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Abstract

Mutations in the gene encoding the transcription factor CCAAT/enhancer-binding protein alpha 

(C/EBPα) occur in 10–15% of acute myeloid leukemia (AML). Frameshifts in the CEBPA N

terminus resulting in exclusive expression of a truncated p30 isoform represent the most prevalent 

type of CEBPA mutations in AML. C/EBPα p30 interacts with the epigenetic machinery, but it is 

incompletely understood how p30-induced changes cause leukemogenesis. We hypothesized that 

critical effector genes in CEBPA-mutated AML are dependent on p30-mediated dysregulation of 

the epigenome. We mapped p30-associated regulatory elements (REs) by ATAC-seq and ChIP-seq 

in a myeloid progenitor cell model for p30-driven AML that enables inducible RNAi-mediated 

knockdown of p30. Concomitant p30-dependent changes in gene expression were measured by 

RNA-seq. Integrative analysis identified 117 p30-dependent REs associated with 33 strongly 

down-regulated genes upon p30-knockdown. CRISPR/Cas9-mediated mutational disruption of 

these genes revealed the RNA-binding protein MSI2 as a critical p30-target. MSI2 knockout in 

p30-driven murine AML cells and in the CEBPA-mutated human AML cell line KO-52 caused 

proliferation arrest and terminal myeloid differentiation, and delayed leukemia onset in vivo. In 

summary, this work presents a comprehensive dataset of p30-dependent effects on epigenetic 

regulation and gene expression and identifies MSI2 as an effector of the C/EBPα p30 oncoprotein.

Introduction

Acute myeloid leukemia (AML) is characterized by aberrant myeloid homeostasis, leading 

to an increase in myeloid progenitor cells at the expense of mature blood cells [1]. Despite 

recent advances in therapeutic options, the overall prognosis is poor for most AML patients. 

Therefore, there is an urgent need for a better understanding of molecular mechanisms of 

leukemia initiation and maintenance to develop novel therapies.

Ten to fifteen percent of de novo AML patients harbor mutations in the CEBPA gene 

[2, 3], which encodes the transcription factor (TF) CCAAT/enhancer-binding protein alpha 

Correspondence to: Florian Grebien.
✉Florian Grebien, Florian.Grebien@vetmeduni.ac.at. 

Compliance with ethical standards 
Conflict of interest The authors declare no competing interest.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Europe PMC Funders Group
Author Manuscript
Leukemia. Author manuscript; available in PMC 2021 September 03.

Published in final edited form as:
Leukemia. 2021 September 01; 35(9): 2526–2538. doi:10.1038/s41375-021-01169-6.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(C/EBPα). C/EBPα directly binds to DNA as a homo- or heterodimer and can regulate gene 

expression via a C-terminal basic-region leucine zipper domain [4]. Alternative usage of two 

translation initiation sites leads to the expression of a full-length (42 kDa) and a shorter (30 

kDa) isoform of the C/EBPα protein, which are termed p42 and p30, respectively [5]. In 

AML patients, mutations are found in two hotspot regions of the CEBPA gene: N-terminal 

frameshift mutations are located between the first and second initiation codons, resulting 

in selective ablation of p42 expression. C-terminal in-frame mutations affect the structure 

of the basic region and/or the leucine zipper, leading to loss of DNA binding [3, 6, 7]. It 

has been reported that most AML patients carry biallelic CEBPA mutations, harboring an 

N-terminal frameshift together with a C-terminal in-frame mutation, although some datasets 

prevalently feature patient samples with N-terminal CEBPA mutations [8, 9].

It has been proposed that the leukemia-associated p30 isoform represents a gain-of-function 

variant [10]. C/EBPα p30 is able to actively change the gene expression pattern of leukemia 

cells through its ability to bind to chromatin and consequently recruit chromatin modulators, 

such as histone methyltransferases [7, 11–13]. Indeed, p30 has a strong impact on the 

transcriptional program of myeloid cells [11, 13, 14]. However, the molecular mechanisms 

of C/EBPα p30-mediated regulation of gene expression are still incompletely understood.

Regulatory elements (REs) are non-coding regions that can be bound by transcriptional 

regulators and chromatin modulators in a locus-specific fashion, thereby governing 

tissue-specific regulation of gene expression. The critical importance of REs in cancer 

development has repeatedly been demonstrated. For instance, alterations in the genomic 

landscape can cause the establishment of cancer-specific REs that drive aberrant gene 

expression and consequently result in oncogenic transformation [15, 16]. In addition, AML 

oncoproteins can bind to particular enhancer repertoires, thereby recruiting distinct TFs to 

REs to deregulate gene expression [17, 18]. In fact, it was shown that functional annotation 

of regulatory regions in cancer is superior to RNA-sequencing data to map cellular lineages 

during normal hematopoietic development and to classify AML subtypes [19].

Given its potential to interact with various chromatinmodifying enzymes, we hypothesized 

that C/EBPα p30 plays an important role in the induction and maintenance of global 

epigenetic changes via the establishment and usage of AML-specific REs. Furthermore, 

detailed analysis of p30-associated REs could result in the discovery of p30-driven effector 

genes that are crucial for AML development and maintenance. In this study, we applied a 

combinatorial functional genomics approach to integrate TF and histone modification ChIP

seq, ATAC-seq, and RNA-seq data from a cellular model of N-terminal CEBPA-mutated 

AML. Systematic interrogation of the resulting dataset identified 33 genes whose expression 

was directly driven by the C/EBPα p30 oncoprotein. The functional investigation by 

CRISPR/Cas9 screening identified the RNA-binding protein (RBP) MUSASHI-2 (MSI2) as 

a critical downstream effector of p30. AML patients with CEBPA mutations expressed high 

levels of MSI2, and MSI2 was required for the survival of murine and human AML cells 

with CEBPA N-terminal or doublemutated genotypes. These data provide a comprehensive 

evaluation of target genes of the C/EBPα-p30 oncoprotein and establish MSI2 as a potential 

target in patients with CEBPA-mutated AML.
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Materials and methods

CRISPR/Cas9 competition assays

SpCas9-expressing subclones of Cebpap30/p30 and of Cebpap30/C-mut cells were isolated 

after lentiviral expression of lenti-Cas9-Blast (Addgene #52962). SpCas9-Cebpap30/p30 

and SpCas9-Cebpap30/C-mut cells were transduced with sgRNA-containing LentiGuide

Puro-IRES-GFP constructs for single sgRNA expression or pKLV2.2-mU6gRNA5 (SapI)

hU6gRNA5(BbsI)-PGKpuroBFP (Addgene, #72667) for dual sgRNA expression, obtaining 

transduction efficiencies ranging from 10 to 50%. The dynamics of GFP or iRFP670 levels 

were monitored over time. Data were normalized to values on day 0 (72 or 96 h after the last 

infection) and a non-targeting control sgRNA (Ctrl) (for sgRNAs see Supplementary Table 

S1).

Quantitative real-time PCR analysis

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) and reverse-transcribed into 

cDNA using the RevertAid first-strand cDNA synthesis Kit (ThermoFisher Scientific). 

cDNA was amplified on the Bio-Rad CFX96-Real-TimeSystem using SsoAdvanced 

Universal SYBR green Supermix (Bio-Rad, Hercules, USA). Gene expression levels 

were calculated by normalizing the values to Gapdh expression (for qPCR primers see 

Supplemental Table S2).

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described [20]. In brief, Cebpap30/p30 cells were 

crosslinked with 11% formaldehyde (Thermo Fisher Scientific, Waltham, MA, USA), 

quenched with glycine, and lysed in 10% SDS-buffer. After sonication, cells were incubated 

overnight with anti-C/EBPα (Santa Cruz, Dallas, Texas, USA, sc-9314) or anti-H3K27ac 

(Abcam, Cambridge, UK, ab4729) antibodies. Antibody-bound DNA was isolated using 

G-protein coupled magnetic beads (Dynabeads Protein G, Invitrogen, Camarillo, CA, USA) 

and decrosslinked. Enrichment of genomic DNA was measured via qRT-PCR.

Statistics

Prism 5.01 software (Graphpad, La Jolla, CA, USA) was used for statistical analyses, and 

data are shown as mean ± SD. Experiments were performed in duplicates/triplicates and/or 

repeated at least three times. The individual sample size is reported in figure legends. If 

not stated differently, the unpaired Student’s t-test was used for p-value determination. 

Differences in survival were evaluated with the logrank test. The Wilcoxon test was used for 

statistical analysis of patient data. p < 0.05 was considered statistically significant (*p <0.05, 

**p <0.01, ***p <0.001, ****p < 0.0001, n.s. = not significant).

Additional materials and methods are described in Supplementary Methods.
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Results

C/EBPα p30 knockdown results in global changes in the chromatin landscape

To explore the effects of the C/EBPα p30 isoform on the regulatory landscape in CEBPA

mutated AML, we used a Cebpap30/p30 myeloid progenitor cell line that was derived 

from a mouse AML model mimicking N-terminal CEBPA mutations [13, 21]. These cells 

exclusively express the p30 C/EBPα isoform and were classified as myeloid progenitor 

cells through analysis of global gene expression patterns. The presence of mast cells was 

excluded by cell surface marker expression and Toluidine blue staining (Supplementary Fig. 

1A–D). To identify p30-dependent epigenomic and transcriptomic changes we employed 

doxycycline (Dox)-inducible RNA interference (RNAi) of Cebpa (Fig. 1A). Despite a 

slightly lower knockdown efficiency of shCebpa #2, both Cebpa-targeting shRNAs induced 

similar anti-proliferative effects in Cebpap30/p30 cells (Supplementary Fig. 1E, F), and 

all subsequent experiments were performed with shCebpa #1 (shCebpa). ChIP using 

antibodies against histone-3 acetylated at lysine-27 (H3K27ac) was used to characterize 

the global dynamic regulation of REs including promoters and enhancers in response 

to p30-expression. ChIP-qPCR analysis revealed that H3K27ac levels at the exemplary 

promoter of the Etv6 gene were decreased after Dox-induced p30 down-regulation (Fig. 1B). 

Analysis of ChIP-seq data from C/EBPα p30-proficient (shRen) vs. -deficient (shCebpa) 

Cebpap30/p30 cells identified 34 417 H3K27ac-marked REs, of which 6 686 (18.6%) were 

down- and 7 296 (21.1%) were up-regulated upon loss of C/EBPα p30. Integration of these 

results with data of genomic p30 binding [13] revealed that the majority of REs that also 

exhibited C/EBPα p30 binding was down-regulated (2 695; 19.6% of regulated REs), while 

few were up-regulated (652; 4.8%) upon RNAi-induced p30 loss (Fig. 1C). These changes 

were observed in both promoter and enhancer regions (Fig. 1D). As active gene regulation 

is associated with open chromatin states, the assay for transposase-accessible chromatin 

sequencing (ATAC-seq) was used to gain additional information about the chromatin state 

and activity of REs [22]. Thirty-seven percent of all accessible regions (14 296 of 38 511) 

were found in the proximity (0–3 kb) of annotated transcriptional start sites (TSS) of genes, 

indicating active promoters (Supplementary Fig. 1G). A large fraction of ATAC-seq peaks 

(28%, 10 270 of 38 511) localized to distal areas containing other REs, such as enhancers 

or insulators (>10 kb from TSS). Global comparison of C/EBPα p30 ChIP-seq data with 

ATAC-seq and H3K27ac ChIP-seq data in Cebpap30/p30 cells yielded a strong correlation 

of p30 peak intensity with chromatin accessibility and increased H3K27ac occupancy (Fig. 

1E). To identify C/EBPα p30-regulated enhancer and promoter regions that might drive 

genes, which are crucial for N-terminal CEBPA-mutated AML, we reasoned that such 

genomic regions 1, are directly bound by p30 2, lie within accessible chromatin, and 3, 

exhibit reduced H3K27 acetylation upon p30 depletion. This filtering strategy identified 

117 candidate REs among promoter and enhancer regions (Fig. 1F, G). In line with their 

potential involvement in leukemia, functional annotation revealed that these REs were 

strongly associated with abnormal immune cell function (Supplementary Fig. 1H). In 

summary, this epigenomic dataset enables detailed studies of the effects of C/EBPα p30 

on the epigenomic landscape.
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C/EBPα p30 regulates expression of differentiation-associated genes at accessible REs

To obtain more information about the direct effects of C/EBPα p30 on target gene 

expression, we used the Dox-inducible RNAi system for global analysis of gene expression 

changes upon p30 loss in Cebpap30/p30 cells. RNA-sequencing (RNA-seq) after 48 h of 

Dox-treatment confirmed successful knockdown of Cebpa (Supplementary Fig. 2A). Global 

analysis of RNA-seq data identified C/EBPα p30-dependent gene expression programs. 

p30 knockdown caused the up-regulation of 279 genes, while 375 genes were strongly 

down-regulated (p < 0.01, fold change > 2; Fig. 2A). Functional annotation of genes that 

were up-regulated upon loss of C/EBPα p30 using gene ontology revealed an association 

with terminal myeloid differentiation, as exemplified by the induction of the myeloid 

genes Egr1, Irf8, Ccl3 and others (Supplementary Fig. 2B, C and Supplementary Table 

S3). In line with this observation, knockdown of Cebpa in Cebpap30/p30 cells resulted in 

decreased levels of the progenitor marker c-Kit, while the expression of the myeloid marker 

Mac-1 was increased (Fig. 2B). Combined analysis of p30-driven REs and their effect 

on gene expression identified 709 genes that were associated with p30-dependent H3K27 

acetylation and whose expression was regulated by p30 (Supplementary Fig. 2D–F). Of 

note, the majority (60.6%; 430 of 709) of these genes exhibited down-regulated expression 

together with reduced H3K27ac signals upon RNAi-induced p30 loss (Fig. 2C). These 

results indicate that C/EBPα p30 occupancy is associated with active gene expression at 

accessible promoters and enhancers that directly regulate the expression of genes important 

for the maintenance of the myeloid differentiation block in Cebpap30/p30 cells.

CRISPR/Cas9 screening identifies MSI2 as a critical factor in C/EBPα p30-expressing AML 
cells

We next reasoned that direct gene targets of C/EBPα p30 are associated with the 117 

p30-dependent REs (Fig. 1F) and are down-regulated upon p30 knockdown. 200 genes 

were predicted to be associated with the 117 p30-dependent candidate REs by the 

genomic regions enrichment of annotations tool (GREAT) [23]. Of those, 33 genes were 

strongly down-regulated upon p30-targeted RNAi (p < 0.01, fold change < −2). (Fig. 3A; 

Supplementary Fig. 2G). This list of genes encodes for proteins with different functions, 

including proteases (BACE1, CTSE, ADAM19), G-protein coupled receptors (GPR34, 

PTGER2), and transmembrane receptors involved in the regulation of immune responses 

(PDCD1, FCER1A).

We sought to investigate whether the 33 high-confidence p30-target genes identified by our 

approach are of functional importance for CEBPA-mutated AML. We performed CRISPR/

Cas9-mediated mutagenesis in stably SpCas9-expressing clones of myeloid progenitor 

cells with the genetic background of N-terminally mutated (Cebpap30/p30) or double

mutated (Cebpap30/C-mut) Cebpa (Supplementary Fig. 1A) [24]. A competition assay was 

used to monitor competing growth kinetics of sgRNA-expressing, mutated GFP-positive 

(GFP+) cells vs. uninfected GFP-negative (GFP−) SpCas9 cells (Fig. 3A) [13]. While 

the percentage of GFP+ cells remained stable over time in cells expressing control 

sgRNAs (sgCtrl), transduced cells were strongly depleted when an essential gene for DNA 

replication (sgRpa3) was targeted. Similar to Cebpap30/p30 cells [13], the proliferation of 

Cebpap30/C-mu’ cells was dependent on Cebpa expression, as targeted mutagenesis of Cebpa 
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with three different sgRNAs had strong anti-proliferative effects (Supplementary Fig. 3A, 

B).

We targeted all 33 candidate p30 target genes with two different sgRNAs (Fig. 3A). The 

area under the curve (AUC) for each sgRNA in both Cebpa-mutated genotypes (p30/p30 

vs. p30/C-mut, resulting in four values per gene) was used to score gene essentiality in this 

system. Our scoring algorithm revealed Avil, Bace1, and Msi2 as the most essential genes 

for the proliferation of Cebpa-mutant cells (Fig. 3B, Supplementary Fig. 3C). The Avil gene 

encodes an actin regulatory protein and Bace1 belongs to the peptidase A1 family of aspartic 

proteases, which are involved in the formation of amyloid-beta plaques [25, 26]. As neither 

of these genes has been linked to cancer, we decided to focus on Msi2. The Msi2 gene 

encodes for the RBP MSI2, which has been implicated in various cancer entities [27–36]. 

MSI2 expression is frequently dysregulated in leukemia and high MSI2 expression has been 

linked to poor prognosis in this disease [37]. Msi2 expression was decreased upon C/EBPα 
p30 knockdown in Cebpap30/p30 cells as shown by quantitative PCR (Supplementary Fig. 

3D). Analysis of the MSI2-associated RE revealed p30-binding, accessible chromatin, and 

loss of H3K27ac upon p30 knockdown. Amongst others, the RE harbored TF binding 

motifs for members of the ETS family, which are known to interact with C/EBPα. CRISPR/

Cas9-mediated mutational disruption of the MSI2-associated RE led to a reduction of Msi2 
expression, demonstrating its importance for gene regulation (Fig. 3C). Taken together, our 

CRISPR/Cas9-mediated mutagenesis survey of candidate p30-driven target genes identified 

the RBP MSI2 as an essential factor for the proliferation of Cebpa-mutated AML cells.

The RBP MSI2 is critical for Cebpa-mutated AML cells

The strong dependency of Cebpa-mutated cells on Msi2 expression was confirmed in 

independent experiments using four unique sgRNAs targeting the RNA-binding motif 1 

(RRM1) of the Msi2 gene (Fig. 4A). All sgRNAs caused strong depletion of transduced cells 

in independently derived SpCas9-expressing clones of Cebpap30/p30 and Cebpap30/C-mut cells 

(Fig. 4B). Mutational disruption of Msi2 induced myeloid differentiation in both cell lines, 

as measured by an increase in the Mac-1 + population (Fig. 4C). Importantly, p30 expression 

was strongly associated with high expression of 255 previously reported MSI2-target genes 

(NES = 1.31, p <0.05) (Fig. 4D). Exogenous expression of Msi2 was able to counteract the 

proliferation arrest induced by Cebpa knockdown, indicating that p30-dependent induction 

of proliferation is dependent on Msi2 (Fig. 4E, Supplementary Fig. 4A) [38]. Finally, Msi2 
knockout in leukemia-initiating cells with biallelic Cebpa mutations delayed leukemia onset 

in an in vivo transplantation model (Fig. 4F, Supplementary Fig. 4B–D). These data show 

that MSI2 is a critical effector of the C/EBPα p30-mediated differentiation block and 

leukemogenesis.

MSI2 is critical for human AML with CEBPA mutations

To assess the human relevance of our findings we first scrutinized publicly available gene 

expression data in the Vizome database [9]. In addition to high expression in NPM1-mutated 

AML [39], MSI2 was highly expressed in CEBPA-mutated AML (Fig. 5A). Among AML 

cell lines, MSI2 expression was highest in the KASUMI-6 line, which serves as a model 

for C-terminal CEBPA mutations (Supplementary Fig. 5A) [40]. Further interrogation of 
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the DepMap AML cell line panel for additional cell lines with CEBPA mutations revealed 

that the KO-52 cell line, which originated from a 46-year-old AML patient, harbors both an 

N-terminal truncating p.E50* and a C-terminal missense p. L324P mutation in CEBPA, 

which we confirmed by Sanger sequencing (Fig. 5B, C) [41]. KO-52 cells expressed 

both p42 and p30 C/EBPα isoforms (Supplementary Fig. 5B) and showed a CD34+ c

Kit+ immunophenotype (Supplementary Fig. 5C). The KO-52 transcriptome featured high 

expression of p30-dependent genes and gene signatures associated with AML with CEBPA 
mutations, further supporting the use of KO-52 as a model for CEBPA-mutated AML (Fig. 

5D, Supplementary Fig. 5D). CRISPR/Cas9-mediated mutagenesis showed that KO-52 cell 

proliferation was dependent on both C/EBPα and MSI2 expression (Fig. 5B, E, F and 

Supplementary Fig. 5E, F). Furthermore, loss of C/EBPα or MSI2 led to the induction of 

myeloid differentiation, as shown by reduced c-Kit expression and increased levels of Mac-1 

(Fig. 5G, H, Supplementary Fig. 5G, H). In summary, our data establish the KO-52 cell 

line as a valuable human cell line model for CEBPA-mutant AML and highlight MSI2 as a 

critical effector of mutated CEBPA in this system.

Discussion

The heterogeneity of AML requires a detailed understanding of the mechanisms and, in 

particular, the potentially targetable effector proteins of subtype-specific recurrent mutations 

[42, 43]. The combination of multiple datasets and comprehensive analysis thereof can result 

in the identification of novel targets. We have created a comprehensive resource for CEBPA

mutated AML featuring ChIP-seq, ATAC-seq and RNA-seq data in myeloid progenitor 

cells harboring leukemia-associated mutations in CEBPA. Integration of epigenomic and 

transcriptomic data led to the discovery of MSI2 as a crucial effector in CEBPA-mutated 

AML. The RNA binding protein MSI2 is required for the proliferation of murine AML cells 

with Cebpa mutations and Msi2 knockout delayed the onset of Cebpa-driven leukemia in 

vivo. Consistently, MSI2 is also essential in the human AML cell line KO-52, which we 

validate as an appropriate human cell line model for CEBPA-mutated AML.

Several studies have demonstrated the importance of the epigenetic landscape and its 

regulation in the context of multiple malignancies [15–17, 44, 45]. As C/EBPα has been 

shown to interact with numerous components of the chromatin remodeling machinery [46–

48], we investigated the specific role of the AML-associated C/EBPα p30 isoform on the 

epigenetic landscape in AML. H3K27ac ChIP-seq in p30-proficient vs. p30-deficient cells 

identified p30-regulated active enhancers and promoters in Cebpap30/p30 cells. Integration 

of these data with C/EBPα ChIP-seq, ATAC-seq, and RNA-seq datasets resulted in a 

uniquely comprehensive resource for studies of CEBPA-mutated AML. While this dataset 

empowers a multitude of orthogonal analyses, we focused on the combinatorial investigation 

of p30-dependent gene expression changes together with alterations in the corresponding 

enhancer/promoter regions. In general, genes whose expression was down-regulated upon 

p30 knockdown also exhibited p30-dependent H3K27ac decoration in their corresponding 

REs, pointing to direct relationships between gene expression and activity of REs. Cebpa 
knockdown might differentially impact the kinetics of chromatin composition vs. gene 

expression. This could be reflected in the higher number of down-regulated H3K27ac 

regions when compared to down-regulated genes upon p30 knockdown. However, we also 
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found that loss of expression of another group of p30-responsive genes was associated with 

increased H3K27ac. This scenario indicates that a significant number of genes could be 

subject to more complex regulatory circuits that might involve multiple enhancers.

The intersection of 200 genes linked to p30-dependent REs with 375 genes down-regulated 

upon Cebpa knockdown resulted in a list of 33 genes that is likely enriched for direct gene 

targets of the p30 C/EBPα variant. The remaining 167 genes were not significantly down

regulated after p30 silencing, suggesting that other TFs could maintain their expression 

independently of p30. The 33 p30-dependent genes encode for proteins with diverse 

functions, including proteases, G-protein coupled receptors, and proteins involved in the 

regulation of the immune response. To investigate the functional contribution of these 33 

genes to CEBPA-mutated AML we used CRISPR/Cas9-mediated mutagenesis followed 

by competitive growth assays in both Cebpap30/p30 and Cebpap30/C-mut cells. Both cell 

lines are strongly dependent on Cebpa expression for survival. The Cebpap30/p30 cell line 

exclusively expresses the p30 isoform and is thus an ideal model for the study of its specific 

function. Cebpap30/C-mut cells mimic biallelic CEBPA mutations, where p30 is the only fully 

functional C/EBPα isoform, while the expressed full-length protein lacks DNA-binding 

capacity [21, 24]. As the full-length isoform may retain some DNA-independent activity, 

this could influence the effect of the tested sgRNAs, resulting in non-uniform results over 

the two cell lines. As we were searching for effectors in both monoallelic and biallelic 

CEBPA-mutated settings, we analyzed the screening results by investigating the area under 

the curve over time for tested sgRNAs. We ranked the results by combined mean AUC of 

all four settings (both cell lines and two sgRNAs per gene) to obtain genes, on which both 

Cebpap30/p30 and Cebpap30/C-mut cells are dependent. This resulted in the discovery of MSI2 

as one of the top hits.

MUSASHI-2 (MSI2) is an RBP that has been implicated in various cancer entities [27–

30]. RBPs are required for diverse aspects of mRNA metabolism and can modulate the 

abundance of central regulatory proteins in stem cells [49]. Any dysbalance of these 

regulatory and tightly controlled functions through altered expression and/or function of 

RBPs could therefore pre-dispose cells to cancer [50, 51]. In line with this, a recent 

CRISPR/Cas9 screen found that RBPs are critically involved in myeloid leukemia [52]. 

High MSI2 expression has been associated with poor prognosis in hepatocellular cancer, 

gastric cancer, acute lymphoblastic leukemia, chronic myeloid leukemia, and AML [27, 36, 

53–55]. AML with NPM1 mutations and FLT3-ITD were shown to express high levels of 

MSI2 [37, 53]. We found that MSI2 expression was elevated in CEBPA-mutated patients, 

supporting the direct association between mutated CEBPA and MSI2. While CEBPA 
mutations are associated with a good prognosis in AML, high MSI2 expression is associated 

with a poor outcome. This controversy might be explained by the important functional 

contribution of additional mutations to overall survival. For instance, mutations in TET2, 
ASXL1, or GATA2 were reported to frequently co-occur with CEBPA mutations.

In an effort to determine direct MSI2-regulated genes, a recent study identified 255 

conserved gene targets of MSI2 in AML [37]. The expression of these top MSI2 targets 

was highly correlated with p30 expression in Cebpap30/p30 cells, further supporting our 

findings of MSI2 as a direct effector of oncogenic functions of C/EBPα p30. MSI2 was 
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demonstrated to regulate the self-renewal program of MLL-fusion induced leukemia [56], 

which is in line with the observation that MLL-AF9 targets are enriched in the transcriptome 

of leukemia-initiating cells in a Cebpap30/p30 AML mouse model [21].

Therefore, targeting MSI2 could be a promising therapeutic option in CEBPA-mutated 

AML. The small molecule Ro 08-2750 that was originally designed as a nerve growth factor 

inhibitor, has been reported to additionally bind and inhibit both MSI1 and MSI2 in murine 

and human myeloid leukemia cells [28]. MSI2-specific derivatives of this compound could 

be encouraging for further testing in CEBPA-mutated AML.

Studies of CEBPA-mutated AML have been mainly limited to analyses of murine cellular 

models, which have led to the discovery of attractive targets [14, 20, 21, 24]. However, 

the field has lacked appropriate human models for the identification and validation of new 

targets. Here, we identify and characterize the human cell line KO-52 as a relevant model 

for CEBPA-mutated AML. KO-52 was established from a 46-year-old AML patient, but it 

was only recently shown to harbor biallelic CEBPA mutations [57]. We found that KO-52 

cell proliferation is C/EBPα-dependent and show that the transcriptome of this cell line 

features a high expression of gene profiles that were linked to CEBPA-mutated AML. Thus, 

we propose that this cell line will serve as a valuable human model for further studies of 

CEBPA-mutated AML.

In summary, this work provides a comprehensive analysis of the epigenetic landscape in 

Cebpa-mutated cells. This dataset will be useful for further understanding the interaction 

between epigenetic regulation and transcriptional output in cancer cells. Furthermore, our 

finding that the oncogenic p30 variant drives the expression of MSI2 highlight this factor as 

a novel actionable effector in both biand monoallelic CEBPA-mutated AML.

The data reported in this article have been deposited in the Gene Expression Omnibus 

database (GSE158727).
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Fig. 1. C/EBPα p30 knockdown results in global changes in the chromatin landscape.
A Western blot analysis of indicated proteins from lysates of Cepbap30/p30 rtTA3 cells 

expressing Dox-inducible shRNAs against Renilla luciferase (shRen, control) or C/EBPα 
(shCebpa) at indicated time points after Dox addition. B H3K27ac ChIP-qPCR analysis of 

indicated regions in Cepbap30/p30 rtTA3 shRen and shCebpa after 48 h of Dox induction, n 
= 3. neg. region, negative control. C Differential H3K27ac-binding upon Cebpa knockdown. 

Volcano plot displaying differential H3K27ac-peaks (p <0.05, mean read concentration > 5) 

in Cebpap30/p30 rtTA3 shCebpa vs. shRen samples. C/EBPα p30-bound peaks are indicated 
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in orange and numbers of differentially regulated regions are given. Statistical analysis was 

performed using Pearson’s Chi-squared test (X2(1, N = 17 329) = 1 163, p < 0.00001). 

KD, knockdown. D Representative examples of p30-bound promoters (top) and enhancers 

(bottom) with down-regulated H3K27ac signals upon p30 knockdown. E Heatmaps showing 

p30 binding, accessible chromatin (ATAC-seq), and H3K27ac intensities at 10 601 identified 

p30-bound regions (p < 0.05). F Filtering scheme for the identification of candidate REs. 

Bold numbers indicate the number of regions identified in each analysis/filtering step. 

C/EBPα p30-bound regions (p < 0.05) were intersected with open chromatin (p < 10−5), 

resulting in 5 150 p30 peaks in accessible regions. Combination with down-regulated 

H3K27ac peaks (fold change < –2; 2 668/34417) resulted in 117 candidate REs. G C/EBPα 
p30 (orange), ATAC-seq (green) and H3K27ac (blue) ChIP-seq profiles for Cebpap30/p30 

shRen cells (p30/p30) and shCebpa cells (p30 KD) at an exemplary candidate RE.
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Fig. 2. C/EBPα p30 regulates the expression of differentiation-associated genes in the context of 
p30-regulated REs.
A Left, principal component analysis (PCA) of transcriptomes from shRen and shCebpa 

Cebpap30/p30 cells. Right, number of differentially regulated genes between shRen and 

shCebpa Cebpap30/p30 cells. B Flow cytometric analysis of Mac-1 and c-Kit levels 

in shRNA-expressing Cepbap30/p30 rtTA3 cells upon Dox addition (left panels) and 

quantification of c-Kitlt> Mac-1hi population at indicated time points (right panel). The p 
values for all comparisons of shRen vs. shCebpa are indicated (n = 3). C Scatterplot showing 

log2FC of H3K27ac (x-axis) and normalized mRNA expression (y-axis) upon loss of p30. 

The 5 150 C/EBPα p30-bound peaks in accessible regions (Fig. 1F) were intersected with 

all differential H3K27ac-peaks to generate a list of 1 845 REs, which were associated with 

709 differentially expressed genes upon p30 knockdown using GREAT [23]. Each point 

represents a gene with its associated REs that feature p30-binding and accessible chromatin.
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Fig. 3. CRISPR/Cas9 screening identifies MSI2 as a critical factor in C/EBPα p30-expressing 
AML cells.
A Left, the overlap of genes associated with candidate REs and genes down-regulated 

upon p30 knockdown (fold change <–2, p adj<0.01). Right, schematic representation of the 

CRISPR/Cas9-based competition assay. Each gene is targeted with 2 sgRNAs in SpCas9

expressing Cebpap30/p30 and Cebpap30/C-mut clones. sgRNA-expressing cells (GFP+) are 

monitored over time and the area under the curve (AUC) is determined for each sgRNA 

as indicated. KD knockdown, Ctrl negative control, Rpa3 positive control. B Ranked mean 
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AUCs for both sgRNA pairs in each cell line are displayed. AUCnorm, normalized to sgRen. 

C Left, a schematic overview of the Msi2 enhancer region. Transcription factor binding 

motifs in the RE (in red) and recognition sites of sgRNAs (dashed lines) are indicated. 

Right, qRT-PCR analysis of Msi2 in Cebpap30/p30 and Cebpap30/C-mut upon targeting the RE 

with sgRNA pairs shown in the left schematic, compared to sgRen (ctrl negative control).
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Fig. 4. The RNA-binding protein MSI2 is critical for Cebpa-mutated AML cell proliferation.
A Schematic structure of the MSI2 gene. Recognition sites of sgRNAs are indicated by 

dashed lines. RRM RNA recognition motif. B Survival of sgRNA-expressing Cebpap30/p30 

SpCas9 and Cebpap30/C-mut SpCas9 cells over time normalized to sgRen (Renilla) as 

a negative control, and day 0. Ctrl negative control, Rpa3 positive control. C Flow 

cytometric analysis of Mac-1 and Gr-1 levels in sgRNA-expressing SpCas9 Cepbap30/p30 

and Cepbap30/C-mut cells. Ctrl negative control. D Gene set enrichment analysis (GSEA) 

showing global enrichment of MSI2-targets in Cebpap30/p30 shRen (p30/p30) vs. shCebpa 
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(p30 KD) cells. NES normalized enrichment score, FDR false discovery rate. E Viability 

of Cebpap30/p30 rtTA3 shCebpa (#1 and #2) cells transduced either with empty or 

Msi2-overexpression vector (coupled to iRFP670), was measured over time. Values 

were normalized to day 1 posttransduction. F Survival analysis of leukemia-initiating 

Cebpap30/C-mut . SpCas9 cells transduced with sgRosa (control), sgMsi2_1 and sgMsi2_2 

(n ≥ 3). Statistical analysis was performed using the logrank test.
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Fig. 5. MSI2 is required for the proliferation of human CEBPA-mutated AML cells.
AMSI2 expression in AML patient data obtained from the beatAML dataset [9]. p values 

were calculated using the Wilcoxon test. RPKM reads per kilobase per million. B Schematic 

structure of the CEBPA gene. Mutations found in the KO-52 cell line are indicated. 

Recognition sites of sgRNAs are indicated by dashed lines. TAD transactivation domain, 

BR-LZ basic-region leucine zipper. C Sanger sequencing analysis of mutated regions 

in the N- and C-terminus of the human CEBPA gene of the KO-52 cell line. D Gene 

set enrichment analysis (GSEA) showing global up-regulation of p30-dependent genes 
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in KO-52 cells compared to HL-60 cells. NES normalized enrichment score, FDR false 

discovery rate. E Western blot analysis of indicated proteins from KO-52 SpCas9 lysates 

(clone #1) upon targeting of MSI2 or CEBPA with two different sgRNAs, compared 

to a control guide (CTRL, sgAAVS1). F Survival of sgRNA-expressing KO-52 SpCas9 
cells (clone #1) over time, normalized to sgAAVS1 as the negative control, and day 0. 

G Flow cytometric analysis and quantification of the c-Kit+ (Day 26) and Mac-1+ (Day 

40) population of KO-52 SpCas9 cells (clone #1) upon CEBPA or MSI2 knockout. H 
Histological staining of cytospin preparations of KO-52 SpCas9 (clone #1) cells upon 

CEBPA or MSI2 knockout.
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