearrangements involving the MECOM locus at 3q26.2 to address the issue of small sample sizes.
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Dysplastic granulocytes Pseudo Pelger-Huet anomaly No
Dysplastic erythrocytes Macrocytosis, Anisocytosis, Poikilocytosis, rare schistocyte Dysplastic erythroid hyperplasia
Dysplastic megakaryocytes No Increased megakaryocytic proliferation with dysplasia
Chemotherapy FLAG-Ida-Ven, FLAG-Ven, completed Azacitidine, incomplete
HSCT Yes, allogeneic No
CR Yes No
0s 834 days s/p HSCT remains in CR Deceased 8 months later
Gene Mutations EZH2, SF3B1 ASXL1, DNMT3A, JAK2, SETBP1, SF3B1
FLT3-ITD Negative Negative
MECOM rearrangement Positive Positive
ETV6 rearrangement Positive Positive

46,XY,1(3;12)(q26.2;p13.1),del(7)(q11.2932)[10]

Karyogram 46, XX,t(3;12)(q26.2;p13.1)[20] 146XY[10]

CR, complete remission; FLT3-ITD, FLT3 internal tandem duplication; HSCT, hematopoietic stem cell transplant; OS, overall survival.
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