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Dissection of the MEF2D-IRF8 transcriptional circuit
dependency in acute myeloid leukemia

Bianca Y. Pingul,1,2,3,4,9 Hua Huang,3,5 Qingzhou Chen,3,4 Fatemeh Alikarami,6 Zhen Zhang,3,5 Jun Qi,7

Kathrin M. Bernt,6,8 Shelley L. Berger,3,5 Zhendong Cao,1,3,4,9,* and Junwei Shi1,3,4,10,*

SUMMARY

Transcriptional dysregulation is a prominent feature in leukemia. Here, we
systematically surveyed transcription factor (TF) vulnerabilities in leukemia and
uncovered TF clusters that exhibit context-specific vulnerabilities within and
between different subtypes of leukemia. Among these TF clusters, we demon-
strated that acute myeloid leukemia (AML) with high IRF8 expression was ad-
dicted to MEF2D. MEF2D and IRF8 form an autoregulatory loop via direct bind-
ing to mutual enhancer elements. One important function of this circuit in AML is
to sustain PU.1/MEIS1 co-regulated transcriptional outputs via stabilizing PU.1’s
chromatin occupancy. We illustrated that AML could acquire dependency on this
circuit through various oncogenic mechanisms that results in the activation of
their enhancers. In addition to forming a circuit, MEF2D and IRF8 can also sepa-
rately regulate gene expression, and dual perturbation of these two TFs leads
to a more robust inhibition of AML proliferation. Collectively, our results re-
vealed a TF circuit essential for AML survival.

INTRODUCTION

Transcription factors (TFs) encompass one or multiple direct DNA binding domains and represent one of

themost important classes of proteins in interpreting eukaryotic genomes. An estimated number of�1,600

TFs in the human genome are likely to engage DNA in a sequence-specific manner, and many of them are

biochemically and functionally obscure (Lambert et al., 2018; Vaquerizas et al., 2009). Although nearly half

of these TFs are ubiquitously expressed in all types of cells, a small number of TFs, termedmaster regulator

TFs, are expressed in a cell type specific manner and play fundamental roles in cell fate determination (Bu-

ganim et al., 2013; Davis et al., 1987; Graf and Enver, 2009). Master TFs typically form interconnected au-

toregulatory loops to control each other’s expression and their downstream transcriptional programs by

coordinately modulating their enhancer activities (Boyer et al., 2005; Lee and Young, 2013). Such transcrip-

tional circuitry enables rapid induction and sustained augmentation of gene expression programs to deter-

mine a cell state (Lee and Young, 2013; Young, 2011).

Malignant transformation involves transcriptional dysregulation mediated by the master TF circuitry (Brad-

ner et al., 2017). For example, in acute myeloid leukemia (AML), an aggressive form of cancer characterized

by the overproduction of immature myeloid precursor cells, recurrent oncogenic alterations occur in TFs

and epigenetic regulators, such as CEBPA, RUNX1, GATA2, and KMT2A (also known as Mixed-Lineage

Leukemia 1 (MLL1)), which are essential for stem cell renewal and myeloid differentiation (Döhner et al.,

2015; Khwaja et al., 2016). A second category of TFs exploited in leukemia is non-oncogenic dependencies,

which are not frequently mutated but required for sustaining malignant states, such as FLI1, ERG, and

ZFP64 in AML (Lu et al., 2018; Roe et al., 2015; Xu et al., 2018). However, there remains an unmet need

for a comprehensive understanding of TF-mediated coordination of gene regulation in cancer, which

may ultimately foster the development of effective and selective therapeutic strategies. In this study, we

highlight a comprehensive identification of TF clusters in a broad range of leukemias, which consequently

may be utilized as predictive markers of context-specific vulnerabilities.

Myocyte Enhancer Factor (MEF2, A-D) proteins are evolutionarily conserved MADS (MCM1, AGAMOUS,

DEFICIENS and SRF) TFs implicated in normal muscle, neuron, and blood system cell development, as

well as in human diseases (Di Giorgio et al., 2018; Krivtsov et al., 2006; Pon and Marra, 2015; Potthoff

and Olson, 2007). Among them, MEF2D is reported to be upregulated in certain types of cancer (Ma
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et al., 2014; Xu and Zhao, 2016), and MEF2D-fusion is a prediction marker for a poor clinical prognosis in

B-cell precursor ALL (BCP-ALL) and may be involved in leukemogenesis (Gu et al., 2016a; Liu et al.,

2016; Ohki et al., 2019; Suzuki et al., 2016; Tsuzuki et al., 2020). Interferon Regulatory Factor 8 (IRF8), a he-

matopoietic lineage-specific TF, has been implicated as a key myeloid and B lymphoid cell fate determi-

nator (Holtschke et al., 1996; Lu et al., 2003; Tamura et al., 2015; Wang et al., 2008). Both MEF2D and

IRF8 were nominated as AML essential transcriptional vulnerabilities from TF-focused CRISPR screens

(Cao et al., 2021; Lu et al., 2018). Mechanistically, we found that an epigenetic reader protein ZMYND8

directly regulates IRF8 transcriptionally and IRF8 regulates MEF2D expression in AML cells. Of interest,

our transcriptomic profiling of MEF2D deficient cells revealed that IRF8 could be one of its downstream

targets (Cao et al., 2021). However, the essential role of MEF2D in leukemia, whether and howMEF2Dmain-

tains IRF8 expression, and why the IRF8-MEF2D network is important for AML remain to be fully

investigated.

In this study, we demonstrated that genetic perturbation of MEF2D led to robust suppression of cell pro-

liferation in a subset of AMLs with highMEF2D expression. On chromatin, we found that MEF2D regulated

IRF8 transcription through occupying an AML-specific IRF8 enhancer, which eventually formed a positive

feedback loop to maintain high MEF2D expression. Furthermore, we systematically identified an IRF8-

bound intronic enhancer of MEF2D, which we illustrate to have high chromatin accessibility in several pa-

tient-relevant genetic alterations such as KMT2A-rearrangement. Current models depicting transcriptional

circuitries in cancer focus on convergent roles of master TFs in sustaining oncogenic transcriptional pro-

grams (Bradner et al., 2017). Here, we found that MEF2D and IRF8 convergently co-regulated a set of

genes, and divergently their own respective transcriptional programs to support AML. Mechanistically,

the MEF2D-IRF8 circuit functionally supports the transcriptional output of PU.1, and dual perturbation of

MEF2D and IRF8 displayed a more profound effect on inhibiting AML proliferation than individual gene

perturbation. Together, our results highlighted the coordination between master TFs in the regulation

of AML-specific transcriptional program and identified the MEF2D-IRF8 pathway as an AML-specific TF

vulnerability.

RESULTS

Integrative analysis of TF dependency map in leukemia identifies distinct TF clusters that

exhibit context-specific vulnerabilities

Genome-wide CRISPR-based knockout genetic screens across a broad spectrum of cancer cell lines, such

as the DepMap portal, provide rich resources for cancer type-specific vulnerability nominations (Dharia

et al., 2021; Tsherniak et al., 2017). To comprehensively annotate leukemia-biased transcriptional vulnera-

bilities, we surveyed a total of 990 cancer cell lines including 23 AML, 7 chronic myeloid leukemia (CML), 4

T-ALL and 15 B-cell leukemia cell lines. After filtering pan-essential and non-essential genes, we estab-

lished 66 TFs that displayed leukemia-biased vulnerabilities for further analysis. Unsupervised clustering

of their dependency scores (copy-number-adjusted essentiality score, or CERES) (Meyers et al., 2017) nomi-

nated five distinct classes of TFs (Figure 1A). Among them, class I, II, and IV displayed the most distinguish-

able and cancer-type related features. Class I contained TFs that represent a class of blood-lineage specific

vulnerabilities, such as MYB, ZEB2, and CBFB, that were essential for proliferation of most leukemia cell

lines (Li et al., 2017; Tang et al., 2000; Zuber et al., 2011a) (Figures 1A and 1B). Class II contained TFs,

such as SPI1, IRF8,MEF2D andCEBPA, that were essential for the proliferation of a subset of AML cell lines,

many of which harbor a KMT2A-rearrangement or amplification (hereafter called KMT2A-r or KMT2A-amp,

respectively) (Table S5) (Cao et al., 2021; Liss et al., 2021; Ohlsson et al., 2014; Zhou et al., 2014), whereas

Class IV included TFs that were required for B cell leukemia proliferation (Figures 1A, 1B, and S1B–S1D).

The Class III and V clustering revealed no strong exclusivity of TF dependencies in specific leukemias,

but rather a broader requirement pattern across these subtypes. Notable TFs in Class III included

GATA1 and STAT5B, which were both essential for AML and CML proliferation, whereas Class V included

Figure 1. Integrative analysis of TF dependency map in leukemia

(A) Heatmap (left) depicts hierarchically clustered dependency scores (CERES) of 66 TFs that are significantly enriched in AML, CML or ALL cell lines. A total

of 49 leukemia cell lines with CRISPR screens available on DepMap were plotted. Pan-essential and non-essential genes were excluded. A bubble plot (right)

indicates number of cell lines (by size) that are vulnerable (CERES < -0.45) to indicated TF perturbation, where color density represents significant enrichment

level. AML, acute myeloid leukemia; CML, chronic myeloid leukemia; ALL, acute lymphoblastic leukemia.

(B) Violin plots of representative TF CERES effects in leukemia.

(C) Pearson correlation matrix of CERES dependency scores of AML-biased TF dependencies. A total 23 AML cell lines were used. Genetic information of cell

lines used for this analysis can be found in Table S5.
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TFs such as BCL11B, TCF3, and TCF12 that were more prominently required for T-cell development/T-ALL

proliferation (Ha et al., 2017; Kollmann et al., 2019; Shimizu et al., 2008; Staal et al., 2016; Wingelhofer et al.,

2018; Zhan et al., 2017) (Figure 1A).

We then interrogated the correlation between TF dependencies within the same subtype of leukemia. In-

dividual hierarchical clustering of CERES in AML, CML and ALL revealed differential dependency profiles of

the TF subsets (Figures S1E–S1G). In AML, HOXA10, MEIS1, MEF2C, MYB, ZFP64 and IRF8 are positively

associated together. The dysregulation of these TFs are commonly reliant on certain types of AML

including those harboring KMT2A-r or KMT2A-amp (Figure 1C) (Cao et al., 2021; Krivtsov et al., 2006; Lu

et al., 2018; Zuber et al., 2011a,2011b). Conversely, RUNX1 and CBFB, which form a heterodimeric complex

and were shown to be downregulated in KMT2A-r AML (Martinez-Soria et al., 2018; Tang et al., 2000; Zhang

et al., 2003; Zhao et al., 2014), were clustered into the second subset. In ALL, B- and T-ALL biased depen-

dencies were well separated, whereas pan-leukemic essential genes such as MYB, RUNX1 and CBFB, tend

to correlate with both classes of dependencies (Figure S1E). In CML, we also observed two distinct classes

of TFs (Figure S1F), implying that these TFs may be involved in different cellular pathways in the context of

BCR-ABL/Ph + leukemia (Wainberg et al., 2021; Wang et al., 2017; Zhang, 2008).

We further assessed the molecular signatures that the 66 leukemia-biased TFs are involved in. Gene

Ontology (GO) analysis of the TFs revealed a common signature of significant enrichment of molecular

function in enhancer binding and transcription activator, and biological processes such as hematopoietic

cell differentiation, T and B cell activation and cell fate commitment (Figure S1G). Using a disease-related

gene prioritization tool (Jourquin et al., 2012; Liao et al., 2019), we found that these TFs were predominately

enriched for various leukemia types (Figure S1H). These observations suggest that cancer cells are likely to

exploit similar, if not the same, transcriptional programs that were primitively utilized by the cell of origin.

MEF2D is an AML-biased dependency

Our integrative TF analysis nominated hits that are not well studied as leukemia dependencies, including

ZNF629, YBX3, ZNF98 and ZNF675 in lymphoblastic leukemia, ID3 in B-ALL, andMEF2D, ARID2 and TFAP4

in AML. We focused on MEF2D, a potent and selective vulnerability that has not yet been extensively char-

acterized in a subset of AML (Figures 1 and2A). First, we cloned two independent sgRNAs for MEF2D and

confirmed efficient depletion of MEF2D through immunoblotting (Figure S2A). To evaluate the knockout

effects of MEF2D, we conducted competition-based proliferation assays in a collection of leukemia cell

lines with different cytogenetics. Cas9-expressing cells were partially transduced with sgRNA expression

vector linked with GFP, and relative cell growth rate was calculated by tracking the sgRNA positive (GFP

positive) population over a time course. Perturbation of MEF2D strongly impaired the growth of AML

cell lines, including MOLM-13, MV4; 11 and THP-1 that harbor KMT2A-r, as well as OCI-AML3 and OCI-

AML5 that carry DNMT3A/NRAS/NPM1c or ASXL1/RUNX1/TET2/EZH2 mutations, respectively, but did

not influence the growth of other cancer cell lines, such as K562 JURKAT, OPM1, A375 and HUH7

(Figures 2B, S2B, and S2C).

Moreover, we sought to assess the requirement of MEF2D in normal myeloid cell development. We trans-

duced murine bone marrow cells constitutively expressing Cas9 with sgRNA targetingMef2d (Figure S3D),

confirmed the on-target knockout through immunoblotting (Figure S3E), and assessed the development of

normal myeloid cells in colony formation assays. We did not observe a significant difference in the fre-

quency and the absolute colony number of hematopoietic progenitor cells on Mef2d depletion (Fig-

ure S3F). This result is consistent with the notion that loss of Mef2d in a mouse model did not impede

normal myeloid cell development (Pattison et al., 2020).

MEF2D has two human isoforms annotated with different Transcription Start Site (TSS). Both isoforms

encode almost identical proteins, except one that excludes a small fraction of the Trans-activation Domain

2 (TAD2) through alternative splicing (Figure S2G). To verify the on-target effect of the MEF2D sgRNA, we

transduced AML cells with CRISPR-resistant MEF2D-long or short cDNA and found that both isoforms were

able to fully rescue the growth-arrest phenotype caused by sgRNA-mediated MEF2D inactivation

(Figures S2H–S2J). This data suggested a redundant function of the two MEF2D isoforms in AML survival,

although AML cell lines and primary patient samples mostly expressed the long isoform, as demonstrated

by qPCR and RNA-seq (Figures S2K and S2L). In addition, inspection of cancer cell line encyclopedia (CCLE)

dataset (Barretina et al., 2012) revealed a positive correlation between MEF2D’s CERES and its mRNA
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expression in leukemia cell lines (Figure 2C). We further confirmed by immunoblotting that high expression

level of MEF2D protein was associated with MEF2D dependency in a subset of AML (Figure 2D). AML cell

lines that were most reliant on MEF2D expressed high levels of MEF2D, whereas cell lines that had a basal

level of MEF2D expression did not require MEF2D for their proliferation. Together, our findings validate

MEF2D as a TF vulnerability in a subset of AML.

MEF2D and IRF8 form an autoregulatory loop in AML via direct binding of mutual enhancer

We set out to further explore the relationship between the leukemia-biased dependencies and their mRNA

expression levels by performing a pair-wise correlation analysis. This analysis revealed that the expression

levels of several TF groups were mutually positively correlated with their vulnerabilities in leukemia (Fig-

ure 3A). Evaluation of these correlated gene expression profiles may provide a rationale to guide the clin-

ical application of TF pathway focused targeted therapy. For example, the high expression levels of TFEB,

PAX5, EBF1, and FOXO 1might be able to serve as predictionmarkers for EBF1 and PAX5 dependencies in

B-cell leukemia (Figure 3A). Of note, we found that the high expression of a TF group (MEF2D, IRF8,

HOXA10, MEIS1, SPI1, CEBPA, ZEB2, and GFI1) collectively predicted individual members’ dependencies

A B

C

5 10 15 20

MOLM-13
(AML, MLL-AF9/FLT3ITD)

0

50

100

150

R
el

at
ive

 s
gR

N
A+

, %
(N

or
m

al
ize

d 
to

da
y 

3)

0

50

100

150

5 10 15 20

MV4;11
(AML, MLL-AF4/FLT3ITD)

D

MOLM
-13

OCI-A
ML5

THP-1
MV4;1

1

OCI-A
ML3

JU
RKAT

HEL
A54

9

GAPDH

HUH7

MEF2D
(Short expose)

MEF2D
(Long expose)

U93
7

REH
K56

2

Days post-infection
5 10 15 20

THP-1
(AML, MLL-AF9/NRASG12D/TP53)

5 10 15 20

K562
(Leukemia, BCR-ABL/TP53)

0

50

100

150

0

50

100

150

sgPCNA
sgMEF2D_1

sgROSA

sgMEF2D_2
AML CML B cell T cell

-2

-1

0

1

C
ER

ES

MEF2D

AML B-ALL CML T-ALL HCC
Lung

cancer

Leukemia (r = 0.756 p = 5.0 x 10-10)

-1.5 -1.0 -0.5 0.0 0.5
0

2

4

6

8

MEF2D CERES

M
EF

2D
 lo

g 2(T
PM

+1
)

Others (r = 0.122 p = 0.0003)

kDa
72

72

43

Figure 2. MEF2D is an AML-biased dependency

(A) Violin plots of MEF2D CERES effects.

(B) Competition-based proliferation assays in MOLM-13 (AML, upper left), MV4; 11 (AML, upper right), THP1 (AML, bottom left) and K562 (an acute (erythro)

blastic transformation of prior CML, bottom right) cell lines stably expressing Cas9. Plotted are relative GFP/sgRNA + population normalized based on day 3

(n = 3–5, mean G SEM). sgNeg, negative control. sgPCNA, positive control.

(C) Scatterplot that shows a linear correlation between MEF2D’s CERE dependency scores and mRNA expression in leukemia (red) or other cancer cell lines

(light gray) in the DepMap dataset. Each dot represents one cell line; the shaded regions indicate 95% confidence interval for the linear regression model.

(D) Immunoblotting of MEF2D in indicated whole-cell lysates. MEF2Dhi cell lines are labeled in purple. HCC, Hepatocellular carcinoma.
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in AML, which may imply a possible interconnection of their regulatory pathways. Among these TFs, we

focused on investigating the uncharacterized function of MEF2D in AML.

We previously showed that IRF8 can directly modulate MEF2D expression in AML (Figure S3A), and

MEF2D may also regulate IRF8 expression (Cao et al., 2021). We proposed that IRF8 and MEF2D could

form a transcriptional circuit, but the direct downstream targets of MEF2D have not yet been investi-

gated. To assess MEF2D-regulated transcriptional programs in AML, we analyzed RNA sequencing

(RNA-seq) 4–5 days after CRISPR-mediated MEF2D depletion in 3 AML cell lines and a control cell

line (K562). We observed a trend of downregulation for IRF8 and IRF8-regulated genes (defined as down-

regulated genes on IRF8 inactivation in 4 AML cell lines, Figure S3A) in MEF2D-addicted AML cell lines,

but not in K562 cells which do not express IRF8 (Figures 3B, S3B, and S3C). Furthermore, we did not

observe altered expression of other TFs that were grouped together with MEF2D and IRF8. Indeed,

MEF2D and IRF8 shared a highly similar dependence pattern in leukemia (Figures 3C and 1A), and

mRNA expression of one is highly correlated with the dependency score of the other in leukemia in com-

parison to other tumors (Figures 3D and 3E). We also retrieved AML patient transcriptomic profiling data

from The Cancer Genome Atlas (TCGA) (Cancer Genome Atlas Research Network et al., 2013) and per-

formed correlation analysis between IRF8/MEF2D and other genes. Notably, MEF2D mRNA was posi-

tively associated with IRF8 mRNA and IRF8-regulated genes in AML patients, with IRF8 as the top 1

gene correlated with MEF2D (Figures 3F, 3G, and S3D).

To further evaluate the chromatin occupancy of MEF2D and elucidate MEF2D-mediated gene regulation,

we performed Cleavage Under Targets and Release Using Nuclease (CUT&RUN) (Skene et al., 2018) in

parental MOLM-13 cells as well as cells transduced with either negative control and MEF2D targeting

sgRNAs. This identified a total of 27,198 high confidence peaks of MEF2D. Genome-wide MEF2D-bind-

ing profiling revealed a significant overlap of MEF2D binding sites with the active histone mark H3K27ac.

A large proportion of MEF2D sites were in promoters and distal elements that are likely to be cis-

element (Figures 3H and S3E), consistent with an established role of MEF2D in transcriptional activation

(Kim et al., 2008; Liu et al., 2007; Pon and Marra, 2015; Potthoff and Olson, 2007). Deconvolution of the

MEF2D-derived sequence showed enrichment of a previously reported Mef2d motif in murine retina, as

well as several hematopoietic lineage-specific TF-binding motifs, such as PU.1, FLI1, IRF8 (Figure S3F).

Inspection of IRF8 locus revealed an enrichment of MEF2D signals at the previously identified AML-spe-

cific IRF8 enhancer region (IE) (Cao et al., 2021) in the parental cells or cells transduced with negative

control sgRNA, but not cells with MEF2D targeting sgRNA (Figure 3I). The enrichment of MEF2D in

the IRF8 IE was further validated by CUT&RUN-qPCR (Figure 3J). Furthermore, we utilized a targeted

degradation system (Nabet et al., 2018) to allow rapid depletion of MEF2D to evaluate the primary tran-

scriptional changes on MEF2D loss. We established a THP1 AML cell line with a knockout of the endog-

enous MEF2D and substituted with a FKBP12G36V-linked MEF2D cDNA (termed THP1-dMEF2D), which

allowed us to rapidly deplete MEF2D on dTAG treatment (Figures S3G–S3I). We performed a time-

course analysis of gene expression following dTAG treatment of THP1-dMEF2D cells and observed rapid

loss of IRF8 transcript, but not other known AML oncogenic drivers such as FLT3 and MYC (Figure S3J).

Collectively, these results support that MEF2D and IRF8 form a transcriptional circuit and regulate each

other directly.

Figure 3. MEF2D-IRF8 regulatory loop in AML

(A) Similarity matrix (left) of 66 leukemia-enriched TF dependencies in their (minus) CERES effects (row) versus mRNA expressions (column) hierarchically

clustered by pair-wise Pearson correlation in 49 leukemia cell lines. Heatmap (right) implicates average expression level of TFs in different subtypes of

leukemia.

(B) RNA-seq rank plot of gene expression changes in MOLM-13 (up, (Cao et al., 2021)) or MV4; 11 cells 4–5 days after transduction of two independent sgNeg

or sgMEF2D. Dark dots indicate IRF8-regulated genes in Figure S3A.

(C) Scatterplot of MEF2D CERES versus IRF8 CERES in leukemia cell lines.

(D and E) Scatterplot that shows a linear correlation between IRF8’s mRNA expression and MEF2D’s CERES dependency scores (D) or MEF2D’s mRNA

expression and IRF8’s CERES dependency scores (E). Each dot represents one cell line; the shaded regions indicate 95% confidence interval for the linear

regression model.

(F) Pearson correlation analysis of MEF2D mRNA expression with other genes in 173 AML patients. Data retrieved from TCGA dataset.

(G) Scatterplot of MEF2D and IRF8 expression in 173 AML patients.

(H) Meta-profile (top) and density plot (bottom) of MEF2D CUT&RUN and H3K27ac ChIP-seq peaks in MOLM-13 cells. Peaks are ranked by MEF2D

CUT&RUN tag counts.

(I) Gene tracks of H3K27ac and MEF2D enrichment at IRF8 locus in MOLM-13 cells. Shadowed in gray is the AML-specific IRF8 enhancer (IE). (J) CUT&RUN-

qPCR against MEF2D on IRF8 locus (n = 3).
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IRF8 supports PU.1’s chromatin occupancy and transcriptional output

To date, the underlying role of the MEF2D-IRF8 circuit in AML maintenance and the subsequent conse-

quences of its activation have not yet been characterized. Previous studies reveal that IRF8 or its homolo-

gous protein IRF4 physically associates with PU.1, a master myeloid TF, on a composite DNA element

(Eisenbeis et al., 1995; Tamura et al., 2015). IRF8 and PU.1 have also been suggested to play a tumor sup-

pressive role in B cells, and that deletion of IRF8 and PU.1 led to B-ALL development in mice (Pang et al.,

2016). In contrast to B-ALL, either genetic or chemical inhibition of PU.1 decreases KMT2A-r AML prolifer-

ation, partially because of the crosstalk between PU.1 and HOX/MEIS transcriptional programs (Antony-

Debré et al., 2017; Zhou et al., 2014). These observations were in concert with the consequence of

CRISPR-mediated PU.1 perturbation in leukemia, where PU.1 is essential for IRF8-dependent AML cell

lines, but not B cell leukemia (Figure 4A and1A). Of note, PU.1 displayed a broader dependence across

AML in comparison to IRF8, which may be because of PU.1’s ability to cooperate with other cell-type spe-

cific TFs, such as IRF4, CEBPa and RUNX1, for transcriptional regulation (Gu et al., 2018; Zhang et al., 1996)

(Figures 1A and S1A).

To evaluate whether IRF8 was functionally connected with PU.1 for gene regulation in AML, we performed

transcriptomic profiling in MOLM-13 cells transduced with two independent sgRNAs targeting the DNA-

binding domain of PU.1. Efficient PU.1 depletion was confirmed by immunoblotting (Figure S4B). Differen-

tial gene expression analysis revealed that loss of PU.1 resulted in the reduction of IRF8-regulated genes,

but not IRF8mRNA level (Figure S4C). A PU.1 gene signature was defined using the top 500 downregulated

genes in AML with PU.1 depletion (Table S1), and gene set enrichment analysis (GSEA) showed a significant

downregulation of PU.1 gene signature in both IRF8- and MEF2D-deficient AML cells, but not in K562

(Figures 4B, S4D, and S4E). Because we did not observe changes in PU.1 mRNA levels on IRF8 or

MEF2D depletion, it raised a possibility that the transcriptional connection between PU.1 and the

MEF2D-IRF8 transcriptional circuit might be mediated through protein-protein interaction on chromatin.

Previous studies suggest that IRF8 directs the monocyte- and dendritic cell (DC)-specific enhancer land-

scape establishment that are enriched for PU.1 during myeloid cell specification (Kurotaki et al., 2018;

Tamura et al., 2015). Therefore, we sought to test whether IRF8 was required for PU.1 binding in AML.

We utilized a previously established MOLM13-dIRF8 cell line that allowed rapid and efficient degradation

of IRF8 within 1 h via the dTAG system (Cao et al., 2021). We treated the MOLM13-dIRF8 cells with 500 nM

dTAG compound and performed ChIP-seq on PU.1, as well as histone markers H3K27ac and H3K4me1 that

mark active cis-elements. Rapid elimination of IRF8 induced dramatic reduction of PU.1 signals at IRF8-

binding sites, whereas H3K27ac, H3K4me1, and the total cellular PU.1 levels were largely unchanged

(Figures 4C–4E). Furthermore, extended exposure to dTAG for 24 h only led to a very modest reduction

of the H3K27ac and H3K4me1 marks (Figures S4F and S4G). Reduction of PU.1 binding was observed at

the loci of MEF2D as well as other IRF8-regulated genes LY86 and CD180 (Figures 4F, 4G, S4H–S4J).

Both LY86 and CD180 were implicated to be co-regulated by PU.1 and MEIS1, and were identified as

leukemic stem cell markers in chemotherapy-resistant primary AML samples (Saito et al., 2010). These

IRF8-dependent PU.1-enriched loci may be unique in these AML subtypes, as the PU.1 signals were stron-

ger in the MOLM-13 and THP-1 cells in comparison to the U937 leukemia cells that harbored CALM-AF10

fusion and expressed low levels of bothMEF2D and IRF8 (Figures 2D and S4H–S4J) (Minderjahn et al., 2020;

Mohaghegh et al., 2019). These findings are consistent with the structural basis of PU.1/IRF/DNA ternary

complex, where PU.1 and IRF4 engage on DNA in a cooperative manner, and this engagement relies on

mutual protein-protein interactions (Escalante et al., 2002). To further analyze the cooperative interaction

between IRF8 and PU.1, we surveyed IRF8- and PU.1-only sites and found that both these two types of re-

gions had less active histone markers (H3K27ac and H3K4me1) in comparison to IRF8-PU.1 co-occupied re-

gions (Figures S5A and S5B), implying that the IRF8- and PU.1-only sites tend to be less active in terms of

Figure 4. IRF8 supports PU.1’s chromatin occupancy and transcriptional output

(A) Scatterplot of IRF8 CERES versus PU.1 CERES in leukemia cell lines.

(B) GSEA analysis of IRF8-KO (left) and MEF2D-KO (right) RNA-seq data in MOLM-13 cells. PU.1 signature scatterplot of MEF2D CERES versus IRF8 CERES in

leukemia cell lines, where the PU.1 signature is defined as the top 500 downregulated genes on PU.1 depletion. Normalized enrichment score (NES) and false

discovery rate (FDR) q value are shown.

(C and D) Density plot (C) and meta-profiles (D) of PU.1, H3K27ac and H3K4me1 ChIP-seq signals at IRF8 binding sites in MOLM13-dIRF8 cells (Cao et al.,

2021) on 4 h treatment of DMSO or dTAG that rapidly eliminates IRF8 protein. Peaks are ranked by IRF8 ChIP-seq tag counts (n = 3).

(E) Immunoblotting of IRF8, PU.1 and GAPDH in whole-cell lysates of MOLM13-dIRF8 cells treated with 500nM dTAG-47 for 4h.

(F and G) Gene tracks of ChIP-seq signal from Figures 4C and 4D at MEF2D (E) or CD180 (F) locus.
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Figure 5. MEF2D and IRF8 are upregulated in AML carrying KMT2A-r through enhancer reactivation

(A) Gene tracks of H3K27ac and IRF8 ChIP signals in MOLM-13, THP-1, HEL or K562 cells.

(B) Gene tracks of H3K27ac CUT&RUN signals in primary AML cells, with the key oncogenic mutations labeled on the left.

(C) Schematic of CRISPRi (KRAB-dCas9)-mediated epigenomic silencing at MEF2D locus. Red bars indicate sgRNA positions.
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gene transcription and enhancer function in AML. On dTAG-induced IRF8 depletion, we noted that PU.1

was preferentially lost in the IRF8-PU.1 co-occupied regions, as well as that slight loss of PU.1 in some of

the PU.1-only regions (Figure S5C). We further confirmed these observations by performing ChIP-qPCR

of eight representative genetic loci (Figure S5D). Collectively, these results suggest that the disassociation

of PU.1 from IRF8-binding sites is an immediate event on IRF8 depletion, and loss of this interaction leads to

suppression of PU.1-specific transcriptional programs required for AML proliferation.

MEF2D and IRF8 are upregulated in AML carrying KMT2A-r through enhancer reactivation

Our previous study indicates thatMEF2D and IRF8 are upregulated in AML patients with different cytogenetics,

and an enhancer-based IRF8 transcription activation is largely mediated by IE (Cao et al., 2021). Deletion of the

homologousmurine IE specifically decreased Irf8 expression inmyeloid cells and induced loss of DCs andaccu-

mulation of Ly6C+ monocytes (Murakami et al., 2021), suggesting that cancer cells can hijack cell-type specific

enhancers to sustain their dysregulated transcriptional network (Bahr et al., 2018; Shi et al., 2013). We surveyed

the epigenetic profiles at theMEF2D locus and observed a spreading of H3K27ac-enriched and IRF8-bound re-

gion to �10kb downstream of the MEF2D long isoform TSS in MOLM-13 and THP-1 cells, both of which were

KMT2A-r AML with high IRF8 expression (Figure 5A). In contrast, we observed that H3K27ac signals were

more constrained around the TSS of MEF2D in both HEL and K562 leukemia cells that were KMT2A-WT with

no IRF8expression (Figure5A). To furtherconfirmthisobservation,weperformedH3K27acCUT&RUN inprimary

patient samples with KMT2A-r and noted a similar H3K27ac spreading at theMEF2D locus (Figure 5B). Inspec-

tion of DNase-seq (Assi et al., 2019) and ATAC-seq (Corces et al., 2016) dataset in AML patients, we observed

that a differential chromatin accessibility of the IRF8-bound MEF2D intronic enhancer in comparison with the

constitutively accessible regions at the TSS of theMEF2D long isoform (Figures S6A and S6B). In normal myelo-

poiesis, this IRF8-boundMEF2D region was transiently activated in granulocyte monocyte progenitor (GMP) in

correspondence to an elevated MEF2D expression, whereas the MEF2D TSS region was constitutively acces-

sible across the myeloid lineages (Figures S6C and S6D). This observation implied that this cell-state-specific

MEF2D regulatory element might be hijacked by certain oncogenic drivers during leukemia pathogenesis. To

functionally verify the potential regulatory element of MEF2D, we employed CRISPR interference (CRISPRi)

(Fulco et al., 2016;Gilbert et al., 2013) to silence theH3K27ac-enriched regions atMEF2D locus inMOLM-13cells

(Figure 5C). We found that the sgRNA#1 targeting the IRF8-bound site caused a more profound inhibition of

MEF2D transcription in comparison to the sgRNAs targeting the constitutively active MEF2D TSS region

(Figures 5A–5D). To further evaluate the functionality of these newly identified enhancer elements, we utilized

the optimized opAsCas12a system (Gier et al., 2020) to introduce multiple guide RNAs to the flanking regions

of either the IRF8-bound site atMEF2D locus or MEF2D-bound site at IRF8 locus (Figures S6E and S6F). In both

scenarios,weobservedamutual andsimultaneous reductionofboth IRF8andMEF2Dexpressions (FigureS6G).

Given the observation that the MEF2D-IRF8 circuit was frequently upregulated in AML cell lines and pri-

mary patient samples carrying KMT2A-r, we then evaluated whether KMT2A-r oncogene itself was sufficient

to activate this circuit. We first inspected the public ChIP-seq/CUT&RUN dataset of KMT2A protein and its

associated histone H3K79me2 mark (Krivtsov et al., 2019) in MOLM-13 cells and observed both signals at

MEF2D and IRF8 loci (Figures S6H and S6I). Next, we surveyed three additional independent datasets,

which profiled transcriptomic changes of KMT2A/MLL-AF9 (MA9) or KMT2A/MLL-AF4 (MA4)-transformed

human CD34+ HSPCs (Horton et al., 2013; Secker et al., 2020) or model leukemias (Barabé et al., 2017), and

observed consistent elevation of MEF2D and IRF8, along with other well-known KMT2A target genes

HOXA, MEIS1 and PBX3 (Figure 6E, S6J, and S6K). In pediatric MA9 AML that tends to have much lower

mutational burdens (Barabé et al., 2017; Dharia et al., 2021; Gröbner et al., 2018; Ma et al., 2018),

MEF2D and IRF8 upregulation was also observed (Figure S6K). Furthermore, CRISPR perturbation of either

IRF8 or MEF2D in two MA9-immortalized human CD34+ cell models, with either containing cooperative

oncogenic FLT3ITD or NRASG12D mutations, led to a potent proliferation inhibition (Figures 5F and S6L).

Of note, Flt3-ITD and Npm1c mutations were shown to synergistically rewire chromatin contacts at the

Figure 5. Continued

(D) RT-qPCR analysis of mRNA expression of MEF2D in MOLM-13 cells stably expressing dCas9-KRAB and transduced with indicated sgRNAs in Figure 5B

harvested on 4 days post-infection. Relative mRNA levels were normalized to GAPDH levels. Plotted are the mean G SEM (n = 3 for negative controls, n = 2

for MEF2D sgRNAs).

(E) Volcano plots of RNA-seq data in MA4- (left) or MA9- (right) transformed human CD34+ HSPCs versus normal HSPCs isolated from BM, where KMT2A

translocation was induced via CRISPR-Cas9 (Secker et al., 2020).

(F) Competition-based proliferation assays in MA9-FLT3ITD (left) or MA9-NRASG12D (right) cells, which were generated by retroviral transduction of KMT2A-

AF9 followed by FLT3 FLT3ITD and NRASG12D into human CD34+ HSPC cells, respectively (Wei et al., 2008; Wunderlich et al., 2013) (n = 3, mean G SEM).
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Irf8 locus and upregulate Irf8 expression (Yun et al., 2021). Together, these results imply that dependency

on the MEF2D-IRF8 transcriptional circuit can be attributed to different leukemia-driving events that

converge on altering the epigenetic state of the MEF2D and IRF8 loci.

Divergent function of MEF2D- and IRF8- regulated programs in supporting AML

MEF2D and IRF8 form a transcriptional circuit to control shared downstream genes in supporting AML sur-

vival, but it remains unclear whether there are divergent functions of MEF2D and IRF8 in AML. To test this,

we investigated whether forced overexpression of either MEF2D or IRF8 was sufficient to rescue each

other’s deficiency-induced growth defect in AML. Notably, our results demonstrate that ectopic overex-

pression of either MEF2D or IRF8 in this circuit was able to partially alleviate, but not fully rescue, the

growth-arrest phenotype following inactivation of the other in AML, whereas their ectopic overexpression

failed to alleviate the growth-arrest phenotype induced by inactivating a pan-essential gene PCNA

(Figures 6A, 6B and S7A–S7D). Collectively, these data suggested that MEF2D and IRF8 functioned conver-

gently and divergently in supporting AML.

To investigate the divergent function of MEF2D- and IRF8- regulated programs, we examined their chro-

matin occupancies in AML. Closer inspection of genes enriched for MEF2D and IRF8 binding revealed co-

regulated downstream targets (Figures 6C and 6D) and individually regulated genes by MEF2D and IRF8,

respectively (Figures 6E and 6F). We noted that MEF2D and IRF8 co-occupied at many of the IRF8-regu-

lated genes (Figures 6C and 6D), which suggested that MEF2Dmight cooperatively regulate IRF8-targeted

genes. We noted that these MEF2D and IRF8 co-occupied regions displayed two distinct patterns: 1) exact

overlap with IRF8 peaks, and 2) not exactly at, but in proximity with IRF8 peaks (Figures 6C and 6D). Of note,

the MEF2D-only regions included CEBPE gene, which has been implicated in myeloid differentiation and

immune function (Shyamsunder et al., 2019; Yamanaka et al., 1997) and were upregulated on either IRF8 or

MEF2D depletion (Cao et al., 2021) (Figures 3B and S3B).

To further explore their relationship globally, we performed genome-wide co-occupancy analysis of

MEF2D and IRF8. We first counted two peaks as overlap when their peak summit positions are 500 bp or

less apart and identified 7,954 sites that were co-occupied by these two TFs, and 79.8% of IRF8-enriched

and 69.3% of MEF2D-enriched regions were not bound by the other (Figure 6G). As expected, IRF8 was

accompanied by PU.1 regardless of MEF2D binding, and unique MEF2D-enriched regions were not posi-

tively associated with high PU.1 signals. Notably, IRF8/PU.1/MEF2D co-occupied regions conferred the

highest active marks. Alongside, IRF8/PU.1-only regions were weakly enriched for both H3K27ac and

H3K4me1, and MEF2D-only regions correlated with low H3K4me1 but comparable H3K27ac with those

bound by all the three TFs, implying that these regions may not converge as enhancers but possibly as

other types of regulatory elements. Within the overlap of MEF2D-IRF8 pairs, a substantial number (around

40%) were larger than 61 bp (Figure S7E). We further classified the overlap regions based on the proximity

of MEF2D peaks in accordance with whether IRF8 peaks are within (close) or over 61bp distance upstream

(left) or downstream (right) (Figure S7E). Meta-profiles and density plots revealed 35.6% of the overlap re-

gions fell into the left or right subsets. Strikingly, we also observed a correlation of the overlap regions with

the H3K27ac active marks, wherein the enrichment of H3K27ac tended to enclose theMEF2D binding sites.

This may suggest that the overlap between MEF2D and IRF8 shifts in correspondence to extended active

marks in chromatin.

Figure 6. Divergent function of MEF2D- and IRF8- regulated programs in supporting AML

(A) Competition-based proliferation assays in THP-1 cells transduced with EV or MEF2D cDNA (n = 3–4, mean G SEM).

(B) Competition-based proliferation assays in THP-1 cells transduced with EV or IRF8 cDNA (n = 3–4, mean G SEM).

(C–F) Exemplary tracks of genes where MEF2D and IRF8 exact overlap (C), bind in proximity with each other (D), or only IRF8 (E) or MEF2D (F) are enriched.

(G) Meta-profile (top) and density plot (bottom) of IRF8, MEF2D, SPI1, H3K27ac and H3K4me1 enrichment at IRF8-MEF2D co-bound, IRF8-only and MEF2D-

regions in MOLM-13 cells. Peaks are ranked by IRF8 or MEF2D tag counts.

(H) Meta-profile (top) and density plot (bottom) depicting detailed classification of IRF8-MEF2D co-bound regions: close, IRF8 and MEF2D peaks have at

least 1bp overlap; left, IRF8 binds upstream and MEF2D downstream of the chromosome; right, IRF8 binds downstream and MEF2D upstream of the

chromosome. IRF8, MEF2D, SPI1, H3K27ac and H3K4me1 enrichment were plotted. Peaks are ranked by IRF8 tag counts and centered by IRF8 peaks.

(I) Competition-based proliferation assays in THP-1 cells simultaneously transduced with two indicated sgRNAs linked with GFP or mCherry, which produced

a mixed population of uninfected, single, and double infected cells. Relative fluorescent (GFP+/cherry+, GFP+/cherry-, GFP-/cherry+) proportion of a single

or combinatorial sgRNA was normalized with uninfected cells as an internal control, and the normalized ratios were further compared with that on day 3 to

calculate the enrichment of each population (y-axis). sgPos + sgNeg group showed the genome editing was not compromised when two sgRNAs were

applied, and no additive/synergistic effect was seen in this combination. (n = 3 for infection with positive and negative controls, n = 5–8 for sgIRF8+

sgMEF2D, mean G SEM. n.s, not significant; *p < 0.05; **p < 0.01; ****p < 0.001, two-tailed Welch’s unpaired t-test).
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Considering that MEF2D and IRF8 not only form a transcriptional circuit to control gene expression con-

vergently but also regulate their perspective genes expression programs divergently, we hypothesized

that dual inactivation of MEF2D and IRF8 can further suppress leukemia cell proliferation in comparison

to individual inactivation. To test this, we simultaneously transduced AML cells with sgMEF2D and sgIRF8

linked with different fluorescence reporter markers (GFP or mCherry), which produced a mixed population

of non-infected, single, and dual color cells. Relative growth rates were monitored by the fluorescence per-

centage normalized to the non-infected control. Indeed, we observed a more severe growth defect in the

cell population that received both MEF2D- and IRF8- targeting sgRNAs, in comparison to all the combina-

tions with other sgRNAs (Figures 6I and S7F), which was consistent with the notion that MEF2D and IRF8

had both convergent and divergent functions that are essential for AML proliferation.

DISCUSSION

AML originates from immature hematopoietic cells. During leukemic transformation, cells undergo sporadic but

continuous mutations which consequently lead to clonal diversification and heterogeneity (Li et al., 2016).

Indeed, these mutational heterogeneities are starkly illustrated in our analysis of TF dependencies in leukemia,

which highlighted differential, even opposite requirements between TFs in different subtypes of AML. There-

fore, identification of the hallmarks for each subtype of AML, such as driver mutations, chromatin state, and

marker gene expression, is critical for targeted therapeutic discovery. Our study mainly focuses on a subset

of TFs composed of theMEF2D-IRF8 circuit and certainmyeloid TFs, whose high expression levels indicate their

vulnerabilities in AML, which can then be exploited for guiding future therapeutic development.

Our previous study on IRF8’s role in sustaining AML observes IRF8 directly binding to theMEF2D locus and

suggests that IRF8 andMEF2D form a transcriptional circuit. Thus, our current study sought to delineate the

functional role of MEF2D in this TF circuit and investigate the convergent role of this circuit, as well as

whether MEF2D’s role differentiates from that of IRF8 in AML maintenance. In addition, the acquisition of

dependence on this circuit and its immediate functional output were previously unknown. Here, we lever-

aged comprehensive approaches to extensively demonstrate the essential role of MEF2D in AML, function-

ally characterized a patient-relevant intronic enhancer of MEF2D and uncovered the formation of the

MEF2D-IRF8 circuit via binding to mutual enhancer element. To date, recent studies revealed the essential

roles and activation of MEF2D in AML carrying KMT2A-r, and different mechanisms underlying AML main-

tenance by MEF2D were proposed, including inhibition of CEBPE-mediated myeloid differentiation pro-

gram, and direct regulation of MYC and HOXA9, which is largely redundant with its homolog TF MEF2C

(Harada et al., 2022; Zhao et al., 2021). Although our model suggests the IRF8-MEF2D circuit and MYC pro-

gram function in parallel in AML, we cannot entirely rule out the context- and cell type-specific roles of

MEF2D. Thus, these findings can be complementary to our study and further explain the non-redundant

function of MEF2D to IRF8. In line with Harada et al. (2022) highlighting the importance understanding

the mechanism by which the IRF8/MEF2D TF circuit is activated, we found that AML carrying certain types

of mutations, such as KMT2A-fusion and FLT3ITD and NPM1c cooperating mutations (Yun et al., 2021), can

subsequently activate the MEF2D-IRF8 circuit and consequently require it for AML maintenance. To date,

the concerted interaction on chromatin between IRF8 and PU.1 has not yet been shown in cellular context.

We deciphered the cooperation of IRF8 with PU.1 to specifically sustain essential PU.1/MEIS1 co-regulated

transcriptional programs in AML (Zhou et al., 2014). These transcriptional programs may be reinforced by

both the MEF2D-IRF8 circuit and an independent MEF2D regulatory function (Figure 7), which could attri-

bute to the enhanced proliferation arrest when MEF2D and IRF8 are simultaneously disrupted.

Previous studies using murine models showed that loss of Irf8 in mice causes a CML-like syndrome

(Holtschke et al., 1996), and can facilitate development of acute promyelocytic leukemia (APL) in cooper-

ation with PML-RARA fusion (Gaillard et al., 2018). Minimal reduction of PU.1 and downregulation of Irf8 are

important events for preleukemic stem cell induction in mice with impaired DNA mismatch repair capacity

(McKenzie et al., 2019; Will et al., 2015). In contrast to their reported tumor suppressive-like roles, we and

others demonstrate that a subset of AMLs are dependent on IRF8 and PU.1 (Antony-Debré et al., 2017; Cao

et al., 2021; Gozdecka et al., 2018; Liss et al., 2021; Yun et al., 2021; Zhou et al., 2014). We reason that the

differential function of IRF8 and PU.1 in leukemia may be attributed to the cellular contexts and oncogenic

mutations, which is supported by our leukemia dependency analysis. In addition, the anti- and pro-tumor

activities in AML may also be influenced by the expression level of the TF, because precise regulation of

myeloid TF concentration is critical for HSC and leukemic stem cell (LSC) development (Rosenbauer

et al., 2005). This idea is supported by a recent study showing that too much or too little EWS-FLI1
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oncoprotein will both abrogate tumor progression in Ewing Sarcoma (Seong et al., 2021). This principle

may also be applicable in the case of IRF8 and PU.1 in leukemia, as well as other cancer dependencies,

and further work is warranted to fully test these possibilities.

TFs are able to specifically modulate refined transcriptional programs and are sufficient to direct cell type

specification, including differentiation, dedifferentiation and trans-differentiation (Fong and Tapscott,

2013; Henley and Koehler, 2021; Lambert et al., 2018; Takahashi and Yamanaka, 2016). It has been proposed

that a TF inhibitorwould theoretically confer highpotency and specificity, in comparison to a signaling factor

inhibitor that may impair multiple signaling pathways leading to unwanted toxicities (Bhagwat and Vakoc,

2015; Henley and Koehler, 2021). Despite obstacles in developing TF specific inhibitors (Bushweller, 2019;

Darnell, 2002) and no MEF2D/IRF8 inhibitor available, advances have been made via different strategies,

including protein-protein interface disruption and PROTAC/molecular glue-based degradation (Henley

and Koehler, 2021), and targeting the druggable upstream regulators of the TFs (such as DOT1L, BRD4,

ZMYND8andSIK3) as an actionable strategy (Bernt et al., 2011;Caoet al., 2021;Daigle et al., 2011; Tarumoto

et al., 2020; Zuber et al., 2011b). Becausemousemodels ofMef2d knockout showed neither apparent devel-

opmental abnormalities (Kim et al., 2008; Pon andMarra, 2015) nor defects in T, B cell or myeloid cell devel-

opment (Pattison et al., 2020), we predict that therapeutic inhibition of MEF2D function or pathways may be

an attractive future direction for selectively targeting AML with minimal toxicity.

Limitations of study

Although our analysis and in vitro data showed MEF2D is an AML-selective dependency, further work is

needed in vivo to fully determine the role of MEF2D in leukemia progression as well as normal hematopoi-

esis. Our data suggest MEF2D and IRF8 may also function independently to sustain AML, but the

PU.1
IRF8 MEF2D

PU.1/MEIS1 co-regulated genes

AML maintenance

Oncogenic events
(e.g KMT2A-r, FLT3ITD+NPM1c)

??

Figure 7. A working model illuminating MEF2D-IRF8 circuit in AML

Oncogenic events (such as KMT2A-r and FLT3ITD + NPM1c) (Yun et al., 2021) can lead to activation and addiction to the

MEF2D-IRF8 transcriptional circuit in AML. IRF8-PU.1 complex and MEF2D cooperatively maintain PU.1/MEIS1 co-

regulated gene expression (Zhou et al., 2014) and AML state.
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underlying mechanism remains to be elucidated. MEF2D-IRF8 circuit can be activated through KMT2A re-

arrangement; however, we did not evaluate whether this circuit is required for leukemia initiation, and

whether this circuit can be self-maintained or requires additional factors after activation. Another limitation

of our study is that we did not evaluate the requirement of MEF2D in a more clinically relevant model, such

as patient derived xenograft (PDX) or primary patient cells because of the challenge in conducting genome

editing in these cells and lack of small molecule inhibitor against this circuit.
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and Kogan, S.C. (2018). Identification of IRF8 as a
potent tumor suppressor in murine acute
promyelocytic leukemia. Blood Adv. 2, 2462–
2466. https://doi.org/10.1182/bloodadvances.
2018018929.

Gier, R.A., Budinich, K.A., Evitt, N.H., Cao, Z.,
Freilich, E.S., Chen, Q., Qi, J., Lan, Y., Kohli, R.M.,
and Shi, J. (2020). High-performance CRISPR-
Cas12a genome editing for combinatorial
genetic screening. Nat. Commun. 11, 3455.
https://doi.org/10.1038/s41467-020-17209-1.

Gilbert, L.A., Larson, M.H., Morsut, L., Liu, Z., Brar,
G.A., Torres, S.E., Stern-Ginossar, N., Brandman,
O., Whitehead, E.H., Doudna, J.A., et al. (2013).

ll
OPEN ACCESS

iScience 25, 105139, October 21, 2022 17

iScience
Article

https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1172/JCI92504
https://doi.org/10.1038/s41588-018-0270-1
https://doi.org/10.1038/nature25193
https://doi.org/10.1038/nature25193
https://doi.org/10.1038/leu.2016.302
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nature11003
https://doi.org/10.1016/j.ccr.2011.06.010
https://doi.org/10.1016/j.trecan.2015.07.001
https://doi.org/10.1016/j.trecan.2015.07.001
https://doi.org/10.1016/j.cell.2005.08.020
https://doi.org/10.1016/j.cell.2005.08.020
https://doi.org/10.1016/j.cell.2016.12.013
https://doi.org/10.1016/j.cell.2016.12.013
https://doi.org/10.1038/nrg3473
https://doi.org/10.1038/s41568-019-0196-7
https://doi.org/10.1038/s41568-019-0196-7
https://doi.org/10.1056/NEJMoa1301689
https://doi.org/10.1016/j.molcel.2021.07.018
https://doi.org/10.1016/j.molcel.2021.07.018
https://doi.org/10.1016/j.cell.2021.02.019
https://doi.org/10.1016/j.cell.2021.02.019
https://doi.org/10.1038/ng.3646
https://doi.org/10.1016/j.ccr.2011.06.009
https://doi.org/10.1016/j.ccr.2011.06.009
https://doi.org/10.1038/nrc906
https://doi.org/10.1016/0092-8674(87)90585-x
https://doi.org/10.1101/720243
https://doi.org/10.1101/720243
https://doi.org/10.1038/s41588-021-00819-w
https://doi.org/10.1016/j.bbcan.2018.05.007
https://doi.org/10.1016/j.bbcan.2018.05.007
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1101/gad.9.11.1377
https://doi.org/10.1101/gad.9.11.1377
https://doi.org/10.1016/S1097-2765(02)00703-7
https://doi.org/10.1016/S1097-2765(02)00703-7
https://doi.org/10.1016/j.gde.2013.05.002
https://doi.org/10.1016/j.gde.2013.05.002
https://doi.org/10.1126/science.aag2445
https://doi.org/10.1182/bloodadvances.2018018929
https://doi.org/10.1182/bloodadvances.2018018929
https://doi.org/10.1038/s41467-020-17209-1


CRISPR-mediated modular RNA-guided
regulation of transcription in eukaryotes. Cell 154,
442–451. https://doi.org/10.1016/j.cell.2013.06.
044.

Gozdecka, M., Meduri, E., Mazan,M., Tzelepis, K.,
Dudek, M., Knights, A.J., Pardo, M., Yu, L.,
Choudhary, J.S., Metzakopian, E., et al. (2018).
UTX-mediated enhancer and chromatin
remodeling suppresses myeloid leukemogenesis
through noncatalytic inverse regulation of ETS
and GATA programs. Nat. Genet. 50, 883–894.
https://doi.org/10.1038/s41588-018-0114-z.

Graf, T., and Enver, T. (2009). Forcing cells to
change lineages. Nature 462, 587–594. https://
doi.org/10.1038/nature08533.
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Holtschke, T., Löhler, J., Kanno, Y., Fehr, T.,
Giese, N., Rosenbauer, F., Lou, J., Knobeloch,
K.-P., Gabriele, L., Waring, J.F., et al. (1996).

Immunodeficiency and chronic myelogenous
leukemia-like syndrome in mice with a targeted
mutation of the ICSBP gene. Cell 87, 307–317.
https://doi.org/10.1016/S0092-8674(00)81348-3.

Horton, S.J., Jaques, J.,Woolthuis, C., van Dijk, J.,
Mesuraca, M., Huls, G., Morrone, G., Vellenga, E.,
and Schuringa, J.J. (2013). MLL-AF9-mediated
immortalization of human hematopoietic cells
along different lineages changes during
ontogeny. Leukemia 27, 1116–1126. https://doi.
org/10.1038/leu.2012.343.

Jourquin, J., Duncan, D., Shi, Z., and Zhang, B.
(2012). GLAD4U: deriving and prioritizing gene
lists from PubMed literature. BMC Genom. 13
(Suppl 8 ), S20. https://doi.org/10.1186/1471-
2164-13-S8-S20.

Khwaja, A., Bjorkholm, M., Gale, R.E., Levine, R.L.,
Jordan, C.T., Ehninger, G., Bloomfield, C.D.,
Estey, E., Burnett, A., Cornelissen, J.J., et al.
(2016). Acute myeloid leukaemia. Nat. Rev. Dis.
Primers 2, 16010. https://doi.org/10.1038/nrdp.
2016.10.

Kim, Y., Phan, D., van Rooij, E., Wang, D.-Z.,
McAnally, J., Qi, X., Richardson, J.A., Hill, J.A.,
Bassel-Duby, R., and Olson, E.N. (2008). The
MEF2D transcription factor mediates stress-
dependent cardiac remodeling in mice. J. Clin.
Invest. 118, 124–132. https://doi.org/10.1172/
JCI33255.

Kollmann, S., Grundschober, E., Maurer, B.,
Warsch, W., Grausenburger, R., Edlinger, L.,
Huuhtanen, J., Lagger, S., Hennighausen, L.,
Valent, P., et al. (2019). Twins with different
personalities: STAT5B—but not STAT5A—has a
key role in BCR/ABL-induced leukemia. Leukemia
33, 1583–1597. https://doi.org/10.1038/s41375-
018-0369-5.

Krivtsov, A.V., Twomey, D., Feng, Z., Stubbs,
M.C., Wang, Y., Faber, J., Levine, J.E., Wang, J.,
Hahn, W.C., Gilliland, D.G., et al. (2006).
Transformation from committed progenitor to
leukaemia stem cell initiated byMLL–AF9. Nature
442, 818–822. https://doi.org/10.1038/
nature04980.

Krivtsov, A.V., Evans, K., Gadrey, J.Y., Eschle, B.K.,
Hatton, C., Uckelmann, H.J., Ross, K.N., Perner,
F., Olsen, S.N., Pritchard, T., et al. (2019). A
menin-MLL inhibitor induces specific chromatin
changes and eradicates disease in models of
MLL-rearranged leukemia. Cancer Cell 36, 660–
673.e11. https://doi.org/10.1016/j.ccell.2019.11.
001.

Kurotaki, D., Nakabayashi, J., Nishiyama, A.,
Sasaki, H., Kawase, W., Kaneko, N., Ochiai, K.,
Igarashi, K., Ozato, K., Suzuki, Y., and Tamura, T.
(2018). Transcription factor IRF8 governs
enhancer landscape dynamics in mononuclear
phagocyte progenitors. Cell Rep. 22, 2628–2641.
https://doi.org/10.1016/j.celrep.2018.02.048.

Lambert, S.A., Jolma, A., Campitelli, L.F., Das,
P.K., Yin, Y., Albu, M., Chen, X., Taipale, J.,
Hughes, T.R., and Weirauch, M.T. (2018). The
human transcription factors. Cell 172, 650–665.
https://doi.org/10.1016/j.cell.2018.01.029.

Langmead, B., and Salzberg, S.L. (2012). Fast
gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–359. https://doi.org/10.1038/
nmeth.1923.

Lee, T.I., and Young, R.A. (2013). Transcriptional
regulation and its misregulation in disease. Cell
152, 1237–1251. https://doi.org/10.1016/j.cell.
2013.02.014.

Li, H., Handsaker, B., Wysoker, A., Fennell, T.,
Ruan, J., Homer, N., Marth, G., Abecasis, G., and
Durbin, R.; 1000 Genome Project Data Processing
Subgroup (2009). The sequence alignment/map
format and SAMtools. Bioinformatics 25, 2078–
2079. https://doi.org/10.1093/bioinformatics/
btp352.

Li, H., Mar, B.G., Zhang, H., Puram, R.V., Vazquez,
F., Weir, B.A., Hahn, W.C., Ebert, B., and Pellman,
D. (2017). The EMT regulator ZEB2 is a novel
dependency of human and murine acute myeloid
leukemia. Blood 129, 497–508. https://doi.org/
10.1182/blood-2016-05-714493.

Li, S., Mason, C.E., andMelnick, A. (2016). Genetic
and epigenetic heterogeneity in acute myeloid
leukemia. Curr. Opin. Genet. Dev. 36, 100–106.
https://doi.org/10.1016/j.gde.2016.03.011.

Liao, Y., Wang, J., Jaehnig, E.J., Shi, Z., and
Zhang, B. (2019). WebGestalt 2019: gene set
analysis toolkit with revamped UIs and APIs.
Nucleic Acids Res. 47, W199–W205. https://doi.
org/10.1093/nar/gkz401.

Liberzon, A., Birger, C., Thorvaldsdóttir, H.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-MEF2D Abcam Product #: ab32845

Rabbit polyclonal anti-MEF2D Bethyl Laboratories Product #: A303-522A

Rabbit monoclonal anti-IRF8 Abcam Product #ab207418, Lot #GR3271578-1

Rabbit polyclonal anti-PU.1 Cell Signaling Technology Product #: 2266

Monoclonal ANTI-FLAG� M2 antibody Sigma-Aldrich Cat# F1804; RRID: AB_262044

Mouse monoclonal anti-HA (clone 12CA5) Laboratory of Gerd Blobel N/A

Rabbit monoclonal anti-GAPDH Cell Signalling Technology Product #14C10

Rabbit polyclonal anti-FKBP12 antibody Abcam Cat# ab24373

Mouse monoclonal anti-VINCULIN Santa Cruz Biotechnology Product #: sc-73614

Rabbit polyclonal anti-H3K27ac Abcam Cat# ab4729; RRID: AB_211829

Rabbit polyclonal anti-H3K4me1 Abcam Product #: ab8895

PerCP anti-mouse CD45 Antibody Biolegend Cat# 103130

IgG from rabbit serum Sigma-Aldrich Cat#: I8140

Alexa Fluor� 680 Goat anti-mouse

IgG (H + L)

Life Technologies Product #A21058, Lot #1692967

IRDye� 800CW Goat anti-Rabbit IgG

Secondary Antibody

LI-COR Product #926-3221, Lot #C81210-05

Chemicals, peptides, and recombinant proteins

Halt Protease & Phosphatase Inhibitor

Cocktail, EDTA-free (100x)

Thermo Fisher Scientific Ref #78441, Lot #UF284419

Glycogen Roche Ref #10901393001, Lot #11651224

SuperScript II Reverse Transcriptase Thermo Fisher Scientific Cat# 18064014

AMPure XP Beckman Coulter A63880

Penicillin/Streptomycin Thermo Fisher Scientific 15140122

Proteinase K New England Biolabs P8107S

Puromycin dihydrochloride Sigma-Aldrich P8833

Blasticidin Invitrogen R21001

Geneticin Selective Antibiotic (G418 Sulfate) Thermo Fisher Scientific 10131035

Polyethylenimine, PEI Polysciences, INC 23966

OPTI-MEM Thermo Fisher Scientific 31985070

Hexadimethrine Bromide, Polybrene Sigma-Aldrich H9268

Dynabeads Protein A Thermo Fisher Scientific Ref #10002D, Lot #00651865

TRIzol Reagent Thermo Fisher Scientific 15596018

T4 DNA polymerase New England Biolabs M0203L

T4 polynucleotide kinase New England Biolabs M0201L

Agarose, Standard, Low Electroendosmosis (EEO) Avantor A426-07

2-Mercaptoethanol Sigma-Aldrich M6250

30% Acrylamide/Bis Solution, 37.5:1 Bio-Rad 1610158

2XLaemmli Sample Buffer Bio-Rad 1610737

Dimethyl Sulfoxide Sigma-Aldrich D2650

Concanavalin A–coated Magnetic Beads Bangs Laboratories BP531

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Digitonin EMD Millipore 300410

Spermidine Sigma-Aldrich S2501

dTAG-47 This study N/A

pA-MN This study N/A

Spike-in DNA Laboratory of Steven Henikoff N/A

Roche Complete Protease Inhibitor (EDTA-free) tablets Sigma-Aldrich 5056489001

DNA Polymerase I, Large (Klenow) Fragment New England Biolabs M0210

Formaldehyde 37% Solution Avantor 2106-01

RNase A Thermo Fisher Scientific EN0531

Phenol/Chloroform/Isoamyl Alcohol Thermo Fisher Scientific BP1752I400

NP-40 (Igepal CA-630) Sigma I8896

rmIL3 Peprotech 213-13

rmIL6 Peprotech 216-16

rmSCF Peprotech 250-03

Methylcellulose-based Medium with Recombinant

for Mouse

STEMCELL technologies M3434

Critical commercial assays

CellTiter-Glo� Luminescent Cell Viability Assay Promega G7570

In-Fusion HD Cloning Kit Takara Bio 638909

2x Phusion Master Mix Thermo Scientific F-548

Direct-zol RNA Miniprep Plus Zymo Research R2072

QuantSeq 30 mRNA-seq Library Prep Kit for Illumina Lexogen 015.96

Dead Cell Removal Kit Miltenyi Biotec 130-090-101

Agilent High Sensitivity DNA Kit Agilent 5067-4626

QIAquick PCR Purification Kit QIAGEN 28104

Quick-DNA Miniprep Kit ZYMO Research D3025

NucleoSpin Gel and PCR Clean-up Mini Kit Macherey-Nagel 740609.250

Aligent RNA 6000 Nano Kit Aligent 5067-1511

NEBNext� Library Quant Kit for Illumina NEB E7630

NEBNext� Ultra� II RNA Library Prep Kit for Illumina� NEB E7770

NEBNext� Poly(A) mRNA Magnetic Isolation Module NEB E7490

Deposited data

RNA-seq, ChIP-seq and CUT&RUN data This study GSE186132

ChIP-seq (Tarumoto et al., 2018) GSE109493

ChIP-seq (Mohaghegh et al., 2019) GSE123872

ChIP-seq (Poppe et al., 2017) GSE89212

ChIP-seq and CUT&RUN (Krivtsov et al., 2019) GSE127508

ChIP-seq (Rathert et al., 2015) GSE63782

RNA-seq and ATAC-seq (Corces et al., 2016) GSE75384

RNA-seq (Cao et al., 2021) GSE157249

ChIP-seq and CUT&RUN (Cao et al., 2021) GSE157636

ChIP-seq (Minderjahn et al., 2020) GSE128834

RNA-seq (Secker et al., 2020) GSE148714

RNA-seq (Barabé et al., 2017) GSE71800

Dnase I-seq (Assi et al., 2019) GSE108316

(Continued on next page)

ll
OPEN ACCESS

22 iScience 25, 105139, October 21, 2022

iScience
Article



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Human: MOLM-13 DSMZ ACC-554

Human: MV4-11 ATCC CRL-9591

Human: THP1 ATCC TIB-202

Human: HEL ATCC TIB-180

Human: OCI-AML3 DSMZ ACC-582

Human: U937 ATCC CRL-1593.2

Human: K562 ATCC CCL-243

Human: JURKAT ATCC TIB-152

Human: REH ATCC CRL-8286

Human: HEK293T ATCC CRL-3216

Human: A549 ATCC CCL-185

Human : HUH7 JCRB JCRB0403

Human: A375 ATCC CRL-1619

Human: OCI-AML5 Laboratory of James D. Griffin NA

Human: MA9-ITD (Wei et al., 2008; Wunderlich

et al., 2013)

NA

Human: MA9-RAS (Wei et al., 2008; Wunderlich

et al., 2013)

NA

Experimental models: Organisms/strains

Constitutive-Cas9-GFP JAX Stock No: 026179

Oligonucleotides

sgRNA sequence see Table S2 This study N/A

qPCR primers see Table S3 This study N/A

Recombinant DNA

LentiV_neo_empty (Tarumoto et al., 2018) Addgene: 108101

LentiV_neo_SFFV_MEF2D_short This study N/A

LentiV_neo_SFFV_MEF2D_long This study N/A

LentiV_neo_IRF8 (Cao et al., 2021) N/A

LentiV_Cas9_puro (Tarumoto et al., 2018) N/A

LRG(Lenti_sgRNA_EFS_GFP) (Tarumoto et al., 2018) Addgene:65656

LRG2.1 (Tarumoto et al., 2018) Addgene:108098

LRcherry2.1 (Tarumoto et al., 2018) Addgene:108099

pSL21-mCherry (Chen et al., 2021) Addgene:164410

pRG212 (Gier et al., 2020) Addgene: 149722

Software and algorithms

Bowtie2 v2.3.5 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

BEDtools v2.28.0 (Quinlan and Hall, 2010) http://bedtools.readthedocs.io/en/latest/

Samtools v1.1 (Li et al., 2009) http://samtools.sourceforge.net

HOMER v4 (Heinz et al., 2010) http://homer.ucsd.edu/homer/

bcl2fastq Conversion Software, v2.17 Illumina, Inc. https://support.illumina.com/sequencing/

sequencing_software/bcl2fastq-

conversion-software.html

MACS2 v2.1 (Zhang et al., 2008) https://github.com/taoliu/MACS

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

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

fulfilled by the Lead Contact, Junwei Shi (jushi@upenn.edu).

Materials availability

All plasmids will be deposited to Addgene for public requests (Addgene numbers in the key resources

table).

Data and code availability

The accession number for the RNA-seq, ChIP-seq and CUT&RUN, generated in this study is: GSE186132.

Data reported in this paper will be shared by the lead contact upon reasonable request. This paper does

not generate original code. Any additional information required to reanalyze the data reported in this pa-

per is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK293T, A375 and HUH7 cell lines were cultured in DMEM (Corning) supplemented with 10% Bovine Calf

Serum (FCS) and 1% Penicillin/Streptomycin. MOLM-13, MV4-11, THP-1, OCI-AML3, K562, U937, HEL, REH,

OPM1 and JURKAT cell lines were cultured in RPMI-1640 (Gibco) supplemented with 10% FCS and 1%

Penicillin/Streptomycin. MA9-ITD and MA9-RAS cell lines were cultured in RPMI-1640 supplemented

with 10% Bovine Fetal Serum (FBS) and 1% Penicillin/Streptomycin. The OCI-AML5 cell line was cultured

in alpha-MEM supplemented with 20% FBS, 1% Penicillin/Streptomycin and 10 ng/mL GM-CSF. All cells

were maintained at 37�C with 5% CO2.

Primary AML samples

The protocols used for this study were approved by the University Pennsylvania’s institutional review board.

The primary AML samples were obtained from the Stem Cell and Xenograft Core Facility at The Perelman

School of Medicine at the University of Pennsylvania. Specimens were used after informed consent in accor-

dance with the Declaration of Helsinki. The primary AML samples were frozen in FCS and 10% DMSO in

liquid nitrogen until used. Patient clinical info is included in Table S4.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

UCSC Genome Browser UCSC http://genome.ucsc.edu/

deepTools (Ramı́rez et al., 2016) https://deeptools.readthedocs.io/en/develop/

Picard tools v1.96 Broad Institute https://github.com/broadinstitute/picard

STAR v2.5.2 (Dobin et al., 2013) https://github.com/alexdobin/STAR

HTSeq, htseq-count, v0.6.1pL (Anders et al., 2015) https://htseq.readthedocs.io/en/release_0.11.1/

R Bioconductor DESeq2 package v1.14.1 (Love et al., 2014) https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

MSigDB v6.1 (Liberzon et al., 2015) http://software.broadinstitute.org/gsea/

msigdb/index.jsp

Cufflinks (Trapnell et al., 2013) http://cole-trapnell-lab.github.io/cufflinks/

cuffdiff/

deepTools (Ramı́rez et al., 2016) https://deeptools.readthedocs.io/en/

develop/index.html

IGVtools, 2.4.10 Broad Institute https://software.broadinstitute.org/software/

igv/igvtools

GraphPad Prism 7 GraphPad Software N/A
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Mouse models

Around 12–16 weekold male Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh mice (constitutively expressing Cas9-

GFP mice) were used in this study and purchased from the Jackson Laboratory. All animal protocols

were approved by the Institutional Animal Care and Use Committee at the Children’s Hospital of

Philadelphia.

METHOD DETAILS

sgRNA and plasmid cloning

Cancer cell lines with stable Cas9 expression used in this study were generated via lentiviral transduction of

spCas9 expression vector (Addgene: 108,100) and MOLM-13 cell line with stable Cas12a expression were

generated via transduction of the AsCas12a lentiviral expression vector (Addgene: 149,723), followed by 1–

2 mg/mL puromycin selection for 1 week. For dCas9-KRAB-mediatedMEF2D regulatory element inhibition,

sgRNAs were designed to target the TSS of MEF2D (NM_005920) and the proximal H3K27ac-enriched re-

gions. For the AsCas12a-mediated deletion of the MEF2D and IRF8 regulatory elements, sgRNAs were de-

signed to delete the region surrounding the identified enhancer elements. The sense and antisense DNA

oligos of all the human sgRNAs were annealed and phosphorylated using T4 PNK (NEB M0201S). For hu-

man Cas9 sgRNAs, the oligos were ligated with T4 DNA ligase (NEB B0202S) to either BsmBI digested

LRG2.1 plasmid (Addgene: 108,098) or LRCherry2.1 (Addgene: 108,099) backbones co-expressing a GFP

or Cherry fluorescent tag, respectively. For murine Cas9 sgRNAs, the oligos were ligated into the BbsI di-

gested pSL21-mCherry (Addgene:164,410) vector. The AsCas12a crRNAs were ligated with T4 DNA ligase

(NEB B0202S) to an AsCas12a crRNA vector co-expressing GFP and neomycin selection gene (Addgene:

149,722). All sgRNA/crRNA sequences are listed in Table S2.

MEF2D cDNA (NM_001271629 and NM_005920) were obtained from the MOLM-13 cDNA and subcloned

into a modified LentiV_Neo lentiviral expression vector (Addgene: 108,101) with an EFS promoter swapped

to SFFV using the In-Fusion cloning system (Takara Bio). PCR mutagenesis and In-Fusion cloning were used

to introduce synonymous mutations CGA / AGG (R), ATC / ATT (I), ACC / ACT (T), GAC / GAT (D),

GAG / GAA (E) and CGG / CGT (R) into the MEF2D cDNA to generate a sgRNA-resistant construct.

Virus production and transduction

For lentivirus production, HEK293T cells were co-transfected with the plasmid DNA of interest, lentiviral

packaging plasmids pPAX2 and VSVG, and the cationic polymer reagent Polyethyleneimine (PEI). To pro-

duce lentivirus in 6-well plates, 5 mg of the DNA, 2.5 mg of VSVG, 3.5 mg pPAX2, 1 mg/mL PEI and 500 mL

OPTI-MEM were used. To produce lentivirus in 10-cm plates, 10 mg of the DNA, 5 mg of VSVG, 7.5 mg

pPAX2, 1 mg/mL PEI and 1 mL OPTI-MEM were used. The components were incubated for 18 min at

room temperature and transfected into >95% confluent HEK293T cells. The HEK293T cells were incubated

at 37�C with 5% CO2 for �6–8 h before aspiration of theold media and replenishment with fresh DMEM.

Supernatant containing lentivirus was collected at 24, 48 and 72h post-transfection and filtered using a

0.45 mm PVDF membrane (Millex-HV). For retrovirus production, retroviruses were produced in 10-cm

plates using 10 mg plasmid, 2 mg pCL-Eco, 2 mg VSVG, 40 mL PEI and 1 mL OPTI-MEM. Virus was collected

at 24 and 48 h post-transfection, pooled together and filtered by the 0.45mm filter.

To lentivirally/retrovirally transduce the cells, the cells were combined with 4 mL/mL polybrene (2 mg/mL)

and virus, followed by spin-infection at 650 x g for 25 min at room temperature. Media was replaced on 12 h

postinfection, administered with appropriate antibiotic selection if needed (1 mg/mL G418).

Competition-based cell proliferation assay

To validate the effect of knockout on proliferation, cancer cell lines stably expressing spCas9 were trans-

duced with LRG2.1 or LRcherry2.1 sgRNAs. The transduction of the sgRNAs were measured based on

the fluorescence detected using Guava Easycyte HT Instrument (Millipore). For single gene validation, per-

centage of the GFP + or mCherry + transduced cells were measured on Day 3 post-infection and measured

every 3 days for 15–21 days. The GFP% was normalized based on Day 3. For dual CRISPR-based disruption,

cells were co-transduced with GFP and mCherry-tagged gRNAs and measured using the Guava Easycyte

HT Instrument (Millipore) from day 3 post-infection. The percentage of transduction efficiency of non-trans-

duced, GFP+, Cherry+, GFP+/Cherry+ were measured based on their ratios in the mixed population of

cells.
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Immunoblotting

Cells were counted using the Guava Easycyte HT Instrument (Millipore) and washed with 1X PBS. Proteins

were lysed using a 26-gauge x 5/8-inch needle and 1 mL syringe (BD) in Laemmli sample buffer (Bio-Rad)

containing 3% b-Mercaptoethanol. Extracted protein-containing lysates were boiled at 95�C for 7 min. Ex-

tracts were loaded onto 10% polyacrylamide gels and transferred to 0.45 mm nitrocellulose membranes.

The membrane was blocked with 5% milk in TBST at room temperature in a shaking platform, followed

by 1� antibody (MEF2D: Bethyl #A303-522A, PU.1: CST #2266, Vinculin: Santa Cruz #sc-73614, GAPDH:

CST #5014, IRF8: Abcam #ab207418) diluted in 5% milk in TBST overnight incubation in a shaking platform

at 4�C. Membrane was washed with PBST for 3 3 5 min. The 2� antibody solution was prepared with 1%

secondary antibody and 1X LICOR blocking buffer in PBST. The membrane was incubated in the dark

with the 2� antibody solution for 1h and imaged using the Odyssey CLx (LI-COR) imager. The image was

quantified in Image� Studio Lite.

Colony formation assay

Bone marrow cells were isolated from the femurs of Cas9-expressing mice (JAX). ACK buffer (150 mM

NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) was used to lyse the erythroid cells, and the remaining BM cells

were cultured in IMDM media supplemented with 15% FBS, 1% Penicillin/Streptomycin, 10 ng/mL

rmIL-6, 10 ng/mL rmIL-3 and 20 ng/mL rmSCF. BM cells were transduced with sgRNA in pSL21-mCherry

retroviral vectors as described above. On day 2 post-infection, GFP+/mCherry + double-positive cells

were sorted, and 25,000 cells were seeded into MethoCult GF M3434 media containing murine cytokines.

Following 10 days of incubation, differentiated colonies were counted according to the manufacturer’s

protocols, including burst-forming unit-erythroid (BFU-E), macrophage (CFU-GM), CFU-granulocyte and

CFU-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM).

RNA-seq

MOLM-13 cells were harvested on day 5 post-infection of sgRNA,MV4; 11 and K562 cells were harvested on

day 4 post-infection, and THP-1 cells were harvested on day 10 post-infection. Approximately 1–5 million

cells transduced with sgRNAs were collected and lysed in Trizol (Invitrogen). Total RNA was isolated using

the Direct-zol RNA Miniprep Plus kit (ZYMO) with DNAse I treatment, followed by RNA quality check using

the RNA Nano 6000 Bioanalyzer kit (Agilent). RNA-seq libraries were prepared using the QuantSeq 30 FWD

mRNA-seq Library Prep Kit (Lexogen) with 0.5–2 mg of total RNA inputs following the manufacturer’s pro-

tocol. Library quality was assessed using the High Sensitivity Bioanalyzer kit (Agilent) and libraries were

sequenced on the Nextseq 500 platform with 75 bp single-end reads.

Primary human samples were first washed with the Dead Cell Removal Kit (MACS) to remove dead cells.

Total RNA was isolated from 1 to 3 million cells using Direct-zol RNA Miniprep Plus kit (ZYMO), followed

by construction of the RNA-seq library using NEBNext Ultra II RNA Library Prep Kit for Illumina. One mg

of total RNA was poly-A selected followed by fragmentation using the NEBNext PolyA(A) mRNA Magnetic

Isolation module. The selected RNAs were subjected to a first and second strand cDNA synthesis. The li-

braries were end-repaired and linked with Illumina adaptors. The libraries were PCR amplified using 8

cycles, followed by sequencing using the Nextseq 500 platform with 75bp single-end reads or 2 3 42

paired-end reads. Sequencing data information was provided in Table S6.

ChIP-sequencing and ChIP-qPCR

For targeted degradation, MOLM13-dIRF8 (cells derived from MOLM13 expressing degradable IRF8 via

dTAG system with endogenous IRF8 depletion) cells (Cao et al., 2021) were treated with either DMSO or

500 nM dTAG-47 compound and collected at 4 and 24h timepoints. For all the experiments, cells were

collected in culture media, and crosslinked in 1% formaldehyde for 20 min at room temperature, and

the reaction was sequestered with 0.125M Glycine in PBS for 10 min. The crosslinked cells were spun

down, washed with PBS and frozen in �80�C until use. Ten million cells were used for H3K27ac and

H3K4me1, and 50 million cells for the SPI1, respectively. Cell pellets were lysed in cell lysis buffer (10mM

Tris pH 8.0, 10 mM NaCl, 0.2% NP-40) with protease inhibitor (Roche) and incubated for 15 min on ice.

The cells were spun down for 30 s at 4,200 RPM and the buffer was removed. The cells were resuspended

in 1mL nuclear lysis buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) per 10 million cells, followed by a

10 min incubation on ice. The cells were sonicated with a bioruptor for 5 min at 4�C and spun down at

max speed for 15 min at 4�C. Supernatants containing fragmented chromatins were collected, diluted
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with 7mL IP dilution buffer (20mM Tris pH 8.0, 2mMEDTA, 50mMNaCl, 1% Triton X-100, 0.01% SDS) per 10

million cells, and applied with respective antibodies (PU.1: 10 mg, CST#2266; H3K27ac: 2 mg, #ab4729,

H3K4me1: 2mg, #ab8895). For each antibody, 30 mL of protein A magnetic beads (Invitrogen) were applied

after washing with 0.5% BSA in TBS for 3 times and blocked at 4�C on a rotor for 2h. The mixture was incu-

bated overnight at 4�C in rotation. The beads were washed once with IP wash I buffer (20 mM Tris pH 8.0,

2 mMEDTA, 50 mMNaCl, 1% Triton X-100, 0.01% SDS), twice with high salt buffer (20 mM Tris pH 8.0, 2 mM

EDTA, 500 mM NaCl, 1% Triton X-100, 0.01% SDS), once with IP wash 2 buffer (10 mM Tris pH 8.0, 1 mM

EDTA, 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate), and twice with 1xTE. The beads were incubated

with 200 mL elution buffer (50mM Tris 8.0.10mM EDTA, 1%SDS), vortexed 3x for 5s, followed by shaking at

950 RPM at 65�C for 15 min. Supernatants were collected and reverse crosslinking was performed in 0.25M

NaCl at 65�C overnight. non-DNA content was eliminated with 2 mL RNase A for 1hat 37�C, followed by

0.2 mg/mL Proteinase K for 2hat 42�C. ChIP DNA was purified using QIAquick PCR purification kit accord-

ing to manufacturer’s instructions, and eluted with 40 mL water. ChIP-seq libraries were constructed using

NEBNext Ultra II DNA Library Prep Kit for Illumina (E7645L) and the optimal cycle numbers were deter-

mined by NEBNext Library Quant Kit for Illumina (E7630L). Library quality was assessed using the high

sensitivity Bioanalyzer kit (Agilent) and libraries were pooled and single-end sequenced for 75 bp on the

Nextseq 500 platform. For ChIP-qPCR, PU.1 peak loci with or without IRF8 binding, and H3K27ac/

H3K4me1-enriched regions obtained from ChIP-seq were selected. ChIP DNA was quantified using the

ViiA 7 Real-Time PCR System (Applied Biosystems) with Power SYBR Green Master Mix (Thermo Fisher).

A series of input dilution was used for normalization. qPCR Primer sequences and their chromosomal co-

ordinates used for ChIP-qPCR are included in Table S3. Sequencing data information was provided in

Table S6.

CUT&RUN and CUT&RUN qPCR

CUT&RUN experiments were slightly modified from a previous protocol (Cao et al., 2021; Skene et al.,

2018). Concanavalin A-coated beads were washed with Binding buffer (20 mM HEPES-KOH, 10 mM KCl,

1 mMNaCl and 1 mMMnCl2) prior to use. For MOLM-13 cells, 23 106 live cells were collected, and an extra

2 3 106 cells were harvested and saved as input in CUT&RUN qPCR. For primary patient cells, 5 3 105 cells

were purified from the Dead Cell Removal kit (MACS) before use. Cells were washed twice in Wash buffer

(150 mM NaCl, 20 mM HEPES-KOH pH 7.9, 0.5 mM Spermidine and protease inhibitor cocktail), and incu-

bated in 1mL ofWash buffer containing 20 mL of Concanavalin A-coated beads for 5–10 min with rotation at

room temperature. Cell-attached beads were then resuspended with 300 mL Antibody buffer (Wash buffer

with 0.05% Digitonin and 2mM EDTA) in combination with 20 mL MEF2D antibody (Abcam, #ab32845), 2mL

of H3K27ac antibody (Abcam #ab4729) or 2 mL IgG overnight at 4�C with rotation. Based were washed once

with Dig-wash buffer (Wash buffer with 0.05% Digitonin) and resuspended in 300 mL Dig-wash buffer with

700 ng/mL pA-MN purified protein at 4�C for 1 h with rotation. Beads were then washed twice with Dig-

wash buffer, resuspended in Dig-wash buffer and chilled on a heat block on ice. Chromatin digestion

was conducted in the presence of CaCl2 for 30 min and sequestered with an equal volume of 2x STOP so-

lution (340 mM NaCl, 20 mM EDTA, 50 mg/mL RNase A, 4 mM EGTA, 0.02% Digitonin, 50 mg/mL Glycogen

and 2 pg/mL heterogeneous spike-in DNA) at 37�C for 10 min. The supernatant was collected, and DNA

and the input samples were subjected to Phenol-Chloro-form extraction. For CUT&RUN qPCR, the

MEF2D peak loci at the IRF8 enhancer region were used for qPCR analysis. Sequencing libraries were con-

structed with NEBNext Ultra II DNA Library Prep Kit for Illumina following a previously described method

(Liu et al., 2018) for TF or the default method for histone marks. Adapters were diluted 50x and 10–12 cycles

of PCR amplification were applied. Library quality was assessed using the high sensitivity Bioanalyzer kit

(Agilent) and libraries were pooled and paired-end sequenced for 2 3 42bp on the Nextseq 500 platform.

qPCR Primer sequences and their chromosomal coordinates used for CUT&RUN-qPCR are included in

Table S3. Sequencing data information was provided in Table S6.

RT-PCR

Total RNA was isolated using the Direct-zol RNA Miniprep Plus Kit (ZYMO) with DNAse I treatment manu-

facturer protocol. Reverse transcription of isolated RNA to cDNA was performed using RevertAid Reverse

Transcriptase (Thermo) supplemented with 20 U/mL Riboblock. RT-PCR of cDNA was performed with

PowerSYBRGreen PCRMaster Mix (Thermo #4367659) on the ABI 7900HT standard real-time PCRmachine.

All DCt values were normalized based on GAPDH expression. All the RT primers are listed in Table S3.
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Deletion of regulatory elements

To delete the genomic regions at potential MEF2D or IRF8 enhancer elements bound by IRF8 or MEF2D,

respectively, we utilized the Cas12a system (Gier et al., 2020) to induce simultaneous double-strand breaks

flanking the TF binding sites. To enhance deletion efficiency, we designed four crRNAs on CRISPick

(Doench et al., 2016), two of which target the upstream and two for the downstream of the element,

with at least a 40bp gap between each crRNA. The combinatorial crRNAs targeting the IRF8 or MEF2D

enhancer will result in a 540-680bp or 850-950bp deletion, respectively. A quadrupole crRNA combination

for the ROSA locus was used as a negative control. The total 4 crRNAs were cloned in a crRNA array of the

pRG212 lentiviral expression vector (Addgene: 149,722). MOLM-13 cells stably expressing AsCas12a were

transduced with the designated array, followed by 4-day neomycin selection. Measurement of the GFP

fluorescent tag using the Guava Easycyte HT Instrument (Millipore) was used for further validation of crRNA

transduction and measurement of selection efficiency. To measure the efficiency of the enhancer deletion,

gDNAwas isolated using the Quick-DNAMiniprep Plus Kit (ZYMO) and genotyped. PCR products were run

in 1% agarose gel and band intensities were measured using Image Lab (BioRad) with value normalized by

product size. Percentage of enhancer deletion was calculated using normalized enhancer-deleted band in-

tensity divided by sum of normalized enhancer-deleted and intact band intensity, multiplied by 100. To

measure transcriptional changes upon enhancer deletion, total RNA was isolated using the Direct-zol

RNA Miniprep Plus Kit (ZYMO), followed by RT-PCR. Genotyping primers were listed in Table S3.

Identification of leukemia-selective TF dependencies

Genome-wide ‘‘drop-out’’ CRISPR screen data were retrieved and analyzed on the DepMap portal (https://

depmap.org/portal/) using the 21Q2 Public + Score CERES dataset containing perturbation effects of

17,645 genes in 990 cell lines. Briefly, CERES was calculated and scaled as previously described (Meyers

et al., 2017), such that the median non-essential and common essential gene perturbation effects are

0 and -1, respectively. The pan-dependent genes were defined as those whose ranks in 90% of cell lines

were above a given dependency cut-off. The cut-off value is determined by the central minimum in the

90th percentile lowest dependency line in the gene rank histogram (Dempster et al., 2019).

To identifypotential leukemia-specificdependencies,CERES in23AMLcell lines, 14ALLcell linesand7CMLcell

lines (termed ‘‘in-group’’) were compared with the remaining cell lines (term ‘‘out-group’’) as previously

described (Dharia et al., 2021). Briefly, t-statistics and log-odd ratios of differential CERESwere calculatedbased

on a fitted linear regression model. Effect size was determined by the difference between the CERES in the in-

group and the out-group. Cancer subtype-biased dependencies were identified as those with a negative t-sta-

tistics andpvalue lower than0.05.Commonessential andnon-essential geneswerefilteredout, andgenes cate-

gorized as TF based on previous studies (Lambert et al., 2018; Lu et al., 2018; Vaquerizas et al., 2009) were used

for further analysis. For analysisonTFdependencies in combinationwith theirmRNAexpression, RNA-seqdata-

sets (Expression 21Q2Public) in leukemia cell lines were downloadedon theDepMapportal, andpairwise Pear-

son correlation between CERES of one gene and mRNA expression (normalized to log2(TPM+1)) of the others

were conducted in R. Hierarchical clustering on TF dependencies was performed with the pheatmap (https://

rdrr.io/cran/pheatmap/) or ComplexHeatmap (Gu et al., 2016b) function in R.

RNA-seq analysis

Primary AML sampleswere aligned to hg19 using STARAligner (Dobin et al., 2013). For cell lines, RNA-seq anal-

ysis was performed on the Quantseq FWD 2.3.6 pipeline (Lexogen). Briefly, sequencing reads were aligned to

hg38 using STAR Aligner (Dobin et al., 2013) with low quality reads and adaptor contamination removed. RPM-

normalized track files (bigwig) were generatedwith the bedGraphToBigWig tool. Raw read counts were gener-

ated using HTseq-count (Anders et al., 2015). For CRISPR-mediated disruption samples, raw read counts >10

were retained. Differential gene expression analysis was performed using DE-Seq 1.30.1 (Love et al., 2014). GO

and ORA analysis was performed on WebGestalt 2019 (Liao et al., 2019). GSEA analysis was performed in

accord with the GSEA instruction (https://www.gsea-msigdb.org/gsea/index.jsp) with Molecular Signature

Database v6.1 (MSigDB) (Liberzon et al., 2015) and custom gene signatures that are listed on Table S1.

ChIP-seq and CUT&RUN processing

For ChIP-seq and CUT&RUN analysis, reads were aligned to hg19 using Bowtie2 v2.3.5 (Langmead and

Salzberg, 2012), following parameters as previously described (Skene et al., 2018):–local–very-sensitive-

local–no-unal–no-mixed–no-discordant–phred33-I 10-X 700-k1-N1. Picard tools v1.96 (Broad Institute)
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was applied to displace presumed PCR duplicates using the MarkDuplicates command. Bam files with

uniquely mapped reads retained were generated using Samtools v1.1 (Li et al., 2009). Fragments between

40 and 1000 bp were kept. Blacklist regions defined by ENCODE, random chromosomes, andmitochondria

were removed, and filtered bam files were used for further analysis. Reads per kilobase per million mapped

reads (RPKM)-normalized bigwig files were created using deeptools bamCoverage (Ramı́rez et al., 2016)

with parameters-bs 10–smoothLength 50–normalizedUsing RPKM–skipNAs in cell lines, or default param-

eters in primary patient cells to visualize binding signals. Bigwig files of replicates were pooled together

using WiggleTools mean setting. Tracks were loaded to UCSC genome browser for visualization. Pearson

correlation of replicates were calculated using deepTools multiBigwigSummary bins with binning size as

10,000. Correlation heatmap were plotted using deepTools plotCorrelation with default hierarchical

clustering.

CUT&RUN and ChIP-Seq enriched signals were called using MACS v2.1 (Zhang et al., 2008) with adjusted p

value threshold 0.01 unless indicated. Genes in proximity with peaks were annotated against the hg19

genome using annotatePeaks.pl from HOMER v4 (Heinz et al., 2010).

Peak overlap and shifting analysis

The Venn diagram of comparisons of the ChIP/CUT&RUN peaks was generated using Bioconductor pack-

age ChIPpeakAnno (Zhu et al., 2010) function findOverlappingPeaks with mapped gap equal to 500bp. To

identify shifts of IRF8 and MEF2D overlapped binding regions, we first calculated genomic distance (with

orientation) and absolute distance between IRF8 and MEF2D peak summits. The distance distribution fol-

lows an approximate normal distribution. We then defined lower 20% of the peaks as IRF8 left-shifted peaks

and upper 20% as IRF8 right-shifted peaks over MEF2D. Heatmaps and metaplots were generated using

deepTools plotHeatmap (Ramı́rez et al., 2016).

Peak overlap and differential analysis

The Venn diagram of the IRF8 and PU.1 peaks comparison was generated using Bioconductor package

ChIPpeakAnno (Zhu et al., 2010) function findOverlappingPeaks with mapped gap equal to 500bp. Meta-

plot and signal heatmap of the unique and overlapped enriched regions were generated using deepTools

computeMatrix and plotHeatmap. We further quantified PU.1 read counts under IRF8 and PU.1 enriched

regions using deepTools multiBigwigSummary BED-file setting to quantify RPKM normalized bigwig files.

Using the same method, we then extended 1000bp on both sides of the narrow peaks, and quantified

RPKM read counts of histone marks H3K27ac and H3K4me1. Differential analysis between DMSO and

dTAG were performed using DESeq2. Boxplot of log2FC results from DESeq2 were plotted using ggplot2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed on either Graphpad Prism 9 or R. For linear regression, statistical analysis

(p value) was calculated using a two-tailed F-test. For RNA-seq, ChIP-seq, RT-PCR and proliferation assay,

statistical parameters including p value, biological replicates, SEM and FDR are indicated directly on the

figures or in the corresponding figure legends.
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