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Abstract

Epigenetic mechanisms regulate the multilineage differentiation capacity of hematopoietic stem cells (HSCs) into a variety of blood and
immune cells. Mapping the chromatin dynamics of functionally defined cell populations will shed mechanistic insight into 2 major, unan-
swered questions in stem cell biology: how does epigenetic identity contribute to a cell type's lineage potential, and how do cascades of
chromatin remodeling dictate ensuing fate decisions? Our recent work revealed evidence of multilineage gene priming in HSCs, where open
cis—regulatory elements (CREs) exclusively shared between HSCs and unipotent lineage cells were enriched for DNA binding motifs of known
lineage-specific transcription factors. Oligopotent progenitor populations operating between the HSCs and unipotent cells play essential roles
in effecting hematopoietic homeostasis. To test the hypothesis that selective HSC-primed lineage-specific CREs remain accessible throughout
differentiation, we used ATAC-seq to map the temporal dynamics of chromatin remodeling during progenitor differentiation. We observed
epigenetic-driven clustering of oligopotent and unipotent progenitors into distinct erythromyeloid and lymphoid branches, with multipotent
HSCs and MPPs associating with the erythromyeloid lineage. We mapped the dynamics of lineage-primed CREs throughout hematopoiesis
and identified both unique and shared CREs as potential lineage reinforcement mechanisms at fate branch points. Additionally, quantification
of genome-wide peak count and size revealed overall greater chromatin accessibility in HSCs, allowing us to identify HSC-unique peaks as pu-
tative regulators of self-renewal and multilineage potential. Finally, CRISPRi-mediated targeting of ATACseg-identified putative CREs in HSCs
allowed us to demonstrate the functional role of selective CREs in lineage-specific gene expression. These findings provide insight into the
regulation of stem cell multipotency and lineage commitment throughout hematopoiesis and serve as a resource to test functional drivers of
hematopoietic lineage fate.
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Highlights

HSCs displayed higher chromatin accessibility than any progeny population.
e Epigenetic branch points were evident between CMPs and CLPs and between MkPs and EPs.
e Lineage priming was selectively maintained throughout differentiation.
e HSC-unique accessible chromatin regions were highly enriched for regulatory elements of erythrocyte differentiation.
e CRISPRi-mediated targeting of primary HSCs identified functionally significant CREs.

Introduction

Hematopoiesis is the process by which multipotent he-
matopoietic stem cells (HSCs) undergo orchestrated
epigenetic and transcriptional changes to produce in-
creasingly lineage-restricted progenitors. According to

classical models of hematopoiesis, progressively restricting
cell fate decisions allow the differentiation of HSCs into
multipotent progenitors (MPPs), which further differentiate
into common lymphoid progenitors (CLPs) and common
myeloid progenitors (CMPs).!*  Lymphopoiesis further
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results in unipotent progenitors, ProB and ProT, of Band T
cells, respectively. In myelopoiesis, granulocyte-macrophage
progenitors (GMPs) generate primarily mature granulocytes
and macrophages (GMs), while megakaryocytic-erythroid
progenitors (MEPs), megakaryocyte progenitors (MkPs),
and erythroid progenitors (EPs) produce primarily platelets
and red cells.>*¢ Though it is clear that hematopoiesis is
incredibly dynamic with variable flux within and between
cell populations, this well-characterized mammalian hema-
topoietic system serves as a superb model for the analysis
of factors responsible for the development of function-
ally distinct progenitors and mature cell populations from
stem cells. Lineage-specific cell fate decisions are regulated
through epigenetic remodeling of cis-regulatory elements
(CREs), including promoters and enhancer regions. While
proximal promoter sequences can suffice to assemble the
Pol II transcriptional machinery, non-promoter CREs are
often necessary to confer cell type-specific transcriptional
regulation. These enhancer regions can be located far up-
stream or downstream of the target promoter and serve
as sequence-specific binding sites for lineage-determining
transcription factors (TFs) that regulate the expression of
genes specifying cell identity.”® While TFs are important
contributors to cellular lineage specification and progres-
sive lineage restriction, accessibility of enhancers to TFs
is fundamental for spatiotemporal gene regulation during
stem cell differentiation.” !

In hematopoietic progenitors, there is evidence that
multilineage priming of CREs precedes commitment to the
different cell lineages.'* “Priming,” here defined as chromatin
accessibility of a putative CRE despite lack of expression
of its presumed target gene, likely contributes to stem and
progenitor lineage potential. As differentiation of HSCs pro-
ceeds, genes involved in the target lineage are progressively
upregulated in progenitor populations while genes involved
in non-target lineages are repressed,'>!® suggesting an essen-
tial role of epigenetic regulation in cell fate decisions. In our
previous work, we showed evidence of multilineage priming
in HSCs, where HSCs had increased global chromatin acces-
sibility compared to their progeny" and where open CREs
exclusively shared between HSCs and unipotent lineage cells
were enriched for DNA binding motifs for known lineage-
specific TFs.2’ These data led us to hypothesize that HSC-
primed lineage-specific CREs remain accessible throughout
differentiation into that specific lineage. Since CREs are
often devoid of nucleosomes to allow TF binding,??* we
performed the Assay for Transposase Accessible Chromatin
by high-throughput sequencing (ATAC-seq)**** of seven,
functionally well-characterized hematopoietic progenitor
cell types®* to understand CRE priming across hemato-
poiesis. Importantly, cell fate decisions, as well as lineage-
selective expansion and apoptosis, appear to occur primarily
in progenitor cell populations.’*?%?” In this study, in-depth
ATAC-seq investigation and comparative analysis of HSCs
and 12 progeny populations of the 5 main hematopoietic
cell lineages revealed potential multipotency, lineage-driving,
and/or lineage-reinforcing regulatory elements and their cor-
responding transcription factors that orchestrate differentia-
tion through epigenetic remodeling. As a proof-of-concept,
we used CRISPRi-mediated silencing of CREs in primary
HSCs isolated from a new transgenic CRISPRi mouse model
to functionally link distal and proximal putative CREs to
target genes.

Stem Cells, 2023, Vol. 41, No. 5

Results

HSCs Had Greater Global Chromatin Accessibility
Compared to Hematopoietic Progenitor Cell Types

To determine the dynamics of genome accessibility of
multipotent and increasingly lineage-restricted hematopoietic
progenitors, we purified 7 primary hematopoietic progen-
itor cell types (Fig. 1A) by fluorescent-activated cell sorting
(FACS) and performed ATAC-seq. After careful quality con-
trol of individual and replicate samples (see below), we tested
the hypothesis that multipotency is correlated with overall
chromatin openness.'”*** We reasoned that multipotent cell
populations would have the highest level of accessibility rela-
tive to oligopotent cells and that unipotent progenitors would
have the least. Thus, we ranked the relative overall accessi-
bility of the hematopoietic progenitors relative to HSCs from
our previous report.?’ We first combined the peak lists from
each replicate (7 = 2) using the irreproducible discovery rate
(IDR)¥ for each cell type to quantify the number of peaks.
HSCs had the highest number of peaks, followed by MPPs
(Fig. 1B; Table 1). We also quantified global accessibility by
calculating the cumulative normalized average signal over the
master peak list for each cell type by generating histograms
using HOMER.3° HSCs had by far the largest peak signal of
any progenitor cell type, while all the progenitors had a similar
average signal (Fig. 1C). Although these 2 measurements are
not completely independent, HSCs displayed both the highest
number of peaks (Fig. 1B) and the cumulative greatest peak
signal (Fig. 1C). Overall, these results are consistent with ep-
igenetic stem cell priming and our previous reports'** where
HSCs have the greatest chromatin accessibility compared to
their progeny and differentiated cells.

Chromatin Accessibility of Cell Type-Specific Genes
Correlated With Known Expression Patterns in
Hematopoietic Cells

We began the search for lineage-specific regulatory elements
by using the gene expression commons (GEXC) expression
database®! to generate lists of genes that were expressed spe-
cifically in each progenitor cell type (examples shown in Fig.
1D). In parallel, we filtered the ATAC-seq peak lists of each
progenitor cell type (HSC, MPP, CMP, GMP, MEP, CLP, ProB,
and ProT) against each other to generate unique peak-lists
for each cell type. We then intersected the unique peak lists
with the uniquely expressed genes for each progenitor. For
populations that had more than 10 unique promoter peaks
(HSCs, MEPs, ProBs, and ProTs) we used HOMER? to cal-
culate the normalized average signal centered at the promoter
for peaks that overlapped with expressed genes (Fig. 1E). We
observed cell type-specific read-count accumulation for each
progenitor cell with minimal signal from other cell types,
indicating that our strategy indeed resolved lineage-specific
accessibility.

Lymphoid Commitment Displayed More Extensive

Chromatin Remodeling Compared to Myelopoiesis
Next, we sought to pinpoint epigenetic changes at a main
branchpoint in hematopoiesis, where the multipotent stem
and progenitor cells differentiate into either erythromyeloid-
or lymphoid-committed CMPs or CLPs, respectively.” We
compared the peaks gained and lost between multipotent
HSCs and MPPs (combined as “KLS” peaks) and CMPs or
CLPs (Fig. 2A). First, we determined the number of peaks
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Figure 1. ATAC-seq analysis of hematopoietic progenitor cell populations revealed progressive and lineage-specific chromatin condensation.

(A) Schematic diagram of the hematopoietic cells analyzed in this study. Thirteen cell populations, representing snapshots of a highly dynamic
differentiation process, were investigated: multipotent Hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs); lineage-restricted/
oligopotent common myeloid progenitors (CMPs), common lymphoid progenitors (CLPs), Granulocyte macrophage progenitors (GMPs), megakaryocyte
erythrocyte progenitors (MEPs); unilineage megakaryocyte progenitors (MkPs), Erythroid progenitors (EPs), B cell progenitors (ProBs), T cell progenitors
(ProTs), and mature granulocyte/macrophages (GMs), B cells, and T cells. ATAC-seq profiles for HSCs and unilineage MkPs, EPs, GMs, B and T cells
were reported previously?’; data were integrated in selective analyses of the new data for intermediate progenitors for a comprehensive perspective of
hematopoiesis. (B) HSCs had the highest number of peaks of all hematopoietic progenitor cell types. The total number of irreproducible discovery rate
(IDR) peaks per cell type are displayed. HSCs had the highest number of peaks, followed by MPPs and then lineage-committed progenitors. (C) HSCs
had the highest average signal across all peaks. Average cumulative signal across the peak-list for each population was determined by the -hist function
of HOMER annotatePeaks.pl. Multipotent HSCs and MPPs had the highest average peak signal, whereas lineage-restricted progenitors had overall
lower signal. (D) Lineage-specific gene expression patterns used to find examples of genes selectively expressed within each indicated cell type. The
level of expression (+100% = high; —100% = low/not expressed) was obtained from the gene expression commons (GEXC) database. (E) Promoter
accessibility correlated with cell type-specific gene expression in the corresponding progenitor cell types. Plots depict HOMER histograms of the
average cumulative signal across the cell type-specific promoters for HSCs (34 peaks), MEPs (16 peaks), ProBs (29 peaks), and ProTs (12 peaks). MPPs,
CMPs, GMPs, and CLPs were not displayed as each of these populations had fewer than 10 promoter peaks of uniquely expressed genes.
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Table 1. Peak counts and peak distribution relative to protein-coding gene promoters in each cell type.

Cell type ATAC peaks Promoter peaks Sum of all Non-promoter peaks
(£500bp of TSS) non-promoter peaks B A
coding (exons+TTS+TSS) Introns  Intergenic

Master 92 842 12 702 80 140 5543 38 090 36 507
Peak-list

HSC 70 731 27 973 42758 4166 18 931 19 661
MPP 63 349 23 415 39934 3685 17 872 18 377
CLP 47 054 21 467 25587 2126 11414 12 047
CMP 46 431 21 648 24783 1951 10 701 12 131
GMP 42 447 20 823 21624 1939 9317 10 368
GM 30529 15559 14 970 1440 6697 6833
MEP 50483 26 064 24 419 2281 10 803 11 335
EP 38 007 23 243 14 764 2014 7 040 5710
MkP 47 363 23998 23 365 2013 10 036 11 316
ProB 46 790 24 837 21953 2003 9355 10 595
B 70 358 24 596 45762 4 461 21210 20 091
ProT 61141 27073 34 068 2796 14 950 16 322
T 51832 25103 26 729 2016 11929 12 784

Breakdown of the peak numbers for either the master peak-list, or 1 of the 13 cell types described in this study. Peaks are categorized by: ATAC peaks (all
peaks called/filtered for each cell type/master peak-list), promoter peaks (peaks that fall within 500 base pairs of the annotated transcription start site), non-
promoter peaks (all peaks that fall outside of the promoter peak window), coding peaks (peaks called as exonic, transcription start site, or transcription

termination site), intronic, and intergenic.

either CMPs or CLPs gained or lost from KLS. The CMP
and CLP peaks were filtered against each other to focus only
on peaks that were uniquely altered in either cell type. At
a global level, CLPs had a higher number of peaks altered
from KLS cells compared to CMPs with a significant differ-
ence in the distribution of peaks gained/lost between the 2 cell
types (Fig. 2B). When categorizing peaks into promoter vs.
non-promoter, we observed more promoter peaks altered in
CLPs than CMPs (Fig. 2C), whereas similar numbers of non-
promoter peaks were altered in both progenitors (Fig. 2D). We
annotated the peaks that were gained and lost using Genomic
Regions Enrichment of Annotations Tool (GREAT)3?% and re-
ported the top 4 biological process gene ontology (GO) terms
enriched, along with example genes in each GO term. We also
performed motif enrichment by HOMER?® (Fig. 2E-2H).
The peaks gained in CMPs included “Negative Regulation of
B-cell Activation,” and the annotated genes of all 4 GO terms
have known roles in myeloid differentiation, such as Prdm1%*
and Btk.* Gatal/2 motifs were among the highest enriched
sequences (Fig. 2E). The CLP peaks gained were enriched for
GO terms that pertained mainly to immune response and im-
munity, with genes Ikzf1, 116, and Jun present within the top
4 GO terms, and were notably enriched with IRF8 and SpiB
motifs (Fig. 2F). Peaks lost from KLS to CMPs were related
to immune system activation and proliferation (Fig. 2G), with
known immune development genes such as CD180, Ikzf1,
and Gata3. In addition, there were enriched motifs from ETS/
ERG transcription factors as well as SpiB, a known factor
in immune development (Fig. 2G). In CLPs, peaks lost from
KLS were enriched for GO terms related to the immune re-
sponse, including genes expressed by innate immune cells that
have known roles in complement activation (eg, CD55%),
antigen presentation (eg, Nod2, Lamp137), and activation of
innate immune system pathways (eg, Fcgr3, Ifng***) (Fig.
2H). CLPs also lost peaks lined to CD44, Gata2, and Gata3,
genes which all have known roles in HSC maintenance,

engraftment, and self-renewal.**** The CLP-lost peaks were
enriched in motifs for erythromyeloid-specific Gata factors as
well as CTCF motifs (Fig. 2H). These analyses suggest that
at the first branchpoint, both myeloid and lymphoid differ-
entiation require a combination of silencing of both HSC
maintenance and alternative lineage genes and de novo acti-
vation of lineage drivers for the induced fate. Quantitatively,
lymphoid differentiation appears to require more chromatin
remodeling than myeloid differentiation, particularly in pro-
moter regions.

Differential Chromatin Dynamics at the
Megakaryocyte-Erythroid Fate Branch

Using a similar strategy, we investigated epigenetic changes
at another branchpoint in the hematopoietic hierarchy where
MEPs differentiate in either MkPs or EPs (Fig. 3A). We
identified peaks gained or lost between bipotent MEPs and
unipotent MkPs or EPs, and then filtered them against each
other to specifically focus on uniquely altered peaks upon fate
determination (Fig. 3B). Interestingly, of the ~18000 peaks
altered, the distribution of peaks uniquely gained or lost from
MEPs was opposite for MkPs and EPs: ~77% of peaks al-
tered in MkPs were gained peaks, while a similar proportion
(~61%) of peaks altered in EPs were lost (Fig. 3C). Of these,
the large majority were non-promoter peaks (Fig. 3D, 3E).
The gained and lost peaks were annotated using GREAT, for
which we report the top 4 enriched GO Terms for “Mouse
Phenotype” (Fig. 3F, 3G; Supplementary Fig. S1) and motif
enrichment (Fig. 3H, 3I; Supplementary Fig. S1). The muta-
tion/deletion of genes associated with the MkP-specific gained
peaks led to phenotypes characterized under abnormal or
decreased inflammation, as with multiple genes within these
categories having known roles in megakaryopoiesis and
platelet function/physiology (Fig. 3F). The mutation/deletion
of genes associated with the EP-specific gained peaks led to
phenotypes characterized under erythroid lineage, function,
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Figure 2. Comparisons of peak dynamics as multipotent HSCs and MPPs differentiate into CMPs or CLPs revealed quantitatively differential gain
and loss of accessibility. (A) Schematic of the comparisons made between multipotent HSCs and MPPs (ckit+Lin-Scal+; KLS) to lymphoid- or
erythromyeloid-committed CLPs or CMPs. First, the peaks from HSCs and MPPs were combined using bedtools merge and then compared to CLPs
or CMPs. The altered peak lists from the CMP and CLP comparisons were then intersected against each other to generate CMP- or CLP-specific
peaks that were either gained or lost from KLS. (B-D) CLPs had more peak alterations than CMPs. The number of peaks gained and lost in each cell
type are displayed. Compared to CMPs, CLPs had more total number of peaks gained/lost (B), promoter peaks altered (C), and similar numbers of
non-promoter peaks altered (D). The distribution of peaks between CMPs and CLPs was significant by Chi-square for the total number of peaks (B)
(***P < .001) and promoter peaks (C) (****P < .0001); and not significant for non-promoter peaks (D) (P = 0.42). (E-H) Cis-regulatory element analysis,
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and morphology, with example genes including Gatal and
Slc4al (Fig. 3G). MkP (Fig. 3H) or EP (Fig. 31) gained peaks
were enriched for motifs of transcription factors known to
be involved in the respective lineage. As examples of putative
megakaryopoiesis-promoting CREs, we identified 2 MkP-
specific peaks gained from MEPs in the gene Alox5ap (Fig.
3]). The promoter peak along with the enhancer just down-
stream of the promoter were called only in MkPs, while the
second putative enhancer was called in both MEPs and MkPs,
indicating possible priming in MEPs from this site. No peaks
were called for this gene in EPs. The enhancer-gene map from
ENCODE 3 showed interaction between the promoter of
AloxSap and 2 putative enhancer regions (as shown by the
interaction lines below the signal track). Concordant with its
chromatin accessibility, AloxSap is highly expressed in MkPs
but not MEPs or EPs (Fig. 3K).

Mapping of Chromatin Accessibility Throughout
Hematopoiesis Identified Distinct Erythromyeloid
and Lymphoid Clusters

To test our hypothesis that CREs primed in HSCs maintained
accessibility throughout hematopoiesis, we needed to de-
termine the dynamics of genome accessibility and further
characterize lineage selective CREs throughout the whole
continuum of hematopoiesis. To do so, we combined the
ATAC-seq data from the 7 progenitors cell types with our
previously reported HSCs and 5 unilineage cell types? (Fig.
1A). A master peak list of 92 842 peaks was produced by
combining and filtering the peaks from 2 biological replicates
for each of the 13 cell types using chromVAR?*#* (Table 1).
Principal component analysis (PCA) of the peak profiles of our
13 populations revealed a high concordance of replicates, as
well as a distinct bifurcation of erythromyeloid and lymphoid
populations, with the multipotent HSCs and MPPs landing
within the erythromyeloid fraction (Fig. 4A). CMPs, MEPs,
EPs, and MkPs all clustered together high on PC2, while
CLPs, ProBs, and B cells clustered together, with ProTs and
T cells grouped on the same PC1 scale but with higher PC2.
HSCs and MPPs, together with GMPs and GMs, fell between
the main myeloid and lymphoid groups. As a complement
to PCA analysis, we performed uniform manifold approxi-
mation and projection (UMAP) using components derived
from PCA of normalized ATAC-seq peak counts (Fig. 4B). We
observed a similar bifurcation between erythromyeloid and
lymphoid cell types with the multipotent HSCs and MPPs
falling within the erythromyeloid quadrant. Additionally,
we performed hierarchical clustering using the chromVAR
output which similarly grouped the 13 populations into 2
distinct clusters, 1 erythromyeloid and 1 lymphoid (Fig. 4C).
All biological replicates clustered directly next to each other,
except for the 2 HSC samples which were separated by MPPs

Stem Cells, 2023, Vol. 41, No. 5

and GMPs. We ruled out batch-effects as closely associated
samples were processed independently; the separation of the
HSC replicates may instead reflect the presence of primed
CRE:s of all lineages (*°; also see below). In all 3 clustering
analyses, the multipotent HSCs and MPPs associated near
each other and within the erythromyeloid cluster, indicating
a similar accessibility profile of these cell types. Overall,
clustering analysis confirmed a high degree of reproduci-
bility. Regardless of the method used, we observed distinct
clustering based on similar accessibility profiles of lymphoid
cell types, erythromyeloid cell types, multipotent HSCs, and
MPPs, and of unipotent/mature cells with their presumed im-
mediate upstream progenitor. The bifurcation of lymphoid
and erythromyeloid lineages observed in the PCA (Fig. 4A),
UMAP (Fig. 4B), and hierarchical clustering (Fig. 4C) is con-
sistent with the erythromyeloid/lymphoid separation found
in models of classical hematopoiesis, and with analyses inde-
pendent of the purity of multi- and oligo-potent progenitor
cells.?* Of note, the observed similarity between HSCs/MPPs
and erythromyeloid cells provides a potential epigenetic basis
for the previously reported erythroid functional bias, where
HSCs and MPPs predominantly produce red blood cells over
all other cell types.®

Visualization and Comparison of ATAC-seq Data
Generated inThis Study Correlated With Known
Expression Patterns at Two Well-Characterized Loci

To determine whether our mapping could detect known CREs,
we visualized our ATAC-seq data across 2 well-characterized
loci: the mouse B-globin cluster (Fig. SA) and the mouse Rag
locus (Fig. 5B, 5C). At the B-globin cluster (chr7: 103 792
027-103 879 340; mm10), we observed expected EP-selective
accessibility of the HS3 site in the locus control region (LCR)
and B-minor (Bmin) promoter***¢ (Fig. 5A). At the 3" end
of this gene we observed a B-lineage-selective peak. Further
investigation revealed that the peak contains Pax5 binding
motifs. It is possible that this site serves as a binding site for
Pax$5-mediated repression of globin gene expression in lym-
phoid cells*’. Alternatively, the site could be a distal CRE
for a gene regulating lymphoid development.* We observed
erythroid-lineage specific accessibility (HSCs, MEPs, and EPs)
of the B-major (fmaj) promoter as well as DNase I hypersen-
sitive sites (HS1,2,4,6) of the LCR that are known to regu-
late erythroid-specific expression of the genes in this locus.
This observation could indicate a “permissive” chromatin
state in these erythroid-competent progenitor cells (HSCs,
CMPs, MEPs, and EPs). Unexpectedly, we observed robust
HS2 accessibility in GMPs, MkPs, and ProT cells, which are
not currently known to have any erythroid cell potential. As
expected, we did not observe any accessibility at the fetal-
specific epsilon Y globin (Ey), B-b1 (fh1), B-h2 ($h2) genes,

GO term enrichment, and motif enrichment of the peaks that were altered between KLS and CLPs or CMPs, along with example target genes from
each GO term. Briefly, each list of altered peaks was submitted to GREAT using the basal extension function with a parameter of 2kb upstream, Tkb
downstream, and up to TMb extension. Example genes were extracted from the region-target association table for each GO term. The top 5 enriched
known motifs from HOMER and corresponding transcription factors were also reported. (E) GREAT analysis of CMP-gained peaks contained the GO
term “Negative Regulation of B cell Activation,” and were enriched for motifs of Gata transcription factors. (F) Peaks gained by CLPs were primarily
enriched in immune cell activation GO terms, with “Leukocyte Activation Involved in Immune Response” as the top hit. Peaks were enriched for motifs
of ETS factor ETS1, as well as known lymphoid drivers IRF8 and SpiB. (G) CMP peaks that were lost from KLS cells all relate to immune cell processes,
and were enriched with motifs for ETS factors and SpiB, similar to the peaks gained by CLPs. (H) CLP peaks lost from KLS contained GO terms that
were immune related, such as “Regulation of Leukocyte Mediated Immunity” with GataZ and Tir4 as example genes. The peaks were enriched for
Gata and CTCF/CTCFL transcription factor motifs. # the full title of this GO term is “Regulation of Adaptive Immune Response Based On Somatic
Recombination of Immune Receptors Built from Immunoglobulin Superfamily Domains.”



Stem Cells, 2023, Vol. 41, No. 5

A Cc

527

Non-Promoter

Peaks Altered D Promoter E

Peaks Lost from MEP Peaks Altered Peaks Altered
from MEP from MEP
sk sdekokk Fkkk
20000 - 18,856 18,123 15,464 |
5655 15000 | BET7 T 13,464
3 15000
Peaks Gained % 10000 —
210000 -
[}
mm MKP/EP Lost from MEP &
. 5 | 5000
mmmm MKP/EP Gained from MEP 5000
0- 0-
MkP EP MkP EP MkP EP
F MkP Peaks Gained from MEP G EP Peaks Gained from MEP
Gene -log10 (Binomial P-values) Gene -log10 (Binomial P-values)
soAnnotated 50 100

Annotated ¢ 10 20 30 40

Abnormal tumor necrosis factor secretion
Cd226, 1121r

A on5ap, [ ]| Decreased susceptibility to autoimmune disorder

Decreased interferon-gamma secretion

Decreased tumor necrosis factor secretion

Tir4, Nfatc2

Motif % of
Motif Name |P-Value|Targets |
TIEFITCCIEEE [ene  [1e-1046058.26
FEFITCCYSE  |rin  |1e-1042l62.46
ACAGGAAGIS ETS1 |1e-989 |60.89
ATTTCCTCES |gna |te-ot6 [46.99
ACAGGAARIZ  |ero |1e-805 |74.36

J Aloxbap

(chr5:149,263,652-149,276,628)

=

\i‘/_

Gata1, Runx1
Slc4a1, Foxo3

11.33
106.51

Abnormal erythroid lineage cell morphology

Abnormal erythrocyte morphology

Abnormal hemoglobin

Abnormal mean corpuscular volume

Motif % of
Motif Name |P-Value|Targets
[ 3A
,-.*A,ATAAcfés.: Gatal [1e-373 [31.21
TC C
STCTTATCIS  |cata2 |1e-354 |32.98
T S
ECTTATCISE |catas |1e-321 [38.34
=CA SA
Z520ATAASE [catad |1e-207 Ja055
c P GATA:
gééc.[ iéﬁizgfé ‘AIAA SCL |1e-294 |12.95
Gene
K Expression
Activity
+100%
Alox5ap
Active

—0%

I Inactive
-100%

Figure 3. Comparison of peak dynamics as MEPs differentiate into MkPs or EPs revealed more gain of chromatin accessibility in MkPs and more loss
in EPs. (A) Schematic of the differentiation branch analyzed for this figure, where MEPs differentiate into either MkPs or EPs. (B) Schematic of the
comparisons made between MEPs and MkPs or EPs, similar to Fig. 2A. The peak profile of MEPs was compared to MkPs and EPs to assess which
peaks were uniquely altered (gained or lost from MEPs) by MkPs or EPs during differentiation. (C-E) MkPs and EPs had a similar number of peaks
altered. The number of peaks gained and lost in each cell type are also displayed. (D) Compared to ER MkPs had a lower number of promoter peaks
altered with a greater percentage of promoter peaks gained and (E) a greater number of non-promoter peaks gained. The distribution of peaks between
MkPs and EPs was significantly different by Chi-square for (C-E) (**** P < .0001). (F-G) The lists of peaks gained from MEPs for each cell type were
submitted to GREAT for functional annotation. The top 4 overrepresented categories in Mouse Phenotype are reported, containing information about
genotype-phenotype associations. Examples genes with known roles in MkPs (and/or platelets/megakaryopoiesis) or EPs (and/or red blood cells/
erythropoiesis) were extracted from the term’s genomic region-gene association tables. (F) The MkP gained peaks were enriched for genes whose
alterations generate phenotypes related to inflammation. (G) The EP gained peaks were enriched for genes whose alterations generate phenotypes
related erythroid cell lineage, function, and morphology. (H-1) Motif enrichment analysis by HOMER was performed on the lists of peaks gained from
MEPs for each cell type and the top 5 transcription factor motifs were reported. (H) Peaks gained in MkPs were enriched for transcription factors
known to be key players in the megakaryocytic lineage, such as Fli-1 and Erg. (I) Peaks gained in EPs were enriched for transcription factors required
for erythropoiesis, including various Gata family members. (J-K) Example gene extracted from the lists of gained peaks in MkPs: Alox5ap. (J) ATAC-seq
signal tracks for MEPs, MkPs, and EPs at the Aloxbap locus (12 000 bps shown). Peaks highlighted by green boxes represent called peaks by IDR at the
promoter and putative enhancers for Alox5ap. (K) GEXC expression data reported high expression of Alox5ap in MkPs but not in MEPs or EPs.
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Figure 4. ATAC-seq maps of hematopoietic cell populations revealed distinct erythromyeloid and lymphoid clusters. (A) Principal Component Analysis
(PCA) of chromVAR-normalized ATAC-seq peak counts revealed high concordance of replicates, and distinct erythromyeloid and lymphoid quadrants.
Percent of total variance explained by each component are displayed on respective axes. (B) Uniform manifold approximation and projection (UMAP)
using components derived from PCA generated distinct erythromyeloid and lymphoid clusters with the multipotent HSCs and MPPs associated with
the erythromyeloid quadrant, similar to the PCA. (C) Hierarchical clustering of all 13 cell types revealed high concordance of replicates and distinct
clusters consistent with classical models of hematopoiesis (Fig. 1A). Two primary associations were revealed: one erythromyeloid cluster and one
lymphoid cluster. Multipotent HSCs and MPPs were designated to the erythromyeloid cluster. Additionally, there were four distinct sub-clusters: MkPs
with CMPs; MEPs with EPs; ProBs with B cells and CLPs; and ProTs with T cells.

or HS5, and no accessibility was observed at any of these sites
in GMs, CLPs, ProBs, and ProTs. Taken together, we observed
expected accessibility in the 3-globin locus in progenitors that
give rise to cells that express -globin genes, and little to no
accessibility in progenitors that do not give rise to cells that
express [3-globin genes.

Similar specificity was observed for the Rag gene locus
(chr2: 101 542 312-101 656 796; mm10) which consists of 4
CREs (Ep, D3, Erag, and ASE) and the gene bodies for Ragl
and Rag2. Both Ragl and Rag2 have lymphoid-specific gene
expression patterns (Fig. 5B), and we observed lymphoid-
specific accessibility of both Ragl and Rag2 promoters

(Fig. 5C). The progenitor- and myeloid-selective peak in the
Rag?2 locus corresponds to the promoter for the Iftap gene
that is expressed selectively by those cell types from the op-
posite strand of the Rag genes* (Fig. 5C). The CREs Ep
and FErag, which have been characterized to be enhancers
in B-cell lines,’>*" exhibited CLP and B-cell specific (ProBs
and B cells) accessibility. D3 has been characterized to act
as a lymphoid-specific enhancer’'*? and was accessible in
all lymphoid cell types, while the previously characterized
anti-silencing element (ASE), important for T-cell differenti-
ation,’»** was only accessible in ProTs (Fig. 5C). In conclu-
sion, our data demonstrated cell type-specific accessibility for
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Figure 5. Accessibility correlated with known regulatory elements of well-characterized cell type-specific genes. (A) Chromatin accessibility of the
B-globin locus revealed expression-selective patterns at known cis-regulatory elements (CREs). ATAC-seq signal tracks at the B-globin cluster (chr7:

103 792 027-103 879 340; mm10) of the thirteen cell types are shown. Peaks highlighted by boxes represent called peaks by Irreproducible Discovery
Rate (IDR) at known CREs for each cell type. (B) Lymphoid-selective expression of Rag7 and Rag2. GEXC expression data reported expression of
Recombination activating gene 1 (Rag1) and Recombination activating gene 2 (Rag2) in CLPs, ProBs, ProTs, B, and T cells. Rag2 expression in non-
lymphoid cell types (CMPs, GMPs, MkPs, and EPs) is due to the /ftap promoter on the opposite strand of the Rag genes in the second intron of Rag2.*®
(C) Lymphoid-selective accessibility of the Rag locus. ATAC-seq signal tracks of the thirteen cell types in this study at the lymphoid-selective Rag gene
locus (chr2: 101 5642 312-101 656 796; mm10). The Rag gene locus consists of four previously characterized CREs (Ep, D3, Erag, ASE) and the gene
bodies for Rag7 and Rag2. The promoter for both Rag? and Rag2 had accessibility only in lymphoid cell types (CLPs, ProBs, B cells, ProTs, and T cells).
The lymphoid specific D3 CRE had expected lymphoid-only accessibility, and the B-cell specific CREs Ep and Erag had accessibility only in CLPs, ProBs,
and B cells. The T-cell development specific anti-silencing element (ASE) only exhibited accessibility in ProT cells.
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multiple progenitors and recapitulated the dynamics of regu-
latory element priming throughout differentiation at 2 well-
characterized erythroid and lymphoid loci, suggesting that
our dataset is sufficiently robust and accurate to also reveal
novel CREs that can be functionally tested using the CRISPRi
strategies described below.

A Subset of Lineage-Specific CREs Was Primed in
HSCs as Well as in Select Progenitors

Previously, we reported evidence of multilineage priming
in HSCs of CREs specific for each unipotent lineage.?’ We
hypothesized that lineage-primed CREs are maintained
throughout differentiation. To test this, we first compared the
average cumulative accessibility of the lineage-specific peaks
(Supplementary Tables S1-S5) primed in HSCs to all 13
cell types (Fig. 6A). As expected, we observed strong signals
from HSCs and the corresponding unipotent progenitor cell
type for each lineage-specific primed peak list. MPPs had a
discernable peak in 4 out of the 5 primed peak lists, with a less
distinct signal in EP-primed peaks. Notably, each unilineage
region displayed accessibility signal in the presumed imme-
diate upstream progenitor (MEPs in EP-primed peaks; GMPs
in GM-primed peaks; ProB in B-cell peaks; and ProTs in
T-primed peaks), except for MkPs, which lacked MEP signal
and instead had notable accessibility in MPPs and CMPs.
These observations revealed that lineage priming of a size-
able proportion of CREs persists throughout differentiation
for every lineage.

To assess the distribution of the primed peaks in each pro-
genitor population, we performed a bedtools intersect of
the lineage-specific peaks primed in HSCs and determined
the number of overlapping peaks with each progenitor.
Interestingly, all progenitors from every lineage contained
peaks fromall 5 primed peak lists (Fig. 6B, Supplemental Tables
S1-S5). The distribution of primed peaks of all 5 lineages was
about equally distributed at ~20% each in HSCs, with similar
distribution in MPPs, and CLPs (Chi-square > 0.01). Clear
lineage bias was evident in other populations: erythromyeloid
progenitors (CMPs, MEPs) were significantly enriched for EP-
and MkP-primed peaks, GMPs were enriched for GM-primed
elements, while the unipotent lymphoid progenitors (ProBs
and ProTs) were significantly enriched with peaks from their
immediate downstream progeny (B and T cells).

To accomplish a direct longitudinal analysis of priming
through multiple differentiation stages, we intersected the 5
HSC-primed peak lists with every assumed intermediate pro-
genitor between HSCs and the unipotent lineage (ie, for HSC/
EP shared peaks, we intersected MPPs, CMPs, and MEPs with
the shared peak list, as those populations are in the HSC-to-EP
lineage as shown in Fig. 1A). From those intersections, we
identified and quantified the number of peaks that maintained
accessibility throughout differentiation for each lineage and
reported each peak as a heatmap throughout the expected
differentiation trajectory (Fig. 6C; Supplemental Table S6).
Surprisingly, even though ubiquitously primed CREs were
detected for every lineage, this was far from the norm, as no
lineage had more than 25% of the HSC-primed peaks main-
tain openness throughout differentiation. About 10% of the
persistently primed peaks were promoters, with the B-cell
lineage-specific BAFF-R and T-cell-specific CD28 as examples
that have known functional roles in those cell types.’s
Next, we examined 2 example CREs that were primed
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throughout differentiation for the GM (Fig. 6D) and T-cell
(Fig. 6E) lineages. The GM-specific Fcnb gene is expressed
only in GMPs and GMs, while the putative CRE associated
with Fenb was accessible in HSCs, MPPs, CMPs, GMPs, and
GMs (Fig. 6D). The T-cell-specific Wnt8b is only expressed in
T cells, while its putative CRE is accessible in HSCs, MPPs,
CLPs, ProTs, and T cells (Fig. 6E). These findings support that
lineage priming observed in HSCs is maintained throughout
differentiation for certain CREs. Unexpectedly, most of the
peaks primed in HSCs did not exhibit persistent priming in
every intermediate progenitor. These observations, combined
with the bias in signal and peak counts in progenitors could
suggest preferred lineages at specific branch points. For ex-
ample, EP-primed peaks had a high average signal and made
up most of the overlapping peaks in MEPs which could sug-
gest that MEPs are biased toward EPs over MkPs, or reinforce
fate decisions initiated in upstream progenitors.

HSC-Unique Peaks Indicated an Erythropoiesis-
Primed Chromatin State

Because HSCs are the only cell type in the hematopoietic
tree that is capable of long-term reconstitution, we reasoned
that HSC-unique peaks would be enriched in elements that
promote self-renewal and/or engraftment. To test this, we
identified and examined HSC-unique peaks (Fig. 7A). We
found 3026 HSC-unique peaks, 92.7% of which were clas-
sified as non-promoter (Fig. 7B). To identify transcription
factor motifs enriched within the HSC-unique peaks, we
performed de novo motif finding and enrichment using the
HOMER package and reported the top 10 results sorted by
P-value (Fig. 7C). ELF3 (E74 Like ETS Transcription Factor
3) was the top-ranked motif, followed by CTCFL. There
were 3 instances of CTCF-like motifs in the top 10 de novo
motifs, while single instances of NF-E2, RUNX, HIC1, Gata6,
Foxo1, and IRF4 rounded out the enriched motifs. Next, we
annotated the CREs to nearby genes using GREAT. The top
GO term was definitive erythrocyte differentiation (Fig. 7D),
comprised of 14 peaks linked to 4 genes: Ncorl, Tgfbr3,
Zfpm1, and Smarca4. All 4 genes have known roles in hemat-
opoiesis, with knock-out studies presenting severe defects in
erythropoiesis, or the entire hematopoietic compartment,’’-*!
consistent with important roles in HSCs. We then visualized
the ATAC accessibility of 3 example peaks enriched in the de-
finitive erythrocyte differentiation GO term, along with their
respective linked motif enrichment (Fig. 7E-7G). The CRE
linked to Ncor1 contained the NF-E2 and Foxol motif (Fig.
7E). The CRE linked to Zfpm1 contained the motif for ELF3
(Fig. 7F), while the CRE linked to Tgfbr3 contained CTCFL
and Foxol motifs (Fig. 7G). Taken together, the unique HSC
peaks are enriched for elements that prime erythroid cell fate
in HSCs, such as NF-E2 binding sites and the 14 peaks that
are linked to Ncorl, Tgfbr3, Zfpml, and Smarca4, all of
which have known roles in erythropoiesis.

CRISPRi-Mediated Targeting Functionally Linked
CREs to Gene Expression

An immediate extension of the chromatin accessibility map-
ping accomplished in this study is to determine the functional
role of putative CREs. Linking regulatory elements to the ex-
pression of specific genes is essential for understanding epige-
netic regulation of fate decisions, but has proven persistently
challenging, in particular in the context of native chromatin
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displayed selective enrichment in intermediate progenitors. HOMER histograms of the average cumulative accessibility in each of the 13 cell types in

each lineage-primed peak-list. MkP lineage peaks that were primed in HSCs were also enriched in MPPs and CMPs, but less so in GMPs, CLPs, ProB,
and ProTs; EP peaks were selectively enriched in MEPs and CMPs; GM peaks were enriched primarily in MPPs and GMPs; B cell peaks were enriched
in ProBs and MPPs, and T cell peaks were enriched in ProTs and MPPs. (B) Peak distribution analysis revealed lineage skewing within progenitors. The

distribution of lineage-primed peaks was displayed for each progenitor cell type. All progenitors contained lineage-primed peaks representing unique

peaks of each of the five lineages, but at different proportions. HSCs had an almost equal distribution of peaks from all five lineages that did not deviate
from an expected equal distribution (Chi-square, P = .97). MPPs and CLPs had similar peak distributions and were not significantly different when
compared pairwise to HSCs (Chi-square, P> .01). In contrast, pairwise comparison of the distribution of peaks between HSCs and progenitors revealed
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structure of primary, multipotent cells. To begin to tackle this,
we employed a new genetic mouse model that ubiquitously
expresses the dCas9-KRAB repressor protein from the safe
harbor H11 locus (CRISPRi mouse) (Fig. 7H). We isolated
hematopoietic stem and progenitor cells (HSPCs) from these
CRISPRi mice and first, as proof-of-concept, transduced
them with lentivirus expressing a single guide RNA (sgRNA)
targeting the promoter of the cell surface protein CD81.%?
HSPCs were cultured under non-differentiation conditions
for 2 days, then analyzed for CD81 cell-surface expression
by flow cytometry. We observed a significant reduction in
CD81 expression in HSPCs transduced with CD81 sgRNA
compared to a scrambled control sgRNA (Fig. 7I), thereby
demonstrating efficient and selective gene silencing in HSPCs.

Next, we tested whether CRISPRIi targeting initiated in
HSCs is maintained upon differentiation into mature cell and
if silencing of putative distal CREs, like promoter-proximal
CREs, can repress gene expression. We designed 2 sgRNAs
for both the promoter and a putative CRE of the myeloid-
associated cell surface proteins CD115 and CD11b, based on
their ATAC peak profiles (Fig. 7]) and cloned the top 2 sgRNAs
for each putative CRE into a dual-guide lentiviral vector.®®
HSCs from CRISPRi mice were isolated, transduced with the
dual-guide lentivirus, and then cultured in a myeloid differen-
tiation media for 5 days before surface expression of CD115
and CD11b was quantified via flow cytometry. As expected,
the vast majority of cells infected with scrambled control
sgRNAs expressed CD115 (Fig. 7K) or CD11b (Fig. 7L). We
observed a significant reduction in the frequency of CD115+
cells when HSCs were transduced with sgRNAs targeting
either the promoter or putative CRE targeting guides (Fig.
7K). Interestingly, we only observed a significant decrease in
the frequency of CD11b+ cells with sgRNAs targeting the
CD11b promoter, but not the putative CD11b CRE (Fig. 7L).
These data establish the new CRISPRi mice as a powerful tool
for identifying functional CREs based on ATAC-seq peaks.
Specifically, we showed that CRISPRi-mediated targeting
initiated in HSCs led to selective gene repression upon differ-
entiation into myeloid cells and that the accessible sequence
in the CD115 locus is essential for its expression, whereas
targeting of the putative CD11b CRE does not significantly
alter CD11b expression under these conditions.

Discussion

Global Chromatin Accessibility Throughout
Hematopoiesis Is Highly Dynamic

Here, we mapped accessible loci in 7 hematopoietic progen-
itor cell types with distinct functional capacities. Integration
of these new data with HSCs and mature progeny revealed
epigenetic-based cell clustering into erythromyeloid and
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lymphoid branches (Fig. 4) and robust identification of
known regulatory elements (Fig. 5). Consistent with pre-
vious evidence by us and others that stem cells have rela-
tively decondensed chromatin structure,'”?*%4% we found
that both the ATAC peak number and a cumulative signal
was greatest for HSCs (Fig. 1). This study advances previous
reports by pinpointing the location both of all putative CREs
genome-wide in each population, as well as HSC-specific
putative CREs (Fig. 7) and those associated with the major
erythromyeloid/lymphoid branch points (Figs. 2 and 3).
Importantly, only a subset of HSC peaks remained accessible
throughout differentiation, substantially focusing the search
for sequences serving as lineage priming elements (Fig. 6).
Likewise, our CRISPRi experiments demonstrated selective
functionality of putative distal CREs in regulating gene ex-
pression (Fig. 7). Although the models of hematopoiesis and
phenotypes of progenitors are constantly reshaped and re-
fined,*®” our maps and strategies derived from pre-defined
cell types at approximate branchpoints will serve as valuable
resources to identify, characterize, and functionally interro-
gate cis-regulatory elements and their roles in gene regulation,
stem cell self-renewal, and fate decisions.

Defining Differential Chromatin Accessibility at
Major Lineage Branchpoints

Functional studies have suggested that differential epigenetic
priming may be evident at major branchpoints.®?” Indeed, we
identified thousands of differential CREs at both the CMP/
CLP and MKP/EP branchpoints. We found that HSC/MPP-
descendant CLPs had a greater proportion of lost peaks
compared to CMPs (Fig. 2). Interestingly, though most of the
peaks altered were classified as non-promoter, the differen-
tial was mainly driven by promoter peak changes, possibly
indicating that multipotency priming, but not implementa-
tion of non-lymphoid programs, may remain present in CLPs.
Emergence of CMPs was associated with significantly less
promoter remodeling, loss of accessibility of lymphoid lin-
eage drivers, and gain of accessibility at negative regulators of
lymphoid differentiation (Fig. 2C, 2E, 2G). Further down the
erythromyeloid trajectory, MkPs gained significantly more
peaks from MEPs compared to EPs, with gained peaks in MkPs
and EPs linked to genes important for megakaryopoiesis and
erythropoiesis, respectively (Fig. 3). In contrast to the CMP/
CLP branchpoint, the divergence of MkPs versus EPs occurred
primarily at non-promoter peaks. Interestingly, the specifica-
tion of both CMPs (compared to CLPs) and EPs (compared
to MkPs) entailed significantly reduced proportions of “peaks
lost,” indicating that relatively larger fractions of CREs were
already accessible in their respective progenitor (MPPs and
MEDPs). This is consistent with strong erythroid priming in
HSCs (also see below) and the predominant erythroid cell

significant differences in CMPs, GMPs, MEPs, ProBs, and ProTs by Chi-square. CMPs had a relative expansion primarily of erythromyeloid (MkP, EP)
peaks; GMPs had primarily GM-unique peaks; MEPs were enriched for EP-unique peaks; whereas ProBs had more B cell peaks, and ProTs had mainly
T-cell peaks. **P < .01, ****P < .0001. (C) Heatmaps of primed peaks that maintain accessibility throughout the expected differentiation trajectory for
each lineage. Each line is one peak, with accessibility indicated in blue centered around the peak +/-250 bp. Less than 30% of the primed peaks for
each lineage followed the expected trajectory by maintaining accessibility throughout differentiation. 17% of MkP peaks, 11% of EP peaks, 13% of
GM peaks, 12% of B cell peaks, and 26% of T-cell peaks maintained priming throughout differentiation. (D) A cis regulatory element (CRE) predicted
by GREAT to be associated with Fcnb maintained accessibility (“priming”) throughout differentiation into GMs. GEXC reported expression of Fcnb
selectively in GMPs and GMs. Green circles indicate which cell type contained a called peak. Genome track snapshot of the cis regulatory element

of Fenb reported accessibility in HSCs, MPPs, CMPs, GMPs, and GMs. A “+" sign designated which cell type contained a called peak. (E) A CRE
predicted by GREAT to be associated with Wnt8b maintained accessibility throughout differentiation into T cells. GEXC reported expression of Wnt8b
selectively inT cells only. Green circles indicate which cell type contained a called peak. Genome track snapshot of the cis regulatory element of Wnt8b
reported accessibility in HSCs, MPPs, CLPs, ProTs, and T cells. A “+" sign designated which cell type contained a called peak.
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HOMER de-novo motif enrichment
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Figure 7. HSC-unique cis-regulatory elements are primarily enriched for transcription factors that drive erythropoiesis. (A) The HSC-unique peak-list

was generated by filtering HSC peaks against the peak lists of the other 12 hematopoietic cell types. (B) HSC-unique peaks are primarily non-promoter
peaks. Table of the composition of the HSC-unique peaks and percentage of non-promoter and promoter peaks. (C) De novo motif enrichment of
HSC-unique peaks revealed binding sites for known hematopoietic regulators. ELF3, CTCFL, NF-E2, and Runx motifs were the top 5 enriched de novo
motifs. (D) “Definitive erythroid differentiation” was the top enriched GO term from GREAT annotation and analysis of the unique HSC peaks. The
resulting graphs are GO Biological Process terms and the —log10 P-value for the top four terms. (E-G) Three examples of putative CREs for target genes
that were enriched in “definitive erythrocyte differentiation” and displayed unique HSC accessibility. (E) A putative CRE for Ncor? was unique to HSCs
and contained motifs that closely match NF-E2 and Foxo1 binding sites. (F) A putative Zfom1 CRE contained the binding motif that closely matches
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production observed in quantitative functional assays.®
Collectively, the differential priming throughout differentia-
tion uncovered here and previously?>® is now available for
functional testing by CRISPRi or analogous strategies to de-
termine the CREs and chromatin remodeling events required
for balanced hematopoiesis.

Lineage Priming Was Selectively Maintained
Throughout Differentiation

Our previous study identified CREs that were exclusively
shared between unipotent lineage cells and HSCs.?® Here, we
found that a limited subset of those primed CREs maintained
accessibility throughout differentiation in intermediate
progenitors (Fig. 6). Lineage priming was also detected at
the B-globin locus, where the strongest enhancer, HS2, was
primed in HSCs and MPPs, with additional accessibility of
HS1 and HS4 in CMPs, and then also HS3 and HS6 in MEPs
and EPs (Fig. 5). The global enrichment of peaks within the
intermediate progenitors reflected the distinct bifurcation
found in hematopoiesis, with erythromyeloid-primed peaks
enriched in erythromyeloid progenitors and lymphoid-primed
peaks enriched in lymphoid progenitors. Surprisingly, CLPs
did not significantly deviate from the distribution of peaks in
HSCs and MPPs (Fig. 6B), potentially indicating “inherited”
priming that is not implemented in vivo®® but can be reignited
in vitro.”” We also tracked the accessibility of the primed
peaks throughout differentiation and found that the ma-
jority of peaks do not maintain accessibility in every inter-
mediate progenitor throughout differentiation (Fig. 6C, 6D).
Collectively, these findings provide insight into the dynamics
of CRE accessibility throughout differentiation and support a
model where lineage priming in HSCs guides lineage compe-
tence during differentiation, while the gain and loss of acces-
sibility at certain intermediate progenitors could regulate or
reinforce differentiation in specific lineages.

HSC-Unique Peaks Were Highly Enriched for CREs
That Drive Erythroid Differentiation

While HSCs are capable of producing all blood cell lineages,
several studies have suggested lineage-specific priming within
HSCs.*7'-7* From these studies we hypothesized that CREs
within HSCs would uncover drivers of erythro- and/or
megakaryopoiesis. Our GREAT analysis of HSC-unique peaks
revealed “definitive erythrocyte differentiation” as the top
GO-Biological Process hit (Fig. 7D), and we observed HSC-
specific accessibility in the CREs linked to genes that have
known roles in erythropoiesis (Fig. 7E=7G). Furthermore, we
observed de novo enrichment of transcription factor motifs
in the HSC-unique peaks that are known to be key regulators
of hematopoiesis, such as NF-E2 and Runx.”>”77 This suggests
that the establishment of developmental competence for
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erythropoiesis in HSCs may occur primarily in CREs that are
uniquely accessible in HSCs.

In summary, we present evidence that multilineage priming
is present in HSCs and selectively maintained, or repressed,
throughout differentiation. In addition, the observation that
HSCs harbor the most ATAC-seq peaks of all hematopoietic
cell types (Fig. 1) is consistent with previous findings that
linked multipotency with global epigenetic regulation and the
presence of poised loci that are distal to promoters in stem
cells.!?6465 We also found that accessibility, especially of distal
CREs, is highly dynamic, and that some, but not all, serve
as functional CREs (Fig. 7I-7L). Our results provide insight
into how lineage fate is reinforced at branchpoints through
the collective action of specific transcription factors at these
CREs. Future investigations using CRISPR-based technologies
paired with in vivo methods ("*7° Fig. 7I-7L) will allow us to
determine which of these CREs are a consequence of differen-
tiation and which elements drive differentiation into specific
fates.

Experimental Procedures
Mice and Cells

All experiments were performed using 8- to 12-week-old
C57BL/6 wild-type mice in accordance with UCSC TACUC
guidelines. Hematopoietic stem, progenitor, and mature
cells were isolated from BM of murine femurs, tibias,
hips, and sternums as previously described.!?>8%8! Stem
and progenitor cell fractions were enriched using cKit-
coupled magnetic beads (Miltenyi). Cells were stained with
unconjugated lineage rat antibodies (CD3, CD4, CDS,
CD8, B220, Grl1, Macl, and Ter119) followed by goat-
a-rat PE-Cy5 (Invitrogen). Stem and progenitor cells
were isolated using fluorescently labeled or biotinylated
antibodies for the following antigens: cKit (2B8, Biolegend),
Scal (D7, Biolegend), Slamfl (CD150) (TC15-12F12.2,
Biolegend), CD34 (RAM34, ebiosciences), Fcyrll (93,
Biolegend), and Il17ra (A7R34, Biolegend). Cells were
sorted by fluorescence-activated cell sorting (FACS) with a
target of 50000 cells per cell type using a FACS Aria II (BD
Bioscience). HSCs were defined as cKit* Lin~ Scal* Flk2-
and Slamf1*; MPPs as cKit*Lin-Scal* Flk2* Slamf1- cells.
CMPs were defined as cKit*Lin-Scal- CD34m™d FcyrlImd;
GMPs as cKit'Lin-Scal- CD34m¢d Fcyrllhsh, MEPs as
cKit*Lin-Scal- CD34"" FcyrIl'v. CLPs were isolated by
lineage-depleting BM cells through staining of unconjugated
lineage rat antibodies (CD3, CD4, CDS5, CD8, B220, Grl,
Macl, and Ter119) followed by sheep-a-rat Dynabeads
(Life Technologies) and separation via EasySep magnet
(STEMCELL Technologies). CLPs were isolated by Lin
Flk2+17ra* cKit™d Sca1™d, Lineage-restricted hematopoietic

ELF3. (G) A putative Tgfbr3 CRE contained DNA motifs that closely matched CTCFL and Foxo1 binding sites. (H) Experimental setup using a CRISPRI
model to functionally test putative CREs identified in this study. (I) CD81 expression was significantly reduced in HSPCs when CRISPRi HSPCs were
transduced with lentivirus targeting the CD81 promoter. The fold change in the frequency of CD81+ cells of transduced cells compared to untransduced
cells is represented in the bar graph and the representative histogram of CD81 expression in HSPCs transduced with CD81 promoter targeting sgRNA
(red) compared to HSPCs transduced with a non-targeting scrambled sgRNA (blue) and CD81 FMO (grey dotted line). (J) ATAC-seq accessibility profiles
of the CD115 (top) and CD11b (bottom) loci. The location of the single guide RNAs (sgRNA) designed to target the promoter or a putative CRE of each
gene are denoted by blue bars below the respective locus. (K) CD115 expression was significantly reduced in differentiated cells when CRISPRi HSCs
were transduced with lentivirus targeting either the CD115 promoter or enhancer. The fold change in the frequency of CD115+ cells of transduced cells
compared to untransduced cells is represented in the bar graph. (L) CD11b expression was significantly reduced in differentiated cells when CRISPRi
HSCs were transduced with lentivirus targeting only the CD11b promoter, but not the enhancer. The fold change in the frequency of CD11b+ cells of
transduced cells compared to untransduced cells is represented in the bar graph.
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progenitor and mature cells were isolated by the following
markers: EPs, Lin(CD3, CD4, CD35, CDS8, B220, Gr1, and
Mac1)-CD71*Ter119+*-; GMs, Lin(CD3, CD4, CDS, CDS,
B220,and Ter119)-Gr1*Macl* (“GM” cells were positive for
both Gr1 and Mac1); T-progenitors (ProT), Lin(CDS5, B220,
Grl, Macl, and Ter119)-CD3*CD25*; T cells, Lin(CDS3,
B220, Grl, Macl, and Ter119)-CD25-CD3*CD4*-CD8"-;
B-progenitors (ProB), Lin(CD3, CD4, CD8, Gr1, Mac1, and
Ter119)-CD43+*B220*; B cells, Lin(CD3, CD4, CD8, Grl,
Mac1, and Ter119)-CD43-B220*.

CRISPRi mice were generated by site-specific integration of
CAG promoter-driven sequences for nuclease-deficient Cas9
protein (dCas9) fused to a zinc-finger protein 10 (ZNF10)
Kriippel-Associated Box (KRAB) domain. The expression cas-
sette was inserted into the H11 safe harbor locus of C57BL/6]
mice using a site-specific integrase-mediated method.®> The
resulting CRISPRi mouse is similar to a previously generated
CRISPRi mouse,®* but lacks the mCherry and Puro resistance
genes.

ATAC-seq

ATAC-seq was performed as previously described.?* Briefly,
cells were collected after sorting into microcentrifuge tubes,
and centrifuged at 500 x g for 5 min at 4 °C to pellet the cells.
The supernatant was aspirated, and the cells were washed
with ice-cold 1xDPBS. Cells were centrifuged and the super-
natant was discarded. Cells were immediately resuspended in
ice-cold lysis buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl,
3 mM MgCI2, and 0.1% IGEPAL CA-630) and centrifuged
at 500 x g for 10 min. The supernatant was aspirated, and
pellets were resuspended in transposase reaction mix (25 puL
2 x TD buffer, 2.5 pL transposase (Illumina), and 22.5 pL
nuclease free water). The transposition reaction was carried
out at 37 °C for 30 min at 600rpm in a shaking thermomixer
(Eppendorf). Immediately after completion of the transposi-
tion reaction, the samples were purified using the MinElute
Reaction Clean up kit (Qiagen) and eluted into 10 pL of EB.
Samples were stored at =20 °C until PCR amplification step.
PCR amplification was performed as previously described?*
using custom Nextera primers. After initial amplification (5
cycles), a portion of the samples was run on qPCR (ViiA7
Applied Biosystems) to determine the additional number
of cycles needed for each library (typically 5-8 cycles). The
libraries were purified using the MinElute Reaction Clean up
kit (Qiagen), eluted into 20 pL. EB and then size selected using
AmpureXP (Beckman-Coulter) beads at a ratio of 1.8:1 beads/
sample, and eluted into 40 pL of nuclease-free water. Library
size distribution was determined by Bioanalyzer (Agilent)
capillary electrophoresis and library concentration was de-
termined by Qubit 3 (Life Technologies). Quality of libraries
was checked by shallow sequencing (1 million raw reads) on
a Miseq (Illumina) at 75 x 75 paired-end sequencing. Those
libraries that appeared to have size distributions similar to
previous reports were pooled together and deep sequenced
on a HiSeq2500 (Illumina) at 100 x 100 reads at the Vincent
J. Coates Genomics Sequencing Laboratory at UC Berkeley.

Data Processing

Demultiplexed sequencing data were processed using the
ENCODE ATAC-seq pipeline version 1.1.6 and 1.4.2 (https://
github.com/ENCODE-DCC/atac-seq-pipeline)  using  the
mm10 assembly and the default parameters. In version 1.4.2
changed: atac.multimapping = 0, atac.smooth_win = 150,
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atac.enable_idr = true, atac.idr_thresh = 0.1 to be consistent
with the mapping/peak calling performed with previous
versions.

Peak filtering and hierarchical clustering were performed
using the chromVAR package (https:/github.com/
GreenleafLab/chromVAR). First, the optimal peak-list from
the IDR output for each cell type was concatenated and
sorted, then used as the peak input for chromVAR. The black-
list filtered bam files for each replicate (n = 2 for each cell type)
were used as input along with the sorted peak file. The frag-
ment counts in each peak for each replicate and GC bias was
calculated, and then the peaks were filtered using filterPeaks
function with the default parameters and nonoverlapping
= TRUE. The master peak-list was extracted at this point,
which contained 92 842 peaks, and used throughout the
study. The deviations were calculated using every peak, and
the tSNE and correlation functions were also performed using
the deviations output and the default parameters.

Normalized chromVAR counts were log + 1 scaled, cen-
tered, and filtered to peaks that had above-median coefficient
of variance. These filtered counts were used in principal com-
ponent analysis (PCA) with the R package prcomp. Following
this, the resulting components were used to calculate UMAP
dimensions using the R package uwot. The component values
were plotted using the R package ggplot2.

We noted that although showing strong similarity by PCA
(Fig. 4A) and designating to the same main cluster by hier-
archical clustering (Fig. 4C), the 2 HSC samples were the
only replicate pair not localized immediately adjacent to each
other. Analysis of additional HSC ATAC-seq samples did
not resolve the hierarchical clustering in a meaningful way,
as the results were similar with regard to intermixing within
other cell types and failed to pinpoint one of the original HSC
samples as an outlier.

Annotation of peaks, generation of histogram plot, merging
of peaks, and motif enrichment were performed by HOMER
(http://homer.ucsd.edu/homer/). Peaks were annotated using
the annotatePeaks.pl function with the mm10 assembly and
default parameters. Histogram was created by first shifting
the bam files using DeepTools alignmentSieve.py with the
flag —~ATACshift. Next, tag directories were made using the
TnS shifted bam files using HOMER makeTagDirectory.
The histogram was made using the annotatePeaks.pl func-
tion with the default settings and the flags: -size -500, 500
and -hist 5. Peak lists were compared using the mergePeaks.
pl function with default settings and the flags -d given, -venn,
and for the unique peak lists -prefix. Motif enrichment was
performed using the findMotifsGenome.pl package with de-
fault parameters using the flag -size given.

The GREAT tool (http://great.stanford.edu/public/
html/) was used to annotate non-promoter peaks to target
genes. The peak lists were reduced to BED4 files from the
HOMER annotations output and used as input. The whole
mm10 genome was used as the background regions, and
the association rule settings were set as Basal plus exten-
sion, proximal window 2kb upstream, 1kb downstream,
plus distal up to 1Mb and included curated regulatory
domains. All genome track visualizations were made
using the UCSC genome browser. Statistical analysis was
performed using GraphPad Prism 9. Graphs were made in
either Microsoft Excel or GraphPad Prism 9. Annotations
to figures were performed using Adobe Illustrator CC and
Adobe Photoshop CC.


https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/GreenleafLab/chromVAR
https://github.com/GreenleafLab/chromVAR
http://homer.ucsd.edu/homer/
http://great.stanford.edu/public/html/
http://great.stanford.edu/public/html/
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CRISPRi Experiments

Single guide RNA (sgRNA) sequence targeting CD81 was
from a previous study.®> Dual targeting sgRNAs for pro-
moter regions were non-overlapping guide sequences from
previously published libraries.®3 The dual sgRNAs for can-
didate CREs were designed by generating a 200bp window
centered on the peak summit and inputting those coordi-
nates into the CRISPOR tool.*** The top 2 non-overlapping
guides were selected and cloned into pJR85 (Addgene
plasmid #140095).% psPAX2 (Addgene plasmid #12260)
and pMD2.G (Addgene plasmid # 12259) were combined
with pJR85 and transfected into 293T cells by Lipofectamine
2000. Seventy-two hours after transfection, the supernatant
was collected, 0.45 p filtered, and concentrated by PEG pre-
cipitation. Concentrated lentivirus was resuspended in a
minimal volume of Optimem.

HSPCs (Lin—, cKit+, Sca+ BM cells) or HSCs (Lin-, cKit+,
Sca+, SLAM mid-hi, Flk2-) from CRISPRi mice were FACS
isolated and plated at 6000 cells/well (CD81) or 200 cells/
well (CD11b/CD115) in either HSC minimal media (IMDM,;
TPO 50 ng/mL; SCF 50 ng/mL; polybrene 5 ug/mL) or HSC
maintenance media (IMDM; 20% FBS; TPO 50 ng/mL; SCF
50 ng/mL; IL-6 20ng/mL; IL-3 10 ng/mL, IL-11 20 ng/mL,
Primocin, non-essential amino acids). After 24 h in culture,
lentivirus containing sgRNAs was added to each well and
spinoculated for 1 h, 400 x g at 32°C. Twenty-four hours
later, virus was washed out and the media was changed into
HSC minimal media (CD81) or to a myeloid differentiation
media (CD11b/CD115)% and cells were allowed to expand in
culture for 2 days (CD81) or 5 days (CD11b/CD11b) before
analysis by flow cytometry.

List of sgRNAs used:

CDS81 promoter ATGAGACGTAGGGTAGAGAA
CD11S5 promoter 1 GAGCGTGAGCCGATGCAGGT
CD11S promoter 2 GCCGATGCAGGTTGGAGAGT
CD11b promoter 1 GCTTCTGGTCACAGGTATGT
CD11b promoter 2 GGTAGGTGGGGAGAGATCAA
CD115 enhancer 1 GTGAGAGCCCAAGTGTCGAA
CD115 enhancer 2 CAATGTGTTTCCGCCCACAC
CD11b enhancer 1 AGTTGTCTATATCCGCTGTG
CD11b enhancer 2 GGTCTGAATCACTAAAGATA
Scrambled control (for CD81 GTCCATACGCATAATCACCG
expts.)

Scrambled control 1 (for CD115/ CTGTGCAATCCGCATGATAT
CD11b expts.)

Scrambled control 2 (for CD115/ ATCTGGCACCTCACCCACGT

CD11b expts.)
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