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Summary: Mutations and deletions of Polycomb Repressive Complex (PRC) 

components are increasingly recognized to affect tumor biology in a range of cancers. 

However, little is known about how genetic alterations of PRC-interacting molecules like 

the Core Binding Factor (CBF) complex influence Polycomb activity. We report that the 

acute myeloid leukemia (AML)-associated CBFβ-SMMHC fusion oncoprotein physically 

interacts with the PRC1 complex, and that these factors co-localize across the AML 

genome in an apparently PRC2-independent manner. Depletion of CBFβ-SMMHC caused 

substantial increases in genome-wide PRC1 binding and marked changes in the 

association between PRC1 and the CBF DNA-binding subunit RUNX1. PRC1 was more 

likely to be associated with actively transcribed genes in CBFβ-SMMHC-expressing cells. 

CBFβ-SMMHC depletion had heterogeneous effects on gene expression, including 

significant reductions in transcription of ribosomal loci occupied by PRC1. Our results 

provide evidence that CBFβ-SMMHC markedly and diversely affects Polycomb 

recruitment and transcriptional regulation across the AML genome. 

Keywords: Acute Myeloid Leukemia, Core Binding Factor, Oncogene, Polycomb, 

Epigenetic Regulation. 
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Introduction:  

Cancer-associated gene fusion products act as oncogenic drivers in a wide range of 

human malignancies (Gao et al., 2018; Mertens et al., 2015). These fusions have 

pleiotropic effects on tumor cell biology that frequently comprise subversion of the 

normal function of the involved wild-type (WT) factors (Mitelman et al., 2007). The 

acute myeloid leukemia (AML)-associated CBFβ-MYH11 gene fusion is generated by 

chromosomal inversion inv(16)(p13.1q22) or translocation t(16;16)(p13.1q22) and 

gives rise to the CBFβ-SMMHC oncoprotein (Liu et al., 1993). WT CBFβ forms part of the 

heterodimeric Core Binding Factor (CBF) complex along with one of three tissue-specific 

DNA-binding RUNX proteins, which in hematopoietic cells is usually RUNX1 (Bravo et al., 

2001). CBF is a critical regulator of multiple aspects of blood cell development (Kundu 

and Liu, 2003; Link et al., 2010; Speck and Gilliland, 2002), and the oncogenic effects of 

CBFβ-SMMHC are presumed to arise from subversion of WT CBF activities through 

several mechanisms. For example, CBFβ-SMMHC competes with WT CBFβ for RUNX1 

binding and sequesters RUNX1 and RUNX-interacting proteins in the cytoplasm (Adya et 

al., 1998; Kanno et al., 1998; Wee et al., 2008). CBFβ-SMMHC is also present in the 

nucleus, and has been reported to alter RUNX1 target gene expression through 

recruitment of transcriptionally repressive histone deacetylases (HDACs) (Lutterbach et 

al., 1999). We have recently shown that CBFβ-SMMHC also frequently binds to actively 

transcribed genes along with RUNX1 and other chromatin factors, including the histone 

acetyltransferase EP300 (Mandoli et al., 2014), suggesting that CBFβ-SMMHC diversely 

affects epigenetic regulation of the leukemic transcriptome.  

Perturbed epigenetic activity is increasingly recognized as a hallmark of human cancer, 

with roughly half of all malignancies having mutations or deletions in chromatin 
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modifiers (Shen and Laird, 2013; You and Jones, 2012). In particular, leukemias 

frequently harbor alterations in Polycomb factors (Iwama, 2017; Radulović et al., 2013) 

that mediate transcriptional regulation during normal hematopoiesis (Vidal and 

Starowicz, 2017). Polycomb group proteins predominantly act as epigenetic 

transcriptional repressors and function as part of multimeric complexes, of which the 

Polycomb Repressive Complexes PRC1 and PRC2 are the best described (Connelly and 

Dykhuizen, 2017; Margueron and Reinberg, 2011). In the canonical model of Polycomb 

activity, trimethylation of lysine 27 in the histone H3 tail (H3K27me3) by the PRC2 

enzymatic subunit EZH1/2 causes recruitment of PRC1, leading to RING1-mediated 

ubiquitinylation of histone H2A (H2AK119ub), heterochromatin formation and 

inhibition of transcriptional elongation (Di Croce and Helin, 2013). As predicted by this 

model, PRC1 and PRC2 are usually found at the same genetic loci (Boyer et al., 2006; 

Bracken et al., 2006; Lee et al., 2006). However, an increasing number of non-canonical 

mechanisms of PRC1 recruitment are now recognized (Dietrich et al., 2012; Wu et al., 

2013), and understanding of the diversity of mammalian Polycomb complex 

composition in different cellular contexts continues to evolve (Di Carlo et al., 2019). 

Importantly in blood cells, the CBF complex has been shown to recruit PRC1 to 

chromatin through a PRC2-independent mechanism (Yu et al., 2012). It is therefore 

likely that PRC1 recruitment is affected in hematological cancers that harbor somatic 

mutations and translocations of either RUNX1 and CBFβ which lead to subversion of WT 

CBF action (Sood et al., 2017). We decided to test this hypothesis in acute leukemia by 

evaluating the physical and functional interactions between Polycomb factors and the 

CBFβ-SMMHC oncoprotein in AML.  
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Results: 

The CBFβ-SMMHC oncoprotein physically interacts with the PRC1 complex 

We initially assessed the physical interaction between CBFβ-SMMHC and the PRC1 

complex. Our previously reported SILAC (Stable Isotope Labeling by Amino acids in 

Culture) analysis had revealed a moderate interaction between the DNA-bound CBFβ-

SMMHC/RUNX1 complex and the PRC1 component BMI-1 (Mandoli et al., 2014). To 

assess this further, we performed protein co-immunoprecipitation (Co-IP) experiments 

using extracts from the AML cell line ME-1, which expresses CBFβ-SMMHC. These cells 

also contain a tetracycline-inducible shRNA directed against CBFβ-MYH11, which we 

have previously used to assess oncoprotein-mediated gene regulation (Cordonnier et al., 

2017; Mandoli et al., 2014). 

IP with antibodies directed against RING1B (Figure 1A) and BMI-1 (Figure 1B) revealed 

that CBFβ-SMMHC interacts with each of these core components of the PRC1 complex. 

The specificity of the association was supported by the finding of marked reductions in 

the amounts of CBFβ-SMMHC detected in IP lysates following CBFβ-MYH11 knockdown 

(KD) (Figures 1A and 1B). Increased amounts of WT CBFβ in IP lysates following shRNA 

KD were also evident. In contrast to previous reports in WT blood cells (Yu et al., 2012), 

we were unable to detect co-IP of RUNX1 with either RING1B or BMI-1. We additionally 

found that CBFβ-SMMHC co-IPed with both RING1B and BMI-1 in HeLa cells in which 

the oncoprotein was ectopically expressed (Figures 1C and 1D). Taken together, these 

data strongly suggest that CBFβ-SMMHC physically interacts with the PRC1 complex in 

AML cells. 
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CBFβ-SMMHC associates with the PRC1 complex across the AML genome 

As CBFβ-SMMHC has been shown to sequester RUNX1 in the cytoplasm (Adya et al., 

1998; Kanno et al., 1998), we considered whether PRC1 localization might also be 

modified in these cells, but immunofluorescence showed that both RING1B and BMI-1 

were present in ME-1 cell nuclei (Supplemental Figure S2A). 

We therefore reasoned that the physical association of the proteins most likely reflected 

interaction at the genomic level, so performed chromatin immunoprecipitation and 

massive parallel DNA sequencing (ChIP-seq) of CBFβ-SMMHC and RING1B in ME-1 cells. 

We complemented this analysis with ChIP-seq of RUNX1, which associates with CBFβ-

SMMHC and  shares the vast majority of genomic binding sites (Mandoli et al., 2014). 

These analyses revealed a major overlap in the localization of CBFβ-SMMHC, RING1B 

and RUNX1, whereby the vast majority of RING1B-bound sites (81%) were also 

occupied by the oncoprotein (Figure 2A).    

We next performed gene ontology analysis of the peaks shared between CBFβ-SMMHC 

and RING1B. A selection of these commonly bound loci was confirmed in independent 

ChIP-QPCR experiments (Supplemental Figure S2B). Analysis using the GREAT tool 

(McLean et al., 2010) revealed that co-occupied loci frequently code for factors involved 

in RNA transcription and protein translation (Figure 2B). We have recently reported 

that CBFβ-SMMHC affects the regulation of these molecular pathways, and that 

ribosomal gene expression is significantly altered in CBFβ-SMMHC+ AML (Cordonnier et 

al., 2017). These new analyses showed that loci coding for ribosomal subunits and 

factors involved in translation were often co-occupied by CBFβ-SMMHC and RING1B 

(Figure 2C and Supplemental Figure S2C), indicating that PRC1 may participate in 

transcriptional regulation at these sites.  
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We have previously found that the ME-1 cell line provides a good model for assessment 

of CBFβ-SMMHC genomic localization, which correlates with that observed in primary 

AML samples (Mandoli et al., 2014).  To test whether the detected overlap between 

CBFβ-SMMHC and RING1B localization also pertains in vivo, we performed patient-

derived xenografts (PDX) in immunodeficient NSG-S mice (Wunderlich et al., 2010) and 

performed ChIP-seq of CBFβ-SMMHC and RING1B on Magnetic-activated cell sorting 

(MACS)-sorted blasts from leukemias derived from two separate patients (Supplemental 

Figure S2D). While the number of peaks detected in PDX samples was lower than in the 

corresponding ME-1 analysis (Supplemental Table S2), we found that 78.0% and 63.7% 

of CBFβ-SMMHC binding sites, and 74.0% and 69.2% of RING1B peaks detected in the 

two murine PDX samples were also found in ME-1 cells (Figure 2D). There was also a 

moderate variable overlap between CBFβ-SMMHC and RING1B binding in PDX samples, 

with 33.6% and 57.3% of RING1B peaks being co-occupied by CBFβ-SMMHC (Figure 

2E). In addition, 87.8% of CBFβ-SMMHC sites and 56.1% of RING1B sites were shared 

between PDX samples (Figure 2F). Overall, these and previous data support the use of 

ME-1 cells as a satisfactory proxy for the evaluation of the genomic interaction between 

CBFβ-SMMHC and RING1B in human AML, and confirm co-localization of these factors at 

similar loci in vivo. 
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CBFβ-SMMHC affects genome-wide PRC1 localization 

The physical association and large genomic overlap led us to examine whether CBFβ-

SMMHC affects the genomic localization of PRC1. We evaluated this in an ME-1 cell line 

(Mandoli et al., 2014) in which inducible expression of a CBFβ-MYH11-directed shRNA 

caused marked reductions in CBFβ-SMMHC amounts (Supplemental Figure S3A) and 

genome-wide binding (Figure 3A).  

ChIP-seq analysis revealed that genome-wide distribution of RING1B changed markedly 

following CBFβ-SMMHC depletion, with a 45% increase in detected peaks (Figure 3A) 

and significant rise in tag density (Figure 3B). We excluded that these findings reflected 

increased RING1B transcription or protein levels (Supplemental Figures S3B and S3C). 

Importantly, none of the 10,099 RING1B peaks detected exclusively after CBFβ-MYH11 

KD were present in either PDX sample (Supplemental Figure S3D). Taken together, these 

results suggest that PRC1 binding is strongly influenced by the presence of CBFβ-

SMMHC, and provide support for the specificity of the ChIP-seq peaks detected in the 

xenografted leukemias. 

We also found that CBFβ-SMMHC depletion caused major changes in the genomic 

association of RING1B and RUNX1. In the presence of the oncoprotein, 73.9% of RUNX1 

peaks are co-occupied by RING1B (Figure 2A). This overlap increased further following 

CBFβ-MYH11 KD, as RING1B was detected at nearly all (96.4%) RUNX1-bound regions 

(Figure 3C). Furthermore, a large proportion (56%) of RUNX1 sites not bound by 

RING1B in the presence of CBFβ-SMMHC were found to be co-occupied by RING1B 

following oncoprotein KD (Figure 3C, right), suggesting that the presence of CBFβ-

SMMHC significantly modulates this interaction. 
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We then performed RNA-sequencing analysis of these experiments. In keeping with our 

previous data (Mandoli et al., 2014), there were varied changes in gene transcription 

following CBFβ-MYH11 KD. Consistent with our previous report (Cordonnier et al., 

2017), genes coding for ribosomal subunit proteins were frequently downregulated, and 

RING1B occupancy tended to be increased at these loci (Supplemental Figure S3E). 

However, as observed previously, large shifts in gene expression (>2-fold) in these 

experiments were more likely to comprise reductions (175) than increases (78) 

(Supplemental Table S3). Notably, we found that RING1B localized more frequently to 

actively transcribed genes. In the presence of CBFβ-SMMHC, RING1B-bound genes were 

significantly more likely to be expressed than loci where RING1B was absent (3650 

expressed/4827 RING1B present, 75.6% v 5773 expressed/21691 RING1B absent, 

26.6%, p < 0.001). When we combined these analyses with our ChIP-seq results, we also 

found that genes that were upregulated following CBFβ-SMMHC depletion had 

significant increases in RING1B occupancy, while levels of RUNX1 and the PRC2 

component EZH2 did not change (Figure 3D, upper panel). Apart from the expected 

reductions in CBFβ-SMMHC occupancy following oncoprotein depletion, no significant 

alterations in binding of any tested factor were seen at downregulated loci (Figure 3D, 

lower panel). We additionally found that increases in gene expression strongly 

correlated with levels of H3K27 acetylation (H3K27Ac), suggesting that these 

transcriptional changes may be at least partly driven by redistribution of H3K27Ac that 

correlates with active promoter and enhancer elements (Figure 3D). 
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PRC1 localization in CBFβ-SMMHC-positive AML is mostly PRC2-independent 

ChIP-seq analysis of the PRC2 component EZH2 showed that while nearly all EZH2 sites 

were shared with RING1B in ME-1 cells, the majority of RING1B peaks (60.6%) were not 

bound by EZH2 (Figure 4A). A similar pattern of overlap was seen in both PDX samples 

(Supplemental Figure S4). This suggests that most PRC1 recruitment in CBFβ-SMMHC+ 

AML may be PRC2-independent. We found that the overwhelming majority (95.7%) of 

these putative PRC2-independent sites were associated with RUNX1 and/or CBFβ-

SMMHC (Figure 4B).  

Further analysis of these experiments revealed no evidence of any significant functional 

interplay between CBFβ-SMMHC and EZH2. For example, CBFβ-MYH11 KD resulted in 

minimal change in the genomic association of EZH2 with RING1B and RUNX1 (Figure 

4C), and we did not detect physical interaction between CBFβ-SMMHC and EZH2 

proteins, albeit in the context of incomplete EZH2 pulldown (Figure 4D). In addition, 

there were no differences in EZH2 occupancy of upregulated or downregulated genes 

(Figure 3D), while the transcription (Supplemental Figure S3B) and amounts of EZH2 

protein (Supplemental Figure S3C) did not change after CBFβ-MYH11 KD. Taken 

together, these results suggest that PRC2-mediated recruitment of PRC1 is not 

significantly affected by CBFβ-SMMHC.  
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Discussion:  

While there is much current interest in how acquired mutations and deletions of 

Polycomb factors alter oncogenic molecular processes (Chan et al., 2018; Chan and 

Morey, 2019; Laugesen et al., 2016), WT PRC complexes must also affect cancer biology. 

Our results show that the CBFβ-SMMHC fusion oncoprotein significantly modulates 

PRC1 complex activity in AML, and suggest that subversion of WT Polycomb factor 

function may be a common hallmark of cancers that harbor genetic alterations of PRC-

interacting molecules.  

Polycomb proteins are now recognized as key biological actors in human cancers and in 

acute leukemias in particular (Iwama, 2017; Radulović et al., 2013). Polycomb factors 

can have either oncogenic and tumor suppressive activities in different malignancies, 

suggesting that PRC modulation of cancer biology is highly dependent on cellular 

context (Ernst et al., 2010; Morin et al., 2010; Ntziachristos et al., 2012; Sneeringer et al., 

2010). To date, altered PRC1 activity in human cancers has most commonly been linked 

to increased expression of PRC1 complex subunits (Iwama, 2017). In keeping with this, 

PRC1 components have been shown to be oncogenic in experimental models (Jacobs et 

al., 1999a; Jacobs et al., 1999b), and to establish leukemic stem cell gene expression 

programs in myeloid progenitors (Yuan et al., 2011). In addition, non-canonical PRC1 

complexes appear to be essential for AML stem cell activity (van den Boom et al., 2016). 

PRC1 has previously been shown to cooperate with oncogenic fusion proteins in 

leukemic transformation and progression (Boukarabila et al., 2009; Rizo et al., 2010), 

proving that Polycomb proteins can affect leukemogenesis even in the context of 

oncogene-driven transcriptional dysregulation.  
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In keeping with this, a recent report demonstrated that CBFβ-SMMHC locally inhibited 

RUNX1-mediated recruitment of PRC1 at MYC enhancers (Pulikkan et al., 2018). 

Pharmacological inhibition of the oncoprotein caused eviction of SWI-SNF complexes 

from the MYC locus and replacement with PRC1, leading to MYC repression and 

apoptosis.  Our results add to these specific findings, as we show that CBFβ-SMMHC 

affects PRC1 localization at a genome-wide level in an apparently PRC2-independent 

manner. The fact that oncoprotein depletion caused major increases in global RING1B 

genomic occupancy and co-localization with RUNX1 suggests that CBFβ-SMMHC exerts 

widespread effects on PRC1 activity in human AML. In keeping with our previous results 

(Mandoli et al., 2014), the transcriptional effects of CBFβ-MYH11 KD at individual loci 

were highly varied, but genes with the most marked changes were more frequently 

downregulated than upregulated. Interestingly, RING1B levels were significantly 

increased at loci that were upregulated after KD, and RING1B was globally more likely to 

be associated with active genes in this cellular context. It is likely that further 

exploration of binding of alternative Polycomb complexes such as PRC1.1 (van den 

Boom et al., 2016), which are more likely to associate with active genes, will shed further 

light on the mechanisms that underlie these transcriptional changes.   

Among downregulated genes, we found that ribosomal subunit loci were frequently 

occupied by PRC1. We have previously reported that CBFβ-SMMHC alters ribosomal 

biogenesis (Cordonnier et al., 2017), and this was also one of the pathways that was 

most significantly deregulated following pharmaceutical inhibition of the oncoprotein 

(Pulikkan et al., 2018). Our latest results and other recent data suggest that these 

mechanisms are multifactorial, arising due to direct effects of PRC1 at ribosomal genes 

and altered activity of upstream regulators, most notably MYC.  
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CBFβ-SMMHC depletion led to increased co-localization of RUNX1 with PRC1, in keeping 

with the previously reported specific findings at the MYC locus, and of the general 

extensive RUNX1 redistribution that followed pharmaceutical oncoprotein inhibition 

(Pulikkan et al., 2018). The fact that a majority of RUNX1 sites not bound by RING1B in 

the presence of CBFβ-SMMHC were found to be co-occupied following oncoprotein 

depletion suggests that CBFβ-SMMHC partially inhibits the genomic interaction of 

RUNX1 and PRC1. As the transcriptional changes observed at these loci are varied, it is 

likely that gene expression is influenced by local chromatin architecture and the diverse 

effects of upstream molecules. More work is needed to determine how the presence of 

additional epigenetic regulators might alter expression at individual gene loci. It is well 

recognized that WT RUNX1 can interact functionally with a range of chromatin-

modifying enzymes including HDACs (Guo and Friedman, 2011) and acetyltransferases 

(Kitabayashi et al., 1998). We have previously demonstrated that CBFβ-SMMHC is often 

found at loci with dynamic histone acetylation changes (Mandoli et al., 2014), suggesting 

that these effects might also modulate transcriptional phenotype in this setting.  

While it is likely that subversion of RUNX1 function is a common underlying feature of 

CBF-altered AML, extrapolation of these specific results to other genetic backgrounds 

should be made with caution. Although we have previously found that 

haploinsufficiency of Polycomb components is common in AMLs that harbor CBF 

subunit translocations (Bond et al., 2018), co-occurrence of mutations in other 

epigenetic regulators such as the Polycomb interactors ASXL1 and ASXL2 vary greatly 

between RUNX1-RUNX1T1+ and CBFβ-SMMHC+ cases (Duployez et al., 2016), 

suggesting that specific mechanisms of epigenetic regulation differ between these 

common AML subsets. It is to be hoped that detailed mapping of Polycomb activity in 
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different genetic backgrounds will lead to a more precise understanding of cell context-

specific epigenetic disruption in human leukemias and other cancers.  
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Figure Legends: 

Figure 1: The CBFβ-SMMHC oncoprotein physically interacts with the PRC1 

complex. Protein lysates from ME-1 cells in the absence or presence of CBFβ-MYH11 

knockdown (KD) were subjected to immunoprecipitation (IP) with (A) anti-RING1B and 

(B) anti-BMI1 antibodies. The CBFβ-SMMHC fusion was detected with both anti-SMMHC 

and anti-CBFβ antibodies, while the latter antibody also detected wild-type CBFβ. 

Figures indicate relative quantification after shRNA KD. Panels (C) (anti-RING1B IP) and 

(D) (anti-BMI1 IP) show IPs in HeLa cells in which CBFβ-SMMHC was ectopically 

expressed. Short and long exposures are shown for the weaker anti-RING1B IP.  The 

original Western Blot images for panels (A) and (B) are shown in Supplementary Figure 

S1. 

Figure 2: CBFβ-SMMHC associates with the PRC1 complex across the AML genome. 

(A) Venn diagram  (made using Biovenn (Hulsen et al., 2008)) showing overlap of CBFβ-

SMMHC, RUNX1 and RING1B ChIP-seq peaks in ME-1 cells. (B) Ontology analysis of 

genomic binding sites shared by CBFβ-SMMHC and RING1B, analyzed using the GREAT 

tool (McLean et al., 2010). The top results for annotations of molecular function are 

listed. (C) ChIP-seq tracks showing CBFβ-SMMHC and RING1B presence at loci coding 

for ribosomal proteins. Images were generated using the University of California Santa 

Cruz Genome Browser tool (Kent et al., 2002). Arrows indicate transcriptional start sites 

and directions. (D) Comparison of CBFβ-SMMHC (left) and RING1B (right) binding sites 

in ChIP-seq analysis of murine patient-derived xenografts (PDX) and the ME-1 line. 

Percentages indicate the proportion of shared sites. (E) Venn diagram indicating 

percentage overlaps between CBFβ-SMMHC and RING1B peaks in PDX samples. (F) 

Comparison of CBFβ-SMMHC (left) and RING1B (right) sites in PDX samples. 
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Figure 3: CBFβ-SMMHC affects genome-wide PCR1 localization. (A) Relative changes 

in CBFβ-SMMHC, RUNX1 and RING1B peaks in the absence or presence of CBFβ-MYH11 

KD. (B) Heat maps showing tag densities in control and KD samples. (C) Comparison of 

overlap between RUNX1 and RING1B peaks in the absence or presence of KD (left upper 

and lower panels). The lower panel shows changes in binding of the subset of peaks that 

were bound by RUNX1, but not by RING1B, in control conditions. (D) Analysis of 

occupancy of the genes with the largest expression changes (>2-fold) following CBFβ-

MYH11 KD. Boxes comprise the 25th-75th percentiles and horizontal lines indicate the 

median. Whiskers extend to the 10th and 90th percentiles. Significant changes (p < 

0.001 by Wilcoxon Rank Sum test) are indicated. 

Figure 4: PRC1 localization in CBFβ-SMMHC+ AML is mostly PRC2-independent. (A) 

Venn diagrams depicting overlap in RING1B and EZH2 sites in ME-1 cells. (B) Analysis of 

CBFβ-SMMHC and RUNX1 binding at putative PRC2-independent RING1B sites, as 

defined by absence of EZH2. (C) Bar graphs depicting percentages of shared sites 

between EZH2 and each of CBFβ-SMMHC, RUNX1 and RING1B in the absence or 

presence of CBFβ-MYH11 KD. Numbers indicate EZH2 peak counts in each case. (D) Anti-

EZH2 IP of extracts from the ME-1 cell line. 
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STAR METHODS 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Jonathan Bond (jonathan.bond@ucd.ie). This study 

did not generate new unique reagents. 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Cell lines: Modified ME-1 cell line containing a tetracycline-inducible shRNA directed 

against CBFβ-MYH11 (Mandoli et al., 2014). The original ME-1 line was derived from a 

male patient with AML. HeLa cell line originally derived from a female patient with 

cervical cancer.  

Animals: Murine patient-derived xenografts were performed in ten week-old female 

NSG-SGM3 (NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ) 

mice, purchased from Charles Rivers laboratory (Bar Harbor, ME, USA). Mouse 

experiments were performed in accordance with European Union guidelines after 

approval of the protocols by the local ethical committee (Project number 

2017020814103710).  

 METHOD DETAILS 

Cell culture: The ME-1 inducible cell line was generated by transduction of ME-1 cells 

with an FH1tUTG lentiviral construct (kindly provided by Patrick W. B. Derksen, UMC 

Utrecht). Cells were grown in RPMI medium (Thermo Fisher Scientific) with 10% Fetal 

Bovine Serum (Hyclone, GE Healthcare). Expression of an shRNA that specifically targets 

the region spanning the fusion between CBFβ and MYH11 sequences 



17 

 

(GAGACAGCTTCACGAGTATGACTCGAGTCATACTCGTGAAGCTGTCTC) was induced by 

addition of doxycycline hyclate (Sigma-aldrich) at 600ng/ml. HeLa cells were grown in 

DMEM medium with 10% FBS (both Thermo Fisher Scientific). 

Protein Co-IP and immunoblotting: Cells were lysed using RIPA buffer containing 

protease inhibitor (Roche). For IP, antibodies were incubated with Dynabeads protein G 

(Invitrogen) for 40 minutes at room temperature. Following washing, protein extracts 

were incubated overnight at 4°C. Beads were washed in RIPA buffer and IP extracts 

were eluted by incubation in Laemmli buffer at 100°C for 5 minutes. Antibodies used for 

Co-IP and immunoblotting are listed in the Key Resources Table. Quantification of 

protein levels was performed using the Chemidoc XRS system and ImageLab software 

(Biorad), following normalization to ACTIN levels. 

Cell transfection: For ectopic expression of CBFβ-MYH11, HeLa cells were transfected 

using Lipofectamine® 2000 (Thermo Fisher Scientific), according to the manufacturer’s 

instructions. Transfections were performed using a pHEF1-TIG vector that contained a 

CBFβ-MYH11 cDNA amplified from the ME-1 cell line. Control cells were transfected 

with the corresponding empty GFP vector. 

Immunofluorescent staining:  Cells were attached to slides using poly-L-lysine 0.01% 

for 45 minutes at room temperature (RT), followed by fixation with formaldehyde 3.5% 

for 20 minutes and permeabilization with Triton X-100 1% for 5 minutes. Slides were 

incubated with anti-RING1B (1/100) and anti-SMMHC (1/50) antibodies (see Table 

S1A) overnight then probed with goat anti-mouse 555 Alexa red antibody (Life 

Technologies). Images were acquired on Carl Zeiss LSM 700 Confocal microscope with 

Zen 2011 software using 63x objectives at RT, and processed using ImageJ software 

(National Institutes of Health). 
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Chromatin immunoprecipitation (ChIP): Cells were crosslinked with 1% 

formaldehyde for 10 mins at room temperature. Crosslinking was quenched with 0.125 

M glycine, then cells were washed with three buffers: (1) PBS with 1.5% BSA, (2) 0.25% 

Triton X 100, 1 mM EDTA pH 8, 50 mM HEPES pH 7.5, 140 mM NaCl, 10% Glycerol, 

0.75% NP-40 (3) 200 mM NaCl, 1mM EDTA pH 8, 0.5 mM EGTA pH 8, 10 mM Tris-HCl. 

Pellets were re-suspended in ChIP incubation buffer (0.15% SDS, 1% Triton X-100, 150 

mM NaCl, 1 mM EDTA pH 8, 0.5 mM EGTA pH 8, 10mM Tris-HCl) and sonicated using a 

Bioruptor® Pico sonicator (Diagenode) for 7 min at high power (30s ON, 30s OFF) in 

order to obtain an average length for DNA fragments of approximately 100-300 bp. The 

quality of the sonication was assessing using the 2100 Bioanalyzer machine (Agilent). 

Sonicated chromatin was centrifuged at maximum speed for 10 min and then incubated 

overnight at 4°C in incubation buffer (10 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA, 0.5 

mM EGTA, 0.15% SDS, 1% Triton X 100, 0.1% BSA), with Dynabeads Protein G and the 

antibody used for ChIP (see Key Resources Table for details, including citations of 

previous use for ChIP-sequencing). Beads were washed sequentially at 4˚C with a series 

of buffers: twice with a solution of composition 0.1% SDS, 0.1% sodium deoxycholate, 

1% Triton X-100, 150 mM NaCl, 10mM Tris pH 8, TEE (10 mM Tris pH 8, 1mM EDTA and 

0.5mM EGTA); once with a buffer of identical composition other than an increased 

concentration of NaCl (500 mM); once with a solution of composition 0.25 M LiCl, 0.5% 

DOC, 0.5% NP-40, TEE; and finally twice with TEE. All buffers to this point were 

supplemented with protease inhibitors. Precipitated chromatin was eluted with 200 ul 

of elution buffer (1% SDS, 0.1 M NaHCO3, 10ul/ml RNAse A) at room temperature for 30 

minutes. Samples were de-crosslinked at 65°C overnight in the presence of 200 mM 

NaCl, then treated with 0.2mg/ml of proteinase K (42°C for 2 hours). ChIP DNA was 
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purified using QiaQuick PCR Purification Kit (Qiagen, 28106). Primers used for ChIP-

QPCR are shown in the Key Resources Table. 

RNA preparation and QPCR: RNA was extracted using Trizol/ Chloroform and Qiagen 

RNeasy kits, with extraction protocols adapted according to cell numbers. For high-

throughput sequencing, RNA concentration was measured with a Qubit fluorometer 

(Invitrogen). Ribosomal RNA was removed by Ribo-Zero rRNA Removal Kit (Epicentre) 

according to the manufacturer’s instructions. 16 µl of purified RNA was fragmented by 

addition of 4 µl 5  fragmentation buffer (200 mM Tris-acetate pH 8.2, 500 mM 

potassium acetate and 150 mM magnesium acetate) and incubated at 94  for exactly 

90s. After ethanol precipitation, fragmented RNA was mixed with 5 µg random 

hexamers, followed by incubation at 70  for 10 min and chilling on ice. We synthesized 

the first-strand cDNA with this RNA primer mix by adding 4 µl 5  first-strand buffer, 2 

µl 100 mM DTT, 1 µl 10 mM dNTPs, 132 ng of actinomycin D, 200 U SuperScript III, 

followed by 2 h incubation at 48 . First strand cDNA was purified by Qiagen mini elute 

column to remove dNTPs and eluted in 34 µl elution buffer. Second-strand cDNA was 

synthesized by adding 91.8 µl, 5 µg random hexamers, 4 µl of 5  first-strand buffer, 2 µl 

of 100 mM DTT, 4 µl of 10 mM dNTPs with dTTP replaced by dUTP, 30 µl of 5  second-

strand buffer, 40 U of Escherichia coli DNA polymerase, 10 U of E. coli DNA ligase and 2 

U of E. coli RNase H, and incubated at 16  for 2 h followed by incubation with 10 U T4 

polymerase at 16  for 10 minutes. Double-stranded cDNA was purified by Qiagen mini 

elute column and used for library preparation as described in the KAPA HyperPrep 

protocol. We incubated 1 U USER (NEB) with adaptor-ligated cDNA at 37  for 15 min 

followed by 5 min at 95  before PCR. For RT-QPCR, 1µg of RNA was retrotranscribed 

using Superscript III (Life Technologies). QPCR was performed using either Taqman or 



20 

 

SYBR® Green PCR Master Mix (Both Life Technologies) using standard protocols. 

Primer and Probe sequences are detailed in the Key Resources Table.  

High-throughput sequencing and analysis: ChIP-seq and RNA-seq libraries were 

loaded on E-gel and a band corresponding to ~300 bp (DNA  Adaptor) was collected. 

After quality assessment, the eligible library was sequenced on the Illumina HiSeq 2000 

machine and generated 42 to 52 bp tags. After read mapping to the hg19 reference 

genome using BWA (Li and Durbin, 2009) and removal of PCR duplicates by Picard 

MarkDuplicates option (http://broadinstitute.github.io/picard/), peak calling was 

conducted using MACS1.3.3(Zhang et al., 2008) at a p-value cutoff of 10-6. Read counts 

for each putative region were enumerated and then normalized to RPKM (reads per 

kilobase of gene length per million reads) for visualization in heat maps or boxplots. For 

each base pair in the genome, the number of overlapping sequence reads was 

determined, averaged over a 10 bp window and visualized in the UCSC genome browser 

(http://genome.ucsc.edu). Gene ontology analysis was performed using the Genomic 

Regions Enrichment of Annotations Tool (GREAT (McLean et al., 2010)). Default 

statistical parameters were used to detect nearby genes (≤ 10kb). Ontology was defined 

by the GREAT program. 

Murine patient-derived xenografts were performed in ten week-old female NSG-SGM3 

(NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ) mice, 

purchased from Charles Rivers laboratory (Bar Harbor, ME, USA). Mouse experiments 

were performed in accordance with European Union guidelines after approval of the 

protocols by the local ethical committee (Project number 2017020814103710). Primary 

AML cells were obtained from two patients, referred to here as PDX1 and PDX2. Clinical 

details are shown in Supplemental Table S4. Mice were injected intra-tibially with 1.5 - 3 
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x 106 primary AML cells 24 hours after sublethal irradiation (0.5cGy for 30 seconds). 

Mice were sacrificed when chimerism levels in the bone marrow exceeded 70%, or if 

deemed humanely necessary. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical analyses: Figure 3D: Wilcoxon signed-rank test to test differences in factor 

occupancy of loci with largest expression changes (>2-fold) following CBFβ-MYH11 KD. 

n= 2 RNA-seq replicates and n = 1 for each ChIP-sequencing replicate (WT and post-

knockdown). Boxes comprise the 25th-75th percentiles and horizontal lines indicate the 

median. Whiskers extend to the 10th and 90th percentiles. 

Results section: Fisher’s exact test was used to test differences in individual gene 

expression between RNA-seq replicates (n = 2) and RING1B occupancy of expressed and 

non-expressed loci (n = 1 for each ChIP-sequencing replicate).  

Software: BWA (Li and Durbin, 2009), Picard MarkDuplicates 

(http://broadinstitute.github.io/picard/), MACS1.3.3 (Zhang et al., 2008) Genomic 

Regions Enrichment of Annotations Tool (GREAT (McLean et al., 2010)), as detailed in 

the methods section (high-throughput sequencing and analysis) and Key Resources 

Table. 

 DATA AND CODE AVAILABILITY 

ChIP-seq and RNA-seq data files have been uploaded to the Gene Expression Omnibus 

with the associated GSE GSE128771.  
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

SMMHC (Mandoli et al., 2014) Novus Biologicals Cat#21370002 

RUNX1 (Martens et al., 2012; Tijssen et al., 2011; 

Wilson et al., 2010; Yu et al., 2012) 
Abcam Cat#ab23980 

CBFβ Abcam Cat#ab33516 

RING1B (Landeira et al., 2010; Mendenhall et al., 2010) MBL Life Science Cat#D139-3 

BMI1 Active Motif Cat#39994 

EZH2 (Chng et al., 2012; Inoue et al., 2013; Knutson et 

al., 2014; Kumar and Duester, 2014; Tong et al., 2014) 
Active Motif Cat#39901 

ACTIN Abcam Cat#ab3280 

Normal mouse IgG Santa Cruz Cat#sc-2025 

Normal rabbit IgG Santa Cruz Cat#sc-2027 

Biological Samples 

Patient-derived xenografts (PDX) Local samples See methods. 

Critical Commercial Assays 

EZH2 Taqman QPCR assay ThermoFisher Hs01016789_m1 

EED Taqman QPCR assay ThermoFisher Hs00537777_m1 

SUZ12 Taqman QPCR assay ThermoFisher Hs00248742_m1 

Deposited Data 

ChIP-seq and RNA-seq data This paper GEO: GSE128771 

Experimental Models: Cell Lines 

ME-1 line with inducible shRNA against CBFβ-MYH11 (Mandoli et al., 2014) N/A 

HeLa cell line DSMZ Cat#ACC57 

Experimental Models: Organisms/Strains 

Mouse: NSG-SGM3 (NOD.Cg-Prkdcscid Il2rgtm1Wjl 

Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ) 

Charles River 

Laboratories 

JAX™ strain code: 

013062 

Oligonucleotides 

See Table S1 for full details.   



23 

 

Recombinant DNA 

pHEF1-TIG-CBFβ-MYH11 Cloned locally N/A 

Software and Algorithms 

BWA (Li and Durbin, 2009) http://bio-

bwa.sourceforge.net/ 

Picard MarkDuplicates option N/A http://broadinstitute.g

ithub.io/picard/ 

MACS1.3.3 (Zhang et al., 2008) http://liulab.dfci.harv

ard.edu/MACS/ 

Genomic Regions Enrichment of Annotations Tool 

(GREAT) 

 (McLean et al., 

2010)). 

http://great.stanford.

edu/public/html/ 
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