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The production of blood cells is dependent on the activity of a rare stem cell population that
normally resides in the bone marrow (BM) of the organism. These hematopoietic stem cells
(HSCs) have the ability to both self-renew and differentiate, ensuring this lifelong hematopoiesis. Determining the regulation of HSC functions should thus provide critical insight to advancing
regenerative medicine. Until quite recently, HSCs were primarily studied using in vitro studies
and transplantations into immunodeficient hosts. Indeed, the definition of a bona fide HSC is
its ability to reconstitute lymphopenic hosts. In this review, we discuss the development of novel,
HSC-specific genetic reporter systems that enable the prospective identification of HSCs and
the study of their functions in the absence of transplantation. Coupled with additional technological advances, these studies are now defining the fundamental properties of HSCs in vivo.
Furthermore, complex cellular and molecular mechanisms that regulate HSC dormancy, selfrenewal, and differentiation are being identified and further dissected. These novel reporter
systems represent a major technological advance for the stem cell field and allow new questions to be addressed. © 2018 ISEH – Society for Hematology and Stem Cells. Published by
Elsevier Inc. All rights reserved.

Adult hematopoietic stem cells (HSCs) have the ability to both
self-renew and differentiate, reconstituting a majority of the
lineages of the hematopoietic system and ensuring lifelong
hematopoiesis. These properties are essential for the success
of bone marrow (BM) transplantations both in the clinical
setting and in the laboratory. Over the years, numerous challenges have impeded the study of HSCs, including their paucity
in the BM and differences in the definition of an HSC at the
phenotypic level as assessed by cell surface markers and at
the functional level as measured by transplantation assays
[1–7]. Moreover, variable outcomes have been observed upon
transplantation of single cells that are phenotypically defined
as HSCs [8–10]. Some cells were found to generate robust
and balanced reconstitution of major lineages in both primary
and secondary hosts, whereas others had deficiencies in the
reconstitution of one or more lineages in primary and/or secondary hosts. Studies are now focused on trying to establish
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phenotypic definitions of these functionally distinct cells and
determine the molecular mechanisms that underlie their
biology.
In this review, we refer to the fraction of BM cells that
give rise to the major hematopoietic lineages (myeloid, lymphoid, megakaryocytic, and erythroid) during serial
transplantation as HSCs. Specifically, cells that give reconstitution of only primary and not secondary hosts or the full
range of lineage reconstitution of primary hosts followed by
loss of one or more lineages in secondary hosts would not
be considered functional HSCs despite their matching the phenotypic criteria. Much of our knowledge of HSC function
comes from transplantation, which is a major stress for the
cell and the recipient animal [11,12]. It involves the extraction of HSCs from their native environment, ex vivo
manipulation, and introduction into immune-compromised
hosts that have often undergone total body irradiation, a process
that destroys the BM architecture [13]. Although transplantation demonstrates the magnitude of what an HSC can do,
this procedure does not reveal what an HSC actually does
at the steady state. Although transplantation is an in vivo
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Figure 1. Use of KI and Tg approaches to generate HSC-specific genetic reporter animals. Both strategies use regulatory elements of a gene of interest to
drive expression of a reporter cassette. This cassette can be inserted 5′ (as depicted above, immediately after the ATG start codon) or 3′ of the coding sequence. (A) KI animals can be generated by targeting of ES cells or using the CRISPR/Cas9 system. To modify ES cells, a targeting vector that encodes
reporter and antibiotic resistance cassettes flanked by arms of homologous sequence both directly 5′ and 3′ of the targeted locus is electroporated into ES
cells. These flanking arms facilitate homologous recombination between the vector insert and ES cell genomic DNA and ES cells are selected for the appropriate antibiotic resistance and screened for targeting vector incorporation. Correctly targeted ES cells are injected into a blastocyst of a different genetic
background, which is transferred to a pseudopregnant female. ES cell contribution to the resulting pup is visualized by the different coat colors associated
with the genetic backgrounds of the ES cells and blastocyst. Chimeric animals must be further bred to confirm germline contribution from the ES cells. Alternatively, KI animals can be generated by the direct injection of mRNA encoding the Cas9 nuclease, an sgRNA that directs DNA binding of Cas9, and a
donor template vector encoding the reporter cassette into a fertilized egg. DSB mediated by Cas9 can be resolved by HDR, leading to incorporation of the
reporter cassette at the desired genomic locus. The zygote is transferred to a pseudopregnant female and the resulting progeny are screened for the correct
genotype. (B) BAC Tg animals are made in a similar manner to KI animals made using CRISPR/Cas9. A reporter cassette is introduced into a BAC clone
that encodes the locus of interest by recombineering. The targeted BAC DNA becomes randomly incorporated into the genomic DNA of a fertilized egg,
which is then transferred to a pseudopregnant female mouse. Resulting offspring are genotyped for the Tg.

procedure, here, we use the term “in vivo” to distinguish
studies of endogenous HSCs in the absence of transplantation. Defining the fundamental characteristics of HSC in vivo
and determining the molecular and cellular mechanisms that
regulate these functions are essential for a better understanding of HSC biology and advancing regenerative medicine.
Strategies for studying HSCs in vivo
The main strategy employed to study HSCs in vivo has been
the generation of HSC-specific genetic reporter systems using

transgene (Tg) or “knock-in” (KI) approaches (Figs. 1A and
1B). These systems use the promoter of a gene of interest
to drive expression of a reporter cassette such as green fluorescent protein (GFP). In theory, the expression patterns of
the gene of interest and reporter cassette should be similar
but, experimentally, this is not always the case. Multiple factors
contribute to this discrepancy, including the type of genetic
system used, the specific manner in which the reporter
cassette is cloned, and the stability of the reporter protein,
which can be highly variable. To establish a KI mouse line,
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a reporter cassette is “knocked-in” to a targeted genomic locus
(Fig. 1A), which largely preserves the global context of the
genomic locus, specifically regulatory elements including enhancers and the 5′-untranslated region, and is thought to
prevent “leaky” expression of the reporter cassette. Previously, KI animals were generated by homologous
recombination between a targeting vector and the genomic
DNA of murine embryonic stem (ES) cells (Fig. 1A) [14,15].
Correctly targeted ES cells are then injected into a blastocyst, which gives rise to a chimeric KI mouse. The F1 progeny
from these founder chimeric animals must be screened to
ensure germline contribution from the targeted ES cells. The
discovery of clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated proteins
(Cas) [16,17] has greatly reduced the time needed to generate KI animals because it bypasses the use of ES cells. In
this case, mRNA encoding Cas9 nuclease, a single-guide RNA
(sgRNA), and a donor template encoding the reporter cassette are injected into a fertilized egg (Fig. 1A). The sgRNA
encodes a short complementary sequence upstream of a
protospacer-adjacent motif signal and provides target specificity for DNA binding by Cas9, which can induce doublestranded breaks (DSBs) in the DNA. Genome editing takes
advantage of the endogenous DNA repair pathways used to
resolve these DSBs, including the more frequent but imprecise nonhomologous end joining and the precise homologydirected repair (HDR) pathways [18,19]. During the generation
of KI animals, a donor template with sequence homology to
the targeted locus is inserted precisely within genomic DNA
using HDR [20,21]. Despite the efficiency and versatility of
CRISPR/Cas, any animal generated by this method should
be carefully screened for off-target effects including differential mutation of the other allele. Furthermore, the
introduction of a reporter cassette at a given genomic locus,
regardless of the technology used, may disrupt or abrogate
expression of the targeted endogenous gene. Therefore, the
phenotype of KI animals must be analyzed carefully for potential effects arising from the generated haploinsufficiency.
Although different types of Tgs have been developed,
several recently described HSC reporter systems were established using bacterial artificial chromosomes (BACs). BACs
are plasmids based on the bacterial F element that can encode
large DNA inserts from 100–350 kilobases and therefore have
been used for the generation of genomic DNA libraries [22].
In the generation of BAC-transgenic animals, a BAC clone
that contains the genomic locus of interest is first selected
and a reporter cassette is inserted in the locus by
recombineering [23,24]. The targeted BAC is injected into
the pronucleus of a fertilized egg, where it randomly inserts
into the genomic DNA, and this early stage embryo is subsequently transferred to a pseudopregnant female mouse
(Fig. 1B). The genomic DNA insert of a BAC is relatively
large and encodes most, if not all, of the regulatory elements of the desired locus, leading to a similar expression
pattern between the reporter cassette and endogenous gene.

However, aberrant reporter cassette expression may arise from
transgene copy number, position effects due to the precise
genomic integration site, or the absence of distal gene regulatory elements such as enhancers encoded by the BAC clone
[25]. Therefore, multiple transgenic founder lines should be
analyzed to assess the fidelity of Tg expression.
The development of HSC-specific genetic reporter systems
requires a gene with an expression profile sufficiently restricted to the HSC compartment. The selection of such an
ideal candidate gene critically depends on robust analyses of
the gene expression profile of functional HSCs, as well as
other hematopoietic cell types in the BM. Transcriptional profiling of single HSCs was only recently described [26,27],
so most HSC gene expression profiles were derived from the
bulk population. Considering the functional heterogeneity of
HSCs observed upon transplantation [8–10] and the limits
to which the transcriptional profile dictates cell function, the
identification of differentially expressed genes that reliably
distinguish HSCs from more differentiated cells presents a
major challenge. As a result, many candidate genes have been
tested and nearly all of the recently described HSC-specific
transgenic reporter systems have been based on different genes.
Recent HSC-specific genetic reporter systems
Due to the persistence of inconsistent and often imprecise
phenotypic definitions of HSCs in the literature, initial descriptions of HSC reporter systems showed nearly uniform
labeling of the fraction of BM cells that are Lineage– Sca1+
cKit+ (LSK), which contains HSCs as well as populations of
more differentiated progenitors [28,29]. However, recently
described constitutive and inducible genetic reporter systems
using, at a minimum, LSK with the differential expression
of SLAM family markers CD48– CD150+ [4] show improved specificity for HSCs. Each system presents a unique
combination of advantages and caveats that must be considered in the interpretation of results and design of future studies,
as summarized in Table 1 [30–37]. Only two genes used to
drive reporter expression have established roles in the hematopoietic system. Tek encodes the Tie2 protein, which is
a ligand for the angiopoietin receptor, and Tie2/angiopoietin
signaling has been shown to regulate HSC quiescence [38].
von Willebrand factor (vWF, gene symbol Vwf) is critical for
platelet adhesion and hemostasis [39] and defects in vWF lead
to the coagulation disorder von Willebrand disease. Most of
the other reporter systems use genes that are expressed preferentially by HSCs but have unresolved functions.
Some of the recent reporter systems, such as those based
on Ctnnal1 (catenin [cadherin associated protein], alphalike 1, also known as α-catulin) or Fgd5 (FYVE, RhoGEF
and PH domain containing 5) genes, label a majority of phenotypic HSCs [30,31], distinguishing the bulk pool of HSCs
from other hematopoietic populations. Although resolving the
functional heterogeneity of HSCs remains a challenge when
phenotypic HSCs are labeled with high efficiency, as occurs
in Fgd5 reporter animals, these systems may be useful to
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Table 1. Comparison of recently generated HSC-specific fluorescent reporters
Gene

Method

HSC Expression

Expression in Other BM
Populations

Ctnnal1
(α-catulin)

KI: GFP

50% LSK CD48– CD150+m

Minor (<1%) fractions of
cKit– or cKit+ SSChi

Fgd5

KI: mCherry, zsGreen

80% LSK CD48–
CD150+ (mCherry)

Gprc5c

BAC Tg: EGFP

Hoxb5

KI: tri-mCherry

28% LSK CD34– CD48–
CD135– CD150+
22% LSK CD34– CD135–
CD150+

Pdzk1ip1

BAC Tg: EGFP

27% LSK CD48–
CD150+ (EGFP)

Tek (Tie2)

Tg: Green Lantern GFP

5% LSK CD34– CD48–
CD135– CD150+

Vwf

BAC Tg: EGFP, tdTomato

60% LSK CD34– CD48–
CD150+

Small (5–10%) fractions of
progenitors, endothelial
cells
Small (<5%) fractions of
progenitors
Small (5%) fractions of LSK
CD34+ CD135– CD150+,
unquantified fractions of
Lin+ or Lin– cKit+
4% granulocytes and
minor (<1%) fractions of
progenitors (EGFP)
Minor fractions of other
primitive populations,
endothelial cells
Nearly all MkP and platelets,
50% of endothelial cells

confirm HSC identity in visualization studies. Indeed, Acar
et al. [30] generated the Ctnnal1 reporter system to investigate the organization and distribution of HSCs throughout the
BM. This system is insufficiently specific as a single marker
of HSCs, but when combined with cKit expression, HSCs
were identified at a frequency of 1/3.5 Ctnnal1-labeled cKit+
cells. Three-dimensional rendering of the distribution of
Ctnnal1-labeled cKit+ cells in the context of the BM architecture demonstrated their preferential location away from the
bone surface and in the diaphysis. Whereas not all Ctnnal1labeled cKit+ cells showed bona fide HSC activity, these cells
were predominantly observed proximal to blood vessel sinusoids, which suggests the perisinusoidal nature of their
microenvironment. The BM microenvironment is a complex
network of myriad cell types and reporter specificity is paramount for any study of HSCs, but in particular for
visualization. Therefore, reporter systems that label phenotypic HSCs with high efficiency still require additional genetic
systems or markers to further refine the HSC population for
further functional studies.
Other novel reporter systems mark subsets of HSCs that
are associated with specific functions revealed in transplantation assays. Transgenic systems based on Vwf distinguish
a subset of HSCs that show increased contribution to platelets upon transplantation [36,37]. Transplantation of single
Vwf-labeled HSCs demonstrated specific and stable combinations of the lineages reconstituted [36]. Platelets were the
only lineage invariably reconstituted and unipotential reconstitution was only associated with platelet production [36].
The function of Vwf-labeled HSCs was primarily analyzed
in transplantation settings, whereas the in vivo functions of

Labeled HSC Observations

Reference

Localization of cells in BM sinusoids
away from bone surface, no
distinct niche for quiescent vs.
proliferating HSCs
All reconstituting activity lies within
the labeled population

[30]

Enriched for dormant cells, improved
outcomes upon transplantation
Enriched for cells that have enhanced
reconstitution of both primary and
secondary hosts, proximity to
VE-cadherin+ cells in BM
Enriched for cells that serially
reconstitute (EGFP)

[32]

Enriched for cells that have enhanced
reconstitution and undergo
mitophagy
Increased contribution to platelet
production

[35]

[31]

[33]

[34]

[36,37]

these cells remain largely unresolved. Two recently described reporter systems prospectively identify a fraction of
HSCs with the capacity for balanced lineage output in serial
transplantations. Hoxb5 (homeobox B5) is a member of the
Antennapedia homeobox family and is a transcription factor
with known roles in the gut [40]. The function of Hoxb5 in
hematopoietic cells is not known, but it is expressed preferentially in HSCs. Hoxb5-tri-mCherry KI animals showed
specific expression in HSCs, with little expression in other
hematopoietic populations, and limiting dilution analyses identified functional HSCs at a high frequency [33]. Superior
reconstitution was seen in both the primary and secondary
recipients, suggesting that this marker refines the pool of functional HSCs. Finally, we recently generated Pdzk1ip1-GFPtransgenic animals and found reporter expression in the subset
of HSCs with the phenotype of the least differentiated cells
[34]. Pdzk1ip1-labeled HSCs displayed superior capacity for
serial transplantation that, unlike cells labeled by Hoxb5 reporter, was revealed only in secondary recipients,
demonstrating that this system labels the fraction of HSCs
with durable self-renewal. Importantly, these reporter systems
provide the tools to determine the molecular mechanisms of
these subsets of HSCs from the rest of the phenotypically
defined population.
Lineage tracing of HSCs
Lineage tracing, also called fate mapping, is a technique
that traces the appearance of heritable labels in different
populations to study precursor to progeny relationships
[41] and has been frequently used within the hematopoietic
system to determine the developmental pathways of various
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Figure 2. Studying HSC functions in vivo using genetic reporter systems. HSC-specific reporters can be combined with other inducible genetic mouse strains
to study in vivo functions of HSCs. (A) In vivo HSC contribution to hematopoiesis can be studied by lineage tracing. In the absence of tamoxifen, the CreERT2
recombinase is retained in the cytoplasm and a LoxP-flanked stop cassette encoding repeating polyadenylation signals prevents expression of the fluorescent
reporter (e.g., tdTomato) in cells that express the HSC reporter. Tamoxifen treatment enables CreERT2 translocation to the nucleus, where it mediates excision of the stop cassette. This results in irreversible expression of tdTomato, and any daughter cell that arises from the labeled cell will also express tdTomato.
The contribution of the labeled cell to the production of other cell types is estimated by measuring the fraction of tdTomato+ cells over time. (B) Dormant
HSCs can be identified in vivo by the ability to stably retain human histone H2B-GFP fluorescent label. A TRE regulates the expression of H2B-GFP and
this system can function as a “Tet-off” or “Tet-on” system. In Tet-off systems, H2B-GFP is induced in cells that express the HSC-specific tTA. In the presence of the tetracycline analog dox, the de novo synthesis of H2B-GFP is inhibited. The H2B-GFP protein is highly stable but becomes diluted upon proliferation
of labeled cells over time. Cells that retain the fluorescent label over a long period of continuous dox treatment are considered stable label-retaining cells. In
a Tet-on system, H2B-GFP expression is induced in cells that express the HSC-specific reverse tTA (rtTA) only upon treatment with dox. Once complete
labeling of the population of interest is confirmed, dox is removed and cells are assessed for label retention over time.

hematopoietic cells. Genetic lineage-tracing systems rely on
Cre/Lox technology to irreversibly label cells, avoiding the
need for ex vivo manipulation and transplantation. However,
fate mapping of HSCs has been complicated because the available reporter systems were either constitutively expressed, often
beginning within the embryo, or lacked sufficient specificity for HSCs [42–45]. Inducible systems based on tamoxifendependent Cre recombinase provide temporal control of the
initial labeling event and, combined with sufficient reporter
specificity, enable the tracing and quantification of output of
a designated population (Fig. 2A). Inducible lineagetracing systems that provide temporal control of the initial
labeling event were recently generated for HSCs (Table 2).
Using an inducible Tie2-Cre recombinase, Busch et al. [46]
achieved very specific labeling of a minor fraction of HSCs:

at the earliest time point, 1–3 weeks after induction with
tamoxifen, HSC labeling was <1%, with very little labeling
detected in other populations shown. Pooled analysis from
different time points showed an average of 1% HSC labeling, suggesting that the labeling of this population remained
relatively constant. The appearance of labeled progeny was
remarkably slow over time and the frequency of labeled cells
was quite low, never reaching that of HSCs. Mathematical
models estimating rates of cell differentiation and proliferation from each population based on these data support the
conclusion that HSCs make relatively rare inputs to the populations and that hematopoiesis is largely driven by more
differentiated short-term HSCs.
We recently demonstrated efficient labeling of HSCs in
Pdzk1ip1-CreERT2 Rosa26-tdTomato reporter animals, with
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Table 2. Recently generated HSC-specific inducible Cre recombinase mouse strains
Gene

Method

HSC Labeling

Initial Labeling in Other BM
Populations
Small (5–10%) fractions of
progenitors, endothelial
cells
Small (<5%) fractions of
progenitors

Fgd5

KI: CreERT2

60% LSK
CD150+ (tdTomato)

Pdzk1ip1

BAC Tg: CreERT2

32% LSK CD48–
CD150+ (tdTomato)

Tek (Tie2)

KI: Mer-Cre-Mer

Vwf

KI: CreERT2-P2A-EGFP

Very minor fractions (<0.1%)
Minor fractions (<1%) LSK
of progenitors, endothelial
CD48–
CD150+ (YFP) 1–3 weeks
cells not reported
after induction
Not reported
12% LSK CD34– CD48–
CD150+ (tdTomato) 2–3 weeks
after induction

an average 32% of phenotypic HSCs tdTomato + after
tamoxifen treatment. We found that the labeling of phenotypic HSCs increased over time and that this labeling steadily
spread to differentiated progenitors and mature cells, nearly
but not quite reaching that observed in HSCs at the corresponding time point. The difference observed in labeling of
HSCs and downstream populations can be explained by HSCs
that did not differentiate, which would be a minor fraction
of the population and may correspond to the recently described stable-label retaining HSCs [47]. Our data fit a twosubset model of the HSC population in which labeled HSCs
fully self-renew, with the fraction of their labeled progeny
steadily growing over time, and this initial input from HSCs
to the downstream progeny becomes amplified with each step
of differentiation. These results support the conclusion that
HSCs make a major contribution to hematopoiesis at the steady
state. Although different, we believe our results are generally compatible with those of Busch et al. [46] and that the
discrepancies are related to the specific expression pattern inherent to each system leading to a major difference in labeling
kinetics associated with each system. HSC labeling induced
in Tie2-Mer-Cre-Mer animals is specific but inefficient, which
precludes the study of dynamics within individual animals
over time. As a result, mature cell labeling was estimated relative to an average HSC labeling pooled from all time points
rather than initial HSC labeling. The low efficiency of HSC
labeling approaches the level of clonal analysis, whereas the
comparatively high dose of tamoxifen, which is thought to
induce HSC proliferation [48], and the delay in the onset of
lineage tracing from the initial treatment may select for more
quiescent cells. By comparison, our system allowed a more
efficient and rapid labeling of HSCs. This increased efficiency permitted both the initial measurement of labeling and
continuous analysis of animals over time, but it was also associated with labeling in small fractions of downstream
progenitors. This background labeling cannot completely
account for the major labeling observed in downstream popu-

Labeled HSC Observations

Reference

Not reported

[31]

Major contribution to steadystate hematopoiesis
(CreERT2)
Minimal contributions to
steady-state hematopoiesis

[34]

Preferential contribution to
steady-state production of
platelets

[36]

[46]

lations and was considered in our mathematical modeling.
Although it does not address the activity of distinct HSC
clones, we believe that our study captures the in vivo output
of the population of HSCs.
Clonal analysis of hematopoiesis
The contributions of individual HSC clones to the overall
maintenance of hematopoiesis are poorly defined. Therefore, new genetic approaches have recently been developed,
including a barcoding approach based on transposase insertion sites mediated by a tetracycline-regulated Sleeping Beauty
system [49,50]. An initial study assessed the distribution of
cloned transposition sites across various hematopoietic populations upon pan-hematopoietic induction of transposase over
time [49]. Minimal overlap was observed in the integration
sites detected in HSCs compared to downstream multipotent
progenitors (MPPs) and granulocytes, leading to the conclusion that the bulk of hematopoiesis proceeds independently
of HSCs. A second report using this same system analyzed
the distribution of integration sites across hematopoietic populations with particular focus on the megakaryocytic lineage
[50]. The extent of overlap in sites detected exclusively in
HSCs and megakaryocytes, but not progenitor populations,
suggested an early divergence of megakaryocytes. Although this is consistent with other reports suggesting a close
relation between HSCs and megakaryocytes [36,37,51,52],
results generated by this system should be interpreted cautiously. Transposase induction occurs across all hematopoietic
populations, so whether tagged cells arise de novo or from
differentiation is unclear. Hierarchical relationships thus can
be inferred but not demonstrated. In addition, false positives from cloning of integration sites and secondary
transposition events due to the persistence of transposase in
cells were not formally excluded. These technical caveats could
contribute to the relative lack of HSC output observed in the
first study and, notably, a different method was used to retrieve integration sites in the second study [50]. Furthermore,
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the results that HSCs make little contribution to steadystate hematopoiesis contrasts with recent clonal analysis of
hematopoiesis using the HUe system [53], a transgenic system
that contains multiple copies of the Brainbow2.1 cassette [54],
which encodes LoxP-flanked green, yellow, red, and cyan fluorescent protein cassettes in tandem. The high copy number
of tandem cassettes enables the generation of a large range
(>103) of distinct fluorescent color labels based on the pattern
of recombination upon induction of Mx1-Cre with
polyinosinic:polycytidilic acid (polyI:C). With the caveat that
polyI:C is known to activate HSC proliferation through type
I interferon [55], pan-hematopoietic labeling of HUe animals
resulted in the generation of a number of fluorescent clones
with different sizes and hematopoietic activity. Importantly,
these clones contained HSCs that showed similar capacities
for proliferation and differentiation upon transplantation as
displayed in the original donor in vivo.
The recently described Polylox system expresses a cassette containing 10 LoxP sites from the Rosa26 locus [56].
Cre-mediated recombination of this locus has the potential
to generate more than 1.8 × 106 different “barcodes” based
on patterns involving up to 10 different recombination events
although experimentally derived barcodes showed at most six
recombination events. Using inducible Tie2-Cre recombination [46], this system was recently used to investigate the in
vivo output of HSC clones during fetal and adult hematopoiesis. In experiments of Polylox labeling in the embryo at
embryonic day 9.5, nearly all HSCs in the adult BM contained barcodes, demonstrating the high efficiency of Tie2mediated recombination in the embryo. Furthermore, barcode
overlap between populations demonstrated output to mature
lineages from embryonically marked HSCs. The observed distribution of barcodes among populations from the embryonic
labeling experiments suggests that the adult HSC pool is composed of many different embryonically derived clones with
different sizes and mostly multilineage or oligolineage potential. Nevertheless, major overlap was observed in the
barcode sequences obtained between experiments, indicating that some barcodes have a high probability of being
generated and thus complicating the estimation of clone size.
Analysis of the output of adult HSC clones showed little
overlap in the barcodes observed in HSCs and progenitors
compared with mature cells, confounding further analysis.
This was likely related to barcoding that was observed in more
differentiated short-term HSCs, MPPs, and restricted progenitors upon induction. Furthermore, depending on their
frequency within a given population and the extent to which
the sample size captures the population, some barcodes are
likely to be missed, leading to underestimation of the lineage
potential of clones. Therefore, the in vivo contribution of adult
HSC clones to multilineage hematopoiesis is still unresolved.
In vivo HSC dormancy and self-renewal
Inducible genetic systems for label retention assays have
provided insight into the effects of proliferative history on

HSC function. The originally described system comprises
two transgenes, the first encoding human histone H2B-GFP
fusion protein under the control of a tetracyclineresponsive promoter element (TRE) and the second a
tetracycline transactivator (tTA) cassette driven by the T-cell
acute lymphocytic leukemia 1 gene (Tal1 also known as
Scl) [57,58]. In double-transgenic animals, H2B-GFP is
expressed and incorporated in bulk hematopoietic stem and
progenitor cells (HSPCs), but upon chase with the tetracycline analog doxycycline (dox), H2B-GFP expression is
inhibited (Fig. 2B). Cells progressively lose GFP expression as a function of their proliferation, whereas cells that
retain the GFP label over time are identified as quiescent.
Studies identified a population of HSCs that stably retained
the H2B-GFP label for almost 1 year. Label-retaining
HSCs contained most of the serial reconstituting capacity
compared with those that did not retain label [57,58].
Although quiescent, these cells could be activated to proliferate upon challenge to immune stress mediated by the
granulocyte colony stimulating factor cytokine or cytotoxic
stress upon exposure to 5-fluorouracil or bromodeoxyuridine
[58]. The functions of the pool of label retaining HSCs
were further studied in a modified version of the H2B-GFP
system that uses a human CD34-tTA transgene to regulate
H2B-GFP expression [47,59]. In this system, only a small
fraction of HSCs was found to stably retain label after 22
months chase with dox and, although not all label-retaining
HSCs were able to engraft, these cells enriched for repopulating activity upon serial transplantation. A loss of HSC
self-renewal was estimated to occur after four rounds of
cell division based on one-half dilutions in the fluorescent
intensity of GFP label [47]. These studies demonstrate the
existence of a rare subset of dormant HSCs that is held in
reserve even with age, but further work is needed to
understand how the dynamics of HSC quiescence and
proliferation are regulated in vivo.
Building on these studies of HSC label retention, recent
work from Cabezas-Wallscheid et al. coupled label retention assays with single-cell RNA sequencing to generate
transcriptional profiles of single label-retaining HSCs, nonlabel-retaining HSCs with an otherwise identical phenotype,
and downstream progenitors [32]. Their analyses suggest
that all HSCs irrespective of label retention are generally
quiescent, whereas the non-label-retaining (active) HSCs
had higher expression of genes involved in biosynthesis
activity and priming for cell cycle and label-retaining
(dormant) HSCs displayed a signature of low biosynthetic
activity and high retinoic acid (RA) signaling. To further
study dormant HSCs, the gene Gprc5c (G protein coupled
receptor, family C, group 5, member C), which was observed to be enriched in label-retaining HSCs, was used to
generate a transgenic reporter. Although the overlap between
the transcriptional profiles and delayed kinetics in cell
cycle entry of Gprc5c-labeled cells upon stimulation were
shown, label retention capacity of Gprc5c-labeled HSCs
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was not confirmed. Moreover, Gprc5c-labeled HSCs displayed enhanced reconstitution kinetics, but did not robustly
separate HSCs with superior reconstitution capacity as
observed in other systems [33,34]. Gprc5c-labeled HSCs
were increased after treatment with all trans-RA (ATRA),
consistent with Gprc5c being an RA-inducible gene [60].
Furthermore, in vivo induction of RA signaling was associated with increased retention of HSCs in a quiescent G0
state, even upon stimulation with polyI:C. In the absence of
RA signaling mediated by vitamin A, a reduction in Gprc5clabeled HSCs and an overall decrease in hematopoietic cell
numbers were observed. These results demonstrate the in
vivo role of RA signaling in hematopoiesis. Future studies
should confirm the effects of RA signaling on maintenance
of HSCs with superior self-renewal identified by other
reporters because previous studies in human HSCs showed
the opposite effect of RA signaling [61]. Furthermore, this
study provides new molecular definitions of HSC functionally “dormant” and “active” states and raises general questions
about how we define and measure HSC quiescence.
The transition of HSCs from quiescence to a more
proliferative state is associated with a switch in metabolism
away from a glycolytic state to oxidative phosphorylation,
activation of phosphatidylinositol 3-kinase/Akt/mammalian
target of rapamycin pathways, and generation of reactive
oxygen species, as reviewed recently [62,63]. Moreover,
defects in cellular metabolism and autophagy lead to exhaustion of the pool of HSCs [64–66]. Ito et al. [35]
recently set out to address the mechanisms that regulate
HSC self-renewal using a previously described Tie2-GFP
transgenic reporter [67]. Importantly, this reporter was
generated in a completely independent manner from the
inducible Tie2-Cre system discussed previously and the
overlap between HSC populations labeled by each system
is not known. About 5% of phenotypic HSCs were Tie2-GFP+
and functional assays demonstrated an enrichment for cells
that could undergo serial transplantation in reporter-labeled
HSCs. However, this reporter did not capture all functional
HSCs because serial reconstitution was observed in 40% of
recipients of GFP– HSCs. Expression analyses of Tie2-GFP+
and GFP– HSCs was performed and signatures for peroxisome proliferator-activated receptor (PPAR) signaling, fatty
acid metabolism, and mitochondrial autophagy (mitophagy)
were detected in reporter-labeled HSCs. Tie2-GFP+ HSCs
were found to undergo mitophagy and this was induced by
PPAR signaling. Using in vivo paired daughter cell assays,
the capacity for self-renewal and differentiation of HSCs
was measured. Although Tie2-GFP+ HSCs were found to
undergo self-renewal preferentially and provided reconstitution in transplantation assays, the ability to reconstitute
was strongly decreased upon knock-down of Parkin, a key
intermediate of mitophagy in Tie2-GFP HSCs. Collectively,
these results indicate a role for mitophagy in HSCs, providing a link between this process and self-renewal in Tie2-GFP+
HSCs.
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Concluding remarks
In vitro colony formation and transplantation assays have previously been the basis of and will continue to be valuable
tools for the study of HSCs. Indeed, the functionality of labeled
cells must be validated by transplantation assays in the development of HSC-specific reporter animals. Nevertheless,
these reporter systems are a major technological advance that
permit characterization of the fundamental properties of HSCs
in vivo. Specifically, adult HSCs make a major contribution
to hematopoiesis at the steady state [34]. That HSCs contribute to steady-state hematopoiesis is supported by a recent
clonal analysis finding hematopoietic clones with distinct fluorescent labels composed of phenotypic HSCs, progenitors,
and mature cells [53]. The extent to which HSCs contribute
to hematopoiesis is also demonstrated by label-retaining assays
in which the majority of HSCs progressively lost label, whereas
<5% of the population remained dormant and stably retained the label [47]. Importantly, the major contribution to
steady-state hematopoiesis established after transplantation
was also confirmed recently in human HSCs [68].
In vivo clonal analysis of the contribution of fetal HSCs
suggests that adult hematopoiesis comprises the activity of
many distinct clones with different sizes [56,69]. Whereas
recent analyses suggest an active contribution of adult HSCs
to megakaryopoiesis [50], the clonal contribution of adult
HSCs to the full spectrum of lineages during steady-state hematopoiesis remains poorly understood, requiring further
studies that incorporate alternative systems and approaches
[53,69]. HSC self-renewal and differentiation were shown recently to be affected by basic processes that regulate
mitochondria, including fission/fusion and turnover [35,70].
Although the mechanisms by which this occurs are unclear,
the impact of these processes on cell fate has been shown
in other types of stem cells [71], suggesting that they are
general mechanisms to preserve stem cell fitness. As new interactions between the metabolic state and HSC output in vivo
are being defined [32], better resolution of the overwhelmingly complex metabolic pathways of HSCs, especially at the
epigenetic level, is warranted. A number of metabolic intermediates feed into the pathways regulating the epigenetic status
of a cell, which could affect its overall gene expression profile
and function or prime specific functional states in daughter
cells after cell division [72]. Indeed, this was shown recently for ascorbate acid (vitamin C) in HSCs, which promotes
the activity of the Tet (Ten-Eleven-translocation) family of
proteins that regulate DNA demethylation [73,74]. Treatment with ascorbate acid reversed the defects associated with
in vivo loss of TET2 function, including DNA
hypermethylation, aberrant proliferation of HSPCs, and the
development of leukemia.
New strategies that facilitate in vivo study of HSCs, including human HSCs, continue to be developed [75]. In
addition to the generation of entirely novel genetic reporter
systems, such strategies employ previously established reporter systems in new ways [76]. Such recently described

34

S. Upadhaya et al. / Experimental Hematology 2018;61:26–35

genetic reporter systems have begun to provide insight into
HSC biology in the absence of perturbation. The application of new single-cell-omics approaches [77–79] to such
systems promises to reveal fundamental properties of individual HSCs at high resolution. In light of the studies
documenting detrimental clonal hematopoiesis associated with
age and disease [80–82], understanding the general dynamics and molecular mechanisms that regulate HSC function
at the single-cell level in vivo is imperative, not just for stem
cell aficionados, but also for the basic fields of biology and
medicine.
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