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CELL BIOLOGY

Differential H4K16ac levels ensure a balance between
quiescence and activation in hematopoietic stem cells

Cecilia Pessoa Rodrigues’>* and Asifa Akhtar'*

Hematopoietic stem cells (HSCs) are able to reconstitute the bone marrow while retaining their self-renewal prop-
erty. Individual HSCs demonstrate heterogeneity in their repopulating capacities. Here, we found that the levels
of the histone acetyltransferase MOF (males absent on the first) and its target modification histone H4 lysine
16 acetylation are heterogeneous among HSCs and influence their proliferation capacities. The increased prolifer-
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ative capacities of MOF-depleted cells are linked to their expression of CD93. The CD93* HSC subpopulation
simultaneously shows transcriptional features of quiescent HSCs and functional features of active HSCs. CD93* HSCs
were expanded and exhibited an enhanced proliferative advantage in Mof*’~ animals reminiscent of a premalig-
nant state. Accordingly, low MOF and high CD93 levels correlate with poor survival and increased proliferation
capacity in leukemia. Collectively, our study indicates H4K16ac as an important determinant for HSC heterogeneity,

which is linked to the onset of monocytic disorders.

INTRODUCTION

Hematopoietic stem cells (HSCs) are characterized by their ability
to give rise to virtually all blood cell types while retaining their
self-renewal capacity. Functionally, HSCs can repopulate and sus-
tain multilineage engraftment even upon serial transplants into ir-
radiated mice (1).

Single-cell HSC transplants, single-cell RNA sequencing (scRNA-
seq), and high-throughput fluorescence-activated cell sorting (FACS)
experiments revealed that multiple subtypes exist within the HSC
compartment. Those subtypes can have different functional proper-
ties, including differences in repopulation kinetics (2-5), cell cycle
status (6), self-renewal abilities (7), and multilineage differentiation
output (8, 9). However, the molecular factors giving rise to HSC
heterogeneity and the functional consequences of this heterogene-
ity remain unclear.

Cell-extrinsic factors, mainly provided by the bone marrow mi-
croenvironment or niche, have long been suspected as the culprits
for HSC heterogeneity (10). However, it has become apparent that
the niche is not the only factor promoting HSC heterogeneity since
single-cell HSC transplantation revealed that cells could undergo 1
of 16 different types of kinetic repopulation patterns once trans-
planted into the host, despite all other factors (including the niche)
being stable in recipient mice (3, 4).

These experiments suggest that cell-autonomous factors have a
strong influence on HSC heterogeneity. In this sense, it is plausible
that individual cells within the founder HSC population make inde-
pendent cell-intrinsic decisions that are subsequently remembered
by their daughter cells after they divide. Epigenetic modifications
are likely to play a pivotal role in conveying this cell-intrinsic mo-
lecular memory, governing HSC heterogeneity and dynamics. Mul-
tiple epigenetic mechanisms have been shown to be involved in HSC
maintenance, lineage commitment, aging, and malignant transfor-
mation (11-13). Those include the histone modifications H4 lysine
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16 acetylation (H4K16ac) (14-17), H2A119Ub1 (18, 19), H3K27me3
(20, 21), H3K4mel/me2/me3 (22-26), and DNA methylation (11, 27-30).
Likewise, the chromatin landscape has been shown to be capable of
instructing and reinforcing lineage-specific gene expression pro-
grams (31-33). The contribution of epigenetic factors to HSC het-
erogeneity is supported by in vivo clonal tracking approaches,
showing a link between clone-specific epigenetic programs and dis-
tinct functional outcomes (34, 35).

MOF (males absent on the first; also known as KAT8 or MYST1)
is a lysine acetyltransferase (KAT) responsible for bulk histone
H4K16ac (36). Chromatin regions marked by H4K16ac exhibit in-
creased accessibility and therefore represent a more transcriptional-
ly permissive state. Furthermore, previous studies have suggested
that cells are exquisitely sensitive to levels of H4K16ac, with subtly
different phenotypes emerging depending on the extent of MOF
depletion (37). This chromatin modification is not only intergener-
ationally maintained but can also be passed to daughter cells through
mitotic divisions (38). These unique properties of H4K16ac raise
interesting questions about the possibility of this modification con-
tributing to generating and maintaining HSC heterogeneity. The
importance of MOF in HSC function is already established. Recent
studies demonstrated that Mof-depleted HSCs cannot maintain
adult hematopoiesis, resulting in decreased survival of adult mice
due to severe anemia (37, 39). Furthermore, Mof-depleted HSCs
failed to sustain serial transplantations (37), suggesting that these
cells might exhibit decreased self-renewal capacity upon severe
stress. On the other hand, MOF down-regulation is a hallmark of
acute myeloid leukemia (AML) in humans (40), suggesting that the
observed self-renewal deficiency might be a consequence of en-
hanced proliferation capacity. Mof*'~ mice show the accumulation
of an otherwise rare HSC population (37). However, the influence
of MOF in regulating HSC dynamics and heterogeneity need to be
further investigated. In this study, we set out to investigate the pos-
sible contribution of H4K16ac to establishing HSC heterogeneity
and propagating this to derived daughter cells of the hematopoietic
lineage.

Here, we identify MOF as an important regulator of HSC quies-
cence and that inherent variability in H4K16ac levels promotes
HSC heterogeneity. We identify that reduction of MOF levels leads
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to the expansion of an HSC subpopulation that expresses the mem-
brane marker CD93. Our characterization reveals that this popula-
tion is positioned just at the exit from dormancy to activation along
the HSC cell state continuum. Furthermore, we show that the in-
creased proliferation capacity exhibited by cells found in this inter-
mediate cellular state is fine-tuned by their H4K16ac levels.

RESULTS

Quiescent HSCs are characterized by high H4K16ac levels
Previous studies have shown that HSC lineage fate decisions are
fine-tuned by H4K16ac (37, 39). This led us to ask whether HSCs
display any intrinsic variation in H4K16ac levels. To characterize
the H4K16ac pattern in HSC:s in situ, we performed immunostain-
ing of tissue samples. While the H4K16ac staining exhibited a ho-
mogeneous distribution in cells of the spleen and dermis, in the
bone, we found that HSCs (Lin"CD34 CD48 c-Kit") display a re-
markable H4K16ac heterogeneity in situ (Fig. 1A, fig. S1A, and
movies S1 to S4). Moreover, FACS analysis confirmed that the HSC
compartment (LSK'CD34 Flt3"CD48 CD150") shows differen-
tial H4K16ac levels (fig. S1, B to C). Next, to test whether MOF/
H4K16ac levels influence HSC activation, we sorted LSK" cells from
wild-type mice and subjected them to polyinosinic:polycytidylic
acid (poly I:C) stimulation in vitro. LSK" cells treated with poly I:C
showed a significant decrease in the proportion of MOF" cells, con-
firming a relationship between MOF levels and the ability of hema-
topoietic stem progenitor cells (HSPCs) to rapidly respond to
stimuli (fig. S1D).

Next, we decided to exploit the intrinsic heterogeneity found in
colony formation [colony-forming unit (CFU)] assays to explore
the relationship between chromatin landscape and HSC prolifera-
tion under steady-state conditions. To this end, we sorted HSCs
(LSK*CD34 Flt3"CD48 CD150") and cultured them for CFU assay.
After 10 days, we evaluated the levels of MOF, H4K16ac, and assay
for transposase-accessible chromatin with visualization (ATAC-see)
signal from 85 single colonies. We observed that smaller colonies,
presumably reflecting cells with low proliferation capacity, exhibit a
strong positive correlation among MOF, H4K16ac, and increased
chromatin accessibility (Fig. 1, B to E). Meanwhile, the bigger colonies
showed stochastic correlative values between MOF and H4Kl6ac,
accompanied by decreased ATAC-see signal (Fig. 1, D and E). This
supports the existence of an intrinsic heterogeneity in H4K16ac
levels in hematopoietic cells. Furthermore, given the link between a
permissive chromatin state and proliferation rate, decreased levels
of MOF and H4K16ac appear to be associated with increased pro-
liferative capacity and activation in HSCs.

To better understand the in vivo consequences of altered H4K16ac
levels on HSC dynamics, we compared wild-type (+/+) and Mof
heterozygous (+/—) HSCs in several aspects. We opted to analyze
Mof*"~ animals because this model shows robust decrease in MOF
and H4K16ac levels without the defects on bone marrow cellularity
observed in the Vavl-iCre Mofﬂ‘”‘/ flox conditional knockout mice
(37). First, we sorted LSK" cells from both genotypes and probed
the levels of known cyclin-dependent kinase inhibitors. In line
with the increased proliferation hypothesis, the mutant cells
showed decreased levels of p16™<* and p19™XP (fig. S1E), suggest-
ing that Moflevels might influence HSPC cell cycle dynamics. Then,
to understand whether this phenotype was intrinsic to HSCs or
multipotent progenitors (MPPs), we single-cell-sorted HSCs and
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MPPs (LSK'CD34"). Before sorting, the cells were labeled with car-
boxyfluorescein succinimidyl ester (CFSE). After 10 days in culture,
we harvested the daughter cells, and their proliferation capacity was
measured by the extent of CFSE dilution (41, 42). In line with the
poly I:C results (fig. S1D), Mof "'~ HSCs showed an increased pro-
liferation ratio (fig. S1F) and division index, while the MPP cells
showed a similar proliferation ratio to wild-type cells (HSC, Mof *'*:
0.81; HSC, Mof*/~: 1.081; MPP, Mof**: 1.179; and MPP, Mof*'™:
1.51) (fig. S1F). This suggested that the proliferative advantage like-
ly originates with the HSCs rather than MPPs. To further validate
these results, we sorted the daughter cells from the HSC colonies
based on their CFSE intensity to obtain cells with high CFSE levels,
representing undivided cells and cells with low CFSE marking pro-
liferative cells. As expected, Mof '~ proliferating cells (CFSE~/°")
showed increased levels of Mki67 (fig. S1G), a known proliferation
marker. Mof*~ noncycling cells (CFSE"®") also showed increased
levels of Mki67 (fig. S1G). This result suggests that a decrease in
MOF levels might be sufficient to promote the exit of HSCs from
quiescence.

HSC dynamics are altered in Mof haploinsufficient animals
Considering that HSCs’ proliferation status can be indicative of
their functionality, we sought to investigate whether the inherent
heterogeneity observed in H4K16ac levels (Fig. 1, A to D, and fig.
S1, A and B) was also coupled to heterogeneous subpopulations
across the HSC spectrum. Furthermore, we were curious whether
H4K16ac levels could be used to classify HSCs into functional sub-
populations. To explore the HSC subpopulations present in the
Mof"~ mice, we reanalyzed scRNA-seq data from sorted progenitor
cells, i.e., megakaryocyte progenitor (Lin Sca-1"c-Kit"CD150"CD41;
n = 48 cells), granulocyte-macrophage progenitors (GMP) (Lin"Sca-
1 c-Kit"CD41 FcyRI/IIY; n = 24 cells), pre-GMP (Lin Sca-1"c-
Kit*CD41 FcyRII/III"CD150"CD1057; n = 24 cells), pre-CFU-E
(erythroid CFU) (Lin~Sca-1"c-Kit"CD41 FcyRII/III"CD150"CD105%;
n = 48 cells), megakaryocyte—erythroid progenitors (MEP) (Lin™Sca-
17c-Kit"CD150"CD41 FcyRII/III CD1057; n = 48 cells), pre-MEP
(Lin"Sca-1"c-Kit"CD41 FcyRII/III' CD150"CD1057; n = 48 cells),
pre-erythroid (CD71"Ter119'"; n = 48 cells), myeloid progenitor
(c—KithighSca—l_; n = 768 cells), early progenitor (LSK*FIt3"CD347;
n =576 cells), HSCs (LSK*CD150"CD487; n = 792 cells), LSK"'¢"
(n = 864 cells), and LSK'¥ (n =576 cells) (Fig. 1, Fand G; fig. S2, A
to C; and Materials and Methods) [original scRNA-seq data from
(37)]. After cell type identification (Fig. 1, G and H), we found the
differential enrichment of certain HSC subtypes in Mof*’~ animals
(Fig. 11). This observation was also reported in our previous analysis
of this dataset (37). To investigate the dynamics of these distinct pop-
ulations, we subseted the HSCs (Fig. 1]) and performed RacelD, fol-
lowed by StemID and VarID (43, 44). These analyses permitted us to
identify rare cell types and pinpoint cellular transitions based on ex-
pression variability within HSC clusters (fig. S2, D to H). We confirmed
the HSC signature by probing the expression of MoLO genes (fig. S2E),
followed by HSC population characterization (fig. S2F). Overall, we
observed two major cellular transitions: (i) clusters 1 to 2 (§;-S,),
associated with more stem-like cells, and (ii) clusters 5 to 4 (S5-Sy),
related to a more active status (fig. S2, F and G). Consistently, the
subpopulation of HSCs undergoing the Ss-S, transition was expanded
in Mof "'~ mice, particularly, in cluster 5 (Fig. 1, K and L, and fig. $2D).
We then focused on the S5-S, transition by exploring their pseudo-
time ordering, i.e., cluster 8 (high transcription entropy), cluster 5
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Fig. 1. Hematopoietic progenitor cells show heterogeneity in H4K16ac and MOF levels. (A) Tibiaimmunofluorescence (IF). Sections were stained with 4',6-diamidino-
2-phenylindole (DAPI) (blue), Lineage/CD34/CDA48 (red), c-Kit (yellow), and H4K16ac (green). WT, wild type. (B) Scheme showing the colony formation [colony-forming
unit (CFU)] stratification. (C) IF from high CFU and low CFU output. (D) Correlation between MOF and H4K16ac median fluorescence intensity (MFI) from both CFU out-
puts. Statistical value was determined by Pearson correlation and is indicated in the figure (n =4 animals). A.U., arbitrary unit. (E) Chromatin accessibility from both CFU
outputs. Significance was calculated using the t test. *P = 0.05. (F) scRNA-seq experiment design [original data from (37)]. (G) Uniform manifold approximation and pro-
jection (UMAP) of transcriptome similarities between each cell. (H) Expression of three major populations: HSC, erythroid (Ery), immature myeloid progenitors (IMP), and
granulocyte/macrophage progenitors (GMP), all clusters inferred by Seurat. Genes queried for the populations were obtained from (8, 30). (I) HSC subpopulation fraction
for both genotypes. Statistical test was conducted using the Fisher test. *P = 0.05; **P = 0.01. (J) HSCs used for the StemID/VarID analysis (see fig. S2). (K) t-distributed
stochastic neighbor embedding (t-SNE) with links connecting cluster medoids. The thickness and color of a link indicate the transition probability between the connected
clusters. (L) Cellular density among the t-SNE for each genotype. The green square highlights the Mof™~ HSC enrichment. (M) Transcriptome entropy level for clusters 8,
1, and 5 from (K) and MPP from (G). Entropy was determined by FatelD, and statistical significance was calculated by one-way analysis of variance (ANOVA) followed by
Tukey post-test. ***P < 0.001 and ****P < 0.0001. The scRNA-seq data is from n =7 biological replicates from two independent experiments.
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(mid transcription entropy), and cluster 4 (low transcription entro-
py) (Fig. 1M and fig. S2G). Molecularly, cluster 5 cells were tran-
scriptionally closer to the highest entropic HSC clusters (e.g., cluster
8), with concomitant expression of genes related to HSC activation,
such as Itga2 and Cdké6 (Fig. 1M and fig. S2, G and H), suggesting
that cluster 5 likely represents an intermediate cellular state be-
tween quiescent and active cells. Thus, to further understand this
cellular transition, we compared both major identified cellular tran-
sitions, i.e., cluster 5 against clusters 1 and 2 (fig. S2I). As expected,
cluster 5 showed a strong active signature in comparison to S;-S;
(fig. S2J). Cluster 5 displayed a strong HSC profile with a gradual
decrease in expression of dormant markers, with a concomitant in-
crease in expression of active HSC-related genes (fig. S2, F to K),
thus supporting the notion that these cells acquire some features of
activated HSCs while retaining features of quiescence. To better
grasp the temporal location of cluster 5 cells, we performed pseudo-
time ordering from sorted dormant HSCs (dHSCs) and overall
HSCs [original data from (45)]. Querying the expression of the sig-
nificantly up-regulated genes in cluster 5 (table S1) along the
pseudotime revealed that this cellular transition represents an inter-
mediate state between dHSCs and more active cells (fig. S2, L to N),
possibly akin to the “Go-Gglert” stem cell population, which has the
ability to actively and reversibly transition between the Gy quiescent
state and an active Gyert State in response to injury-induced system-
ic signals (46). Collectively, this finding suggests that cluster 5 rep-
resents an intermediate or primed HSC state across the HSC
continuum.

CD93* HSCs are characterized by increased

proliferative capacity

Studies of HSC dynamics are often hampered by two limiting fac-
tors: (i) the lack of a marker that is compatible with live cell sorting
(47, 48) and (ii) the lack of a marker that could be applied to human
studies, since available methods for sorting viable HSCs typically
rely on transgenic reporter mice, e.g., Gprc5¢c-GFP (green fluores-
cent protein) (45). Therefore, we asked whether the differentially
variable genes marking the Ss-S4 transition could be used to identify
a cell population—specific cell surface marker (table S2) which is
also conserved during evolution. We found Cd93 as the best candi-
date because it is expressed in humans and was robustly and specifi-
cally expressed in cluster 5 (Fig. 2A and fig. S2F). Next, we performed
FACS analysis to validate the existence of a CD93-expressing HSC
population. We confirmed the existence of an HSC population that
expresses CD93 on their membrane, as well as the expansion of this
population in the Mof”~ animals (Fig. 2B).

To better understand the molecular characteristics of this HSC
subpopulation, we sorted CD93* and CD93~ HSCs (LSK'CD34~
Flt37CD48 CD150") and performed bulk RNA-seq and Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-seq)
analyses (fig. S3, A to D, and table S3). First, we evaluated the ex-
pression of HSC genes (45, 49, 50) and compared it to dHSCs, active
HSCs (aHSCs), and MPP1 (45, 49, 50). This analysis revealed that,
at the transcriptional level, CD93" HSCs showed a similar expres-
sion profile as the dHSCs (Fig. 2C). Concomitantly, we also found a
significant positive correlation between the CD93" transcriptome and
those of Tcf15" HSCs (quiescent cells), dHSCs, and multilineage cells
(8, 45). However, we found an unexpected negative correlation be-
tween RNAs expressed by CD93" cells and HSCs exhibiting enhanced
self-renewal capacity (serially transplanted population), indicating
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that these cells are not in a canonical quiescent state (Fig. 2D)
(8, 45). Although, at first glance, the observed patterns seem discor-
dant, the complex transcriptional phenotype exhibited by CD93*
HSCs can be interpreted by their intermediate subtype identity.
The unique characteristics of the CD93" population support the
hypothesis that HSC activation does not occur in a binary manner
but rather represents a continuum in which CD93" HSCs are likely
at the edge of the quiescent state and primed to a more active state.

We next looked at the differences in expression profiles between
the CD93" and the remaining CD93~ populations. Unexpectedly,
when compared to the pool of CD93™ HSCs, most genes up-regulated
in CD93" HSCs were associated with molecular signatures of HSC
activation, notably cell cycle/mitosis, increased cell cycle capacity,
DNA repair, and metabolism (Fig. 2, E and F; fig. S3B; and table S4).
Besides decreased expression of genes associated with proliferation,
CD93"* HSCs also showed a reduction in genes related to cellular
calcium homeostasis (Fig. 2F and table S4), a pathway that was re-
cently shown to be required for maintenance of the dHSC state (51).
Moreover, we found that CD93" HSCs show signs of increased
mRNA splicing (Fig. 2G), which is an indicator of HSC activation
(45). Together, these observations support the hypothesis that
CD93* HSC:s likely represents a primed HSC subtype.

To test whether CD93" HSCs were indeed primed, we evaluated
their biological function in vitro. First, we evaluated their intrinsic
proliferative capacity. To this end, we single-cell-sorted CD93™ and
CD93" HSCs, labeled them with CellTracker Red (CTR), and eval-
uated the dye dilution in the daughter cells after 10 days. In line
with their RNA-seq profiles, CD93" HSCs showed higher prolif-
eration indices after two generations, followed by a sharp decrease
at the third generation, while CD93" cells displayed stable prolif-
eration dynamics (Fig. 2H), thereby suggesting that the inverse
transcriptional correlation with the serially transplanted cells we
described earlier (Fig. 2D) might arise from the increased prolifera-
tive capacity of the CD93* HSCs. Consistently, CD93" HSCs also
showed increased mitochondrial mass, reactive oxygen species (ROS),
phosphorylated AKT-1 (p—AKT-1), and Ki67 (Fig. 2, I to L). These
data suggested that CD93" cells are primed toward an active state
and prone to respond faster due to their increased proliferation ra-
tio (Fig. 2D).

Our data therefore support the idea that HSC activation does not
take the form of a binary switch but rather represent a continuum in
which CD93" HSCs are likely at the edge of the quiescent state and
primed to a more active state. The CD93" population is much more
abundant in Mof"~ HSCs relative to wild-type animals (Fig. 2B).
CD93 therefore represents a molecular link between H4K16ac lev-
els and maintenance of HSC quiescence.

High H4K16ac at target genes suppresses the CD93"

HSCs’ proliferative and in vitro self-renewal

maintenance capacities

To investigate the role of MOF in regulating the quiescent to active
transition, we first checked whether CD93" HSCs showed an overall
decrease in Mof or H4K16ac (Fig. 3, A and B). We had previously
demonstrated that Mof*~ mice harbor HSCs with significantly
lowered H4K16ac across the population (37). Next, we asked whether
MOF-bound regions in HSCs (37) were altered in CD93" HSCs.
Thus, we overlapped the ATAC-seq profiles from CD93" or CD93~
cells with MOF chromatin immunoprecipitation sequencing (ChIP-seq)
targets. CD93" HSCs showed mild but significantly decreased
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from (8)]. Colors indicate the r direction, positive correlation (red), and negative correlation (blue). Statistical value was determined by Spearman correlation test. ****P < 0.001.
(E) Differentially regulated genes comparing CD93~ versus CD93* HSCs. Red dots depict significantly regulated genes [false discovery rate (FDR) of 0.05]. (F) Enrichment
pathway analysis for the up-regulated genes and down-regulated genes in CD93* HSCs. (G) Differential exon usage sequencing (DEX-seq) analysis for DEX in CD93™ (gray)
and CD93" (navy) HSCs. (H) Line plots showing the overall division index (proliferation index from n generation/proliferation index from undivided cells) for CD93~ and
CD93* HSC clones. (1 to L) Biological characterization for active HSCs parameters: (I) mitochondrial mass (n = 3), (J) ROS (n =3), p-Akt-1 (n=6) (K), and (L) Ki67* cell frequency
(n=7). Colors indicate the genotype. After normality test, P value was determined by one-way ANOVA followed by Holm-Sidak’s test. *P=0.05 and **P=0.01.
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Fig. 3. Chromatin landscape characterization of CD93* HSCs. (A) Violin plot showing reverse transcription quantitative polymerase chain reaction (RT-qPCR) analyses
of Mof levels in CD93~ and CD93* HSCs isolated from wild-type animals. Mof expression was determined by [Ci-Mof — Ci-Hprt, AC{] and then normalized by the smallest
AC, G The log fold change is 222G, (n=3). (B) H4K16ac levels in CD93™ (empty boxes) and CD93" (filled boxes) from wild type (gray) and Mof*’~ (green; n = 4 mice per
genotype). Statistical significance was determined by one-way ANOVA followed by Tukey post-test. *P = 0.05; ***P < 0.001 and ****P < 0.0001. (C) Heatmap showing the
enrichment of MOF target regions in HSCs (37) overlapped with the ATAC-seq profile from CD93~ and CD93* HSCs. TES, transcription end site; TSS, transcription start site.
***¥¥P < 0.0001. (D) Heatmap showing the enrichment of H4K16ac over the entire mouse genome. (E) Heatmap showing the association of the stereotypical gene body
regions from H4K16ac were selected and plotted against the CD93~ and CD93* ATAC-seq profile. Statistical significance was determined by sampling the average scores
for the genomic region of MOF targets (C) or H4K16ac gene body enriched (D) using the MultibigwigSummary() software. Score comparison was conducted by the
nonparametric Mann-Whitney test. ****P < 0.001. (F) Network analysis showing the biological pathways related to H4K16ac enriched genes (n=2). (G) Left: Serial CFU
plating scheme. Right: Boxplot showing the total number of colonies in the first plating, second plating without FN1, or second plating with FN1 (100 ug/ml) (n =6).
Statistical analysis was determined by two-way ANOVA followed by Holm-Sidak multiple test. ****P < 0.0001. (H) H4K16ac levels upon FN1 treatment. Statistical analysis
was determined by t test. *P =0.05. (n = 6). (I) Graphical model showing the relation between H4K16ac levels and HSC activation status.
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overall chromatin accessibility at MOF-bound regions (Fig. 3C).
However, regions exhibiting high H4K16ac in the HPC7 hemato-
poietic progenitor cell line showed significant loss of chromatin
accessibility in the CD93" cell population (Fig. 3, D and E). Further-
more, when we probed the molecular signatures of the MOF target
genes that exhibited a loss of chromatin accessibility in CD93" cells,
we found a significant enrichment for terms related to maintenance
of HSC quiescence (Fig. 3F), including autophagy, negative regula-
tion of protein modification, negative regulation of cell cycle, and
Rho guanosine triphosphatase (GTPase). We also found that CD93"
HSCs expressed higher cyclin-dependent kinase 6 (CDK6) protein
levels (fig. S3E). We did not observe significant changes in other
chromatin modifications, i.e., H3K27ac and H3K4mel in long-term
HSCs and HPC7 (fig. S3F) [original ChIP from (32, 52)]. Moreover,
no significant differences were observed in H4K5ac, H4K8ac, or
H3K4me3 levels between CD93™ and CD93"* HSC:s (fig. S3G), sug-
gesting that H4K16ac is the main altered chromatin modification
in CD93" HSCs. Our results indicate that MOF-mediated H4K-
16ac deposition is one of the main cell-intrinsic factors deter-
mining the unique gene expression profile of CD93" HSCs.

Next, we were interested in identifying niche signals that could
influence H4K16ac levels in CD93" HSCs and, thereby, regulate
their proliferation capacity. CD93 has previously been described as
areceptor for the complement factor Clg, but these findings appear
to be controversial (53-56). Recently, the extracellular matrix pro-
tein fibronectin (FN1) was shown to be a CD93 ligand (57). Given
that HSCs treated with FN1 have increased self-renewal capacity
(58), we asked whether FN1 could directly rescue CD93" HSC CFU
colony formation and influence H4K16ac levels. To this end, we
performed a serial plating experiment in which we sorted CD93"
and CD93" HSCs and cultured them in methylcellulose complete
media for 10 days. Then, we harvested the cells and plated 1000
daughter cells in a new well in the presence or absence of FN1. In
line with our previous observations, we found that CD93" HSCs failed
to sustain their colony formation capacity. However, FN1-treated
CD93" HSCs showed a similar CFU capacity to the CD93™ HSCs,
while FN1-treated CD93™ HSCs showed no significant differences
to their untreated counterparts (Fig. 3G). Furthermore, daughter
cells from CD93* HSCs treated with FN1 showed increased levels of
H4K16ac (Fig. 3H), while EN1 did not rescue the Mof*'~ HSCs’
CFU capacity (fig. S4A). This suggests that FN1 acts as a stop signal,
triggering CD93" HSCs to inhibit their proliferation program through
elevated H4K16ac.

Since CD93 is also a marker for early B cells, a cell type known
for their proliferative expansion capacities, we reanalyzed scRNA-
seq data from FACS-sorted common lymphoid progenitors (CLPs;
Lin Sca™ Kit™ Flt3"), fraction A pre-pro-B cells (B220"CD43"
NK1.1" BST2"HSA BP17), and fraction B/C pro-B cells (B220"
CD43"NK1.1"BST2"HSA"BP1") from wild-type mice (fig. S4B)
(43, 59). Next, we overlapped the significantly up-regulated genes in
CD93" HSCs with the clusters representing the major developmen-
tal stages in B cell development (fig. S4C). We observed a significant
overlap between CD93" HSCs and cycling pre-pro-B cells (fig. S4D).
This suggests that the pathway through which CD93 modulates
proliferation dynamics is common to both cell types. Collectively,
our findings support the notion that HSC activation occurs in a
continuum, wherein CD93" HSCs represent an intermediate cellular
state and are primed to be active by their exquisitely fine-tuned
H4K16ac levels (Fig. 31).

Pessoa Rodrigues and Akhtar, Sci. Adv. 2021; 7 : eabi5987 6 August 2021

CD93" HSCs respond faster to homeostatic insults

To investigate whether CD93" HSCs are able to respond faster
in vivo, we treated wild-type and Mof*'~ mice with five pulses of
interferon-a (IFN-a), a cytokine known to disrupt HSC quiescence
(60). After the treatment, the animals were injected with bromode-
oxyuridine (BrdU). Seven days later, the animals were euthanized
and the proliferation rates of their HSCs were evaluated (see Materials
and Methods). In agreement with the in vitro results (Fig. 2, Hto L),
CD93* HSCs showed increased frequency of BrdU incorporation
(Fig. 4A). This response was further enhanced by the Mof”~ back-
ground, suggesting that decreasing the levels of this enzyme re-
moves the restraint on the existing proliferative tendencies of the
CD93" HSC population.

To test whether Mof"'~ HSCs indeed exhibit a proliferative ad-
vantage over wild-type cells, we performed in vitro cell competition
assays. We sorted CD93™ and CD93" HSCs from CD45.1 animals
(wild type), the same set from CD45.2 animals (Mof" ), and cul-
tured them together in a 1:1 ratio. After 10 days in culture, we eval-
uated the composition of the daughter cell populations (Fig. 4B). As
expected from our BrdU labeling experiments, we observed a
marked increase in proliferation in CD93" cells compared to their
CD93" counterparts. Notably, reducing MOF levels (through Mof
haploinsufficiency) conferred a significant proliferative advantage
to both CD93" and CD93™ HSC subtypes (Fig. 4, A and B), presum-
ably due to their intrinsic decrease in H4K16ac levels.

Along with increased proliferation capacity, CD93" HSCs showed
impaired serial plating capacity since they gave rise to fewer colo-
nies upon serial plating (Fig. 4, C and D). This is associated with low
numbers of remaining progenitor cells and decreased Ki67 staining
(Fig. 4, E and F). On the other hand, Mof*/f HSCs showed similar
numbers of colonies in the second plating and high numbers of pro-
liferative progenitor cells (Fig. 4, E and F). These findings lead us to
speculate that low levels of MOF might set the stage for later devel-
opment of hematopoietic proliferative disorders.

Immune surveillance plays a critical role in regulating

the numbers of CD93* HSCs in Mof*"'~ animals

Considering that Mof*'~ animals have a normal life span and do not
develop leukemia, we sought to explore the cell-cell interactions of
CD93* HSCs with the immune system to test for a potential in-
volvement of immune surveillance in blocking the onset of tumors.
To this end, we took advantage of our scRNA-seq data and con-
ducted ligand-receptor analysis using the immune checkpoint data-
base. This analysis revealed that wild-type CD93" HSCs exhibit a
strong predicted interaction with innate cells such as macrophages,
dendritic cells (DCs), and neutrophils, while their Mof* /= counter-
parts showed weaker but numerous interactions with adaptive im-
mune cells, including T and B cells (Fig. 5A). We additionally found
increased frequencies of CD3" cells in the bone marrow, but not in
the lymph nodes, of Mof*~ animals (Fig. 5B).

The increased frequency of their inferred cell-cell interaction in
Mof*'~ animals (Fig. 5A) led us to suspect that T cells may have a
role in suppressing the proliferative potential of CD93" cells. T cells
have a prominent role in hindering the onset of hematopoietic pro-
liferative disorders (61). We crossed Mof”~ mice with Rag-1 knock-
out animals (Rag-1 KO), allowing us to study the consequences on
CD93" HSCs in the absence of adaptive immune cells (Fig. 5C and
fig. S5, A to D). We found that immune-deficient Mof*~ mice
showed an augmented total frequency of CD93" HSCs in their bone
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Fig. 4. Decreased levels of Mof confer a proliferative advantage to CD93* HSCs, leading to hematopoietic disorders when in the absence of adaptive immune
cells. (A) Design of the BrdU incorporation upon IFN-a challenge. Right: Boxplots showing the frequency of BrdU-positive HSC (n = 5). Empty box represent the animals
treated with PBS, and filled box represent animals treated with IFN-a. Colors indicate the genotype, wild type (gray) and Mof"'~ (green). After the data normality test,
statistical analysis was determined by one-way ANOVA followed by Tukey post-test. **P=0.01. ip, immunoprecipitation. (B) Graphic scheme showing the experimental
design for the competition assay. Mof”~ HSCs (CD45.2%) and wild-type HSCs (CD45.1*) were cultured at a 1:1 ratio. After 10 days, cells were harvested, and daughter cells
were evaluated for their ontogeny. Right: Boxplot showing the total of daughter cells. n = 4. (C) Graphical scheme showing the serial CFU assay design. (D) Boxplot showing
the total number of colonies for first and second plating. After the normality test, statistical value was determined by one-way ANOVA followed by Tukey post-test.
**¥%p < 0,0001 (n =4). (E) Total number of LSK" cells from the second plating. (F) Frequency of Ki67" cells from the second plating.

marrow (Fig. 5, D and E) and a significant increase in circulating
monocytes (Fig. 5F), despite the overall decrease in cellularity (fig.
S5B). Both migratory and resident monocytes displayed increased
levels of c-Kit (Fig. 5, G and H, and fig. S5A). We suspect that the
increased frequency of interactions between CD93* HSCs and in-
nate cells observed in our Mof*'~ scRNA-seq are likely elicited by
the organism in an attempt to contain the expansion of CD93"
HSCs, which positively correlates with the appearance of immature
circulating myeloid cells. Their increased proliferation and fre-
quency of interaction with adaptive immune cells suggested that
CD93" cells might increase the risk of developing hematopoietic
proliferative disorders.

MOF as a potential target in the treatment

of human leukemia

Aged HSCs have been shown to have intrinsically low H4K16ac lev-
els (14, 15, 62); thus, we sought to investigate whether the status of
CD93" HSCs in old animals was also altered. Aged animals (>60 weeks)
exhibited a marked expansion of the CD93" HSC pool relative to
young animals (<12 weeks), corroborating our findings that H4K-
16ac levels regulate the emergence of CD93" HSCs (Fig. 6A). We
noticed that the Cd93 locus showed increased signal in CD93" HSCs
and in Mof *'~ HSCs, which was associated with an accessible up-
stream region carrying a binding motif for the transcription factor
ZFP128 (fig. S6A). These observations suggest that decrease of MOF
facilitates transcription of the Cd93 locus.

Pessoa Rodrigues and Akhtar, Sci. Adv. 2021; 7 : eabi5987 6 August 2021

Considering that HSC aging is associated with increased preva-
lence of AML and clonal hematopoiesis of indeterminate potential
(CHIP), we next reanalyzed published RNA-seq (63) from healthy
HSCs (control), preleukemic stem cells (rHSCs), leukemic stem cells
(LSCs), and blast cells (Blast). We found that MOF and CD93
levels exhibit a gradient across the time scale of disease progres-
sion (Fig. 6, B and C), wherein low levels of MOF are observed
in conjunction with increased levels in CD93 in LSCs. This cell
type represents the principal component (PC) critical point,
showing +48% of transcriptome differences related to HSCs and
rHSCs (Fig. 6B), suggesting that decreased MOF levels are inversely
correlated with transcriptome variability. Moreover, we found that
LSCs displayed a significant decrease in the expression of human
orthologs of mouse MOF HSC target genes (Fig. 6D), suggesting
that the transcriptome of human LSCs is affected by MOF levels.
Nevertheless, because of the small number of patients in this study,
we reanalyzed the RNA-seq data from 437 healthy individuals and
patients with AML [Leucegene, AML sequencing; original data
from (64)]. On the basis of MOF and CD93 expression, we could
validate the existence of a group of patients with AML that have
decreased levels of MOF but increased levels of CD93 (Fig. 6E).

We were curious to explore whether MOF levels would affect
disease outcome. We found that decreased levels of MOF are sig-
nificantly associated with decreased survival probability in patients
with AML (Fig. 6F and fig. S6, B and C) [original data from (65-67)].
We depleted MOF via knockdown (KD) in several leukemic cell
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Fig. 5. T cells regulate the number of CD93* HSCs and hinder the onset of monocytic disorders. (A) Ligand-receptor circus plot from our scRNA-seq profile (Fig. 1).
The immune checkpoint database was used to determine the interaction of progenitor cells and immune cells. Arrows indicate the cell interaction directionality. Thick-
ness of the line depicts the interaction intensity. Red lines highlight the CD93" HSC interactions. (B) Left: Gating strategy showing the frequency of T cells in the bone
marrow. Right: Quantification of CD3" in the bone marrow and inguinal lymph nodes (iLN). Statistical analysis was determined by t test. *P=0.05. (n=4). (C) Graphic
scheme showing the cross strategy to deplete the adaptive immune cell from Mof*'~ animals. (D) Gating strategy showing the frequency of CD93* HSCs. (E) Total frequen-
cy of CD93* HSCs in wild-type (n=14), Mof*~ (n=11), Mof*"~ Rag-1 knockout (Rag-1 KO) (n = 13), and Rag-1 KO (n = 3). (F) Frequency of blood-circulating monocytes (wild
type, n=4; Mof*’~, n=5; Mof*'~ Rag-1 KO, n=4). (G) Total frequency of immature migratory (CCR2*) and CCR2™ monocytes in the blood. (H) Total frequency of migratory
(left) and tissue-resident (right) immature monocytes in spleen from wild type (n=4), Mof*'~ (n=4),and Mof*'~ Rag-1 KO (n=6). After the normality test, statistical value
was determined by one-way ANOVA followed by Tukey post-test. *P = 0.05, **P = 0.01 and ***P < 0.001.
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lines (fig. S5C). The monoblast U937 and myeloblast HL-60 lines
(68) were the only ones among those tested showing increased pro-
liferation and CD93 expression upon MOF KD (Fig. 6, G and H,
and fig. S6, D to F). These results in human cells are consistent
with the monocytic phenotype elicited by the depletion of adaptive
immune cells in the Mofr/7 mice (Fig. 3E).

To test whether MOF KD also confers protection to cell cycle
blockers, we treated U937 cells subjected to MOF or scrambled
KD with paclitaxel (PAC) that promotes microtubule stabiliza-
tion, causing mitotic arrest, or with 5-fluorouracil (5-FU), known
for inhibiting DNA synthesis by restricting availability of thymi-
dylate. We found that MOF KD cells were less sensitive to these
treatments, as we did not observe a decrease in the G; state (Fig. 6I),
suggesting that low levels of MOF are sufficient to boost AML pro-
liferation capacity.

We then asked whether the increased proliferation could be at-
tenuated by reestablishment of H4K16ac levels. Therefore, we either
overexpressed Mof or treated cells with Ex-547, a Sirtuin 1 (SIRT1)
inhibitor that is selective toward H4K16ac (37, 69), or the pan-histone
deacetylase (HDAC) inhibitor panobinostat. In all treatment con-
ditions, cells with augmented H4K16ac levels showed a decreased
proliferation capacity (Fig. 6] and fig. S6G).

Together, our data revealed the existence of an AML patient sub-
group that exhibits decreased levels of MOF concurrent with in-
creased levels of CD93. At the cellular level, this leads to increased
proliferation capacity that can be manipulated by H4K16ac levels,
suggesting that drugs targeting MOF might be a good strategy
against highly proliferative leukemic cells.

DISCUSSION
In this study, we characterize an intermediate HSC state marked by
CD93 that resides in the bone marrow and is expanded in animals
harboring low levels of H4K16ac. This HSC subset is transcription-
ally akin to dormant HSCs but is primed toward activation. This
allows CD93" HSCs to respond faster upon repopulation or cyto-
kine exposure through increased proliferation but presumably at
the expense of their self-renewal capacity. Furthermore, CD93"
HSCs from Mof" /~ animals showed a competitive proliferative ad-
vantage and appeared to maintain their progenitor pool to a certain
extent. The combination of these properties could be deleterious in
the AML context. In agreement, we identified a group of patients with
AML showing low MOF and high CD93 levels, which correlates with a
poor survival presumably due to their increased proliferation capacity.

Our findings directly link HSC heterogeneity to epigenetic regu-
lation. We observed that altered H4K16ac levels result in different
HSC kinetics and varying degrees of accumulation of the CD93" popu-
lation. This subpopulation emerged as an intermediate cellular state,
displaying a compound phenotype consisting of high-transcription
entropy levels and a robust dHSC molecular signature while harbor-
ing active features including increased mitochondrial mass, CDKS,
and p-Akt-1 levels (45, 60, 70). Considering that HSC activation is
linked to increased DNA damage, which over time might have con-
sequences for the onset of hematopoietic disorders including CHIP
and leukemia (71, 72), we envisioned that the fast response of
the CD93" HSCs might confer protection to the cells in the more
dormant end of the HSC spectrum.

We found that Mof*~ animals have a higher frequency of CD93*
cells. Although speculative, we hypothesize that the life-long anemia
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observed in these animals produces a constant demand for red
blood cells (RBCs), thereby possibly leading to the recruitment of
the HSC pool, wherein the CD93" subpopulation, due to their
active primed phenotype, will react faster in promoting the mainte-
nance of the circulating RBCs while keeping the dHSC population
protected.

From the chromatin landscape perspective, it is interesting that
H4K16ac levels decrease upon HSC aging (14, 15, 62) but can be
partially restored using CASIN, a Cdc42 Rho GTPase inhibitor (62).
In LSCs, however, reduction of H4K16ac was associated with in-
creased stemness (73), arguing that altered H4K16ac levels might
have different context-specific consequences. Likewise, CD93 ap-
pears to be expressed in chronic myeloid leukemia (CML) cells and
promotes stemness and self-renewal of CML LSCs (56, 74). Unfor-
tunately, the H4K16ac levels of this cell type have not been defined
yet. Our results support the notion that H4K16ac levels promote
different outcomes depending on the cellular status, since Mof*'~
CD93" HSCs not only show enhanced proliferation capacity but
were also able to maintain their self-renewal capacity, unlike Mof*'*
CD93" HSCs. Moreover, we observed an increase in the number of
CD93" HSCs in the absence of a mature adaptive immune system.
Therefore, it is tempting to speculate that decreased levels of MOF
in HSCs and the expansion of the CD93" HSC population might
have a proleukemic potential. This is based on our observations of
their increased proliferation capacity at the expense of their self-
renewal ability. In this context, this premise sheds light on the
Mof-cancer paradox in which MOF levels are closely and positively
correlated with cell proliferation (75), despite the fact that several
cancers, including leukemia, show low MOF levels (40). Reduced
MOF levels in leukemia are not sufficiently low to adversely affect
cell proliferation but sufficiently low to present an impediment to
HSC differentiation, which might increase the risk of malignant
transformation.

MOF can be found in association with two distinct complexes,
the male-specific lethal (MSL) and the nonspecific lethal (NSL/
KANSL). It is known that these complexes have different histone
H4 lysine residue specificities (76). Thereby, considering the strong
anticorrelation between CD93 and H4K16ac, and lack of correla-
tion between CD93 and either H4K5ac or H4K8ac, leads us to pro-
pose that the leukemic-like phenotype is very likely elicited by MOF
in conjunction with the MSL complex. In support of this hypothe-
sis, we had previously shown that hematopoietic system-specific
knockouts of Kansl2 or Kansl3 do not recapitulate the same pheno-
type as knockout of Mof. Conditional KansI2 and Kansl3 knockout
animals developed erythroid differentiation defects but did not
show the changes in the myeloid compartment nor in total HSC
number observed upon deletion of Mof (37).

In terms of cellular interaction, our study showed a switch
toward adaptive immune cells and CD93" HSCs in situ. By de-
pleting mature T and B cells from Mof*'~ animals, we found a
significant increase in the CD93" HSCs accompanied by the
onset of monocytic disorders. This suggests that immune sur-
veillance might play a crucial role in controlling CD93" HSC num-
bers and preventing the onset of circulating immature monocytes
in Mof*'~ animals. Adaptive immune cells thereby seem to help
restrain any undesirable consequence of imbalances in HSC
heterogeneity.

Furthermore, CD93 was first described as a marker for early
B cells and fetal HSCs, both cell types known for their proliferative
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expansion capacities. Considering our findings, it will be inter-
esting to study whether H4K16ac levels are also altered in those
cell types or whether this represents an adult HSC-specific
phenotype.

In addition, it is important to point out that while our study
identifies CD93" as a marker for an intermediate HSC status, a de-
tailed characterization of the CD93™ HSC pool is still lacking. We
envision that further studies in the CD93™ HSC pool might shed
light on a better deconvolution of the dHSC and aHSC transition.
On the basis of our scRNA-seq data, we propose that the addition of
CD27, CD47, and CD74 could be helpful to discriminate the re-
maining HSCs populations from the CD93™ HSC pool.

In conclusion, our study shows the importance of MOF levels in
governing HSC heterogeneity, since low levels of H4K16ac in vivo
resulted in the accumulation of an otherwise rare HSC population
that expresses CD93 on their membrane. This HSC subpopulation is
akin to the Go-Ggjert (46) stem population in that it shows molecular
hallmarks of both dHSCs and aHSCs, thereby likely representing a
distinct intermediate cellular state that is more prone to respond
upon hematopoietic stress. The fact that the CD93 marker is both
extracellular and evolutionarily conserved in mammals lends itself
to the isolation of live cells representing this intermediate cell pop-
ulation from humans. Further studies are required to explore
whether the exclusion of CD93" HSCs before human bone marrow
transplantation could be used to improve tissue engraftment. In ad-
dition, our findings in AML place MOF as both a potential bio-
marker for early detection and as a druggable target. Implementing
conventional AML therapy together with an H4K16ac-selective
HDAC inhibitor might help to reduce the number of highly pro-
liferative CD93" HSC cells.

MATERIALS AND METHODS

Ethics statement

Animals were kept on a 14-hour/10-hour light-dark cycle and pro-
vided with standard chow food and water ad libitum. Every mouse
strain in this study was backcrossed with C57BL/6] mice. All animal
procedures are in agreement with and approved by the responsible An-
imal Welfare Committees (Regierungsprasidium Freiburg, Karlsruhe/
Germany, license 35-9185.81/G-19/37).

Mouse strains

Kat8tm1Avo allele was published elsewhere (37, 77), and the line
Rag-1 KO was imported from the Jackson laboratory (JAX002216).
Eight- to 12-week-old mice from both sexes were randomly allocat-
ed to experimental groups. Eight-week-old male animals were used
for RNA-seq and ATAC-seq.

Cell culture
Culture of the HPC7 (murine hematopoietic progenitor cell line
CVCL_RB19) cell line was performed as in (37). Raji (CVCL_0511),
SKNO1 (CVCL,_2196), HL-60 (CVCL_0002), KG-1 (CVCL_0374),
and U937 (CVCL_0007) were kept in Dulbecco’s modified Eagle’s
medium (Gibco) with 10% fetal calf serum (FCS), penicillin (100 U/ml),
and streptomycin (100 pg/ml). Cells were cultured in a humidified
incubator at 37°C and 5% CO,.

For the proliferation assessment, the cells were harvested every
second day for 4 days, and living cells were counted by trypan blue
staining. The CD93 levels were determined by FACS.
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Fluorescence-activated cell sorting

Cell suspensions and flow cytometry

For flow cytometry analysis, we followed the protocol described in
(37). Briefly, mouse bone marrow cells were isolated by flushing them
with cold phosphate-buffered saline (PBS) containing 2% FCS. Next,
lysis of erythrocytes was performed using the ammonium-chloride-
potassium (ACK) lysing buffer (Thermo Fisher Scientific), followed
by lineage-positive cell depletion using the MojoSort Mouse Hemato-
poietic Progenitor Cell Isolation Kit (BioLegend, #48003). Total bone
marrow was incubated with a biotin antibody cocktail, and purifica-
tion was performed with magnetic streptavidin nanobeads from the
kit. Last, CD93" and CD93™ HSCs (LSK'CD34 Flt3"CD48-CD150")
were sorted using a FACSAria Fusion II cytometer (BD).

Different collection approaches were applied depending on
the experiment. For reverse transcription quantitative polymerase
chain reaction (RT-qPCR)/immunoblot, sorted cells were col-
lected into ice-cold PBS. For scRNA-seq, cells were sorted into
384-well plates loaded with an RNA lysis buffer [original data
from (37)]. For single-cell clonal assessment, HSCs were sorted
into 96-well plates coated with either MethoCult (STEMCELL
Technologies, #M3434) or 96-well plates coated with inactive
OP9 in Iscove’s modified Dulbecco’s medium (IMDM)-10% sup-
plemented with stem cell factor (SCF) and thrombopoietin (TPO)
cocktails. Sort purity was >90% in all cases. FACS analyses were
conducted by FlowJo v.10.

Intracellular staining

For intracellular immunostaining of primary cells, we followed
the protocol performed in (37). Briefly, progenitor cells were
stained for cell surface molecules and then fixed and permeabi-
lized using the “Perm/Fix” solution from the eBioscience Foxp3/
Transcription Factor Staining Buffer Set (Affymetrix, eBioscience,
USA, #00-5523-00), as described in the manufacturer’s protocol.
After adding the primary antibody, samples were kept at 4°C for
1 hour. The cells were then washed with wash buffer (Affymetrix,
eBioscience, USA, #00-5523-00) and washed twice in FACS buffer
[PBS, 0.2% bovine serum albumin (BSA), and 0.1 mM EDTA]. Last, the
cells were resuspended in the FACS buffer (PBS, 0.2% BSA, and 0.1 mM
EDTA) and measured using the Fortessa II/I flow cytometer (BD).

The following antibodies were used for flow cytometry: lineage-
negative cocktail fluorescein isothiocyanate (FITC; 1:100; BioLegend,
#13:3302; clone: 7A2,RB6-8C5,RA3-6B2,Ter119,M1/70) (1:50; FITC: CD34;
BD Bioscience, #553733; clone: RAM34), c-Kit-APC (allophycocyanin)
(1:300; BioLegend, #105812; clone: 2B8), Sca-1-BV421 (1:300; BioLegend,
#108128; clone: D7), Ftl3-PE (phycoerythrin)-CF594 (1:600; BD
Bioscience, #562537; clone: A2F10), CD34-Alexa Fluor 700 (1:50;
BD Bioscience, #560518; clone:RAM34), CD48-APC-Cy7 (1:500;
BioLegend, #103431; clone: HM48-1), CD150-BV510 (1:100; BioLegend,
#115929; clone: TC15-12F12.2), Ter119-PE (1:300; BD Bioscience, #553673;
clone: ter-119), CD11b-APC-Cy7 (1:200; BD Bioscience, #557657
and BioLegend; clone: M1/70), CD45.1-APC (1:100; BioLegend, #110713;
clone: A20), CD45.2 (1:200; BioLegend, #109808; clone: 104), CD19-PE-
Cy7 (1:500; BD Bioscience, #561739; clone: 1D3), CD3-APC or PerCP
(peridinin chlorophyll protein)-Cy5.5 (1:500; BioLegend, #100235 and
#100217; clone: 17A2), CD93-PE/APC (1:100; BioLegend, APC:
136509; PE: 136503; clone: AA4.1), C-C motif chemokine receptor 2
(CCR2) (1:200; BV41: BD Bioscience, #747963; clone: 475301), Ki67
(1:100; FITC; BD, #556026; clone: B56), A488-CDK6 (1:200; Abcam,
#ab54576), MOF (1:200; Abcam, #ab200660), and H4K16ac-A488
(1:300; Millipore, #07-329).
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CFSE cell staining dye

For proliferation assessment, progenitor cells were stained with
5 uM CFSE (#C34554, Invitrogen, Thermo Fisher Scientific) fol-
lowing the manufacturer’s protocol. For proliferation analysis, we
applied the preset plugin from Flow]Jo 10.3 (41).

Dihydroethidium staining for ROS detection

Freshly isolated and enriched lineage-negative cells (HSPCs) were
incubated for 15 min with 5 uM dihydroethidium (Thermo Fisher
Scientific, #D11347) in PBS. ROS measurements were conducted in
the BD Fortessa II cytometer and analyzed in Flow]Jo v.10.

Total mitochondrial mass quantification

To obtain the mitochondrial mass information, the cells were
stained with MitoTracker green dye (Life Technologies, #M7512),
and mitochondria were labeled with 1 mM dye for 1 hour at 37°C
and 5% CO,. Cells were washed twice with PBS-BSA (0.1%), and
mitochondrial mass measurements were conducted in the BD
Fortessa II cytometer and analyzed in FlowJo v.10.

Preparation of OP9 feeder cell layer

OP9 feeder cells were grown in 1x IMDM (Gibco, #12561-056) sup-
plemented with 10% FCS (Gibco, #A10491-01) and 1x penicillin/
streptomycin (Gibco, #10378016). OP9 cells were grown until 80%
confluence and detached using trypsin-EDTA (Gibco, 25200056) at
37°C for 5 min. Cells were resuspended in fresh complete IMDM
medium, and cell concentration was adjusted to seed approximately
20,000 to 30,000 cells in 100 pl of medium per well of a 96-well plate.

CFU assay

Cell culture of sorted hematopoietic progenitors for clonal
proliferation assessment

Single-cell-sorted CFSE" HSC (see “CFSE cell staining dye” sec-
tion) were seeded onto mitomycin C-treated OP9 feeder cells. Cell
was plated in one well of a 96-well plate and grown in 200 pl of
IMDM-10% medium at 37°C and 5% CO,. For maintenance the
sorted HSCs were kept in IMDM medium (Gibco, #12440053), sup-
plemented with 1x penicillin/streptomycin (Gibco, 10378016), 10%
FCS, recombinant murine SCF (100 ng/ml; PeproTech, #250-03),
and recombinant murine TPO (10 ng/ml; PeproTech, #315-14).
Bulk CFU culture and serial plating experiments

Bulk CFU culture and serial plating experiments were performed as
in (37). In which, 100 HSCs (LSK"CD34 Flt3-CD150"CD48") CD93"
or CD93™ from 8- to 10-week-old mice were sorted by FACSAria
Fusion II (BD). The cells were labeled or not with CFSE as indicated
in the figure legends. Sorted HSCs were cultured in MethoCult
(STEMCELL Technologies, #M3434) in technical duplicates. After
10 days in culture, the CFU capacity was evaluated by visual inspec-
tion. Then, we conducted serial plating with 10,000 cells originated
from the primary CFU assay that were transferred to a new 24-well
plate and cultured in MethoCult (STEMCELL Technologies, #03434).
Next, after 10 days, colonies were quantified. In addition, downstream
experiments to evaluate the daughter cells were conducted.

Chromatin accessibility with visualization technology
(ATAC-see)

For ATAC-see, we followed the published protocol in (78). Briefly,
labeled oligonucleotides (Tn5ME-A-ATTO488 or A555, Tn5ME-B-
ATTO488 or A555, and Tn5MErev) were denatured at 95°C and slowly
annealed to room temperature in a thermocycler. The hyperactive
Tn5 (Nextera Illumina, #1502824) was assembled according to (78).
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For immunofluorescence, we followed the protocol in (37),
wherein colonies with high and low output were harvested and
fixed with 1% methanol-free formaldehyde (Sigma-Aldrich) for
10 min at room temperature and centrifuged onto the glass slide
with cytospin, 1000 rpm for 5 min, 10,000 to 30,000 cells per slide.
After fixation, the cells were permeabilized with lysis buffer [10 mM
tris-HCI (pH 7.4), 10 mM NaCl, 3 mM MgCl,, and 0.01% IGEPAL
CA-630] for 10 min. Slides were washed with PBS and blocked with
blocking solution [1% BSA in PBS with 0.1% Tween 20 (PBST 0.1%)]
for 1 hour at room temperature in constant movement on a shaker,
followed by three PBST 0.1% washes for 10 min each. Primary anti-
bodies diluted in PBS (1:200, MOF; Abcam, #ab200660; or 1:400,
H4K16ac; Millipore, #07-32) were incubated overnight at 4°C. PBST 0.1%
washes were followed by 40-min incubation with secondary antibody
(1:10,000; goat anti-rabbit A594, Thermo Fisher Scientific, #A-11037).
Last, the slides were incubated with transposase mixture solution
(100 nM Tn5-ATTO-488N in a total volume of 50 ul of 1x Tagment
DNA buffer L) at 37°C in a humidified chamber for 30 min and
washed with PBST 0.1% three times for 10 min each. Coverslips were
mounted using Fluoromount-G with 4’,6-diamidino-2-phenylindole
(DAPIL; Thermo Fisher Scientific, #F4680). Slides were imaged with
Zeiss Observer Z1 with the CSU-X1 spinning disk head (Yokogawa)
and the Axiocam camera (Zeiss), and images were analyzed with
Fiji Image]J software.

Tissue histology and three-dimensional reconstruction
Bone sections
Tibia was fixed with 4% paraformaldehyde (PFA) in PBS and incu-
bated with PBS-0.5 M EDTA for 1 week at 4°C. Every second day,
the solution was changed. After demineralization, tissue was em-
bedded into optimal cutting temperature (OCT) freezing medium
(Tissue-Tek, SA62550-01) and frozen gradually: First, the blocks
were left on a dry ice board for 15 min, followed by liquid nitrogen
submersion. OCT blocks were sectioned with a cryotome (Leica) at
—20°C into 7- to 10-um slides using the sturkey gold microtome
blades (Thermo Fisher Scientific).
Whole-mount tissue
Whole tissue staining was conducted by following the bone clarity
protocol (79). Briefly, tibia was fixed with 4% PFA in PBS overnight.
After, bone was decalcified using a 10% PBS-EDTA for 14 days un-
der constant spinning. The solution was changed every second day.
The decalcified bone that was then embedded in 4% PBS-acrylamide
for hydrogel stabilization to prevent protein loss is carried out (pur-
ple). The tissue is incubated in a hydrogel composed of 4% acryl-
amide with 0.25% VA044 in PBS at 4°C under constant stirring for
16 hours. Afterward, the hydrogel is degassed with nitrogen gas and
polymerized at 37°C. Delipidation is carried out with 8% SDS in PBS
(pH 7.4) at 37°C under constant stirring for 4 days, followed by a wash
step with PBS and heme removal from the tissue performed with
25% amino alcohol in PBS (pH 9) at 37°C under constant stirring
for 1 day. A second wash step is performed on the tissue. Last, the tissue
refractive index matched (RIMS) was conducted until 1.47 RIMS.
Samples were then incubated with A488-H4K16ac (1:200) and
PE-Lineage (as FACS, including CD34 and CD48; 1:100) for 4 days
at 4°C under constant spinning. Afterward, samples were washed
with PBST 0.1% and labeled with DAPI overnight at 4°C under con-
stant spinning. Last, the samples were washed with PBST 0.1% twice.
Bone images were acquired using Zeiss LightSheet, and reconstruc-
tion was conducted using the Imaris stitching and viewer softwares.
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Western blots

As described in (37), for whole-cell extracts, cells were lysed in
50 mM NacCl, 1.0% IGEPAL CA-630, and 50 mM tris-HCI (pH 8.0).
Buffer was supplemented with cOmplete (Roche, #4693132001)
and PhosSTOP (Roche, #4906845001). Protein concentration was
determined by a Qubit protein assay reagent (Thermo Fisher Scientific,
#Q33212). Samples were denatured at 95°C for 5 min in a Roti-Load
reducing buffer (Carl Roth, #K929.1) before SDS-polyacrylamide
gel electrophoresis using NuPAGE bis-tris gels and then transferred
to 0.45 uM polyvinylidene difluoride membranes. Membranes were
blocked for 30 min with 5% milk in PBS with 0.3% Tween 20 (PBST 3%).
Membranes were washed twice with PBST 3%. The membrane was
incubated with primary antibodies against MOF (1:1000; Bethyl,
#A300-992A), actin (1:10,000; Sigma-Aldrich, #A2066), H3 (1:5000;
Active Motif, #39763), p16™~<* (1:1000; Abcam, #ab54210), p19™<P
(1:1000; Abcam, #ab80), and H4K16ac (1:2000; Millipore, #07-32)
diluted in PBS-5% BSA. The membrane was then incubated with
PBS-5% BSA containing horseradish peroxidase—conjugated anti-
mouse (GE Healthcare, #N A931-1ML) or anti-rabbit (GE Healthcare,
#NA934) (1:10,000).

RNA extraction

For RNA extraction, we followed the protocol described in (37).
Briefly, after sorting, primary cells were pelleted at 5000g and lysed
in TRIzol (Invitrogen, #15596026). RNA was isolated using chloro-
form followed by extraction and precipitation of the aqueous phase
using 5 g of ribonuclease-free glycogen and 0.25 ml of isopropanol.
The supernatant was discarded, and the pellet was washed twice
in 80% ethanol (EtOH) and lastly dissolved in 10 pl of H,O. For
next-generation sequencing data, the RNA was extracted using the
PicoPure RNA Isolation Kit (Thermo Fisher Scientific, #KIT0204)
following the manufacturer’s instructions. After purification, the
RNA was reversely transcribed into cDNA using the SuperScript I1I
RT (Thermo Fisher Scientific, #18080-093). RT-qPCR reactions were
performed using the SYBR Green Master Mix (Roche, #4309155);
the mix contained 6.25 ul of SYBR, 0.75 ul of primers (forward and
reverse; 300 nM), and 4.5 ul of H,O.

Bulk mRNA-seq

CD93" and CD93™ HSCs from 8-week-old male mice were sorted
following the “Fluorescence-activated cell sorting” section. RNA was
extracted using the PicoPure RNA Isolation Kit (Thermo Fisher
Scientific, #KIT0204). The quality between was evaluated using the
Fragment Analyzer. RNA that passed the quality control (QC) was
then used to generate libraries using the NEBNext Library Low
Input Library Preparation. The manufacturer’s recommendations
were followed, and the libraries were sequenced on an Illumina
NovaSeq6000 sequencer. All sequencing data were performed in three
biological replicates, having a total depth of 15 million reads per
reads. The reads were conducted at 2 x 50 base pair (bp) of length.

Bulk RNA-seq bioinformatic analysis

Reads for mouse bulk RNA-seq datasets were mapped following the
default snakePipes parameters of bulk RNA-seq pipeline (80). Briefly,
STAR software alignment was used against mouse genome version
GRCm38. The total number of sequenced reads averaged 15 million
pairs of which mean alignment of 65% of the reads were uniquely
mapped. Reads were counted with featureCounts (subread-1.5.0-p1).
Differential expression analysis was performed with DESeq2 (v1.26).
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Multi-FASTA QC statistics-indicated data were of high quality, and
sequencing depth was sufficient to test for differential expression be-
tween conditions. Differentially expressed genes were called with a
FDR threshold of 0.05. Correlations between datasets and graphical
output were conducted in an R environment.

Bulk ATAC-seq

CD93" and CD93™ HSCs from 8-week-old male mice were sorted
following the “Fluorescence-activated cell sorting” section. After
sorting, cells were spinned at 1000 rpm for 5 min. Crude nuclei iso-
lation was obtained by resuspending the pellet in 50 pl of cold lysis
buffer [10 mM tris-HCI (pH 7.4), 10 mM NaCl, 3 mM MgCl,, and
0.1% IGEPAL CA-630] to the samples. The samples were then cen-
trifuged at 500¢ for 10 min at 4°C. Further processing for ATAC-
seq was adapted from (81). Briefly, the nuclei pellet was resuspended
in Tn5 reaction mix containing 2.5 ul TDE1 (Nextera Tn5 Trans-
posase from Nextera kit; [llumina, catalog no. 15027987), 25 ul of TD
(2x reaction buffer from Nextera kit), and 22.5 pl of H,O. The tag-
mentation reaction took place at 37°C, shaking at 800 rpm. After
precisely 30 min, the samples were placed on ice, and 250 ml of PB
buffer from the MinElute PCR Purification Kit (catalog no. 28004)
was added to stop the reaction. DNA purification was followed ac-
cording to the manufacturer’s instructions. Pure DNA was ampli-
fied using 11 PCR cycles using the NEBNext Polymerase (M0541S)
for the library amplification. The ATAC-seq dataset analysis was
then performed on the DNA-mapping pipeline described in snake-
Pipes (80). Briefly, the adaptors were trimmed from the reads using
trimGalore2 following the filtering for uniquely mapped reads and
the removal of duplicates. Bowtie2 software was used for mapping
using default parameters. Furthermore, the ATAC-seq pipeline
from the same tool (80) was applied for open chromatin peak call-
ing using MACS2 tools.

scRNA-seq analysis

Single-cell sorting and RNA and library preparation from single
cells were previously described elsewhere (37). Briefly, the following
gating strategy was used to sort the populations present in the
scRNA-seq analysis: megakaryocyte progenitor (Lin Sca-1 c-Kit"
CD150*CD41%, 48 cells were sorted), GMP (Lin Sca-1"c-Kit"
CD41 FcyRII/IITY, 24 cells were sorted), pre-GMP (Lin"Sca-1"c-
Kit"CD41 FcyRII/III"CD150 CD1057, 24 cells were sorted), pre-
MEP (LinSca-1"c-Kit"CD41 FcyRII/III"CD150"CD1057, 48 cells
were sorted), pre~CFU-E (Lin"Sca-1"c-Kit"CD41 FcyRII/III" CD150"
CD105%, 48 cells were sorted), MEP (Lin Sca-1"c-Kit"CD150"
CD41 FcyRII/III"CD1057, 48 cells were sorted), pro erythroid
(CD71%Ter119"Y, 48 cells were sorted), myeloid progenitor (c-Kit"s
Sca-17, 768 cells were sorted), early progenitor (LSK'FIt3"CD34~, 576
cells were sorted), LT-HSC (LSK*CD150"CD48~, 792 cells were
sorted), LSK™" (864 cells were sorted), and LSK®" (576 cells were
sorted). Only cells negative for Zombie Dye (BioLegend, #423212)
were included to ensure the sort of living cells.

Cells were sorted into 384-well plates loaded with RNA lysis buf-
fer, and CEL-Seq2 (82) single-cell library preparation that was con-
ducted using a nanoliter pipetting robot (mosquito HTS, TTP
Labtech) was used to reduce the CEL-Seq2 protocol’s original vol-
umes by fivefold.

Single-cell data analysis
For transcript quantification, we followed the analysis described in
(37, 43). Briefly, paired-end reads were aligned to the transcriptome
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using the bwa software (version 0.6.2-r126), with default param-
eters. The transcriptome contained all gene models based on the
mouse ENCODE VMO release downloaded from the University
of California, Santa Cruz genome browser comprising 57,207 iso-
forms derived from 57,207 gene loci with 57,114 isoforms mapping
to fully annotated chromosomes (1 to 19, X, Y, and mitochon-
drial). All isoforms for the same gene were merged to a single gene
locus, and gene loci were merged if loci overlapped by >75%. This
procedure resulted in 34,111 gene groups. The right mate of each
read pair was mapped to all gene groups and to the set of 92 ERCC
spike-ins in sense direction. Multimapper reads were discarded.
The left mate contains the barcode information: In the dataset,
the first six bases represent the cell-specific barcode, and the fol-
lowing six bases correspond to the Unique Molecular Identifier
(UMI). The residue of the left read contains the polyT stretch and
the adjacent gene sequence. For each cell barcode and gene locus,
the number of UMIs was aggregated and, on the basis of binomial
statistics (37, 43), converted into transcript counts.

Cell identification using Seurat

Seurat version 4 (83, 84) was used for cell cluster assignment of all
sorted cell types. We started by loading the CEL-Seq transcript
counts as a Seurat object. Followed by QC metrics and filtering in
which low-quality cells or empty droplets were removed by filtering
the cells that have unique feature counts of more than 500 or less
than 5 features, we also removed the cells having >5% mitochondri-
al counts. The remaining data were then normalized by a global
scaling normalization method, namely, “LogNormalize,” followed
by the identification of highly variable features. The resulting list
was used to evaluate the dataset variability by principal components
analysis (PCA) plots.

Next, we applied a linear transformation (“scaling”) and evaluated
the dataset dimensionality by comparing the distribution of P values
for each PC with a uniform distribution using the JackStraw Plot
and further validated by the “elbow plot.” The cell clusters were
then determined by constructing a k-nearest neighbors (knn) graph
based on the Euclidean distance in PCA space using 1:15 as dimen-
sionality parameters. Next, to cluster the cells, we applied the Louvain
algorithm to iteratively group cells together; with the goal of optimiz-
ing the standard modularity function, we set a 0.5 resolution. The data
were then visualized using the nonlinear dimensionality reduction
uniform manifold approximation and projection (UMAP).

HSCs rare cell type identification

Subpopulation bioinformatics analysis from HSCs was conducted
in the R environment. For identification of rare and abundant cell
types, we applied the RaceID3 algorithm (43) and the parameters
described in (37).

Inference of lineage trees using StemID3

StemID was used to infer lineage trees and HSC continuum activa-
tion based on pseudotemporal ordering of single-cell transcrip-
tomes (43, 85). To this end, RaceID3 cluster prediction was used. To
assign cells to intercluster links, we applied the strategy, considering
the projection of a vector connecting a cluster medoid to a member
cell of the same cluster onto the links from the medoid of its cluster
to the medoids of all other clusters. The longest projection identifies
the link that this cell is assigned to and defines the projection coor-
dinate. As parameters, we only consider clusters with >5 cells and
1000 randomizations of cell positions used to compute projection
of cell on intercluster links. The score threshold for links was de-
fined as 0.2. Statistical significance was determined as 0.01.
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Expression variability and transition state probability

using VarlD

VarlD (44) was used to identify locally homogeneous neighborhoods
in cell state space. To this end, we first determined the baseline vari-
ability using the pruneKnn() function, in which the number of
knn was setted as 10, and Euclidean distance matrix used as a dis-
tance matrix. Next, we determined the transition probabilities in a
dimensional reduction representation of the RaceID SCseq object.
The local gene expression variability across the pruned knn at a given
link probability was determined by the compNoise() function. In ad-
dition, the genes with significantly elevated variability in a cluster was
calculated with the diffNoistGenes() function; this function uses the
Wilcoxon rank sum test between cells in a cluster and all remaining
cells. Statistical significance was determined as 0.01. VarID docu-
mentation can be found at https://cran.r-project.org/web/packages/
RaceID/vignettes/RacelD.html.

Ligand-receptor interaction

The cross-talk between CD93" HSCs and immune cells were predicted
using a computational approach by applying the identifying and illus-
trating alterations in intracellular signaling network (iTalk) software
(86). After cellular identifications, the metadata sheet containing the
sample name and cellular identity and a normalized count sheet (from
Seurat) were loaded in the R environment. Then, iTalk was initiated to
capture highly abundant ligand-receptor transcript pairs. We set the
rawParse() parameters as top_genes = 50 and stat = ‘median.’
Pseudotime ordering of dHSC and aHSCs

Published available scRNA-seq from sorted dHSC and aHSCs
(45) was submitted into the STREAM (87) pipeline. Random sorted
dHSC was used as a root cell. For pseudotime analysis, we followed
the original pipeline and plotted the diffusion map using the Python
environment.

BrDU incorporation in vivo

IFN-a challenged

For the IFN-a treatment, 8- to 12-week-old mice were subcutane-
ously injected with mouse recombinant IFN-a (10* U) diluted in
PBS four times at 2-day interval rate as performed in (88).

BrdU pulsing

After 7 days, treated animals received two intraperitoneal injec-
tions of BrdU (1 mg/100 pl of PBS), with an interval of 6 hours be-
tween the injections. Two hours after second injection, animals
were euthanized as in (89). Bone marrow cells were isolated as
described in the “Fluorescence-activated cell sorting” section. HSCs
proliferation was evaluated by flow cytometry based on BrdU incor-
poration (1:100; BV510, BD, #563445; clone: 3D4).

Quantification and statistical analysis

Data are presented as means = SEM or SD indicated in the figure
legend. Each experiment was performed with a minimum of three
biological replicates; exact numbers are mentioned in associated
figure legends. Except scRNA-seq analysis, all statistical analyses
were performed using Prism 6 software (GraphPad). The statistical
tests used and relevant P values are mentioned in appropriate figures/
figure legends. P values of <0.05 were considered significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/32/eabi5987/DC1

View/request a protocol for this paper from Bio-protocol.
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