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SUMMARY

The transformed state in acute leukemia requires gene regulatory programs involving transcription factors
and chromatin modulators. Here, we uncover an IRF8-MEF2D transcriptional circuit as an acute myeloid leukemia (AML)-biased dependency. We discover and characterize the mechanism by which the chromatin
‘‘reader’’ ZMYND8 directly activates IRF8 in parallel with the MYC proto-oncogene through their lineage-specific enhancers. ZMYND8 is essential for AML proliferation in vitro and in vivo and associates with MYC and
IRF8 enhancer elements that we define in cell lines and in patient samples. ZMYND8 occupancy at IRF8 and
MYC enhancers requires BRD4, a transcription coactivator also necessary for AML proliferation. We show
that ZMYND8 binds to the ET domain of BRD4 via its chromatin reader cassette, which in turn is required
for proper chromatin occupancy and maintenance of leukemic growth in vivo. Our results rationalize ZMYND8
as a potential therapeutic target for modulating essential transcriptional programs in AML.
INTRODUCTION
The initiation and progression of human cancer is driven by compounding genetic alterations, which ultimately converge on transcriptional and chromatin dysregulation (Bradner et al., 2017;
Dawson, 2017). Cancer cells often rely on regulatory proteins,
such as transcription factors (TFs) or chromatin regulators
(CRs), to control gene expression crucial for sustaining the malignant state. In this manner, cancer cells develop an ‘‘addiction’’
to specific transcriptional programs (Bradner et al., 2017; Dawson and Kouzarides, 2012). A small subset of TFs, referred to
as lineage-specific TFs, are expressed in a cell-type-specific
manner to coordinate gene expression programs that define a
cell state. CRs, including enzyme ‘‘writers’’ and ‘‘erasers’’ that
catalyze post-translational modification (PTM) of chromatin,
and ‘‘readers’’ that recognize these modifications, are also critical modulators of transcriptional programs. Growing evidence

suggests that CRs can similarly function in specialized, celltype-specific biological pathways. Thus, perturbing TFs or CRs
can be a selective method of targeting certain cancer-essential
gene expression programs to treat particular malignancies
(Bhagwat and Vakoc, 2015; Bradner et al., 2017; Dawson,
2017; Dawson and Kouzarides, 2012).
Acute myeloid leukemia (AML) is an aggressive form of heterogeneous hematopoietic malignancy characterized by aberrant
self-renewal and blocked differentiation of myeloid progenitor
cells. Cancer genome sequencing projects in AML have revealed
frequent genetic alterations in regulators controlling gene transcription, chromatin states, and DNA covalent modifications
(Desai et al., 2018; Döhner et al., 2015; Papaemmanuil et al.,
2016). While a small fraction of these driver alterations have
been pharmaceutically targeted in AML, the majority are not
actionable targets for small-molecule inhibitors, underscoring
the need to identify cancer dependencies beyond driver genetic
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lesions. Identification and investigation of cancer-addicted transcription-chromatin regulatory programs, which are not themselves directly associated with genetic alterations, provides
another opportunity for therapeutic intervention (Bennett and
Licht, 2018; Bhagwat and Vakoc, 2015). For example, targeting
transcription coactivator BRD4 with selective chemical inhibitors
JQ1 and i-BET promotes anti-leukemia effects via suppression
of key oncogenes, such as MYC, BCL2, and CDK6 (Dawson
et al., 2011; Mertz et al., 2011; Shi and Vakoc, 2014; Wu and
Chiang, 2007; Zuber et al., 2011).
IRF8 is a TF preferentially expressed in hematopoietic cell lineages and critical for normal myeloid cell and B cell development (Holtschke et al., 1996; Lu et al., 2003; Tamura et al.,
2000; Wang et al., 2008). IRF8-deficient mice have compromised immune systems and display a chronic-myelogenousleukemia-like syndrome (Holtschke et al., 1996). Loss of IRF8
facilitates the initiation of acute promyelocytic leukemia by
the PML-RARA fusion onco-protein (Gaillard et al., 2018).
These examples suggest that IRF8 may play a tumor-suppressor-like role in certain hematopoietic cell types. Myocyte
enhancer factor 2D (MEF2D) is a ubiquitously expressed TF.
MEF2D-translocated fusion proteins have been implicated in
B cell leukemia (Di Giorgio et al., 2018; Gu et al., 2016; Liu
et al., 2016), and MEF2D hyperexpression promotes hepatocellular carcinoma cell growth (Ma et al., 2014). Nevertheless, a
role for MEF2D in AML has yet to be defined. Zinc finger
MYND-type containing 8 (ZMYND8, also known as RACK7
and PRKCBP1) is a CR that contains a reader cassette consisting of a plant homeodomain (PHD), a bromodomain (BD), and a
Pro-Trp-Trp-Pro (PWWP) domain in tandem. ZMYND8 uses
this reader cassette to recognize PTMs on proteins, with high
preference for histones (Li et al., 2016; Savitsky et al., 2016).
Previous work has shown that ZMYND8 associates with both
repressor and activator complexes to regulate gene expression
(Delgado-Benito et al., 2018; Ghosh et al., 2018; Gong et al.,
2015; Li et al., 2016). Current studies on the function of
ZMYND8 in tumor biology have largely focused on its suppressor role in solid tumors, such as in prostate and breast cancers
(Basu et al., 2017b, 2017a; Jin et al., 2019; Li et al., 2016; Shen
et al., 2016). To date, the regulatory roles of IRF8, MEF2D, and
ZMYND8 have yet to be characterized in the context of hematopoietic malignancies, including in AML.

RESULTS
IRF8 is an AML-biased TF dependency
To identify unexplored transcriptional addiction in AML, we surveyed our previously performed CRISPR-Cas9 negative selection ‘‘dropout’’ screens targeting the DNA-binding domain of
1,427 human TFs (Lu et al., 2018). In order to quantify TF essentiality in cancer cell proliferation, a protein domain essential
score (ES) was defined as the average log2 fold change
(log2FC) of all Cas9 single guide RNAs (sgRNAs) targeting a
given protein domain (Figure 1A). We ranked the screened
TFs based on the differential ESs between AML cell lines and
non-AML cell lines to identify AML-biased TF dependencies
(Figures 1A, S1A, and S1B). While MYB, CEBPA, CBFB,
PU.1, ZFP64, and FLI1 have been previously reported to play
important roles in AML (Anfossi et al., 1989; Goyama and Mulloy, 2011; Kornblau et al., 2011; Lu et al., 2018; Maiques-Diaz
et al., 2018; Ohlsson et al., 2014; Ye et al., 2015; Zhou et al.,
2014), the roles of IRF8 and MEF2D have not yet been recognized in this disease. Inspection of IRF8 and MEF2D in a
genome-wide CRISPR screening dataset (Project Achilles,
DEPMAP) (Meyers et al., 2017) further confirmed their AMLbiased essentiality among 721 cancer cell lines representing
26 lineages (Figure S1C).
We first validated the requirement of IRF8 in cellular proliferation by performing competition-based proliferation assays in
AML cell lines. We confirmed that AML cells transduced with
IRF8 sgRNAs were rapidly depleted and outcompeted by
parental cells, validating the results of our pooled sgRNA library
screen (Figures 1B and S1D). Inspection of the Cancer Cell Line
Encyclopedia (CCLE) (Barretina et al., 2012) for 39 of the cancer
cell lines used in this study revealed heterogeneous expression
of IRF8 across cell lines, with high IRF8 expression (IRF8hi,
RPKM > 30) in a subset of AML and low IRF8 expression (IRF8low,
RPKM < 2) in many solid tumor lines (Figure S1E). Additionally,
we found that IRF8 expression was the third highest in AML
among a total of 32 cancer types in the The Cancer Genome
Atlas (TCGA) dataset, with a broad range of IRF8 expression
levels in 173 AML patients (RNA-Seq by Expectation Maximization [RSEM] = 4.82–14.41) (Figure S1F). Moreover, we noted that
high IRF8 expression was associated with a subset of AMLs encompassing diverse cytogenetic and driver mutations, including

Figure 1. IRF8 is an AML-biased TF dependency
(A) Summary of TF-domain-focused CRISPR screens. Genes were ranked by AML-biased ES defined by the difference in a particular domain’s ES in AML versus
in non-AML cell lines. CML, chronic myeloid leukemia. Data are from Lu et al. (2018).
(B) Competition-based proliferation assays performed in indicated Cas9+ cell lines. sgRNA+ populations were monitored over time with a GFP co-expression
marker. Plotted is the relative sgRNA+ population normalized to the day 3 sgRNA+ population over 21 days. sgNeg, negative control; sgCDK1, positive control.
(C) Design of CRISPR-resistant IRF8 cDNA. Encoded amino acids are labeled in blue at the bottom of the cDNA sequence.
(D) Vectors used for IRF8/dIRF8 cDNA complementation assay. IRF8*, sgIRF8_1-resistant IRF8 cDNA; dIRF8, degradable IRF8 that contains an additional
FKBP12G36V domain and a 2xHA tag; Neo, neomycin resistance marker.
(E) Immunoblotting of FKBP12G36V-tagged IRF8, IRF8, or GAPDH (loading control) in whole-cell lysates of MOLM-13 cells transduced with indicated vectors.
(F) Competition-based proliferation assays performed in MOLM-13 Cas9+ cell lines stably expressing empty vector (EV), IRF8*, or dIRF8. sgPCNA, positive
control.
(G) Schematic depicting establishment of an inducible IRF8 degradation system in MOLM-13 cells.
(H) Immunoblotting of whole-cell lysate of indicated cells treated with 500 nM dTAG-47 over time.
(I) Competition-based proliferation assay of MOLM-13-dIRF8 versus parental cells treated with either DMSO or 500 nM dTAG-47. Plotted is the relative sgRNA+
population normalized to the day 0 sgRNA+ population.
Data points of line graphs represent the average of three independent biological replicates (n = 3). Error bars represent mean ± SEM. See also Figure S1.
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MLL rearrangements and amplifications, CBFB-MYH11 translocations, and RUNX1 mutations (Figures S1G).
To further verify the essential function of IRF8 and the on-target
effect of our sgRNAs, we ectopically expressed CRISPR-resistant
IRF8 cDNA in leukemia cells (Figures 1C–1F). To enable rapid
perturbation of IRF8 in AML, we fused the CRISPR-resistant
IRF8 cDNA with an FKBP12G36V domain (dIRF8), which, in the
presence of the degradation tag (dTAG) compound, is rapidly
degraded (Figures 1D and 1E) (Nabet et al., 2018). We established
an endogenous-IRF8 knockout line of MOLM-13 that expresses
dIRF8 as a substitute (hereafter referred to MOLM-13-dIRF8 cells)
(Figures 1G and 1H). We next mixed a 1:1 ratio of MOLM-13dIRF8 cells with parental cells and observed that dTAG-induced
IRF8 degradation resulted in significant depletion of the MOLM13-dIRF8 population (Figures 1I and S1H), concurrent with the
observed phenotype induced by direct CRISPR-based genetic
perturbation. Altogether, these results at both the genetic and protein levels confirmed the essential function of IRF8 in a subset
of AML.
IRF8 is enriched at the MEF2D locus and modulates
MEF2D expression
To identify the primary transcriptional targets of IRF8, we performed RNA sequencing (RNA-seq) analysis in MOLM-13dIRF8 cells after 4 h of dTAG treatment (Figures 1H and 2A).
While many known AML genetic dependencies, such as MYB,
CEBPA, ZFP64, HOXA9, and MYC, were unchanged, acute
depletion of IRF8 led to downregulation of 13 genes with log2FC
less than 0.5 (Figures 2A). Among the downregulated genes,
MEF2D became our primary focus, because it was nominated
as a potential AML-biased TF dependency in both our
CRISPR-Cas9 screens (Figure 1A, S1A, and S1C) and the DEPMAP database (Figure 2B). Moreover, we noted that the MEF2D
ES was highly correlated with that of IRF8, IRF8hi AML cell lines
were most affected by MEF2D depletion, and MEF2D expression was elevated in IRF8hi AML compared to in IRF8low cell lines
(Figures 1A, 2C, S1F, and S2B). Analysis of primary human cells
revealed that MEF2D expression levels were higher in AML relative to all other cancer types in the TCGA database (Figure S2B).

To investigate the molecular connection between IRF8 and
MEF2D in AML, we performed RNA-seq following CRISPRmediated depletion of either IRF8 or MEF2D. We defined a
MEF2D transcriptional signature in AML using the top 200 downregulated genes from MEF2D-deficient cells, many of which are
essential genes for AML proliferation (Table S1). We found that
IRF8 perturbation caused downregulation of MEF2D mRNA
and significant suppression of the MEF2D transcriptional signature (Figures 2D–2G). Of note, IRF8 was among the top downregulated genes in MEF2D knockout cells, which suggests that
IRF8 and MEF2D participate in a positive-feedback circuit in
AML (Figures 2G). Furthermore, when compared to 13,000
gene signatures from Molecular Signatures Database (MSigDB)
(Liberzon et al., 2015), we found that IRF8 suppression had a
strong effect on the MEF2D signature (Figure 2F).
To further corroborate the relationship between IRF8 and
MEF2D, as well as identify the genomic occupancy of IRF8, we
performed chromatin immunoprecipitation followed by next-generation sequencing (ChIP-seq) in MOLM-13 cells. Overall, IRF8
enrichment was observed mainly near transcription start sites
(TSS), TSS-proximal introns, and intergenic potential enhancer regions and overlapped significantly with the active epigenetic mark
H3K27ac (Figures 2H, S2D, and S2E). Motif analysis of IRF8occupied regions in AML generated a motif sequence similar to
motifs obtained from myeloid lineage cells (Figure S2F) (Grajales-Reyes et al., 2015; Langlais et al., 2016). Inspection of the
browser track of the IRF8 ChIP-seq revealed the enrichment of
IRF8 near the MEF2D TSS, as well as in the promoters of genes
whose expression was the most decreased upon rapid IRF8
degradation (Figures 2I and S2G). ChIP-qPCR analysis revealed
that rapid degradation of IRF8 by dTAG resulted in significant
decrease of IRF8 occupancy near the MEF2D TSS (Figure S2H),
further supporting the finding that IRF8 directly regulates
MEF2D transcription via proximity to the MEF2D TSS.
CRISPR screens identify ZMYND8 as an AML-biased
dependency
While the IRF8-MEF2D transcriptional circuit is an AML-biased
vulnerability, pharmacological inhibition of TFs is notably

Figure 2. IRF8 is enriched at the MEF2D locus and modulates MEF2D expression
(A) RNA-seq analysis of gene expression changes in MOLM-13-dIRF8 cells treated with either DMSO or 500 nM of dTAG-47 for 4 h. Genes are ranked by log2 fold
change (n = 3).
(B) ESs of top 12 downregulated genes from DEPMAP dataset with log2 fold change less than 0.5 in IRF8-expressed (TPM > 1) AML cell lines (n = 12). Shown is a
box and whisker plot of copy-number-adjusted ESs (CERES). TPM, transcripts per million reads.
(C) Scatterplot of IRF8 and MEF2D essentiality scores in 33 human cancer cell lines extracted from Lu et al. (2018). IRF8hi cell lines are labeled. r, Pearson’s
correlation coefficient.
(D) RNA-seq analysis of gene expression changes in indicated cell lines transduced with sgIRF8 or sgNeg for 4 days. sgNeg and two independent sgRNAs
targeting IRF8 are used (n = 2 biological replicates per sgRNA). Ranking position from the top most downregulated gene is indicated in parentheses.
(E) GSEA rank plot of RNA-seq data presented in (D). The MEF2D signature is defined as the top 200 downregulated genes upon MEF2D depletion. Normalized
enrichment score (NES) and false discovery rate (FDR) q value are shown.
(F) Unbiased GSEA using all signatures from MSigDB v6.1 (Liberzon et al., 2015), together with the MEF2D signature for RNA-seq data presented in (D). Each gene
set is represented as a single dot. The MEF2D signature is indicated in red, with numeral rank from the top most-enriched gene set in parentheses.
(G) RNA-seq analysis of gene expression changes in MEF2D-depleted MOLM-13 cells 5 days after transduction of sgNeg or sgMEF2D. Two independent
sgRNAs targeting either MEF2D or a negative control locus were used. MEF2D signature genes are indicated with a red box.
(H) Metaplot (top) and density plot (bottom) showing enrichment of IRF8 and H3K27ac surrounding the 23,429 IRF8 ChIP-seq peaks at a ±5-kb interval in MOLM13 cells. Peaks were ranked by IRF8 ChIP-seq tag counts.
(I) Gene tracks of H3K27ac and IRF8 enrichment at the MEF2D locus in the indicated leukemia cell lines. H3K27ac and IRF8 ChIP-seq tracks in THP-1 cells are
extracted from GSE123872.
See also Figure S2 and Table S1.
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challenging, specifically because of the difficulty in developing
effective inhibitors against DNA-binding and transactivation domains (Chen and Koehler, 2020). We therefore sought to identify
druggable CRs that function as part of the IRF8-MEF2D
pathway. Toward this goal, we performed domain-focused
CRISPR screens against 197 CR-associated domains in 19 human cancer cell lines, including IRF8hi and IRF8low leukemias,
as well as solid tumor lines, in order to identify AML-biased CR
dependencies (Figures 3A and 3B). Upon ranking differential
ESs between AML cell lines and non-AML cell lines, we re-identified known AML-biased genetic vulnerabilities: EP300,
SETDB1, DOT1L, HBO1, and KDM1A (Figures 3B and S3A)
(Bernt et al., 2011; Cuellar et al., 2017; Giotopoulos et al.,
2016; Harris et al., 2012; MacPherson et al., 2020; Schenk
et al., 2012). Notably, these screens in conjunction with DEPMAP
also nominated the BD of ZMYND8 as an AML-biased vulnerability (Figures 3B, S1A, and S3B). Co-essentiality analysis in
another independent genome-wide CRISPR screening dataset
in AML cell lines (Wang et al., 2017) revealed a positive and reciprocal correlation between ZMYND8 and IRF8, further supporting
a potential connection between these two regulators in AML
(Figures 3C and S3C).
To validate the AML-biased requirements of ZMYND8, we performed competition-based proliferation assays, and consistent
with our pooled screening results, we found that perturbation
of ZMYND8 caused a distinct pattern of depletion: (1) a subset
of leukemia lines were in general the most susceptible to
ZMYND8 loss (>3-fold depletion of GFP/sgRNA+, referred to as
‘‘hypersensitive’’); (2) a subset of leukemia lines were sensitive,
but to a lesser extent (1.5- to 3-fold depletion, referred to as
‘‘sensitive’’); and (3) solid tumor lines did not respond (<1.5fold change, referred to as ‘‘nonsensitive’’) (Figures 3D, 3E,
and S3D–S3F). Of note, the ZMYND8-hypersensitive leukemia
lines all have high IRF8 expression (Figures S1E and S3G).
Importantly, ZMYND8 is ubiquitously expressed across cell lines
used in our screens (Figure S3H), suggesting that the AMLbiased requirement of ZMYND8 cannot be simply attributed to
differential gene expression.
We next examined the requirement of ZMYND8 in vivo by injecting sgZMYND8-transduced MOLM-13 cells intravenously
into NOD scid gamma (NSG) immunodeficient mice (Figure 3F).
We observed a significantly decreased leukemic burden in mice

receiving ZMYND8-deficient cells in the bone marrow (Figures
3G and S3I). Accordingly, the mice engrafted with ZMYND8-deficient leukemia had an extended survival (Figure 3H). We noted
that leukemia that eventually developed in recipients of
sgZMYND8 cells could be explained by positive selection of
sgRNA-negative or partially edited sgZMYND8 cells during the
experimental time course (Figure S3J–S3L).
To further evaluate the requirement of ZMYND8 in normal hematopoietic cells, we perturbed Zmynd8 in isolated murine
normal bone marrow with constitutive Cas9 expression (Figure S3M) and assessed the development of normal myeloid cells
in colony-formation assays. In Zmynd8-deficient cells, we found
no significant difference in the frequency and absolute number of
hematopoietic progenitor colonies (Figure 3I). These results suggest that Zmynd8 is dispensable in normal myeloid development
in this short-term assay.
ZMYND8 regulates IRF8 and MYC transcription to
sustain AML proliferation
To investigate the primary transcriptional changes of ZMYND8
depletion, we established a dTAG-degradable and CRISPRresistant ZMYND8 system in MOLM-13 cells (MOLM-13-dZD8)
to replace endogenous ZMYND8 (Figures 4A and S4A–S4C).
ZMYND8 degradation caused potent cell growth suppression
(Figures 4B and S4D). Next, we performed RNA-seq analysis
following 4 h of dTAG treatment in MOLM-13-dZD8 cells.
Remarkably, the top two downregulated genes upon rapid
depletion of dZD8 were IRF8 and MYC, a well-known pan-leukemia required TF, and were the only two of the top 10 downregulated genes required by AML (Figure 4C and data not shown). To
validate our RNA-seq results, we performed a time-course analysis of dTAG treatment followed by qRT-PCR in MOLM-13dZD8 cells and observed a decrease of IRF8 and MYC mRNA
levels within 1 h and a 70%–80% decrease in IRF8 and MYC
mRNA and protein levels within 24 h (Figures 4D, S4E, and
S4F). These data implicate IRF8 and MYC as direct targets of
ZMYND8.
To evaluate the proportion of IRF8- and MYC- controlled transcriptional programs involved in ZMYND8 addiction in AML, we
performed RNA-seq analysis 5 days after CRISPR-mediated
ZMYND8 depletion (Figures 4E, 4F, S4G, and S4H). Differential
gene expression analysis revealed that loss of ZMYND8 resulted

Figure 3. CRISPR screens identify ZMYND8 as an AML-biased dependency
(A) Schematic showing the workflow of CRISPR dropout screen.
(B) Summary of CR domain-focused CRISPR screens. Genes were ranked by AML-biased ES. A673 and HS-SY-II screening data were retrieved from Brien
et al. (2018).
(C) Correlated essentiality between IRF8 and 3,102 gene ESs from genome-wide CRISPR screens in leukemia cells (Wang et al., 2017). Pan-essential and
nonessential genes are excluded. Remaining gene ESs were ranked by Pearson’s correlation coefficient to IRF8 ES.
(D) Competition-based proliferation assays performed in indicated Cas9+ cell lines (n = 3).
(E) Heatmap summarizing the competition-based proliferation assays performed as in Figure 3D (n = 3).
(F) Schematic of in vivo transplantation of MOLM-13 cells infected with sgNeg or sgZMYND8_2.
(G) Flow cytometry analysis of percentage of human CD45+ leukemia cells in BM of recipient mice sacrificed after 9 days post-transplantation (n = 4). Statistical
analysis (p value) was performed using an unpaired Student’s t test. BM, bone marrow.
(H) Kaplan-Meier survival curves of recipient mice transplanted with MOLM-13 cells transduced with sgNeg (n = 5) or sgZMYND8_2 (n = 6). The p value was
determined by a log-rank Mantel-Cox test.
(I) Colony formation of normal myeloid progenitor cells isolated from constitutively expressing Cas9 mice (n = 3). Statistical analysis was performed using a twoway ANOVA test.
Error bars represent mean ± SEM. See also Figure S3 and Table S2.
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in a decrease in IRF8 expression and an increase in myeloid differentiation associated genes (S100As) selectively in hypersensitive cell lines and a decrease in MYC expression in hypersensitive and sensitive cell lines (Figures 4E and S4H). In contrast,
MYC and myeloid differentiation genes were largely unaffected
by ZMYND8 depletion in non-leukemia solid tumor cells (Figures
S4E, S4F, and S4G). Immunoblotting further supported the
notion that AML-biased ZMYND8 dependency was attributed
to its regulation of leukemia-specific IRF8 and oncogenic MYC
expression (Figures 4F). Gene set enrichment analysis (GSEA)
showed that the IRF8-target gene signature, MYC-target signature, and myeloid development signature were significantly
altered in majority of the hypersensitive cell lines upon ZMYND8
depletion (Figures 4G and S4I–S4K). Upon ranking the degree of
gene signature alteration in ZMYND8-depleted cells, we found
that among the most significantly decreased and increased
gene signatures across all ZMYND8-deficient hypersensitive
cell lines were the IRF8-target and MYC-target signatures, as
well as the myeloid differentiation signature, respectively
(Figure S4L).
We reasoned that ZMYND8 maintenance of IRF8 and MYC
expression provides a plausible explanation for the differential
sensitivity to ZMYND8 depletion in different cell lines, where
MYC regulation is biased toward AML and IRF8 dependency is
specific to IRF8hi leukemia. To further test whether MYC and
IRF8 suppression specifically mediates the requirement for
ZMYND8 in AML, we ectopically expressed MYC, IRF8, or
both in ZMYND8-depleted MOLM-13 cells (Figure S4M). Strikingly, simultaneous overexpression of MYC and IRF8 in combination, but not individually, completely rescued the cell growth
inhibition in ZMYND8-deficient leukemia cells (Figure 4H). In
contrast, dual cDNA overexpression was not able to rescue
the growth arrest in cells that lost either the pan-essential gene
PCNA or other AML-biased dependencies (Figures 4H and
S4N), suggesting that MYC and/or IRF8 overexpression cannot
simply restore all the cytostatic and cytotoxic effects in AML.
Collectively, these results provide strong evidence that ZMYND8
directly regulates transcription of IRF8 and MYC in AML.
Genome-wide binding profiles reveal the co-occupancy
of ZMYND8 and BRD4 in active enhancer regions
Next, we set out to investigate the molecular activities of
ZMYND8 required for IRF8 and MYC regulation in AML. We mapped ZMYND8’s chromatin occupancy by performing cleavage

under targets and release using nuclease (CUT&RUN) (Skene
et al., 2018) against ZMYND8 and various histone modifications
in AML. A meta-analysis revealed that 13,125 ZMYND8-occupied regions in MOLM-13 cells were positively associated with
H3K27ac and H3K14ac, another marker of active chromatin (Figure 5A). We observed 8,455 overlapping ZMYND8 peaks between two ZMYND8-hypersensitive AML cell lines, MOLM-13
and THP-1 cells (Figure S5A). Annotation of the ZMYND8-binding sites revealed that a large proportion of sites were in promoter and distal regions likely to be enhancers (Figures 5B and
S5B). These results are consistent with prior findings that
ZMYND8 can be associated with active genes and enhancer regions (Delgado-Benito et al., 2018; Ghosh et al., 2018; Savitsky
et al., 2016; Shen et al., 2016).
Using a de novo motif identification tool (Heinz et al., 2010), we
deciphered a 12-nt sequence that was most frequently
embedded in ZMYND8-occupied regions in leukemia cells (Figures 5C and S5C). Deconvolution of the ZMYND8-derived
sequence also revealed enrichment of several hematopoieticlineage-specific TF-binding motifs, including PU.1, FLI1, CEBPb,
and ERG (Figure S5D), which are known to form enhanceosomes
that recruit BRD4 to chromatin (Dawson et al., 2011; Roe et al.,
2015; Zuber et al., 2011). Intriguingly, motif analysis in
ZMYND8-binding sites in a liver cancer cell line, HUH7, revealed
enrichment of a distinct set of TF motifs, including hepatocyte
nuclear factors (HNFs) (Figure S5C). These observations implied
that the differential chromatin occupancies of ZMYND8 among
different cell types might be driven by a diverse set of master
TFs. In our above RNA-seq analysis of ZMYND8-perturbed cells
(Figure 4E), we noted that the BRD4-dependent gene signature
(Rathert et al., 2015) was significantly downregulated in
ZMYND8-depleted hypersensitive cell lines (Figure S5E). These
two observations thus prompted us to evaluate a potential
connection or overlap between BRD4 and ZMYND8 in AML.
To this end, we performed BRD4 CUT&RUN and found substantial binding site overlap, ranging from 51.7% to 63.8%, between
ZMYND8- and BRD4-occupied sites across diverse AML cell
lines (Figures 5A, 5D, and S5F).
To further characterize whether ZMYND8 and BRD4 cooccupy regions essential to AML chromatin regulation, we inspected the known lineage-specific MYC distal enhancer regions, designated as ME1–ME5 (Bahr et al., 2018; Shi et al.,
2013). We found that ZMYND8, BRD4, H3K27ac, and
H3K14ac histone marks all share similar occupancy status on

Figure 4. ZMYND8 regulates IRF8 and MYC transcription to sustain AML proliferation
(A) Schematic depicting establishment of an inducible ZMYND8 degradation system in MOLM-13 cells.
(B) Competition-based proliferation assay of MOLM-13-dZD8 versus parental cells.
(C) RNA-seq analysis of gene expression changes in MOLM-13-dZD8 cells treated with either DMSO or 500 nM dTAG-13 for 4 h (n = 2).
(D) Time-course reverse transcriptase quantitative PCR (RT-qPCR) analysis of mRNA expression in MOLM-13-dZD8 cells treated with 500 nM dTAG-47. Relative
mRNA levels were normalized to GAPDH levels.
(E) RNA-seq analysis of gene expression changes 5 days after transduction of sgNeg or sgZMYND8. Myeloid-differentiation-associated genes are labeled in blue.
(F) Immunoblotting of ZMYND8, MYC, IRF8, or GAPDH in whole-cell lysates.
(G) GSEA of RNA-seq data presented in Figure 4A. Myc_Targets_Up_Schuhmacher (Schuhmacher et al., 2001) and IRF8_Targets_Up or Myeloid_development_Up (Brown et al., 2006) signatures were used.
(H) Competition-based proliferation assays performed in MOLM-13 cells expressing EV, MYC, IRF8, or MYC+IRF8 and transduced with indicated sgRNAs. EV,
empty vector.
Data points in line graphs represent the average of three independent biological replicates (n = 3). Error bars represent mean ± SEM. See also Figure S4 and
Table S1.

Molecular Cell 81, 1–19, September 2, 2021 9

Please cite this article in press as: Cao et al., ZMYND8-regulated IRF8 transcription axis is an acute myeloid leukemia dependency, Molecular Cell
(2021), https://doi.org/10.1016/j.molcel.2021.07.018

ll
Article
A

B

C

D

E
G

F
H

I

(legend on next page)

10 Molecular Cell 81, 1–19, September 2, 2021

Please cite this article in press as: Cao et al., ZMYND8-regulated IRF8 transcription axis is an acute myeloid leukemia dependency, Molecular Cell
(2021), https://doi.org/10.1016/j.molcel.2021.07.018

ll
Article
the MYC ME1–ME5 enhancer clusters in a leukemia-specific
manner (Figures 5E), consistent with prior findings demonstrating leukemia-specific BRD4 control of MYC transcription
(Bahr et al., 2018; Shi et al., 2013). Using circular chromosome
conformation capture followed by next-generation sequencing
(4C-seq) (Schwartzman et al., 2016), we set an anchor point at
the MYC promoter and confirmed that chromatin loop formation
occurs between the ME1–ME5 and the MYC promoter in human
AML, in line with our previous observations in murine AML cells
(Shi et al., 2013) (Figure 5E).
ZMYND8 regulates IRF8 transcription through a lineagespecific enhancer
We sought to identify the DNA cis-elements underlying the
ZMYND8-dependent IRF8 regulation in AML. We surveyed the
non-coding regions flanking the IRF8 loci and found potential
enhancer regions enriched with H3K27ac marks 23–86 kb downstream of the IRF8 TSS (Figure 5F). We then performed 4C-seq
experiments with an anchor set near the IRF8 promoter to nominate any potential cis-elements that were in close physical proximity and therefore would feasibly be able to regulate IRF8 transcription. 4C-seq analysis revealed two distinct peaks, one 83
to 62 kb upstream and the other 76 to 107 kb downstream of
the IRF8 TSS, looping to the IRF8 promoter region (Figure 5F).
While the upstream 4C peak region appeared to show low
enrichment for active histone marks, ZMYND8, or BRD4, the
downstream 4C peak region was occupied by all active histone
marks, ZMYND8, and BRD4, nominating this region as a potential ZMYND8-dependent cis-regulatory element of IRF8
(Figure 5F).
To functionally test whether the flanking H3K27ac-enriched
regions facilitate IRF8 expression, we employed CRISPR interference to perturb the enhancer function in its native environment (Figure 5F) (Fulco et al., 2016; Gilbert et al., 2013). We targeted five potential IRF8 enhancer regions with two or three
independent sgRNAs per locus in MOLM-13 cells (Figure 5F).
sgRNAs 9–11 nominated a potential enhancer 81–86 kb downstream of the IRF8 TSS, as these sgRNAs most significantly
reduced IRF8 mRNA levels to those targeting the TSS site (Figure 5G). Competition assays with individual sgRNA also dis-

played a similar pattern of proliferation arrest (Figure 5H). Simultaneous transduction of two sgRNAs targeting the lineagespecific MYC and IRF8 enhancers led to an additive growth arrest in MOLM-13 compared with either individual sgRNA (Figures S5G–S5J). Collectively, these data suggest that the
ZMYND8-occupied enhancers mediate AML-biased transcriptional regulation of MYC and IRF8 and, moreover, that AML hypersensitivity to ZMYND8 perturbation could be mediated by
the additive effect of dual suppression of MYC and IRF8, which
is consistent with the observation that individual MYC or IRF8
overexpression can only partially rescue the effect of ZMYND8
deficiency (Figure 4H). Moreover, CUT&RUN signals in
the +81- to 86-kb region downstream of the IRF8 TSS revealed
an exclusive enrichment of H3K27ac, BRD4, and ZMYND8 in
IRF8hi lines, but not in IRF8low lines (Figures 5I, S1E, and S3G).
Collectively, the chromatin conformation capture and enhancer
perturbation experiments posit the ZMYND8-occupied +81- to
86-kb distal region from the IRF8 TSS as a functionally relevant
IRF8 enhancer (defined as IE hereafter).
ZMYND8 occupies active elements in AML through
binding the ET domain of BRD4
While ZMYND8 and BRD4 co-occupy similar regions in AML
genome-wide (Figures 5A, 5B, and S5B), it remained unclear
whether these two regulators were functionally connected on
chromatin in AML. To explore their potential relationship on chromatin, we first treated MOLM-13-dZD8 cells for 4 h with either
dTAG to deplete ZMYND8 or JQ1 (a selective chemical inhibitor
against bromodomain and extra-terminal [BET] family proteins)
(Filippakopoulos et al., 2010) to dissociate BRD4 from the chromatin. We then followed with CUT&RUN analysis to determine
their resulting genome-wide occupancy. As expected, addition
of dTAG led to loss of ZMYND8 chromatin occupancy by
97.4%, and JQ1 treatment resulted in a decrease of 70.0%
of global BRD4 signals with log2FC less than 1 at the regions
with normalized tag count >2 in a DMSO control (Figures 6A
and 6B). Interestingly, JQ1 treatment also led to eradication of
93.3% of ZMYND8 from its established binding regions;
conversely, BRD4 association at ZMYND8-bound regions was
largely preserved following dTAG treatment (Figures 6A and

Figure 5. Genome-wide binding profiles reveal the co-occupancy of ZMYND8 and BRD4 in active enhancer regions
(A) Meta-profile (top) and density plot (bottom) of CUT&RUN peaks at 13,125 ZMYND8-occupied regions in MOLM-13 cells. Peaks are ranked by ZMYND8
CUT&RUN tag counts.
(B) Pie chart annotating the distribution of 13,125 ZMYND8 peaks in MOLM-13 cells. TTS, transcription termination site. Other, UTR and non-coding RNA regions.
(C) ZMYND8 CUT&RUN-derived de novo motif analysis in MOLM-13 cells using HOMER. Statistical analysis (p value) was calculated using the binomial test.
(D) Venn diagram displaying CUT&RUN peak overlap between ZMYND8, BRD4, and H3K27ac occupancy in MOLM-13 cells.
(E) Gene tracks of H3K27ac, H3K14ac, BRD4, and ZMYND8 enrichment with 4C-seq analysis at leukemic MYC enhancer locus (ME1-ME5, gray box) in MOLM-13
cells. 4C-seq was performed using MYC promoter as the ‘‘viewpoint.’’
(F) Top: schematic of dCas9-KRAB-mediated epigenomic silencing. Locations of different sgRNAs targeting H3K27ac-enriched regions +23–86 kb from the IRF8
TSS are shown by red lines. Bottom: gene tracks of H3K27ac, H3K14ac, BRD4, and ZMYND8 enrichment in addition to 4C-seq analysis at the IRF8 locus in
MOLM-13 cells. Putative IRF8 enhancer is labeled in a gray box. IE, IRF8 enhancer.
(G) RT-qPCR analysis of mRNA expression of IRF8 in dCas9_KRAB+ MOLM-13 cells transduced with indicated sgRNAs in Figure 5F and harvested after 5 days
post-infection. sgIRF8_TSS (purple) targets the IRF8 TSS region. Effective sgRNAs that induce >2-fold downregulation of IRF8 are labeled in green. Relative
mRNA levels were normalized to GAPDH levels. sgNeg, negative control; TSS, transcription start site. Plotted are the mean ± SEM (n = 3).
(H) Competition-based proliferation assays performed in dCas9_KRAB+ MOLM-13 cell lines. Cells were transduced with sgNeg (n = 4) or sgIRF8_TSS, sgIRF8_enh-2, -3, -5, or -9 (n = 2).
(I) Leukemic MYC enhancer (left, ME1-ME5, gray box) or IRF8 enhancer (right, IE, gray box) region in indicated cell lines. H3K27ac ChIP-seq data in THP-1, HEL,
and HUH7 cells were extracted from GSE109493, GSE123872, or GSE89212.
Error bars represent mean ± SEM. See also Figure S5.
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Figure 6. ZMYND8 occupies active elements in AML through binding the ET domain of BRD4
(A) CUT&RUN meta-profile (top) and density plot (bottom) of ZMYND8 and BRD4 enrichment at 8,483 ZMYND8-occupied regions. Cells were treated with DMSO,
500 nM dTAG-47, or 2 mM JQ1 for 4 h.
(B) Violin plot of normalized tag density of ZMYND8 (red) or BRD4 (purple) peaks in Figure 6A. Dots represent median values. p values were calculated by Welch’s
two-sided t test.
(C) Immunoblotting of MOLM-13-dZD8 whole-cell lysate treated with DMSO or 2 mM JQ1 over time.
(D) Gene tracks of H3K27ac, ZMYND8, and BRD4 enrichment at the leukemic MYC (left, ME1-ME5, gray box) or IRF8 enhancers (right, IE, gray box) regions in cell
populations described in Figure 6A.
(E) Schematic of FLAG-tagged BRD4 variants and truncations used for coIP.
(legend continued on next page)
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6B). Immunoblotting indicated that treatment of JQ1 induced
rapid MYC reduction, but the ZMYND8 protein level remained
unchanged within the first 6 h (Figure 6C). These findings suggest
that ZMYND8 occupancy, rather than expression, is altered
upon ablation of BRD4 binding at the MYC enhancer. Inspection
of the CUT&RUN browser track of MYC and IRF8 enhancer regions revealed the same pattern of ordered BRD4-ZMYND8
binding upon dTAG or JQ1 treatment (Figure 6D), overall suggesting that BRD4’s enhancer-based transcriptional regulation
of MYC and IRF8 is mediated by ZMYND8. Analysis of previously
reported thiol(SH)-linked alkylation for the metabolic sequencing
of RNA (SLAM-seq) data in MOLM-13 and MV4;11 cells treated
with JQ1 (Muhar et al., 2018) confirmed both MYC and IRF8 as
direct targets of BRD4, consistent with what is known about
the BRD4-dependent core transcriptional program (Dawson
et al., 2014) (Figure S6A).
We next sought to determine the specific region or domain of
BRD4 that mediates its association with ZMYND8. We transfected a series of FLAG-tagged BRD4 variants and truncations
in HEK293T cells (Figure 6E). We confirmed that both long and
short isoforms of BRD4 associate with ZMYND8, while the
BD1+2 truncation and the ET domain deletion from BRD4-long
attenuated any interaction; on the other hand, we found that
the ET domain alone was able to successfully precipitate
ZMYND8 (Figure 6F). We further explored published immunoprecipitation (IP)-mass spectrometry (MS) of BRD4 (Lambert et al.,
2019). IP-MS of either exogenous or endogenous BRD4 showed
significant enrichment of ZMYND8 (Figures 6G and S6B), but a
BD1+BD2 IP-MS revealed no detectable ZMYND8 peptides
(data not shown). Altogether, these data suggest that the
BRD4 ET domain is necessary and sufficient to physically associate with ZMYND8 and that ZMYND8 requires BRD4 for proper
enhancer occupancy in AML.
The ZMYND8 PHD-BD-PWWP reader cassette is
required for association with BRD4 on chromatin and for
leukemia growth
We next mapped the ZMYND8 regions responsible for BRD4
interaction. We first truncated ZMYND8’s PHD-BD-PWWP tandem reader cassette, the DUF3544, or the MYND domain (Figure 7A). We found that the ZMYND8 reader cassette truncation,
but not the DUF3544 or MYND domain truncations, significantly
diminished interactions with BRD4 (Figure 7B). To further dissect
the functional importance of the ZMYND8 reader modules in
BRD4 binding, we mutagenized specific conserved amino acid
residues to alanine while preserving the overall reader structure
of the PHD-BD-PWWP cassette (Figure 7A) (Savitsky et al.,
2016). While PHD (N107A/D108A), BD (N248A), and PWWP
(F308A/W311A) mutant variants were stably expressed in cells,
all three showed diminished interaction with BRD4 (Figures
7B), suggesting that each individual reader domain is required
to form a stable physical association with BRD4. Similarly, we

confirmed that only the full-length (FL) and none of the three
reader mutant variants could rescue proliferation in the context
of endogenous ZMYND8 depletion (Figures 7C, 7D, and S7A),
suggesting that interruption of any one of the reader domains
may elicit an anti-AML effect.
BD modules share a conserved hydrophobic pocket that is
amenable to chemical inhibitor targeting (Fujisawa and Filippakopoulos, 2017; Wimalasena et al., 2020); therefore, we
focused on validating the importance of the ZMYND8 BD in vivo
for potential therapeutic applications. MOLM-13 cells transduced with the FL or N248A ZMYND8 cDNA along with an
ZMYND8 sgRNA targeting the endogenous gene were intravenously injected into NSG immunodeficient mice (Figure 7E).
Remarkably, we observed that the BD mutant, displaying
similar anti-AML effects to the ZMYND8 knockout, conferred
slower disease progression and prolonged mouse survival in
comparison with the FL group in vivo (Figures 3F–3H, S3I, 7F,
7G, and S7B).
Moreover, we sought to evaluate whether mutagenesis of the
reader domains affects the chromatin-binding capacity of
ZMYND8 and therefore suppresses key downstream transcriptional output. To test this possibility, we depleted the endogenous ZMYND8 in MOLM-13 cells expressing the FL, N107A/
D108A, N248A, or F308A/W311A variants. Binding profiles for
each of the three mutant reader domains revealed a dramatic
loss of ZMYND8 occupancy on chromatin, with 80.4%–97.0%
reduction in log2FC from 1 to 3.31 (normalized read counts
>2 in FL-expressing cells) (Figures 7H and 7I). Examination of
CUT&RUN browser tracks confirmed the absence of all three
ZMYND8 reader mutants at the IE and ME1-ME5 enhancer regions (Figures 7J and 7K). Furthermore, RT-qPCR analysis
showed a significant reduction in IRF8 and MYC mRNA levels
in cells expressing reader module mutants, concurrent with
corresponding loss of their enhancer occupancies in IE and
ME1-ME5 (Figure 7L). Taken together, these results support
the notion that ZMYND8 employs its complete PHD-BDPWWP triple reader cassette to interact with BRD4 and that
these factors collaboratively engage with the MYC and IRF8 enhancers as a means to sustain their essential transcriptional programs in AML.
ZMYND8 occupancy, IRF8 expression, and IE
accessibility are positively correlated in patient-derived
AML cells
To explore the clinical relevance of the leukemia-specific IRF8
and MYC distal enhancers, we analyzed chromatin binding profiles of H3K27ac and ZMYND8 in three primary AML patient samples and normal CD34+ hematopoietic stem and progenitor cells
(HSPCs) using CUT&RUN. We observed an overlap in genomewide occupancies of H3K27ac and ZMYND8 in primary samples
(Figures S7D). Motif analysis across all four primary samples revealed a closely related ZMYND8-binding motif also similar to

(F) IP-immunoblotting of nuclear lysates prepared from HEK293T cells transfected with indicated vectors for 48 h. Arrowhead represents the expected BRD4long isoform (BRD4L) band.
(G) IP-MS analysis on nuclear lysates prepared from HEK293T cells transiently expressing the FLAG-ET domain or a streptavidin bead control. ZMYND8 peptide
enrichment is labeled in red. Data were extracted from Lambert et al. (2019).
See also Figure S6.
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the ones identified in AML cell lines (Figures S7E, 5C, and S5C).
In the MYC enhancer cluster, we observed enrichment of both
H3K27ac and ZMYND8 at ME1–ME5 regions in all AML patient
samples, CD34+ cells from three independent healthy donors,
and human GMP and CMP mixed populations (Figures 7M and
S7F). These findings were consistent with the evolutionarily
conserved functional role of ME1–ME5 in regulating normal
and leukemic HSC hierarchies (Bahr et al., 2018). In contrast,
the IRF8 IE enhancer region showed heterogeneous ZMYND8
and H3K27ac binding patterns among the primary samples;
both marks were enriched in blasts from patients #4943 and
#6527, but not in blasts from patient #6610, CD34+ HSPCs, or
GMP and CMP cells (Figures 7N and S7G). We noted a positive
correlation between the IE active states and IRF8 expression
levels (Figures 7N and S7G). These observations were in agreement with the heterogeneous expression pattern of IRF8
observed in the AML cell lines (Figure S1G) and a previous report
that the IRF8 gene body was decorated with H3K27ac in only a
subset of AML patient samples (McKeown et al., 2017). Additionally, upon inspection of a published assay for transposaseaccessible chromatin using sequencing (ATAC-seq) dataset
(Corces et al., 2016), we found a positive correlation between
either the IE or ME1–ME5 open configuration and the corresponding levels of IRF8 or MYC expression in normal human hematopoiesis (Figures S7H–S7J and S2C). We similarly surveyed
MYC and IRF8 enhancer accessibility in combination with their
expression during AML evolution in a publicly available dataset
of AML primary patient samples (Corces et al., 2016) and found
that while MYC expression and ME1–ME5 enhancers remained
largely unchanged, IRF8 expression and activity of IE increased
during leukemogenesis (Figures S7K–S7L), and IRF8 expression
was correlated with IE accessibility in AML blasts (Figures S7M
and S7N). These data highlight the clinical relevance of both
IRF8 and MYC expression levels and the presence of their
respective enhancers in AML patients. Moreover, these findings
suggest the possibility that expression of the IRF8 gene and its
enhancer activity could serve as a biomarker for predicting therapeutic response to a potential ZMYND8 inhibitor.

DISCUSSION
Here, combining CRISPR-based functional genetic screening,
transcriptomic profiling, and chromatin-binding analysis, we uncovered an unexpected IRF8-MEF2D transcriptional regulatory
circuit as an AML-biased vulnerability. IRF8 is a TF known to
regulate normal myeloid and B cell development (Holtschke
et al., 1996; Lu et al., 2003; Tamura et al., 2000; Wang et al.,
2008). Recently, MEF2D translocations have been shown to
regulate essential precursor B cell receptor signaling in B cell
acute lymphoblastic leukemia (Tsuzuki et al., 2020). In AML,
we show that IRF8 and MEF2D mutually support transcription,
forming a positive-feedback regulatory loop to sustain the oncogenic cell state (Figure 7O). We found that in normal hematopoietic cells, IRF8 and MEF2D were co-upregulated in myeloid progenitors and monocytes, suggesting that leukemia cells might
hijack the normal IRF8 and MEF2D transcriptional circuit during
oncogenesis.
Previous work has generally documented that ZMYND8 functions as a tumor suppressor in solid tumors. Loss of ZMYND8
was reported to induce expression of metastasis-linked genes
to facilitate tumor invasion in prostate cancer (Li et al., 2016),
and ZMYND8 was found to modulate enhancer RNA transcription status to prevent enhancer overactivation in breast cancer
(Shen et al., 2016). Moreover, ZMYND8 has been implicated in
all-trans-retinoic-acid-induced target gene activation and oncogenic repression to suppress breast cancer progression (Basu
et al., 2017b, 2017a; Jin et al., 2019). Nevertheless, here ,we
observed that loss of ZMYND8 results in immediate transcriptional downregulation of IRF8 and MYC in an AML-biased
manner. Of note, inspection of the DEPMAP database (Meyers
et al., 2017) revealed that ZMYND8 perturbation could also
strongly and negatively impact an additional hematopoietic malignancy, multiple myeloma (MM). It has been reported that MM
is addicted to both IRF4 (which is homologous to IRF8) and MYC
(Holien et al., 2012; Shaffer et al., 2008), while MEF2C is predicted to be an MM-biased dependency (Figure S7O). These observations raise an interesting possibility that ZMYND8 might

Figure 7. ZMYND8 PHD-BD-PWWP reader cassette is required for association with BRD4 on chromatin and leukemia growth
(A) Schematic of FLAG-tagged constructs used for coIP. FL, full-length. Vertical black bars represent mutagenized amino acid sites.
(B) IP-immunoblotting of nuclear lysates prepared from HEK293T cells. TSA, trichostatin A. Arrowhead represents the expected BRD4 size. (n = 3).
(C) Immunoblotting of nuclear lysates prepared from MOLM-13 cells stably expressing EV, FL, or mutated ZMYND8 cDNA and transduced with sgNeg or
sgZMYND8_2. Arrowhead represents the expected ZMYND8 band.
(D) Competition-based proliferation assays performed in MOLM-13 cells stably expressing the indicated cDNA and sgZMYND8_2 (n = 3).
(E) Schematic of in vivo engraftment of MOLM-13 cells expressing FL or BD-mutated (N248A) ZMYND8.
(F) Flow cytometry analysis of human CD45+ leukemia cells in BM of recipient mice (n = 4). Statistical analysis was performed using unpaired Student’s t test. BM,
bone marrow.
(G) Kaplan-Meier survival curves of recipient mice transplanted with MOLM-13 cells expressing WT or BD-mutated (N248A) ZMYND8 and transduced with sgNeg
or sgZMYND8_2 (n = 6). p value determined by a log-rank Mantel-Cox test.
(H) CUT&RUN meta-profile (top) and density plot (bottom) of ZMYND8 enrichment at 8,454 FL-ZMYND8-occupied regions in MOLM-13 cells. MOLM-13 cells
stably expressing FL or mutated ZMYND8 were transduced with sgZMYND8_2 and collected 5 days post-infection.
(I) Violin plot of normalized tag density of ZMYND8 peaks in (H). Black dots represent median values. p values were calculated by Welch’s two-sided t test.
(J and K) Gene tracks of ZMYND8 enrichment at the leukemic MYC (J) or IRF8 (K) enhancer regions in cells described in (H). Enhancer regions are shown in
gray boxes.
(L) RT-qPCR analysis of mRNA expression of MYC (top) or IRF8 (bottom) in cells described in (H) (n = 3).
(M and N) Gene track of H3K27ac and ZMYND8 enrichment at MYC (M) and IRF8 (N) regions in two primary AML patient blasts. RNA-seq data are also shown.
(O) Model of how ZMYND8 regulates the IRF8-MEF2D and MYC axis in AML.
Error bars represent mean ± SEM. See also Figure S7.
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regulate the IRF-MEF2 and MYC transcriptional programs in a
hematopoietic-malignancy-biased manner.
In summary, manipulation of ZMYND8 provides a means to
selectively perturb the essential IRF8-MEF2D and MYC transcriptional programs in AML. Through mutagenesis studies, we
further identified that all three of the individual and unique reader
domains of the PHD/BD/PWWP cassette are required for
ZMYND8 to support AML proliferation. Mechanistically,
ZMYND8 employs its reader cassette to tether on the ET domain
of BRD4 on chromatin. Our findings suggest a non-canonical
function of a CR in which it recognizes the modified state of
another CR for proper chromatin localization. Given that PHD
and PWWP domains can read methylated amino acids and
BDs can recognize acetylated lysine residues, it may be possible
that ZMYND8’s reader cassette recognizes combinatorial PTMs
on the BRD4 ET domain, though those exact PTMs remain unclear and require further investigation. Recent advancements
in chemical biology have demonstrated that the discrete reader
pocket of the BD and PWWP domains are amenable to chemical
perturbation (Clegg et al., 2019; Cochran et al., 2019; Filippakopoulos et al., 2010; de Freitas et al., 2020; Wimalasena et al.,
2020). These findings highlight that therapeutic targeting of the
reader modules in ZMYND8 can potentially be achieved by selective chemical probes. Overall, targeting the ZMYND8 reader
cassette may be a viable and novel potential therapeutic
approach to selectively suppress the essential IRF8-MEF2D
and MYC transcriptional programs in AML.
Limitations of study
While our in vitro data comparing the effect of loss of ZMYND8 in
IRF8hi AML cells and normal bone marrow progenitors suggest
that a therapeutic window might exist, much more detailed
studies are needed to determine the role of ZMYND8 and the
transcriptional circuit we describe in normal hematopoietic differentiation. Ultimately, the definitive assessment of a therapeutic window will require a specific inhibitor and dedicated preclinical studies. Another limitation is that we were unsuccessful in
establishing CRISPR-based perturbation of ZMYND8 in primary
AML cells. A more in-depth characterization of the effect of
ZMYND8 inhibition on primary patient AML cells will also be
best performed once a tool compound is available.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Rabbit polyclonal anti-ZMYND8

Sigma-Aldrich

Product #HPA020949; Lot #A96431;
RRID:AB_1857223

Rabbit polyclonal anti-BRD4

Bethyl

Product #A301-985A100; RRID:AB_2620184

Rabbit monoclonal anti-IRF8

Abcam

Product #ab207418, Lot #GR3271578-1

Rabbit polyclonal anti-ZMYND8

Bethyl

Product #A302-089A; RRID:AB_1604282
Cat# F1804; RRID: AB_262044

Antibodies

Monoclonal ANTI-FLAG M2 antibody

Sigma-Aldrich

Mouse monoclonal anti-HA (clone 12CA5)

Laboratory of Gerd Blobel

N/A

Rabbit monoclonal anti-GAPDH

Cell Signaling Technology

Cat# 5014; Clone # 14C10; RRID:AB_10693448

Rabbit polyclonal anti-FKBP12 antibody

Abcam

Cat# ab24373; RRID:AB_732383

Rabbit monoclonal anti-c-MYC antibody [Y69]

Abcam

Cat# ab32072; RRID:AB_731658

Rabbit polyclonal anti-H3K27ac

Abcam

Cat# ab4729; RRID:AB_211829

APC-R700 Mouse anti-Human CD45 Antibody

BDBiosciences

Cat# 566041; RRID:AB_2744399

PerCP anti-mouse CD45 Antibody

Biolegend

Cat# 103130; RRID:AB_893339

IgG from rabbit serum

Sigma-Aldrich

Cat#: I8140; RRID:AB_1163661

Alexa Fluor 680 Goat anti-mouse IgG (H+L)

Life Technologies

Product #A21058; Lot #1692967;
RRID:AB_2535724

IRDye 800CW Goat anti-Rabbit IgG Secondary
Antibody

LI-COR

Product #926-3221, Lot #C81210-05

Rabbit polyclonal anti-H3K27me3

Cell Signaling Tech

Cat#9733S; RRID:AB_2616029

Mouse monoclonal anti-H3K14ac, clone 13HH3-1A5

Millipore

Cat#: MABE351; RRID:AB_2687890

CD34-FITC, 581, ASR

Beckman Coulter

Cat# IM1870U; RRID:AB_10639533

Human CD38 APC HIT2

BDBiosciences

Cat# 560980; RRID:AB_10584324

APC anti-human CD135 (Flt-3/Flk-2)

Biolegend

Cat# 313308; RRID:AB_2104835

Rabbit polyclonal anti-FLI1

Abcam

Cat# ab15289; RRID:AB_301825

Halt Protease & Phosphatase Inhibitor Cocktail, EDTAfree (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

Chemicals, peptides, and recombinant proteins

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
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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

Digitonin

EMD Millipore

300410

Spermidine

Sigma-Aldrich

S2501

dTAG-13/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

MboI

New England Biolabs

R0147

Benzonase Nuclease HC

Millipore

71205

ANTI-FLAG M2 Affinity Gel

Sigma-Aldrich

A2220

3X FLAG Peptide

Sigma-Aldrich

F4799

Trichostatin A

Sigma-Aldrich

T8552

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

TruSeq RNA Sample Prep Kit v.2

Illumina

RS-122-2001

Deposited data
RNA-seq,ChIP-seq, 4C-seq and CUT&RUN data

This study

GSE157636

RNA-seq data

This study

GSE157249

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

RNA-seq

Rathert et al., 2015

GSE63782
(Continued on next page)
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SOURCE

IDENTIFIER

RNA-seq and ATAC-seq

Corces et al., 2016

GSE75384

SLAM-seq

Muhar et al., 2018

GSE100708

BET JQ1 AP-MS

Lambert et al., 2019

MSV000081006

MS of rBRD4 domain

Lambert et al., 2019

MSV000080986

MS of endogenouse BET IP-MS in HEK293T cells

Lambert et al., 2019

MSV000082857

MS of endogenouse BET IP-MS in K562 cells

Lambert et al., 2019

MSV000082859

Human: MOLM-13

DSMZ

ACC-554

Human: MV4-11

ATCC

CRL-9591

Human: THP1

ATCC

TIB-202

Experimental models: cell lines

Human: NOMO1

DSMZ

ACC-542

Human: HEL

ATCC

TIB-180

Human: OCI-AML3

DSMZ

ACC-582

Human: SET-2

DSMZ

ACC-608

Human: U937

ATCC

CRL-1593.2

Human: K562

ATCC

CCL-243

Human: JURKAT

ATCC

TIB-152

Human: SEM

DSMZ

ACC-546

Human: REH

ATCC

CRL-8286

Human: HEK293T

ATCC

CRL-3216

Human: ML2

DSMZ

ACC-15

Human: A549

ATCC

CCL-185

Human: HUH7

JCRB

JCRB0403

Human: HUH1

JCRB

JCRB0199

Human: HepG2

ATCC

HB-8065

Human: SK-HEP1

ATCC

HTB-52

Human: DMS114

ATCC

CRL-2066

Human: NCI-H526

ATCC

CRL-5811

Human: NCI-H82

ATCC

HTB-175

NOD scid gamma

JAX

Stock No: 005557

Constitutive-Cas9-GFP

JAX

Stock No: 026179

Experimental models: organisms/strains

Oligonucleotides
sgRNA sequence see Table S3

This study

N/A

qPCR primers see Table S3

This study

N/A

4C-seq primers see Table S3

This study

N/A

LentiV_neo_empty

Tarumoto et al., 2018

Addgene: 108101

LentiV_neo_ZMYND8

This study

N/A

LentiV_neo_ZMYND8 (N107A/F108A)

This study

N/A

LentiV_neo_ZMYND8 (N248A)

This study

N/A

Recombinant DNA

LentiV_neo_ZMYND8 (F308A/F311A)

This study

N/A

LentiV_MYC_PGK_blast

This study

N/A

LentiV_neo_IRF8

This study

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
(Continued on next page)
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LentiV_neo_ZMYND8_FKBP12

SOURCE
F36V

-2xHA

LentiV_neo_FKBP12F36V-2xHA_IRF8

IDENTIFIER

This study

N/A

This study

N/A

pcDNA3_FLAG_ZMYND8

This study

N/A

pcDNA3_FLAG_BRD4L

Shen et al., 2015

N/A

GFP-ZMYND8

Gong et al., 2015

Addgene: 65401

pCRIS-PITChv2-Puro-dTAG vector

Nabet et al., 2018

Addgene: 91793

pSL21-mCherry

Chen et al., 2021

Addgene:164410

Bowtie2 v2.3.5

Langmead and Salzberg, 2012

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

BEDtools v2.28.0

Quinlan and Hall, 2010

https://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/bcl2fastqconversion-software.html

MACS2 v2.1

Zhang et al., 2008

https://github.com/macs3-project/MACS

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

Blacklist

ENCODE

https://sites.google.com/site/
anshulkundaje/projects/blacklists

Juicer tools v1.7.6

Durand et al., 2016

https://github.com/aidenlab/juicer

MSigDB v6.1

Liberzon et al., 2015

https://www.gsea-msigdb.org/gsea/
msigdb/index.jsp

Tophat2

Kim et al., 2013

http://ccb.jhu.edu/software/tophat/
index.shtml

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

Software and algorithms

FlowJo software, v10.0.7

FlowJo

N/A

GraphPad Prism 7

GraphPad Software

N/A

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Junwei
Shi (jushi@upenn.edu)
Material availability
All plasmids will be deposited to Addgene for public requests (Addgene numbers in the key resources table). Transcriptional factor
and epigenetic regulator libraries will be available upon requests to the corresponding author.
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Data and code availability
The accession numbers for the RNA-seq, CUT&RUN, ChIP-seq and 4C-seq data in this study are: GSE157249 and GSE157636.
Original immunoblot data have been deposited to Mendeley Data: http://data.mendeley.com/v1/datasets/s4w7g7rhr7/draft?
a=dbd88495-70d6-41fb-9f6d-5351fd01b557. No original code was developed in association with this study. All other data are available upon requests to the corresponding author.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mouse models
Around 6-8 week old Female NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (Jax 005557) and 12-16 week old male
Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh mice (Constitutively expressing Cas9-GFP mice) were 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.
Cell lines
MOLM-13, MV4-11, THP-1, HEL, OCI-AML3, SET-2, U937, K562 and JURKAT were cultured in RPMI-1640 supplemented with 10%
Bovine Calf Serum (FCS) and 1% Penicillin/ Streptomycin. HEK293T, A549, and HUH7 were cultured in DMEM supplemented with
10% FCS and 1% Penicillin/Streptomycin. NOMO-1, SEM, REH, ML-2, DMS114, NCI-H526 and NCI-H82 were cultured in RPMI1640 and supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin. HepG2, HUH1 and SK-HEP1 were
cultured in DMEM supplemented with 10% FBS and 1% Penicillin/ Streptomycin. Cells were cultured at 37 C with 5% CO2.
AML patient samples
Primary AML specimens were obtained from the Stem Cell and Xenograft Core Facility at The Perelman School of Medicine, University of Pennsylvania, after informed consent in accordance with the Declaration of Helsinki. Protocols used in this study were
approved by the University of Pennsylvania’s institutional review board. Samples were frozen in FCS and 10% DMSO in liquid nitrogen until use. Patient clinical follow-up is included in Table S5.
CD34+ HSPCs
CD34+ cells were obtained and purified as previously described (Grevet et al., 2018). Briefly, peripheral blood mononuclear cells
were obtained from the University of Pennsylvania Human Immunology Core or from Fred Hutchinson Cancer Research Center,
and purified with CD34 MicroBead Kit UltraPure (Miltenyi Biotec). CD34+ cells were cultured in StemSpan SFEM medium (StemCell
Technologies) supplemented with 1x CC100 (StemCell Technologies) and 1% Penicillin/ Streptomycin.
METHOD DETAILS
sgRNA and plasmid cloning
All Cas9-expressing cancer cell lines were generated through lentiviral delivery of an spCas9 expression vector (Addgene: 108100).
For the dCas9-KRAB-based IRF8 enhancer evaluation experiments, control sgRNA were designed to target 180bp upstream of the
IRF8 transcription start site (TSS) and enhancer targeting sgRNAs were designed in the proximity of the H3K27ac-enriched
regions +23-86 kb from the IRF8 TSS. All human sgRNAs were cloned by annealing the sense and antisense DNA oligos and ligating
them into a BsmbI digested LRG2.1 (Addgene: 108098) or LRcherry2.1 (Addgene:108099) backbone. All murine sgRNAs were cloned
into a BbsI digested pSL21-mCherry (Addgene:164410) backbone. All sgRNA sequences are listed in Table S3.
Full length ZMYND8 cDNA was PCR amplified from the GFP-ZMYND8 vector (Addgene: 65401) and cloned into a lentiviral expression vector, LentiV_Neo (Addgene: 108101) using the In-Fusion cloning system (Takara Bio). The full length IRF8 cDNA was cloned
directly from a pooled cDNA library in MOLM-13 cells, and into the LentiV_Neo backbone using In-Fusion cloning. The full length MYC
cDNA sequence was similarly cloned from the MOLM-13 cDNA library into the modified LentiV_Blast vector (Addgene: 111887)
where the P2A is replaced with a PGK promoter. sgRNA-resistant synonymous substitutions N107/F108/AA, N248/A, and
F308/F311/AA were introduced into ZMYND8 cDNA through PCR mutagenesis. For the ZMYND8-dTAG/dTAG-IRF8 system,
FKBP12F36V-2xHA was PCR amplified from the pCRIS-PITChv2-Puro-dTAG vector (Addgene: 91793) and introduced into
sgRNA-resistant ZMYND8_LentiV_Neo or the IRF8_LentiV_Neo vector, respectively. For transient expression experiments using
immunoprecipitation, the full length, truncated, or mutated ZMYND8 cDNA was introduced into a pcDNA3 vector (Invitrogen) using
the In-Fusion cloning system.
Virus production and transduction
For lentivirus production, HEK293T cells were transfected with the plasmid of interest, along with lentiviral packaging plasmids,
pPAX2 and VSVG, and Polyethylenimine at a concentration of 1 mg/mL. Lentivirus produced in 6-well plates comprises 5 mg plasmid,
3.75 mg pPAX2, 2.5 mg VSVG, 40 mL PEI, and 500 mL OPTI-MEM. Lentivirus produced in 10-cm plates comprises 10 mg plasmid,
7.5 mg pPAX2, 5 mg VSVG, 80 mL PEI, and 1 mL OPTI-MEM. Transfected HEK293T were incubated for 6 hours before media
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was removed and replenished. Lentivirus was collected at 24 hr, 48 hr, and 72 hr post-transfection and pooled together. For retrovirus
production, retrovirus produced in 10-cm plates comprises 10 mg plasmid, 2 mg pCL-Eco, 2 mg VSVG, 40 mL PEI, and 1 mL OPTIMEM, and virus was collected at 24 and 48 hr post-transfection and pooled together. For viral transduction, filtered virus-embedded
supernatant and 4 uL/mL polybrene (2 mg/mL) were applied to indicated cell lines. Cells were spin-infected at room temperature at
650 x g for 25 minutes. Media was replenished at 24 h post infection, administered with appropriate antibiotic selection (12 mg/ml
puromycin, 20 mg/ml blasticidin or 1 mg/mL G418).
GMP/CMP FACS
CD34+ HSPC cells were further stained with CD34 (1:30), CD38(1:100), CD135(1:100). A FACSAria Fusion Cell Sorter (BioLegend)
was used to isolate GMP and CMP mixed populations (CD34+, CD38+, CD135hi).
Domain-focused CRISPR screen
The human CR domain-focused CRISPR sgRNA library was designed based on the conserved domain annotation information
retrieved from the NCBI database. Five to six independent sgRNAs were designed to target one or multiple CR domains within individual genes following previously described design principles (Hsu et al., 2013). The final library contained CRISPR sgRNAs against
193 CRs based on a gene list from a previous study (Shi et al., 2015). Pooled sgRNAs were synthesized on an array platform (Twist
Bioscience) and cloned into the Bsmb1-digested LRG2.1 vector via the Gibson cloning method (NEB). The representation and identity of the sgRNA library was verified via a deep sequencing analysis (data not shown). The CR domain-focused sgRNA library will be
available through Addgene.
spCas9+ cells were generated via lentiviral delivery of the Lenti_Cas9_Puro vector (Addgene: 108110) and selected using puromycin to 100% positivity before sgRNA transduction. The pooled CR library was delivered via lentiviral transduction. To ensure individual
cells received only a single copy of sgRNA during transduction, the multiplicity of infection (MOI) was set between 0.3-0.5 (confirmed
by measure GFP% on day 3 post-infection). sgRNA-positive cells were cultured for approximately 14 or more doubling times and
passaged as needed while maintaining R 1000x representation for each sgRNA. About 1.2 million GFP+ cells were harvested on
day 3 post-infection as the initial time point, and again for a final time point 14 or more doubling times after the initial collection. Harvested cell pellets contained both GFP- and GFP+ cells. Cell pellets were washed with PBS and stored at 80 C until genomic DNA
extraction. Genomic DNA was extracted using the Quick-DNA Miniprep Kit (ZYMO) according to the manufacturer’s protocol. DNA
was eluted with molecular grade PCR water and stored in 20 C for library preparation.
The sequencing library was prepared as previously described (Gier et al., 2020). Briefly, the integrated sgRNA cassette PCR was
amplified from the genomic DNA (300 ng input) with custom stacking barcode incorporation. Each library was amplified with a
different barcode to an approximate 100 ng final PCR product. PCR products were gel extracted and purified using the Macherey-Nagel NucleoSpin Gel and PCR Clean-Up mini-kit, eluting with molecular grade PCR water. Eluted DNA was then purified
again using the same NucleoSpin kit, eluting with PCR water. lllumina sequencing adaptors were then introduced to the barcodeembedded products with 8 cycles of PCR amplification. Final PCR products were purified using the QIAquick PCR purification
kit, eluting with 30 uL PCR water (QIAGEN). Libraries were analyzed for target product size (320 bp) and high quality using a Bioanalyzer DNA 1000 kit (Agilent). Library concentration was determined using the Qubit dsDNA HS assay kit (Thermo Fisher). Libraries
with different barcodes were pooled to 4 nM using the online Illumina pooling calculator. The 4 nM pooled library was denatured to a
20 pM pool according to the Illumina protocol, and 600 uL of the 20 pM pool was loaded into the cartridge. Libraries were sequenced
on either the Miseq or Nextseq 500 platform with 75 bp single- or paired-end reads.
Sequencing reads were de-multiplexed and trimmed to only preserve the sgRNA cassette. Data were further aligned to the reference sgRNA library with no mismatch tolerated as previously described (Shi et al., 2015). All samples were normalized to the same
number of total reads. Average log2FC of the sgRNA abundance for each domain or gene (refined as essentiality score, ES) was
calculated as previously described (Wang et al., 2017). AML-biased ES was calculated by subtracting average ESs of AML cell lines
from that of other cell lines. The chromatin regulator domain screen data from 19 cancer cell lines is provided in Table S2.
Competition-based cell proliferation assay
For individual gene or single enhancer region validation, cell lines stably expressing Cas9 were lentivirally delivered with indicated
sgRNAs co-expressed with a GFP reporter. The percentage of GFP+ cells corresponds to the sgRNA representation within the population. GFP measurements in human cell lines were taken on day 3 post-infection and every other day after for 21 days post-infection
using a Guava Easycyte HT instrument (Millipore). The fold change in GFP+ population (normalized to day 2 or day 3 post infection)
was used for analysis.
For dual CRISPRi experiment, dCas9-KRAB expressing cells were simultaneously transduced with LRG2.1/LRcherry2.1 sgRNA
vectors co-expressed with GFP or mCherry fluorescent markers, respectively. The fluorescent signal from the mixed populations
containing uninfected, GFP+, mCherry+, and GFP+/mCherry+ cells was measured every 3 days from day 3 to day 15 post-infection
using a Guava Easycyte HT instrument (Millipore). The ratios of GFP+, mCherry+ and GFP+/mCherry+ cells were calculated with uninfected cells serving as an internal control.
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Colony formation assay
Bone marrow cells were isolated from femurs of 12-16 week old Rosa26-Cas9 knock-in C57BL/6J mice (JAX 026179). Erythroid cells
were lysed with ACK buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA), and the remaining cells were cultured in IMDM supplemented with 15% FBS, 1% Penicillin/Streptomycin, 10ng/ml rmIL-3, 10 ng/ml rmIL-6, and 20ng/ml rmSCF.
Cells were retrovirally transduced with sgRNA in pSL21-mCherry vectors. On day 2 post-infection, GFP+/mCherry+ cells were
sorted by a FACSAria Fusion Cell Sorter, and 25,000 sorted cells were plated into MethoCult GF M3434 media. Following
10 days of incubation, differentiated colonies were counted according to the manufacturer’s instructions and included burst-forming
unit-erythroid (BFU-E), CFU-granulocyte, macrophage (CFU-GM), and CFU-granulocyte, erythrocyte, macrophage, megakaryocyte
(CFU-GEMM).
Immunoblotting
Cells were lysed using a 25 mm syringe in Laemmli sample buffer (Bio-Rad) containing 5% b-mercaptoethanol. Protein extracts were
boiled at 95 C for 7 minutes. Extracts were loaded on either 10% Polyacrylamide gels or 4%–20% precast polyacrylamide Criterion
gels (Bio-Rad #5671094), and then transferred to 0.45 mm nitrocellulose membranes before immunoblotting. Membranes were
blocked in 5% milk with TBST at room temperature for 30 min. Membranes were incubated with primary antibodies in 5% milk/
TBST at 4 C overnight with shaking. Membranes were then washed for 3 cycles of a 5 min PBST wash, and incubated with secondary
antibodies in 1x blocking buffer (LI-COR) at room temperature for 45 min. Membranes were again washed in 3 cycles as described
before and imaged on the Odyssey CLx (LI-COR) imager. Quantification was performed on ImageStudioLite.
In vivo transplantation and FACS analysis
For experiments validating the in vivo requirement of ZMYND8 in leukemia cells, MOLM13-Cas9+ cells were lentivirally transduced
with LRG2.1-sgRNA-GFP vectors targeting ZMYND8 or a negative control. For experiments evaluating the essential function of the
ZMYND8 BD in supporting leukemia cell growth in vivo, MOLM13-Cas9 cells transduced with FL or N248A mutant ZMYND8 cDNA
were lentivirally infected with the LRG2.1-sgRNA-GFP vectors targeting ZMYND8. On day 2 post infection before a proliferation suppression phenotype manifests, GFP+ (sgRNA+) populations were FACS sorted and 1 million cells were injected through the tail vein of
sublethally irradiated (2.5 Gy) NSG mice. On day 9 post transplantation, 4 mice in each condition were sacrificed and bone marrow
was flushed and collected. Red blood cells were lysed with lysis buffer (Roche) on ice for 5 min and remaining cells were stained with
human CD45 (1:50) and mouse CD45 (1:500) antibodies. The percentage of GFP- and CD45-positive cells were analyzed on a CytoFLEX Flow Cytometer (Beckman). Moribund mice were euthanized, and leukemia burden in bone marrow, spleen, and periphery
blood was analyzed, and GFP+ cells collected from bone marrow were sorted with a FACSAria Fusion Cell Sorter for western blotting.
Cell viability assay
To test the effect of dTAG-47 (Huang et al., 2017; Weintraub et al., 2017) treatment on cell growth, 1,000 cells were plated in an opaque-walled 96-well plate and treated with 0.05% dTAG-47 in serial dilution, or with 0.05% DMSO as a normalization control. Cell
viability was measured using CellTiter Glo Luminescent Cell Viability Assay kit (Promega) with a BioTek Microplate Reader (Molecular
Devices) following the manufacturer’s instructions after a 5-day incubation.
Immunoprecipitation
HEK293T cells were cultured at 50% confluency in a 10cm plate for transient expression. A mixture of 1 mL OPTI-MEM, 80 mL PEI,
and 5 mg of plasmid DNA was added, and the media was replaced and replenished after 6-8 hours. At 48 hr post-transfection, cells
were collected and washed one time in 1x PBS. Cells transfected with FL, truncated, or mutated ZMYND8 constructs were treated
with 2 mM HDAC inhibitor trichostatin A (TSA, Sigma) for 6 hours prior to cell lysis (Chen et al., 2018). Immunoprecipitation was performed similarly as previously described (Dou et al., 2015; Shen et al., 2015). Briefly, cells were lysed in IP buffer comprising 20 mM
Tris (pH 7.5), 137 mM NaCl, 1 mM CaCl2, 1% IGEPAL CA-630, 10% glycerol, 1 mM MgCl2, 1:100 Halt protease, phosphatase inhibitor
cocktail (Thermo Scientific), and benzonase (Millipore) at 4 C for 1 hour with rotation. The supernatant was collected, and 2% of the
total lysate was saved as input. The supernatant was incubated with 15 mL ANTI-FLAG M2 Affinity Gel beads (Sigma) at 4 C overnight with rotation. The Affinity gel beads were washed 5 times with the IP buffer, and eluted with 50 mL of 250 mg/mL 3xFlag Peptide
(Sigma) at 4 C for 30 min with rotation. The supernatant was collected and boiled with Laemmli sample buffer (Bio-Rad) containing
5% b-mercaptoethanol at 95 C for 5 min.
RNA-seq
For RNA-seq in cell lines transduced with sgRNAs, total RNA was isolated from 15 million cells using the Direct-zol RNA Miniprep
Plus kit (ZYMO) with DNase I. MOLM-13, MV4;11, OCI-AML3, HEL, K562, and HUH7 cells transduced with sgZMYND8 were harvested on day 5 post-infection, NOMO-1 cell were harvested on day 6, and THP-1 cells were harvested on day 9. MOLM-13 cells
transduced with sgMEF2D were harvested on day 5 post-infection. MOLM-13, MV4;11, THP-1, and OCI-AML3 transduced with
sgIRF8 were collected on day 4 post-infection.
For targeted degradation, 1 million MOLM13-dIRF8 or MOLM13-dZD8 cells were treated with 500 nM dTAG-47/dTAG-13 (Brunetti
et al., 2018; Erb et al., 2017; Nabet et al., 2018) for 4 hours prior to collection, and 0.05% DMSO treated cells were collected as a
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control. RNA quality was evaluated with the RNA Nano 6000 Bioanalyzer kit (Agilent), and RNA with RIN R 9 was used for further
library construction. For cells transduced with sgIRF8, RNA-seq libraries were prepared using TruSeq Sample Prep Kit V2 (Illumina)
following the manufacturer’s instruction and starting with 2 mg of total RNA. For all other samples, RNA-seq libraries were prepared
using the QuantSeq 30 mRNA-seq Library Prep Kit (Lexogen) with 2 mg of total RNA according to the manufacturer’s protocol. Library
quality was assessed using the High Sensitivity Bioanalyzer kit (Agilent) and libraries with different barcodes were pooled and
sequenced on the Nextseq 500 platform with 75 or 150 bp single-end reads.
For RNA-seq in primary patient samples, dead cells were first removed using the Dead Cell Removal Kit (MACS). RNA was isolated
from 1-3 million cells with the Direct-zol RNA Miniprep Plus kit (ZYMO). RNA-seq libraries were constructed using NEBNext Ultra II
RNA Library Prep Kit for Illumina. Briefly, 1 mg of total RNA was poly-A selected and fragmented with NEBNext Poly(A) mRNA Magnetic Isolation Module, followed by first and second strand cDNA synthesis. The libraries were end-repaired, linked with the Illumina
adaptors, and PCR amplified with 8 cycles. The libraries were sequenced on the Nextseq 500 platform with 75bp single-end reads or
2x42 paired-end reads.
RT-PCR
RNA was isolated using Direct-zol RNA Miniprep Plus kit (ZYMO) with DNase I treatment according to the manufacturer’s protocol.
2 mg of total RNA was reverse transcribed into cDNA using qScript cDNA SuperMix. RT-PCR was performed with SYBR green PCR
master mix on ABI 7900HT standard real-time PCR machine. All results were quantified using DCt value normalized to GAPDH. All RT
primers are listed in Table S3.
ChIP-seq and ChIP-qPCR
ChIP-seq was performed as previously described (Lu et al., 2018). Briefly, a total of 5x107 leukemia cells were harvested and supplemented with full culture media. Cross-linking was performed with 1% formaldehyde for 20 minutes at room temperature with rotation,
and the sample was quenched with glycine for 10 minutes at a final concentration of 0.125 M. The cell pellet was washed with PBS,
and lysed with cell lysis buffer (10 mM Tris, pH8.0, 10 mM NaCl, 0.2% NP-40, protease inhibitor) on ice for 10 min. The buffer was removed,
and the cell pellet was split into 1x107 cell aliquots in 15 mL falcon tubes and incubated in 1 mL of nuclear lysis buffer (50 mM Tris, pH 8.0,
10 mM EDTA, 1% SDS, protease inhibitor) for at least 10 minutes on ice. Lysed cells were sonicated with a bioruptor for 5 min at 4 C,
followed by centrifugation at 16,000 g for 15 minutes at 4 C. Supernatants were combined and diluted with 35 mL IP dilution buffer
(20 mM Tris, pH 8.0, 2 mM EDTA, 150 mM NaCI, 1% Triton X-100, 0.01% SDS), 5 mg of IRF8 antibody (Abcam #ab207418), and 40 mL
of Protein A magnetic beads (Invitrogen). The mixture was incubated in rotation overnight at 4 C. The beads were subjected to a wash
cycle with wash buffers in the following order: one round of IP Wash I buffer (20 mM Tris-HCI pH 8.0, 2mM EDTA, 50 mM NaCI, 1% Triton
X-100, 0.1% SDS), two rounds of High salt buffer (20 mM Tris-HCI pH 8.0, 2 mM EDTA, 500 mM NaCI, 1% Triton X-100, 0.1% SDS), one
round of IP Wash II buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA, 0.2 M LiCI, 1% NP-40, 1% Nadeoxycholate), and two rounds of TE pH 8.0.
Fragmented chromatin was eluted with 200 mL elution buffer (50 mM Tris 8.0,10 mM EDTA, 1% SDS) with shaking at 600 rpm at 65 C for
15 minutes. The chromatin was reverse-crosslinked with 0.25 M NaCI overnight at 65 C, and non-DNA content was digested with RNase
A for 1 hr at 65 C and then with Proteinase K (0.2 mg/mL) for 2 hr at 42 C. DNA was purified with QIAquick PCR purification kit following the
manufacturer’s instructions. ChIP-seq library construction was prepared with NEBNext Ultra II DNA Library Prep Kit for Illumina. Library
quality was validated with a high sensitivity Bioanalyzer (Agilent) kit and libraries with different barcodes were pooled and sequenced on
the Nextseq 500 platform with 75 bp single-end reads. The IRF8 peak near the MEF2D TSS obtained from IRF8 ChIP-seq was used for
qPCR analysis, and input DNA was serially diluted to quantify the relative enrichment of ChIP DNA from DMSO or 500nM dTAG-47 treated
cells. Primer sequences and their chromosome coordinates are listed in Table S3.
CUT&RUN
CUT&RUN experiments were performed similarly to a previously described protocol (Skene et al., 2018) with small modifications. For
human cell lines and CD34+ HSPC, 1-5x105 cells were used with H3K27ac/H3K14ac/H3K27me3 antibodies, and 2x106 cells were
used with ZMYND8, BRD4, and IgG antibodies. For GMP/CMP mixed populations, around 1-5x104 cells were used. Digitonin was
diluted at a final concentration of 0.1% (w/v) in the antibody buffer (150 mM NaCl, 20 mM HEPES-KOH, 0.5 mM Spermidine, 2 mM
EDTA, protease inhibitor cocktail plus digitonin), and Dig-wash buffer (150 mM NaCl, 20 mM HEPES-KOH, 0.5 mM Spermidine, protease inhibitor cocktail plus digitonin). Live cells from previously frozen primary patient samples or from CD34+ HPSCs were purified
with the Dead Cell Removal kit (MACS) before washing. A final concentration of 0.05% of Digitonin was used for subsequent CUT&RUN steps. Cells were washed twice in Wash buffer (150 mM NaCl, 20 mM HEPES-KOH, 0.5 mM Spermidine, 2 mM EDTA, protease inhibitor cocktail) and incubated with 20 mL of Concanavalin A-coated beads for 10 min with rotation at room temperature. Antibody buffer containing indicated antibodies (1 mL H3K27ac, H3K27me3, and H3K14ac; 2 mL ZMYND8, BRD4, Rabbit IgG) was added
to the cell-attached beads and incubated at 4 C with rotation overnight. Beads were washed with Dig-wash buffer and incubated
with 300 mL Dig-wash buffer containing 700 ng/ml pA-MN at 4 C for 1 hr. Beads were washed twice with Dig-wash buffer and chilled
on ice. Digestion was activated by adding CaCl2, and chromatin was digested for 60 min with a ZMYND8 antibody (Bethyl) or for
30 min with all other antibodies. Equal volume of 2x Stop solution (340 mM NaCl, 4 mM EGTA, 20 mM EDTA, 50 mg/mL RNase A,
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0.02% Digitonin, 50 mg/mL Glycogen, 2 pg/mL heterogenous spike-in DNA) was added and beads were incubated at 37 C for 10 min
to release the digested chromatin. The supernatant was collected and DNA was extracted through Phenol-Chloroform extraction.
Libraries were constructed with the NEBNext Ultra II DNA Library Prep Kit for Illumina with small modifications. For H3K27ac,
H3K14ac and H3K27me3 libraries, the adaptor was diluted to a ratio of 1:25, and repaired DNA was first selected with 25 mL Ampure
Beads (Beckman) and then secondarily selected with 45 mL beads, followed by 9 cycles of PCR amplification for cell lines and
HSPCs, and 13-15 cycles for GMP/ CMPs. For chromatin regulators, sequencing libraries were constructed as previously described
(Liu et al., 2018). Adapters were diluted to a ratio of 1:50 and 10-15 cycles of PCR amplification were used. Library quality was assessed on the High sensitivity Bioanalyzer kit (Agilent) and libraries with different barcodes were pooled and sequenced on the Nextseq 500 platform with 2x42 pair-end reads.
Circular Chromosome Conformation Capture with unique molecular identifier (UMI-4C)
The UMI-4C protocol was performed as previously described (Schwartzman et al., 2016) with small modifications. 5-10 million cells
were harvested and cross-linked as described in the above ChIP-seq protocol. Cells were resuspended in lysis buffer (10 mM TrisHCl pH 8.0, 10 mM NaCl, 0.2% NP-40 with protease inhibitor) at 4 C for 30 minutes with rotation. Isolated nuclei were washed with
lysis buffer, and permeabilized with 200 mL 10% SDS at 62 C for 10 min, which was sequestered by 235 mL 2% Triton X-100 at 37 C
for 15 minutes. Chromatin was digested with 15 mL of MboI (R0147) at 37 C for 2 hr, and then an additional 5 mL of MboI was added for
1 more hour. MboI was then heat inactivated at 62 C for 20 minutes. Proximity ligation was performed using the ligation master mix
(150mL 10X NEB T4 DNA ligase buffer, 125 mL 10% Triton X-100, 3 mL 50mg/mL BSA, 4000U T4 DNA ligase, 660mL H2O) at room
temperature for 4 hr with rotation, and an additional 4000U T4 DNA ligase was applied for 2 hr. The nuclei pellet was centrifuged
at 2500 g at 4 C for 5 minutes, resuspended with 200 mL Proteinase K Buffer, and treated with 10 mL proteinase K at 55 C for
45 min, then at 65 C overnight with 900 rpm with shaking.
The next day, 10 mL of RNase A was added and the mixture was incubated at 37 C for 10 minutes. DNA was precipitated with 3M
NaAc and cold 100% ethanol, and eluted with 200 mL of Elution Buffer (EB) (10 mM Tris-HCl). 10 mg of DNA was sonicated on the
bioruptor for 5 cycles of 30 s on/ 60 s off, and end repaired with NEB end repair mix (#E6050L) at 20 C for 30 minutes. DNA was
size selected with 2.2x Ampure beads and eluted in 76 mL EB. Fragmented DNA was then adenylated with 4 mL of Klenow exo-,
10 mL NEBuffer 2, and 10 mL of 10 mM dATP at 37 C for 30 minutes, followed by CIP (M0525S) treatment at 50 C for 60 minutes.
DNA was size selected with 2x Ampure beads, and ligated with Illumina forked indexed adapters using NEB Quick Ligase
(#M2200) at room temperature for 15 minutes. Ligated DNA was denatured and selected with 1x Ampure beads. 4C library primers
for MYC and IRF8 were designed near the TSS regions 5-15 bp adjacent to the closest MboI cut site (defined as ‘‘viewpoint’’). Samples underwent two rounds of PCR (20 cycles for the first round, and 15 for the second) and in each round, the 4C primer was paired
with the Illumia universal primer. The amplified 4C libraries were purified with 1x Ampure beads. For each viewpoint, two pairs of 4C
primers were used and the libraries from the same viewpoint were equally pooled together. 4C libraries were sequenced on the Nextseq 500 platform with 2x42/2x50 paired-end reads, respectively. All 4C-seq primers are listed in Table S3.
RNA-seq, ChIP-seq, CUT&RUN, and 4C-seq analysis
For RNA-Seq analysis, sequencing reads for human cell lines transduced with sgZMYND8, or for MOLM13-dZD8/MOLM13-dIRF8
treated with dTAG were aligned to human genome hg38; primary patient samples were aligned to human genome hg19 using STAR
Aligner (Dobin et al., 2013). Raw read counts were generated via HTSeq-count (Anders et al., 2015). RPM-normalized bigwig files
were generated using bedGraphToBigWig and were visualized in the UCSC genome browser. Mapped reads were analyzed with
DESeq2 (1.14.1) (Love et al., 2014) to identify differentially expressed genes, and raw reads < 5 were filtered out.
In RNA-seq experiments using cells transduced with sgIRF8, raw sequencing reads were mapped to reference human genome
hg38 using Tophat2 (Kim et al., 2013). Cuffdiff (Trapnell et al., 2013) was used to analyze differentially expressed genes with structural
RNAs masked, and to normalize against total mapped reads. Genes with RPKM > 2 were used for further analysis. Gene set enrichment analysis (GSEA) was performed according to the linked instructions with public signatures in the Molecular Signature Database
v6.1 (MSigDB) (Liberzon et al., 2015) and custom gene signatures.
For ChIP-seq and CUT&RUN analysis, reads were aligned to human genome hg19 using Bowtie2 v2.3.5 (Langmead and Salzberg,
2012), following parameters as previously suggested (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) was used to remove presumed PCR duplicates using the
MarkDuplicates command. Bam files containing uniquely mapped reads were created using Samtools v1.(Li et al., 2009). Fragments
of < 40 bp or > 1000 bp were filtered out. Blacklist regions defined by ENCODE, random chromosomes, and mitochondria were
removed, and filtered bam files were used for downstream analysis. Read count per million (RPM)-normalized bigwig files were
created by bedGraphToBigWig (UCSC).
CUT&RUN and ChIP-Seq signals were called on using MACS v2.1 (Zhang et al., 2008) using the broadPeak setting with p value
cutoff of 1e-8 and broad p value cutoff 1e-4 in general. Genes proximal to peaks were annotated against the hg19 genome using annotatePeaks.pl from HOMER v4 (Heinz et al., 2010). ZMYND8 and BRD4 binding motifs were identified using findMotifsGenome.pl
from HOMER v4. The venn diagram of comparison of peaks was plotted using Bioconductor package ChIPpeakAnno (Zhu et al.,
2010). Heatmaps and metaplots were generated using deepTools plotHeatmap (Ramı́rez et al., 2016). RPM-normalized bigwig files
were created using bedGraphToBigWig (UCSC) and bamCoverage (deepTools), and were used to visualize binding signals. For
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visualization purposes, the average background was subtracted and scaled bigwig files were used to visualize CUT&RUN signals in
MOLM-13, THP-1, HEL, and HUH-7 cells. Tracks were loaded to the UCSC genome browser for visualization.
4C-seq analysis was performed as previously described (Petrovic et al., 2019). Paired-end reads of each replicate were aligned to
hg19 and processed as .hic file using juicer (Durand et al., 2016). Intrachromosomal contact matrices of chromosome 8 (for MYC) or
16 (for IRF8) were extracted using juicer tools ‘dump’ command at 5 kb resolution without normalization. For each replicate,
contacts ± 350 kb around the viewpoint were summed up as total valid contacts. Contacts from the viewpoint were normalized
by dividing total valid contacts times 1000. Average normalized contacts of triplicates ± standard deviation were plotted in R using
ggplot.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed with either Graphpad Prism 7 or R. For RNA-seq, ChIP-seq, ChIP-qPCR, 4C-seq, RT-PCR, proliferation assay as well as in vivo experiments, statistical parameters including p value, replicates, SEM and FDR are detailed on the
figures or annotated in the respective figure legends.
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