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Chromatin state barriers enforce an irreversible mammalian cell fate decision
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Summary

Stem and progenitor cells have the capacity to balance self-renewal and differentiation. Hematopoietic myeloid
progenitors replenish more than 25 billion terminally differentiated neutrophils every day under homeostatic
conditions and can increase this output in response to stress or infection. At what point along the spectrum of
maturation do progenitors lose capacity for self-renewal and become irreversibly committed to differentiation?
Using a system of conditional myeloid development that can be toggled between self-renewal and differentiation,
we interrogated determinants of this ‘point of no return’ in differentiation commitment. Irreversible commitment
is due primarily to loss of open regulatory site access and disruption of a positive feedback transcription factor
activation loop. Restoration of the transcription factor feedback loop extends the window of cell plasticity and
alters the point of no return. These findings demonstrate how the chromatin state enforces and perpetuates cell

fate and identifies potential avenues for manipulating cell identity.
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Highlights

e There exists a point of irreversible commitment in granulocytic differentiation
e Chromatin state dynamics establish the transition from self-renewal to differentiation commitment
e Reduced chromatin accessibility underlies an irreversible loss of regulatory site access

e Restoration of a transcription factor feedback loop alters the differentiation commitment point
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Introduction

Differentiation is generally understood to be a process whereby a stem or progenitor cell divides, matures, and
eventually exits the cell cycle as a ‘terminally’ differentiated effector cell. An intriguing and fundamental aspect
of differentiation is its unidirectionality; with rare exceptions', mammalian cells do not revert or de-differentiate
under physiological conditions™°. This suggests that cell circuits embed critical stages of cell fate commitment,
beyond which the differentiation program is irreversible. While the concept of differentiation commitment is well-
appreciated, the mechanistic basis of this process is not understood. What are the molecular “locking” factors that
enforce cell fate along the pathway from progenitor to effector cell? This question has significant biomedical
ramifications, as successful manipulation of cellular identity is critical for tissue regeneration and pro-

differentiation-based cancer therapies.

Several hypotheses seek to explain the irreversibility of differentiation. Epigenomic analyses of the induced
differentiation of pluripotent cells offer correlative support to the importance of chromatin dynamics and describe
a program in which lineage-specific transcription factors (TFs) are induced, and then reinforced by stable,
chromatin-based silencing of pluripotency gene expression programs’’. Proposed silencing mechanisms!'®!2
include DNA methylation and repressive histone modifications such as H3K27me3 and H3K9me3. These

modifications are antagonistic to transcription and are self-perpetuating'*!°

, offering a means of permanently
silencing transcription in the absence of continued stimulus. Studies in reprogramming also indirectly support this
hypothesis. By exogenously expressing four key TFs, mature cells can be reverted to pluripotent cells'.
Importantly, three of these four factors — OCT3/4, SOX2, and KLF4 — are “pioneer” TFs, denoting that they can
bind their DNA motifs even in the presence of nucleosomes and may override repressive chromatin states'!,

However, most TFs are not pioneer factors, allowing repressive chromatin states to enforce cellular identity under

normal conditions.

While compelling, these hypotheses have been difficult to test. Time-course profiling of differentiation programs
captures features that correlate with maturation, though it is not clear which of these features are causal in
preventing reversion of the program?. Furthermore, the large-scale profiling studies that generate such models
most commonly focus on the differentiation of embryonic stem cells’!""?!, These models may be applicable for
cell fate decisions in early embryogenesis, but it is not known whether they also apply to adult stem and progenitor

cell developmental programs.

To understand mammalian cell differentiation commitment, we have employed a system of conditional myeloid
progenitor cell differentiation arrest that can be released from differentiation blockade under tight temporal
control??. Using this system, we identified a critical differentiation commitment window, beyond which the cells

are incapable of returning to the progenitor state. By performing epigenomic profiling before, during, and after
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this window of commitment, we identified the chromatin state and transcriptomic processes that determine

differentiation commitment.

Unexpectedly, we did not observe promoter DNA methylation or H3K27me3 as contributors of differentiation
commitment. Instead, the most striking dynamics in this program involved chromatin remodeling, enhancer
activation, and transcription factor usage. Differentiation was accompanied by a progressive global loss of
accessible chromatin and concomitant stable silencing of progenitor state TFs. Importantly, ectopic expression of
the transcription factors Meis! and PbxI significantly extends the duration of cells along the differentiation
pathway before they are irreversibly committed to terminal differentiation. Here we propose a parsimonious model
in which the loss of access to active regulatory sites is sufficient to disable TF-driven re-acquisition of the
progenitor state. This model highlights the essential interaction between TFs and chromatin and ascribes a new

role to enhancers in cellular identity — the ability to act as barriers to de-differentiation.

Results

Myeloid differentiation is initiated by repression of progenitor state transcriptional programs

Studies of myeloid cell differentiation commonly rely on sorted populations of primary cells, which are limited in
abundance, or on cancer cell lines, which often differentiate aberrantly and in response to non-physiologic stimuli.
To study the mechanism of normal differentiation commitment, we used a system that provides an abundant
supply of diploid progenitor cells capable of synchronous and terminal differentiation. The ER-HOXA9 and ER-
HOXB8 models of conditional differentiation arrest offer these benefits?*?. In the presence of estrogen (beta-
estradiol, E2), the ER-HOXAY transcription factor is active and prevents differentiation beyond the granulocyte-
monocyte precursor (GMP) stage, allowing for unlimited expansion. Withdrawal of estrogen rapidly inactivates
the ER-HOXAS9 protein via nuclear export and cytoplasmic sequestration. Following ER-HOXAY9 inactivation,
cells synchronously progress through normal myeloid differentiation over ~5 days to fully mature neutrophils and

(less commonly) monocytes.

In utilizing HOXA9 (or HOXBS) to arrest differentiation, this model takes advantage of our understanding of
normal hematopoietic development. Progenitors must downregulate Hoxa9 expression as they commit to
becoming mature monocytes and neutrophils. HOXA9 is a well-appreciated regulator of myeloid cell fate and
mice lacking Hoxa9 have reductions in circulating white blood cell counts, myeloid colony forming ability, and
responsiveness to G-CSF?*. The dysregulated persistence of Hoxa9 expression promotes GMP differentiation

arrest and is a key oncogenic event seen in >70% of human AML%,
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These particular ER-HOXA9 GMPs were derived from adult bone marrow of a Lysozyme-GFP knock-in mouse®.
In this context, expression of GFP acts as an endogenous reporter of differentiation status, as only maturing

neutrophils activate expression of the secondary granule protein lysozyme.

To investigate the dynamics of differentiation, we analyzed gene expression (RNA-seq) at 10 time points across
the 120-hour program. The differentiation program proceeded in graded fashion, with progressive and continuous
global trends in gene expression (Figures 1A and Figure S1A). We identified six main patterns of gene expression

that differed primarily in the kinetics of induction or repression (Figure 1B).

Comparing the 0-hour (progenitor state) time point to later time points, Gene Set Enrichment Analysis (GSEA)?"%8
revealed that the interferon-y response and TNF-o pathway were strongly induced throughout the time-course,
and dramatic cell cycle repression and downregulation of Toll-like receptor X signaling emerged near the end of
the program (Figures S1B and S1C). At the final time point the most highly enriched gene sets (of 3,477) were
(1) Myeloid Development and (2) Genes Downregulated Upon Overexpression of Hoxa9 and Meis1 (Figure 1C
and S1B, and Supplementary Table 1), confirming the full execution of the differentiation program. Interestingly,
enrichment of these signatures over time showed unstable kinetics over the first 24-36 hours, after which they

progressed consistently (Figure S1C (left panel)).

Analyses of TF and miRNA binding motif enrichment in promoters of differentially expressed genes identified
the loss of MYC activity as an early event, induction of PU.1 and ELF1 targets as intermediate events, and loss
of E2F1 as a terminal event (Figure S1C, right panel). On a global level, concerted downregulation of active
TF/miRNA programs occurs prior to the strongest upregulation of a new set of TF/miRNA programs, suggesting
that progenitor gene expression programs are shut down prior to induction of differentiation programs (Figure

S1D).

ATAC-seq was performed to investigate epigenomic dynamics accompanying ER-HOXA9 differentiation. While
patterns of chromatin accessibility evolved as cells differentiated (Figures S2A and S2C), the total amount of open
chromatin appeared relatively constant in the first two days of the differentiation program. However, the number
of ATAC-seq peaks dropped precipitously from 48 hours until terminal differentiation, with fully mature cells
harboring less than half the amount of open chromatin as progenitor state cells (Figure 1D). Relatively few new
regions of chromatin opened as cells differentiated, with the majority (75%) of accessible chromatin in

differentiated cells already being open at the progenitor state (Figure S2B).

Concomitant with accessibility losses, the genomic distribution of ATAC-seq peaks showed a moderate relative
shift from introns and intergenic regions to promote/TSS regions (Figure 1E). Interestingly, this shift did not

reflect an increase in global promoter accessibility, as the absolute number of promoter/TSS peaks was constant
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through the time course, but instead resulted from the large drop in the absolute number of intron/intergenic peaks
starting around 48 hours. (Figures 1D and 1E). We next considered motif enrichment in areas of accessible
chromatin. Progenitor state open chromatin was enriched for binding sites of numerous TFs expressed both in the
progenitor and the mature state (Figures 1F and S2D and Supplementary Table 2). Motifs enriched only at the
early timepoints included binding sites for notable progenitor state TFs such as c-MYC, several GATA factors,
and multiple HOX TFs. The small number of motifs enriched only in mature cells included binding sites for the
neutrophil master regulators GFI1b, HIF1A, and NF-xB, suggesting the induction of these transcriptional

programs late in the differentiation program.

Collectively, these data suggest that in the progenitor state, the chromatin landscape of ER-HOXAJ9 cells is already
largely accessible to drivers of the differentiation program, but that progenitor state transcriptional programs must
be silenced prior to the execution of terminal differentiation and concomitant global losses in chromatin

accessibility.
Identification of an irreversible “point of no return” in the myeloid differentiation program

In normal mammalian cells, terminal differentiation is thought to be irreversible. However, our transcriptional and
epigenomic profiling did not identify any obvious inflection points or rapidly induced or lost gene expression
programs that would suggest a critical commitment point in the program. To test whether the myeloid
differentiation program is irreversible throughout, we temporarily inactivated ER-HOXA9 by estrogen withdrawal
(“-E2 pretreatment”) for varying periods of time before reactivating it by the reintroduction of estrogen followed

by monitoring the resulting extent of differentiation (Figure 2A).

According to our initial RNA-seq profiling (Figures 1A-1C), inactivation of ER-HOXA9 for 24 or 40 hours
initiated early to intermediate steps of the differentiation program. However, we found that these early events in
differentiation were reversible; reactivation of ER- HOXA9 overrode these changes and reverted cells back to (or
very close to) the starting progenitor state (Figure 2B). In contrast, after inactivating ER- HOXA9 for 72 hours or
more, the cells were stably committed to the differentiation program and could not be returned to the progenitor
state upon ER-HOXAO9 reactivation (Figure 2B); the cells had achieved a "point of no return" and inexorably

progressed to terminal differentiation.

To confirm that this differentiation point of no return was not specific to a single ER-HOXAS9 clone, we repeated
the estrogen withdrawal experiments in other ER-HOXAO9 clones as well as in the parallel iteration of the system
immortalized by ER-HOXBS expression?’. While the exact time of irreversibility varied slightly, all versions of

this system demonstrated a clear commitment point from which only rare cells could escape — even if the assay
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was extended to seven days - perhaps due to their lagging behind the rest of the differentiating population (Figures

S3A and S3B).

To complement these reporter-based differentiation assays, we expanded our analysis to the transcriptomic level.
In pre-commitment cells (24 or 40 hours -E2), reactivation of ER-HOXA9 successfully re-established a pattern
of gene expression that was nearly indistinguishable from the transcriptome of naive +E2 progenitor cells (Figure
2C). In contrast, in cells withdrawn from E2 for 72 hours, reactivation of ER-HOXA9 was unable to reverse the
global induction of differentiation. The transcriptomes of these cells remained markedly different from progenitors
and were strongly enriched for myeloid development gene signatures and activated neutrophil gene ontologies
(Figures 2C-2E). By 72 hours -E2, the cells had passed a key commitment point, beyond which their phenotype
was maintained in the absence of the originating stimulus. While not all cells in these samples proceeded to the
very final stages of terminal differentiation (as seen in the 120-hour -E2 samples), we reasoned that the
transcriptional changes maintained after 72-hours out of estrogen may represent the processes most critical for

preventing reversion of the cells back to the progenitor state.
Promoter DNA methylation and H3K27me3 silencing do not influence myeloid differentiation commitment

How was the differentiation gene expression program maintained following reactivation of ER-HOXA9? We first
investigated the roles of DNA 5SmC methylation and PRC2-mediated H3K27me3, which are repressive chromatin
modifications that can be self-propagated, and during ESC differentiation often localize to genomic loci that are
stably silenced in the chosen lineage’°. Accordingly, we hypothesized that DNA methylation and/or H3K27me3

may facilitate commitment to myeloid differentiation.

We performed Reduced Representation Bisulfite Sequencing (RRBS)? of 5SmC as well as ChIP-seq of H3K27me3
on cells in the progenitor state (+E2), the terminally differentiated state (-E2 for 120 hours) and after withdrawing
E2 for varying time periods before ER-HOXA9 reactivation. Unexpectedly, very few promoters showed
differentially methylated regions (DMRs). In fact, the methylomes were so similar that biological replicates did
not always cluster together (Figure S3C), and the few promoter DMRs that were observed did not correlate with
transcriptional silencing (Figure S3D). Similar results were found when considering DNA methylation in
H3K27ac ChlP-seq peaks (discussed below) marking putative active regulatory sites beyond promoters (Figure
S3E). This suggests that DNA CpG methylation at promoters and regulatory elements does not strongly influence

the transcriptional dynamics in this differentiation program.

We next examined H3K27 trimethylation. In progenitor cells, the H3K27me3 peaks were enriched at genes
regulating early embryonic developmental programs, with dramatic enrichment (p<1x10-1%?) for homeodomain-

containing genes (Supplementary Table 3). However, global H3K27me3 enrichment patterns did not change
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appreciably in differentiated cells (Supplementary Table 3 and Figures S4A-S4C), and H3K27me3-marked genes
were not enriched for GO categories relevant to myeloid differentiation in any of the samples (data not shown).
Furthermore, loss or gain of H3K27me3 from the progenitor to the differentiated state did not correlate with gene
expression changes (Figure S4D). More specifically, genes comprising the Myeloid Development expression
signature, the majority of which are highly differentially expressed over the differentiation program, had no
appreciable changes in H3K27me3 dynamics (Figure S4E). We therefore conclude that, similarly to DNA
promoter CpG methylation, H3K27me3 dynamics are unlikely to drive myeloid progenitor differentiation

commitment.
Chromatin remodeling is highly dynamic during differentiation

Given that we did not identify a role for DNA promoter CpG methylation or H3K27me3 in enforcing
differentiation commitment and considering the dramatic decline in chromatin accessibility observed via ATAC-
seq (Figure 1D), we investigated whether chromatin remodeling and regulatory site access dynamics could help
lock cells into the maturation program. We compared ATAC-seq signatures between progenitor cells, mature
cells, and in cells following the same -E2 pretreatment/add-back scheme described above. We also performed
ChIP-seq of H3K27ac and H3K4me3 on matching samples to help map regulatory elements. ATAC-seq trends
were highly dynamic, with unbiased clustering identifying seven main patterns of loci accessibility over the
maturation program (Figure S5A). Progenitor cells were again observed to have roughly twice as many peaks as
the terminally differentiated cells (Figures 3A and 3B). Intriguingly, longer -E2 pretreatments led to greater
irreversible losses of ATAC-seq peaks up to the 56-hour -E2 pretreatment sample, suggesting significant

epigenetic "memory" of the low chromatin accessibility state even after ER-HOXAY reactivation.

We compared chromatin accessibility in the populations receiving -E2 pretreatments of 40 hours or 72 hours.
Here, differentiation was initiated in both samples (Figures 1C and 2B), but only the 40-hour sample could be
reverted to the progenitor state by ER-HOXAO9 reactivation. Three main clusters of accessible chromatin dynamics
were identified when comparing these two samples: two regions that lost accessibility, and one region that gained
accessibility (Figure 3C). Motif enrichment of these genomic regions showed that many TF binding sites become
irreversibly depleted from accessible chromatin in cells 72-hours out of estrogen as compared to 40-hours, while

few motifs gained enrichment (Figures 3D and 3E).

TFs with binding motifs no longer enriched in open chromatin after the commitment point include many notable
drivers of the progenitor/proliferation program, such as RUNXI and 2, ERG, E2F1, and several ETS factors.
Concordantly, loci of canonical transcriptional targets of these TFs, such as Bc/2 and Hmga2 (RUNX13%), Cdknla
and Rfcl (E2F1773132) and Gata?2 and Arid3a (ERG*), had regions of open chromatin in the +E2 and 40 h —E2
pretreatment samples, but not in the —E2 or 72 h —E2 pretreatment samples (Figure S5B). Thus, a stable,
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irreversible reduction of TF access to chromatin distinguishes cells that pass beyond the differentiation

commitment point.

Altogether, our findings suggest a model in which transcriptional repression of pro-stemness TFs is followed by
losses in chromatin accessibility at their target loci, blocking their access to chromatin upon re-expression. This
model offers a parsimonious explanation for why long-term repressive epigenetic modifications such as
H3K27me3 and promoter DNA methylation may not be a pre-requisite for differentiation commitment in adult

progenitor cells.
Identification of ER-HOXAD9 direct target genes

To test our model, we focused on the most critical pro-stemness driver TF in this system, ER-HOXAD9 itself. Our
model predicts that, once the differentiation program is initiated, ER-HOXA9 can access its progenitor-state
binding sites only if re-activated prior to the commitment point. To identify direct ER-HOXA9 binding sites, we
turned to ChIP-seq and re-established new model cell lines with an ER-HOXA9 (or WT HOXA9) construct
harboring both V5 (N-terminal) and AM (C-terminal) epitope tags. We evaluated the V5 and AM antibodies in
ChIPs of the wild type (non-ER fusion) V5-HOX9-AM protein in progenitor cells. While V5 ChIPs yielded more
peaks than AM ChlIPs (17,214 vs. 6,876, respectively), other results were highly consistent. V5 and AM ChIPs
produced extremely similar global enrichment patterns with expected mapping to intronic and distal regions*%,
and had highly overlapping gene targets, GO enrichments, and motif enrichments (Figures S6A-S6F and
Supplementary Table 4). However, in ChIPs of the ER-HOXA9 fusion protein, the V5 antibody appeared to have
outperformed the AM antibody and closely recapitulated binding patterns of the wild type protein, albeit with

fewer peaks overall (Figures 4A-4D). Accordingly, we used the V5 tag for all subsequent ChIP experiments.

We sought to identify the direct regulatory targets of ER-HOXA9. Progenitor state (+E2) V5-ER-HOXA9-AM
ChIP-seq yielded 1,417 peaks that mapped to 908 genes (Supplementary Table 5), a subset of which we expect
are functionally regulated by ER-HOXAY9. Consistent with this, the set of the top 200 putative ER-HOXA9 target
genes were rapidly globally downregulated as cells differentiated, reaching maximum repression by 36 hours -E2

(Figures 4G and 4H).

We defined the putative ER-HOXA9 direct, functional activation targets as genes bound by ER-HOXA9 in
progenitor cells that are significantly downregulated at any point in the first 48 hours of differentiation. This
yielded 216 genes that are highly enriched for GO categories involving the immune response and hematopoiesis
(Figures 4E-4H and Supplementary Table 5). Intriguingly, among these targets are several critical transcriptional
regulators known to drive the progenitor/proliferative state and contribute to acute myeloid leukemia (AML),

including Runx2, Meisl, Gfilb, and AfY, as well as other AML oncogenes such as Fit3 and Msi2 (Figure 41). The
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direct regulation of other master TFs by ER-HOXA9 suggests that orchestration of progenitor state identity may

utilize a hierarchical TF control model*®, in which a very small number of master regulators have
disproportionately large control of the gene regulatory network. Importantly, this model predicts that TFs at or

near the top of the hierarchy have a very small number of most critical regulatory targets (i.e., a few other TFs).

We then investigated whether ER-HOXA9 can access its binding sites at progenitor state genes when reactivated
in cells that have passed the differentiation commitment point. We induced differentiation by withdrawing E2 for
72 hours and then reactivated ER-HOXA9 and collected samples for ChIP-seq. Consistent with significant loss
of chromatin access, reactivated ER-HOXA9 yielded markedly reduced ChlP-seq signal (Figures SA-5B) and was
only bound to 240 of its original 1,417 progenitor state binding sites (16.9%), as well as to 187 new binding sites
(Figure 5C and Supplementary Table 5). Critically, only 32 ER-HOXAJ9 direct activation target genes were bound
by reactivated ER-HOXA9 (Supplementary Table 5), and these did not include any of the aforementioned master
TFs. Consequently, despite ER-HOXA9 reactivation, these essential drivers of the progenitor state remained
irreversibly downregulated after the commitment point (Figure 5D). This is in line with the observation that the
functional activation targets of ER-HOXA9 were among the earliest genes to be silenced upon E2 withdrawal
(Figure 4G and 4H), and hence the least likely to retain open chromatin late in the differentiation program. Of
note, several of the original target loci that reactivated ER-HOXA9 could bind to included genes that are highly
upregulated in differentiated cells (Lysozyme, MmpS8, Cleck4n, Ccl4, and others).

Chromatin state barriers restrict ER-HOXA9 activity in post-commitment cells

We next determined the features of chromatin that precluded ER-HOXA9 binding after the commitment point.
We separated progenitor state bindings sites into those that ER-HOXA9 could (n=240) or could not (n=1,117) re-
bind to when reactivated after the commitment point. We then compared these sites for areas of overlap with our
matching ATAC-seq, H3K27ac, H3K4me3, and H3K27me3 ChIP-seq datasets from post-commitment cells. In
support of our model, the loci at which ER-HOXAJ9 failed to re-bind had dramatic aggregate reductions in ATAC-
seq peaks, H3K27ac peaks, and super-enhancers compared to the loci with successfully re-bound ER-HOXA9
(Figures 5E and 5F). Peaks of H3K27ac, in particular, overlapped with 86% of the re-bound ER-HOXAJ sites,
but with just 33% of the loci where ER-HOXAJ9 failed to re-bind. In contrast, there were no significant differences
between re-bound and non-re-bound loci in overlap with H3K4me3 or H3K27me3 (Figure SE and data not
shown). These results suggest that the progenitor state enhancer landscape must be maintained for ER-HOXAY to

successfully drive progenitor cell identity.

Finally, we investigated the sequence content of the most high-confidence ER-HOXAO9 target sites by intersecting
ER-HOXA9 ChIP-seq and ATAC-seq peaks and performing motif enrichment analyses. As expected, open
chromatin (ATAC-seq peaks) intersecting ER-HOXA9 peaks in the progenitor state was highly enriched for
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binding sites of TFs involved in progenitor biology, including ETS factors, HOXAJ9 itself, RUNX, MEIS, PU.1,
and others (Figure 5G and Supplementary Table 6). Strikingly, fewer than half of these motifs were enriched in
open chromatin intersecting ER-HOXA9 peaks in post-commitment cells, with binding sites for key TFs such as
MEIS1 and PU.1:IRF notably absent. Accordingly, the loci of several potentially critical ER-HOXA9 targets,
such as Flt3, Aldhi1b1, Pkca and Angptl, were largely inaccessible in post-commitment cells (Figures SH, 51 and
data not shown). This suggests that, following differentiation commitment, most of the original ER-HOXA9
binding sites are closed and that those that remain open harbor fewer options for coordinated binding between
ER-HOXAY9 and other transcriptional drivers of the progenitor state. Ultimately, these events compromise the
ability of ER-HOXAS9 to re-activate its activation targets, many of which remained irreversibly epigenetically

silenced (Figures SH and 5I).

In summary, in the progenitor state, ER-HOXA9 binds open chromatin at numerous genes and functionally
regulates a subset of these. Upon inactivation of ER-HOXAD9, its direct targets are rapidly downregulated with
initiation of the differentiation transcriptional program, and as chromatin accessibility globally and progressively
decreases, access to regulatory sites of these ER-HOXAO9 targets declines. By 72 hours, most of the original
binding sites are closed, and if ER-HOXAO9 is re-activated, it can bind to only a small minority of sites that are
still accessible. These do not include its most critical progenitor state regulatory targets; instead, these sites
correspond to the small subset of genes that were initially bound by ER-HOXA9, but seem to play later roles in

driving differentiation, and thus have maintained open chromatin status (Figure 7).
Enforced MeisI expression alters the point of the no return by increasing cellular plasticity

While ER-HOXA9 binds at ~1,000 genes (Supplementary Table 5), it appears to directly regulate approximately
one quarter of these. In this subset are a handful of other transcriptional regulators of marked importance for GMP
biology, including Gfilb, Meis1, and Runx2. We suspect that these may be the most essential ER-HOXAO9 targets,
since they all have extensive gene regulatory potential. Several lines of evidence suggest that Meis/ may play an
especially critical role in driving the progenitor state transcriptional program. Meis! is highly expressed in
progenitor cells and is sharply downregulated over the differentiation program (Figure 6A). Loss of MEIS1 may
strongly affect ER-HOXAO9 binding patterns, as the Meis! binding site is highly overrepresented in the promoters
of genes that ER-HOXAO9 fails to re-bind when reactivated after the commitment point (Figure 6B). Importantly,
the Meisl locus itself appears to be under significant epigenetic control. It is among the most dramatically
epigenetically inactivated loci in post-commitment point ER-HOXA9 cells, losing all five of its proximal
H3K27ac peaks and all four of its proximal ATAC-seq peaks (Figure 6D and data not shown). Accordingly, while
Meisl is a robust ER-HOXAO9 target in the progenitor state, epigenetic inactivation renders it inaccessible after

the commitment point, and its ER-HOXA9 binding site is among the most markedly reduced of all peaks in ER-
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HOXAO9 ChIP-seq of post- vs. pre-commitment cells (Figures 6C and 6D). Consequently, Meis! downregulation
is irreversible after the commitment point, and it remains silenced when ER-HOXA9 is reactivated after the

differentiation point-of-no-return (Figure 6E)

MEIS1 is well-known to heterodimerize with HOX9 and enhance its DNA-binding and trans-activation
potential®’. It follows that direct regulation of MeisI by HOXAY creates a positive feedback loop that would be
irreversibly broken by ER-HOXAO9 inactivation and subsequent closing of MeisI regulatory sites. This suggests
the possibility that, if MeisI could be expressed after the commitment point, this feedback loop would be restored,

and ER-HOXA9 may have a greater ability to access and activate its progenitor state gene regulatory targets.

To test the role of MEIS1 in differentiation commitment, we derived new cell lines of the ER-Hoxb8 system
harboring constitutive expression of Meis! and PbxI. We used ER-Hoxb8 cells, as they more stably expressed
exogenous Meis] than ER-HOXAO9 cells. Constitutive expression of Meis/ and PbxI did not affect the ability of
cells to differentiate upon inactivation of the ER-HOXBS protein, as these cells upregulated CD11b along the

same time course as control cells expressing ER-HOXBS only (data not shown).

Commitment point assays were performed in which we inactivated ER-HOXBS (E2 withdrawal) for varying
periods of time before reactivation (E2 add-back). As expected, the majority of ER-HOXBS cells could not be
reverted to the progenitor state after 72h -E2, and effectively all cells were fully committed to terminal
differentiation after 96h out of estrogen (Figure 6F). In contrast, though CD11b levels of live ER-HOXB8-MEIS1-
PBXI cells were near their maximum at 72-96 hours out of estrogen, the reactivation of ER-HOXBS even at 96
hours -E2 induced significant portion of cells to decrease CD11b expression and to return toward the progenitor
state (Figure 6F). In control ER-HOXBS8 cells lacking Meis! expression, >99.9% of cells had terminally
differentiated and died by this point, with only a fraction of a percent of outliers still alive and not terminally
differentiated. These data suggest that co-expression of ER-HOXBS, MEIS1, and PBX1 endows ER-HOXBS cells
with the ability to go further into the myeloid differentiation program before irreversibly committing to

differentiation.
Chromatin accessibility and HOXAY9 activity human and mouse myeloid differentiation programs in vivo

As the ER-HOXA9 model faithfully recapitulates the in vivo myeloid differentiation program?*, we hypothesized
that the key features of our model (Figure 7) would also be observed in epigenomic analyses of normal primary
human and mouse myeloid cell populations. Accordingly, we analyzed ATAC-seq and RNA-seq data from sorted
human and mouse GMPs and mature monocytes>**’ (neutrophil data were not available), as comparator cell types

to the ER-HOXAO9 cells in the progenitor and fully differentiated states. We first tested whether the in vivo
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progression from immature GMP to mature monocyte featured one of the hallmarks of our commitment point

model — a dramatic global reduction in chromatin accessibility.

Consistent with our data, we found that 130,325 ATAC-seq peaks are lost or significantly reduced in the transition
from human GMPs to monoctyes, while only 25,758 peaks (~5-fold fewer) are gained or significantly increased
(Figure S7A). Interrogating this program in a parallel dataset of sorted murine hematopoietic cells, we found that
141,465 peaks are lost/reduced in monocytes compared to GMPs, while only 35,432 peaks (~4-fold fewer) are
gained/increased (Figure S7A). We also investigated whether, as in ER-HOXA9 cells, regions of chromatin that
are open in differentiated cells are already open in the progenitor state. In line with our model, the majority of
regions of accessible chromatin in mouse monocytes are already accessible in GMPs (73,455 of 124,901 (59%);

Figure S7B).

We then considered peak distribution trends in the myeloid differentiation program. As ER-HOXA9 cells
differentiate, the percentage of promoter ATAC-seq peaks significantly increases, while the percentage of intron
and intergenic peaks decreases (Figure 1E). Similarly, in human GMPs, 93% of ATAC-seq peaks that are
lost/reduced in monocytes map to introns and intergenic regions, while only 2.6% map to promoters. Among
peaks that are gained/increased in monocytes, only 60% map to introns and intergenic regions, while a striking

32% map to promoters (Figure S7C and Supplementary Table 7).

We next investigated putative HOXAO targets and their transcriptional trends in the human dataset and compared
them to our experimental data. We defined putative direct activation targets of ER-HOXAY9 as genes that (1) have
a proximal ER-HOXA9 ChIP-seq peak in the progenitor state, and (2) are significantly downregulated within the
first 48 hours of the differentiation program — yielding 216 genes (Figure 4E). As the human datasets lack HOXA9
ChIP-seq, we defined the set of candidate direct activation targets of HOXA9 as genes that (1) had a HOXA9
consensus binding site within a GMP ATAC-seq peak that was lost/reduced in monocytes, and (2) were
significantly transcriptionally downregulated in monocytes compared to GMPs - yielding 1,258 genes. Despite
the differences in species (mouse vs. human), differentiated cell types (neutrophils vs. monocytes), datasets (with
or without HOXA9 ChIP-seq) and contexts (in vitro vs. in vivo), we still observed a statistically significant overlap
in the putative direct activation targets of HOXAY9 in these two settings. Of the 216 direct activation targets in ER-
HOXAD9 cells, 31 — roughly 3-fold more than expected by chance - were conserved in human GMPs (p = 7.04 x
10-7, hypergeometric distribution). Among these conserved targets were several genes expected to be critical

drivers of the ER-HOXAU9 progenitor state, including F/¢3 and Runx2 (Figure S7D).

Taken together, these data suggest that salient epigenomic features of our ER-HOXA9-based model of

differentiation commitment are conserved in vivo in human hematopoietic cells.
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Discussion

Models of cell fate commitment

Lineage choice and cellular differentiation programs proceed unidirectionally during development and in the
maintenance of adult tissue. This process has been conceptualized in ‘Waddington’s Landscape’ as a progressive
loss of pluripotency accompanying each cell identity decision*!. The molecular underpinnings of cell identity
barriers remain understudied. Repressive, self-perpetuating chromatin modifications such as H3K27me3'",
H3K9me3'2, and DNA methylation!! are proposed to establish these barriers by facilitating irreversible silencing
of stem or progenitor cell expression programs during differentiation. However, these models are typically derived
from correlative studies in embryonic stem cells’~, and studies have not yet experimentally tested which of these

chromatin features play a causal role in preventing de-differentiation.

Identification of the “point of no return” in the myeloid differentiation program

Here we addressed the question of cell fate irreversibility using a tractable system of myeloid differentiation. In
this model, conditional activity of the ER-HOXA9 homeobox transcription factor governs the differentiation of
granulocyte-monocyte precursor (GMP) cells. GMPs with active ER-HOXA9 remain in an undifferentiated and
self-renewing state; upon inactivation of ER-HOXA9 the cells initiate their myeloid differentiation program to
terminally differentiated neutrophils. By inactivating and then reactivating ER-HOXA9 (via the removal and re-
addition of estrogen), we mapped a window of commitment, prior to which the cells can revert to the self-renewing

progenitor state, and beyond which they are destined to terminal differentiation.

While this program proceeds rapidly, the early stages (up to ~40 hours) are reversible. However, after ~72 hours,
reactivation of ER-HOXAJY fails to revert cells to their progenitor state. Surprisingly, dynamics in promoter DNA
methylation or H3K27me3 did not contribute to this cell identity commitment. Rather, we found that chromatin
remodeling, loss of active regulatory sites, and co-factor silencing collectively form an epigenetic barrier to
prevent ER-HOXA9 from re-establishing the progenitor-state transcriptome after the commitment point. This
contrasts with proposed models of ESC differentiation commitment, in which repressive histone modifications
and DNA methylation can irreversibly silence pluripotency factors such as Oct-3/4 and prevent

dedifferentiation'"!%.

Our study focused on the choice of myeloid progenitor commitment from a self-renewing cell to a terminally
differentiated effector cell. In this context, the “soft” epigenetic processes of chromatin accessibility and enhancer
dynamics were sufficient to define a “point of no return.” We defined a role of the enhancer landscape in

differentiation commitment, as the ER-HOXAY protein is largely an enhancer-binding TF***. After inactivating
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ER-HOXAY9, many of its target enhancers are also inactivated. Lacking active enhancers, the reactivated ER-
HOXA9 protein — which is not thought to have pioneering factor activity at most of its binding targets*** - is
unable to reactivate the majority of its original target genes. While enhancers are known to define cell identity,
our work describes a new role of enhancer accessibility in preventing de-differentiation. This model does not
preclude a role for DNA methylation, H3K27me3, or other chromatin features in differentiation commitment in

other contexts, especially in early embryonic development.

The question remains as to how and why chromatin and enhancer accessibility is so dramatically reduced as the
ER-HOXA9 cells differentiate. Epigenomic features can be "passively" lost via mitosis***. However, ER-
HOXAD9 cells exit the cell cycle within 72 hours after initiating differentiation??, and most losses in chromatin
accessibility occur beyond this point (Figure 1D). A likely possibility is that the open chromatin at enhancers and
promoters closes by default once transcription at the locus ceases. This would be consistent with models holding

that the default state of chromatin is nucleosomal, and that regulatory loci are closed unless actively kept open*®*7,

Addressing Heterogeneity

As we followed the population of ER-HOXAO9 cells during myeloid differentiation, we observed subtle cellular
heterogeneity in the time required to reach the differentiation commitment point. One likely variable is the cell
cycle status, as terminal differentiation programs are intimately linked to the cell cycle*, and it is possible that
the “point of no return” occurs after a fixed number of cell cycles. In this case, the relatively broad commitment

window (40 — 72 hours -E2) may be tightened in future experiments with synchronization of the cell cycle.

It is also possible that there is cell state heterogeneity in the starting population. Pluripotent cells are proposed to
cycle through multiple pluripotency sub-states that may prime them for more rapid differentiation down particular
lineages*°. Whether GMPs cycle through analogous sub-states is an open question; single-cell transcriptomic
and epigenomic approaches may be applied at several points along the differentiation program to address this

question.

Relevance to acute myeloid leukemia

Acute myeloid leukemia (AML) is characterized by hallmark differentiation arrest that maintains the leukemic
blasts in a proliferative, self-renewing, progenitor-like state. “Differentiation therapy” with all-#rans retinoic acid
(ATRA) and arsenic trioxide offers curative therapy to patients with the promyelocytic AML subtype’!-2,
Inhibition of mutant IDH2 in another small subset of AML with IDH mutations may also prove effective by
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inducing differentiation®**°. Unfortunately, differentiation therapy has not been available for patients of other

AML subtypes.

In addition to its use in studies of normal myeloid differentiation, the ER-HOXA9 model system also effectively
models the differentiation block of AML. Hoxa9 is upregulated in the majority (70%) of AMLs>’ and is considered
a critical driver of oncogenic differentiation arrest’’. By delineating the mechanisms of differentiation
irreversibility in the ER-HOXA9 model, our work aims to define the molecular processes underlying leukemic
differentiation arrest and to identify those processes that may be amenable to therapeutic targeting in the

development of new AML differentiation therapies.

Our model predicts that factors regulating chromatin remodeling and accessibility represent key vulnerabilities
that AML cells need to overcome in order to avoid irreversible differentiation. Identification of such factors will
be important to developing AML therapeutic strategies, and the ER-HOXA9 model of conditional differentiation
arrest offers a tractable discovery system. Targeting differentiation-suppressive proteins or associated complex
members may identify new approaches to differentiation therapy. Future work will determine the generalizability

of this endeavor as well as the genetic and mutational backgrounds in which it might be most effective.
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Figure Legends

Figure 1. Transcriptomic and ATAC-seq profiling of the myeloid differentiation program

A) Principal component analysis (PCA) of RNA-sequencing at 10 time points in biological duplicate following
inactivation of ER-HOXA9 (upon removal of estradiol) over 120 hours. B) Identification of six main clusters of
genes with distinct expression dynamics over the differentiation program. Individual transcripts in each cluster
are colored according to degree of correlation to the cluster trend. C) Plot of GSEA normalized enrichment scores
(NES) of myeloid differentiation gene sets over the differentiation time-course. D) Plot of number of ATAC-seq
peaks in ER-HOXAO9 cells over the differentiation program. E) Distribution of ATAC-seq peaks at each time point
according to genome annotation. F) Clustering of DNA motifs by degree of enrichment in ATAC-seq peaks of
open chromatin at each time point. RNA-seq and ATAC-seq data represent the average of experiments performed

in biological duplicate at each time point.

Figure 2. Identification of differentiation commitment “point of no return”

A) Diagram of scheme in which ER-HOXAY9 is temporarily inactivated by estrogen withdrawal (-E2) for a period
of time ("-E2 pretreatment") before reactivation via E2 add-back and cell harvest for phenotypic and epigenomic
analyses. B) Flow cytometry of GFP differentiation reporter in ER-HOXAJ9 cells in the progenitor state (0 h —E2),
terminally differentiated state (120 h —E2), or in cells receiving -E2 pretreatments followed by E2 add-back to
reactivate ER-HOXADY. Cells cultured with 24-hour or 40-hour -E2 pretreatment return to baseline after E2 add-
back, whereas cells cultured with 72 -E2 pretreatment cannot be reverted to baseline by subsequent Hoxa9
reactivation. Images shown are representatives from biological triplicates. C) RNA-seq of cells cultured +E2
(progenitor state), 120 hours -E2 (terminally differentiated state) or +E2 after -E2 pretreatments. D) GSEA
indicates that cells receiving 72-hour -E2 pretreatment stably maintain enrichment of the myeloid development
maturation gene expression programs after ER-HOXA9 reactivation. E) GO biological process enrichment (top)
and ChIP-seq-based transcription factor target enrichment (bottom) in the 200 genes most overexpressed in cells

receiving 72-hour vs. 0-hour -E2 pretreatment.

Figure 3. Chromatin remodeling dynamics in differentiation commitment

A) Number of ATAC-seq peaks in ER-HOXAO9 cells cultured +E2 (progenitor state), -E2 for 120 hours (terminally
differentiated state), or +E2 after -E2 pretreatments of varying duration. B) Normalized ATAC-seq read counts of

samples across all chromosomes. C) Identified clusters of genomic loci undergoing the most dramatic ATAC-seq
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dynamics in samples receiving 40-hour compared to 72-hour -E2 pretreatment prior to E2 add-back (representing
samples that did or did not pass the commitment point, respectively). D) TF binding motif enrichment in ATAC-
seq peaks found in clusters shown in (C). Heat map is colored by motif enrichment score in each sample. Clusters
of motifs that are enriched in 72-hour -E2 pretreatments are noted with lines and asterisks. E) Quantification of
binding motif enrichment trends in heat map shown in (D). ATAC-seq was performed in biological duplicate at

all time-points and results represent the average at each time-point.

Figure 4. Identification of ER-HOXAD9 direct targets

A) Heat map of merged peak regions from V5 ChIP-seq of V5-ER-HOXA9-AM cultured +E2 (nuclear V5-ER-
HOXA9-AM) or 96 hours -E2 (cytoplasmic V5-ER-HOXA9-AM). Regions shown are +/- 5Kb from the peak
center. B) Plot of average V5-ER-HOXA9-AM ChIP-seq normalized read density from +E2 and -E2 samples.
Window shown is +/- 2 Kb from center of all +E2 peak regions. C) Distribution of +E2 V5-ER-HOXA9-AM
peaks by genome annotation. D) MEME enrichment of known DNA motifs within peaks from +E2 V5-ER-
HOXA9-AM ChIP-seq. E) Overlap of genes that are transcriptionally downregulated within 48 hours of -E2
treatment and genes with proximal +E2 V5-ER-HOXA9-AM ChIP-seq peaks. These are considered putative
direct activation targets of ER-HOXA9. F) Top 5 GO biological processes enriched in ER-HOXA9 direct
activation targets. G) Heat map of transcriptional dynamics of ER-HOXA9 activation targets over the 120-hour -
E2 differentiation program. H) GSEA normalized enrichment scores (NES) of V5-ER-HOXA9-AM top 200 gene
targets (blue) and 216 direct activation targets (red) tested for enrichment in RNA-seq of genes ranked by
expression at each -E2 timepoint relative to 0-hour (+E2) timepoint. I) V5-ER-HOXA9-AM and H3K27ac ChIP-
seq tracks at loci three direct activation targets of ER-HOXA9 from cells cultured +E2 or -E2.

Figure 5. Integrative epigenomics analysis of ER-HOXA9 binding patterns in pre- and post-commitment

cells

A) Plots of normalized read density from ChIP-seq of V5-ER-HOXA9-AM in cells cultured +E2 (purple), -E2
(black), and +E2 after 72-hour -E2 pretreatment (light green). Top plot is averaged over all +E2 V5-ER-HOXA9-
AM peaks, bottom plot is averaged over the +E2 direct activation targets of V5-ER-HOXA9-AM. B) Heat map
visualization of ChIP-seq data shown in (A). C) Overlap of V5-ER-HOXA9-AM peaks from cells cultured +E2
or +E2 after 72-hour -E2 pretreatment. D) Box and whisker plot representation of expression of V5-ER-HOXA9-
AM activation target genes in cells cultured +E2, 120 hours -E2, or +E2 after -E2 pretreatments. Red line indicates

median, and whiskers represent +/- 1.5*IQR (IQR = interquartile range). *t-test p < 0.05; **t-test p < 0.01. ns =
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not significant. E) Percent of V5-ER-HOXA9-AM peaks overlapping an H3K27ac peak, ATAC-seq peak,
superenhancer, or H3K4me3 peak. V5-ER-HOXA9-AM peaks are split into groups of +E2 binding sites that ER-
HOXAO9 can (light blue) or cannot (light green) re-bind when reactivated after 72-hour -E2 pretreatment. F) Plots
of H3K27ac ChIP-seq average read density in loci that ER-HOXA9 can (left) or cannot (right) re-bind when
reactivated after 72-hour -E2 pretreatment. G) Heat map of DNA motif enrichments in the intersection of ATAC-
seq and V5-ER-HOXA9-AM ChlP-seq peaks in cells cultured +E2, 120 hours -E2, or +E2 after 72-hour -E2
pretreatment. Heat map is colored according to p-value of motif enrichment. H) Tracks of V5-ER-HOXA9-AM
and H3K27ac ChIP-seq along and matching ATAC-seq at the Fit3 (left) and A/dhi1b1 (right) loci in cells cultured
+E2, with or without 72-hour -E2 pretreatment. I) Expression of Fit3 (left) and Aldhibl (right) in cells cultured
+E2, 120 hours -E2, or +E2 after -E2 pretreatments.

Figure 6. Re-expression of Meisl co-factor TF extends the pre-commitment window

A) Downregulation of Meis! over the -E2 differentiation time-course. B) Top ChIP-seq-based transcription factor
target enrichments in the set of genes with the most reduced V5-ER-HOXA9-AM binding in cells cultured with
vs. without 72-hour -E2 pretreatment. C) Plot of genes with proximal V5-ER-HOXA9-AM peaks, ordered by
logx(fold-change) of maximum ChIP-seq peak value in cells cultured with vs. without 72-hour -E2 pretreatment.
D) Tracks from V5-ER-HOXA9-AM ChIP-seq, H3K27ac ChIP-seq, and ATAC-seq of cells cultured with or
without 72-hour -E2 pretreatment. E) Expression of Meis! in cells cultured +E2, 120 hours -E2, or +E2 after -E2
pretreatments. F) Live cell CD11b+ percentages of control or Meis1/Pbx1-overexpressing ER-Hoxb8 cells on Day
7 of commitment point assay. Cells were cultured +E2 for 7 days, -E2 for 7 days, or -E2 for the indicated durations

followed by +E2 for the remainder of the experiment. *t-test p < 0.05; **t-test p < 0.01.

Figure 7. Model for molecular basis of point of no return.

Chromatin focused model of TF expression, chromatin accessibility, and cell identity fate the pre-commitment

(top) and post-commitment (bottom) states.
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STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Request for more information about this manuscript and any reagents or codes used therein will be fulfilled upon

request to the Lead Contact, M. Andrés Blanco (ablanco@yvet.upenn.edu).

Cell culture

The ER-HOXA9 and ER-HOXBS cell lines have been previously described in detail?>?3. In brief, murine bone
marrow was harvested by crushing the femur and tibia bones. The cells were filtered through a 40-micron filter
and layered over a Ficoll-Paque-Plus gradient to collect live mononuclear cells. Cells were cultured for 48 hours
in RPMI supplemented with 10% fetal bovine serum, penicillin/streptomycin, SCF (10 ng/ml), IL-3 (10 ng/ml)
and IL-6 (10 ng/ml). Tissue culture-treated 12-well plates were pre-coated with human plasma fibronectin (1 ml
per well, overnight at 37°C, at a final concentration of 10 pg/ml in phosphate buffered saline (PBS)). Fibronectin
was aspirated prior to the addition of cells. At ~48 hours, 2.5 x 10° cells in a volume of 500 pl were transferred to
each well. Polybrene was added and the cells were transduced via spinoculation (1000 g, 90 min, 22-degrees) with
1 ml of ecotropic retrovirus (MSCVneo-EE-ER-HOXAJ9; the EE denoting a GLU-GLU epitope tag or MSCVneo-
HA-ER-HOXBS; the HA denoting a hemagluttinin epitope tag). The transduction volume was 1.5 ml with a
polybrene concentration of 8 pg/ml. Following the transduction, 3 ml of fresh media was added to each well to

dilute the polybrene to a less toxic concentration.

These GMP progenitors were maintained in RPMI supplemented with 10% fetal bovine serum,
penicillin/streptomycin, and stem cell factor (SCF). The source of stem cell factor 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, final concentration of SCF approximately 100 ng/ml as
measured by ELISA). Beta-estradiol (abbreviated E2, Sigma, E2758) was added to a final concentration of 0.5
uM from a 10 mM stock dissolved in 100% ethanol. The media was stable for at least 4 weeks when maintained

at4°C.

To inactivate ER-HOXA9 or ER-HOXBS, the cells were washed (2X PBS) free of beta-estradiol and re-plated in

the same base media without estradiol.

Page 25 of 41


https://doi.org/10.1101/2021.05.12.443709
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.12.443709; this version posted May 14, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chromatin state barriers... Blanco et al. 2021

Establishing the V5-Hoxa9-AM, V5-ER-HOXA9-AM, and ER-Hoxb8-Meis1-Pbx1 cell lines

Bone marrow mononuclear cells were isolated from female CD45.1STEM mice
[https://pubmed.ncbi.nlm.nih.gov/27185283/] by Ficoll-Paque-Plus density gradient centrifugation and
transduced as described above. The V5-HOXA9-AM, and ER-HOXB8-MEIS1-PBX1 constructs were cloned
into the backbone of MSCVdeltaNEO (MSCVneo in which the PGK promoter and neomycin resistance cassette
was removed by Bglll + BamH]1 digestion and ligation. This was done to decrease the size of the final MSCV

construct and to allow for the generation of higher titer virus.

Gene synthesis and cloning of the constructs into the MSCVdeltaNEO backbone was done by VectorBuilder

and ecotropic retrovirus generated by transient transfection of 293T cells using the Lipofectamine 2000 reagent.

Flow cytometry

Antibodies were purchased from BioLegend. Cells were suspended in FACS (fluorescence activated cell sorting)
buffer (PBS + 2% FBS + 1 mM EDTA) and stained for 45 minutes at 4°C in the dark. 7-AAD or propidium iodide
was included as a viability dye to help identify dead cells. Flow cytometry data was collected on either a BD

FACSCalibur or BD LSR2 flow cytometer and analyzed using FlowJo software.

ChIP-seq

Cells were cross-linked with 1% formaldehyde at 37°C for 10 minutes, quenched with 125 mM glycine at room
temperature for 5 minutes, and homogenized via douncing in swelling buffer. Nuclei were isolated via
centrifugation and fragmented in sonication buffer by probe sonication. Insoluble material was removed via
centrifugation and 500 ug chromatin (histone modification ChIPs) or 30 ug (V5-ER-HOXA9-AM) ChIPs was
immunoprecipitated overnight at 4°C with 5-10 pg of antibody (for histone modification ChIPs) or 4 pug (for V5-
ER-HOXA9-AM) ChIPs and 50 pl protein G magnetic dynabeads. Immunoprecipitated material was eluted by
heating twice at 65°C for 5 minutes in 1% SDS buffer. Cross-links were reversed by incubating at 65°C overnight
in 160 mM NaCl and 20 pg/ml RNase A. Samples were then treated with 200 ng/ml Proteinase K for two hours
at 45°C and DNA recovered by phenol-chloroform extraction. 10 ng of DNA per sample was used for next
generation sequencing library preparation using an NEBNext ChIP-seq Library Prep Master Mix Set for Illumina
kit (New England Biolabs) as per manufacturer’s guidelines using AMPure XL beads for purification (Beckmann
Coulter). 50 bp single end sequencing of DNA was performed on an Illumina HiSeq 2500 sequencer (histone

modification ChIP-seq) or an Illumina NextSeq 500 sequencer (V5-ER-HOXA9-AM ChlIP-seq). The following
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antibodies were used for chromatin immunoprecipitation: H3K4me3: Millipore CMA304; H3K27me3: Millipore
07-449; H3K27ac: Active Motif AM39135; V5: Abcam ab15828; AM: Active Motif 91111.

ChIP-seq data analysis

Reads were aligned to the genome using Bowtie 2.0, Peaks were called using MACS or MACS 2.0%°, depending
on the sample, with mfold minimum set to 10 and FDR < 0.01. GO category enrichment analyses were performed
with Genomic Regions Enrichment of Annotations Tool (GREAT)® and EnrichR®? and motif enrichment
analyses were performed with Analysis of Motif Enrichment (AME) from the MEME Suite 4.12.0%. Peaks were
visualized using the UCSC Genome browser®. Superenhancer peaks were called as described previously®.
Briefly, H3K27ac peaks were first called by using MACS2 and peaks within 12.5 kb of one another were stitched
together as a super enhancer. ChIP-seq heat maps were generated using deepTools® as follows. bamCompare was
used to generate paired bigwig files using 50 bp bins, computeMatrix was used (parameters: --
beforeRegionStartLength 2000; --binSize 10; --sortUsing mean; --averageTypeBins mean) to generate scores for
heat maps, and heat maps were generated with with plotHeatmap (parameters: —sortRegions descending order; —
sortUsing mean; —averageTypeSummaryPlot mean). Genomic distributions of ChIP-seq peaks were generated
using ChIPseeker®” with default parameters. For analysis of V5-ER-HOXA9-AM ChIP-seq data, 75-nt single-end
sequence reads were mapped to the mm10 genome using the BWA algorithm with default settings. Reads that
passed Illumina's purity filter, had no more than 2 alignment mismatches, and mapped uniquely to the genome
were de-duplicated and maintained for subsequent analysis using MACS for peak calling. For peak-to-gene
mapping, peaks were assigned to the closest gene within a gene margin of 10,000 bp upstream to 10,000 bp
downstream. If the peak was not within the margin for any genes, it was not given a gene association. Differential
peak values for a given gene when comparing any two timepoints were defined as the log2 fold change between
the fragment densities of the gene-associated peak interval at the two timepoints. For genes with multiple peaks

within the gene margin, the peak interval with the highest fragment density was used.

ATAC-seq

To generate ATAC-seq libraries, 50,000 cells were used and libraries were constructed as previously
described®®®, Briefly, cells were washed in PBS twice, counted and nuclei were isolated from 100,000 cells using
100 pl 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 pl Tn5 Transposase (Illumina)

for 30 mins. at 37°C. DNA from transposed nuclei was then isolated and PCR-amplified using barcoded Nextera
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primers (Illumina). Library QC was carried out using high sensitivity DNA biolanalyzer assay and qubit

measurement and sequenced using paired-end sequencing (PE50) on the Illumina Hi-Seq 2500 platform.

ATAC-seq data analysis.

Raw data were mapped to mouse reference genome version mm9 by BWA™, Potential PCR duplicates and
ambiguously mapped reads were further filtered out for downstream analysis. Peaks were called by MACS 2.0%
with parameters callpeak --nomodel --extsize 200 --shift -100 -q 0.01. Consistency of peak calling results between
replicates was examined using IDR analysis. IDR consistency threshold of 0.05 was applied to truncate the peak
lists, peaks that passed the threshold were used for subsequent analysis. PCAs of ATAC-seq peak files were

72,73

generated using ggplot2”' and ggfortify’>”?, with MultiCovBed used to generate input files from peak bed files
(default settings used for all parameters). For analysis of in vivo samples, ATAC-seq data were obtained from
GSE74912 (human GMPs), direct transfer from Jason D. Buenrostro (human monocytes) and GSE143270 (mouse
GMPs and monocytes). Briefly, raw fastq data were downloaded from SRA, reads passed QC were then mapped

to hgl9 and mm10 by BWA, and peaks were called by MACS?2.

ATAC-seq motif enrichment analysis

ATAC-seq peak regions were analyzed for the occurrences of known motifs in HOMER motif databases’ using

HOMER. -log10 (motif P-value) was used for the motif enrichment heatmap plot.

ATAC-seq time course clustering analysis

To obtain a reference peak set, ATAC-seq peaks of all time points were pooled and overlapping peaks regions
(=1bp) were merged into a single region which was the widest region that covers all merged regions. Raw reads
were counted in the reference peaks set for each time point using Rsubread and differential analysis was performed
using edgeR. Regions that showed no significant changes (Jlog2FC|> 2, FDR < 0.01) between any two time points
were eliminated and remaining regions used for following clustering analysis. Fuzzy clustering cmeans’ was

applied to recognize temporal patterns of the time course data.
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RNA-seq

Normalized 10 timepoint, 120-hour RNA-seq data were published previously?’. E2 withdrawal pretreatment and
add-back RNA-seq datasets were analyzed similarly. Briefly, Reads were aligned to the mouse GRCm38 primary
assembly extended with the sequence of eGFP (http://www.ebi.ac.uk/ena/data/view/AHK23750) using STARS

and the GENCODE annotation M5 (www.gencodegenes.org). Differential expression analysis was performed
with DESeq2 version 1.8.177 in R version 3.2.17%. Significantly differentially expressed genes, when comparing
any one timepoint to any other timpoint, were defined as genes with log, fold change >1 and Benjamini Hochberg
adjusted p-value < 0.05. Principal component analysis was performed in R and plotted using the ggplot2 package
version 2.2.07!. Clustering analyses of RNA-seq datasets was performed as described for ATAC-seq clustering
analyses. Heat maps were generated either using Heatmapper’® using average clustering and Euclidean distance
metric, or using GSEA (below). For RNA-seq analysis of human in vivo samples, data were obtained from

GSE74246, and DESeq2 was used to identify differential expression genes.

Gene Set Enrichment Analysis

Normalized time-course RNA-seq data were analyzed via GSEA 2.0?7% after condensing the dataset to one value
per gene by retaining the gene reading with the highest median RPKM value across all timepoints. Enrichment
analyses were performed using 1,000 gene set permutations, a weighted enrichment statistic, the Signal2Noise
ranking metric, and gene set minimum and maximum sizes of 15 and 500, respectively. Gene sets were obtained

from the Molecular Signatures Database (MSigDB)?"!? or from ChIP-seq datasets generated in this study.

Reduced Representation Bisulfite Sequencing (RRBS)

Reduced Representation Bisulfite Sequencing (RRBS) Illumina libraries were prepared according to a standard

gel-free pipeline®.

Reads were aligned to build mm9 of the mouse genome with MAQ in bisulfite alignment mode. For each CpG,
the methylation level was computed as the number of reads with unconverted cytosines divided by the number of
total reads covering that CpG. Mean methylation for each genomic feature was calculates as the mean methylation
level of the CpGs within the feature weighted by the sequence coverage at each CpG, and only CpGs covered at
5x or higher were used in this calculation. Differentially methylation testing was performed by using methylation
levels of CpGs covered at 5X or higher in a two-sample weighted coverage t-test. FDR g-values were calculated

from the t-test p-values using the R g-value package®!. Differentially methylated features were required to have a
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methylation difference of 0.2 at a FDR g-value threshold of 0.05.

RNA extraction

RNA was purified using an RNeasy kit (Qiagen) as per manufacturer’s instructions.
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Supplemental Figure Legends

Figure S1. Gene Set Enrichment Analysis and GO analysis during myeloid differentiation. Related to
Figure 1.

A) RNA-sequencing at 10 time points in biological duplicate following inactivation of ER-HOXA9 (upon removal
of estradiol) demonstrates a graded, continuous progression of the transcriptome from progenitors to terminally
differentiated neutrophils and macrophages over 120 hours. B) GSEA plots of most enriched (top plots) and most
repressed (bottom panels) gene sets in RNA-seq ranked by expression of genes at 120 hours or 96 hours -E2
(differentiated cells) compared to +E2 (progenitor cells). C) Plots of GSEA normalized enrichment scores (NES)
of gene sets over the -E2 differentiation time-course. Left - selected gene sets shown in (B). Right — sets of genes
with promoters containing the indicated TF binding sites. D) Quantification of total number of TF or miRNA
motifs enriched at p < 0.01 in promoters of up-regulated or down-regulated genes over the time-course. All RNA-

seq data represent the average of RNA-seq experiments performed in biological duplicate at each time point.

Figure S2. Global overviews of ATAC-seq profiling of the 120-hour ER-HOXAY differentiation time-

course. Related to Figure 1.

A) Principal component analysis (PCA) of ATAC-seq of ER-HOXAO9 cells across the differentiation program. B)
ATAC-seq peak overlap between progenitor state (+E2) and terminally differentiated (-E2) ER-HOXAO9 cells. C)
Tracks showing ATAC-seq signals at the Flt3 (left) Alcam (middle) and S100a9 (right) loci across the
differentiation program, representing the three main chromatin accessibility trends observed. Expression of each
gene across the differentiation program is shown beneath the gene's ATAC-seq tracks. D) TF binding site motif
enrichments in ATAC-seq peaks of ER-HOXAO9 cells in the progenitor state (+E2) and the terminally
differentiated state (120h -E2).

Figure S3. Identifying the point-of-no-return in alternative clones and stability of DNA methylation during

myeloid differentiation. Related to Figure 2.

To demonstrate that the window of differentiation commitment was not isolated to an individual clone of cells,
differentiation commitment assays were performed as shown in Figure 2B, only in a different ER-HOXA9 clone
(A), and in the complementary ER-Hoxb8 differentiation arrest model (B). Live cell GFP+ cell percentages are
shown in each case. In (B), GFP was quantified on day 5 (left) and again from the same samples at day 7 (right),

to confirm that the cells do not revert to the progenitor state if given more time. Beyond day 7 (which is 4 days
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after +E2 add-back to 72-hour -E2 pretreatment samples), differentiated cell populations were almost entirely
dead, precluding extension of the assay further. All results shown represent the average + standard deviation of
experiments performed at least in biological triplicate. C) Clustering of samples by Pearson correlation of global
DNA methylation patterns, as assayed by reduced representation bisulfite sequencing (RRBS). Samples were
cultured +E2, -E2 for 120 hours, or +E2 after varying durations of -E2 pretreatments. Assays were performed in
biological duplicate. D) RNA-seq logx(fold change) of genes with increasing or decreasing promoter DNA
methylation in 120-hour -E2 (differentiated) cells vs. +E2 (progenitor state) cells. E) DNA methylation dynamics

in regions containing H3K27ac ChIP-seq peaks following the same treatments as in (C).

Figure S4. H3K27 methylation does not influence myeloid differentiation gene expression programs.

Related to Figure 2.

A) Heat map of normalized H3K27me3 ChIP-seq read counts at all peak regions centered +/- 2Kb from the peak
center in progenitor state (+E2) or terminally differentiated (-E2) ER-HOXAS9 cells. B) Distribution of H3K27me3
ChIP-seq peaks according to genome annotation from progenitor (+E2) and terminally differentiated (-E2) ER-
HOXAD9 cells. C) Tracks showing H3K27me3 ChIP-seq signal at the Hoxa locus in progenitor cells (Oh -E2),
terminally differentiated cells (120h -E2), and cells cultured +E2 after 40h or 72h -E2 pretreatment. D) Violin
plots of expression distribution of all genes losing (left plot) or gaining (right plot) H3K27me3 peaks in terminally
differentiated (120h -E2) compared to progenitor state (+E2) ER-HOXAO9 cells. Expression distributions of the
same genes are shown in progenitor and terminally differentiated cells in each plot. p-values represent t-test
results. E) Aggregate numbers of H3K27me3 ChIP-seq peaks proximal to genes in the "Brown Myeloid Cell
Development Up" and "Brown Myeloid Cell Development Down" gene sets in progenitor (+E2) and terminally

differentiated (120h -E2) ER-HOXAO9 cells.

Figure S5. Global analyses of ATAC-seq analyses from commitment point assays. Related to Figure 3.

A) Clustering of ATAC-seq data from ER-HOXA9 cells cultured +E2, -E2, or +E2 after -E2 pretreatments
identifies 7 main patterns of chromatin accessibility dynamics. B) ATAC-seq tracks showing chromatin
accessibility of 6 gene loci in ER-HOXA9 cells cultured in the progenitor state (0 h —E2 pretreatment), the
differentiated state (-E2) or after 40 or 72 hours of —E2 pretreatment prior to E2 add-back.
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Figure S6. ChIP-seq of wild type (non-ER-tagged) V5-Hoxa9-AM with V5 and AM antibodies. Related to
Figure 4.

A) Correlation of read tags from V5 and AM antibody ChIP-seq of V5-Hoxa9-AM. r indicates Pearson correlation
coefficient. B) Heat map of merged peak regions (left, -/+ 5 Kb from peak center) or promoters (right, +/- 5 Kb
from TSS) from ChIP-seq of V5-Hoxa9-AM with V5 and AM antibodies. C) Distribution of peaks according to
genome annotation from ChIP-seq of V5-Hoxa9-AM with AM and V5 antibodies. D) MEME enrichment of
known DNA motifs within peaks from ChIP-seq of V5-ER-HOXA9-AM with AM and V5 antibodies. E) (Top)
Overlap of top 100 most enriched GO biological processes between AM and V5 antibody ChIP-seq of V5-Hoxa9-
AM. (Bottom) Overlap of genes with proximal peaks in ChIP-seq of V5-HOXA9-AM with AM and V5 antibodies.
F) Plots of average normalized read density from ChIP-seq of V5-Hoxa9-AM with AM and V5 antibodies. Region
plotted is -/+ 2 Kb from the TSS

Figure S7. in vivo Chromatin accessibility and transcriptional trends in GMPs and monocytes from humans

and mice . Related to Figure 5.

A) Number of ATAC-seq peaks lost/decayed or gained/enhanced in human and mouse monocytes compared to
GMPs. B) ATAC-seq peak overlap between mouse GMPs (+E2) and monocytes (-E2). C) Number of ATAC-seq
peaks that are lost/decayed or gained/increased in human monocytes compared to GMPs stratified by associated
genome feature. D) Tracks showing ATAC-seq and RNA-seq trends in human GMPs and monocytes at the F/¢3
(top) and Runx2 (bottom) loci. Hoxa9 binding motifs within peaks that are present in GMPs and absent in
monocytes are highlighted.
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Supplemental Table Titles

Table S1. GSEA MSigDB C2 and CS results from 120 hour -E2 RNA-seq time course.

Table S2. p-values from heat map in Figure 1F showing TF binding motif enrichment in accessible chromatin

regions over the ER-HOXA9 differentiation program.

Table S3. Biological Process and Interpro Domain enrichments of H3K27me3 ChIP-seq results.
Table S4. Biological Process and Molecular Function enrichments of HOXA9 ChIP-seq results.
Table S5. V5-ER-HOXA9-AM ChIP-seq target genes lists.

Table S6. p-values from heat map in Figure 5G showing TF binding motif enrichment in regions of overlap
between progenitor state ER-HOXA9 ChIP-seq and ATAC-seq peaks. Motif enrichments are shown for cells in
the progenitor state (+E2), terminally differentiated state (-) E2, and cultured +E2 after 72 hour —E2 pretreatment.

Table S7. Number of ATAC-seq peaks lost/decayed or gained/increased in human monocytes compared to GMPs,

stratified by associated genome feature.
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