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Deciphering the continuum
of hemogenic endothelium
differentiation
Yu Lan | Jinan University

In this issue of Blood, Fadlullah et al1 construct a comprehensive atlas of the
endothelial-to-hematopoietic transition (EHT) continuum, as well as the sub-
aortic niche cells in mouse embryonic aorta using a set of hemogenic endo-
thelium (HE) reporter models. The atlas was then used to identify a novel
surface marker of the HE continuum and decipher the precise cellular and
molecular changes that are caused by deficiency of the pivotal transcription
factors Runx1b and Gfi1/Gfi1b (see figure).

Hematopoietic stem cells (HSCs) are
widely used in clinical treatment. Consid-
ering their limited numbers, generating
HSCs in vitro has always been a major
goal of regenerative medicine. The
importance of a clear understanding of
the cellular evolution and molecular
program of HSC generation during
development cannot be overstated.
HSCs originate from vascular endothelial
cells located predominantly in the ventral
side of the aorta in midgestational
mouse embryos. The transient and rare
vascular endothelial cells with the ability
to produce hematopoietic cells are called

HE. The HSC-primed HE will form pre-
HSCs localized mainly within the intra-
aortic clusters through the EHT.2

To be able to isolate HE for further
study, researchers have discovered sev-
eral markers and established correspond-
ing reporters to enrich HE, represented
by Runx1, Gfi1, and newly identified
Neurl3.

3-5 However, a single surface
marker for HE enrichment in lieu of trans-
genic animal models has not been identi-
fied. The roles of Runx1 and its
downstream target Gfi1 are well recog-
nized; Runx1 is required for EHT, but not

thereafter, and Gfi1 participates in the
loss of endothelial properties during this
process.3,6 However, the precise cellular
changes and molecular events that occur
in the absence of these important tran-
scription factors have not been deci-
phered at the whole transcriptomic level.
The above issues are addressed in the
study by Fadlullah et al.

In recent years, a series of studies at the
single-cell level, involving single-cell tran-
scriptomics and single-cell functional
assays, have revealed the initial fate
choice of HE from upstream arterial
endothelium, uncovered the stepwise
developmental path from HE to HSCs,
identified several important intermediate
cell populations, and revealed the molec-
ular events underlying this EHT trajec-
tory.4,5,7,8 Fadlullah et al took this a step
farther and isolated a series of pheno-
typic HE-related populations from the
midgestational aorta region using hetero-
zygous and homozygous Runx1b and
Gfi1/Gfi1b reporter mouse models to
perform high-precision full-length single-
cell RNA sequencing (scRNA-seq) of
nearly 1200 cells. The data set shows
greater gene detection sensitivity than
do previous studies using similar pheno-
typic populations.5,8

The investigators identified several clus-
ters encompassing the whole EHT contin-
uum, which were respectively annotated
as pre-HE, HE, EHT, and intra-aortic
hematopoietic cluster cells. Importantly,
by profiling the cells from homozygous
mice with both alleles replaced by the
reporter, the exact molecular changes
during the EHT procedure resulting from
Runx1b or Gfi1/Gfi1b deficiency were
revealed. Runx1b deletion led to obstruc-
tion of pre-HE to HE differentiation, con-
sistent with a previous finding showing
that Runx1 dosage regulates the effi-
ciency of pre-HE to HE transition.5 Specif-
ically, the homozygous deletion of
Runx1b resulted in the appearance of a
distinct pre-HE population with unique
characteristics. On the other hand, the
deletion of Gfi1/Gfi1b led to the inability
of HE to develop into EHT cells, with the
Gfi1/Gfi1b-deficient HE diverted away
from the canonical EHT developmental
trajectory. In addition, by analyzing the
Runx1b-expressing subaortic mesenchy-
mal cells, Fadlullah et al identified 2 pop-
ulations representing smoothmuscle cells
and Pdgfra-expressing mesenchyme.
Moreover, Runx1b deletion resulted in an
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increase in smooth muscle cells, accom-
panied by the enrichment of genes
involved in ribosomal transcripts and
proliferation.

Taking advantage of the high sensitivity
of the data set, Fadlullah et al further
screened and identified Ace as a new
surface marker with higher expression in
pre-HE than in other adjacent popula-
tions; it had not been robustly detected
in prior studies.5,8 Interestingly, pre-
HE was mainly derived from Runx1b
reporter–positive cells but seldom
expressed Runx1 transcripts. The situa-
tion is believed to result from the com-
promised ability to detect low levels of
Runx1 transcripts, even using a full-
length sequencing method. The possible
inconsistency between transcriptional
and phenotypic (protein or reporter) lev-
els for a given gene emphasizes the

requirement of additional verification for
important candidates predicted by the
scRNA-seq data. Ace was expressed spe-
cifically in the aortic endothelial layer but
not in other vasculatures nor in intra-
aortic hematopoietic clusters. Function-
ally, all induced hematopoietic potential
in nonhematopoietic cells was confined
to Ace-positive endothelium. These find-
ings collectively indicate that Ace marks
the whole HE continuum. Based on pre-
vious identification of pre-HE by tran-
scriptomic characteristics and regulatory
elements,5 the present findings improve
our understanding of this endothelial
population lying upstream of HE. The
next step could be to decipher the physi-
ological fate of pre-HE marked by Ace
expression, using potential lineage-
tracing models. Considering the remark-
able arterial characteristics therein, the
extent to which it contributes to adult

HSCs and aortic vasculature will be
interesting.

Taken together, this set of scRNA-seq
data provide unprecedented multi-layer
resources for future studies of HSC occur-
rence, covering microenvironment cells
and cells lacking key transcription factors,
as well as phenotypic correspondence
information and isoform-level expression
profiles of the sequenced populations.
Because previous studies have found
that the expression of genes involved in
the regulation of RNA splicing changes
with EHT process,4,7 future exploration
of the molecular mechanisms at the iso-
form level with the help of this full-
length scRNA-seq dataset is anticipated.
The integration of this data set with the
corresponding human data is also desir-
able.9 Evolutionary conservation analy-
sis, including the comparison of the
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Molecular changes caused by deficiency of Runx1b and Gfi1/Gfi1b. (A) Cellular constitution of the ventral part of the aortic structure where HSCs are generated in
midgestational mouse embryos: Runx1b or Gfi1/Gfi1b heterozygous embryo (left panel) and Runx1b homozygous-knockout (KO) embryo (right panel). Runx1b deletion
leads to an extensive change in pre-HE characteristics in addition to the loss of HE, EHT, and intra-aortic hematopoietic cluster cells, as well as alteration of the sub-
aortic niche composition. (B) Expression of the reporters (top 2 lines) and the transcripts of representative markers (lower 6 lines) in different cell populations, including
EHT continuum. Gray color indicates very low expression. Note the specific expression of Ace in pre-HE. ENDO, endothelial; IAHC, intra-aortic hematopoietic clusters;
MES-PDGFRa, PDGFRa1 mesenchymal; MES-SMA, SMA1 mesenchymal; WT, wild-type. The figure was created by Siyuan Hou (Jinan University, Guangzhou, China).
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subaortic niche between the species,
would help us to better understand the
emergence of mammalian HSCs and
provide theoretical support for regener-
ating clinically available HSCs.
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COPD makes CHIP less
indeterminate
Gerwin Huls | University Medical Center Groningen

In this issue of Blood, Miller and colleagues convincingly demonstrated the
contribution of clonal hematopoiesis of indeterminate potential (CHIP) to the
risk of chronic obstructive pulmonary disease (COPD).1 Their epidemiological
data are supported with a transgenic mouse study showing that mice with
Tet2-deficient hematopoietic cells, used as a model for CHIP, have increased
airway inflammation and an increased risk for emphysema after various
stimuli.

Landmark studies, using pooled available
cohorts, revealed that clonal hematopoi-
esis (CH), which is characterized by
mutant peripheral blood cells carrying
$1 acquired variant of a known leukemia
driver gene (eg, mutated DNMT3A,
TET2), emerges during aging.2,3 The
term CHIP was introduced to distinguish
CH in a nonmalignant setting from malig-
nant clonal hematopoiesis.4 By definition,
CHIP requires a variant allele fraction
$2% (ie,$2% of the sequenced alleles
bear a specific mutation that corresponds
to roughly 4% of cells for heterozygous
mutations). The prospective data from
the above-mentioned landmark studies

revealed that subjects with CH had an
�10-fold increased risk of developing
hematological cancer. However, this is
probably an overestimation because the
estimate was based on only 20 cases of
hematological cancers (12 myeloid, 8 lym-
phoid) in individuals with CH, and only
relatively large clones were detected in
the studies. If smaller clones had been
included, the incidence of CH would
increase, and the relative risk would
decrease.

Several studies have demonstrated that
mutations in common genes associated
with CHIP (like DNMT3A, TET2 and

JAK2) can be found in immune cells and
alter their function (see Jaiswal5 for addi-
tional details). This triggered the hypoth-
esis that CH, whose incidence increases
with age, is an important mediator of the
chronic inflammatory state observed dur-
ing aging (“inflammaging”).5 In recent
years, the association between CHIP and
inflammation in cardiovascular disease
has been established. CHIP is associated
with a hazard ratio �2 for incident coro-
nary heart disease and ischemic stroke,
which is similar to that reported for previ-
ously established risk factors like smok-
ing, diabetes, hypertension, and
dyslipidemia (see figure).5 Now, as
shown by Miller et al, the clini-
cal repercussions of CHIP also include
COPD, another aging-associated inflam-
matory disorder. Although previous stud-
ies suggested an association between
COPD and CHIP,6-9 this has been
convincingly proven in a study that was
specifically designed to assess this as-
sociation. Miller et al compared a large
number of COPD cases from 4 distinct
cohorts (N 5 8444), defined by quantita-
tive spirometric measurements, Global
Initiative for Chronic Obstructive Lung
Disease (GOLD) criteria, and available
comprehensive cigarette smoking data
(including pack years), with .40000 con-
trols. Based on data from 48835
included individuals, they found that
CHIP was significantly associated with an
increased incidence of COPD (hazard
ratio [HR], 1.4; 95% confidence interval
[CI], 1.2-1.6 for GOLD 2-4 COPD and
HR, 1.8; 95% CI, 1.5-2.3 for GOLD 3-4
COPD). Thus, the impact of CHIP on the
odds of GOLD 2-4 and GOLD 3-4 COPD
is equivalent to 12 to 21 and 25 to 41
pack-years of smoking, respectively.
Because smoke exposure by itself was
associated with a small, but significant,
increased risk for CHIP (odds ratio [OR],
1.03 per 10 pack-years), it is important to
note that CHIP increased the risk of
COPD and disease severity independent
of age, cigarette smoke exposure, or an
inherited polygenic risk score. The dedi-
cated and well-annotated cohorts used
by Miller et al are an important strength
of their epidemiological study.

The presence of GOLD 3-4 COPD was
significantly associated with mutations in
DNMT3A (OR 1.7; adjusted 95% CI, 1.1-
2.6), TET2 (OR, 2.4; adjusted 95% CI,
1.0-5.6) and, interestingly, TP53 (OR, 9.2;
adjusted 95% CI, 1.5-57.7). Because
TET2 was commonly mutated and
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