
The Histone Chaperone CAF-1 Sustains Myeloid Lineage Identity 
 

Yiming Guo1, Fei Ji2, Jernej Murn1, David Frankhouser3, M Andres Blanco4, Carmen 
Chiem1, MiHyun Jang5, Ruslan Sadreyev2, Russel C. Rockne5, David B. Sykes6, Konrad 
Hochedlinger2, 6-9, Sihem Cheloufi1* 
 
* Corresponding author 
Email: cheloufi@ucr.edu 
 
Author Affiliations: 
1 Department of Biochemistry, Stem Cell Center, University of California, Riverside, 900 

University Ave. Boyce Hall 4411, Riverside, CA 92521-0129 
2 Department of Molecular Biology, Massachusetts General Hospital, 185 Cambridge Street, 

Boston, MA 02114, USA 

3 Department of Population Sciences and Department of Diabetes Complications & Metabolism, 
City of Hope, National Medical Center, Duarte, CA, United States 

4 Department of Biomedical Sciences, School of Veterinary Medicine, University of 
Pennsylvania, Philadelphia, PA, United States. 

5 Department of Computational and Quantitative Medicine, Division of Mathematical Oncology, 
City of Hope National Medical Center, Duarte, CA, United States 

6 Center for Regenerative Medicine, Massachusetts General Hospital, 185 Cambridge Street, 
Boston, MA 02114, USA  

7 Department of Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA 
02138, USA 

8 Harvard Stem Cell Institute, 1350 Massachusetts Avenue, Cambridge, MA 02138, USA  
9 Cancer Center, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA 02114, 

USA  
 

 

 

 

 

 

 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 22, 2020. ; https://doi.org/10.1101/2020.10.22.350447doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.22.350447


 2 

Abstract 

During hematopoiesis, stem and progenitor cells become progressively restricted in their 

differentiation potential. This process is driven by lineage-specific transcription factors and is 

accompanied by dynamic changes in chromatin structure. The chromatin assembly factor complex 

CAF-1 is a key regulator of cellular plasticity in various cell lineages in different organisms. 

However, whether CAF-1 sustains lineage identity during normal homeostasis is unclear. To 

address this question, we investigated the role of CAF-1 in myeloid progenitor cells. CAF-1 

suppression in myeloid progenitors triggered their rapid commitment but incomplete 

differentiation toward granulocyte, megakaryocyte, and erythrocyte lineages, resulting in a mixed 

cellular state. Through comparison with a canonical paradigm of directed terminal myeloid 

differentiation, we define changes in chromatin accessibility that underlie a unique transcriptome 

of the aberrantly matured CAF-1 deficient cells. We further identify C/EBPα and ELF1 as key 

transcription factors whose control of myeloid lineage commitment is kept in check by CAF-1. 

These findings shed new light on molecular underpinnings of hematopoiesis and suggest that 

manipulation of chromatin accessibility through modulating CAF-1 levels may provide a powerful 

strategy for controlled differentiation of blood cells. 
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Introduction 

Hematopoiesis involves sequential commitment of self-renewing hematopoietic stem cells 

(HSCs) to fully mature specialized blood cell types(Laurenti and Gottgens, 2018). During this 

process, HSCs become progressively more restricted towards megakaryocytes/platelets, erythroid, 

myeloid or lymphoid lineages by a stepwise transition through progenitor cell states. Recent 

single-cell transcriptome analyses of bone marrow suggest that lineage commitment is 

heterogeneous and deviates from the largely marker-based hierarchical differentiation model of 

hematopoiesis(Carrelha et al., 2018, Jacobsen and Nerlov, 2019, Laurenti and Gottgens, 2018, 

Liggett and Sankaran, 2020, Paul et al., 2016, Zhang et al., 2018). This signifies the need to 

understand the molecular mechanisms that sustain the identity of stem and progenitor cells and 

restrict their commitment to a specific lineage during differentiation.   

Lineage specification during hematopoiesis is tightly controlled by transcription factors. In 

the myeloid lineage, the CCAAT/enhancer-binding protein (C/EBP) family members play major 

roles in commitment toward granulocytes and macrophages, while GATA1, KLF1, and GFI1B 

have been described to govern erythrocyte and megakaryocyte lineage commitment(Rosenbauer 

and Tenen, 2007). Notably, some of these transcription factors, such as C/EBPa and GATA1, are 

sufficient to drive transdifferentiation when ectopically expressed in a different blood cell 

lineage(Xie et al., 2004, Heyworth et al., 2002). However, the mechanisms, including chromatin-

regulatory processes, that initiate early myeloid lineage commitment remain poorly defined.  

During the dynamic process of cellular differentiation, chromatin remodeling typically 

precedes transcriptional regulation(Atlasi and Stunnenberg, 2017). Therefore, it is important to 

dissect how altered chromatin accessibility sets the stage for the activity key transcription factors 

as drivers of cell lineage specification. Of the many types of molecules implicated in the control 
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of chromatin accessibility, histone chaperones act broadly by catalyzing nucleosome assembly 

during DNA replication, gene transcription, and DNA repair(Hammond et al., 2017). The 

chromatin assembly factor complex CAF-1 assembles nucleosomes in a DNA replication-

dependent manner. We have previously identified two subunits of the CAF-1 complex, Chaf1a 

and Chaf1b, as key regulators of cell identity maintenance in different paradigms of transcription 

factor-driven cellular reprogramming and direct lineage conversions(Cheloufi et al., 2015, 

Cheloufi and Hochedlinger, 2017). Mechanistically, CAF-1 blocks the binding of ectopically 

expressed transcription factors by maintaining a closed chromatin state at target loci. Consistent 

with this observation, loss of CAF-1 enhances transcription factor-driven reprogramming of 

somatic to pluripotent stem cells and direct lineage conversion of pre-B cells into macrophages 

and that of fibroblasts into neurons. Given the effect of the CAF-1 complex on chromatin 

accessibility in these and other cellular paradigms(Cheloufi et al., 2015, Cheloufi and 

Hochedlinger, 2017, Ishiuchi et al., 2015), CAF-1 has been viewed as a general stabilizer of cell 

identity that prevents cells from adopting open chromatin state characteristic of immature cells. 

However, studies of CAF-1 function in mammalian tissue homeostasis have been aggravated due 

to its requirement during DNA replication and hence its essential role in cell proliferation and 

organismal development(Houlard et al., 2006, Volk et al., 2018, Cheloufi and Hochedlinger, 

2017). Recent studies of embryonic stem cell (ESC) differentiation and T cell development 

uncovered additional roles of CAF-1 in cooperating with chromatin-modifying enzymes, such as 

the polycomb repressive complex 2 (PRC2), histone deacetylases (HDAC1/2), the histone 

demethylase LSD1 and DNA methyltransferase(Cheng et al., 2019, Ng et al., 2019). However, 

how these activities of CAF-1 might be coupled to the action of transcription factors and regulation 

of cellular identity in normal homeostasis remains to be determined. Here we combine a 
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controllable myeloid differentiation system with inducible perturbation of CAF-1 to investigate its 

role in sustaining myeloid lineage integrity and identify the early transcriptional events that control 

blood lineage fidelity.  

 

Results 

Loss of CAF-1 relieves the differentiation block in myeloid progenitors 

During normal homeostasis, granulocyte-macrophage progenitors (GMPs) are a transient 

and highly proliferative blood cell population committed to differentiate into neutrophils and 

macrophages(Laurenti and Gottgens, 2018). GMPs can be propagated in culture as a stable self-

renewing population that retains a normal karyotype and normal differentiation potential through 

overexpression of the Homeobox A9 transcription factor HOXA9 (hereafter Hoxa9-GMPs)(Wang 

et al., 2006, Sykes et al., 2016). In this system, the hormone-binding domain of the estrogen 

receptor (ER) is fused to the N-terminus of Hoxa9 to allow for estradiol-regulated nuclear 

localization and thus transcriptional activity of the ER-Hoxa9 fusion protein. Withdrawal of 

estradiol from culture triggers homogenous differentiation of Hoxa9-GMPs into neutrophils within 

4 days (Figure. 1a). The Hoxa9-GMPs harbor a lysozyme-GFP reporter transgene (Lys-GFP) to 

allow for monitoring of cell differentiation towards granulocytes(Faust et al., 2000). Importantly, 

Hoxa9 inactivation through estrogen withdrawal mirrors the natural differentiation of primary 

mouse and human GMPs(Sykes et al., 2016).  

To test whether the CAF-1 complex maintains GMP identity, we used shRNAs targeting 

its Chaf1b subunit. Two independent Chaf1b shRNAs resulted in activation of the Lys-GFP 

reporter bypassing the differentiation blockade by Hoxa9 (Figure 1b-c). To allow for tunable 

repression of Chaf1b we cloned the Chaf1b shRNAs into a lactose operator (Lac-O) inducible 
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system that allows for IPTG regulated expression of the shRNA transgene. Although the lac-O-

driven Chaf1b shRNA-transduced polyclonal population showed moderate level of differentiation 

compared to the constitutively driven shRNA, sub-clones of cells showed up to 90% activation of 

the Lys-GFP reporter, mirroring the effect of Hoxa9 inactivation (Figure 1d-f). The inducible 

Chaf1b shRNA reduced protein levels of CHAF1A and CHAF1B proteins (Figure 1g), in line with 

the previously observed co-dependent stability of the two CAF-1 subunits. We therefore refer to 

Chaf1b knockdown as CAF-1 OFF and Hoxa9 inactivation as HOXA9 OFF. Importantly, 

overexpression of an RNAi-resistant Chaf1b cDNA in the Lac-O-Chaf1b shRNA-expressing 

clones rescued the differentiation phenotype, as judged by low expression of Lys-GFP and two 

additional granulocyte differentiation markers, CD11b and Gr-1 (Figure 1h, i).  

 

CAF-1 inhibition induces rapid but partial differentiation of Hoxa9-GMPs 

To gain insight into the dynamics of differentiation mediated by CAF-1 inhibition or Hoxa9 

inactivation, we performed a series of experiments to survey the early differentiation events and 

the point of commitment. We detected activation of neutrophil differentiation markers (Lys-GFP, 

CD11b and Gr-1) as early as 48hrs in both CAF-1 OFF and Hoxa9 OFF conditions (Figure. 2a-b 

& Figure2-figure supplement 1a-d). Consistently, CAF-1 depletion resulted in similar growth 

arrest compared to Hoxa9 inactivation (Figure2-figure supplement 1e). We note that the dynamics 

and strengths of the observed phenotypes corresponded with reduced protein levels of the 

CHAF1B and CHAF1A subunits, which were apparent in both CAF-1 OFF and Hoxa9 OFF 

conditions (Figure 2c). To investigate the speed with which cells commit to a stable differentiated 

state, we pulsed cells in a time-course experiment with either IPTG (CAF-1 OFF) or estradiol 

withdrawal (Hoxa9 OFF), followed by a chase period before assessment of cell differentiation 
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based on the Lys-GFP reporter (Figure. 2d). Markedly, within 48hrs of either pulse, the 

differentiated Hoxa9-GMPs did not revert during the ensuring 96hrs chase period (Figure. 2d). 

Moreover, the proportion of differentiated cells increased with longer pulse periods, reaching a 

large majority at 96hrs in both treatments (> 90% of differentiated Hoxa9-GMPs). Together, these 

results indicate that loss of CAF-1 releases the Hoxa9-mediated differentiation block as early as 

48hrs reaching a maximum effect within 96hrs mirroring the effect of normal GMP differentiation. 

To further investigate the fate of CAF-1 depleted Hoxa9-GMPs, we performed 

morphologic cyto-spin analysis and phagocytosis assays. Despite the growth arrest and marked 

induction of neutrophil cell surface markers, CAF-1 suppression did not induce the fully-mature 

neutrophil morphology or the ability of cells to engulf fluorescently labeled bacterial particles, 

traits seen in the Hoxa9 OFF condition (Figure. 2e-f and Figure2-figure supplement 1f). Taken 

together, these observations suggest that acute CAF-1 loss in Hoxa9-GMPs triggers rapid but 

partial granulocyte differentiation.  

 

Co-activation of multilineage genes upon CAF-1 suppression in Hoxa9-GMPs 

To better characterize the identity of CAF-1 depleted Hoxa9-GMPs and considering a 

possibility that these cells might present a heterogeneous population, we conducted single cell 

transcriptome analysis at 48h and 96h inductions of CAF-1 OFF and Hoxa9 OFF states (Figure3-

figure supplement 1a-c). Using Uniform Manifold Approximation and Projection (UMAP) 

analysis(Becht et al., 2018), we found diverging cell clusters clearly distinguishing both cellular 

states, a trend that became progressively more apparent with increasing time of differentiation 

(Figure. 3a). Fine-resolution unsupervised clustering of differentially expressed genes between 

single cells confirmed this finding and identified several gene sets distinguishing the two 
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differentiation trajectories (Figure. 3a, b). For instance, the top differentially regulated genes with 

relative enrichment in the Hoxa9 OFF state included granulocyte maturation markers s100a8, 

s100a9 and Ltf. In contrast, cells in the CAF-1 OFF state exhibited markedly higher expression of 

(1) genes broadly associated with hematopoietic progenitors (e.g, Cd34, Prtn3), (2) histone variant 

genes (H3f3b, Cenpa, Hist1h2ap and H1fx), and (3) the platelet factor 4 (Pf4) transcription factor, 

a specific marker of megakaryocyte progenitor (MegP) cells. Moreover, several early granulocyte-

associated genes, including Fcnb, Elane and Ms4a3, showed, as expected, only transient 

expression upon Hoxa9 inactivation, but a sustained upregulation in the CAF-1 OFF condition 

(Figure. 3b). These clustering patterns are consistent with the above observation that CAF-1 

depletion leads to incomplete differentiation of myeloid progenitors. 

To resolve whether CAF-1 OFF cells are individually locked into a mixed cellular state or 

exhibit heterogeneity only as a population, we scrutinized a curated set of hematopoietic lineage 

genes, including cell surface markers and transcription factors. CAF-1 OFF cells retained 

progenitor-associated genes Cd34, Prtn3, and Flt3 indicating an incomplete exit of these cells from 

the progenitor stage (Figure. 3c-d). Interestingly, we also detected a marked upregulation of 

erythrocyte progenitor (EryP) markers (Car2, Gata2, Cd105, Gfi1b) and MegP markers (Pf4, 

Itga2b) but no noticeable induction of lymphoid lineage-specific genes (Figure. 3c-e and data not 

shown). We found that expression of the distinct lineage-specific markers was not limited to 

different subsets of cells but that the majority of the cells co-expressed several of these genes, 

indicating a mixed cellular state (Figure. 3c-e and Figure3-figure supplement 1d). To check 

whether these transcript-level observations might be manifested on the protein level, we assayed 

cell surface expression dynamics of the MegP marker Itga2b (CD41) and EryP marker CD105 in 

each differentiation condition. Consistent with the RNA-seq analysis, we found co-expression of 
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both markers along with Lys-GFP uniquely upon CAF-1 suppression (Figure. 3f & Figure3-figure 

supplement 1 e-f). The mixed cellular state of CAF-1 OFF cells was recapitulated using an 

independent inducible sub-clone, which further pointed to a correlation between CAF-1 dosage 

and the strength of co-induction of the multilineage markers (Figure3-figure supplement 1g-h). 

The pervasive co-expression of erythrocytes and megakaryocytes genes in conjunction with the 

activation of myeloid differentiation genes and the retention of myeloid progenitor markers upon 

CAF-1 suppression in GMPs suggests their incomplete differentiation and a mixed cellular state.  

To test whether the persistent activation of Hoxa9 in CAF-1 OFF cells could account for 

the cells expressing the diverse lineage markers, we inactivated Hoxa9 following incremental pulse 

depletions of CAF-1 up to 96hrs (Figure3-figure supplement 2a). This resulted in augmented 

upregulation of neutrophil marker activation (~100% Lys-GFP; Figure. 3g & Figure3-figure 

supplement 2b-c) and a modest downregulation of CD41 regardless of the length of the CAF-1 

OFF pulse (Figure. 3g and Figure3-figure supplement 2d-e). These results suggest that loss of 

CAF-1 is the predominant cause of the Hoxa9-GMPs mixed cellular state. 

 

CAF-1 inhibits multiple transcriptional programs to block differentiation of Hoxa9-GMPs 

To identify transcription regulators sustaining the mixed cellular state upon CAF-1 

suppression in GMPs, we argued that putative changes in chromatin accessibility resulting from 

depletion of CAF-1 could provide a critical clue, in line with histone deposition as the primary 

function of the CAF-1 complex(Smith and Stillman, 1989). To capture potentially causative 

changes, we performed RNA-seq and ATAC-seq analyses at 48 hours, which we considered an 

early time point when cells readily initiate differentiation (Figure. 2a & d). As could be expected, 

an overwhelming majority (87.3%) of all differentially expressed genes (DEGs) in CAF-1 OFF 
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cells were upregulated, in agreement with a gross increase in chromatin accessibility (66.1% of all 

changes showed increased accessibility; Figure. 4a-d). This contrasted with Hoxa9 OFF cells, 

where a substantially smaller majority of DEGs were upregulated (59.5%) and where chromatin 

accessibility showed little net change (50.7% gained versus 49.3% lost peaks; Figure. 4a-d).  In 

addition, significantly larger totals numbers of DEGs (6.8-fold more) and changes in chromatin 

accessibility (2.2-fold more) were detected in Hoxa9 OFF compared to CAF-1 OFF conditions 

(Figure. 4a-b & Figure4-figure supplement 1a-b). These data support the disparate differentiation 

trajectories and the resulting cellular phenotypes induced by loss of CAF-1 or Hoxa9 (Figures. 2 

and 3). The chromatin rearrangement and transcriptional program controlled by CAF-1 may, based 

on these data and the common suppression of the CAF-1 complex under normal GMP 

differentiation (Figure. 2c), present only a fraction of the much larger Hoxa9-regulated 

transcriptional network that supports terminal differentiation to neutrophils. Nevertheless, the 

contribution via loss of CAF-1 alone may be critical, as indicated by gene set enrichment analysis 

(GSEA)(Subramanian et al., 2005) and EnrichR(Kuleshov et al., 2016) analyses, which point to 

globally significant induction of genes linked to myeloid differentiation in both conditions 

(Figure4-figure supplement 1c, d). 

Increased chromatin accessibility resulting from depletion of CAF-1 may promote 

chromatin associations of distinct transcription factors to drive the establishment of the observed 

mixed cellular state (Figure. 3). To identify such factors, we looked for enriched DNA motifs as 

potential transcription factor binding sites in the gained ATAC-seq peaks in CAF-1 OFF cells and 

compared them with the Hoxa9 OFF condition. Remarkably, a large percentage of gained sites in 

both conditions are within 100Kb of upregulated genes in both conditions (Figure. 4e). Multiple 

expression motifs for motif elicitation (MEME) (Machanick and Bailey, 2011) predictions 
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identified C/EBPa binding motif as the most significantly enriched motif in the commonly gained 

accessible regions in both conditions (Figure. 4f). This is consistent with the known role of 

C/EBPa as a master regulator of GMP differentiation(Pundhir et al., 2018, Rosenbauer and Tenen, 

2007). Given its expression profile and the requirement of C/EBPa during the early stages of 

myeloid differentiation (Figure4-figure supplement 2a-c), these results suggest that depletion of 

CAF-1 or Hoxa9 opens up chromatin regions that become accessible to C/EBPa, which in turn 

induces transcription of myeloid-specific genes. Indeed, we found several granulocytes specific 

genes in the vicinity of the gained C/EBPa target sites to be upregulated in both conditions (Figure. 

4g and Figure4-figure supplement 2d-f). A similar search for DNA motifs enriched in chromatin 

regions that become accessible specifically upon CAF-1 depletion identified a sequence 

recognized by the E74 Like ETS transcription factors ELF1 and ELF4 (Figure. 4f), which are 

known primarily for their involvement in regulating immune responses(Gallant and Gilkeson, 

2006). Elf1 in particular is more broadly expressed during hematopoiesis compared to C/EBPa 

(Figure4-figure supplement 2c) and has been proposed to regulate erythroid differentiation as well 

as development of natural killer cells and T cells(Suico et al., 2017). Markedly, we find potential 

Elf1 binding sites near genes upregulated only in the CAF-1 OFF condition (Figure. 4h and 

Figure4-figure supplement 2g). These observations suggest a contribution from the Elf 

transcription factors to the mixed cellular state seen upon CAF-1 suppression (Figure. 3). Finally, 

we also looked for motifs overrepresented in Hoxa9 OFF-specific ATAC-seq peaks and found as 

the most highly enriched sequence a consensus binding motif of the interferon regulatory factor 1, 

IRF1 (Figure. 4f). Several reports document a role for IRF1 in granulocyte 

differentiation(Abdollahi et al., 1991, Langlais et al., 2016), suggesting that IRF1 might contribute 

to commitment of GMPs to neutrophils upon Hoxa9 inactivation.  
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These analyses identify distinct transcription factors as candidate critical regulators of the 

observed cellular fates: C/EBPa as a driver during the initial phases of GMPs differentiation in 

both conditions, ELF family members as contributors to the establishment of the mixed cellular 

state upon suppression of CAF-1, and IRF1 as a Hoxa9-controlled factor that promotes terminal 

cell differentiation to neutrophils. 

 

C/EBPa and ELF1 transcription factors are required for the mixed cellular state triggered by 

CAF-1 suppression 

To directly investigate a potential requirement of C/EBPa and ELF1 for the mixed cellular 

state upon depletion of CAF-1, we performed loss-of-function studies in GMPs using RNAi or 

CRISPR/Cas9-assisted gene editing (Figure. 5a-b). Consistent with C/EBPa motif enrichment in 

the commonly gained ATAC-seq sites, its depletion substantially impaired granulocyte 

differentiation initiated by loss of either CAF-1 or Hoxa9 (Figure. 5c-e and Figure5-figure 

supplement 1a-c). Upon C/EBPa knockdown we detected up to 36% or 16% fewer cells expressing 

Lys-GFP after 48h of treatment with IPTG or estrogen withdrawal, respectively (Figure. 5e). In 

contrast, since ELF1 motif is uniquely enriched in the CAF-1 OFF gained ATAC-seq sites its loss 

affected granulocytes marker activation upon CAF-1 suppression only (Figure. 5f-h and Figure5-

figure supplement 1d-f). Upon ELF1 knockdown we detected up to 29% reduction in Lys-GFP 

positive cells at 48hrs, while having no observable effect upon HOXA9 inactivation (Figure. 5h). 

These results validate the above speculation and suggest that C/EBPa operates during the onset of 

differentiation in CAF-1 OFF and Hoxa9 OFF cells, whereas ELF1 specifically promotes 

differentiation initiated by CAF-1 depletion. 
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To test the hypothesis that C/EBPa and Elf1 might contribute to the mixed cellular state of 

CAF-1 depleted cells, we monitored the effect of their individual suppression on induction of 

megakaryocyte (CD41) and erythrocyte (CD105) markers. Knockdown of either C/EBPa or Elf1 

in CAF-1 OFF but not in Hoxa9 OFF cells led to the suppression of both markers, particularly at 

the 96hrs time point (Figure. 5i-j). For example, at 96hrs ELF1 loss in CAF-1 OFF cells resulted 

in 27% and 16% reduction of CD41 and CD105 positive cells, respectively (Figure. 5j). We 

conclude that suppression of CAF-1 overcomes the maturation block in GMPs, at least in part 

through facilitating access to C/EBPa and Elf1 transcription factors to their target sites. This, in 

turn, results in aberrant myeloid differentiation and a mixed cellular state (Figure5-figure 

supplement 2).  

 

Discussion 

Mechanisms that sustain GMP identity are poorly understood. We discovered a role of 

restricted chromatin accessibility in safeguarding GMPs from a mixed cellular state by 1) 

dissecting the early and late transcriptional changes at a single cell level, 2) mapping accessible 

binding motifs of transcription factors upon CAF-1 suppression in comparison to canonical 

differentiation, and 3) interrogating the function of the identified candidate transcription factors. 

By combined analysis of single cell transcriptomes and chromatin accessibility manipulation by 

targeting CAF-1, we identified C/EBPa and ELF1 as key regulators in myeloid lineage 

commitment. It is worth noting that expression profiles of these transcription factors do not stand 

out in the analysis of transcriptomes alone. In fact, during the normal process of differentiation 

following inactivation of Hoxa9, C/EBPa expression levels decrease, while the levels of both 

C/EBPa and ELF transcription factors remain unchanged throughout the differentiation process 
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upon CAF-1 repression (Figure4-figure supplement 2a-b). Thus, our analysis of chromatin 

accessibility in the context of modulating CAF-1 expression was instrumental to sense the 

activities of the critical transcription factors during myeloid differentiation.  

scRNA-seq has deepened our understanding of transcriptional programs that govern 

lineage commitment and unmasked the heterogeneity even within sorted populations of cells. 

Consistent with our findings, a study employing scRNA-seq demonstrated that mixed lineage 

states do not arise during normal differentiation of myeloid progenitors (Paul et al., 2016). 

Additionally, this same study identified C/EBPa as a key regulator in lineage restriction, consistent 

with our identified role of C/EBPa in promoting differentiation of GMPs upon CAF-1 suppression 

or Hoxa9 inactivation. Based on these results and previous studies of CAF-1 dependent regulation 

of cellular plasticity(Cheloufi et al., 2015, Ishiuchi et al., 2015, Cheloufi and Hochedlinger, 2017, 

Ng et al., 2019), we speculate that perturbing CAF-1 may present a broadly applicable approach 

to discern transcriptional programs that are central to differentiation of various precursor cells into 

progressively more lineage-restricted progeny. This is noteworthy since most previous studies that 

investigated the function of CAF-1 in maintenance of cell identity did not probe the effect of CAF-

1 ablation in progenitor – differentiated cell paradigms (Ishiuchi et al., 2015, Cheng et al., 2019, 

Ng et al., 2019, Volk et al., 2018). 

Given that CAF-1 is essential for cell growth, studying its function in specific blood 

populations in-vivo during the course of differentiation remains challenging. The conditional 

knockout of CAF-1 within the hematopoietic compartment results in pancytopenia and the loss of 

hematopoietic progenitors in the bone marrow(Volk et al., 2018). Our study tests the direct role of 

CAF-1 in GMPs specifically without perturbing other stem and progenitor precursors. Importantly, 
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the Hoxa9-GMPs captured in culture are karyotypically normal and retain the canonical myeloid 

differentiation potential observed in normal human and mouse hematopoesis(Sykes et al., 2016).  

CAF-1 restricts chromatin accessibility both through its nucleosome assembly function and 

through recruitment of chromatin modifying enzymes that promote gene silencing. CHAF1b was 

recently proposed to compete against transcription factor binding, including C/EBPa in an 

MLL/AF9 leukemia system without affecting chromatin accessibility(Volk et al., 2018). However, 

in this study CHAF1B binding to chromatin was interrogated in a setting where Chaf1b 

overexpression alone was sufficient to enhance leukemogenesis. Here we focus on the gain in 

global chromatin accessibility sites upon CAF-1 knockdown in a normal myeloid progenitor state 

to predict which transcription factors become active and could therefore play a role in lineage 

plasticity. C/EBPa appears to be a common driver of cellular differentiation in both the setting of 

CAF-1 knockdown as well as Hoxa9 inactivation. However, in the context of CAF-1 suppression 

alone, we found that C/EBPa together with additional activation of other transcription factors such 

as ELF1 contribute to aberrant differentiation, resulting in a mixed cellular state. We speculate that 

CAF-1 restricts lineage choice in normal homeostasis through its nucleosome assembly function 

by blocking the binding sites of transcription factors that promote alternate lineages. Further 

studies are needed to understand how transcription factor binding and activity is modulated upon 

manipulation of CAF-1 in normal homeostasis and disease settings.  

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 22, 2020. ; https://doi.org/10.1101/2020.10.22.350447doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.22.350447


 16 

Materials and Methods 

Cell culture and media 

Granulocyte-macrophage progenitor cells containing Hoxa9::ER were cultured in RPMI-1640 

supplemented with 10% FBS, 100U ml-1 penicillin, 100 µg ml−1 streptomycin, 2mM L-alanyl-L-

glutamine dipeptide and stem cell factor (SCF). The source of SCF was conditioned media 

generated from a Chinese hamster ovary (CHO) cell line that stably secretes SCF. Conditioned 

medium was added at a final concentration of 1 - 2 % depending on the batch. β-Estradiol 

(abbreviated E2) was added to a final concentration of 150 ng/ml from a 3 mg/ml stock dissolved 

in 100% ethanol. Packaging cells (293T cell line) for producing lentiviral particles were cultured 

in DMEM supplemented with 10% FBS, 100U ml-1 penicillin, 100 µg ml−1 streptomycin, 55 µM 

β-mercaptoethanol, 2 mM L-alanyl-L-glutamine dipeptide and 1x MEM NEAA. All cells were 

cultured at 37°C with 5% CO2. Cells were tested for mycoplasma contamination and found to be 

negative. 

 

Flow cytometry 

Antibodies (mouse: CD11b, Gr-1, CD41, CD105) were all purchased from BioLegend. Cells were 

suspended in FACS buffer (PBS + 5% FBS + 1 mM EDTA) and stained for 20 min at 4°C in the 

dark. Propidium iodide was used as viability dyes to help identify dead cells prior to flow 

cytometry. Flow cytometry assays at UCR were performed on NovoCyte flow cytometer, acquired 

using NovoExpress software, and analyzed using FlowJo software. Flow cytometry assays at 

MGH were performed on the BD LSR2 flow cytometer, acquired using Diva software, and 

analyzed using FlowJo software.  
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Time course, point of commitment and growth curve 

For IPTG-inducible Chaf1b shRNA expression (CAF-1 OFF), IPTG was added at a concentration 

of 500 µM. For Hoxa9 inactivation, cells were washed with PBS twice and then cultured in media 

without E2. Cell media were replenished with corresponding media every two days during time 

courses. In point of commitment experiment, cells were first cultured with IPTG addition or E2 

withdrawal with 24hrs pulse increments, followed by IPTG withdrawal or E2 addition to 

deactivate Chaf1b shRNA or activate Hoxa9. Growth curves were performed using ViaLight Plus 

Cell Proliferation and Cytotoxicity BioAssay Kit (Lonza) according to the supplier’s instruction. 

 

Quantitative RT-PCR  

RNA was extracted with the Direct-zol RNA miniprep plus kit (Zymo Research) and then reverse 

transcribed with the PrimeScript RT reaction kit (TaKaRa) according to the supplier’s instruction. 

Quantitative PCR was performed using the PowerUp SYBR Green master mix (Applied 

Biosystems) in a BIO-RAD CFX connect cycler. Primers used were: Cebpa-F: 

ATAGACATCAGCGCCTACATCGA; Cebpa-R: GTCGGCTGTGCTGGAAGAG; Elf1-F: 

TGCAAGTAACGGCATGGAGG; Elf1-R: AGGAACATGTTCCACAATAACAGCA; Pf4-F: 

CCGAAGAAAGCGATGGAGATCT; Pf4-R: ATTCTTCAGGGTGGCTATGAGC; Cd41-F: 

TGCCGTGGTATTGCATGGA; Cd41-R: CAGACAAGCCTCTCAAAGCCCT;  

Cd105-F: GTACCCACAAGTCTCGCAGAA; Cd105-R: AGATGTGACAGCATTCCGGG;  

β-actin-F: CGCCACCAGTTCGCCATGGA; β-actin-R: TACAGCCCGGGGAGCATCGT. 

Results are presented as 2-ΔΔCt values normalized to the expression of β-actin and negative control 

samples. All reactions were performed in triplicate. The means and standard deviations were 

calculated in GraphPad Prism 8 software.  
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SDS-PAGE and western blot analysis 

Whole-cell lysates were run on 10 or 15% SDS-polyacrylamide gels and transferred to 

nitrocellulose membrane (1620097, Bio-Rad) by standard methods. Membranes were blocked for 

1h for 5% non-fat dry milk in 1 ×TBS with 0.05% Tween-20 (TBST), rinsed, and incubated with 

primary antibody diluted in 3% BSA in TBST overnight at 4 °C. The following primary antibodies 

were used: anti-Chaf1a (sc-10206, Santa Cruz, discontinued), anti-Chaf1b (sc-393662, Santa 

Cruz), anti-TBP (ab818, Abcam), anti-CEBPα (8178, Cell Signaling), anti-ELF1(sc-133096, Santa 

Cruz). Blots were washed in TBST, incubated with HRP-conjugated secondary antibodies for 

semi-quantitative western blot analysis. Secondary antibodies were incubated in 5% milk in TBST 

for 1 h at room temperature and washed again. HRP signal was detected by Western Lightning 

Plus-ECL (NEL103E001EA, Perkin Elmer).  

 

Cytospins and Wright-Giemsa Staining  

Cells were prepared in PBS at a concentration of approximately 2 million/ml. Cytospin (Thermo 

Scientific Shandon) preparations were made (1,000 rpm, 60 s), and the cells were allowed to air 

dry. Cells were stained in 100% Wright-Giemsa (Siemens) for 2 min, and in 20% Wright-Giemsa 

diluted in buffer for 12 min. Stained cells were rinsed in deionized water, and coverslips were 

affixed with Permount prior to microscopy. 

 

Phagocytosis Assay  

ER-Hoxa9 cells were differentiated out of E2 for a period of 4 days. Cells were resuspended in 

media along with fluorescein-labeled heat-killed Escherichia coli BioParticles (pHrodo, Molecular 
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Probes). Cells and bioparticles were agitated at 37°C for 60 min prior to flow cytometry; DAPI 

was used as a viability dye. 

 

Lentivirus production 

shRNAs targeting Chaf1b were cloned into pLKO-TRC025 vector (Broad institute) harboring a 

puromycin-selectable marker. shRNAs were used: shChaf1b#1 (TRCN0000318223): 

GCTGTCAATGTTGTACGCTTT; shChaf1b#2 (TRCN0000318224) 

CGTCATTCTGTTGTGGAAGAT. Chaf1b shRNA were shuttled into into pLKO-TRC912 1X 

LacI vector harboring a puromycin-selectable marker for inducible expression. shRNA targeting 

the C/EBPα and ELF1 were cloned into pLKO.1 vector (Addgene, plasmid # 26655) harboring a 

blasticidin-selectable marker. shRNAs were used: shCebpa#1: 

GCCGAGATAAAGCCAAACAAC; shCebpa#2: GGACAAGAACAGCAACGAGTA; shElf1: 

GTGATCCTGCTATATTTCCTG; shCTRL (scrambled control): 

CCTAAGGTTAAGTCGCCCTCGC. sgRNAs targeting the C/EBPα and ELF1 locus were cloned 

into lentiCRISPR v2 vector (Addgene, plasmid #83480) harboring the wild type Cas9 coding 

region, an sgRNA expression cassette, and a blasticidin-selectable marker. Guide sequences used 

were: gCebpa#1: AGAAGTCGGCCGACTCCATG; gCebpa#2: 

GCGGCGCGGTCATGTCCGCG; gElf1: ATGAACAGTTCGGAAGAGCT. Lentiviruses were 

produced by transfection of 293T cells with Δ8.9 and VSVG plasmids. Virus was harvested at 36, 

60 and 84h post-transfection and precipitated using PEG3500 (Sigma-Aldrich, cat#P4338). For 

transduction, 150,000 cells were plated per well in a 12-well dish, and spin infected at 2500 rpm 

for 1.5h in the presence of 10 µg mL-1 of polybrene (Millipore). After 48h, transduced cells were 

selected with 10µg mL-1 blasticidin (Gibco) for 6 days.  
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10x Chromium single-cell RNA Sequencing  

Hoxa9-GMP cells were collected at 0h, 48hrs and 96hrs upon CAF-1 suppression or Hoxa9 

inactivation. Cells were then washed and resuspended with 10% FBS. The subsequent preparation 

was conducted following the instruction manual of 10X Chromium v2. The cDNA library and 

final library after index preparation were checked with bioanalyzer (High Sensitivity DNA 

reagents, Agilent Technology) for quality control. Following the library preparation, the 

sequencing was performed with paired-end sequencing of 75nt each end on HiSeq4000, by Novo 

Gene, Inc. Cells were sequenced to an average depth of 100,000 reads per cell.  

 

10X Chromium single-cell RNA Seq bioinformatics analysis 

The raw reads were mapped onto the mouse genome Ensembl gene model file 

Mus_musculus.GRCm38.gff using a standard CellRanger 3.1.0 pipeline. The package Seurat 

v3.0.1  was used in this study. Cells with less than 200 genes or more than 6000 genes (potential 

doublet) were removed, and only genes that were found expressed in at least 3 cells were kept in 

the analysis. Cells with mitochondrial gene percentage >10% were filtered out.  Unsupervised 

clustering analysis of 10X scRNAseq data performed after normalizing for total reads per cell and 

log transformed. 

 

Bulk RNA-seq 

Total RNA from cells was DNAse treated and purified using Qiagen RNeasy mini kit (according 

to manufacturer’s instructions). RNA quality was assessed using an Agilent 2100 Bioanalyzer. 

RNA-seq libraries were prepared with NEBNext UltraDirectional kit (New England Biolabs). 
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Libraries were pooled and sequenced on Illumina HiSeq 2500 instrument. On average 28 million 

reads were generated per library.  

 

Bioinformatics analysis of bulk RNA-seq data 

STAR aligner(Dobin et al., 2013) was used to map sequencing reads to transcripts in the mouse 

mm9 reference genome. Read counts for individual transcripts were produced with HTSeq-

count(Anders et al., 2015), followed by the estimation of expression values and detection of 

differentially expressed transcripts using EdgeR(Robinson et al., 2010). Differentially expressed 

genes were defined by at least 2-fold change with FDR less than 0.01. GSEA(Subramanian et al., 

2005) and EnrichR was used to analyze the enrichment of functional gene groups among 

differential expressed genes.  

 

Bulk ATAC-seq 

To generate ATAC-seq libraries, 50,000 cells were used and libraries were constructed as 

previously described(Buenrostro et al., 2013). Briefly, cells were washed in PBS twice, counted 

and nuclei were isolated from 100,000 cells using 100 µl hypotonic buffer (10 mM Tris pH 7.4, 

10 mM NaCl, 3 mM MgCl2, 0.1% NP40) to generate two independent transposition reactions. 

Nuclei were split in half and treated with 2.5 µl Tn5 Transposase (Illumina) for 30 min at 37 °C. 

DNA from transposed nuclei were then isolated and PCR-amplified using barcoded Nextera 

primers (Illumina). Library quality control and quantitation was carried out using high-sensitivity 

DNA Bioanalyzer and Qubit, followed by paired-end sequencing (PE50) on the Illumina HiSeq 

2500 instrument.  
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Bioinformatics analysis of bulk ATAC-seq data  

Sequencing reads were aligned against the mm9 reference genome using BWA(Li and Durbin, 

2010). Reads mapping to the mitochondrial genome and duplicate reads were removed. Peaks 

were called using the HOTSPOT method(John et al., 2011). Read numbers and densities were 

calculated across all samples for each genomic region among the union of all peaks in all 

samples. Regions of differential accessibility were identified using edgeR(Robinson et al., 2010), 

with the cutoffs of at least 2-fold difference and FDR<0.01. Sequence motifs enriched among 

these differentially accessible regions were identified using MEME-ChIP(Bailey et al., 2009). 

 

Statistical analysis 

Unless otherwise specified, values are depicted as mean ± SD. Parameters including statistical 

significance, P-value and statistical analysis methods are reported in the Figure legends and 

Supplementary Figure legends. Statistical analysis was performed using Student’s t-test. In all 

cases, *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 were considered statistically 

significant. 
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Figure legends 

Figure 1: Loss of CAF-1 relieves the differentiation block in myeloid progenitors.  

a, Schematic of GMP differentiation system and CAF-1 perturbation strategy. GMPs are lock in 

undifferentiated state with Hoxa9-ER transgene (blue). Lys-GFP (green) is a reporter of 

granulocytes differentiations. Chaf1b shRNAs lentiviral vectors (red) are introduced in the 

presence of active HOXA9. b, Flow cytometric analysis of Lys-GFP expression upon 

constitutive loss of Chaf1b in Hoxa9-GMPs using two independent shRNAs. c, Quantification of 

data shown in b. Values are the mean from two independent experiments. d, IPTG RNAi 

inducible system for Chaf1b suppression and strategy for establishment of monoclonal inducible 

cell lines. e, Flow cytometric analysis of Lys-GFP expression in monoclonal cell line selection 

representing variegated strength of differentiation phenotypes in 6 independent subclones upon 

IPTG administration. Hoxa9 inactivation upon β-Estradiol withdrawal (-E2) is used as a control. 

f, Representative flow cytometric analysis of Lys-GFP expression in the best subclone #1. (UT, 

untreated). g, Western blot analysis confirming shRNA suppression of CHAF1B protein and 

subsequent degradation of the CHAF1A subunit in the two best Chaf1b shRNA inducible sub-

clones (#1&#2) compared to control clones treated with IPTG. h, Differentiation rescue using 

RNAi resistant Chaf1b cDNA represented by flow cytometric analysis of Lys-GFP expression in 

IPTG inducible Chaf1b shRNA monoclonal cell lines transduced with either Chaf1b cDNA or 

empty vector control. i, Quantification of flow cytometry data shown in h and additional 

granulocytes differentiation markers (CD11b and Gr-1). Values are the mean from biological 

triplicates; error bars indicate standard deviation (***P < 0.001) 
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Figure 2: CAF-1 inhibition induces rapid but partial differentiation of Hoxa9-GMPs.  

a, Time course analysis of GMP differentiation during 5 days pulse period of IPTG (CAF-1 OFF) 

or -E2 (HOXA9 OFF) using flow cytometric analysis of Lys-GFP expression. b, Time course 

analysis of a set of granulocyte marker activation using flow cytometric analysis of Lys-GFP, 

CD11b and Gr-1 expression in CAF-1 OFF versus HOXA9 OFF GMPs. Representative example 

of Lys-GFP positive cells is shown in the histogram in a. c, Western blot time course analysis 

during 4 days pulse period depicting the shRNA suppression of CHAF1B protein and subsequent 

degradation of the CHAF1A subunit in CAF-1 OFF cells (left panel). CHAF1B and CHAF1A 

subunits are also naturally reduced in HOXA9 OFF cells (right panel). d, Pulse-Chase of either 

CAF-1 OFF (left plot) or HOXA9 OFF (right plot) to determine the point of commitment to 

granulocyte fate using flow cytometric analysis of Lys-GFP expression. X axes represents the 

pulse period followed by the corresponding chase period represented in the top schematic panel. 

CAF-1 OFF and HOXA9 OFF cells retain Lys-GFP activation after only 48hrs pulse and 5days 

chase. e, Morphologic analysis of CAF-1 OFF and HOXA9 OFF cells using Wright-Giemsa 

staining at 96hrs in a control clone and Chaf1b shRNA IPTG inducible clones. Shown are 

representative images from the analysis of two independent controls (left) and Chaf1b shRNA 

expressing subclones (right). UT (untreated cells with GMP morphology). f, Phagocytosis flow 

cytometric assay of CAF-1 OFF and HOXA9 OFF at 96hrs measuring the engulfment of 

fluorescently labeled bacterial particles.  

 

Figure 3: Co-activation of multilineage genes upon CAF-1 suppression in Hoxa9-GMPs.  

a, UMAP displaying 10X Chromium scRNA-Seq data, colored by time points (upper panel) and 

sub-clusters (lower panel). Clustering performed with SLM algorithm using PC1-10. b, Heatmap 
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displaying the top 10 enriched genes in each sub-cluster (shown in a, lower panel) ordered by time 

points and conditions. Select DEGs from different categories discussed in the text are highlighted 

by insets to the left of the heatmap. c, Heatmap displaying gene expression pattern of a curated set 

of lineage specific genes (surface markers and transcription factors) at different time points in 

CAF-1 OFF versus HOXA9 OFF cells. d, Bubble plots reflecting the lineage markers shown in c 

in CAF-1 OFF versus HOXA9 OFF cells. The color of the dots shows the relative expression level 

and the size of the dots represents the percentage of cells that express the corresponding gene. e, 

UMAP displaying the expression of select markers that characterize different lineages: Ly6c2 and 

CD11b for neutrophils, Pf4 and Cd41 for megakaryocyte progenitors and Car2 and Cd105 for 

erythrocyte progenitors. f, Flow cytometric analysis of Lys-GFP, CD41 and CD105 expression at 

0, 48, and 96 hrs in CAF-1 OFF versus HOXA9 OFF cells reflecting the mixed cellular state of 

CAF-1 OFF cells only. Lys-GFP and CD41 or CD105 double positive cells are gated. g, 

Representative flow cytometric analysis of Lys-GFP and CD41 activation upon subsequent (IPTG 

and -E2) pulse treatments. A representative longest pulse is shown here with initial CAF-1 OFF 

for 96hrs followed by HOXA9 OFF for 96hrs showing a modest rescue of the mixed cellular state 

when HOXA9 is subsequently inactivated in CAF-1 OFF GMPs. Individual CAF-1 OFF and 

HOXA9 OFF are shown as controls. Fine-tuned incremental pulse analysis is shown in Figure 3-

figure supplement 2.  

 

Figure 4: CAF-1 inhibits multiple transcriptional programs to block differentiation of 

GMPs. 

a,b Venn diagrams depicting common and unique DEGs (top panel) and differentially accessible 

ATAC-seq peaks (bottom panel) in CAF-1 OFF versus HOXA9 OFF cells at 48hrs. Upregulated 
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genes and gained ATAC-seq peaks (left panels). Downregulated genes and lost ATAC-seq peaks 

(right panel). c, d Bar graph showing the fractions of differentially expressed genes and 

differentially accessible ATAC-seq peaks in CAF-1 OFF versus HOXA9 OFF GMPs at 48hrs. e, 

Fractions of differentially accessible ATAC-seq peaks in CAF-1 OFF versus HOXA9 OFF 

GMPs that are within 100KB distance from differentially expressed genes represented as a 

matrix comparing gain versus loss of chromatin accessibility and how it correlates with 

upregulation versus downregulation of neighboring genes. f, Transcription factor motifs enriched 

from gained ATAC-seq peaks that are common or unique between CAF-1 OFF and HOXA9 

OFF conditions. g, h Representative examples of correlation shown in f. represented by genome 

tracks of ATAC-seq and RNA-seq peaks. g, example of a common target gene Cybb neighboring 

CEBPα (orange) and IRF1 (purple) predicted binding sites. h, example of a CAF-1 OFF unique 

target gene Il33 neighboring ELF1 predicted binding site (green). 

 

Figure 5: C/EBPa and ELF1 transcription factors are required for the mixed cellular state 

triggered by CAF-1 suppression. a, Schematic of Cebpa or Elf1 shRNAs cloned in pLKO.1 

vector (top) and Cebpa or Elf1guides cloned in LentiCRISPR v2 vector. b, Strategy for loss of 

function analysis of C/EBPα and ELF1 in the context of CAF-1 OFF or HOXA9 OFF GMPs 

followed by assessment of lineage markers by flow cytometry. c,d,f,g confirmation of C/EBPα or 

ELF1 shRNA mediated suppression by quantitative RT-PCR and western blot analyses. e&h, 

Time course flow cytometric analysis of Lys-GFP expression in CAF-1 OFF versus HOXA9 OFF 

GMPs upon C/EBPα (orange,e) or ELF1 (green,h) knockdown as measure of granulocytes 

differentiation. i-j, Time course flow cytometric analysis of CD41 (top graphs) and CD105 (bottom 
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graphs) expression in CAF-1 OFF versus HOXA9 OFF GMPs upon C/EBPα (i) or ELF1 (j) 

knockdown as measure the mixed cellular state observed in the CAF-1 OFF only condition. 
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Figures 2,3,4&5-figure supplements 

 

Figures 2,3,4&5-figure supplements legends 
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Figure supplements legends 

 

Figure2-figure supplement 1: CAF-1 suppression mirrors canonical GMP differentiation 

but exhibit no phagocytotic activity. 

a-d, Representative flow cytometry plots and histograms of CD11b (a, b) and Gr-1 (c, d) 

expression during 5-day time course in CAF-1 OFF versus HOXA9 OFF GMPs. e, Growth 

curves comparing HOXA9 OFF versus CAF-1 OFF GMPs in two IPTG inducible sub-clones 

expressing Chaf1b shRNA. f, Quantification of phagocytotic activities induced HOXA9 OFF 

versus CAF-1 OFF GMPs measured from the flow cytometric assay shown in Figure. 2e. 

 

Figure3-figure supplement 1: Activation of mixed lineage genes upon CAF-1 suppression in 

GMPs 

a, Experimental design for scRNA-seq experiments depicting the time course analysis at 48 and 

96 hours. b, Summary of number of single cells sequenced and analyzed in each condition and 

time point. c, Percentage of mitochondrial UMIs per cell per sample before and after filtering. d, 

Heatmap displaying gene expression patterns of a curated set of lineage specific genes (surface 

markers and transcription factors) at different time points in CAF-1 OFF versus HOXA9 OFF 

cells genes shown in Figure. 3c&d only in Gr-1 positive cells confirming the mixed cellular 

state in CAF-1 OFF only condition. e, f Flow cytometric plots and histograms of Lys-GFP, 

CD41 and CD105 expression showing a more detailed time course over 5days in CAF-1 OFF 

versus HOXA9 OFF cells reflecting the mixed cellular state of CAF-1 OFF cells only. Lys-GFP 

and CD41 or CD105 double positive cells are gated in the dot plots and the expression levels of 

the aberrantly expressed lineage markers CD41 and CD105 are represented in the histogram. g, 
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Western blot analysis showing different levels of CHAF1B reduction in a strong versus weak 

IPTG inducible sub-clone (see corresponding growth curve in Supplemental Fig. S1e). h Flow 

cytometric analysis of Lys-GFP, CD41 and CD105 of the CAF-1 OFF independent sub-clones in 

g showing a dosage dependent activation of the aberrantly expressed lineage markers upon CAF-

1 suppression.  

 

Figure3-figure supplement 2: The mixed cellular state upon CAF-1 suppression is not 

reversed with HOXA9 inactivation.  

a, Pulse strategy showing sequential inactivation of CAF-1 and HOXA9. Individual IPTG and -

E2 and simultaneous pulses are performed as controls. b, Flow cytometric analysis of Lys-GFP 

positive cells in all pulses shown in a. c, Representative flow cytometry histograms showing 

intensity Lys-GFP expression for all corresponding pulses. d, Flow cytometric analysis of CD41 

positive cells of all pulses shown in (a) as a readout of mixed cellular state upon CAF-1 

suppression. e, Representative flow cytometry histograms showing intensity of CD41 expression 

for all corresponding pulses. 

 

Figure4-figure supplement 1: Magnitude of gene expression and chromatin accessibility 

changes and gene set enrichment analysis comparing CAF-1 OFF and HOXA9 OFF GMPs. 

a&b Gene expression levels and ATAC-seq peak intensity comparing untreated (0h, +E2 control 

or IPTG CTRL) versus inactivation of either HOXA9 or CAF-1 at 48hrs. Genes or peaks off the 

diagonal dotted lines are differentially expressed. Uniquely regulated genes or peaks in each 

condition are shown in red and commonly regulated gene or peaks are shown in green (compare 

to venn diagrams in Fig.4 a&b). c, GSEA of bulk RNA-seq data at 48hrs in CAF-1 OFF versus 
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HOXA9 OFF GMPs showing similar significant sets recovered in both conditions reflecting 

myeloid differentiation. d, EnrichR GO cellular component of bulk RNA-seq data at 48hrs in 

CAF-1 OFF versus HOXA9 OFF GMPs depicting significant enrichment of gene sets associated 

with granulocytes differentiation.  

 

Figure4-figure supplement 2: Chromatin accessibility changes upon CAF-1 perturbation 

reveals common and alternate transcriptional programs 

a, Normalized fragments per kilobase of transcript per million mapped reads (FPKM) values of 

transcription factors Cebpa, Irf1, Elf4 and Elf1 during Hoxa9 inactivation from previously 

published canonical GMP differentiation dataset(Sykes et al. 2016). b, Count per million reads 

(CPM) of transcription factors Cebpa, Irf1, Elf4 and Elf1 at 0h, 24hrs and 48hrs upon CAF-1 

suppression showing static expression of candidate transcription factors. c, Cebpa and Elf1 

expression profile in hematopoietic hierarchical trees from blood spot database(Bagger et al. 

2016). d, Correlation analysis of differentially expressed genes at 48hrs that are within 100KB 

distance from the predicted C/EBPa gained ATAC-seq sites in CAF-1 OFF versus HOXA9 OFF 

conditions. e, FPKM values of top commonly regulated targets genes (S100a9, S100a8 and 

Cybb) neighboring C/EBPa motif ATAC-seq peaks over time from previously published 

canonical GMP differentiation dataset(Sykes et al. 2016). f&g Representative ATAC-seq and 

RNA-seq genome snap shots depicting the correlation between the gain in chromatin 

accessibility and activation of neighboring genes. f, examples of commonly targeted genes 

between HOXA9 OFF and CAF-1 (S100a9, S100a8) neighboring CEBPα (orange) predicted 

binding sites. g, example of a CAF-1 OFF uniquely targeted gene Flt1 neighboring ELF1 

predicted binding site (green).  
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Figure5-figure supplement 1: CRISPR/Cas9-assisted gene editing of C/EBPa and ELF1 

transcription factors in HOXA9 OFF and CAF-1 OFF GMPs. 

a, Flow Cytometry histograms reflecting Lys-GFP expression changes upon C/EBPα deletion at 

0h, 48hrs and 96hrs in CAF-1 OFF versus HOXA9 GMPs. b, Western blot analysis confirming 

reduced C/EBPα protein levels mediated by two independent guide RNAs. c, Quantification of 

Lys-GFP positive cells shown in a. d, Flow Cytometry histograms reflecting Lys-GFP 

expression changes upon ELF1 deletion at 0h, 48hrs and 96hrs in CAF-1 OFF versus HOXA9 

GMPs. e, Western blot analysis confirming reduced ELF1 at protein level mediated by Elf1 

guide RNA. f, Quantification of Lys-GFP positive cells shown in d. 

 

Figure5-figure supplement 2: Proposed model of how chromatin accessibility manipulation 

affects normal and aberrant GMPs differentiation.  

Left branch depicts GMPs canonical differentiation upon Hoxa9 inactivation and the action of 

C/EBPα and IRF1 transcription factors. Right branch depicts aberrant differentiation upon CAF-1 

suppression and the action of C/EBPα and ELF1 resulting a mixed cellular state. 
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