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SUMMARY

Abnormal activation of SETBP1 due to overexpression or missense mutations
occurs frequently in various myeloid neoplasms and associates with poor prog-
nosis. Direct activation of Hoxa9/Hoxa10/Myb transcription by SETBP1 and its
missense mutants is essential for their transforming capability; however, the un-
derlying epigenetic mechanisms remain elusive. We found that both SETBP1
and its missense mutant SETBP1(D/N) directly interact with histone methyl-
transferase MLL1. Using a combination of ChIP-seq and RNA-seq analysis in pri-
mary hematopoietic stem and progenitor cells, we uncovered extensive overlap
in their genomic occupancy and their cooperation in activating many oncogenic
transcription factor genes including Hoxa9/Hoxa10/Myb and a large group of
ribosomal protein genes. Genetic ablation of Mll1 as well as treatment with
an inhibitor of the MLL1 complex OICR-9429 abrogated Setbp1/Setbp1(D/N)-
induced transcriptional activation and transformation. Thus, the MLL1 complex
plays a critical role in Setbp1-induced transcriptional activation and transforma-
tion and represents a promising target for treating myeloid neoplasms with
SETBP1 activation.
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INTRODUCTION

SETBP1 is a nuclear protein first identified through its interaction with oncoprotein SET (also known as

TAF-I) (Minakuchi et al., 2001). Growing evidence suggests its abnormal activation may play an important

role in the development of a number of myeloid malignancies. Overexpression of SETBP1 has been

found in up to 30% of patients with primary acute myeloid leukemia (AML) (Cristobal et al., 2010; Lucas

et al., 2018) and a subset of patients with chronic myeloid leukemia (CML) blast crisis (Oakley et al., 2012).

SETBP1 overexpression also has been identified as a signature for leukemia-initiating cells (LICs) in hu-

man AMLs (Gentles et al., 2010). In addition, missense mutations in SETBP1 stabilizing its protein have

been found to occur frequently in atypical chronic myeloid leukemia (Piazza et al., 2013), chronic myelo-

monocytic leukemia (Makishima et al., 2013), secondary AML (sAML) (Makishima et al., 2013), and juvenile

myelomonocytic leukemia (Sakaguchi et al., 2013) and myelodysplastic syndrome (Damm et al., 2013;

Fernandez-Mercado et al., 2013). SETBP1 activation likely plays an important role in driving transforma-

tion in these diseases as both wild-type Setbp1 and its missense mutants have been shown to be potent

oncogenes in mice (Nguyen et al., 2016; Vishwakarma et al., 2016). SETBP1 activation by overexpression

or missense mutations also has been associated with a poor prognosis in many of these diseases, under-

scoring the need to develop effective targeted therapies. Multiple mechanisms may contribute to the

oncogenic function of SETBP1. Early studies suggested that SETBP1 may promote inhibition of PP2A

through physical interaction with SET (Cristobal et al., 2010). We have found that SETBP1 can function

as an AT-hook transcription factor to activate transcription of the oncogenes Hoxa9/Hoxa10/Myb and

also repress the transcription of Runx1 (Nguyen et al., 2016, 2019; Oakley et al., 2012; Vishwakarma

et al., 2016). In addition, overexpression of Setbp1 can help confer unlimited self-renewal capability to

granulocyte macrophage progenitors, indicating that it may play an important role in LIC self-renewal

regulation in myeloid leukemias (Oakley et al., 2012; Ott et al., 2006). Since activation of Hoxa9/

Hoxa10/Myb has been shown to be essential for SETBP1 and its missense mutants to induce transforma-

tion, blocking their activation represents an attractive strategy for treating myeloid neoplasms with

SETBP1 activation. However, the molecular mechanisms responsible for such activation remains largely

unknown, which significantly hampers the efforts in designing and testing this strategy.
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TheMLL1 (also known as KMT2A,MLL, HRX, ALL1) gene encodes a histone methyltransferase homologous

to the Drosophila melanogaster Trithorax (Trx) and is widely expressed in many tissues. The full-length

MLL1 protein is known to be cleaved by Taspase-1 into two fragments, MLL1-N and MLL1-C (Hsieh

et al., 2003; Yokoyama et al., 2002). MLL1-N and MLL1-C normally associate with one another as compo-

nents of a multiprotein complex (MLL1 complex) with additional core components including MENIN (Yo-

koyama et al., 2004), PSIP1 (also known as LEDGF) (Yokoyama and Cleary, 2008), ASH2L (Steward et al.,

2006), WDR5 (Dou et al., 2006; Ruthenburg et al., 2006), RBBP5 (Cao et al., 2010; Nayak et al., 2014), and

DPY30 (Jiang et al., 2011; Patel et al., 2009). The SET domain of MLL1 catalyzes mono-, di-, and tri-methyl-

ation of lysine 4 on histone 3 (H3K4); however, recent studies have suggested that this enzymatic activity of

MLL1 is not essential for its activation of gene transcription, whereas H4K16 acetylation induced through its

recruitment of KAT8 is critical (Mishra et al., 2014). Gene targeting studies in mice have shown that Mll1 is

essential for normal fetal and adult hematopoiesis (Jude et al., 2007; McMahon et al., 2007). MLL1 also is

involved in chromosomal translocations in AML and acute lymphoblastic leukemia, leading to the produc-

tion of fusion proteins with the N-terminal part of MLL1 fused with the C terminus of over 90 different fusion

partners (Meyer et al., 2018). Transcriptional activation of a number of oncogenes by the MLL1 fusion pro-

teins, including HOXA genes,MEIS1,MYC, and EYA1, have been found to be critical for leukemia transfor-

mation (Armstrong et al., 2002; Krivtsov et al., 2006; Wang et al., 2011; Wong et al., 2007; Zuber et al., 2011).

A recent study also has suggested that direct activation of ribosome protein genes by MLL1 fusion proteins

likely plays an important role in their induction of transformation (Garcia-Cuellar et al., 2016). Besides chro-

mosomal rearrangements, wild-type MLL1 has also been shown recently to be critical for leukemia devel-

opment induced by NUP98 fusions, NPM1mutations, andMN1 overexpression (Kuhn et al., 2016; Libbrecht

et al., 2021; Xu et al., 2016).

Here we uncovered direct physical interactions of MLL1 with SETBP1 and its missense mutant SETBP1(D/N)

and established MLL1 complex as an essential cofactor complex for both to activate target gene transcrip-

tion and to induce transformation of hematopoietic progenitor cells. By integrating results from RNA-seq

and ChIP-seq analysis, we also identify a comprehensive list of SETBP1 targets that are co-regulated by

MLL1 and identify ribosome biogenesis as a downstream pathway of SETBP1 activation. Moreover, our

study also suggests that blocking the interaction between WDR5 and MLL1 may be effective for treating

myeloid neoplasms with SETBP1 activation.
RESULTS

Mll1 is required for SETBP1-induced transcriptional activation of Hoxa9/Hoxa10/Myb

Epigenetic regulators have been implicated in the regulation of self-renewal of LICs (Cozzio et al., 2003;

Huntly et al., 2004; Kouzarides, 2007; Lessard and Sauvageau, 2003). In an effort to identify potential

epigenetic mechanisms critical for Setbp1-induced self-renewal, we found that the levels of H3K4 tri-

methylation at Hoxa9 in Setbp1-immortalized myeloid progenitors decreased significantly after Setbp1

knockdown (Figure 1A), suggesting that a histone methyltransferase is recruited by SETBP1 to the

Hoxa9 locus. Histone methyltransferase gene Mll1 is expressed in hematopoietic stem and progenitor

cells (Butler et al., 1997; Gu et al., 1992; Jude et al., 2007; Kawagoe et al., 1999; Phillips et al., 2000; Tka-

chuk et al., 1992) and is known to regulate Hoxa9 transcription in myeloid cells (Milne et al., 2002; Na-

kamura et al., 2002), suggesting it could cooperate with Setbp1 in activating Hoxa9 transcription. Consis-

tent with this notion, Setbp1 knockdown also significantly reduced the levels of H4K16 acetylation at

Hoxa9 (Figure 1B), which is maintained by the MLL1 complex (Mishra et al., 2014). Moreover, significant

binding by MLL1 was readily detected at all tested regions of Hoxa9 locus in Setbp1-immortalized cells

and displayed a similar pattern as SETBP1 (Figure 1C). Furthermore, resembling Setbp1 knockdown,

knockdown of Mll1 in Setbp1-immortalized cells caused significant reduction in the mRNA levels of

Hoxa9/Hoxa10/Myb (Figures 1D and S1A), suggesting that Mll1 is critical for SETBP1 to activate their

transcription. Similar occupancy by MLL1 at Hoxa9 was also detected in myeloid progenitors immortal-

ized by Setbp1(D/N) (Figure 1E), which contains the missense mutation D868N frequently identified in

various myeloid neoplasms (Makishima et al., 2013). Knockdown of either Mll1 or Setbp1(D/N) in these

cells also induced a significant reduction in Hoxa9/Hoxa10/Myb mRNA levels (Figures 1F and S1B), sug-

gesting that the Mll1 is also critical for SETBP1 missense mutants to activate transcription. In addition,

knockdown of MLL1 in primary leukemia cells from patients with sAML with SETBP1 mutations and pa-

tients with primary AML (pAML) with overexpression of wild-type SETBP1 also significantly reduced their

HOXA9/HOXA10/MYB mRNA levels (Figures 1G and S1C–S1F), suggesting that the dependency on

MLL1 is also conserved in human AML cells with SETBP1 activation. Collectively, these results suggest
2 iScience 25, 103679, January 21, 2022
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Figure 1. MLL1 is a critical partner for SETBP1/SETBP1(D/N) to activate Hoxa9/Hoxa10/Myb transcription

(A) Chromatin immunoprecipitation (ChIP) analysis of indicated regions of Hoxa9 promoter relative to transcriptional start site using an antibody specific for

H3K4me3 in mouse myeloid progenitor cells immortalized by transduction with pMYs-3xFLAG-Setbp1-IRES-GFP virus at 72 h after transduction with a

lentiviral shRNA targetingGFP (GFP-sh) and a non-targeting shRNA (NC-sh). Data are represented asmeanG SD (n = 3). *, p <0.05; **, p <0.01; ***, p <0.001

(two-tailed Student’s t test).

(B) ChIP analysis of indicated regions of Hoxa9 promoter in same cells as in (A) using an H4K16ac-specific antibody. Data are represented as mean G SD

(n = 3). *, p <0.05; ***, p <0.001 (two-tailed Student’s t test).

(C) ChIP analysis of Hoxa9 promoter regions in same cells as in (A) using antibodies specific for MLL1-N and MLL1-C fragments (left panel) and anti-FLAGM2

(right panel). Data are represented as mean G SD (n = 3).

(D) Left panel, real-time RT-PCR analysis of relative Hoxa9/Hoxa10/Myb mRNA levels in Setbp1-immortalized cells at 72 h after transduction with Mll1-

specific shRNAs (Mll1-sh1 and -sh2) or a non-targeting control shRNA (NC-sh). Data are represented as meanG SD (n = 3). *, p <0.05; **, p <0.01 (two-tailed

Student’s t test). Right panel, western blotting analysis of the same transduced cells using indicated antibodies.

(E) ChIP analysis of Hoxa9 promoter regions in mouse myeloid progenitor cells immortalized by transduction with pMYs-3xFLAG-Setbp1(D/N)-IRES-GFP

virus using antibodies specific for MLL1-N and MLL1-C fragments (left panel) and anti-FLAG M2 (right panel). Data are represented as mean G SD (n = 3).

(F) Left panel, real-time RT-PCR analysis of relative Hoxa9/Hoxa10/Myb mRNA levels in Setbp1(D/N)-immortalized cells at 72 h after transduction with the

same lentiviral shRNAs as in (D). Data are represented as mean G SD (n = 3). *, p <0.05; **, p <0.01 (two-tailed Student’s t test). Right panel, western blotting

analysis of the same transduced cells using indicated antibodies.

(G) Left panel, real-time RT-PCR analysis of relative HOXA9, HOXA10, andMYBmRNA levels in primary human sAML cells with a SETBP1missense mutation

(p.D868Y) at 72 h after transduction with indicated negative control or MLL1-specific shRNAs. Data are represented as mean G SD (n = 3). **, p <0.01;

***, p <0.001 (two-tailed Student’s t test). Right panel, Western blotting analysis of same transduced cells using indicated antibodies.
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that MLL1 is a critical cooperating partner for SETBP1 and its missense mutants in activating gene

transcription.

Direct physical interaction between SETBP1/SETBP1(D/N) and MLL1

Similar binding patterns of MLL1 and SETBP1 at Hoxa9 promoter suggest that they may form a complex to

activate gene transcription. To test whether SETBP1 and its missense mutants could physically associate

with MLL1, we transiently transfected HEK293T cells, which normally express MLL1, with a construct ex-

pressing an N-terminally 3xFLAG-tagged SETBP1 or SETBP1(D/N) carrying the recurrent D868N mutation

(Makishima et al., 2013) and performed immunoprecipitation studies using the anti-FLAGM2 antibody. The

full-length MLL1 protein is normally processed into two proteolytic fragments MLL1-N and MLL1-C (Hsieh

et al., 2003; Yokoyama et al., 2002). BothMLL1 fragments were readily detected in immunoprecipitates pre-

pared from Setbp1 and Setbp1(D/N) transfected cells but not in precipitates obtained from empty vector

transfected cells (Figure 2A), suggesting that they can physically associate with SETBP1 and its missense

mutants. The complex formation of SETBP1/SETBP1(D/N) with MLL1 was confirmed by reverse immuno-

precipitation using a MLL1-specific antibody (Figure 2B). Other components of the MLL1 complex

including MENIN, PSIP1, ASH2L, and WDR5 were also pulled down together with SETBP1/SETBP1(D/N)

(Figure 2C), suggesting that the entire MLL1 complex is associated with SETBP1/SETBP1(D/N). To test

whether such association occurs in myeloid cells, we performed co-immunoprecipitation in myeloid pro-

genitors immortalized by 3xFLAG-tagged SETBP1 or SETBP1(D/N). MLL1 was efficiently pulled down in

these cells by the anti-FLAG M2 antibody (Figure 2D). In addition, this association was confirmed by the

extensive co-localization of MLL1 with SETBP1/SETBP1(D/N) in these cells detected by co-immunofluores-

cence studies (Figures 2E and 2F). In supporting this physical association in normal hematopoietic stem and

progenitor cells, significant co-localization of MLL1 with SETBP1 was also detected in purified mouse

Lin�Sca-1+c-Kit+ (LSK) cells (Figure S2). Taken together, these data suggest that SETBP1/SETBP1(D/N)

physically associate with the MLL1 complex to activate transcription in myeloid progenitor cells.

We further tested the possibility that MLL1 may interact directly with SETBP1/SETBP1(D/N). We synthe-

sized five 3xHA-taggedMLL1 fragments derived from both the MLL1-N region (N1-N3) and the MLL1-C re-

gion (C1 and C2) and 3x-FLAG-tagged full-length SETBP1 protein by in vitro transcription and translation

and tested their interaction in binding assays (Figure 3A). We found that all MLL1 fragments except C1 can

interact with SETBP1 and SETBP1(D/N) by immunoprecipitation studies using either the anti-FLAG M2 or

an anti-HA antibody (Figures 3B and 3C). These results suggest that multiple regions of MLL1 are in direct

contact with SETBP1/SETBP1(D/N) in their interaction.

Global gene transcription regulated by SETBP1/SETBP1(D/N)

To better understand the significance of MLL1-SETBP1/SETBP1(D/N) interaction in regulating gene transcrip-

tion, we firstmapped the genomic binding profiles of SETBP1 andSETBP1(D/N) in hematopoietic stemandpro-

genitor cells by ChIP sequencing. We transduced mouse LSK cells with pMYs retrovirus expressing 3xFLAG-

tagged SETBP1 or SETBP1(D/N) and subsequently sorted the transduced cells based on GFP positivity. After

a brief expansion of the cells in methylcellulose medium, the genome-wide binding targets of SETBP1 and

SETBP1(D/N) were subsequently identified by ChIP sequencing using the anti-FLAG M2 antibody.

A total of 110,847 and 180,732 peaks were identified (with q-value % 0.05) for SETBP1 and SETBP1(D/N)

occupancy, respectively. To focus our analysis on the most significant peaks, the top 5,000 peaks for

each occupancy based on q-value were further analyzed. About 18.9% (947 peaks) of the SETBP1 peaks

and 18.7% (935 peaks) of the SETBP1(D/N) peaks were mapped at promoter regions. In addition, 50.9%

(2545 peaks) of the SETBP1 peaks and 48.1% (2406 peaks) of the SETBP1(D/N) peaks were located at intra-

genic regions, whereas 30.2% (1508 peaks) of the SETBP1 peaks and 33.2% (1659 peaks) of the

SETBP1(D/N) peaks were present in intergenic regions (Figure 4A). A majority of the peaks mapped to

intragenic and intergenic regions, suggesting that SETBP1 and SETBP1(D/N) may regulate transcription

mostly through binding to enhancers and repressors. Consistent with the presence of three AT-hook

DNA-binding motifs in SETBP1 protein, a similar AT-enriched consensus motif was found to associate

with over 19% of SETBP1 and SETBP1(D/N) peaks (Figure S3A). A direct comparison of the SETBP1 peaks

with the SETBP1(D/N) peaks showed that 43.7% (414 peaks), 18.5% (472 peaks), and 21% (317 peaks) of the

SETBP1 peaks overlap with the SETBP1(D/N) peaks at promoter, intragenic, and intergenic regions,

respectively (Figure 4A). This significant overlap in binding suggests that both proteins may regulate similar

target genes in driving leukemia transformation.
4 iScience 25, 103679, January 21, 2022
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Figure 2. MLL1 physically associates with SETBP1 and SETBP1(D/N)

(A) Western blotting analysis of M2 immunoprecipitates prepared from nuclear extract of HEK293T cells transiently transfected with empty pMYs vector or

pMYs construct expressing 3xFLAG-tagged Setbp1 or Setbp1(D/N) using indicated specific antibodies.

(B) Western blotting analysis of immunoprecipitates prepared with an MLL1-N-specific antibody from the same nuclear extracts as in (A) using the indicated

specific antibodies.

(C) Western blotting analysis of M2 immunoprecipitates similarly prepared as in (A) using additional specific antibodies.

(D) Western blotting analysis of M2 and IgG immunoprecipitates prepared frommyeloid progenitors immortalized by 3xFLAG-tagged Setbp1 or Setbp1(D/

N) using indicated specific antibodies.

(E) Immunofluorescence staining of Setbp1-immortalized myeloid progenitors using a SETBP1-specific antibody together with either an MLL1-N-specific or

MLL1-C-specific antibody. Nuclei were counterstained with DAPI. Scale bar, 10 mm.

(F) Same immunofluorescence staining as in (D) for Setbp1(D/N)-immortalized myeloid progenitors. Scale bar, 10 mm.
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In order to determine how genomic occupancy by SETBP1 and SETBP1(D/N) may affect gene expression,

we also examined and compared the gene expression profiles of Setbp1- and Setbp1(D/N)-expressing

cells with that of control cells infected with empty pMYs virus by RNA-seq analysis. A total of 2,599

and 3,512 differentially expressed genes (DEGs) with expression changes greater than 2-fold were iden-

tified for Setbp1- and Setbp1(D/N)-expressing cells, respectively (Figure 4B and Tables S1 and S2). A to-

tal of 1,284 and 1,719 genes were upregulated by R2-fold by SETBP1 and SETBP1(D/N) respectively,

whereas 1,315 and 1,793 genes were downregulated (Figures 4B and Tables S1 and S2). When the

gene expression profiles of Setbp1- and Setbp1(D/N)-expressing cells were directly compared with

each other, only 135 genes showed expression changes by R2-fold (Table S3), suggesting that SETBP1

and SETBP1(D/N) regulate similar pathways in driving leukemia transformation. To identify these
iScience 25, 103679, January 21, 2022 5
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Figure 3. Both MLL1-N1 and MLL1-C directly interact with SETBP1 and SETBP1(D/N)

(A) Schematic representation of domain structure of full-length MLL1 protein and the different 3xHA-tagged mouse MLL1 fragments used for co-

immunoprecipitation studies to test possible direct interactions with 3xFLAG-tagged SETBP1 and SETBP1(D/N). Results of the co-immunoprecipitation

studies shown in (B) and (C) are also summarized, with ‘‘+’’ indicating interaction detected with both SETBP1 and SETBP1(D/N) and ‘‘-’’ indicating no

interaction detected.

(B) Co-immunoprecipitation experiments were performed using either anti-FLAG M2 antibody (left panels) or anti-HA antibody (right panels) on mixtures of

SETBP1 with different MLL1 fragments. Inputs and immunoprecipitates were subsequently analyzed by western blotting analysis using anti-SETBP1, M2, or

anti-HA antibody. SETBP1 protein and all MLL1 fragments were synthesized by in vitro transcription and translation in wheat germ extract.

(C) Same co-immunoprecipitation experiments as in (B) to detect possible direct interaction between SETBP1(D/N) and MLL1 fragments.
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downstream pathways, we performed gene set enrichment analysis (GSEA) of differentially expressed

genes identified for Setbp1- and Setbp1(D/N)-expressing cells in comparison with control cells. Analysis

using ontology gene sets showed that both Setbp1 and Setbp1(D/N) significantly upregulated a large

number of genes involved in ribosome biogenesis and RNA processing (Figure 4C), indicating that

both may considerably promote global protein synthesis. Genes downregulated by Setbp1 and

Setbp1(D/N) were found to associate with functions of mature cell types, suggesting that both may

also block differentiation (Figure S3B). In supporting the hypothesis that SETBP1 activation confers

self-renewal capability to leukemia stem cells, we also found that genes upregulated in hematopoietic

stem cells are significantly enriched in Setbp1 or Setbp1(D/N)-expressing cells (Figures 4D and S3C).

In line with the Hoxa9 as a critical target for both Setbp1 and Setbp1(D/N) in inducing transformation,

genes upregulated by Hoxa9 and Meis1 are also activated by Setbp1 and Setbp1(D/N) (Figures 4D

and S3C). Genes positively regulated by MYC are also upregulated in Setbp1 or Setbp1(D/N)-expressing

cells (Figures 4D and S3C), suggesting activation of the MYC pathway in these cells. Interestingly, consis-

tent with the notion that MLL1 is a critical partner for SETBP1 and SETBP1(D/N) to activate transcription,

we also observed significant positive correlation with genes upregulated in AMLs involving MLL1,

including leukemias induced by MLL fusions, NPM1 mutated AMLs, and the NUP98-HOXA9 fusion pro-

tein (Figures 4D and S3C).
6 iScience 25, 103679, January 21, 2022
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Figure 4. Genome-wide transcriptional regulation by SETBP1 and SETBP1(D/N) in mouse LSK cells

(A) Upper panels, mapping of top 5,000 peaks (by q-value) from SETBP1 and SETBP1(D/N) ChIP-seq data. Lower panels,

Venn diagrams showing overlaps of SETBP1-bound or SETBP1(D/N)-bound peaks in indicated genomic regions. p Values

for overlaps were calculated by hypergeometric test.

(B) Pie charts showing the numbers of differentially expressed genes induced by Setbp1 and Setbp1(D/N) expression in

mouse LSK cells.

(C) Top GO gene sets with positive enrichment from GSEA analysis of differentially expressed genes in mouse LSK cells

induced by ectopic Setbp1 and Setbp1(D/N) expression.

(D) GSEA analysis of differentially expressed genes in mouse LSK cells induced by Setbp1 expression using indicated

gene sets.

(E) Genome browser tracks representing SETBP1 and SETBP1(D/N) shared occupancy at indicated loci of oncogenic

transcription factor genes and ribosomal protein genes.
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Next, we tried to correlate gene expression changes with genomic occupancy by SETBP1 and SETBP1(D/

N). Since our ChIP-seq results suggest that SETBP1 and SETBP1(D/N) likely regulate transcription primarily

through binding to enhancers and repressors, we compared all genes located within +/� 20 kb of the
iScience 25, 103679, January 21, 2022 7
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SETBP1 and SETBP1(D/N) peaks to the list of DEGs from our RNA-seq analysis. Over 96% and 98% of DEGs

were found to overlap with SETBP1 and SETBP1(D/N) peak genes, respectively (Tables S4 and S5), suggest-

ing that the vast majority of the DEGs are directly regulated at the transcriptional level by the two proteins.

Since the DEGs include similar numbers of up- and down-regulated genes, these data also agree with our

previous studies in supporting the idea that SETBP1 and SETBP1(D/N) can directly activate and repress

gene transcription (Oakley et al., 2012; Vishwakarma et al., 2016). As expected from our previous studies,

Hoxa9, Hoxa10, and Myb were found to be directly activated by Setbp1 and Setbp1(D/N) (Figure 4E). In

addition, this analysis allowed us to identify a number of oncogenic transcription factor genes as direct tar-

gets of Setbp1 and Setbp1(D/N), which have also been found to be activated by MLL1 fusion proteins,

including additional HoxA genes (Hoxa1, Hoxa3, Hoxa5, Hoxa6, and Hoxa7), Myc, Eya1, Sox4, Mecom,

Meis1, Mef2c, and Lmo2 (Bach et al., 2010; Bindels et al., 2012; Krivtsov et al., 2006; Patel et al., 2014;

Wang et al., 2011; Zuber et al., 2011) (Figures 4E and S4). Moreover, we also found significant binding

by SETBP1 and SETBP1(D/N) at or near over 48% and 78% of ribosomal protein genes (RPGs), respectively

(Figures S4 and S5). These RPGs were also found to be upregulated by RNA-seq analysis (Figure S5), sug-

gesting that SETBP1 and SETBP1(D/N) may increase ribosomal biogenesis in part through direct transcrip-

tional upregulation of RPGs. In supporting the relevance of these targets in human AML development, we

found a significant positive correlation between SETBP1mRNA levels and the mRNA levels ofMEF2C and

EYA1 in the TCGA human AML samples (Figure S6). Although a significant correlation with SETBP1 expres-

sion levels was not detected for other identified target genes, these genes are expressed at relatively high

levels in most of the TCGA human AML samples with high SETBP1 expression (Figure S6), suggesting that

they could be upregulated by SETBP1 in these samples, even though other mechanisms are also likely

involved in regulating their expression.

MLL1 and SETBP1/SETBP1(D/N) co-occupy targets genome-wide

To examine the extent of MLL1-SETBP1/SETBP1(D/N) interaction in regulating gene transcription, ChIP-

seq using a previously validated MLL1-N-specific antibody was also performed to determine the

genome-wide binding of MLL1 in the mouse LSK cells transduced with pMYs virus expressing SETBP1

and SETBP1(D/N). A similar genomic distribution of MLL1 peaks was observed in both cell populations

when the top 5,000 MLL1 peaks were analyzed, with about 27%, 30%, and 42% of the peaks present at pro-

moter, intergenic, and gene body regions, respectively (Figure 5A). When the top 5,000 SETBP1/

SETBP1(D/N) and MLL1 peaks were directly compared, over 20% of SETBP1-bound peaks (1,027 peaks)

overlap with over 21% of MLL1 peaks (1,063 peaks) in Setbp1-transduced cells (Figure 5B). Similarly,

over 23% of SETBP1(D/N)-bound peaks (1,160 peaks) and MLL1-bound peaks (1,186 peaks) overlap in

Setbp1(D/N)-transduced cells (Figure 5B). These significant overlaps show that SETBP1/SETBP1(D/N)

co-localize with MLL1 on chromatin in agreement with our co-immunoprecipitation data showing their

direct physical interactions. Since the MLL1 complex has been shown to induce H3K4me3 and H4K16ac

at promoter regions, we also carried out ChIP-seq studies to map their genomic profiles in the same cells.

Higher H3K4me3 and H4K16ac occupancies were observed at the promoter region of genes co-bound by

SETBP1/SETBP1(D/N) and MLL1 than genes bound by only one of the factors (Figures 5C and S7), suggest-

ing that co-localization of SETBP1/SETBP1(D/N) and MLL1 leads to an increase in these histone modifica-

tions of active transcription. More importantly, examination of ChIP-seq peaks at SETBP1/SETBP1(D/N)

activation target genes including both oncogenic transcription factor genes (HoxA genes, Myb, Myc,

Meis1, Eya1, Mef2c, Sox4, and Mecom) and many RPGs show nearly complete overlap in regional occu-

pancy for MLL1 and SETBP1/SETBP1(D/N) (Figures 5D, 5E, and S4). These results strongly suggest that

these activation targets of SETBP1/SETBP1(D/N) are co-regulated by MLL1.

MLL1 deletion inhibits transformation induced by SETBP1 and SETBP1(D/N) in vitro and

in vivo

To further test the requirement for MLL1 using a genetic model, we established Setbp1- and Setbp1(D/N)-

immortalized myeloid progenitor cells using a well-establishedMll1 conditional knockout (Mll1F) mouse model

in which Mll1 could be deleted upon activation of Cre/ERT2 (Cre+) (Jude et al., 2007) (Figure 6A). Purified Lin-

Sca1+c-Kit+ (LSK) cells from the bone marrow of Mll1F/F;Cre+ and Mll1+/+;Cre+ mice were transduced with

pMYs retrovirus expressing Setbp1 or Setbp1 (D/N) and subsequently cultured in the presence of SCF and

IL-3 to establish immortalized myeloid progenitors (Figure 6A). Upon treatment with 4-hydroxytamoxifen

(4-OHT), efficientMll1 deletion was induced in both Setbp1- and Setbp1(D/N)-immortalizedMll1F/F;Cre+ cells

(Figure S8A). Consistent with ourMll1 knockdown studies, the colony-forming potential of these cells was signif-

icantly reduced,whereas similarly immortalizedMll1+/+;Cre+ cells remainedcompetent in formingcoloniesupon
8 iScience 25, 103679, January 21, 2022
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Figure 5. Co-localization of SETBP1 and SETBP1(D/N) with MLL1 at oncogenic transcription factor genes and

ribosome protein genes

(A) Mapping of MLL1-N ChIP-seq peaks in mouse LSK cells overexpressing Setbp1 or Setbp1(D/N).

(B) Venn diagrams showing overlaps of top 5,000 SETBP1-bound or SETBP1(D/N)-bound peaks with top 5,000 MLL1-

bound peaks in LSK cells overexpressing Setbp1 or Setbp1(D/N). p Values were calculated using hypergeometric test.

(C) Average binding profiles of H3K4me3 at promoter regions of SETBP1-bound, MLL1-bound, and SETBP1/MLL1 co-

bound targets.

(D) Genome browser tracks showing co-localization of SETBP1, MLL1, H3K4me3, and H4K16ac at indicated loci of

oncogenic transcription factor gene targets and ribosomal protein gene targets.

(E) Genome browser tracks showing co-localization of SETBP1(D/N), MLL1, H3K4me3, and H4K16ac at the same target

loci as in (D).
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4-OHT treatment (Figure 6B), confirming that Mll1 is essential for in vitro transformation induced by Setbp1/

Setbp1(D/N). Cytospin analysis further showed that Mll1 deletion induced differentiation of the immortalized

Mll1F/F;Cre+ cells (Figure 6C). Also similar to the Mll1 knockdown studies, the mRNA levels of Hoxa9, Hoxa10,

andMyb significantly decreased in these cells afterMll1 loss (Figures 6D and 6E). In addition, significant expres-

sion reductions upon Mll1 deletion were observed for new oncogenic targets found to be co-regulated by

SETBP1/SETBP1(D/N) and MLL1 in our ChIP-seq studies, including Myc, Mef2c, Eya1, and RPGs (Figures 6D

and 6E). In contrast, treatment with 4-OHT did not induce any significant decrease in the mRNA levels of these

Setbp1 and Setbp1(D/N) targets in immortalizedMll1+/+;Cre+ cells. These data confirm thatMll1 is essential for

the transcriptional activation of oncogenic targets by Setbp1 and Setbp1(D/N).

To test whether Mll1 is required for the maintenance of AML cells induced by Setbp1/Setbp1(D/N) in vivo,

we also generated mouse AMLs by transplanting the transduced LSK cells from Mll1F/F;Cre+ and
iScience 25, 103679, January 21, 2022 9
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Figure 6. Mll1 is essential for transformation induced by Setbp1 and Setbp1(D/N)

(A) Schematic diagram showing the experimental design for the generation of Mll1 conditional immortalized and AML

cells.

(B) Relative colony formation by Setbp1- and Setbp1(D/N)-immortalized Mll1F/F;Cre+ and Mll1+/+;Cre+ myeloid

progenitors at 48 h after treatment with 4-OHT or control ethanol (EtOH). Data are represented as mean G SD (n = 3).

***, p <0.001 (two-tailed Student’s t test).

(C) Cytospin analysis of Setbp1- and Setbp1(D/N)-immortalized Mll1F/F;Cre+ and Mll1+/+;Cre+ myeloid progenitors at

72 h after treatment with 4-OHT. Scale bar, 10 mm.

(D) Real-time RT-PCR analysis of indicated SETBP1/MLL1 co-bound targets in Setbp1-immortalized Mll1F/F;Cre+ and

Mll1+/+;Cre+ cells at 48 h after treatment with 4-OHT or EtOH. Data are represented as mean G SD (n = 3).

(E) Real-time RT-PCR analysis of indicated SETBP1(D/N)/MLL1 co-bound targets in Setbp1-immortalizedMll1F/F;Cre+ and

Mll1+/+;Cre+ cells at 48 h after treatment with 4-OHT or EtOH. Data are represented as mean G SD (n = 3).

(F) Survival curves of mice receiving 53 105 Setbp1-induced (left panel) or Setbp1(D/N)-induced (right panel)Mll1F/F;Cre+

AML cells treated with Tamoxifen or control corn oil. Tamoxifen or corn oil treatments are indicated by dotted lines.

p Values were calculated using the log rank test. ***, p <0.001.
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Mll1+/+;Cre+mice into lethally irradiated recipient mice with supporting bonemarrow cells (Figure 6A). The

latency and penetrance of leukemia development in the recipient mice are in line with our previous studies

using these viruses (Figure S8B) (Nguyen et al., 2016; Vishwakarma et al., 2016). A control transplantation

study using LSK cells transduced by empty pMYs virus was not performed because our previous studies had

shown that infection of mouse hematopoietic stem and progenitor cells with empty pMYs virus alone is not

able to induce leukemia development in our bone marrow transplantation system (Nguyen et al., 2016;
10 iScience 25, 103679, January 21, 2022
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Vishwakarma et al., 2016). After AML development, leukemic spleen cells from these primary recipients

were transplanted into secondary recipient mice. Starting from day 10 of transplantation, half of the sec-

ondary recipients were treated with two injections of Tamoxifen to induceMll1 deletion inMll1F/F;Cre+ leu-

kemia cells, whereas the other half were injected with vehicle. Treatment with Tamoxifen did not cause any

significant change in the survival of mice receiving Setbp1- or Setbp1(D/N)-inducedMll1+/+;Cre+ leukemia

cells compared with treatment with vehicle (Figure S8C), suggesting Tamoxifen has minimal effects on

these leukemia cells. In contrast, for mice receivingMll1F/F;Cre+ leukemia cells, Tamoxifen treatment signif-

icantly extended their survival (Figure 6F). Although efficient Mll1 deletion was induced in these mice as

expected, genotyping results of the leukemia cells from moribund mice show that most of them contained

the floxed allele (Figures S8D and S8E), suggesting that they were derived from leukemia cells that had

escaped Tamoxifen-induced deletion. These results strongly suggest that MLL1 is required for the main-

tenance of AMLs induced by SETBP1 activation.

Inhibition of WDR5 is effective for blocking SETBP1-induced transcriptional activation and

transformation

To test the possibility that pharmacological inhibition of the MLL1 complex may be effective for treating

AMLs with SETBP1 activation, we treated mouse AML cells induced by overexpression of Setbp1 or

Setbp1(D/N) with WDR5 and MENIN inhibitors previously shown to disrupt the MLL1 complex. As ex-

pected, treatments with new MENIN inhibitors including MI-3454 and SNDX-5613 reduced the HOXA9/

HOXA10/MYBmRNA levels in MLL/AF9-induced mouse AML cells at previously established effective con-

centrations (Figure S9) (Klossowski et al., 2020). However, these inhibitors did not cause any reduction in the

mRNA levels of Hoxa9/Hoxa10/Myb in Setbp1- or Setbp1(D/N)-induced mouse AML cells at the same con-

centrations after 6 days of treatment (Figure S9). Consistent with the requirement for MEN1 in transcrip-

tional activation of Hoxa9/Hoxa10/Myb, Men1 knockdowns significantly reduced their mRNA levels in

Setbp1(D/N)-induced AML cells (Figure S9). These results suggest that transcriptional activation co-regu-

lated by SETBP1/SETBP1(D/N) and the MLL1 complex may be less sensitive to these MENIN inhibitors. In

contrast, we found that treatment with the WDR5 inhibitor OICR-9429 efficiently reduced the transcription

of oncogenic and ribosomal targets of Setbp1 and Setbp1(D/N) in these mouse AML cells after 3 days of

treatment (Figures 7A and 7B). Consistent with these results, OICR-9429 is also capable of significantly

reducing the colony-forming potential of these cells (Figures 7C and 7D). A significant reduction in the

mRNA levels of Setbp1 and Setbp1(D/N) targets was observed after Wdr5 knockdowns in the same cells

(Figures 7E and 7F), suggesting that the effects of the inhibitor are not due to possible off-target activity.

These data suggest that WDR5 inhibitors are likely effective for the treatment of myeloid neoplasms with

SETBP1 activation.

DISCUSSION

More effective therapies are critically needed for myeloid neoplasms with SETBP1 activation owing to the

link with a poor disease prognosis. Transcriptional activation of Hoxa9/Hoxa10/Myb has been found to be

essential for SETBP1 and its missense mutants to induce transformation of myeloid progenitors, suggest-

ing that blocking their ability to activate transcription may represent a promising treatment strategy. In our

efforts to identify potential epigenetic mechanisms involved in Setbp1-induced transcriptional activation,

we identified MLL1 as a key cooperating partner for SETBP1 and its missense mutant SETBP1(D/N) in acti-

vating target gene transcription in hematopoietic stem and progenitor cells., This cooperation also causes

activation of a number of oncogenic transcription factors and a large group of ribosomal protein genes, in

addition toHoxa9/Hoxa10/Myb. This cooperation involves their direct physical interaction with bothMLL1-

N andMLL1-C fragments of MLL1 protein and also the recruitment of other major components of the MLL1

complex. This dependence on the MLL1 complex to activate transcription of key targets for transformation

also led to our finding that the WDR5 inhibitor, OICR-9429, is effective for treating myeloid neoplasms with

SETBP1 activation.

Association of a mutant SETBP1 protein with the MLL1 complex was recently suggested by a study using

HEK293T cells; however, the nature of this association was not clear and its functional significance in he-

matopoietic cells remained completely unknown (Piazza et al., 2018). Here we show that three different re-

gions of MLL1-N and one region of MLL1-C can be efficiently pulled down together with both wild-type

SETBP1 and its missense mutant SETBP1(D/N) in immunoprecipitation assay using proteins synthesized

through in vitro transcription and translation, suggesting that MLL1-N andMLL1-C can formmultiple direct

interactions with SETBP1/SETBP1(D/N). This extensive interaction is also supported by the broad overlap
iScience 25, 103679, January 21, 2022 11
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Figure 7. Setbp1- and Setbp1(D/N)-induced AML cells are sensitive to WDR5 inhibition

(A) Real-time RT-PCR analysis of indicated SETBP1/MLL1 co-bound targets in Setbp1-induced AML cells at 72 h after

treatment with OICR-9429 at indicated concentration or control DMSO. Data are represented as mean G SD (n = 3).

(B) Real-time RT-PCR analysis of same genes in Setbp1(D/N)-induced AML cells at 72 h after treatment with OICR-9429 or

control DMSO. Data are represented as mean G SD (n = 3).

(C) Relative colony formation by Setbp1-induced AML cells upon treatment with WDR5 inhibitor OICR-9429 at indicated

concentration or control DMSO. Data are represented as mean G SD (n = 3).

(D) Relative colony formation by Setbp1(D/N)-induced AML cells upon treatment with WDR5 inhibitor OICR-9429 at

indicated concentration or control DMSO. Data are represented as mean G SD (n = 3).

(E) Left panel, real-time RT-PCR analysis of relative indicated SETBP1/MLL1 co-bound targets in Setbp1-induced AML

cells after transduction with Wdr5-specific shRNAs (Wdr5-sh1 and -sh2) or a non-targeting control shRNA (NC-sh). Data

are represented as meanG SD (n = 3). Right panel, western blotting analysis of the same transduced cells using indicated

antibodies.

(F) Same analyses as in (E) for Setbp1(D/N)-induced AML cells.
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between their genomic occupancy observed in our ChIP-seq studies. This finding also suggests that the

activity of the MLL1 complex could be potentially modulated by the interaction with SETBP1/SETBP1(D/N)

and that SETBP1 may be a regulator of the MLL1 complex in normal cells with high SETBP1 expression such

as hematopoietic stem cells (Oakley et al., 2012). Since higher H3K4me3 and H4K16ac occupancies were

observed at the promoter region of genes co-bound by SETBP1/SETBP1(D/N) and MLL1 than at that of

genes bound by MLL1 only in our ChIP-seq studies, it is possible that the binding of SETBP1/SETBP1(D/N)

to MLL1 may help stabilize the interaction of the MLL1 complex to chromatin.

A global view of pathways regulated by SETBP1 has been lacking. Using a combination of RNA-seq and

ChIP-seq analysis in mouse LSK cells, our study uncovered many transcriptional targets for both wild-

type and missense mutant SETBP1, generating a comprehensive picture of the transformation process

induced by SETBP1 activation. Among these, many are known oncogenes in the hematopoietic system,

including Myc, Mef2c, Meis1, Eya1, Sox4, Lmo2, and Mecom, suggesting that they also likely contribute

to transformation induced by SETBP1 activation, and inhibiting their downstream pathways may prove use-

ful for treating myeloid neoplasms with SETBP1 activation. Interestingly, our studies also identified a large

number of ribosome protein genes as direct targets of SETBP1 and SETBP1(D/N), suggesting that
12 iScience 25, 103679, January 21, 2022
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ribosomal biogenesis is another significant pathway induced by SETBP1 activation. Ribosome biogenesis is

a key process essential for the translation of mRNAs into proteins. Hyperactivation of ribosome biogenesis

has been thought to play a critical role in cancer development (Pelletier et al., 2018; Truitt and Ruggero,

2016). Highlighting the importance of RPGs to cancer development, a 50% reduction in only one ribosomal

protein has been shown to suppress Myc-induced tumorigenesis (Barna et al., 2008). Thus, activation of

ribosome biogenesis likely plays an essential role in transformation induced by SETBP1 activation and

such transformed cells may be particularly sensitive to inhibitors of translation. Our results also identify

MLL1, in addition to SETBP1 and its missense mutants, as a regulator of these genes as significant binding

by MLL1 was also detected at most of these RPGs and their expression decreased upon Mll1 deletion.

WDR5 and MYC have been identified recently as critical transcriptional regulators of many RPGs (Aho

et al., 2019; Thomas et al., 2019). It was shown that MYC is recruited to RPGs through direct interaction

with WDR5, but the mechanism responsible for WDR5 recruitment remains unclear as WDR5 is known to

interact with several factors. As recruitment of WDR5 to RPGs can be blocked by a WIN site inhibitor,

our findings further suggest that MLL1 may be responsible for the recruitment of WDR5. As Myc is also

directly activated by SETBP1/SETBP1(D/N) and MLL1, it is likely that recruitment of MYC also contributes

to the activation of RPGs in cells with SETBP1 activation.

The dependence of SETBP1/SETBP1(D/N) onMLL1 to activate oncogenic targets suggested that inhibition

of the MLL1 complex could be potentially effective for blocking their induction of transformation. Recent

studies have shown that the MLL1 complex can be efficiently inhibited by MENIN and WDR5 inhibitors

(Grebien et al., 2015; Klossowski et al., 2020; Krivtsov et al., 2019). However, we found that only the

WDR5 inhibitor OICR-9429 but not two different MENIN inhibitors is efficient for inhibiting the transcription

induced by SETBP1/SETBP1(D/N) and MLL1. Although the reason for this reduced sensitivity to MENIN in-

hibitors remains unclear, it is possible that the direct interaction between SETBP1/SETBP1(D/N) and MLL1

may restrict the access of MENIN inhibitors. Future development of WDR5 inhibitors with better pharma-

cokinetic profiles may significantly improve our treatment for myeloid neoplasms with SETBP1 activation.

Our finding of direct physical interaction between SETBP1 and MLL1 also suggests a potentially underap-

preciated role of SETBP1 in cancer development. The direct interaction between SETBP1 and the N1 frag-

ment of MLL1-N, which is retained in MLL1 fusion proteins, suggests that SETBP1 may also physically

interact with MLL1 fusion proteins. Genes upregulated in AMLs with the NPM1 mutation and NUP98 trans-

locations are also activated by SETBP1 and SETBP1(D/N) and both types of AMLs have been shown to be

dependent on the recruitment of the MLL1 complex to activate key transforming genes. The direct physical

interaction between SETBP1 andMLL1 further suggests the possibility that SETBP1 may also be involved in

the pathogenesis of these AMLs. An increase inMLL1 expression has also been found to contribute to the

development of many solid tumors (Bryan et al., 2020; Zhu et al., 2015), further suggesting that the role of

SETBP1 in cancer development may not be limited to blood cancers. Given the cooperation between

SETBP1 and MLL1 in activating RPGs, one potential function of SETBP1 in solid tumors may be to induce

hyperactivation of ribosome biogenesis. These possibilities warrant further investigation.
Limitations of the study

RNA-seq and ChIP-seq studies performed in LSK cells provide valuable insights into the genes and path-

ways regulated by SETBP1 and its missense mutants in early hematopoietic progenitors. However, these

cells are a mixture of long-term and short-term hematopoietic stem cells and multi-potent progenitors,

and the SETBP1-induced effects may differ among the different populations. In addition, these down-

stream effects may also be influenced by the culture condition, which does not fully recapitulate the

bone marrow microenvironment in vivo. Performing analysis on freshly purified individual populations

will address these issues.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified anti-mouse Ly-6G/Ly-6C (Gr1) Biolegend Cat# 108402, Clone RB6-8C5; RRID:AB_313367

Purified anti-mouse CD4 Biolegend Cat# 100506, Clone RM4-5; RRID:AB_312709

Purified anti-mouse CD8a Biolegend Cat# 100702, Clone 53-6.7; RRID:AB_312741

Purified anti-mouse/human CD45R/B220 Biolegend Cat# 103202, Clone RA3-6B2; RRID:AB_312987

Purified anti-mouse Ter119 Biolegend Cat# 116202, Clone Ter119;RRID:AB_313703

Purified anti-mouse CD11b Biolegend Cat# 101202, Clone M1/70; RRID:AB_312785

Purfied anti-mouse CD127 Biolegend Cat# 135002, Clone A7R34; RRID:AB_1937287

PE anti-mouse CD117 (c-Kit) Biolegend Cat# 105808, Clone 2B8; RRID:AB_313217

APC anti-mouse Ly-6A (Sca-1) Biolegend Cat# 108112, Clone D7; RRID:AB_313349

Anti-SETBP1 ProteinTech Cat# 16841-1-AP; RRID:AB_2185750

Anti-MLL1-N Millipore Cat# 05-764, Clone N4.4; RRID:AB_309976

Anti-MLL1-C Millipore Cat# 05-765, Clone 9-12; RRID:AB_11212995

Anti-MLL1 Bethyl Laboratory Cat# A300-086A; RRID:AB_242510

Anti-Men1 Bethyl Laboratory Cat# A300-105A; RRID:AB_2143306

Anti-H3K4me3 Abcam Cat# ab8580; RRID:AB_306649

Anti-H4K16ac Millipore Cat# 07-329; RRID:AB_310525

Anti-Beta Actin Abcam Cat# ab8224; RRID:AB_449644

Anti-WDR5 Bethyl Laboratory Cat# A302-430A; RRID:AB_1944300

Anti-ASH2 Bethyl Laboratory Cat# 300-489A; RRID:AB_451024

Anti-HA Tag Cell Signaling Cat# 3724S, Clone C29F4; RRID:AB_1549585

Anti-FLAG Sigma Cat# F1804, Clone M2; RRID:AB_262044

Anti-HA Tag ProteinTech Cat# 66006-1-Ig; RRID:AB_2857911

Anti-PSIP1 Cell Signaling Cat# 2088S, Clone C57G11; RRID:AB_2171216

Chemicals, peptides, and recombinant proteins

(Z)-4-Hydroxytamoxifen (4-OHT) Sigma Cat# H7904-5MG

Tamoxifen, free base (TAM) MP Biomedicals Cat# 156738-1GM

MI-3454 MedChemExpress Cat# HY-136360

SNDX-5613 MedChemExpress Cat# HY-136175

OICR-9429 Selleck Chemicals Cat# S7833

Critical commercial assays

RNeasy Mini Kit Qiagen Cat# 74104

Ipure Kit V2 Diagenode Cat# C03010015

iDeal ChIP-seq Kit (TF) Diagenode Cat# C01010054

iDeal ChIP-seq Kit (Histones) Diagenode Cat# C01010051

iDeal ChIP-qPCR Diagenode Cat# C01010180

Nuclear Complex Co-IP Kit Active Motif Cat# 54001

DNA SMART ChIP-Seq Takara Bio Cat# 634866

TruSeq Stranded mRNA Library Prep Kit Illumina Cat# 20020594

TnT� Coupled Wheat Germ Extract System Promega Cat# L4140

Invitrogen� SuperScript� IV First-Strand Synthesis System Invitrogen Cat# 18091050

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNA-seq and ChIP-seq data NCBI Gene Expression Ominibus GSE167301

Experimental models: Cell lines

Hs27 ATCC CRL-1634

HEK293T ATCC CRL-11268

Plat-E Cell Biolabs RV-101

Experimental models: Organisms/strains

Mouse: C57BL/6 Charles River Cat# 027

Mouse: Mll1F/F Dr. Patricia Ernst Jude et al. (2007)

Recombinant DNA

pCMVTNT Promega Cat# L5620

pMYs-IRES-GFP Cell Biolabs RTV-021

Software and algorithms

GSEA v4.0.3 Broad Institute

Prism 9 GraphPad
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Dr.

Yang Du (yang.du@usuhs.edu).

Materials availability

Reagents generated in this study are available from the lead contact under Materials Transfer Agreements.

Data and code availability

d The RNA-seq and ChIP-seq data reported in this paper have been deposited at NCBI Gene Expression

Ominibus (GEO: GSE167301).

d This paper does not report original code.

d Any additional information reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 female mice (8–12 weeks old) were purchased from Charles River Laboratories (Wilmington, MA).

Mll1 conditional mice were described previously (Jude et al., 2007). Mice were maintained in the animal

facility of Department of Laboratory Animal Resources at Uniformed Services University of the Health Sci-

ences (USUHS, Bethesda, MD). All mouse experiments were carried out according to protocols approved

by the USUHS Institutional Animal Care and Use Committee.

Transformation of mouse hematopoietic stem and progenitor cells

Freshly purified Lin�Sca-1+c-kit+ (LSK) cells from female C57BL/6 or Mll1 conditional mice were initially

cultured in DMEM media with 15% heat inactivated fetal bovine serum, and mouse cytokines

(100 ng/mL SCF, 6 ng/mL IL-3, and 10 ng/mL IL-6) for 24 h to stimulate cell proliferation, and subsequently

infected twice with high-titer pMYs retroviruses (pMYs-Setbp1-IRES-GFP, pMYs-Setbp1[D/N]-IRES-GFP,

pMYs-3xFLAG-Setbp1-IRES-GFP, or pMYs-3xFLAG-Setbp1(D/N)-IRES-GFP) on retronectin-coated plates

(Takara Bio, Mountain View, CA) for 48 h. For in vitro transformation, transduced cells were sorted based

on GFP positivity and plated at 5 3 104 cells in a 35 mm dish containing MethoCult M3134 (StemCell

Technologies, Cambridge, MA) supplemented with IMDM, heat inactivated 15% fetal bovine serum, 1X

penicillin/streptomycin, and mouse cytokines (100 ng/mL SCF, 6 ng/mL IL-3, and 10 ng/mL IL-6). After
18 iScience 25, 103679, January 21, 2022
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5–7 days, individual colonies were picked and passaged in IMDM supplemented with heat inactivated 20%

horse serum, 1X penicillin/streptomycin, and mouse cytokines (50 ng/mL SCF and 10 ng/mL IL-3) for

3 weeks to establish in vitro transformedmouse LSK cells. For generation of primary leukemia, freshly trans-

duced LSK cells were injected into the tail vein of each lethally irradiated (2 3 500 rads from 137Cs source)

8–12 week old C57BL/6 female recipient mice along with 7.5 3 105 supporting bone marrow cells from un-

irradiated C57BL/6 mice. After disease onset, frozen viable stocks of the bone marrow and spleen cells

were preserved for secondary transplantation experiments.

Patient samples

Primary humanAML cells were collected after signing informed consent, according to the protocols approved

by the Institutional Review Board of Cleveland Clinic and Ohio State University in accordance with the Decla-

ration of Helsinki. Viably frozen cells after thawing were expanded on irradiated (4,000 rad from 137Cs source)

monolayer of Hs27 cells (ATCC,Manassas, VA) in DMEMsupplementedwith 15%FBS, 50 mM b-mercaptoetha-

nol, 1X penicillin/streptomycin, and human cytokines (100 ng/mL SCF, 10 ng/mL IL-3, 20 ng/mL IL-6, 10 ng/mL

TPO, and 10 ng/mL FLT3L from Biolegend) for 2–4 days before lentiviral knockdown studies.

METHOD DETAILS

Plasmids and constructs

Retroviral constructs including pMYs-Setbp1-IRES-GFP, pMYs-Setbp1(D/N)-IRES-GFP, pMYs-3xFLAG-

Setbp1-IRES-GFP, and pMYs-3xFLAG-Setbp1(D/N)-IRES-GFP were described previously (Nguyen et al.,

2016). The pCMV-TNT-3xFLAG-Setbp1 and pCMV-TNT-3xFLAG-Setbp1(D/N) plasmids were generated by

subcloning the 3xFLAG-Setbp1 and 3xFLAG-Setbp1(D/N) cDNA from pMYs-3xFLAG-Setbp1-IRES-GFP and

pMYs-3xFLAG-Setbp1(D/N)-IRES-GFP into pCMV-TNT using XhoI andNotI sites. NH3-terminal 3xHA-tagged

MLL1-N1 (a.a. 1–838)was amplifiedbyPCRandcloned intopCMV-TNTusingEcoRI andSalI sites.NH3-terminal

3xHA-tagged MLL1-N2 (a.a. 814–1874), MLL1-N3 (a.a. 1864–2658), MLL1-C1 (a.a. 2711–3485), and MLL1-C2

(a.a. 3454–3968) were similarly amplified by PCR and cloned into pCMV-TNT usingXhoI andNotI sites. Primers

used for generation of the MLL1 constructs are listed below. All constructs were confirmed by sequencing.
Primers Sequence

MLL1-N1 50-CGC GGA ATT CGA ACA TGT ACC CAT ACG ATG TTC CAG ATT ACG CTG GCT ATC

CCT ATG ACG TCC CGG ACT ATG CAG GAT CCT ATC CAT ATG ACG TTC CAG ATT ACG

CTG CGC ACA GCT GTC GGT GGC GCT-30

MLL1-N2 50-CGC GCT CGA GAT GTA CCC ATA CGA TGT TCC AGA TTA CGC TGG CTA TCC CTA

TGA CGT CCC GGA CTA TGC AGG ATC CTA TCC ATA TGA CGT TCC AGA TTA CGC TGC

AAG GAA GCA GAC TAG TG-30

MLL1-N3 50-CGC GCT CGA GAT GTA CCC ATA CGA TGT TCC AGA TTA CGC TGG CTA TCC CTA

TGA CGT CCC GGA CTA TGC AGG ATC CTA TCC ATA TGA CGT TCC AGA TTA CGC TGG

CAT CGA TGA CAA CCG ACA G-30

MLL1-C1 50-CGC GCT CGA GAT GTA CCC ATA CGA TGT TCC AGA TTA CGC TGG CTA TCC CTA

TGA CGT CCC GGA CTA TGC AGG ATC CTA TCC ATA TGA CGT TCC AGA TTA CGC TGG

TGT GGA TGA TGG GAC AGA G-30

MLL1-C2 50-CGC GCT CGA GAT GTA CCC ATA CGA TGT TCC AGA TTA CGC TGG CTA TCC CTA

TGA CGT CCC GGA CTA TGC AGG ATC CTA TCC ATA TGA CGT TCC AGA TTA CGC TGG

CAA AAC CGG TAC CCT GAC-30
Isolation and transduction of murine LSK cells

Bone marrow suspensions were harvested from female mice (2–4 months old), and mononuclear cells were

isolated using LSM (MP Bio, Irvine, CA). Lineage positive (Lin+) cells were subsequently labeled with an anti-

body cocktail (Gr-1, CD4, CD8, B220, Ter119, Mac-1, and CD127) and depleted with Dynabeads covalently

conjugated with sheep anti-rat IgG (Invitrogen, Carlsbad, CA, USA). Lineage negative (Lin�) cells were

stained with Ly-6A/E (Sca-1) APC and CD117 (c-Kit) PE (BioLegend, San Diego, CA), and the LSK population

was sorted using FACSAria (BD Biosciences, San Jose, CA). The purified LSK cells were initially cultured in

DMEMmedia with 15% heat inactivated fetal bovine serum, andmouse cytokines (100 ng/mL SCF, 6 ng/mL
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IL-3, and 10 ng/mL IL-6) for 24 h to stimulate cell proliferation, and subsequently infected twice with high-

titer pMYs retroviruses on retronectin-coated plates (Takara Bio, Mountain View, CA) for 48 h pMYs retro-

viruses were produced by transient transfection of Plat-E cells using Fugene-6 (Roche, Indianapolis, IN).

Viral titer was assessed by serial dilution and infection of NIH-3T3 cells.

Co-immunoprecipitation and Western blotting

HEK293T cells were transfected with DNA construct expressing 3XFLAG-tagged SETBP1 (pMYs-3xFLAG-

Setbp1-IRES-GFP) or 3XFLAG-tagged Setbp1(D/N) (pMYs-3XFLAG-Setbp1[D/N]-IRES-GFP), or control

empty vector (pMYs-IRES-GFP) using LipoD293 (SignaGen, Rockville, MD) and nuclear extracts were iso-

lated 36 h after transfection using the Nuclear Complex Co-IP kit (Active Motif, Carlsbad, CA). Nuclear ly-

sates were incubated with either the anti-FLAG M2 (F1804, Sigma, St. Louis, MO) or an anti-MLL1 antibody

(A300-086A, Bethyl Laboratories, Montgomery, TX) for 4 h at 4�C. Subsequently, pre-washed Dynabeads

protein A or protein G (Invitrogen, Carlsbad, CA) were added to the nuclear lysate/antibody mixture

and incubated for an additional 2 h at 4�C. Immunoprecipitated proteins were eluted and resolved on a

3–8% Tris-Acetate gel (NuPage, Invitrogen, Carlsbad, CA, USA). Proteins were transferred to nitrocellulose

membrane using the IBlot2 system (Invitrogen, Carlsbad, CA, USA). For detection of the SETBP1/MLL1

complex components, the following antibodies were used: anti-SETBP1 (16841-1-AP; ProteinTech); anti-

MLL1-N (14698S), anti-MLL1-C (14197S), anti-LEDGF (2088S) from Cell Signaling Technologies (Danvers,

MA); anti-MEN1 (A300-105A), anti-WDR5 (A302-430A), and anti-ASH2 (300–489A) from Bethyl Laboratories

(Montgomery, TX). Secondary antibodies used include goat anti-rabbit IgG-HRP (7074S, Cell Signaling

Technologies, Danvers, MA) and anti-mouse IgG-HRP (A-9044, Sigma, St. Louis, MO). Protein bands

were developed by incubation with SuperSignal West chemiluminescent substrate (Pierce, Thermo Fisher

Scientific, Rockford, IL) and visualized using Image Lab software (Bio-Rad, Hercules, CA).

For co-immunoprecipitation experiments using in vitro transcribed and translated proteins, all cDNAs used

were cloned into pCMV-TNT as described above. SETBP1, SETBP1(D/N), MLL1-N1, MLL1-N2, MLL1-N3,

MLL1-C1, and MLL1-C2 proteins were produced using the TnT T7 Coupled Wheat Germ Extract system

(Promega, Madison, WI) and by incubating the mixture at 30�C for 1.5 h. Immunoprecipitation of

3xFLAG-tagged SETBP1 or SETBP1(D/N) was performed using the anti-Flag M2 antibody (F1804, Sigma,

St. Louis, MO) and immunoprecipitation of 3xHA-tagged MLL1 fragments was performed using an anti-

HA antibody (3724S, Cell Signaling Technologies, Danvers, MA).

Lentiviral production, infection, and analysis

pLKO.1 lentiviral constructs containing shRNAs for NC-sh, GFP-sh,MLL1-sh1,MLL1-sh2,Wdr5-sh1, andWdr5-

sh2 were purchased from Sigma Aldrich (NC-sh, SHC002; GFP-sh, SHC005; MLL1-sh1, TRCN0000005954;

MLL1-sh2, TRCN0000005956; Wdr5-sh1, TRCN0000034415; Wdr5-sh2, TRCN0000034416; St. Louis, MO).

Mll1-sh1 and –sh2 were cloned into pLKO.1 and their targeting sequences are 50-CGC CTT CAC TTG ACC

ATA ATT -30 and 50-GCA CTT GAA GAA GAC TTC TAA -30, respectively. Infectious lentivirus were produced

and tittered as described previously (Nguyen et al., 2019). Lentiviral transduction of these immortalized cells

was carried out by spinoculation in which a mixture of lentivirus and target cells was spun at 2000 x g for

90 min at 37�C. Transduced cells were selected with puromycin (2 or 3 mg/mL) at 24 h after infection. Cells

weremaintained in liquid culture in the presence of puromycin for the indicated time. For colony formation as-

says, cells were collected at 48 h after infection using 1 3 104 puromycin-resistant cells and plated in IMDM

methylcellulose medium supplemented with 20% heat inactivated horse serum, mouse SCF (50 ng/mL) and

IL-3 (10 ng/mL), and puromycin (2 or 3 mg/mL). Colony numbers were counted after 5–7 days.

Primary human leukemia cells after briefly expansion on irradiated (4,000 rad from 137Cs source) monolayer

of Hs27 cells were infected with lentivirus by spinoculation as described above. After recovering on Hs27

monolayers for 24hrs, cells were selected with puromycin (2 mg/mL) for an additional 24hrs. Cells were then

collected, centrifuge, and replaced with new media. Cells were maintained for an additional 24hrs (72hrs

total) before they were isolated for Western blot and qPCR.

RNA extraction, real-time RT-PCR, and RNA-sequencing

For real-time RT-PCR, total RNA was extracted from cells using Nucleospin RNA (Takara Bio, Mountain

View, CA). Oligo-dT-primed cDNA samples were prepared using Superscript IV (Invitrogen, Carlsbad,

CA), and real-time PCR analysis was performed in triplicates using SYBR green detection reagents (Applied

Biosystem, Grand Island, NY) on a QuantStudio 6 Flex (Applied Biosystems, Grand Island, NY). Relative
20 iScience 25, 103679, January 21, 2022
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changes in expression were calculated according to the DDCt method. The cycling conditions were 50�C
for 2 min followed by 95�C for 2 min, and then 40 cycles of 95�C for 15 s and 60�C for 1 min. The gene-spe-

cific primer sequences used are listed in Table S6.

For RNA-seq, RNA was isolated from primary colonies (day 5) of C57BL/6 LSK cells transduced with pMYs-

Setbp1-IRES-GFP, pMYs-Setbp1(D/N)-IRES-GFP, or control (pMYs-IRES-GFP) retrovirus and sorted based

on GFP positivity from methylcellulose using the RNeasy Mini Kit (Qiagen, Germantown, MD). RNA quality

was checked with the Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA) and sequencing libraries were

generated using the TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, CA). Samples were

sequenced using NextSeq 500 (Illumina, San Diego, CA) with �25–45 million 75bp, paired-end reads.

Chromatin immunoprecipitation (ChIP-qPCR and ChIP-seq)

For analysis of transcription factors, mouse LSK cells transformedby the expression of 3xFLAG-taggedSETBP1

or Setbp1(D/N)were initially fixedwithChIP cross-linkGold (Diagenode,Denville,NJ) for 30minat a cell density

of 13 106 cells permL.Cellswere centrifuged, fixative removed, andwashedone timewithPBS.All subsequent

stepswere the same for both analysis of transcription factors and histonemarks. Cell pelletswere resuspended

in 1% formaldehyde and incubated for 10 min at room temperature with continuous shaking. After centrifuga-

tion and an additional washwith PBS, 0.125Mglycine in PBSwas used toquench the reaction. Fixed cell pellets

were stored at�80�Cuntil ready for further processing. Fragmentation of chromatin for transcription factors or

histone marks were performed using the Chromatin Shearing Optimization Kit (C01020013 and C01020010,

respectively; Diagenode, Denville, NJ). Chromatin was sonicated for 10 cycles (30s on, 30s off) at 4�C using

the Bioruptor Pico (Diagenode, Denville, NJ). Sheared chromatin was used for ChIP according to the iDeal

ChIP-qPCR kit (Diagenode, Denville, NJ) using the indicated antibodies, with the exception that chromatin

DNA was purified using the iPure kit (Diagenode, Denville, NJ). Purified chromatin DNA was used for qPCR

as described above using ChIP primers specific for the Hoxa9 promoter listed below (Kuo et al., 2013).

For ChIP-sequencing, primary colonies (day 5) from wild-type LSK cells transduced with pMYs retrovirus ex-

pressing 3xFLAG-tagged SETBP1 (pMYs-3xFLAG-Setbp1-IRES-GFP) or SETBP1(D/N) (pMYs-3xFLAG-

Setbp1[D/N]-IRES-GFP) were isolated and processed as described above. ChIP reactions were performed

using the iDeal ChIP-seq kit for transcription factors or histones (C01010054 and C01010051, respectively;

Diagenode, Denville, NJ) with the indicated antibodies. Purified ChIP samples were quantified using the

Qubit dsDNA HS Assay kit (Invitrogen, Carlsbad, CA, USA) and sequencing libraries were produced using

DNA SMART ChIP-Seq kit (Takara Bio, Mountain View, CA) according to the manufacturer’s instructions.

The concentrations of individual libraries were determined using the KAPA Library Quantification kit

(Roche, Indianapolis, IN) and 1.8 pM of each library was used for running next-generation multiplexed

sequencing using the NextSeq 500 instrument (Illumina, San Diego, CA).
Primers Sequence

Hoxa9 (�2087) Forward 50-CTG TCT CTC CGC TTC CAT TC-30

Hoxa9 (�2087) Reverse 50-CTG ACC AGC TTC CCT TAT GC-30

Hoxa9 (�1473) Forward 50-CAA ACT GGG GCA CTG GTA CT-30

Hoxa9 (�1473) Reverse 50-TTC TGT GGT CTC AGG CAG TG-30

Hoxa9 (�536) Forward 50-TGT CAG AGC GTT GGA AAG TG-30

Hoxa9 (�536) Reverse 50-TGT GAA TTT TGT GCC TTC CA-30

Hoxa9 (+24) Forward 50-ACC AGA GCG GTT CAT ACA GG-30

Hoxa9 (+24) Reverse 50-CAG ACT GGA GATG GGG AAA A-30
Immunofluorescence

Setbp1 or Setbp1(D/N) transformed mouse LSK cells were fixed with 2% paraformaldehyde on poly-L-

lysine coated microscope slides (Electron Microscopy Sciences, Hatfield, PA). The fixed cells were per-

meabilized with 0.05% Triton X-100, blocked with 10% normal goat serum and 1% BSA for 30 min. Cells

were then incubated with anti-Setbp1 (16841-1-AP, Proteintech, Rosemont, IL) and anti-MLL1-N (05–764;

Millipore, Temecula, CA) or anti-MLL1-C (05–765; Millipore, Temecula, CA) at room temperature for 3 h.

After washing with PBS, cells were incubated with Alexa -Fluor 488 goat anti-mouse secondary antibody
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and Alexa-Fluor 647 goat anti-rabbit secondary antibody (Invitrogen, Carlsbad, CA, USA) at room tem-

perature for 1 h. The nucleus was counter stained using DAPI and mounted with Fluoromount G (Electron

Microscopy Sciences, Hatfield, PA). Images were acquired using a LSM 710 scanning confocal micro-

scope (Zeiss).

Drug treatment

For in vitro Mll1 deletion, Cre induction was initiated in culture medium supplemented with 100 nM 4-OHT

dissolved in ethanol for 6 h. Deletion efficiency for all alleles was determined by semi-quantitative genomic

PCR using primers described (Chen et al., 2017), at 24 h after deletion was initiated.

MENIN inhibitors MI-3454 and SNDX-5613 were purchased from MedChemExpress (Monmouth Junction,

NJ) and dissolved in DMSO. WDR5 inhibitor OICR-9429 was purchased from Selleck Chemicals (Houston,

TX). Primary mouse leukemia cells generated previously (Nguyen et al., 2016) were plated at 0.5 to 1 3 105

cells/mL in IMDM supplemented with 15% heat inactivated fetal bovine serum, 1x penicillin/streptomycin,

mouse cytokines (100 ng/mL SCF, 6 ng/mL IL-3, and 10 ng/mL IL-6), and treated with the inhibitors at the

indicated concentrations or control DMSO. Cell concentrations were restored to the starting concentra-

tions and inhibitors replenished after 72 h.

Cell culture

HEK293T, Plat-E, and Hs27 cells were maintained in DMEM supplemented with 10% heat inactivated fetal

bovine serum and 1X penicillin/streptomycin. Setbp1 or Setbp1(D/N) transformed mouse LSK cells were

maintained in IMDM supplementedwith 20% heat inactivated horse serum, 1X penicillin/streptomycin, mu-

rine SCF (50 ng/mL) and IL-3 (10 ng/mL). Cell cultures were incubated in 5% CO2 at 37
�C.

In vivo experiments

For Mll1 excision experiments, lethally irradiated (2 3 550 rad from 137Cs source) 8–12 week old C57BL/6

female mice were transplanted with 5 3 105 frozen viable spleen cells from primary leukemias along with

7.5 3 105 unfractionated support bone marrow cells by tail vein injection. Mll1+/+;Cre+ or Mll1F/F;Cre+ pri-

mary leukemias derived from transduction of Setbp1 cDNA (pMYs-Setbp1-IRES-GFP) or Setbp1(D/N)

cDNA (pMYs-Setbp1[D/N]-IRES-GFP) were transplanted with the same cohort of recipient mice. Mice

were treated by injecting intraperitoneally with 2 mg of Tamoxifen (MP Bio, Solon, OH) or equal volume

of corn oil (Sigma, St. Louis, MO) at day 10 and 12 post transplantation. Recipients were monitored daily

and mice were euthanized when moribund to collect issues for determining the presence of Mll1 deletion

in leukemia cells. Deletion efficiency ofMll1 in vivo was determined by genotyping bone marrow cells from

recipient mice at 10 days after Tamoxifen or corn oil treatments.

Data analysis

For RNA-seq analysis, raw sequencing reads were demuxed using bcl2fastq2 (v2.20) and aligned to the

mouse reference genome (mm10) with MapSplice (v2.2.1). Gene-level quantification was performed with

HTSeq (v0.9.1) against UCSC gene annotations (obtained February 21, 2016). Read alignment statistics

and sample quality features were calculated with SAMtools and RSeQC. Sequencing quality was verified

by manual inspection of sample-wise characteristics: total reads, mapping percentages, pairing percent-

ages, transcript integrity number (TIN), 50 to 30 gene body read coverage slopes, and ribosomal RNA

content. DESeq2 (v1.16.1) was used to identify differentially expressed genes (DEGs) between pairwise

conditions from raw gene read counts. Significant DEGs were identified as those with an FDR q-value

<0.05, an absolute fold change R2 (i.e. |log2 [fold-change]| R 1), and mean transcripts per million (TPM)

R 1 across samples. Gene set enrichment analysis (GSEA) was performed using the GSEA v4.0.3 applica-

tion (www.gsea-msigdb.org/gsea/downloads.jsp).

For ChIP-seq analysis, raw sequencing reads were demuxed using bcl2fastq2 (v2.20) and aligned to the

mouse reference genome (mm10) with the BWA MEM algorithm. Peak calling was performed with

MACS2 (version 2.1.1.20160309) for all ChIP samples against input controls. For histone modifications

(H3K4me3 and H3K16ac), theMACS2 callpeak function was used with the standard model building proced-

ure and additional parameters: -g mm –call-summits -B. For M2 and MLL1 experiments, the MACS2

callpeak function was also used but with a fixed shift size (i.e. no model building) of 284 and: -g mm

–call-summits -B –nomodel –extsize 284. For all samples, peaks with q-value < 0.05 were considered
22 iScience 25, 103679, January 21, 2022
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significant and retained for further analyses. Overlaps among peaks from different experiments were deter-

mined with BEDTools, considering any intersection between peak coordinates as an overlap. For peak-to-

gene mappings, we classified peaks within 2 kilobases (kb) of annotated gene transcription start sites as

promoter mapped, peaks mapping within gene bodies as intragenic, and all other peaks as intergenic. Hy-

pergeometric tests were used to determine the significance of overlapping peak counts against a back-

ground of the union of peaks identified in the two experiments. HOMER (version 4.11) was used to identify

de-novo motifs of length 8, 10, or 12 overrepresented around top (up to 10,000) ChIP-seq peak summits

with the command: findMotifsGenome.pl peakfile mm10r -S 25 -len 8,10,12 -size 50, where peakfile is an

input file containing MACS2 peak summit coordinates.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean G SD. Sample sizes and animal numbers were determined by previous ex-

periences. No samples were excluded from analyses. All data were analyzed by two-tailed Student’s t-test

except that survival curves were compared by Log-rank test, using GraphPad Prism 9 software. The re-

searchers were not blinded during sample collection and analysis.
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