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Meningioma-1 (MN1) overexpression in AML is associated with poor prognosis, and forced 

expression of MN1 induces leukemia in mice. We sought to determine how MN1 causes 

AML. We found that overexpression of MN1 can be induced by translocations that result in 

hijacking of a downstream enhancer. Structure predictions revealed that the entire MN1 coding 

frame is disordered. We identified the myeloid progenitor-specific BAF complex as the key 

interaction partner of MN1. MN1 over-stabilizes BAF on enhancer chromatin, a function directly 

linked to the presence of a long polyQ-stretch within MN1. BAF over-stabilization at binding 

sites of transcription factors regulating a hematopoietic stem/progenitor program prevents the 

developmentally appropriate decommissioning of these enhancers and results in impaired myeloid 

differentiation and leukemia. Beyond AML, our data details how the overexpression of a polyQ 

protein – in the absence of any coding sequence mutation – can be sufficient to cause malignant 

transformation.

eTOC blurb

Meningioma-1 (MN1) translocations result in overexpression of MN1 through enhancer hijacking, 

or expression of an MN1-fusions protein. MN1 is an intrinsically disordered polyQ protein. MN1 

overexpression is sufficient to cause malignant transformation via over-stabilization of the BAF 

complex at critical enhancers.

Graphical Abstract
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Introduction:

Acute myeloid leukemia (AML) is an aggressive myeloid malignancy (Dombret and Gardin, 

2016). Meningioma-1 (MN1) is a transcriptional coactivator that undergoes rearrangements 

in AML and brain tumors. Most of the coding frame of MN1 is confined to a single large 

exon, which serves as the N-terminal fusion partner in MN1-ETV6 and MN1-STAT3 fusions 

in AML, MN1-FLI1 in AMKL (Buijs et al., 1995; Buijs et al., 2000; Dang et al., 2017; 

Grosveld, 2007; Wang et al., 2020), and MN1-BEND2 or MN1-CXXC5 fusions in brain 

tumors (Sturm et al., 2016). Notably, no fusion RNA or fusion protein could be identified in 

the majority of MN1-translocation FISH+ AML and brain tumors (Sturm et al., 2016; Wang 

et al., 2020). MN1 translocations without the generation of a fusion protein result in high 

expression of MN1 (Wang et al., 2020).

Overexpression of full length MN1 in mouse bone marrow progenitors induces AML as 

a single hit (Heuser et al., 2011). Furthermore, side-by-side comparison of full length 

MN1 and MN1-FLI1 revealed that both are capable of inducing serial replating in 

methylcellulose and leukemia in mice. The major contribution of the FLI1 fusion partner 

in this model is a skewing of the phenotype towards the megakaryocytic lineage, resulting 

in AMKL in animals transplanted with MN1-FLI1 transduced bone marrow progenitors, 

and myelomonocytic AML in animals transplanted with MN1 only transduced progenitors 

(Dang et al., 2017; Wenge et al., 2015). This recapitulated the phenotype observed 

in patients. In leukemias with MN1-ETV6 translocations, the disruption and resulting 

haploinsufficiency of the ETV6 may contribute to leukemogenesis.

High expression of MN1 occurs across multiple cytogenetic subgroups and has been 

associated with chemotherapy resistance and poor outcome (Haferlach et al., 2012; Heuser 

et al., 2006; Langer et al., 2009; Metzeler et al., 2009; Pogosova-Agadjanyan et al., 2020; 

Thol et al., 2012; Wang et al., 2020; Xiang et al., 2013). How MN1 causes leukemia is 

poorly understood. MN1 has no sequence homology to any other protein, yet the protein 

is conserved among species. Relatively little is known about its functions. MN1 binds to 

chromatin of actively transcribed loci (Heuser et al., 2011) and increases transcription in 

the presence of sequence specific transcription factors and CBP/p300, but does not have 

direct transactivating activity itself (Sutton et al., 2005; van Wely et al., 2003). Furthermore, 

a recent bioinformatics-based study excluded MN1 as a potential DNA-binding protein 

(Lambert et al., 2018), suggesting that the interaction with DNA is likely indirect. The 

molecular mechanism of how MN1 modulates transcription is not understood. Furthermore, 

MN1 has no validated interaction partners. Here, we investigate how high expression of 

MN1 causes malignant transformation in AML.
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Results:

High expression of full length MN1 in t(12;22) AML is the result of enhancer hijacking.

We first sought to further characterize MN1-ETV6 translocations with and without the 

generation of an MN1-fusion protein in human AML. Specifically, we asked whether MN1 
translocations resulted in placing MN1 in the proximity of downstream regulatory regions 

that could induce the high expression of MN1 or MN1-FP in a panel of cell lines with 

a t(12;22) translocation between the MN1 and ETV6 loci (Figure 1A): In UCSD-AML1 

cells, the MN1 breakpoint is located in intron 1, resulting in an MN1-ETV6 fusion RNA 

and protein. In Mutz-3 and AMU-AML-1 cells, the breakpoint is located in the 3’UTR 

in exon 2, therefore no fusion protein can be identified (Gotou et al., 2012) (Figure 1B). 

We performed ChIP-seq for active chromatin marks (H3K27ac, H3K4me1) and Mediator 

(MED1) associated with enhancer regions (Figure 1C, 1D top panel, and S1A). ChIP-seq 

identified a large intragenic and downstream regulatory region in the ETV6 locus in cells 

with MN1-ETV6 translocations - with and without fusion protein (Figure 1D top panel and 

S1A, right panel), as well as in non-MN1 translocated control AML cell lines (Molm14, 

Monomac6). H3K27ac was detected on the MN1 promoter in t(12;22) UCSD-AML1, 

Mutz-3 and AMU-AML1 cells, regardless of whether a fusion protein was generated, but 

not in Molm14 or Monomac6 control cells (Figure 1C and S1A, left panel). To investigate 

putative 3D chromatin looping between the MN1 promoter and ETV6 regulatory sites, 

we performed circular chromosome conformation capture analysis (4C) in UCSD-AML1 

and Mutz-3 cells (both have a t(12;22) translocation, with a fusion protein generated in 

UCSD-AML1, but no fusion protein in Mutz-3) (Figure 1D, bottom panel,1E and S1B–D). 

Molm14 and MonoMac6 without translocation were used as control. AMU-AML1 cells 

were no longer available and therefore could not be included. 4C analysis results clearly 

demonstrated significant physical contact between the MN1 promoter and the multiple 

ETV6 downstream regulatory regions including the ETV6 enhancer in UCSD-AML1 and 

Mutz-3 cells but not the control cell lines as analyzed by PeakC (Geeven et al., 2018) 

(Figure 1D+E and S1B–D). Furthermore, the ETV6 enhancer demonstrated characteristics 

of a super enhancer based on the ROSE algorithm (Figure 1F). High expression of MN1 

in t(12;22) translocated leukemias without a fusion protein, including AMU-AML1 and 

Mutz-3, has previously been reported on both a protein and RNA level (Gotou et al., 

2012; Riedel et al., 2016; Wang et al., 2020), and is re-confirmed in UCSD-AML1 and 

Mutz-3 cells using qPCR (Figure 1G, AMU-AML1 cells were no longer available). Taken 

together, our results demonstrate that the t(12;22) translocation results in hijacking of 

enhancer regions within and downstream of the ETV6 locus: the MN1 promoter contacts the 

strong ETV6 enhancer, resulting in high expression of full length MN1 in Mutz-3, and an 

MN1-ETV6 fusion protein in UCSD-AML1 cells. Interestingly, STAT3 and FLI1 – the two 

other described fusion partners of MN1 – also are regulated by large downstream enhancers 

(Figure S1E–G). This suggests that a similar mechanism drives MN1 or MN1-FP expression 

in these leukemias. Our findings solidify the role of MN1 as a bona fide oncogene in human 

leukemia.
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MN1 interacts with the myeloid progenitor specific BAF complex

We next set out to determine how high levels of MN1 cause AML. MN1 is not known 

to play a role in normal hematopoiesis. MN1’s physiological function primarily relates 

to embryonic craniofacial development. The Mn1 knockout mouse is not viable after 

birth due to palatal abnormalities (Meester-Smoor et al., 2005), precluding studies of 

postnatal hematopoiesis. However, this model afforded an opportunity to interrogate fetal 

liver hematopoiesis. We found no numeric abnormality in fetal liver stem and progenitor 

populations at day E16.5 (Figure S2). Consistent with our observation, deleting MN1 had 

no significant effect on the clonogenic potential of human CD34+ stem and progenitor 

cells (Sharma et al., 2020). The available data on MN1 in normal hematopoiesis thus 

provides no immediate insight as to MN1’s ability to drive hematologic malignancy. We 

therefore turned to functional studies using MN1 in leukemia cells. We first determined the 

MN1 interactome by performing pulldown of the tagged protein in MN1-induced leukemias 

followed by mass spectrometry (CoIP-MS, Figure 2A, Table S1). For confirmation, we 

also deployed proximity-dependent biotinylation followed by mass spectrometry in common 

myeloid progenitors (CMPs, Figure S3A, Table S2) as well as 293T cells (Bio-ID (Roux 

et al., 2012), Figure 2B, Table S2). Pull downs in leukemia cells were performed in the 

presence of high concentrations of chymostatin as MN1 is rapidly degraded upon cell 

lysis by myeloid cell specific proteases (Zhong et al., 2018). CoIP-MS of tagged MN1 

in murine MN1-driven leukemia cells identified three major components: the BAF (mSWI/

SNF) complex, the Kmt2c/d complex, and, with the lowest abundance the spliceosome 

(Figure 2A). The members of the spliceosome identified in this experiment were different 

from spliceosome members identified with the BioID-system in transfected 293T cells 

(Fig 2B). No spliceosome components were identified in MN1-BioID transduced murine 

CMPs (Figure S3A). Most likely, the identification of spliceosomal proteins represents a 

contaminant. The complex with the second highest abundance, the COMPASS-like complex 

including Kmt2d (Mll2/4), was identified in murine MN1 leukemia cells (Figure 2A) as 

well as in 293T cells using BioID (Figure 2B). The BAF complex was supported by all 

three experimental setups (Figure 2A+B, Figure S3A). The highest abundance of detected 

peptides belonged to members of the BAF complex.

Key functions of the BAF complex include ATP-dependent nucleosome remodeling as well 

as establishing and maintaining enhancers in an active state (Alver et al., 2017; Mittal and 

Roberts, 2020; Wang et al., 2017). The exact function and composition of BAF complexes 

is highly context dependent, and there are numerous tissue- and development-specific sub

complexes (Buscarlet et al., 2014; Krasteva et al., 2012; Krasteva et al., 2017; Mashtalir et 

al., 2018; Michel and Kadoch, 2017; Priam et al., 2017; Pulice and Kadoch, 2016; Schick 

et al., 2019; St Pierre and Kadoch, 2017; Wang et al., 2017; Witzel et al., 2017). Our 

leukemia cell specific CoIP-MS specifically identifies the canonical BAF complex based on 

the presence of Arid1a, Dpf2 (Baf45d), and no detection of PBRM1/BAF180 (Figure 2C – 

blue subunits). Furthermore, the predominant Smarcd subunit is Smarcd2, which plays roles 

in myeloid specification, particularly granulocyte development (Figure 2C-green subunit) 

(Michel and Kadoch, 2017; Priam et al., 2017; Witzel et al., 2017). In both experimental 

setups based on murine CMP cells we identified Smarca4 (Brg1) as the ATPase subunit 

(Figure 2A, Figure S3A, Figure 2C – red subunit). The predominant ATPase subunit in 
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long-term hematopoietic stem cells is Smarca2 (Brm). When cells exit the long term stem 

cell compartment to become short term hematopoietic stem cells or progenitors, Smarca2 

is gradually switched out for Smarca4 (Buscarlet et al., 2014). Smarca4 has also been 

identified as the predominant subunit in several leukemia models, where it is functionally 

relevant and represents a non-oncogene dependence being required for leukemia cell growth 

and survival (Buscarlet et al., 2014; Cruickshank et al., 2015; Shi et al., 2013). The ATPase 

subunit in the BAF complex identified in our experiments thus is the progenitor/leukemia 

associated Smarca4.

The core ATPase subunit of the MN1-interacting BAF complex, Smarca4, is required for 
MN1 leukemogenesis.

In order to establish the functional relevance of the BAF complex in MN1-driven murine 

leukemias, we transduced CMPs from mice with a floxed allele for the catalytic subunit 

Smarca4 (f/f) or wild type (wt) littermates with MN1. MN1 transformed cells were then 

transduced with cre-recombinase (cre) and plated in methylcellulose or transplanted into 

mice (Figure 2D). Smarca4 deleted (f/f cre) cells showed significantly reduced replating 

ability compared to Smarca4 wt cre cells (Figure 2E+F). Deletion of Smarca4 also 

significantly reduced day 20 leukemic burden (Figure 2G) and increased the overall survival 

compared to Smarca4 wt cre transplanted animals (Figure 2H, Figure S3B - D). Of note, all 

mice succumbing to leukemia in the Smarca4 f/f cre group showed incomplete deletion of 

the Smarca4 allele (Figure 2H, marked by #). We thus confirmed the absolute requirement of 

Smarca4 for MN1-induced leukemias since deletion of Smarca4 abrogated serial replating, 

the leukemia specific differentiation block, and in vivo leukemogenesis.

MN1 colocalizes with the BAF complex on enhancer chromatin.

We next determined MN1 binding sites on chromatin in relation to Smarca4 using ChIP

Seq. We found that MN1 specifically co-localizes with a subset of Smarca4 peaks at 

active enhancers as demonstrated by H3K27 acetylation and H3K4 monomethylation at 

the majority of MN1/Smarca4 dual peaks (Figure 3A–C). Motif analysis of MN1/Smarca4 

co-occupied loci showed strong enrichment for Ets factors (Erg, Etv2, Fli1) as well as 

early hematopoietic transcription factor binding sites such as Runx1, Gata2, Myb, and 

Meis1 (Figure 3D, Table S3) when compared to Smarca4 only occupied sites. Meis1 was 

previously shown to be present on sites of MN1 binding and essential to MN1 mediated 

leukemia (Heuser et al., 2011). Myb is ubiquitously overexpressed in AML and promotes 

proliferation in numerous different AML models (Jiang et al., 2019; Pattabiraman et al., 

2014; Roe et al., 2015). In addition to ChIP, we also demonstrate co-localization of BAF 

complex members and MN1 using immunofluorescence microscopy, staining for MN1 and 

the BAF complex member Arid1a in MN1-driven murine leukemia cells (Figure 3E and 

F). In summary, we identify the BAF complex as a functionally important MN1 interaction 

partner. MN1 colocalizes with the BAF complex at the binding sites of transcription factors 

that regulate hematopoietic stem and progenitor specific expression programs.
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MN1 is an intrinsically disordered protein, and overexpression redistributes MN1 within the 
nucleus.

Upon closer inspection of MN1 fluorescent staining in murine MN1 leukemia cells, we 

noted a punctate pattern that included perfectly round structures suggestive of speckle 

formation in the nucleoplasm (Figure 4A). A similar staining pattern was observed when 

staining for MN1-ETV6 in human AML cells with an MN1-ETV6 translocation using 

the MN1 antibody (Fig. 4B). We next compared MN1 staining at endogenous expression 

levels and under conditions of overexpression in 293 cells. Long exposure of cells stained 

for endogenous MN1 revealed a diffuse pattern that appeared to localize to the nucleolus 

(Fig 4C top row). In contrast, overexpression of MN1 resulted in redistribution of MN1 

into nuclear speckle-like structures (Figure 4C, bottom row, and 4D). Formation of such 

structures is promoted by a sufficiently high concentration of proteins with intrinsic disorder 

(Chong et al., 2018; Watson and Stott, 2019). The MN1 protein, although highly conserved 

(Figure S4), is sparsely annotated in the UniProt database, which is largely explained 

by the lack of sequence homology of MN1 to any other protein. However, MN1 also 

scored highly as an intrinsically disordered protein (IDP) using several different prediction 

algorithms (Figure 4E, Figure S5A–H). Two groups previously identified critical regions 

within MN1 using a series of deletion mutants (Kandilci et al., 2013; Lai et al., 2014). 

Surprisingly, large portions of the C-terminus of MN1 are dispensable for leukemogenesis. 

Two regions are absolutely required for the transforming ability of MN1 (Figure 4F shaded 

in red/orange). Within the second essential region, we noted a stretch of 28 successive 

Glutamines (polyQ-stretch 2 or pQ2, Figure 4E blue box and 4F). A second Q-rich region 

is also present at AA291–309 (pQ1, Figure 4E black box, and 4F). PolyQ-stretches are 

best known as mediators of neurodegenerative disorders such as Huntington’s disease, 

spinobulbar muscular atrophy (SBMA) and spinocerebellar ataxias (SCA). Several of these 

disorders share a common underlying cause, the pathogenic massive elongation of a polyQ

stretch. This results in the formation of protein aggregates, which ultimately lead to neuronal 

cell death.

Overexpression of MN1, but not MN1ΔpQ, stabilizes H3K27ac at MN1-bound loci.

The polyQ-stretch in MN1 is one of the longest in the human proteome outside of pathologic 

elongation (Sorek et al., 2019). PolyQ-stretches are typically found in regions of intrinsic 

disorder and are important domains facilitating higher order complexes or self-aggregation, 

thus playing pivotal roles in cellular processes (Wu and Fuxreiter, 2016). More recently, 

intrinsically disordered regions (IDRs) and IDPs have been identified to form membrane

less organelles to help compartmentalize the nucleus and supply an environment with a 

highly concentrated and stable association of the transcription machinery (Chong et al., 

2018; Sabari et al., 2018; Watson and Stott, 2019). IDRs have also been identified in 

oncogenic mutants and fusion proteins, and have been demonstrated to play key roles in 

the ability of these oncogenes to aberrantly activate transcription (Boulay et al., 2017; Wan 

et al., 2017). Finally, theoretical modeling suggests that over-stabilization of transcriptional 

hubs alone could be sufficient to induce malignant transformation, but this has not been 

shown experimentally (Hnisz et al., 2017). We reasoned that the overexpression of MN1 

might do precisely that, and that the polyQ-stretch is central to MN1’s activity at these sites.
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We thus generated a mutant of MN1 that lacks the polyQ-stretch (MN1-ΔpQ, Figure 

4E, blue box, and S6A). We verified that MN1-ΔpQ was expressed at similar levels as 

wt-MN1, and recognized by a polyclonal antibody (Figure S6B). We then interrogated 

the effect of MN1 versus MN1ΔpQ on Smarca4 recruitment and the enhancer landscape. 

MN1 or MN1-ΔpQ and an empty control vector were introduced into HSPCs, and cells 

were allowed to differentiate for 7 days (Figure 5A and B). At the end of the culture 

period, Smarca4 binding, H3K27ac and H3K4me1 were determined by ChIP-Seq (Figure 

5C). In cells overexpressing MN1 (red tracks), binding sites for MN1 (grey) and Smarca4 

overlap with H3K27ac and H3K4me1. This pattern was observed on key transcription 

factors and signaling molecules in hematopoietic stem and early progenitor cells such 

as the posterior Hoxa cluster and Flt3, which were previously documented to be critical 

for MN1 leukemogenesis (Figure 5C). In contrast, Smarca4 binding and H3K27ac at 

these sites were substantially reduced in untransduced control cells undergoing normal 

differentiation (Figure 5C light blue tracks and 5E), and in cells overexpressing MN1-ΔpQ 

(Figure 5C dark blue tracks and 5E). The observed changes in H3K27ac and H3K4me1 

in control and MN1-ΔpQ cells were consistent with the published trajectory of these 

modifications during hematopoietic development (Figure 5C and D) (Lara-Astiaso et al., 

2014). We observed a linear correlation between MN1 peak height and the differential in 

Smarca4 peak height between MN1 and MN1-ΔpQ transduced cells (Figure 5F). On a 

genome wide level, loci marked with H3K27ac in MN1 but not in MN1-ΔpQ (“dynamic 

H3K27ac”) were also associated with high MN1 peaks (Figure 5G). Finally, we detected 

new Smarca4 and H3K27ac peaks emerging in MN1-ΔpQ and control cells at loci associated 

with differentiation, while ChIP-Seq patterns at these sites in MN1 cells reflected their 

undifferentiated state (Figure S7A+B). We conclude that the polyQ-stretch is critically 

important for the recruitment of the BAF complex and sustained H3K27ac at sites of MN1 

binding in MN1-transduced cells.

Overexpression of MN1, but not MN1ΔpQ, stabilizes the binding of the BAF complex to 
chromatin.

We next performed chromatin fractionation on bone marrow progenitors overexpressing 

either MN1 or MN1-ΔpQ to directly test whether MN1 mediates tighter binding of the 

BAF complex to chromatin than MN1-ΔpQ. Western blot analysis as well as quantitative 

MS show that transduction with MN1 indeed resulted in more stable binding of key BAF 

complex members to chromatin compared to MN1-ΔpQ controls (Figure 6 A–C, Table S4).

We next determined the transcriptional effect of transducing HSPCs with either wild type 

MN1 or MN1-ΔpQ (Figure 6D). Loss of Smarca4 binding and H3K27ac at MN1 target 

genes such as Hoxa9, Hoxa10, Meis1 and Flt3 was associated with the downregulation of 

these genes (Figure 6D+E). On a genome wide level, expression of the “MN1-program” 

(Heuser et al., 2011) was enriched in wild type MN1 vs MN1-ΔpQ, and downregulation of 

this program was associated with a decrease in H3K27ac and BRG1 peak height (Figure 

6F+G, Figure S7 + 8, Table S5). Furthermore, functional targets of Myb (Roe et al., 2015) 

and Hoxa9 (Faber et al., 2009) (Figure 6H+I, Figure S8, Table S5) in KMT2A-MLLT3 
driven AML were enriched in wild type MN1 vs MN1-ΔpQ. In contrast, genes associated 

with myeloid development, such as a myeloid development signature described by Brown 

Riedel et al. Page 8

Mol Cell. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and colleagues (Brown et al., 2006), and genes upregulated after knockdown of Hoxa9 

(Faber et al., 2009) (Figure 6J–K, Figure S8, Table S5) are enriched in MN1-ΔpQ. Work 

by Kandilci and colleagues suggested that low levels of CEBPα plays a key role in MN1

driven AML, critically contributing to the differentiation block observed in this AML. 

Overexpression of CEBPα was able to induce differentiation in MN1-AML (Kandilci and 

Grosveld, 2009). We found strong enrichment of genes regulated by CEBPα in MN1-ΔpQ, 

confirming the critical role of CEBPα. in driving myeloid differentiation in MN1-AML 

(Figure 6L, Figure S8, Table S5).

The polyQ-stretch is required for the leukemogenic activity of MN1.

Finally, we investigate the role of the polyQ-stretch in the ability of MN1 to induce serial 

replating and in vivo leukemogenesis (Figure 7A). Transduction of CMPs with wild type 

MN1 induced serial replating and a powerful differentiation block as previously reported 

(Heuser et al., 2011) (Figure 7B+C, Figure S8A). In contrast, MN1-ΔpQ transduced CMPs 

expanded during the first plating in methylcellulose but did not replate (Figure 7C, Figure 

S9A). Resultant colonies from the first plating consisted of mostly mature myeloid forms 

(Figure 7B). Myeloid differentiation in untransduced control cells and MN1-ΔpQ cells was 

associated with significantly reduced cell cycle (Figure S9B+C). We did not observe a 

significant increase in cell death/apoptosis in MN1-ΔpQ cells (Figure S9D). In vivo, MN1-

ΔpQ cells failed to induce leukemia in recipient mice (Figure 7D+E). This demonstrates the 

critical requirement of the polyQ-stretch for the leukemogenic activity of MN1.

Discussion

70–80 percent of patients with AML with translocations or high expression of MN1 die 

within 2 years of diagnosis (Haferlach et al., 2012; Heuser et al., 2006; Langer et al., 

2009; Metzeler et al., 2009; Thol et al., 2012; Wang et al., 2020; Xiang et al., 2013). 

How MN1 causes AML had so far been a mystery, as its structure is unresolved, and no 

interaction partners were known. Using a proteomics approach, we identified the canonical 

BAF complex as the main interaction partner of oncogenic MN1. Specifically, our MN1 

pulldown in leukemia cells identified SmarcD2, a subunit with functional importance in 

myeloid differentiation (Michel and Kadoch, 2017; Priam et al., 2017; Witzel et al., 2017). 

We also identified Smarca4 as the predominant ATPase subunit. Smarca4 is a known 

essential gene in several other AML models (Buscarlet et al., 2014; Cruickshank et al., 

2015; Shi et al., 2013). In vivo Smarca4 deletion has only moderate effects on hematopoietic 

stem and progenitor (HSPC) compartments, while more mature myeloid compartments and 

T-cell maturation are severely affected. Nevertheless, the published differential sensitivity 

between normal HSPCs and AML on Smarca4 suggests a potential therapeutic window 

for Smarca4 inhibition in AML (Buscarlet et al., 2014). We show that overexpressed 

MN1 aberrantly stabilizes this hematopoietic progenitor BAF complex at transcription 

factor binding sites on enhancers that regulate hematopoietic stem and progenitor specific 

expression programs. We propose a model where these sites are bound cooperatively by a 

set of hematopoiesis specific transcription factors, including Meis1, Myb, Runx1, and Gata2, 

(as has been previously shown in the context of normal hematopoiesis (Wilson et al., 2010) 

and KMT2A-rearranged leukemia (Roe et al., 2015)). Decommissioning of these enhancers 
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is required for the differentiation stage appropriate downregulation of key loci such as the 

later Hoxa cluster, Meis1 or Flt3. Specifically, studies by Heuser and colleagues as well 

as our group have documented the absolute functional requirement of Hoxa9 and Meis1 

expression for the initiation and maintenance of MN1-AML (Heuser et al., 2011; Riedel et 

al., 2016). In our model, MN1 mediated stabilization of the BAF complex at these critical 

loci is associated with aberrant maintenance of an immature progenitor program resulting in 

differentiation block, proliferation and leukemia.

The ability of MN1 to stabilize the BAF complex on chromatin is strictly dependent on the 

presence of the polyQ-stretch in MN1. Deletion of the polyQ-stretch impairs MN1’s ability 

to over-stabilize the BAF complex binding to chromatin, thus releasing the differentiation 

block. PolyQ-stretches are best known for their role in neurodegenerative diseases – the so

called polyQ diseases, which includes Huntington’s disease as the most prominent example. 

In the polyQ diseases, elongation of the polyQ-stretch causes protein aggregates that result 

in neuronal death and neurodegeneration. Interestingly, overexpression of proteins such 

as Ataxin-1 or AR with a non-expanded polyQ-stretch in murine models of SCA-1 and 

SBMA phenocopied clinical and histologic features of polyQ elongation, albeit less severe 

and with a longer latency (Duvick et al., 2010; Fernandez-Funez et al., 2000; Monks et 

al., 2007; Nedelsky et al., 2010). This suggests that neurodegenerative pathology in these 

disorders is caused at least in part by increasing polyQ dosage, which can be achieved 

either by elongation of the polyQ-stretch, or overexpression of the unexpanded protein. The 

overexpression of MN1 may thus result in increased polyQ dosage similar to the elongation 

of the polyQ-stretch in neurodegenerative disease. In contrast to neurodegenerative diseases, 

the consequence of increased poly-Q dosage is not cell death, but uncontrolled growth 

and malignant transformation. The unstructured nature of intrinsically disordered regions 

(IDRs) poses formidable challenges for drug development. Nevertheless, there is interest in 

developing polyQ disruptors for neurodegenerative diseases, and it is conceivable that such 

an approach could also have activity in MN1-AML.

IDRs have been identified in several oncogenes, and were critical for the transforming 

activity of oncogenes such as mutant ENL (Wan et al., 2017) or the EWS-FLI fusion 

(Boulay et al., 2017). However, both an oncogenic mutation (point mutation or fusion) and 

the IDR were required. In contrast, overexpression of wild type MN1 is sufficient to induce 

a rapidly fatal AML. Although some MN1 translocation events do result in the generation 

of an MN1 fusion protein (MN1-ETV6, MN1-STAT3 and MN1-FLI1), the fusion partner 

is not required for leukemic transformation. The MN1 leukemia model thus presents strong 

evidence that the mere overexpression of an intrinsically disordered protein is sufficient to 

cause leukemic transformation – without the need for any coding sequence mutation.

Our study has several limitations. Most importantly, we have not identified the specific 

member of the BAF complex that interacts with MN1, or the respective domains within 

both proteins. Future studies will need to clarify the precise interaction domains. The 

disruption of protein-protein interactions is emerging as an interesting strategy for targeted 

leukemia therapy as exemplified by a series of compounds currently in early clinical trials 

which disrupt the interaction between KMT2A-fusions and their binding partner Menin 

(Grembecka et al., 2012; Krivtsov et al., 2019). It will also be important to clarify whether 
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MN1 at physiologic expression levels also binds to the BAF complex or whether this is 

only observed at pathologic expression levels, and what determines which specific subset 

of SMARCA4 containing BAF complexes that are co-occupied by MN1 on chromatin. 

Similarly, we were not able to determine whether MNΔpQ still interacts with chromatin. 

We were unable to ChIP MN1ΔpQ despite similar expression levels to full length MN1 and 

preserved interaction with the ChIP antibody on IP-Western. However, cell numbers were 

also limiting due to poor expansion of these cells. Since we cannot exclude a technical 

failure as an alternative explanation, further studies are required to clarify this point. Another 

limitation relates to the relatively long timeframe between transduction of progenitor cells 

with MN1 or MN1ΔpQ and the epigenomic/transcriptomic analysis. When correlating MN1 

peak height with changes in Smarca4 and H3K27ac, we observed a linear correlation 

between MN1 peak height and Smarca4 changes, but not the more indirect H3K27ac 

changes. H3K27ac loss was still associated with higher MN1 peaks, but the correlation 

was not linear. This may in part be due to nonuniform effects of BAF complex member 

alterations on the chromatin landscape of associated loci even when measuring on an 

extremely short time scale (Schick et al., 2021). In addition, the fact that our analysis also 

read out large scale secondary changes in chromatin modifications and gene expression 

made it difficult to distinguish and quantify primary changes induced by MN1 vs MNΔpQ.

Finally, future studies are required to mechanistically evaluate other domains that were 

previously shown to contribute to, and be required for, MN1’s oncogenic function. Of 

particular interest are the first 200 amino acids, which were found to be universally required. 

Another area of potential interest is a second Q-rich region, which by itself has minimal 

impact on leukemogenesis as reported by Lai and colleagues (Lai et al., 2014). However, 

it would be interesting to explore whether this region contributes to the hematopoietic 

malignancies with long latency and incomplete penetrance induced by the Δ458–560+Δ570–

1119 variant reported by Kandilci and colleagues (Kandilci et al., 2013).

Our findings have relevance beyond hematopoietic cancers. MN1 translocations are rare 

in AML (Wang et al., 2020), but MN1 overexpression is common, and may be driven by 

several other alterations of the non-coding genome. Furthermore, translocations without 

fusion protein generation are common in pediatric brain tumors (Sturm et al., 2016). It is 

conceivable that MN1, or other intrinsically disordered proteins, undergo similar events in 

multiple additional cancers. Enhancer hijacking is not well captured with current clinical 

diagnostic techniques, thus, these events are easily missed. MN1 translocation events 

resulting in high MN1 expression exceed the frequency of fusion proteins detectable by 

RNA-Seq, or translocations visible by cytogenetics. The comparatively high frequency of 

these translocations particularly in primitive neuroectodermal tumors (PNETs, 17%) was 

only revealed after FISH probes were specifically developed to search for disruption of the 

MN1 locus. Future systematic studies of the non-coding genome are warranted and may 

uncover similar oncogenic events in multiple other cancers.
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STAR METHODS

RESOURCE AVAILABILITY

Lead Contact: Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Kathrin M. Bernt, MD 

(berntk@email.chop.edu).

Materials availability: All model constructs made for this manuscript will be made 

available with a simple MTA.

Data and code availability: 4C, ChIP-Seq and RNA-Seq are available through GEO 

(https://www.ncbi.nlm.nih.gov/geo/): ChIP-Seq of murine leukemias: GSE154602, RNA

Seq: GSE154997, ChIP-Seq of human leukemia cell lines: GSE154985 and GSE171394, 

4C: GSE171526. Uncut blots and gels are available at Mendeley: Mendeley Data, V1, doi: 

10.17632/8k9shrb22x.1 (https://data.mendeley.com/datasets/8k9shrb22x/1)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals:  Mice for transplants were maintained at the Animal Research Facility at the 

Children’s Hospital of Philadelphia. Fully backcrossed 6–8 week old female recipient 

C57BL/6 mice were obtained from Jackson laboratory and allowed to acclimatize for one 

week prior to transplantation. Mn1+/− mice were obtained from Trevor Williams at the 

University of Colorado and maintained as heterozygotes. Mice were housed in a ASBL2 

SPF barrier facility in group housing (5 animals/cage). 3–6 month old fully backcrossed 

C57BL/6 male and female donors were used for leukemia generation.

Fully backcrossed C57BL/6 Smarca4f/f were maintained at the Animal Research Facility 

at the Université de Montréal, Canada. Thigh and hip bones of two 3–6 month old fully 

backcrossed C57BL/6 donors ( male and female) were used for leukemia generation. Whole 

bone marrow cells were isolated from donor animals and frozen in 10% DMSO after red 

cell lysis. Bone marrow cells were shipped to the University of Pennsylvania on dry ice. 

All animal breeding and experiments were approved by the Internal Animal Care and Use 

Committees of the respective institutions.

Cell Lines:  Human cell lines were purchased from the American Type Culture Collection 

(ATCC) and the German Collection of Microorganisms and Cell Cultures (DSMZ). UCSD

AML1 were grown in RPMI 1640 medium supplemented with 10% heat inactivated FBS, 

1% Penicillin/Streptomycin, and human GM-CSF (10ng/mL). Mutz-3 were grown in alpha

MEM (with ribo- and deoxyribonucleosides) + 20% heat inactivated FBS, 1% Penicillin/

Streptomycin + 20% vol conditioned medium of cell line 5637 (HTB-9). 5637, Molm14 and 

Monomac6 were grown in RPMI 1640 medium supplemented with 10% heat inactivated 

FBS, and 1% Penicillin/Streptomycin. Human 293 cells were grown in DMEM medium 

supplemented with 10% heat inactivated FBS, and 1% Penicillin/Streptomycin. Murine 

derived leukemia cells were grown in IMDM medium supplemented with 15% heat in 

activated FBS, 1% Penicillin/Streptomycin, 1% L-Glutamine, murine IL-3, murine IL-6 

(10ng/mL), and murine SCF (20ng/mL). All cells were grown in a humidified incubator at 
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37°C and 5% CO2. Cell lines were authenticated and tested for mycoplasma every 6 months 

in culture.

AMU-AML1 cell line:  AMU-AML1 cells were originally established from a patient with 

acute myeloid leukemia with multilineage dysplasia as published by Gotou and colleagues 

(Gotou et al., 2012). Karyotyping of AMU-revealed a t(12;22) translocation as the only 

cytogenetic abnormality (46, XY, t(12;22)(p13;q11.2) The breakpoints were mapped to the 

5’ untranslated region to intron 1 of TEL and the 3’ untranslated region of MN1. The 

chimeric transcript and protein of MN1-TEL could not be detected by reverse-transcriptase 

polymerase chain reaction or Western blot analysis. However, the expression levels of the 

MN1 transcript and protein were high in AMU-AML1 cells when compared with other cell 

lines with t(12;22)(p13;q11–12). In the original publication, sustained in vitro proliferation 

of AMU-AML1 cells is described. However, neither our laboratory nor Dr. Hanamura’s 

laboratory succeeded in expanding these cells in in vitro culture.

METHOD DETAILS

Chromatin Immunoprecipitation (ChIP): For histone marks, cells were crosslinked 

at room temperature for 10 min in 1% formaldehyde in PBS. Crosslinking reaction was 

stopped by adding Glycine to a final concentration of 0.125 M. All following buffers 

were supplemented with protease inhibitors (Complete Mini, Roche or Halt, Thermo Fisher 

Scientific) and 200μM Chymostatin (Cayman) (Zhong et al., 2018), steps were performed 

at 4°C. Cells were washed twice in ice cold PBS and lysed in ChIP lysis buffer (1% SDS, 

10mM EDTA, 50mM Tris-HCl pH8.1). Cells were sonicated with a qSonica sonicator for 

25 min. After spinning for 10 min at full speed, supernatant was removed and diluted 1:10 

in ChIP dilution buffer (0.01% SDS, 1.1% Triton-X100, 1.2mM EDTA, 16.7mM Tris-HCl 

pH8.1, 167 mM NaCl). Lysates were incubated with target antibodies overnight at 4°C with 

rotation. Protein A+G coated magnetic beads were added for 3h, then washed with Low 

Salt Buffer (0.8% SDS, 1% Triton-X100, 2mM EDTA, 20mM Tris-HCl pH8.1, 150mM 

NaCl), High Salt Buffer (0.8% SDS, 1% Triton-X100, 2mM EDTA, 20mM Tris-HCl 

pH8.1, 500mM NaCl), LiCl Buffer (0.25 M LiCl, 1% IGEPAL-CH 630, 1% deoxycholic 

acid sodium salt, 1mM EDTA, 10mM Tris-HCl pH8.1), and TE Buffer (1mM EDTA, 

10mM Tris-HCl pH8.1). Crosslinking was reversed in Elution Buffer (1% SDS, 0.1 M 

NaHCO3, 200mM NaCl) at 65°C overnight. Beads were eluted adding RNase A (20μg/mL) 

at 37°C and Proteinase K at 55°C (100μg/mL) for 1h each. DNA was purified using a PCR 

purification kit according to the manufacturer’s instructions. DNA was quantified using the 

Qubit assay.

For Smarca4 and HA ChIP, the protocol was the same as described for histone marks with 

the following differences: cells were crosslinked at room temperature for 50 min in PBS 

with DSG (Thermo Fisher Scientific) at 2mM final concentration, then formaldehyde was 

added. Beads were washed twice in Low Salt Buffer (0.1% SDS, 1% Triton-X100, 2mM 

EDTA, 20mM Tris-HCl pH8.1, 150mM NaCl), twice in High Salt Buffer (0.1% SDS, 1% 

Triton-X100, 2mM EDTA, 20mM Tris-HCl pH8.1, 500mM NaCl) and once in TE Buffer 

(1mM EDTA, 10mM Tris-HCl pH8.1).

Riedel et al. Page 13

Mol Cell. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Western Blotting: Samples were loaded on 4–12% 10 well precast Bis-Tris gels and 

run in MOPS running buffer (NuPage). Proteins were wet transferred in 1x transfer buffer 

(10x stock: 144g Glycine, 30.2g Tris Base, fill to 1L with MilliQ H2O) with 10% methanol 

and 0.01% SDS using a 0.45μm nitrocellulose membrane (Bio-Rad) and the XCell II Blot 

Module (Invitrogen) at 16V for 2h on ice. Membranes were blocked in 5% milk in 0.05% 

TBST for 1h, then antibody at indicated concentrations in 5% milk in 0.05% TBST was 

added. Membranes were incubated overnight at 4°C while rocking. Antibody was removed 

and membranes washed three times in 0.05% TBST, secondary antibody coupled to HRP 

was diluted 1:1000 in 5% milk in 0.05% TBST and added at room temperature for 1h. 

After three more washes with 0.05% TBST, membranes were incubated with Western 

Lighting RTM Plus-ECL reagent for 1min and exposed on HyBlot CL Autoradiography 

Film (Denville Scientific) in the darkroom.

Virus production: Retroviral supernatants were produced by cotransfecting ΔΨ and the 

respective MSCV plasmid into 293 cells grown on poly-L-lysine using FuGene6 according 

to the manufacturer’s instructions. Viral supernatant was harvested, concentrated using PEG, 

and stored at −80°C.

Protein Immunoprecipitation (IP): For the BioID system, the protocol was adapted 

from Roux and colleagues (Roux et al., 2012). All buffers were supplemented with protease 

inhibitors (Complete mini, Roche) and all IP steps were performed at 4°C. Two 10-cm 

dishes of 293T cells were transfected with 5μg BioID-MN1, or 5μg BioID-empty and 5μg 

HA-MN1 using FuGene6 according to manufacturer’s instructions. 24h after transfection, 

50μM Biotin was added, IP was started 24h later. Whole cells or nuclei were lysed in 300μL 

BioID-IP lysis+wash buffer (50mM Tris-HCl pH7.4, 150mM NaCl, 2.5mM MgCl2, 1% 

Triton-X 100, fresh 1mM DTT). Lysates were sonicated for 40s (Qsonica sonicator) and 

spun at full speed for 7min in a tabletop centrifuge. The supernatant was filled to 1mL with 

BioID-IP lysis+wash buffer and 60μL Streptavidin coated beads were added for incubation 

overnight while rotating. Beads were washed 3 times with BioID-IP lysis+wash buffer and 

twice with BioID wash buffer (50mM Tris-HCl pH7.4, 50mM NaCl). Beads were eluted by 

adding a 1:1 mixture of 4x LDS Buffer (NuPage) and 10mM Biotin + Reducing agent (1x 

final, NuPage) followed by 10min at 95°C. For Co-IPs murine leukemia cells established 

using Ty1-tagged MN1 (test) or HA tagged MN1 (control) were used. All buffers were 

supplemented with protease inhibitor (Complete Mini, Roche) and 200μM Chymostatin 

(Cayman), all steps were performed at 4°C. 4–5 million cells were lysed in 300 μL BioID-IP 

lysis+wash buffer (described above). 250U Benzonase (Sigma) was added and lysates were 

incubated for 1h on ice. After spinning at full speed for 8min in a tabletop centrifuge 

supernatant was removed and filled to 600μL total volume with BioID-IP lysis+wash buffer. 

5μg Ty1 antibody and 35μL protein A+G coated beads were added and incubated for 3–4h 

rotating. Beads were washed twice with BioID-IP lysis+wash buffer and twice with BioID 

high salt wash buffer (50mM Tris-HCl pH7.4, 500mM NaCl). Beads were eluted by adding 

2% SDS in PBS followed by 10 min at 90°C, or room temperature.

Isolation and transduction of bone marrow progenitors: Freshly isolated or 

previously frozen murine bone marrow cells were lineage depleted by staining cells with 

Riedel et al. Page 14

Mol Cell. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biotinylated lineage antibodies (CD3, CD4, CD8, Gr1, B220, CD19 all 1:100, IL7R 1:30, 

Ter119 1:400) for 30 min on ice. After washing the cells, streptavidin coated magnetic 

Dynabeads were added and incubated for 1h. After removal of the beads, the remaining cells 

were stained with FCɣ-PE, ckit-A647, Sca1-PE-Cy7, Streptavidin-APC-Cy7 (all 1:100), and 

CD34-FITC (1:30) for 1h. Cells were sorted on an Aria Fusion at the CHOP flow core. 

CMPs were defined as Lin- ckit+ sca1- CD34 intermediate FCɣ intermediate. LSKs were 

defined as Lin- ckit+ sca1+. Most experiments were conducted using CMPs as the cell of 

origin. ChIP experiments in Figure 5 used CMPs and LSKs (“HSPCs”). After sort, cells 

were prestimulated for 24h in murine bone marrow medium (see cell culture) supplemented 

with murine Flt3 ligand (20ng/mL) and murine TPO (20ng/mL). Cells were transduced on 

retronectin coated wells by adding the respective virus. 48 to 72 hours later cells were sorted 

for fluorescent marker expression on an Aria Fusion (BD) or Astrios EQ (Beckman Coulter).

Timed matings and analysis of fetal liver hematopoiesis: For fetal liver 

experiments, timed matings between two MN1+/− animals were set up, females were 

checked daily for vaginal plugs and separated after mating. Due to hypospermia pairs were 

monitors for several months before pregnancies were identified. Pups were obtained on day 

E16.5 and fetal livers were isolated by dissection. In parallel, non-hematopoietic tissue was 

obtained for genotyping. Fetal liver hematopoietic stem and progenitor cells were isolated 

by lineage depleting cells with biotinylated lineage antibodies (CD3, CD4, CD8, Gr1, B220, 

CD19 all 1:100, IL7R 1:30, Ter119 1:400) as detailed above. Lin- cells were stained with 

CD150-PE, ckit-A647, Sca1-PE-Cy7, Streptavidin-APC-Cy7 (all 1:100), and CD48-Pacific 

Blue (1:30) for 1h and analyzed by flowcytometry.

Transplantation: For MN1 or MN1-ΔpQ, bone marrow cells were transduced and sorted 

as above, and 10,000 cells/mouse were transplanted into 650cGy irradiated mice via tail 

vein injection. For Smarca4f/f and wt littermate control cell primary transplants, CMPs were 

sorted as described above. Cells were sequentially transduced with MSCV-MN1-GFP and 

MSCV-cre-dTomato. Double positive cells were sorted and 70,000 cells/mouse transplanted 

as described above.

RNA extraction: RNA was extracted using the Qiagen micro or mini kit according to the 

manufacturer’s instructions. Resulting RNA was stored at −80°C until further use.

Flow cytometry: To measure engraftment of transplanted cells, mice were bled 17–22 

days after transplant and blood was analyzed for GFP expression.

Cell cycle was determined using the Click-iT EdU A647 flow cytometry assay kit according 

to the manufacturer’s instructions. DAPI was added to visualize DNA content.

Cell death/apoptosis was determined by staining with Annexin V APC and DAPI.

Differentiation status of cells was determined by staining cells with Ly-6G/Ly-6C PE-Cy7 

(Gr1) and CD11b APC (Mac-1) for 30min in PBS with 2% FBS and 1% P/S on ice.

For all experiments data was acquired on a Cytoflex S flow cytometer (Beckman Coulter) 

and analyzed using FlowJo and Graphpad Prism software.
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Replating assay: Murine cells were plated in M3234 Methylcellulose supplemented with 

1% P/S, murine IL-3 (10ng/mL), murine IL-6 (10ng/mL), and murine SCF (20ng/mL), and 

18mL IMDM medium. Cells were replated every 5–6 days.

Immunofluorescence:

Murine leukemia cells:  Cells were washed twice in PBS then resuspended in PBS and 

pipetted into 16-well glass slides (LabTek chamber slides). After letting the cells settle for 

30 min at RT cells were fixed with 2–4% PFA in PBS for 10 min at RT. Cells were washed 3 

times with PBS, and blocked and permeabilized for 2h at 4°C in Fix+Perm buffer (1% BSA 

+ 0.2% Triton X-100 in PBS). Primary antibodies were diluted in Fix+Perm buffer 1:50 

and slides were incubated with antibody O/N at 4°C. Cells were washed 3 times with PBS. 

Secondary antibodies were diluted 1:500 in Fix+Perm buffer and incubated 2h at 4°C. Cells 

were washed once in Fix+Perm buffer and twice in PBS. DNA was stained with 280nM 

DAPI in PBS for 4min at RT followed by 3 washes in PBS. Slides were mounted using 

Vectashield Vibrance Antifade Mounting Medium and imaged the same day. Images were 

taken on a Leica DM5000B equipped with a DFC365FX camera using an HCX PL APO 

100x/1.40 – 0.70 OIL objective.

Adherent HEK293 cells:  Cells were grown on 16-well glass slides (LabTek chamber 

slides). Transfection with the respective plasmids was done using FuGENE6 (Promega). 

After 48h cells were fixed in 2% PFA in PBS for 10 min at RT. Staining was done as 

described above. For “Frankenbody”-experiments, live cells were incubated with Hoechst 

dye before fixing in 2% PFA in PBS for 7min at RT. After 3 washes with PBS slides were 

mounted and imaged as described above.

Overlap between MN1 and ARID1A was quantified using Threshold overlap score analysis 

(Stauffer et al., 2018).

Chromatin Fractionation Assay:  The protocol described by and Porter and colleagues 

(Porter et al., 2017) was used. Cells were lysed on ice for 5 min in 100μL HC buffer (20mM 

Tris-HCl pH7.4, 10mM NaCl, 3mM MgCl2). NP-40 was added to a final concentration 

of 0.1% and spun for 5 min at 6000g. Pelleted nuclei were resuspended in 100μL RIPA 

0 buffer (50mM Tris pH8, 1% NP-40, 0.25% Sodium deoxycholate, 0 mM NaCl) by 

pipetting up and down 15 times, incubated on ice for 5 min, then spun for 3 min at 

6500g. Supernatant was collected and labelled as fraction 0. This was repeated using RIPA 

buffers with increasing NaCl concentrations. All buffers were ice cold and supplemented 

with Halt (Thermo Scientific) and 0.2mM Chymostatin (Cayman). All centrifugation steps 

were carried out at 4C. Equal amounts of each collected fraction were used for analysis by 

Western Blot.

RT-qPCR:  Extracted RNA was quantified using a Nanodrop 8000 Spectrophotometer. 

MN1 was quantified using the MN1 Ipsogen kit for clinical absolute quantification of MN1 

according to the manufacturer’s instructions. For all other qPCR analyses 1μg RNA was 

used to generate cDNA using the qScript cDNA Supermix (Quanta Biosciences) according 

to the manufacturer’s instructions. Reactions were run in technical duplicates using the 
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PowerUP SYBR green MasterMix (Applied Biosciences) and indicated primer pairs on a 

QuantStudio5 qPCR machine (Applied Biosystems). RT-qPCR primers (mouse):

Name Sequence 5′ – 3′

Actin F: TATGAGCTGCCTGACGGC; R: CAGCAATGCCTGGGTACA

Hprt: F: GCAGCGTTTCTGAGCCAT; R: CATCGCTAATCACGACGC

Hoxa9 F: AGGCAAGGCCAGATTTGA; R: AGGCAAGGCCAGATTTGA

Hoxa10 F: ATCAGCCGTAGCGTCCAC; R: AGTTCTGGGGCAGAGGCT

Meis1: F: CACAGGAGACCCGACAATG; R: CATGTCCCCCGAGTTGAC

Flt3: F: TTCCTCAAAGCACCCCAG; R: TGTACCCATCCTCCAGGC

Library Preparation and sequencing of DNA and RNA:  Purified ChIP-DNA and 

isolated RNA was sent to Genewiz for library preparation and Illumina sequencing. For 

RNA-Seq, library prep was performed on PolyA selected mRNA species (eukaryotic). 

Multiplexed sequencing was conducted on Illumina HiSeq Sequencers to a read depth of 

20–30 million per sample.

RNA-Seq and GSEA analysis:  Raw short read files were quantified by using Kallisto 

[version 0.45.0, (Bray et al., 2016)] against reference genome (Human GRCh37 or Mouse 

GRCm38). Output from Kallisto was then directly imported into DESeq2 (Release 3.1) 

(Love et al., 2014) in order to identify differentially expressed genes (DEG). DEGs were 

defined as genes with False Discovery Rate (FDR) less than 0.05, adjusted p-value of ≤ 0.01, 

and fold change ≥ 1.2. The volcano plot was made using R package “EnhancedVolcano” 

(Version 1.6, Blighe K, Rana S, Lewis M (2020). EnhancedVolcano: Publication-ready 
volcano plots with enhanced colouring and labeling. R package version 1.6.0, https://

github.com/kevinblighe/EnhancedVolcano). All analysis was carried out using R, version 

3.6.3. GSEA analysis, plots, and heatmaps were carried out using GSEA (Subramanian et 

al., 2005) (version 4.0.) downloaded directly from Broad Institute. In order to use GSEA 

tool evaluating our RNA-Seq outcome, we selected ‘Standard GSEA’ as recommended, 

using normalized read counts obtained from DEseq2. All default parameters were applied.

ChIP-Seq analysis:  Raw short read files were aligned against reference genome (Human 

GRCh37 or Mouse GRCm38) using BWA [version 1.19.0, (Li and Durbin, 2009)]. We 

used the reads aligned to the reference genome to detemine transcription factor binding 

sites and histone modification levels. We first removed duplicate reads and reads aligned 

to human mitochondrial DNA in order to improve peak identification accuracy. We then 

applied Model-based Analysis of ChIP-Seq (MACS2) (Zhang et al., 2008) to the bam 

files to predict histone marker binding peaks (broad peaks option) or transcription factor 

binding peaks (narrow peaks option). Macs2 output of fold enrichment for peak’s summit 

against random Poisson distribution with local lambda was used to represent peak relative 

height. We removed any peaks identified overlapping ENCODE blacklist for human 

[http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/hg19-human] or for mouse 

[http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/mm10-mouse] (Amemiya et 

al., 2019). To identify and rank super-enhancer regions we employed the ROSE tool 
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with all default parameters (http://younglab.wi.mit.edu/super_enhancer_code.html) (Whyte 

et al., 2013). Homer (annotatePeaks.pl) was used to associate each identified super-enhancer 

region with gene annotation. The figures were generated using in house R code.

To assess the degree of correlation between MN1 peak height and loss of Smarc4 

we measured peak height difference between MN1_Smarca4 and MN1pQdel_Smarca4 

(Diff_Smarca4) at peaks identified by MACS2. We determined the degree of correlation 

between peak height of MN1 (over input) and Diff_Smarca4 using R function “cor”. The 

signficance of correlation is estimated using R function “cor.test”. We employ R package 

ggplot2 to plot the figure.

Homer (Heinz et al., 2010) “Annotating Regions in the Genome program” 

(annotatePeaks.pl) was used to annotated identified ChiP-Seq peak regions using MACS2. 

Ngs.plot (Shen et al., 2014) was applied to plot ChIP-Seq data average profiles and 

heatmaps. Motif analysis was conducted using the Homer tool ‘findMotifsGenome’. We 

used all Samrca4 detected peaks as our background in ‘findMotifsGenome’ while searching 

MN1 and Smarca4 co-occupied peak motifs. Motif logo plots were generated by Homer. 

Identified motifs were inspected carefully. Any dubious outputs were removed as suggested 

by Homer program manual.

4C Experimental Work Flow and Analysis:  4C was performed as described in (Krijger 

et al., 2020; van de Werken et al., 2012a; van de Werken et al., 2012b). In short, 10 

million cells were crosslinked for 10 minutes at room temperature in a 2% formaldehyde 

buffer. Fixation was quenched by adding glycine (0.13M final concentration) and cells were 

spun down at 4 degrees at 500g for 3 minutes. Cells were washed in cold PBS twice 

and subsequently lysed for 10 minutes on ice. Nuclei were washed in cold PBS, flash 

frozen and stored at −80 degrees. After sample collection for all four cell lines, nuclei 

pellets were thawed on ice and resuspended in 1x restriction buffer. For the first restriction, 

DpnII enzyme was used. The first ligation was performed in 1 ml total volume overnight, 

followed by purification of the 3C template using phenol/chloroform extraction and ethanol 

precipitation. Second restriction digestion was done using Csp6I enzyme followed by a 

second ligation in 7 ml total volume. 4C template was purified using phenol/chloroform 

extraction and ethanol precipitation. DNA pellet was resuspended in 500ul mQ and purified 

once more using Ampure beads to a 1:1 ratio. Four first round PCR reactions with 200ng 

4C template each were performed as described in (Krijger et al., 2020) the MN1 promoter 

viewpoint with the following primer pairs:

TACACGACGCTCTTCCGATCTGTTGGCCTCCTTAAGAGATC (reading 1) plus

ACTGGAGTTCAGACGTGTGCTCTTCCGATCGAGCCGAAGTGCAGTAGA 

(nonreading 1) and

TACACGACGCTCTTCCGATCTGGATATATACTCTTAAGACACAAAGGATC (reading 

2) plus

ACTGGAGTTCAGACGTGTGCTCTTCCGATCGGAGGGGTCTTAGTGTGAAA 

(nonreading 2).

Riedel et al. Page 18

Mol Cell. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://younglab.wi.mit.edu/super_enhancer_code.html


First round PCR reactions were pooled (4× 50ul) and 50/200 ul was purified using 50ul 

Ampure beads. Elution was done in 50 ul mQ and 10 ul of the first PCR product was used 

for the second round PCR using the Truseq universal primer 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT

CT and a barcoded reverse RPI primer 

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCT. 

PCR products were purified using Roche high pure PCR product purification kit 

(11732676001) according to manufacturer’s protocol, pooled and sequenced 1× 75 basepairs 

on a Illumina Nextseq 550. 4C reads were filtered and processed using the 4C pipeline (de 

Wit lab; https://github.com/deWitLab/4C_mapping) and mapped to the Etv6 locus. The 

peakC R package (de Wit lab; https://github.com/deWitLab/peakC) (Geeven et al., 2018) 

was used to call peaks in the 4C data with the following parameters: wsize=41, qWd=3.5, 

qWr=4. Significantly called peaks for UCSD-AML1 and Mutz-3 are indicated in 

Supplementary Figure 1 in red and 4C peaks called in both samples are highlighted as red 

boxes in Figure 1.

Alignment File Visualization:  ChiP-Seq alignment files were visualized using Integrative 

Genomics Viewer (IGV) (Robinson et al., 2011).

Mass Spectrometry (MS)-based proteomics analysis:  Sample preparation for bottom-up 

proteomics analysis was performed using S-trap (Protifi, Huntington, NY) following the 

manufacturer’s protocol with slight modifications. Protein was firstly reduced with 10 mM 

DTT for 30 min at 45 °C, and then alkylated with 20 mM IAA for 30 min at room 

temperature in the dark. Additional SDS was added to make the final concentration as 5% 

before proteins were transferred to the S-trap. Trypsin in 50 mM TEAB solution was used 

to digest 1.5 hour at 47°C. Peptides were eluted using 50% acetonitrile/0.2% formic acid, 

vacuum centrifuged to dryness, and kept at −20 °C before further analysis.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed 

using either Thermo-Fisher Orbitrap Fusion equipped with nano-EasyLC 1000 (Co

IP samples) or Q Exactive HF-X coupled with Ultimate 3000 nano-LC (Chromatin 

fractionation samples). Tryptic peptides were desalted using C18 stage tip, and separated 

on a home-packed capillary column (75 μm * 20 cm, 3 μm C18-AQ resin) using a 100 

min gradient (2–5% B for 0–5 min, 5–35% B from 5 to 95 min, 35–95% B from 95 to 

100 min and wash for 5 min at 95% B before return to 2% B for re-equilibration) at 

a flow rate of 400 nl/min. Mobile phase A consisted of 0.1% formic acid in water, and 

mobile phase B consisted of 0.1% formic acid in 80% acetonitrile. Full scan mass range 

of m/z 300–1500 was analyzed in the Orbitrap at 60,000 FWHM (200 m/z) resolution 

and 5.0e5 AGC target value with maximum injection time to 50 ms. Determined charge 

states between 2 and 5 were required, and 60 s dynamic exclusion window was used with 

isotopes excluded. For Fusion, MS/MS was performed in normal mode ion trap with the 

TopSpeed (3 seconds) using data-dependent acquisition. HCD collision energy was set to 

27% with stepped collision energy 3%, AGC target to 1.0e4 and maximum injection time to 

70 ms. For HF-X, MS/MS was performed in Orbitrap at 15,000 with TopN (top 15) using 
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data-dependent acquisition. HCD collision energy was set to 28%, AGC target to 1.0e5 and 

maximum injection time to 50 ms.

Raw files were analyzed by MaxQuant (v1.6.0.16) against Uniprot mouse proteome 

(download on 20180703) plus human MN1 and common contaminant database. The search 

included fixed modification of carbamidomethyl cysteine and variable modifications of 

methionine oxidation, and N-terminal acetylation. All other values used default settings for 

label-free quantification with match between enabled. Proteins labeled as ‘only identified by 

site’, or ‘reverse’ or ‘potential contaminant’ were excluded from further analysis. Protein 

intensities are iBAQ log2 transformed and normalized by subtracting the average.

QUANTIFICATION AND STATISTICAL ANALYSIS: Statistical analysis was 

performed using Graphpad Prism. Statistical details of standard molecular and cell biology 

experiments as well as in vivo experiments (number of experiments, replicates, definition 

of center, and dispersion and precision measures, p-value definition, statistical test used) are 

detailed in the respective figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• MN1 translocations in AML result in MN1 overexpression due to enhancer 

hijacking.

• MN1 interacts with the myeloid progenitor BAF complex.

• MN1 over-stabilizes the BAF complex at critical enhancers.

• Overexpression of the polyQ protein MN1 is sufficient to cause AML.

Riedel et al. Page 26

Mol Cell. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. The MN1 promoter interacts with ETV6 regulatory regions in t(12;22) leukemias with 
and without MN1 fusion protein.
(A) Schematic of t(12;22) translocations.

(B) Schematic of MN1 and ETV6 loci involved in t(12;22) translocation in UCSD-AML1, 

Mutz-3 and AMU-AML1 cells. UCSD-AML1 cells express a MN1-ETV6 fusion protein. 

Translocations in Mutz-3 and AMU-AML1 cells involve the native MN1 stop codon in the 

fusion. As a result, no fusion protein is generated, and only full-length MN1 is expressed on 

an RNA and protein level.
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(C) ChIP-seq tracks for H3K27ac (top) and H3K4me1 (middle) in t(12;22) cells UCSD

AML1 (red), </p/>Mutz-3 (orange) and AMU-AML1 (yellow), as well as control cells 

without MN1-translocation Molm14 (dark blue) and Monomac6 (light blue). On the left side 

the MN1 locus is shown, the right side shows the ETV6 locus. The black boxes marks a 

region within and downstream of ETV6 identified as interacting with the MN1 promoter by 

4C (see (D)).

(D) Schematic of 4C experiment anchored at the MN1 promoter.

(E) Interaction between the MN1 promoter and ETV6 enhancer / regulatory elements in 

t(12;22) UCSD-AML1 (MN1-ET6 FP) and Mutz-3 (no FP), but not Molm14 or Monomac6 

control cells. Blue: 4C sequencing tracks, red: statistically significant interaction acc PeakC 

(Geeven et al., 2018).

(F): ROSE algorithm identifies the ETV6 enhancer as super-enhancer in UCSD-AML1, 

Mutz-3 and AMU-AML1 cells.

(G): high expression of MN1 in t(12;22) UCSD-AML1 (as part of a MN1-ET6 FP) and 

Mutz-3 (no FP), but not Molm14 or Monomac6.

See also Figure S1
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Figure 2. MN1 interacts with the myeloid progenitor specific BAF complex to drive AML.
(A) MN1 CoIP in MN1-driven murine leukemia cells followed by mass spectrometry

(B) MN1 proximity-dependent biotinylation (BioID) in 293 cells followed by mass 

spectrometry (A+B) Node color represents the average protein abundance (log2 normalized 

signal intensity) of two independent experiments. Color scale goes from low abundance 

(blue) to high abundance (red). The canonical BAF complex shows the highest abundance. 

Connectivity map is based on the STRING database.
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(C) Schematic of the BAF, PBAF and non-canonical (nc) BAF complex based on (Mashtalir 

et al., 2018). Complex defining subunits are depicted in blue. The Smarcd2 subunit (green) 

has documented roles in myeloid development. Smarca4 (Brg1, red) is the ATPase subunit 

in hematopoietic progenitor cells, while in hematopoietic stem cells the ATPase subunit is 

Smarca2 (Brm).

(D) Functional validation of the BAF core ATPase subunit Smarca4 in MN1 leukemia 

– experimental schematic. CMP cells were isolated from Smarca4 wt and Smarca4 f/f 
littermates. Cells were transduced with MN1 (GFP), sorted for GFP, then transduced with 

cre recombinase (dTomato). Sorted cells were injected into mice and subjected to in vitro 

assays.

(E and F) Results from replating assays in semisolid medium. Colonies (E) and total cells 

(F) were counted every 5–6 days for a total of 3 platings. Graph shows mean and SD, n = 3 

individual experiments, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (unpaired t-test)

(G) Leukemic burden of Smarca4f/f and Smarca4−/− MN1 AML cells (GFP+) in the 

peripheral blood of mice 20 days after transplant as detected by flow cytometry., n=5–6 

animals per group, ****p<0.0001 (unpaired t-test)

(H) Kaplan Meier analysis of mice transplanted with Smarca4f/f and Smarca4−/− MN1 

AML cells. # denotes mice that succumbed to leukemia not fully deleted for Smarca4. Two 

individual CMP donors per group, n=5–6 animals per group. p<0.05 (Cox-Mantel).

See also Figure S2 and 3 and Table S1 + S2
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Figure 3. MN1 colocalizes with the BAF complex on enhancer chromatin.
(A) ChIP-seq tracks of Flt3 and Gata2 loci from MN1 driven murine leukemia cells. MN1 

track on top (red), below Smarca4 track (blue), H3K27ac (dark grey), and H3K4me1 (light 

grey).

(B) Distribution of genomic elements associated with MN1, Smarca4, H3K27ac and 

H3K4me peaks.

(C) Venn diagram of overlap between MN1, Smarca4, H3K4me1 and H3K27ac.
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(D) HOMER motif analysis of MN1 and Smarca4 co-occupied regions compared to 

Smarca4 –only. Number on the left denotes the rank of the shown motif.

(E) Immunofluorescence microscopy images of fixed and stained cells. Scale bars are 10μm. 

Representative images of MN1-driven murine leukemia cells co-stained for MN1 (red) and 

Arid1a (green). DNA was counterstained with DAPI (blue).

(F): Threshold overlap score analysis (TOS, (Stauffer et al., 2018)) of the 

immunofluorescence images in (E). Shown are three individual fields per cell line 

(representing nearly all the evaluable cells in each experiment).

A full list of the HOMER analysis is available in Table S3.
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Figure 4. MN1 is an intrinsically disordered protein with a long polyQ-stretch
(A) Representative MN1-driven murine leukemia cells stained for MN1 (red) and DNA 

counterstained with DAPI (blue).

(B) Representative MN1-ETV6 translocated human UCSD-AML1 leukemia cells stained for 

MN1 (red) and DNA counterstained with DAPI (blue).

(C) Nuclear distribution of MN1 in untransfected 293 cells (top panels, long exposure to 

capture low baseline level expression of MN1) and in MN1 transfected 293 cells (bottom 

panels, short exposure). MN1 detection using a polyclonal MN1 antibody

Riedel et al. Page 33

Mol Cell. Author manuscript; available in PMC 2022 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) confirmatory MN1 staining in 293 cells transfected with HA-tagged MN1 using an 

HA-antibody (top panels) or co-expression of an intracellular single-chain variable fragment 

binding the linear HA epitope (“Frankenbody”, bottom panels)

(E) IUPRED2 prediction for intrinsic disorder of MN1. The x-axis shows the amino acid 

position, the y-axis shows the score for the predicted disorder with a score closer to 1 

indicating higher disorder. Blue box marks the region of the 28-polyQ-stretch that was 

subsequently deleted (ΔpQ).

(F) Summary of published MN1 deletion studies (Kandilci et al., 2013; Lai et al., 2014; 

Wenge et al., 2015). Generally, red/orange areas were previously determined as necessary 

for MN1 oncogenic function, while green areas are dispensable. Specifically, the most 

N-terminal fragment AA1–200 was absolutely required for leukemia initiation in all 

studies. In contrast, deletion of AA201–404 did not affect penetrance or differentiation, 

and only minimally affected latency. This region encompasses the first Q-rich region, 

a stretch of several consecutive PQQQ motives. A series of deletions in AA404–570, 

which encompasses the second polyQ-rich region, abrogated leukemogenesis, with only 

one mutant (Δ458–560+Δ570–1119 (Kandilci et al., 2013)) reported to induce hematopoietic 

malignancy with incomplete penetrance, long latency and both T-lymphoid and myeloid 

differentiation. Remarkably, deletion of the large AA570–1119 region did not affected 

leukemogenesis. MN1 with a deletion in AA1120 – 1320 induced in a completely penetrant 

and aggressive myeloid neoplasm but failed to induce the profound differentiation block 

of full length MN1, when combined with deletions in AA570–1119, latency was also 

increased. Finally, the very C-terminus encoded by exon 2 (AA1250–1320) is not required 

(Kandilci et al., 2013).

See also Figure S4–6
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Figure 5. Overexpression of MN1 stabilizes H3K27ac at MN1-bound loci.
(A) Schematic of the experimental setup. Isolated progenitor cells were transduced with 

either MN1 or MN1-ΔpQ. GFP+ cells and GFP- cells (equals no transduction, noTD) were 

sorted and maintained in culture for 1 week to allow differentiation, then submitted to 

ChIP-Seq and RNA-Seq.

(B) Cytospins of cells transduced with the indicated construct at the time point of collection 

for ChIP-seq analysis (Figure 5) and RNA-Seq (Figure 6) analysis.
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(C) ChIP-seq tracks of murine MN1 leukemias and in vitro MN1 transduced or 

untransduced control HSPCs. The grey MN1 track at the top shows MN1 binding and 

the dark red track underneath (“MN1-leuk”) shows Smarca4 binging peaks in established 

leukemias as a reference. The remaining tracks refer to short term cultured cells as shown 

in A+B. Vertical labeling on the left (“ChIP”) indicates which marks are shown in the 

respective tracks. From top to bottom, MN1, Smarca4, H3K27ac, H3K4me1. Adjacent 

horizontal labeling (“TD” = transduction) indicates the construct used to transduce HSPCs 

or establish leukemias: MN1 (red) or MN1-ΔpQ (dark blue, “ΔpQ”). Untransduced control 

cells are light blue (“no TD” = no transduction). Shown are two loci with known functions in 

AML that display high MN1 peaks and aberrantly maintained Smarca4 binding and H3K27 

acetylation, the Hoxa-cluster on the left and Flt3 on the right.

(D) ChIP-seq tracks for H3K27ac and H3K4me1 at the Hoxa cluster and Flt3 locus during 

normal myeloid development. Tracks were obtained from publication Lara-Astiaso et al. 

Vertical labeling on the left (“ChIP”) indicates which marks are shown in the respective 

tracks. Adjacent horizontal labeling indicates the cell type. Common myeloid progenitors 

(CMP, red), granulocyte macrophage progenitors (GMP, dark grey), monocytes (Mono, light 

grey), granulocytes (Gran, blue).

(E) Tag density plot for the indicated proteins/chromatin marks of Smarca4 bound loci 

anchored on MN1 in full length MN1 (“F”), MN1-ΔpQ (“Δ”) transformed cells, and 

untransduced control cells (“N”).

(F) Correlation of MN1 peak height over background (y-axis) with the differential of 

Smarca4 peak height (x-axis) at loci that loose Smarca4 in MN1-ΔpQ transduced cells 

(ΔSmarca4, x-axis). R = Pearson correlation.

(G) Violin plot of the genome-wide correlation between dynamic or static H3K27ac peaks 

(x-axis) and MN1 peak height (y-axis). ChIP-seq identified H3K27ac peaks that are only 

present in MN1, but not MN1-ΔpQ transformed or untransduced differentiating bone 

marrow progenitors after 7 days of culture (“dynamic”). In contrast, “static” H3K27ac are 

present in all the conditions. Dynamic H3K27ac peaks were associated with greater MN1 

peak height at that locus (***p=0.0002, Mann Whitney).

See also Figure S7
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Figure 6. Overexpression of MN1, but not MN1-ΔpQ, aberrantly stabilizes the binding of the 
BAF complex to chromatin.
(A-C) Chromatin fractionation of bone marrow progenitor cells overexpressing either MN1 

or MN1-ΔpQ. Increasing salt concentrations are used to elute proteins bound to chromatin. 

Proteins with tighter binding need higher salt concentrations to be eluted. Top Panel: 

Normalized iBAQ quantified peptide abundance in indicated chromatin fractions measured 

by mass spectrometry. Bottom panel: Western blot images for the respective fractionations. 

Three key BAF complex members Smarca4 (A), Arid1a (B), and Smarcd2 (C) are shown in 

the presence of either MN1 or MN1-ΔpQ.
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(D) RNA-seq volcano plot showing genes downregulated (left, blue) and genes upregulated 

(right, orange) in MN1-ΔpQ transformed cells compared to MN1. Labels indicate 

downregulated MN1 target genes. n=4 for MN1-ΔpQ (includes n=1 noTD), n=3 for MN1.

(E) RT-qPCR confirmation of four key MN1 target loci, Hoxa9, Hoxa10, Meis1, and Flt3, 

for the three conditions MN1 (red, n=2), MN1-ΔpQ (dark blue, n=2), and noTD (light blue, 

n=1).

(F) H3K27ac ChIP-Seq signal height and position upstream, downstream and over the 

coding frame of genes that are part of the leukemogenic MN1 program as defined by Heuser 

and colleagues (Heuser et al., 2011) and downregulated in MN1-ΔpQ (blue line) compared 

to MN1 (red line) transformed cells. A set of genes with matched expression levels in MN1 

transformed cells that were not part of the MN1-program served as controls.

(G-L) GSEA analysis of differentially regulated genes in MN1-ΔpQ transformed cells 

compared to MN1. (G) The leukemogenic MN1 program as defined by Heuser and 

colleagues (Heuser et al., 2011).

(H) Genes downregulated after HOXA9 knock down (KD) (geneset: 

HOXA9_DN.V1_DOWN). (I) Genes dependent on Myb in the KMT2A/NRASG12D R2 

cells (Roe et al., 2015). (J) Gene set associated with myeloid cell development (geneset: 

BROWN_MYELOID_CELL_DEVELOPMENT_UP). (K) Genes upregulated after HOXA9 

knock down (KD) (geneset: HOXA9_DN.V1_UP). (L) Genes regulated by CEBPα. in the 

KMT2A/NRASG12D R2 cells (Roe et al., 2015)

All genesets can be found in Supplemental Table S5.

See also Figure S8, Table S4 and Table S5
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Figure 7. The MN1 polyQ-stretch is required for leukemogenesis
(A) Experimental schematic. Isolated CMPs are transduced with either MN1 or MN1-ΔpQ, 

GFP+ cells are sorted and injected into mice or used for in vitro assays.

(B) Cytospins of cells transduced with the indicated construct after the first methylcellulose 

plating (shown in C). Representative images of MN1 transduced cells (left) and MN1-ΔpQ 

transduced cells (right).

(C) Replating assay in semisolid medium. Colonies were counted every 5–6 days for four 

platings total. MN1 (red triangles) and MN1-ΔpQ (blue circles) represent data from five 

independent experiments, each plated in duplicate. The empty-GFP control (grey squares) 

shows data from one experiment plated in duplicates. **p<0.01, ***p<0.001, (unpaired 

t-test)

(D) Leukemic burden in mice transplanted with MN1 (red triangles) or MN1-ΔpQ

transduced cells (blue circles) in mice 17 days after transplantation. Peripheral blood of 

transplanted mice was collected and GFP+ cells were detected by flow cytometry. Shown are 

the mean and SD, n=5–6 animals per group, ****p<0.0001 (t-test)
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(E) Kaplan-Meier analysis of mice transplanted with MN1- (red triangles) or MN1-ΔpQ

transduced cells (blue circles). n=4–5 animals per group. p<0.005 (Cox-Mantel).

See also Figure S9
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Key Resources Table

Reagent or Resource Source Identifier

Western blot, immunoprecipitation and immunofluorescence antibodies and reagents

Smarca4 Abcam Cat # ab110641, RRID:AB_10861578

Arid1a Santa Cruz Cat # sc-32761, clone PSG3, RRID:AB_673396

Smarcd2 Bethyl Labs Cat # A301–596A, RRID:AB_1078812

HA Abcam Cat # ab9110, RRID:AB_307019

Ty1 LifeTech Cat # MA5–23513, clone BB2, RRID:AB_2610644

MN1 Lifespan Biosciences Cat # LS-C416119–100

H3K4me1 Abcam Cat # ab8895, RRID:AB_306847

H3K27ac Abcam Cat # ab4729, RRID:AB_2118291

Goat anti rabbit secondary A555 conjugated LifeTech Cat # A21428, RRID:AB_2535849

Mouse polyclonal anti-actin Milipore Sigma Cat # MAB1501, RRID:AB_2223041

Goat anti mouse secondary H+L-HPR conjugated BioRad Cat# 170–6516, RRID:AB_11125547

Goat anti rabbit secondary H+L-HPR conjugated BioRad Cat# 170–6515, RRID:AB_11125142

10% BisTris Gel Invitrogen Cat# NP0301

Pierce™ Protein A/G Magnetic Beads (IP) Pierce Cat # 88802

Protein A+G coated beads (ChIP) Magna ChIP, Millipore Cat # 16–663

Western Lighting RTM Plus-ECL Perkin-Elmer Cat# NEL104001EA

Flow cytometry antibodies

CD3, Biotin, anti-mouse Biolegend Cat# 100304, RRID:AB_312669

CD4, Biotin, anti-mouse Biolegend Cat# 100404, RRID:AB_312689

CD8α, Biotin, anti-mouse Biolegend Clone 53–6.7, Cat# 100704, RRID:AB_312743

Gr1 (Ly6-G/Ly6-C), Biotin, anti-mouse Biolegend Clone RB6–8C5y, Cat# 108404, RRID:AB_313369

Gr1 (Ly6-G/Ly6-C), PeCy7, anti-mouse Biolegend Cat# 108416, RRID:AB_313381

MAC1, APC, anti-mouse Biolegend Cat# 101212, RRID:AB_312795

B220, Biotin, anti-mouse/human Biolegend Clone RA3–6B2, Cat# 103204, RRID:AB_312989

CD19, Biotin, anti-mouse Biolegend Clone 6D5, Cat# 115504, RRID:AB_313369

IL-7Rα (CD127), Biotin, anti-mouse Biolegend Clone A7R34, Cat# 135006, RRID:AB_2126118

Ter-119, Biotin, anti-mouse Biolegend Clone TER-119, Cat# 116204, RRID:AB_313705

Streptavadin, APC-Cy7 Biolegend Cat# 405208

ckit (CD117), Alexa Fluro 647, anti-mouse Biolegend Clone 2B8, Cat# 105818, RRID:AB_493474

Sca-1 (Ly6A), Pe-Cy7, anti-mouse Invitrogen Clone D7, Ref# 25–5981-82, RRID:AB_469669

FCγR, PE, anti-mouse Biolegend Cat# 101307, RRID:AB_312806

CD34, FITC, anti-mouse Biolegend Cat# 553733

CD150, PE, anti-mouse Biolegend Clone TC15–12F12.2, Cat # 115903, 
RRID:AB_313682

CD48, Pac Blue, anti-mouse Biolegend Clone HM48–1, Cat # 103417, RRID:AB_756139

Dyanbeads M-280, Streptavidin Invitrogen Ref# 11206D

Annexin-APC BD Biosciences 550474
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Recombinant DNA

MSCV-MN1-IRES-GFP Bernt Lab, cDNA from Ellen 
Zwaarthof

N/A

MSCV-Ty1-MN1-IRES-GFP Tanja Gruber N/A

MSCV-HA-MN1-IRES-GFP Bernt Lab – newly generated N/A

HA-MN1ΔpQ-HA-IRES-GFP Bernt Lab – newly generated N/A

MSCV-IRES-dTomato Addgene Plasmid #107229

MSCV-Cre-IRES-dTomato Armstrong Lab N/A

MSCV-IRES-GFP Armstrong Lab N/A

Mouse strains

C57BL/6NJ Jackson laboratories Strain # 005304

C57BL/6 Smarca4f/f Julie Lessard N/A

Mn1+/− Trevor Williams N/A

Cytokines

Recombinant murine IL-3 PeproTech Cat# 213–13

Recombinant murine IL-6 PeproTech Cat# 216–16

Recombinant murine SCF PeproTech Cat# 250–03

Recombinant murine TPO PeproTech Cat# 315–14

Recombinant murine FLT3-L PeproTech Cat# 250–31L

Recombinant human GM-CSF PeproTech Cat# 315–03

Cell lines

UCSD-AML1 (female) DSMZ Cat# ACC691, RRID:CVCL_1853

AMU-AML1 (male) Ichiro Hanamura N/A

Mutz-3 (male) DSMZ ACC-295, RRID:CVCL_1433

Monomac6 (male) DSMZ ACC124, RRID:CVCL_1426

5637 (male) DSMZ ACC-35, RRID:CVCL_0126

Molm14 (male) DSMZ ACC-777, RRID:CVCL_7916

HEK293 (“293”) (female) ATCC CRL-1573 RRID:CVCL_0045

Cell Culture Reagents

RPMI-1640 Media VWR Cat# 10–040-CV

IMDM (Iscove’s modif of DMEM) VWR Cat# 45000–366

DMEM VWR Cat# 45000–312

Alpha MEM HyClone Cat# SH30265.01

Methylcellulose M3234 Sigma Cat# M7140

Fetal Bovine Serum Life Technologies Cat# 10438026

L-Glutamine Life Technologies Cat# 25030081

Penicillin-Streptomycin (10,000 U/mL) Invitrogen Cat# 15140122

Fugene 6 Transfection Reagent VWR Cat# PAE2692

OptiMEM Thermo Cat# 31985–062

Retronectin Clontech Laboratories Cat# T100B
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Reagent or Resource Source Identifier

Polyethylene glycol Sigma Cat# P4338

Trypan Blue Solution Mediatech Cat# MT25–900-CI

Phosphate Buffered Saline Mediatech Cat# MT21–031-CV

Lookout mycoplasma PCR detection kit Sigma Cat # MP0035–1KT

Other Reagents

BD Pharmlyse Fisher BD Cat# 555899

Chemicals

TritonX-100 VWR Cat# 9002–93-1

Hydrochloric Acid Fisher Scientific Cat# A144

Sodium Chloride (NaCl) Sigma Aldrich Cat# S9888

NP-40 (IGEPAL) Alfas Aesar Cat# J61055

Sodium dodecyl sulfate (SDS) Teknova Cat# S0288

Sodium Deoxycholate Alfas Aesar Cat# J62288

Tris-HCl Roche Cat # 10812846001

Lithium Chloride (LiCl) Alfas Aesar Cat# 36217

Ethylenediaminetetraacetic acid (EDTA) VWR Cat# E1777

Sodium Bicarbonate (NaHCO3) Fisher Scientific Cat# S233

Halt protease and phosphatase inhibitor coctail Thermo Scientific Cat# 1861281

Kits

QiAquick PCR Purification Kit Qiagen Cat# 28106

RNeasy Plus Mini Kit Qiagen Cat# 74136

RNeasy Plus Micro Kit Qiagen Cat# 74034

ZymoPURE II Plasmid Maxi Prep Kit Zymo Cat# 11–555B

Click-iT EdU Alexa Fluor™ 647 Flow 
Cytometry Assay Kit

Invitrogen Cat# C10419

Qubit Protein Assay Kit LifeTechnologies Cat# Q33211

Ipsogen MN1 ProfileQuant Qiagen Cat# 676813

Oligonucleotides

For primer sequences (qRT-PCR and 4C) please refer to Table S6

Software and Algorithms

FlowJo (Flow cytometry) FlowJo software Version 10.5.3

Graphpad Prism Graphpad software Prism 8

MaxQuant MaxQuant software Version 1.6.0.16 http://www.maxquant.org

Kallisto (RNA-Seq alignment) (Bray et al., 2016) Version 0.45.0

DESeq2 (DEG) (Love et al., 2014) Release 3.1

EnhancedVolcano (volcano plots) (Blighe K, Rana S, Lewis M, 
2020)

R package version 1.6.0, https://github.com/
kevinblighe/EnhancedVolcano

GSEA (Subramanian et al., 2005) Version 4.0

BWA (ChIP-Seq alignment) (Li and Durbin, 2009) Version 1.19.0

MACS2 (ChIP-Seq peak finding) (Zhng et al., 2008) N/A
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Reagent or Resource Source Identifier

Homer (Motif analysis) (Heinz et al., 2010) annotatePeaks.pl

ROSE (super enhancer identification) (Whyte et al., 2013) Young lab: http://younglab.wi.mit.edu/
super_enhancer_code.html

Image J National Institute of Health
https://imagej.nih.gov/ij/

TOS (Threshold overlap score analysis of IF) – 
ImageJ plugin

(Stauffer et al., 2018)
http://sites.imagej.net/EzColocalization/plugins/

4C read mapping (Geeven et al., 2018) de Wit lab: https://github.com/deWitLab/4C_mapping

peakC (4C peak calling) (Geeven et al., 2018) de Wit lab; https://github.com/deWitLab/peakC

Ngs.plot (Visualization) (Shen et al., 2014) annotatePeaks.pl

Integrative Genomics Viewer (IGV)
(Visualization)

(Robinson et al., 2011) Version 2.7
https://software.broadinstitute.org/software/igv/

Encode Peak Blacklist - human (Amemiya et al., 2019) http://mitra.stanford.edu/kundaje/akundaje/release/
blacklists/hg19-human

Encode Peak Blacklist - mouse (Amemiya et al., 2019) http://mitra.stanford.edu/kundaje/akundaje/release/
blacklists/mm10-mouse

Deposited Data

Human 4C data This paper https://www.ncbi.nlm.nih.gov/geo/: GSE171526

Human ChIP-Seq data – UCSD-AML1, AMU
AML1 and controls

This paper https://www.ncbi.nlm.nih.gov/geo/: GSE154985

Human ChIP-Seq data – Mutz3 This paper https://www.ncbi.nlm.nih.gov/geo/: GSE171394

Murine ChIP-Seq data This paper https://www.ncbi.nlm.nih.gov/geo/: GSE154602

Murine RNA-Seq data This paper https://www.ncbi.nlm.nih.gov/geo/: GSE154997

Uncut blots and gels This paper Mendeley Data, V1, doi: 10.17632/8k9shrb22x.1 
https://data.mendeley.com/datasets/8k9shrb22x/1
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