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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 HSCs 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

40f18



SCIENCE ADVANCES | RESEARCH ARTICLE

A Expression of cell surface B LSK*CD34-CD48-CD150*
markers in transition states
25 Mof* Mof- 10
o N 4 and 5 5 —
£ 10° = =
E’E 2.0 E - 5
28 = - a
O = = ‘S
o 3 15+ = = -
Xe) % 05— o ® @ 5 - - 8
S8 4 = =
S é 0.0 o1 L0
9]
5_0.5 ‘ I : : : : : : é — |||| It ||||(|)|| U ||| [ I|IIII| [ I|I||5|| | —= I... [0 '|||||| " ||| [ ||||||| [T Ill| I Mof* Mof+-
S g G e & 3 10 > - CD93"
T TFHC CD93 > 1 CD93- il I CD!
(o3 D E
i MA plot
Pietras et al.
47 - (FDR: 0.05; up: 659; down:46)
3 . 0
N 3 DN
T Tcf15 E G
E | 0.2 5 1
2 2 B dHSC Multiineage H n So
=) o
3 [ ] CD93 Serially = ] gt:v
€ -0.2
% 1 Em aHSC transplanted . So] ]
© B MPP1 2 %107 1% 107 1% 10°
8 Mean of normalized counts
dHSC CD93 aHSC MPP1
F High G H
; - 40 Differential exon usage 25
— Spindle organization
Q 3 CD93* versus CD93- HSCs
@ -{Centrosome cycle x < 2.04
= — L 30 O
£ | Mitotic cell cycle proces% [a] 'g
-
8 {Cell division | 5 £ s
o @ 20 ke
@ -{Cell cycle | Q @
5 T T g > 104
'Lﬁ Low Z 10/ [s]
N CsIIuI;r calcium ion homeostasis 0.5
- Myeloid Ieleocyte migration
-1 Immune response-activating cell surface 123456 7gh?;r$];2;:$41516171819x 0593_ 0693*
L R 1
-Log (FDR 5 10 . . @ Undividled @ Generation 2
9 ( ) CD93- mm CD93 —o— Generation 1 —@— Generation 3
| J K L
*k *%
& 25+ —/ 25+ *x *x 4 80 **
o [
X T & T ® ] 3 . T
g 207 % 27 X 34 [ — I 60| -
Z o =
= 15 < 15 = \ et
9] 5
% 0 T2 3 40|
g 10 Q 10 = [ +
2 s & 20
£ 5 5|
= R
B 5 DS 5 5 B 5 PSP D P DS P D
o O o O 9’ O O° O $° O $° O o O o O
P P PP P PP
I vor-+ |l Mof™-

Fig. 2. CD93 expression identifies an intermediate HSC cellular state. (A) Expression of differentially variable cell surface markers in the Ss-S,4 transition. Colors indicate
the clusters from Fig. 1K, cluster 5 (yellow), cluster 4 (magenta), and cluster 1 (blue). The orange rectangle indicates the specifically up-regulated marker defining cluster 5.
(B) Contour plot showing the existence of CD93* HSCs. Bar plots showing the frequency out of LSK for the CD93* HSC population. Wild-type (gray) and Mof*/~ (green).
Empty bars show the CD93™ HSC frequency and filled bars the CD93* frequency. (C) Log-normalized counts of HSC signature in dHSCs, CD93* HSCs, aHSCs, and MPP1
(45,49, 50). Significance was determined by one-way ANOVA followed by Tukey post-test. ****P < 0.001. (D) Correlation map of the CD93* transcriptome against Tcf15"
HSCs, HSCs that showed unbiased differentiation after transplantation (multilineage) and HSCs that had serial engrafted capacity (serially transplanted) [original data
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
¢, G The log fold change is 2*°C; (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. 6. MOF and CD93 emerge as potential candidates to stratify human AML. (A) Violin plot showing the total frequency of HSC-CD93" in young (<12 weeks; n = 14) and
aged (>60 weeks; n=5) animals. Statistical significance was determined by Mann-Whitney test. ***P < 0.001. (B) Principal components analysis (PCA) plot showing the
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ence patient is indicated at the right side of the heatmap. LCSs are highlighted. Original data from (63). (E) Bar plots showing the z score reads per kilobase per million
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(1) Stack plot showing the cell cycle of U937 wild-type or MOF KD cells treated or not with PAC or 5-FU. (J) Line plot showing the number of cells of U937 cells after
panobinostat (yellow line) and Ex-527 (green line). After the data normality test, the statistical value’s significance was determined by two-way ANOVA. Data are from four
independent experiments. *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