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5-Lipoxygenase (5-LO), encoded by the gene ALOX5, is implicated in several pathologies. As key enzyme in leukotriene biosynthesis, 5-LO plays a central role in inflammatory diseases, but the 5-LO pathway has also been linked to development of certain hematological and solid tumor malignancies. Of note, previous studies have shown that the leukemogenic fusion protein MLL-AF4 strongly increases ALOX5 gene promoter activity. Here, we investigate the upregulation of ALOX5 gene expression by MLL-AF4. Using reporter assays, we first identified the tandem GC box within the ALOX5 promotor sequence as the main target of MLL-AF4. Subsequently, we narrowed down the domains within the MLL-AF4 protein responsible for ALOX5 promoter activation. Our findings indicate that MLL-AF4 binds to the ALOX5 promoter via its CXXC domain and that the AF9ID, pSER and CHD domains redundantly activate transcriptional elongation. Knockdown of the MLL-AF4 gene in the human B cell line SEM revealed that MLL-AF4 is an inducer of ALOX5 gene expression in leukemic cells with lymphoid properties. Finally, we found that the MLL-AF4-related protein MLL-AF9, a driver of acute myeloid leukemia, similarly acts on the ALOX5 promoter. Taken together, we show that two prominent MLL fusion proteins are ALOX5 gene inducers in cells with lymphoid features.
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INTRODUCTION
The 5-lipoxygenase (5-LO) enzyme fulfills several cellular functions. First, it is well known as the pivotal enzyme in the biosynthesis of leukotrienes (Rådmark et al., 2015). Moreover, recent studies have shown that the protein elicits further non-canonical cellular functions as regulator of gene expression which interferes with β-catenin/Wnt and TGFβ signaling (Rådmark et al., 2007; Brand et al., 2018; Kreiß et al., 2022). Moreover, 5-LO can interact with the RNA-processing enzyme dicer, and thus, interferes with microRNA maturation and processing (Provost et al., 1999; Uebbing et al., 2021). Pathophysiologically, the 5-LO pathway is implicated in inflammatory reactions, but it is also known that high 5-LO expression correlates with the development of solid tumors as well as leukemogenesis (Moore and Pidgeon, 2017; Göbel et al., 2023; Claesson et al., 2024). Obviously, canonical and non-canonical 5-LO functions provide advantages for tumors regarding growth and progression (Kahnt et al., 2024).
The ALOX5 gene is located on chromosome 10 and spans a genomic range of around 82 kilobases (kb). The ALOX5 promoter structure has been analyzed in several studies, and binding sites for several proteins in transcriptional regulation have been found within a core region ∼800 bp from the translation start site (TSS) (Funk et al., 1989; In et al., 1997). In summary, ALOX5 gene expression is regulated in a complex manner via regulatory sequences controlling the initiation of transcription and others in distal gene regions regulating transcription elongation (Stoffers et al., 2010). Reporter gene studies revealed that the fusion protein MLL-AF4, a product of the leukemogenic chromosomal rearrangement of the genes KMT2A (MLL1) and AFF1 (AF4), induces ALOX5 core promoter activity by more than 40-fold (Ahmad et al., 2014; Ahmad et al., 2015). The MLL1 (mixed lineage leukemia, MLL) protein is a histone lysine N-methyltransferase and is encoded by the KMT2A gene (histone-lysine N-methyltransferase 2A) on chromosome 11q23. It serves as a platform for protein complexes involved in reading and writing of chromatin epigenetic modifications that regulate gene transcription. AF4 is encoded by the AFF1 gene (ALF transcription elongation factor 1) on chromosome 4 and serves again as a platform to form the multi-protein super elongation complex (SEC) (Benedikt et al., 2011; Marschalek, 2016). The rearrangements of chromosomes 4 and 11 results in two mutant chromosomes known as derivative chromosome 4 (der4) and derivative chromosome 11 (der11), encoding the fusion proteins MLL-AF4 and AF4-MLL, respectively. This rearrangement is one of the most prominent events in the onset of acute lymphoblastic leukemia (ALL) which is found in 5%–10% of all leukemia patients (Behm et al., 1996; Winters and Bernt, 2017). In addition, it is diagnosed as sole genetic aberration in 80% of all infant ALL cases (Meyer et al., 2023).
Given the prominent role of MLL-AF4 in leukemogenesis and its known activating potential on the ALOX5 promoter, the present study elucidates the mechanism of this interplay.
MATERIALS AND METHODS
Cell lines and culture conditions
If not stated otherwise, all cell culture materials have been purchased from Thermo Fisher Scientific™ (Thermo Fisher Scientific™ Waltham, Massachusetts, United States). The adherent cell lines: HeLa (ACC 57, DSMZ, Hannover, Germany), HT-29 (ACC 299, DSMZ) and U-2 OS (HTB-96, ATCC, Manassas, United States) were cultured in a humidified atmosphere with 5% CO2 at 37°C in Dulbecco’s modified Eagle´s medium without phenol red (wDMEM). The medium was supplemented with 10% fetal bovine serum (FBS, Capricorn Scientific GmbH, Ebsdorfegrund, Germany), 1 mM sodium pyruvate, GlutaMAX™, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells were grown to 70%–90% confluency before being passaged (twice a week). The suspension cell lines MV4-11 (ACC 102, DSMZ) and SEM (ACC 546, DSMZ) were cultured in a humidified atmosphere with 5% CO2, at 37°C in RPMI 1,640 medium supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. Cultures were split twice a week. Both cell lines were seeded at a concentration of 0.3 × 106 cells/mL and 1.0 × 106 cells/mL for routine culture, respectively.
Plasmid design and cloning
A list of all DNA primer sequences and restriction enzymes used for cloning is provided in the supplementary materials. Restriction enzymes were purchased from New England Biolabs (New England Biolabs GmbH, Frankfurt am Main, Germany), DNA primers were received from Eurofins (Ebersberg, Germany). Promotor constructs were cloned using the NEBuilder HiFi DNA Assembly kit (New England Biolabs GmbH, Frankfurt am Main, Germany) and were introduced into DH5α E. coli. Vectors pGL3B and pRL-SV40 were purchased from Promega (Promega GmbH, Walldorf, Germany). The reporter construct containing 800 bp of the ALOX5 core promoter (pGL3-ALOX5-0.8) and a corresponding deletion construct lacking a characteristic five-fold tandem GC-Box (pGL3-ALOX5-0.8-∆GC) were designed by our group and previously referred to as pN10 and pN10∆GC0 (Klan et al., 2003). MLL-AF4 expression vectors are based on the empty vector pTarget (Ahmad et al., 2014), which is referred to in the present study as VC (vector control). The MLL-AF4 domain constructs contained the following amino acid positions (AA) of the wildtype protein sequence: MLL-AF4_∆CHD AA 1–1,869 (∆AA 1,870–226); MLL_ALFpSER AA 1–1,537 (∆AA 1,538–2,226); MLL_ALF AA 1–1455 (∆AA 1,456–2,226); MLL_CHD AA 1–1,362, 1,871–2,226 (∆AA 1,363–1,870); N-MLL AA 1–1,362 (∆AA 1,363–2,226); MLL-AF4_CXXCmut AA 1,188 C→D; MLL-AF4_∆AT AA 1–169, AA 309–2,226 (∆AA 170–308); MLL-AF4_∆Men∆AT AA 1-1, AA 309–2,226 (∆AA 2–308); Men-CXXC-CHD AA 1–18, AA 1,148–1,203, AA 1,871–2,226 (∆AA 19–1147, ∆AA 1,204–1,870). The expression vector for MLL-AF9 (pT-MLL-AF9) was cloned using the described plasmid N-MLL. The C-terminal part of the AF9 sequence, containing the last 193 amino acids of the protein, were amplified from cDNA generated from the cell line MonoMac 6 that carries a translocation t (9;11) (p22;q23) (Super et al., 1995). Plasmids pSBtetGH and pSB100X were obtained from Eric Kowarz (Goethe University, Frankfurt, Germany) and were used for the generation of stably transfected cell lines overexpressing an inserted transgene after incubation with doxycycline (Kowarz et al., 2015). The coding sequence for MLL-AF4 was inserted into the pSBtetGH construct to generate the pSBtetGH_MLL-AF4 plasmid. The C-terminal tagged GFP constructs (Men-CXXC-CHD-GFP, N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP or MLL-AF4-GFP) were cloned by using the mentioned untagged constructs and the coding sequence for EGFP. The sequence was obtained by using the Lonza (Basel, Switzerland) pMAX-GFP control vector.
Generation of cell lines with inducible expression of MLL-AF4
Cell lines carrying a stably integrated, doxycycline-inducible expression system encoding MLL-AF4 were generated using the Sleeping Beauty transposon system (Kowarz et al., 2015). Plasmids employed were pSBtet-GH_MLL-AF4, encoding MLL-AF4, GFP and a hygromycin resistance marker, as described under plasmid design and cloning and SB100X encoding transposase (Kowarz et al., 2015). For transfection, HT-29 cells and U-2 OS cells (1 × 106 and 0.3 × 106 per well, respectively) were seeded into 6-well plates in 5 mL wDMEM. A total of 1900 ng pSBtet-GH_MLL-AF4, 100 ng SB100X and Lipofectamine™ LTX with Plus Reagent (Thermo Fisher Scientific™) were added to each well (4:1 ratio of Lipofectamine:DNA according to manufacturer’s protocol). After 24 h, the medium was replaced by selection medium, consisting of wDMEM supplemented with 500 μg/mL hygromycin B (Thermo Fisher Scientific™). Transfected cells were selected with hygromycin B under standard culture conditions (see cell lines and cell culture) for 3 weeks. Cells were sub cultured twice a week at 80% confluence. The cellular GFP signal was used to monitor the selection progress via fluorescence microscopy.
Transient reporter gene assays
HeLa cells were seeded in 24-well plates at (0.5 mL wDMEM; density of 4 × 104 cells/well) 24 h before transfection. Polyethyleneimine (PEI, Sigma-Aldrich, St. Louis, United States) was used as transfection agent. The DNA-PEI mix was prepared in medium free from serum and antibiotics (DNA:PEI ratio of 4:1). Each transfection mix contained 400 ng reporter plasmid (either pGL3B, pGL3-ALOX5-0.8, pGL3B-ALOX5-0.8-∆5GC, pGL3-TK or pGL3-TK-5GC), 200 ng expression plasmid or the corresponding empty vector (either VC, pT-MLL-AF4, pT-MLL_CHD, pT-N-MLL, pT-MLL-AF4_CXXCmut, pT-MLL-AF4_∆AT, pT-MLL-AF4_∆Men∆AT or pT-Men-CXXC-CHD) and 20 ng Renilla luciferase control plasmid (pRL-SV40). The transfection mix was incubated for 20 min at room temperature (RT) before adding 50 µL to the cells. After 16 h of incubation in a humidified atmosphere with 5% CO2, at 37°C, medium was replaced by fresh wDMEM. After further 24 h of incubation, the medium was removed and the cells were washed once with PBS. Luciferase luminescence was measured using the Dual-Glo® Luciferase assay system (Promega Corporation, Fitchburg, United States) in Lumitrac™ 96 well plates (Greiner AG, Kremsmünster, Österreich) with a TECAN Spark® plate reader (Tecan Group, Männedorf, Switzerland). Relative luminescence units (RLU) were calculated by normalizing Firefly luciferase LU to Renilla luciferase LU.
Reporter gene assays with stably transfected cells
Stably transfected HT-29 or U-2 OS cells expressing MLL-AF4 (U-2 OS_MLL-AF4; HT-29_MLL-AF4) or the corresponding wildtype cells (U-2 OS_wt; HT-29_wt) were seeded in 24-well plates (0.5 mL wDMEM, 1.2 × 104 cells/well for U-2 OS and 1.2 × 105 cells/well for HT-29). After 24 h, cells were transfected with 600 ng reporter plasmid (either pGL3B, pGL3-ALOX5-0.8 or pGL3B-ALOX5-0.8-∆5GC) and 20 ng Renilla luciferase control plasmid (pRL-SV40) using Lipofectamine® LTX&PLUS™ Reagent (Thermo Fisher Scientific™) at a LTX to Plus reagent ratio of 4:1. After 16 h, the medium was removed and replaced with wDMEM containing 1 μg/mL doxycycline. wDMEM without doxycycline served as a control. The cells were incubated for another 24 h, the medium was removed, and the cells were washed once with PBS. Luciferase activities were measured as described above for transient reporter assays.
Analysis of subcellular localization
HeLa cells were seeded in 24-well plates (0.5 mL wDMEM; 1.5 × 104 cells). After 24 h, cells were transfected with 620 ng of one of the following expressions constructs which encode full length MLL-AF4 or deletion mutants thereof (see “Cell lines and cell culture”), each fused with a C-terminal GFP tag (Men-CXXC-CHD-GFP, N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP or MLL-AF4-GFP). The mentioned pMAX-GFP plasmid expressing GFP was used as a control. PEI reagent was used for transfection with a DNA:PEI ratio of 1:4. After 16 h, the medium was replaced with maintenance medium and cells were incubated for additional 24 h. Subsequently, cells were washed with PBS and were fixated with 4% paraformaldehyde (PFA, Sigma Aldrich) in PBS for 20 min at RT. PFA was removed, cells were washed with PBS and stained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich) in PBS for 20 min at RT. After a final washing step, cells were stored in PBS at 4°C until image acquisition. Pictures were captured with a Zeiss AX10 microscope attached to a Zeiss Axiocam 305 color imaging system (Carl Zeiss AG, Jena, Germany). An image overlay was generated using the ImageJ software (Schneider et al., 2012).
cDNA synthesis and RT-qPCR
MV4-11 and SEM cells (0.2 × 106 each) were harvested and RNA was isolated with the NucleoSpin RNA/Protein Mini Kit (Macherey-Nagel GmbH and Co. KG, Düren, Germany) following the manufacturer´s protocol. The RNA amount was determined by measuring the absorbance at 260 nm with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific™). cDNA synthesis was performed using the HighCapacity RNA to cDNA kit (Thermo Fisher Scientific™) from 400 ng of RNA. qPCR was performed with 10 ng cDNA equivalents per well in MicroAMP® FastAMP 96-well reaction plates (Thermo Fisher Scientific™) with PowerUP SYBR Green Master Mix (Thermo Fisher Scientific™). mRNA expression levels of the following target genes were analyzed by qPCR on a StepOnePlus™ Real-Time PCR-System (Thermo Fisher Scientific™) using the corresponding primer pairs (from Eurofins, Ebersberg, Germany): ALOX5 (fwd: CTC​AAG​CAA​CAC​CGA​CGT​AAA, rev: CCT​TGT​GGC​ATT​TGG​CAT​CG), UBC (fwd: CTG​GAA​GAT​GGT​CGT​ACC​CTG rev: GGT​CTT​GCC​AGT​GAG​TGT​CT), GAPDH (fwd: GCA​TCC​TGG​GCT​ACA​CTG​A, rev: CCA​CCA​CCC​TGT​TGC​TGT​A), MLL-AF4 (fwd: GGT​CCA​GAG​CAG​AGC​AAA​CAG, rev: TGT​ATT​GCT​GTC​AAA​GGA​GGC​G), MLL-AF9 (fwd: TGG​TTT​GCT​TTC​TCT​GTC​GC, rev: GGA​CCT​TGT​TGC​CTG​GTC​TG. GAPDH served as housekeeping control, which was used to normalize the measured CT values and data are shown as relative induction compared to negative control (2(-∆∆CT)).
Western blot analysis
For the analysis of cellular 5-LO protein expression, cells were seeded in 10 cm petri dishes in 10 mL DMEM supplemented with 1 μg/mL doxycycline at a density of 5 × 106 cells per dish for HT-29_wt, and HT-29_MLL-AF4 and 2.5 × 106 cells for U-2 OS_wt and U-2 OS_MLL-AF4. Parallel cultures without doxycycline served as a control. After 48 h of incubation, cells were harvested, suspended in SDS lysis buffer (77 mM SDS, 1.5 M Glycerol, 56 mM Tris, pH 6.8) and sonicated with an ultrasonic homogenizer at 10% of maximum amplitude (Sonopuls HD 200 with Sonopuls microtip MS72, BANDELIN electronic GmBH and Co. KG, Berlin, Germany). Cell lysates were centrifuged (10 min, 12,000 rcf, 4°C) and the supernatant was transferred to a fresh tube. Protein concentration was determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific™) and a Tecan Infinite M200 plate reader (Tecan Group Ltd.). 30 μg of total cellular protein per sample were separated by SDS-PAGE (10% running gel, 80 V for 15 min and 130 V for 100 min). Purified recombinant 5-LO protein served as a positive control and Precision Plus Protein™ All Blue Prestained Protein Standard (Bio-Rad, Hercules, United States) was used for size estimation. Separated proteins were transferred to 0.2 µm nitrocellulose membranes (Bio-Rad) with a wet tank method using a Mini Trans-Blot® cell (Bio-Rad) (125 mA for 85 min). Membranes were blocked for 1 h using EveryBlot Blocking Buffer (Bio-Rad) at RT before being probed with an anti-5-LO primary antibody (66326-1-Ig Proteintech Group, Inc., Rosemont, United States) and an anti-GAPDH antibody as control (PLA0302, Merck, Darmstadt, Germany). Matching fluorescence-conjugated secondary antibodies donkey-anti-mouse (for 5-LO antibody) donkey-anti-goat (for GAPDH antibody) IRDye, LI-COR Biosciences, Bad Homburg, Germany) were used for detection with the Odyssey Infrared Imaging System (LI-COR Biosciences). For the analysis of cellular 5-LO protein expression in MV4-11 and SEM cells, 7.5 × 106 cells were seeded in 15 mL RPMI (with or without 1 ng/mL TGFβ, 50 nM 1.25(OH)2D3 (VitD3), or the combination of both) in 10 cm dishes. After 72 h incubation cells were harvested, lysed and western blot analysis was performed as already described. The membrane was probed with an anti-5-LO primary antibody (66326-1-Ig Proteintech Group) and an anti-β-actin antibody as control (ab8229, Abcam, Cambridge, UK). Secondary antibodies used were donkey-anti-mouse for the 5-LO antibody and donkey-anti-goat for the β-actin antibody (IRDye, LI-COR Biosciences).
Analysis of 5-LO product formation
Analysis of 5-LO activity was performed with SEM cells or MV4-11 cells after differentiation with 1 ng/mL transforming growth factor-β (TGFβ, PeproTech, Cranbury, United States), 50 nM 1,25(OH)2D3 (Cayman Chemical Company, Ann Arbor, United States) or both agents at 37°C in a humidified atmosphere with 6% CO2 for 72 h in cell culture flasks. To determine the 5-LO activity in intact cells, 3 × 106 MV4−11 and 6 × 106 SEM cells for each treatment group were harvested, and the pellet was resuspended in PBS containing 1 mg/mL glucose. 5-LO activity was stimulated by the addition of 20 µM arachidonic acid (Cayman Chemical Company, Ann Arbor, United States) and 2.5 µM calcium ionophore (A23187, Sigma Aldrich). To measure 5-LO activity in cell homogenates, 3 × 106 MV4−11 and 6 × 106 SEM cells were harvested, and the pellet was resuspended in PBS containing 1 mM EDTA and 1 mM ATP. The cell suspension was sonicated three times for 10 s at 10% of the maximal amplitude (Sonopuls HD 200 with Sonopuls microtip MS72). The reaction was started by the addition of 2 mM Ca2+ and 20 µM arachidonic acid (Cayman Chemical Company). Both, intact cells and homogenates, were incubated for 10 min at 37°C before stopping the reaction by the addition of 1 mL of ice-cold methanol (LC-MS grade, Carl Roth, Karlsruhe, Germany). Extraction of 5-LO products followed by LC-MS analysis was performed as originally described by Werz and Steinhilber, modified by Goebel and Kreiß (Werz and Steinhilber, 1996; Kreiß et al., 2022).
siRNA-mediated gene silencing of MLL-AF4
For siRNA-mediated gene silencing of MLL-AF4 in MV4-11 and SEM cells, 0.2 × 106 cells/well were seeded in 96-well cell culture plates (Greiner AG, Kremsmünster, Austria) in 200 µL Accell™ siRNA Delivery Medium (Horizon Discovery Group plc, Waterbeach, United Kingdom). Accell™ siRNA (Horizon Discovery Group plc) targeting MLL-AF4 was dissolved in siRNA buffer (Horizon Discovery Group plc) and added to the cells according to manufacturer’s protocol (final concentration of 1 µM). The following siRNA sequences were used: sense 5′-CCA​AAA​GAA​AAG​GAA​AUG​AUU-3′, antisense 5′-UCA​UUU​CCU​UUU​CUU​UUG​GUU-3´ (MV4-11) and sense 5′-CAA​AAG​AAA​AGC​AGA​CCU​AUU-3′, antisense 5′-UAG​GUC​UGC​UUU​UCU​UUU​GUU-3′ (SEM). The sequences were designed to target the cell line-specific MLL-AF4 exon-exon junctions of the two cell lines. Accell™ non-targeting control siRNA pool or Accell™ GAPD control siRNA pool cells treated analogously were used as control. MV4-11 and SEM cells were incubated with siRNA containing media for 72 h under standard culture conditions. After 72 h, cells were harvested and resuspended in PBS for further use.
RESULTS
Activation of the ALOX5 promoter by MLL-AF4 is mediated by pSER, AF9-ID, CHD and CXXC domain and a five-fold tandem GC box in the ALOX5 promoter
In previous studies, it was shown by reporter gene analysis that MLL-AF4 is able to prominently induce activity of the ALOX5 core promoter by a factor of up to 47-fold. The reporter construct employed in this analysis contained 0.8 kb of the proximal ALOX5 promoter (plasmid pGL3-ALOX5-0.8) (Ahmad et al., 2014). In order to identify the specific sequences within this promoter region that are responsible for MLL-AF4-mediated activation, we investigated the activity of the 5-fold tandem GC box proximal to the transcriptional start site (formerly referred to as GC0-element (Schnur et al., 2007)), which is known to be crucial for basal ALOX5 promoter activity (Schnur et al., 2007). To this end, we deleted the tandem GC element from the ALOX5 core promoter reporter construct pGL3-ALOX5-0.8, leading to plasmid pGL3-ALOX5-0.8_∆GC. As shown in Figure 1A, coexpression of MLL-AF4 did not lead to a significant induction of the ALOX5 promoter lacking the tandem GC box (∼1.7-fold increase), compared to the ∼5-fold upregulation when the promoter contains the GC element. In order to further investigate the activating function of the GC box, we cloned the GC element in front of the viral thymidine kinase (TK) promoter (plasmid pGL3-TK), leading to plasmid pGL3-TK-5GC. Figure 1B shows that the coexpression of MLL-AF4 as a general transcriptional activator already led to a ∼15-fold increase in reporter activity from the control plasmid pGL3-TK. An even stronger activation of ∼70-fold was observed from the plasmid carrying the tandem GC box. This approximately ∼7-fold increase in activation clearly demonstrates that the tandem repeat is the key element for MLL-AF4-mediated upregulation of ALOX5 promoter activity.
[image: Figure 1]FIGURE 1 | Reporter gene analysis shows GC box-dependency of MLL-AF4 activity. (A) HeLa cells were transfected with one of the reporter vectors pGL3-ALOX5-0.8 or pGL3-ALOX5-0.8_∆GC and with the empty expression vector control (VC) or the expression plasmid for MLL-AF4 (MLL-AF4). (B) HeLa cells were transfected with one of the reporter vectors pGL3-TK or pGL3-TK-5GC and with the empty expression vector control (VC) or the expression plasmid for MLL-AF4. Results are shown as relative luminescence units (RLU) normalized to the Renilla control. The values are presented as mean ± S.E.M. of three independent experiments. An unpaired t-test was used to determine the significance of the influence of the MLL-AF4 expression compared to VC on the according reporter construct. Asterisks indicate significant changes of MLL-AF4 compared to VC transfected cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
In a next step, we aimed to identify the regions of the multi-domain MLL-AF4 protein structure (Figure 2) that play a pivotal role in the activation of the 5-LO core promoter. To investigate this, we designed a series of expression constructs which contain either mutations or deletions of individual domains or of multi-domain segments of full-length MLL-AF4. The data indicate that several domains of MLL-AF4 play a crucial role in GC-box-dependent activation of the ALOX5 promoter. Obviously, some domains originating from the AF4 gene locus are indispensable for MLL-AF4 effects, as shown by the strong reduction of reporter activity after deletion of the complete C-terminal part (construct N-MLL) which reduced the activity level to ∼30%. However, neither the single deletion of the CH domain (MLL-AF4_∆CHD) which is known to dimerize with wt-AF4 (Mueller et al., 2007; Benedikt et al., 2011), nor the 5′-flanking domains including the serine rich pSer domain (MLL-AF4_∆pSER) which can interact with the selectivity factor 1 (SL1) protein and the AF9-ID (MLL-AF4_∆AF9-ID) (Okuda et al., 2015; Siemund et al., 2022), result in a loss of activity (Supplementary Figure S1). The deletion of the C-terminus, including CHD and AF9-ID (MLL_ALFpSER) results in a significant reduction of activity to ∼69% (Figure 2). Finally, the additional deletion of the pSER domain (MLL_ALF) reduced the activity even further to ∼37%. Interestingly, the addition of the CH domain to the inactive N-MLL (MLL_CHD) restored full activity. In contrast, the mutation of only one amino acid within the C-terminal CXXC domain (MLL-AF4_CXXCmut) which has been described to bind hemi-methylated CpG rich DNA (Birke et al., 2002), led to a prominent reduction of the reporter signal to ∼28% residual activity compared to full-length MLL-AF4, pointing to a central role of this domain. As shown in Supplementary Figure S2 the constructs with diminished activity (N-MLL and MLL-AF4_CXXCmut) only show a ∼1.4-fold activation compared to the empty expression vector control. Regarding the MLL part of the fusion protein, we investigated the influence of a domain with AT-hooks, which was shown to be a binding motif for the DNA backbone (Aravind and Landsman, 1998), and a larger N-terminal part of MLL encompassing the AT-hooks and the N-terminal Menin binding domain (Yokoyama et al., 2005) which is known to interact with Menin-1 and Lens Epithelium-Derived Growth Factor (LEDGF) (El Ashkar et al., 2017). Both constructs, MLL-AF4_∆AT and MLL-AF4_∆Men∆AT, only led to a minor reduction in activity, which was statistically not significant (Figure 2). Based on these results, we finally attempted to design a construct of minimal size with the ability to activate the ALOX5 promoter. We included regions of the protein that have shown to be necessary for its activity in our analysis, or are considered to be of special importance in the literature, namely, the Menin binding, CXXC and CH domains (construct Men-CXXC-CHD) (Slany, 2020). However, the Men-CXXC-CHD construct did not exhibit any significant activity on the 5-LO promoter, leading to only ∼14% residual activity. Taken together, the reporter gene data show that the CXXC domain is absolutely essential for the MLL-AF4 activity. The CHD, AF9-ID and the pSER domains are involved in mediating MLL-AF4 transcriptional elongation activity as well with redundant functions regarding ALOX5 promoter activation.
[image: Figure 2]FIGURE 2 | Reporter gene assay to determine GC-box-dependent transcriptional activity of MLL-AF4 mutants. HeLa cells were transfected with the full-length construct (MLL-AF4) or with one of the mutants (MLL-AF4_∆CHD, MLL_ALFpSER, MLL_ALF, MLL_CHD, N-MLL, MLL-AF4_CXXCmut, MLL-AF4_∆AT, MLL-AF4_∆Men∆AT, Men-CXXC-CHD) and a reporter plasmid containing the ALOX5 promoter (pGL3-ALOX5-0.8). Additionally, a pRL-SV40 Renilla plasmid was cotransfected to normalize the luminescence. N-MLL: N-terminal fusion part of MLL protein, C-AF4: C-terminal fusion part of AF4, numbers represent amino acid range, Menin-ID: Menin interaction domain (El Ashkar et al., 2017; Slany, 2020), AT-Hooks: DNA binding motif (Aravind and Landsman, 1998), SNL-1, SNL-2: Speckled nuclear localization domain 1 and 2 (Yano et al., 1997), CXXC: binding motif for CpG DNA elements (MT domain) (Birke et al., 2002), ALF: family specific conserved domain (Nilson et al., 1997), pSER: Serine rich domain (Okuda et al., 2015; Siemund et al., 2022), NLS: Nuclear localization signal (Domer et al., 1993), AF9-ID: AF9 interaction domain (Bitoun et al., 2007), CHD: C-terminal homology domain (Benedikt et al., 2011; Slany, 2020). Promoter activity is displayed as % activation compared activation of pGL3-ALOX5-0.8 by full length MLL-AF4. Results (RLU) are presented as mean ± S.E.M. of three independent experiments. An unpaired t-test with Welch´s correction was used to determine the significance of the influence of the MLL-AF4 expression on the reporter construct compared to the mutants. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
Various MLL-AF4 domains determine nuclear localization
In order to validate the correct expression and localization of the inactive constructs from Figure 2 (MLL-AF4_CXXCmut, Men-CXXC-CHD and N-MLL), fluorescence imaging was performed with the respective GFP-tagged constructs (MLL-AF4_CXXCmut-GFP, Men-CXXC-CHD-GFP, N-MLL-GFP). The constructs encoding GFP-tagged proteins with full activity in the reporter assays (MLL-AF4-GFP, MLL-CHD-GFP, Figure 2) served as positive controls. Furthermore, a plasmid expressing only GFP (GFP-Control) was used as a control for the fluorescence pattern obtained by a protein with known cytoplasmic localization such as GFP (Kitamura et al., 2015). The analysis of the microscopic images in Figure 3 revealed that stable proteins are produced from all constructs and that all proteins, with the exception of GFP alone, were localized in the nucleus. We noticed that cells transfected with N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP and MLL-AF4-GFP exhibit a distinctly punctuated distribution of signals in the nucleus. A similar signal, however not as pronounced, was seen in some areas of the nucleus, most prominently after transfection within constructs MLL-AF4_CXXC-GFP and MLL-AF4-GFP. We can conclude that all constructs are fully expressed and exclusively localized in the nucleus.
[image: Figure 3]FIGURE 3 | Cellular localization of MLL derivatives. Images of HeLa cells transfected with different C-terminally GFP-tagged MLL constructs or GFP protein (as control). HeLa cells were grown for 24 h and then transfected with one of the GFP-tagged constructs (GFP, Men-CXXC-CHD-GFP, N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP, MLL-AF4-GFP) and incubated for additional 24 h. Cells were fixed with paraformaldehyde and stained with DAPI (TL = transmitted light, GFP, DAPI). Every image represents the result of one of three independent experiments.
Heterologous expression of MLL-AF4 in 5-LO positive solid tumor cell lines HT-29 and U-2 OS does not affect ALOX5 gene expression
The two tumor cell lines HT-29 and U-2 OS, which are derived from a colorectal tumor and an osteosarcoma, have both been shown to prominently express 5-LO (Weisser et al., 2023). This allowed us to use these cells as model systems to analyze the effect of heterologously expressed MLL-AF4 on ALOX5 gene expression on mRNA and protein level. For this purpose, cells were stably transfected with a doxycycline-inducible MLL-AF4 expression construct. To further validate the cell model, we checked for expression of functional MLL-AF4 protein in reporter gene assays. As can be seen from Figure 4A, induction of MLL-AF4 expression with doxycycline treatment resulted in a 60- and 220-fold increase in ALOX5 promoter activity in the MLL-AF4 transfected cells, but not in wild type controls. No activation of reporter activity was observed with the empty vector control. These results confirm the presence of doxycycline-dependent expression of functional MLL-AF4 in these cells. To study the influence of MLL-AF4 on the activity of the genomic ALOX5 locus, both cell lines were treated with doxycycline, or left untreated before ALOX5 mRNA and 5-LO protein expression were analyzed by qPCR and immunoblotting, respectively. As shown in Figure 4B, induction of MLL-AF4 expression by doxycycline treatment does not affect ALOX5 mRNA and 5-LO protein expression in these cell lines.
[image: Figure 4]FIGURE 4 | Effect of MLL-AF4 on 5-LO expression in HT-29 and U-2 OS cells. (A) Reporter gene analysis of HT-29 and U-2 OS wild type cells (wt) and cells stably transfected with MLL-AF4. Cells were transfected with reporter gene constructs containing the 5-LO core promoter (pGL3-ALOX5-0.8) or empty reporter vector as control (pGL3B). The activity was measured 24 h after transfection and incubation with or without doxycycline as emitted luminescence. The values were normalized to Renilla control and displayed as RLU. Results are presented as mean ± S.E.M. of three independent experiments. An unpaired t-test was used to determine the significance of the influence of the MLL-AF4 expressing cells compared to wild type cells. Asterisks indicate significant changes of wt cells compared to MLL-AF4 expressing cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (B) Western blot and densitometric analysis of 5-LO expression in wild type (wt) and stably transfected and inducible MLL-AF4 positive HT-29 and U-2 OS cells with or without doxycycline (dox) treatment. Quantitative evaluation of Western blot results presented as relative 5-LO expression normalized to GAPDH and 5-LO expression in wildtype cells. Results are presented as mean ± S.E.M. of three independent experiments.
siRNA-mediated knockdown of MLL-AF4 significantly represses ALOX5 gene expression in the B cell line SEM but not in the monocytic cell line MV4-11
In a next step we wanted to investigate the effect of a MLL-AF4 knockdown in cells with native MLL-AF4 and ALOX5 expression. For this purpose, the leukemic B cell line SEM and the myelomonocytic leukemia cell line MV4-11 were used for a siRNA mediated MLL-AF4 knockdown and the 5-LO mRNA expression was investigated. Knockdown of MLL-AF4 was performed by modified, self-delivering siRNA targeting the genomic t(4,11) breakpoint junctions. In order to ensure the correct design of the siRNAs, we first confirmed the sequences of the breakpoint junctions reported in the literature for these cells (Jansen et al., 2005; Gessner et al., 2010) by qPCR (data not shown). For method validation, we used self-delivering siRNA directed against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to ensure efficient siRNA uptake in these cells, while a pool of non-targeting siRNA served as a negative control. As depicted in Figure 5, incubation of SEM and MV4-11 cells with siRNA against GAPDH resulted in a residual level of ∼13% (SEM) and ∼45% (MV4-11) of GAPDH expression, confirming successful siRNA delivery. The mRNA expression levels could be significantly reduced by the siRNAs to ∼29% (SEM) and to ∼40% (MV4-11) of non-targeting siRNA controls. However, with respect to the effects of MLL-AF4 knockdown on ALOX5 mRNA expression, the two cell lines were differently affected. In SEM cells, ALOX5 mRNA expression was significantly downregulated to ∼19% of the control, whereas in MV4-11 cells, although also statistically significant, the reduction of the mRNA level was only ∼74% of the control.
[image: Figure 5]FIGURE 5 | RT-qPCR analysis of 5-LO mRNA expression in siRNA-mediated MLL-AF4 knockdown cells (SEM, MV4-11). MV4-11 or SEM cells were incubated with 1 µM Accell® non targeting siRNA (NC) or target siRNA (GAPDH siRNA or MLL-AF4 siRNA). Results are presented as the mean of relative mRNA expression (normalized to UBC (housekeeping gene) and compared to NC treated cells (2−ΔΔCT)) ± S.E.M. of three independent experiments. An unpaired t-test with Welch´s correction was used to determine the significance. Asterisks indicate significant changes of target siRNA treated cells to NC treated cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
ALOX5 expression by TGFβ and 1,25(OH)2D3 is induced in MV4-11 cells but not in SEM cells
In conjunction with our finding that knockdown of MLL-AF4 affects ALOX5 mRNA expression in MV4-11 and SEM cells differently (Figure 5), we analyzed whether the two cell lines display differential responsiveness of ALOX5 gene expression and protein activity to TGFβ and 1,25(OH)2D3 that has been reported for B-cells and cells with monocytic properties (Jakobsson et al., 1992; Kreiß et al., 2022). We found that differentiation with TGFβ and 1,25(OH)2D3 induced marked morphological changes and reduced cell proliferation in MV4-11 cells, whereas SEM cells did not react to the treatment. Western blot analysis revealed a strong upregulation of 5-LO protein expression in MV4-11 cells after differentiation with TGFβ and 1,25(OH)2D3, but very low 5-LO protein expression was detected in SEM cells (Figure 6B; Supplementary Figure S3). Analysis of 5-LO activity was conducted in intact cells and cell homogenates (Figure 6A). In intact MV4-11 cells, differentiation with TGFβ and 1,25(OH)2D3 led to an upregulation of 5-LO product formation by 6-fold as compared to undifferentiated cells, whereas no 5-LO activity could be detected in differentiated and undifferentiated SEM cells. In SEM cell homogenates, we could not detect any 5-LO product formation. In contrast, 5-LO product formation in MV4-11 cell homogenates was increased ∼213-fold by treatment with TGFβ and 1,25(OH)2D3 relative to undifferentiated cells. Since the combination of TGFβ and 1,25(OH)2D3 can act synergistically on myeloid cells, whereas TGFβ and 1,25(OH)2D3 alone produce less pronounced effects, we finally tested the influence of the individual treatments. We found that differentiation with TGFβ or 1,25(OH)2D3 alone led to an increase in 5-LO activity by ∼21-fold and ∼6-fold in MV4-11 cell homogenates, respectively.
[image: Figure 6]FIGURE 6 | Incubation of MV4-11 cells with differentiation reagents. (A) Illustration of the workflow of 5-LO activity assay. (B) Western blot analysis of 5-LO expression in MV4-11 cells. Cells were incubated without (w/o) or with TGFβ, 1,25(OH)2D3 (VitD3), or the combination of both. Each blot represents the results of three independent experiments. (C) 5-LO product formation in MV4-11 cells after treatment with TGFβ or 1,25(OH)2D3 (VitD3), the combination of both or untreated cells (w/o). After 72 h 5-LO product formation was determined. Results are presented as mean ± S.E.M. of three independent experiments. Dunnet´s multiple comparison test was used to determine the significance of the influence of treated cells compared to untreated cells. Asterisks indicate significancy. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
MLL-AF9 also activates the ALOX5 promoter
Our finding that the chromosomal translocation product MLL-AF4 activates the ALOX5 promoter prompted us to investigate if related MLL rearrangement proteins act in a similar fashion. To test this hypothesis, we investigated the fusion protein MLL-AF9 (Figure 7A) that is present in the monocytic cell lines MonoMac-6 and THP-1, which are frequently used model cell lines for studies on ALOX5 expression and activity (Super et al., 1997; Pession et al., 2003). Thus, we amplified the MLL-AF9 coding sequence from MonoMac-6 cDNA and created the expression plasmid pT-MLL-AF9 which was employed in transient reporter gene assays. Interestingly, while MLL-AF4 increased 5-LO promoter activity by ∼4.7-fold compared to VC, MLL-AF9 even led to an increase of ∼7.2-fold (Figure 7B). Finally, we checked for a possible link between our findings that the fusion protein MLL-AF9 activates the ALOX5 promoter and the long-known observation that ALOX5 expression is strongly upregulated by TGFβ and 1.25(OH)2D3 in MonoMac-6 and THP-1 cells (Kreiß et al., 2022). However, no significant differences could be found, as shown in Figure 7C, suggesting that the strong induction of ALOX5 expression by TGFβ and 1,25(OH)2D3 is not due to the induction of MLL rearrangement products.
[image: Figure 7]FIGURE 7 | Comparison of MLL-AF4 and MLL-AF9. (A) MLL-AF4 and MLL-AF9 protein size in amino acids (AA). (B) Transcriptional activation of the ALOX5 promoter by MLL-AF4 and MLL-AF9. HeLa cells were transfected with the expression plasmid for MLL-AF4 or MLL-AF9 and with a reporter plasmid containing the ALOX5 promoter (pGL3-ALOX5-0.8). Promoter activity is displayed as % activation compared to activation of pGL3-ALOX5-0.8 by full length MLL-AF4, the Renilla signal was used for normalization. Results are presented as mean ± S.E.M. of three independent experiments. Welch´s t-test was used to determine the significance of the influence of the MLL-AF9 and VC compared to MLL-AF4 activation of pGL3-ALOX5-0.8. Asterisks indicate significant changes vs. control vector cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C) qPCR analysis of MLL-AF9 mRNA expression after differentiation of MonoMac-6 cells with TGFβ and 1,25(OH)2D3 for 72 h or without treatment (w/o). Results are presented as relative MLL-AF9 mRNA expression (normalized to the housekeeping gene UBC and compared to NC treated cells (2−ΔΔCT)).
DISCUSSION
Previous studies have shown that the fusion protein MLL-AF4 is able to induce the ALOX5 promoter in reporter gene assays (Ahmad et al., 2014). This observation suggested a potential link between the strong leukemogenic driver protein MLL-AF4 and 5-lipoxygenase. Apart from its prominent role in inflammation (Rådmark et al., 2007; Brand et al., 2018; Kreiß et al., 2022), 5-lipoxygenase has also been associated with tumorigenesis (Kennedy and Harris, 2023; Kahnt et al., 2024) as well as with survival advantages and the aggressiveness of tumor cells (Runarsson et al., 2005; Guriec et al., 2014). As discussed, subsequently, we provide evidence on the mechanism and the cell specificity of MLL-AF4-mediated ALOX5 gene regulation.
The tandem GC-box of the ALOX5 promoter and the CXXC domain of MLL-AF4 are crucial for MLL-AF4-mediated ALOX5 promoter activation
The proximal ALOX5 promoter contains a five-fold tandem consensus SP1 binding motif, which is considered the core element of the promoter responsible for basal activity (Hoshiko et al., 1990). Concomitantly, it is known that the CXXC domain of MLL-AF4 binds to hemi-methylated CpG-rich elements (Birke et al., 2002), pointing to an interaction between MLL-AF4 and the ALOX5 promoter via GC boxes. In line with this, we could show by reporter analysis that the five-fold tandem GC-box into the viral thymidine kinase promoter renders this promoter inducible by MLL-AF4. Second, we found that deletion of the GC-box from the ALOX5 promoter sequence significantly decreases its responsiveness to MLL-AF4. Conversely, we show through targeted mutation of the CXXC domain that MLL-AF4 activation of the ALOX5 promoter depends on this element, as CXXC mutation dramatically reduces the induction of reporter gene activity by the CXXC mutant. This suggests a crucial role of the GC-boxes and the CXXC domain. It is noteworthy that the tandem GC-box which serves as the primary binding motif for MLL-AF4 is subject to naturally occurring polymorphisms. In a study, 6% of asthma patients exhibited mutations within this GC-box arrangement, leading to an unresponsiveness to treatment with 5-LO targeting medications like zileuton. Thus, it would be interesting, whether alterations in the GC box of ALOX5 is of relevance in the context of leukemias carrying MLL-containing fusion proteins such as MLL-AF4 (Drazen et al., 1999).
pSER, AF9-ID and CH domains of MLL-AF4 redundantly mediate ALOX5 promoter activation
MLL-AF4, as a prominent leukemogenic product of MLL-r (MLL gene rearrangements), contains a multitude of protein domains whose functions are not yet fully understood (Lavau et al., 1997). We found that in addition to the CXXC domain, distinct domains of the AF4-part of MLL-AF4 are essential for the ALOX5 promoter activation (see below) but that the deletion of the Menin binding domain and thus the interaction with LEDGF is of minor importance and that the DNA binding AT-hooks do not play a significant role in ALOX5 promoter activation (Figure 2) (Yokoyama et al., 2005; El Ashkar et al., 2017). In contrast, complete deletion of the AF4 fragment (construct N-MLL) strongly diminished the transactivation potency of the mutants to levels comparable with the CXXC mutant, which shows that at least one of the redundantly acting AF4 segments is necessary for the activity of the fusion protein. The deletion analysis of the AF4 part suggests that the pSer, AF9-ID and CH domains have redundant functions in 5-LO promoter activation (Figure 2). In addition, a deletion of both CHD and AF9-ID (construct MLL_ALFpSER) results in a moderately active fusion protein that is only ∼69% active compared to the full-length construct. This suggests that either the interaction with ENL or AF9 via AF9-ID or the interaction with the AF4 wild-type complex via CHD may be sufficient to recruit the P-TEFb/SEC (super elongation complex) and initiate transcriptional elongation of promoter-proximal arrested RNA polymerase (POL A) via conversion into elongating RNA polymerase (POL E) (Mueller et al., 2009; Luo et al., 2012; Slany, 2020). This would explain why there is no simultaneous requirement for both domains to interact with their protein partners, provided that there is at least one interaction of the MLL-AF4 fusion protein with P-TEFb/SEC (Lin et al., 2010; He et al., 2011; Luo et al., 2012; Fujinaga et al., 2023). The remaining activity of MLL_ALFpSER could be explained by the fact, that the pSER domain can still fulfil a transactivation function via recruitment of the selective factor 1 complex (Okuda et al., 2015; Siemund et al., 2022). Our findings are summarized in Figure 8. Finally, to find a minimal functional MLL-AF4 mutant, we designed a construct (Men-CXXC-CHD), containing the putative essential domains based on our reporter gene assays. Surprisingly, the construct remained inactive for an as yet unknown reason.
[image: Figure 8]FIGURE 8 | Illustration of the interaction of MLL-AF4 with the tandem GC-box within the ALOX5 promoter and the recruitment of interaction partners, resulting in increased gene expression.
Nuclear localization of mutated MLL-AF4 constructs
For the inactive MLL-AF4 mutants (N-MLL, MLL-AF4_CXXCmut, Men-CXXC-CHD) we found that all constructs are expressed and located in the nucleus so that the lack of activity is not due to a failure of protein expression and a lacking import into the nucleus, rather to a loss of function (Figure 3). The observation that MLL-AF4-GFP and MLL-AF4_CXXCmut-GFP exhibit a highly punctuated distribution within the nucleus is in agreement with findings of previously published studies on the N-MLL protein, where it was suggested that this punctuated pattern is likely to be associated with wt-MLL binding DNA (Yano et al., 1997) and a formation of transcriptional, highly active micro compartments (Rasouli et al., 2024). However, even the construct with a mutated CXXC domain (MLL-AF4_CXXCmut-GFP), exhibits this speckled nuclear distribution, although the mutated CXXC domain should no longer be able to bind to DNA. This could indicate that the DNA binding is transmitted through an additional protein region (e.g., AT-hooks) which is not able to substitute for the CXXC domain binding towards GC boxes but can mediate interaction with DNA (Reeves and Nissen, 1990; Aravind and Landsman, 1998). Furthermore, it is worth mentioning that even the smallest construct (Men-CXXC-CHD) is located in the nucleus, even though it does not contain nuclear localization sequences. This could be a hint for a shuttling mechanism which could be transmitted through the CH domain, working as an interaction platform for ENL and with this for AF9. It is known that both proteins, ENL and AF9, are located in the nucleus and could shuttle Men-CXXC-CHD to the same destination (Rubnitz et al., 1994; Erfurth et al., 2004; Kabra and Bushweller, 2022).
Regulation of ALOX5 gene in solid tumor cells is not affected by MLL-AF4 co-expression
The knock-in and the expression of the MLL-AF4 fusion gene into the colorectal cancer cell line HT-29 and the osteosarcoma cell line U-2 OS did not result in a significant change in the expression of the 5-LO (Figure 4B). Despite demonstrating that MLL-AF4 is expressed and active following the induction with doxycycline and the followed induction of the ALOX5 reporter system, we did not see any change in 5-LO protein levels, when the cells express MLL-AF4 (Figure 4A). This indicates that the native ALOX5 promoter is regulated differently in these solid tumor cell lines, compared to the transiently transfected pGL3-ALOX5-0.8 reporter construct.
Differential regulation of ALOX5 expression by MLL-AF4 as well as TGFβ and 1,25(OH)₂D₃ in SEM and MV4-11 cells
So far, the mechanisms involved in 5-LO pathway activation in lymphoid and myeloid leukemia is very limited. It was reported that a loss of the ALOX5 gene prevents the outbreak of leukemia in a mouse model (Chen et al., 2009). Even though this study needs independent reproduction it is clear evidence, that 5-LO could play a major role in the development and progression of malignant blood diseases. To get a better insight into the mechanisms behind the ALOX5 activation, we used SEM and MV4-11 cells which both carry the chromosomal translocation t(4;11)(q21;q23), resulting in the expression of two reciprocal fusion proteins, MLL-AF4 and AF4-MLL, and performed MLL-AF4 knockdown experiments. It is known that malignant B-cells can over express 5-LO, but so far this regulation does not lead to increased 5-LO metabolite formation suggesting that 5-LO might have non-canonical functions in these cell lines (Jakobsson et al., 1992; Kahnt et al., 2024). However, 5-LO mRNA and protein expression in SEM cells is not upregulated (Karlsson et al., 2021; Proteinatlas, 2024). Interestingly, ALOX5 gene expression in SEM cells is significantly downregulated by the MLL-AF4 knockdown (Figure 5 SEM). However, we were not able to detect MLL-AF4 or 5-LO via Western blotting due to low expression levels. Interestingly, another study in 1995 encompassing eight samples of B-ALL patients, showed that only four of the tested cells expressed 5-LO (Feltenmark et al., 1995). In contrast to SEM cells, the knockdown of MLL-AF4 only slightly affected ALOX5 mRNA expression in MV4-11 cells in our study (Figure 5, MV4-11), indicating that the ALOX5 regulation is different in both cell lines. This is supported by the observation that 5-LO expression and activity is strongly induced by TGFβ and 1,25(OH)₂D₃ in MV4-11 cells but not in SEM cells (Figure 6). The elevated formation of 5-LO pathway metabolites is an interesting finding, as it was already published that the expression and the formation of 5-LO products can contribute to an inflammatory environment that promotes malignant progression and chemotherapeutic resistance in myeloid leukemia (Runarsson et al., 2007; Vincent et al., 2008; Stranahan et al., 2022). We could previously show that induction of 5-LO gene expression in myeloid cells by TGFβ and 1,25(OH)₂D₃ is mainly due to transcript elongation (Sorg et al., 2006; Rådmark et al., 2007; Stoffers et al., 2010; Ahmad et al., 2015). Our data on the MLL-AF4 fusion protein and its dependence on the tandem GC box in the ALOX5 promoter as well as the CXXC domain suggests that its activity is related to transcriptional initiation. Interestingly, previous studies showed that the reciprocal fusion protein of MLL-AF4, AF4-MLL (N-terminal AF4 fused with C-terminal MLL) mediates the responsiveness of the ALOX5 gene to induction by TGFβ and 1,25(OH)₂D₃ which is associated with regulatory elements in the distal parts of the ALOX5 gene and related to transcriptional elongation (Ahmad et al., 2015). Thus, the ALOX5 gene in SEM cells appears to be more promoter driven by MLL-AF4 whereas in MV4-11 cells induction of transcriptional elongation by TGFβ and 1,25(OH)₂D₃ mainly drives ALOX5 expression. Whereas 5-LO expression and activity is high in differentiated myeloid cells and in the majority of B cell lines, the low 5-LO expression in SEM cells and the lack of cellular activity could point to a role of 5-LO as transcriptional regulator and regulator of cell proliferation in this cell line (Jakobsson et al., 1995; Mahshid et al., 2009; Kreiß et al., 2022; Claesson et al., 2024).
MLL-AF9 and MLL-AF4 similarly activate the ALOX5 promoter
MLL-AF9 is the translocation product of the KMT2A gene and the MLLT3 Super Elongation Complex Subunit gene (MLLT3). This fusion occurs much more prominent in acute myeloid leukemias (Meyer et al., 2013). The resulting fusion protein MLL-AF9 contains the same N-terminal MLL domains as MLL-AF4 but has a different C-terminus. The finding that MLL-AF9 induces the ALOX5 even stronger compared to MLL-AF4 is of high interest taking the fact that the C-terminal AF9 portion in MLL-AF9 is much smaller than C-terminal AF4 in MLL-AF4 which provides a much smaller interaction surface for other proteins of the P-TEFb/SEC (Figure 7A). It is known that MLL-AF9 interacts with members of the super elongation complex such as wt-AF4 and PAF1 via its C-terminal ANC1 homology and YEATS domain (AHD) (Pession et al., 2003; He et al., 2011). Thus, a common mechanism of MLL-AF4 and MLL-AF9 could be the recruitment of the AF4 super elongation complex (SEC) via the AF9-ID or CHD portion of the protein (Steinhilber and Marschalek, 2018). This finding is in line with our observation that only one C-terminal interactive domain in MLL-AF4 is needed to recruit the P-TEFb/SEC elongation complex, pointing towards a similarity between the activation mechanism of MLL-AF4 and MLL-AF9. AML cells, such as MonoMac-6 and THP-1, carrying the MLL-AF9 translocation, show strong ALOX5 induction by TGFβ and 1,25(OH)2D3 (Brungs et al., 1995; Kreiß et al., 2022), similar to our findings with MV4-11 cells (Figure 6C). However, we did not observe significant changes in MLL-AF9 expression suggesting that the effects of TGFβ and 1,25(OH)2D are not due to induction of MLL-AF9 but are related to different, yet unknown mechanisms. Of note, it will be interesting to study ALOX5 expression in freshly isolated AML cells carrying MLL translocations.
Taken together, we could show that MLL-AF4 and MLL-AF9 strongly activate the ALOX5 promoter in B-lymphocytic cells and that the MLL-AF4 effects are mediated by the tandem GC box in the ALOX5 promoter. Furthermore, we could identify several AF4 domains known to bind the super elongation complex that are essential for the induction of ALOX5 promoter activity.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.
AUTHOR CONTRIBUTIONS
MH: Conceptualization, Formal Analysis, Methodology, Validation, Visualization, Writing–original draft, Writing–review and editing. MM: Methodology, Writing–original draft. IS: Methodology, Writing–original draft. RM: Supervision, Writing–review and editing. DS: Conceptualization, Funding acquisition, Supervision, Visualization, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. DS was supported by the Deutsche Forschungsgemeinschaft (SFB 1039, TP A02; GRK 2336, TP4), the LOEWE project TRABITA and the Fraunhofer Leistungszentrum Innovative Therapeutics (TheraNova).
ACKNOWLEDGMENTS
We would like to express our sincerest gratitude to Bernd Sorg for his invaluable support, insightful discussions, and professional consultation. Figures 6a, 8 were created with BioRender.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1520507/full#supplementary-material
REFERENCES
 Ahmad, K., Katryniok, C., Scholz, B., Merkens, J., Löscher, D., Marschalek, R., et al. (2014). Inhibition of class I HDACs abrogates the dominant effect of MLL-AF4 by activation of wild-type MLL. Oncogenesis 3, e127. doi:10.1038/oncsis.2014.39
 Ahmad, K., Scholz, B., Capelo, R., Schweighöfer, I., Kahnt, A. S., Marschalek, R., et al. (2015). AF4 and AF4-MLL mediate transcriptional elongation of 5-lipoxygenase mRNA by 1, 25-dihydroxyvitamin D3. Oncotarget 6, 25784–25800. doi:10.18632/oncotarget.4703
 Aravind, L., and Landsman, D. (1998). AT-hook motifs identified in a wide variety of DNA-binding proteins. Nucleic Acids Res. 26, 4413–4421. doi:10.1093/nar/26.19.4413
 Behm, F., Raimondi, S., Frestedt, J., Liu, Q., Crist, W., Downing, J., et al. (1996). Rearrangement of the MLL gene confers a poor prognosis in childhood acute lymphoblastic leukemia, regardless of presenting age. Blood 87, 2870–2877. doi:10.1182/blood.V87.7.2870.bloodjournal8772870
 Benedikt, A., Baltruschat, S., Scholz, B., Bursen, A., Arrey, T. N., Meyer, B., et al. (2011). The leukemogenic AF4–MLL fusion protein causes P-TEFb kinase activation and altered epigenetic signatures. Leukemia 25, 135–144. doi:10.1038/leu.2010.249
 Birke, M., Schreiner, S., García-Cuéllar, M.-P., Mahr, K., Titgemeyer, F., and Slany, R. K. (2002). The MT domain of the proto-oncoprotein MLL binds to CpG-containing DNA and discriminates against methylation. Nucleic Acids Res. 30, 958–965. doi:10.1093/nar/30.4.958
 Bitoun, E., Oliver, P. L., and Davies, K. E. (2007). The mixed-lineage leukemia fusion partner AF4 stimulates RNA polymerase II transcriptional elongation and mediates coordinated chromatin remodeling. Hum. Mol. Genet. 16, 92–106. doi:10.1093/hmg/ddl444
 Brand, S., Roy, S., Schröder, P., Rathmer, B., Roos, J., Kapoor, S., et al. (2018). Combined proteomic and in silico target identification reveal a role for 5-lipoxygenase in developmental signaling pathways. Cell Chem. Biol. 25, 1095–1106. doi:10.1016/j.chembiol.2018.05.016
 Brungs, M., Rådmark, O., Samuelsson, B., and Steinhilber, D. (1995). Sequential induction of 5-lipoxygenase gene expression and activity in Mono Mac 6 cells by transforming growth factor beta and 1,25-dihydroxyvitamin D3. Proc. Natl. Acad. Sci. 92, 107–111. doi:10.1073/pnas.92.1.107
 Chen, Y., Hu, Y., Zhang, H., Peng, C., and Li, S. (2009). Loss of the Alox5 gene impairs leukemia stem cells and prevents chronic myeloid leukemia. Nat. Genet. 41, 783–792. doi:10.1038/ng.389
 Claesson, H.-E., Sjöberg, J., Xu, D., and Björkholm, M. (2024). Expression and putative biological roles of lipoxygenases and leukotriene receptors in leukemia and lymphoma. Prostagl. Other Lipid Mediat 174, 106871. doi:10.1016/j.prostaglandins.2024.106871
 Drazen, J. M., Yandava, C. N., Dubé, L., Szczerback, N., Hippensteel, R., Pillari, A., et al. (1999). Pharmacogenetic association between ALOX5 promoter genotype and the response to anti-asthma treatment. Nat. Genet. 22, 168–170. doi:10.1038/9680
 Domer, P. H., Fakharzadeh, S. S., Chen, C. S., Jockel, J., Johansen, L., Silverman, G. A., et al. (1993). Acute mixed-lineage leukemia t(4;11)(q21;q23) generates an MLL-AF4 fusion product. Proc. Natl. Acad. Sci. 90, 7884–7888. doi:10.1073/pnas.90.16.7884
 El Ashkar, S., Schwaller, J., Pieters, T., Goossens, S., Demeulemeester, J., Christ, F., et al. (2017). LEDGF/p75 is dispensable for hematopoiesis but essential for MLL-rearranged leukemogenesis. Blood 131, 95–107. blood-2017-05-786962. doi:10.1182/blood-2017-05-786962
 Erfurth, F., Hemenway, C. S., de Erkenez, A. C., and Domer, P. H. (2004). MLL fusion partners AF4 and AF9 interact at subnuclear foci. Leukemia 18, 92–102. doi:10.1038/sj.leu.2403200
 Feltenmark, S., Runarsson, G., Larsson, P., Jakobsson, P.-J., Bjorkholm, M., and Claesson, H.-E. (1995). Diverse expression of cytosolic phospholipase A 2, 5-lipoxygenase and prostaglandin H synthase 2 in acute pre-B-lymphocytic leukaemia cells. Br. J. Haematol. 90, 585–594. doi:10.1111/j.1365-2141.1995.tb05588.x
 Fujinaga, K., Huang, F., and Peterlin, B. M. (2023). P-TEFb: the master regulator of transcription elongation. Mol. Cell 83, 393–403. doi:10.1016/j.molcel.2022.12.006
 Funk, C. D., Hoshiko, S., Matsumoto, T., Rdmark, O., and Samuelsson, B. (1989). Characterization of the human 5-lipoxygenase gene. Proc. Natl. Acad. Sci. 86, 2587–2591. doi:10.1073/pnas.86.8.2587
 Gessner, A., Thomas, M., Garrido Castro, P., Büchler, L., Scholz, A., Brümmendorf, T. H., et al. (2010). Leukemic fusion genes MLL/AF4 and AML1/MTG8 support leukemic self-renewal by controlling expression of the telomerase subunit TERT. Leukemia 24, 1751–1759. doi:10.1038/leu.2010.155
 Göbel, T., Goebel, B., Hyprath, M., Lamminger, I., Weisser, H., Angioni, C., et al. (2023). Three-dimensional growth reveals fine-tuning of 5-lipoxygenase by proliferative pathways in cancer. Life Sci. Alliance 6, e202201804. doi:10.26508/lsa.202201804
 Guriec, N., Le Jossic- Corcos, C., Simon, B., Ianotto, J. C., Tempescul, A., Dréano, Y., et al. (2014). The arachidonic acid-LTB4-BLT2 pathway enhances human B-CLL aggressiveness. Biochim. Biophys. Acta Mol. Basis Dis. 1842, 2096–2105. doi:10.1016/j.bbadis.2014.07.016
 He, N., Chan, C. K., Sobhian, B., Chou, S., Xue, Y., Liu, M., et al. (2011). Human polymerase-associated factor complex (PAFc) connects the super elongation complex (SEC) to RNA polymerase II on chromatin. Proc. Natl. Acad. Sci. 108, E636–E645. doi:10.1073/pnas.1107107108
 Hoshiko, S., Rådmark, O., and Samuelsson, B. (1990). Characterization of the human 5-lipoxygenase gene promoter. Proc. Natl. Acad. Sci. 87, 9073–9077. doi:10.1073/pnas.87.23.9073
 In, K. H., Asano, K., Beier, D., Grobholz, J., Finn, P. W., Silverman, E. K., et al. (1997). Naturally occurring mutations in the human 5-lipoxygenase gene promoter that modify transcription factor binding and reporter gene transcription. J. Clin. Investigation 99, 1130–1137. doi:10.1172/JCI119241
 Jakobsson, P., Shaskin, P., Larsson, P., Feltenmark, S., Odlander, B., Aguilar-Santelises, M., et al. (1995). Studies on the regulation and localization of 5-lipoxygenase in human B-lymphocytes. Eur. J. Biochem. 232, 37–46. doi:10.1111/j.1432-1033.1995.tb20778.x
 Jakobsson, P. J., Steinhilber, D., Odlander, B., Rådmark, O., Claesson, H. E., and Samuelsson, B. (1992). On the expression and regulation of 5-lipoxygenase in human lymphocytes. Proc. Natl. Acad. Sci. 89, 3521–3525. doi:10.1073/pnas.89.8.3521
 Jansen, M. W. J. C., van der Velden, V. H. J., and van Dongen, J. J. M. (2005). Efficient and easy detection of MLL-AF4, MLL-AF9 and MLL-ENL fusion gene transcripts by multiplex real-time quantitative RT-PCR in TaqMan and LightCycler. Leukemia 19, 2016–2018. doi:10.1038/sj.leu.2403939
 Kabra, A., and Bushweller, J. (2022). The intrinsically disordered proteins MLLT3 (AF9) and MLLT1 (ENL) – multimodal transcriptional switches with roles in normal hematopoiesis, MLL fusion leukemia, and kidney cancer. J. Mol. Biol. 434, 167117. doi:10.1016/j.jmb.2021.167117
 Kahnt, A. S., Häfner, A.-K., and Steinhilber, D. (2024). The role of human 5-Lipoxygenase (5-LO) in carcinogenesis - a question of canonical and non-canonical functions. Oncogene 43, 1319–1327. doi:10.1038/s41388-024-03016-1
 Karlsson, M., Zhang, C., Méar, L., Zhong, W., Digre, A., Katona, B., et al. (2021). A single–cell type transcriptomics map of human tissues. Sci. Adv. 7, eabh2169–9. doi:10.1126/sciadv.abh2169
 Kennedy, B. M., and Harris, R. E. (2023). Cyclooxygenase and lipoxygenase gene expression in the inflammogenesis of colorectal cancer: correlated expression of EGFR, JAK STAT and src genes, and a natural antisense transcript, RP11-C67.2.2. Cancers (Basel) 15, 2380. doi:10.3390/cancers15082380
 Kitamura, A., Nakayama, Y., and Kinjo, M. (2015). Efficient and dynamic nuclear localization of green fluorescent protein via RNA binding. Biochem. Biophys. Res. Commun. 463, 401–406. doi:10.1016/j.bbrc.2015.05.084
 Klan, N., Seuter, S., Schnur, N., Jung, M., and Steinhilber, D. (2003). Trichostatin A and structurally related histone deacetylase inhibitors induce 5-lipoxygenase promoter activity. Biol. Chem. 384, 777–785. doi:10.1515/BC.2003.086
 Kowarz, E., Löscher, D., and Marschalek, R. (2015). Optimized Sleeping Beauty transposons rapidly generate stable transgenic cell lines. Biotechnol. J. 10, 647–653. doi:10.1002/biot.201400821
 Kreiß, M., Oberlis, J. H., Seuter, S., Bischoff-Kont, I., Sürün, D., Thomas, D., et al. (2022). Human 5-lipoxygenase regulates transcription by association to euchromatin. Biochem. Pharmacol. 203, 115187. doi:10.1016/j.bcp.2022.115187
 Lavau, C., Szilvassy, S. J., Slany, R., and Cleary, M. L. (1997). Immortalization and leukemic transformation of a myelomonocytic precursor by retrovirally transduced HRX-ENL. EMBO J. 16, 4226–4237. doi:10.1093/emboj/16.14.4226
 Lin, C., Smith, E. R., Takahashi, H., Lai, K. C., Martin-Brown, S., Florens, L., et al. (2010). AFF4, a component of the ELL/P-TEFb elongation complex and a shared subunit of MLL chimeras, can link transcription elongation to leukemia. Mol. Cell 37, 429–437. doi:10.1016/j.molcel.2010.01.026
 Luo, Z., Lin, C., and Shilatifard, A. (2012). The super elongation complex (SEC) family in transcriptional control. Nat. Rev. Mol. Cell Biol. 13, 543–547. doi:10.1038/nrm3417
 Mahshid, Y., Lisy, M.-R., Wang, X., Spanbroek, R., Flygare, J., Christensson, B., et al. (2009). High expression of 5-lipoxygenase in normal and malignant mantle zone B lymphocytes. BMC Immunol. 10, 2. doi:10.1186/1471-2172-10-2
 Marschalek, R. (2016). Systematic classification of mixed-lineage leukemia fusion partners predicts additional cancer pathways. Ann. Lab. Med. 36, 85–100. doi:10.3343/alm.2016.36.2.85
 Meyer, C., Hofmann, J., Burmeister, T., Gröger, D., Park, T. S., Emerenciano, M., et al. (2013). The MLL recombinome of acute leukemias in 2013. Leukemia 27, 2165–2176. doi:10.1038/leu.2013.135
 Meyer, C., Larghero, P., Almeida Lopes, B., Burmeister, T., Gröger, D., Sutton, R., et al. (2023). The KMT2A recombinome of acute leukemias in 2023. Leukemia 37, 988–1005. doi:10.1038/s41375-023-01877-1
 Moore, G., and Pidgeon, G. (2017). Cross-talk between cancer cells and the tumour microenvironment: the role of the 5-lipoxygenase pathway. Int. J. Mol. Sci. 18, 236. doi:10.3390/ijms18020236
 Mueller, D., Bach, C., Zeisig, D., Garcia-Cuellar, M.-P., Monroe, S., Sreekumar, A., et al. (2007). A role for the MLL fusion partner ENL in transcriptional elongation and chromatin modification. Blood 110, 4445–4454. doi:10.1182/blood-2007-05-090514
 Mueller, D., García-Cuéllar, M. P., Bach, C., Buhl, S., Maethner, E., and Slany, R. K. (2009). Misguided transcriptional elongation causes mixed lineage leukemia. PLoS Biol. 7, e1000249. doi:10.1371/journal.pbio.1000249
 Nilson, I., Reichel, M., Ennas, M. G., Greim, R., Knörr, C., Siegler, G., et al. (1997). Exon/intron structure of the human AF-4 gene, a member of the AF -4/LAF -4/FMR -2 gene family coding for a nuclear protein with structural alterations in acute leukaemia. Br. J. Haematol. 98, 157–169. doi:10.1046/j.1365-2141.1997.1522966.x
 Okuda, H., Kanai, A., Ito, S., Matsui, H., and Yokoyama, A. (2015). AF4 uses the SL1 components of RNAP1 machinery to initiate MLL fusion- and AEP-dependent transcription. Nat. Commun. 6, 8869. doi:10.1038/ncomms9869
 Pession, A., Martino, V., Tonelli, R., Beltramini, C., Locatelli, F., Biserni, G., et al. (2003). MLL-AF9 oncogene expression affects cell growth but not terminal differentiation and is downregulated during monocyte-macrophage maturation in AML-M5 THP-1 cells. Oncogene 22, 8671–8676. doi:10.1038/sj.onc.1207125
 Proteinatlas (2024). Proteinatlas.org: data available from v23.0.proteinatlas.org. Available at: https://www.proteinatlas.org/ENSG00000012779-ALOX5/cell+line#leukemia (Accessed August 28, 2024). 
 Provost, P., Samuelsson, B., and Rådmark, O. (1999). Interaction of 5-lipoxygenase with cellular proteins. Proc. Natl. Acad. Sci. 96, 1881–1885. doi:10.1073/pnas.96.5.1881
 Rådmark, O., Werz, O., Steinhilber, D., and Samuelsson, B. (2007). 5-Lipoxygenase: regulation of expression and enzyme activity. Trends Biochem. Sci. 32, 332–341. doi:10.1016/j.tibs.2007.06.002
 Rådmark, O., Werz, O., Steinhilber, D., and Samuelsson, B. (2015). 5-Lipoxygenase, a key enzyme for leukotriene biosynthesis in health and disease. Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1851, 331–339. doi:10.1016/j.bbalip.2014.08.012
 Rasouli, M., Troester, S., Grebien, F., Goemans, B. F., Zwaan, C. M., and Heidenreich, O. (2024). NUP98 oncofusions in myeloid malignancies: an update on molecular mechanisms and therapeutic opportunities. Hemasphere 8, e70013. doi:10.1002/hem3.70013
 Reeves, R., and Nissen, M. S. (1990). The A·T-DNA-binding domain of mammalian high mobility group I chromosomal proteins: a novel peptide motif for recognizing DNA structure. J. Biol. Chem. 265, 8573–8582. doi:10.1016/s0021-9258(19)38926-4
 Rubnitz, J., Morrissey, J., Savage, P., and Cleary, M. (1994). ENL, the gene fused with HRX in t(11;19) leukemias, encodes a nuclear protein with transcriptional activation potential in lymphoid and myeloid cells. Blood 84, 1747–1752. doi:10.1182/blood.V84.6.1747.1747
 Runarsson, G., Feltenmark, S., Forsell, P. K. A., Sjöberg, J., Björkholm, M., and Claesson, H. (2007). The expression of cytosolic phospholipase A 2 and biosynthesis of leukotriene B 4 in acute myeloid leukemia cells. Eur. J. Haematol. 79, 468–476. doi:10.1111/j.1600-0609.2007.00967.x
 Runarsson, G., Liu, A., Mahshid, Y., Feltenmark, S., Pettersson, A., Klein, E., et al. (2005). Leukotriene B4 plays a pivotal role in CD40-dependent activation of chronic B lymphocytic leukemia cells. Blood 105, 1274–1279. doi:10.1182/blood-2004-07-2546
 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi:10.1038/nmeth.2089
 Schnur, N., Seuter, S., Katryniok, C., Rådmark, O., and Steinhilber, D. (2007). The histone deacetylase inhibitor trichostatin A mediates upregulation of 5-lipoxygenase promoter activity by recruitment of Sp1 to distinct GC-boxes. Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1771, 1271–1282. doi:10.1016/j.bbalip.2007.08.003
 Siemund, A. L., Hanewald, T., Kowarz, E., and Marschalek, R. (2022). MLL-AF4 and a murinized pSer-variant thereof are turning on the nucleolar stress pathway. Cell Biosci. 12, 47. doi:10.1186/s13578-022-00781-y
 Slany, R. K. (2020). MLL fusion proteins and transcriptional control. Biochimica Biophysica Acta (BBA) - Gene Regul. Mech. 1863, 194503. doi:10.1016/j.bbagrm.2020.194503
 Sorg, B. L., Klan, N., Seuter, S., Dishart, D., Rådmark, O., Habenicht, A., et al. (2006). Analysis of the 5-lipoxygenase promoter and characterization of a vitamin D receptor binding site. Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1761, 686–697. doi:10.1016/j.bbalip.2006.04.005
 Steinhilber, D., and Marschalek, R. (2018). How to effectively treat acute leukemia patients bearing MLL-rearrangements. Biochem. Pharmacol. 147, 183–190. doi:10.1016/j.bcp.2017.09.007
 Stoffers, K. L., Sorg, B. L., Seuter, S., Rau, O., Rådmark, O., and Steinhilber, D. (2010). Calcitriol upregulates open chromatin and elongation markers at functional vitamin D response elements in the distal part of the 5-lipoxygenase gene. J. Mol. Biol. 395, 884–896. doi:10.1016/j.jmb.2009.10.022
 Stranahan, A. W., Berezniuk, I., Chakraborty, S., Feller, F., Khalaj, M., and Park, C. Y. (2022). Leukotrienes promote stem cell self-renewal and chemoresistance in acute myeloid leukemia. Leukemia 36, 1575–1584. doi:10.1038/s41375-022-01579-0
 Super, H., Martinez-Climent, J., and Rowley, J. (1995). Molecular analysis of the Mono Mac 6 cell line: detection of an MLL-AF9 fusion transcript [letter; comment]. Blood 85, 855–856. doi:10.1182/blood.V85.3.855.bloodjournal853855
 Super, H. G., Strissel, P. L., Sobulo, O. M., Burian, D., Reshmi, S. C., Roe, B., et al. (1997). Identification of complex genomic breakpoint junctions in the t(9;11) MLL-AF9 fusion gene in acute leukemia. Genes Chromosom. Cancer 20, 185–195. doi:10.1002/(sici)1098-2264(199710)20:2<185::aid-gcc9>3.0.co;2-#
 Uebbing, S., Kreiß, M., Scholl, F., Häfner, A., Sürün, D., Garscha, U., et al. (2021). Modulation of microRNA processing by 5-lipoxygenase. Faseb J. 35, 211933–e21215. doi:10.1096/fj.202002108R
 Vincent, C., Fiancette, R., Donnard, M., Bordessoule, D., Turlure, P., Trimoreau, F., et al. (2008). 5-LOX, 12-LOX and 15-LOX in immature forms of human leukemic blasts. Leuk. Res. 32, 1756–1762. doi:10.1016/j.leukres.2008.05.005
 Weisser, H., Göbel, T., Melissa Krishnathas, G., Kreiß, M., Angioni, C., Sürün, D., et al. (2023). Knock-out of 5-lipoxygenase in overexpressing tumor cells—consequences on gene expression and cellular function. Cancer Gene Ther. 30, 108–123. doi:10.1038/s41417-022-00531-9
 Werz, O., and Steinhilber, D. (1996). Selenium-dependent peroxidases suppress 5-lipoxygenase activity in B-lymphocytes and immature myeloid cells. The presence of peroxidase-insensitive 5-lipoxygenase activity in differentiated myeloid cells. Eur. J. Biochem. 242, 90–97. doi:10.1111/j.1432-1033.1996.0090r.x
 Winters, A. C., and Bernt, K. M. (2017). MLL-rearranged leukemias—an update on science and clinical approaches. Front. Pediatr. 5, 4–13. doi:10.3389/fped.2017.00004
 Yano, T., Nakamura, T., Blechman, J., Sorio, C., Dang, C. V., Geiger, B., et al. (1997). Nuclear punctate distribution of ALL-1 is conferred by distinct elements at the N terminus of the protein. Proc. Natl. Acad. Sci. 94, 7286–7291. doi:10.1073/pnas.94.14.7286
 Yokoyama, A., Somervaille, T. C. P., Smith, K. S., Rozenblatt-Rosen, O., Meyerson, M., and Cleary, M. L. (2005). The menin tumor suppressor protein is an essential oncogenic cofactor for MLL-associated leukemogenesis. Cell 123, 207–218. doi:10.1016/j.cell.2005.09.025
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2025 Hyprath, Molitor, Schweighöfer, Marschalek and Steinhilber. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1520507-g005.gif
MLL-AF6 ALOXS.

GAPDH

MLLAFA ALoxs

GAPDH

[T

s s





OPS/images/fphar-15-1520507-g006.gif
f o~ § &
=4O\ By —
U I
B ke LR B
rozl  JLmed






OPS/images/fphar-15-1520507-g003.gif
' I e
o — =
Lo — e

[5

T

M0 T GG ot M0






OPS/images/fphar-15-1520507-g004.gif
HT-29 v208

I I






OPS/images/fphar-15-1520507-g007.gif





OPS/images/fphar-15-1520507-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		MLL-AF4 upregulates 5-lipoxygenase expression in t(4;11) leukemia cells via the ALOX5 core promoter		Introduction

		Materials and methods		Cell lines and culture conditions

		Plasmid design and cloning

		Generation of cell lines with inducible expression of MLL-AF4

		Transient reporter gene assays

		Reporter gene assays with stably transfected cells

		Analysis of subcellular localization

		cDNA synthesis and RT-qPCR

		Western blot analysis

		Analysis of 5-LO product formation

		siRNA-mediated gene silencing of MLL-AF4





		Results		Activation of the ALOX5 promoter by MLL-AF4 is mediated by pSER, AF9-ID, CHD and CXXC domain and a five-fold tandem GC box in the ALOX5 promoter

		Various MLL-AF4 domains determine nuclear localization

		Heterologous expression of MLL-AF4 in 5-LO positive solid tumor cell lines HT-29 and U-2 OS does not affect ALOX5 gene expression

		siRNA-mediated knockdown of MLL-AF4 significantly represses ALOX5 gene expression in the B cell line SEM but not in the monocytic cell line MV4-11

		ALOX5 expression by TGFβ and 1,25(OH)2D3 is induced in MV4-11 cells but not in SEM cells

		MLL-AF9 also activates the ALOX5 promoter





		Discussion		The tandem GC-box of the ALOX5 promoter and the CXXC domain of MLL-AF4 are crucial for MLL-AF4-mediated ALOX5 promoter activation

		pSER, AF9-ID and CH domains of MLL-AF4 redundantly mediate ALOX5 promoter activation

		Nuclear localization of mutated MLL-AF4 constructs

		Regulation of ALOX5 gene in solid tumor cells is not affected by MLL-AF4 co-expression

		Differential regulation of ALOX5 expression by MLL-AF4 as well as TGFβ and 1,25(OH)₂D₃ in SEM and MV4-11 cells

		MLL-AF9 and MLL-AF4 similarly activate the ALOX5 promoter





		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

MLL-AF4 upregulates 5-
lipoxygenase expression in t(4;
11) leukemia cells via the ALOX5

core promoter





OPS/images/fphar-15-1520507-g001.gif





OPS/images/fphar-15-1520507-g002.gif
e o posaLoxsos
e
[rr— o










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





