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Purpose of review
In hematopoiesis, rapid cell fate decisions are necessary for timely responses to environmental stimuli
resulting in the production of diverse types of blood cells. Early studies have led to a hierarchical, tree-like
view of hematopoiesis with hematopoietic stem cells residing at the apex and serially branching out to give
rise to bipotential progenitors with increasingly restricted lineage potential. Recent single-cell studies have
challenged some aspects of the classical model of hematopoiesis. Here, we review the latest articles on cell
fate decision in hematopoietic progenitors, highlighting single-cell studies that have questioned previously
established concepts and those that have reaffirmed them.
Recent findings
The hierarchical organization of hematopoiesis and the importance of transcription factors have been
largely validated at the single-cell level. In contrast, single-cell studies have shown that lineage commitment
is progressive rather than switch-like as originally proposed. Furthermore, the reconstruction of cell fate
paths suggested the existence of a gradient of hematopoietic progenitors that are in a continuum of
changing fate probabilities rather than in a static bipotential state, leading us to reconsider the notion of
bipotential progenitors.
Summary
Single-cell transcriptomic and proteomic studies have transformed our view of lineage commitment and
offer a drastically different perspective on hematopoiesis.
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INTRODUCTION

progenitors through manipulating lineage-specifying transcription factors (LS-TFs) [8 ]. Beside transcription factors, chromatin structure plays a critical
role in cell fate decision through restricting or facilitating the binding of transcription factors
(reviewed in [9 ] and see [10 ]). While chromatin
structure is initially established by transcription
factors through the recruitment of chromatin
remodeling enzymes, it is at least partially transmissible across cell divisions even in the absence of
&

Deciphering the mechanism that underlies cell fate
decision is central to understanding normal development and disease. In hematopoiesis, rapid cell
fate decisions are necessary for timely responses to
environmental stimuli (such as infection or injury)
resulting in the production of appropriate amounts
of diverse types of blood cells, including red blood
cells, megakaryocytes and immune cells [1,2]. Pioneering studies of lineage reprogramming in the
1990s have identified transcription factors as the
main players underlying cell fate decision. For
example, it was shown that ectopic expression of
GATA1 at high levels in monocytes drives erythroid
and megakaryocytic differentiation, whereas low
levels of GATA1 convert the same cells into eosinophils [3]. The central role of transcription factors in
cell fate decision has been constantly reaffirmed
ever since, through multiple in-vitro and in-vivo
studies (reviewed in [4,5]; also see [6,7]), including
a recent demonstration that adult blood cells can be
reprogrammed into nonhematopoietic (neuronal)
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KEY POINTS
 Single-cell approaches give a high-resolution view of
cell fate, complementing classical studies.
 Hematopoietic progenitors are in a continuum of
changing fate probabilities suggesting it may be more
accurate to refer to those cells as ‘fate restricted’
progenitors rather than ‘bipotential’ progenitors.
 Cell fate potential in progenitors is highly influenced by
the extracellular environment (the niche) suggesting
multiple hematopoietic trees are possible.
 Cell fate potential is encoded by the interplay between
lineage-specifying transcription factors and
chromatin structure.
 Cell fate ‘decisions’ occur through gradual acquisition
of biases in progenitors which entail quantitative
changes in lineage-specifying transcription factors
abundances and chromatin structure modification for
the establishment of increasingly restricted gene
expression programs.

transcription factors, and thus can provide a memory of the action of ‘early’ transcription factors in
descendent cells (reviewed in [11 ]).
In parallel with the studies described above,
experiments combining bone marrow transplant
in mice, lineage tracing and colony-forming assays
have led to a hierarchical, tree-like view of hematopoiesis with self-renewing hematopoietic stem cells
(HSCs) residing at the apex and serially branching
out to give rise to progenitors with increasingly
restricted lineage potential [12]. While some alternative differentiation paths within the hematopoietic tree have been suggested, including direct
conversion of HSCs into megakaryocytes [13], the
idea of a hierarchical progression remains central to
the classical view of hematopoiesis [2,14]. The concept of bipotential progenitor originates from this
classical model of hematopoiesis whereby most cells
(beside HSCs, precursors and terminally differentiated effector cells) are considered as ‘bipotential
progenitors’, that is, cells that transiently accumulate prior to choosing between two fates. In this
model, LS-TFs from mutually exclusive lineages
are coexpressed at low levels in bipotential progenitors and quantitative changes in their relative levels
tilt the balance toward one possible fate or another
in a switch-like manner [5].
Recent studies using single-cell approaches have
challenged some (but not all) aspects of the classical
model of hematopoiesis, forcing us to revisit fundamental principles underlying cell fate decision,
including the very existence of bipotential
&

progenitors. Here, we review the latest articles on
cell fate decision in hematopoietic progenitors,
highlighting single-cell studies that have questioned previously established concepts and those
that have reaffirmed them. Then, we underline an
important distinction between cell fate (as measured
experimentally) and cell fate potential. Finally,
based on recent evidence on the role of progenitors
with restricted potential, we propose a revised
model of graded cell fate decision in hematopoiesis.

RECENT INSIGHTS INTO CELL FATE
DECISION IN HEMATOPOIESIS
Recent findings in single-cell studies have changed
our understanding of the mechanism underlying
cell fate decisions in hematopoiesis. This has led
to reconsideration of the concept of bipotential
progenitors. In this section, we summarize aspects
of the classical model of hematopoiesis that have
been reaffirmed and those that have been refined by
single-cell-based assays.

The link between cell division, self-renewal
and differentiation
The classical model of hematopoiesis posits that
HSCs transition from their multipotent state to a
more differentiated state through cell division, and
that HSCs are the only cells capable of self-renewal.
Challenging this view, fate mapping experiments in
unperturbed mouse hematopoiesis showed that
multipotent progenitors (MPPs) are also capable of
self-renewal [15,16]. Furthermore, murine transplanted HSCs and MPPs can differentiate into
restricted progenitors prior to cell division [17 ]
implying that intermediary progenitor states either
can be bypassed, or do not require cell division.
While interesting, these findings should be considered carefully in light of other studies suggesting a
critical role for the cell cycle in cell fate decision, for
instance through regulating the level of the lineagespecifying transcription factor PU.1 in developing
macrophages [18] or through synchronizing progenitors for terminal erythroid differentiation
[19]. Also interestingly, cell cycle speed has been
implicated in cell fate decision [20 ]. At this point,
the link between self-renewal, cell division and cell
fate remains unclear and despite an undeniably
important role in controlling the rate of self-renewal
or that of transient amplification of progenitors, it
remains to be determined whether cell division and/
or cell cycle are directly involved in cell fate decision
in hematopoietic progenitors.
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Heterogeneity of the hematopoietic stem cell
and progenitor compartments, cell fate bias
and the hierarchical organization of
hematopoiesis
The concept of a hierarchical, tree-like organization
of hematopoiesis originates from transplant experiments in mice whereby different cell populations
enriched for HSCs [21–24] or various progenitors
[25,26] were shown to drive multilineage, or monolineage reconstitution of hematopoiesis in-vivo.
Furthermore, this model of a structured hierarchy
is strongly and independently supported by studies
of native hematopoiesis that used genetic barcodes
to track the fate of endogenous HSCs or progenitors
in-vivo [15,27,28,29 ] and by single-cell RNA
sequencing (scRNAseq) experiments that provided
snapshots of single hematopoietic stem and progenitor cells transcriptomes [29 ,30–35,36 ,37]. Furthermore, the hierarchical organization of
hematopoiesis has been confirmed using single-cell
proteomic with temporal barcoding [38 ]. While
some scRNAseq studies originally failed to detect
oligopotent and/or bipotent progenitors [39,40],
reanalysis of the same data [39] with different methods [31] as well as more recent studies using either
scRNAseq [29 ,30,32–35,36 ,37,41,42 ] or mass
cytometry [38 ] approaches have successfully
detected oligopotent and bipotent progenitors.
Importantly, single-cell approaches have also identified alternative paths to the traditional hematopoietic tree suggesting that multiple ontogenies are
possible. For example, megakaryocytes have been
proposed to arise either directly from HSCs [13,29 ,
43,44] or from megakaryocyte-erythroid progenitors [33,38 ]. Another example is that of basophils
that can originate from granulocyte–macrophage
progenitors (GMPs) but also from an erythroid–
megakaryocyte lineage branch [33,35,38 ]. In addition, it has been suggested that monocytes can arise
from at least two different routes, a monocyte–
dendritic progenitor path and a granulocyte–monocyte progenitor path [35,42 ]. The existence of
these multiple possible hematopoietic trees suggests
that progenitors may be more plastic than originally
thought and that fate commitment may in fact
occur late in differentiation. Moreover, this is consistent with a recent observation that erythroid
precursors Colony Forming Unit-Erythroid (CFUEs) still express low levels of transcription factors
from nonerythroid lineages [45 ].
Another interesting observation from scRNAseq
studies was that the HSC and progenitors compartments are transcriptionally heterogeneous [29 ,
30–35,36 ,37,39,40], which seemed to correlate
with fate biases detected in single-cell transplants
[13,23,24,43,46–48,49 ] and in native hematopoiesis
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studies [15,16,27,28,29 ]. Overall, these findings were
taken to suggest that transcriptomic heterogeneity
reflects cell fate bias and led to the interpretation that
cell fate decisions are made early, in the HSC compartment rather than later in bipotential progenitors,
which seems to contradict the classical model of
hematopoiesis. However, these studies have not measured cell fate and the transcriptome in the same cells,
so the extent to which transcriptomic heterogeneity
actually reflects lineage commitment rather than transcriptional stochasticity (that characterizes stem/progenitor cells [50 ]) was not clear. To address this
question, Weinreb et al. [42 ] used an approach combining genetic barcoding of heterogeneous progenitor
populations with scRNAseq at early and late timepoints, which allowed them to correlate gene expression at one time point with fate at a later timepoint.
While the results confirmed that single-cell transcriptomics can reflect cell fate, the overall predictive accuracy was only 60% in-vitro and 51% in-vivo.
Furthermore, some fate decision boundaries were
not accurately identified [42 ]. Thus, one must be
careful in interpreting transcriptomic heterogeneity
(as measured by current scRNAseq approaches) strictly
as lineage bias or commitment. Significantly, scRNAseq analysis of 60 tissues as part of the establishment of
a human atlas revealed that stem and progenitor cells
exhibit strong transcriptional stochasticity compared
with differentiated cells [50 ]. This may explain
at least part of the transcriptomic heterogeneity
observed in the HSC and progenitors compartments.
In addition, while it has been clearly established that
cells in the HSC compartment exhibit fate biases
in specific experimental conditions, it is currently
unclear how strongly these biased cells are committed
to specific fate(s). For instance, Carrelha et al. [49 ]
found that Hematopoietic stem and progenitor cells
(HSPCs) that appear restricted to specific lineage(s) in
transplant experiments retain multipotency both invitro when grown under appropriate conditions and
in-vivo upon secondary transplant. Thus, one cannot
exclude that in a slightly different in-vivo environment (e.g. a different genetic background) or upon
external stress or injury, transplanted or endogenous
stem and progenitor cells may exhibit different fates or
biases. In support of this, a recent study showed that
genetic modification of the bone marrow niche
(through vascular-specific deletion of Notch delta like
ligand DLL4) leads to a profound myeloid bias in HSCs
[51 ]. Significantly, the authors also noted that vascular DLL4 in the bone marrow is downregulated upon
acute stress [51 ]. Thus, cell fate biases appear to
depend on the environment, which suggests that
HSCs may not be intrinsically committed to specific
fates. In summary, even though cells within the HSC
or early progenitor compartments exhibit some degree
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of lineage bias, this is subject to change and the cells do
not appear fully committed to specific lineages. This
suggests that HSCs and early progenitors remain plastic and that fate commitment may occur later in
differentiation, as originally proposed in the classical
model of hematopoiesis.

Hematopoiesis is a gradual process
One of the main principles underlying the classical
model of hematopoiesis is that lineage commitment
and differentiation occur in steps whereby stable
progenitor populations (defined by specific combinations of cell surface markers) transition from
multipotent to oligopotent to unipotent cells in a
switch-like manner [2,14]. The higher resolution
offered by single-cell approaches measuring either
RNAs or proteins revealed that in contrast to this
classical view, differentiation is a continuous process with progenitors forming a gradual landscape of
cells rather than a succession of stable populations,
although some cells clearly accumulate at specific
locations along lineages trajectories [29 ,33–
35,36 ,38 ,41,42 ,52]. Importantly, time-resolved
studies [38 ,42 ] have confirmed that when placed
in a given environment, hematopoietic progenitor
cells move in a largely coordinated and unidirectional manner as they differentiate along hierarchically structured paths. Taken together, these
findings suggest that loss of fate potential and lineage commitment are progressive rather than switchlike. They also imply the existence of a gradient of
hematopoietic progenitors with varying degrees of
multi or oligopotency spread along differentiation
trajectories (Fig. 1).
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Transcription factors are main drivers of cell
fate decision
As the only molecules capable of reading the DNA
code, sequence-specific DNA binding transcription
factors are the main drivers of cell fate decisions [4].
The classical model of hematopoiesis proposed that
LS-TFs from competing lineages are coexpressed at
low levels in progenitors and that changes in their
relative levels produce an imbalance leading to differentiation toward a specific lineage at the expense
of another [5]. At the mechanistic level, transcription factors work through integration of diverse
signals from the environment, which results in
the establishment of gene expression programs that
either maintain multipotency or drive differentiation toward specific paths [1,5,53]. These principles
were recently reaffirmed by single-cell analyses in
embryonic cells and in embryos that have confirmed the key role of the transcription factor

TAL1 in coordinating blood, cardiac and endothelial
lineages during development [54 ,55 ].
An important principle that emerged from
studying transcription factors is that their function
in establishing cell fate is highly dose-dependent.
For example, early studies showed that in monocytes, low levels of GATA1 drive differentiation
toward an eosinophilic fate, whereas high levels
of GATA1 drive differentiation toward an erythroid/megakaryocyte fate [3]. Along the same lines,
it was shown that precise stoichiometry of specific
transcription factors combinations is required to
drive efficient erythropoiesis [7]. Furthermore, a
recent study combining Perturb-seq with CRISP
interference to titrate the expression of genes at
single-cell resolution showed that specific abundance thresholds determine the ability of transcription factors to modify cell behavior in
hematopoietic cells [56 ]. Thus, to understand the
role of transcription factors in lineage fate decisions,
one must not only determine if a transcription
factor is expressed but also measure precisely its
level of expression in cells. In this regard, it is
important to recognize that there are drastic differences in protein versus mRNA abundances (and
dynamics) for master regulators of hematopoiesis
[45 ]. Furthermore, these differences are exacerbated
in hematopoietic stem and progenitor cells with a
Pearson correlation coefficient less than 0.25 compared with 0.4–0.6 in more differentiated cells [45 ].
Thus, approaches that measure proteins (not transcripts) are warranted to decipher the role of transcription factors in early lineage decisions.
Importantly, these methods must be quantitative
and provide information on protein stoichiometry
to determine relative abundances of lineage-specifying transcription factors.
With this in mind, we recently used a combination of targeted mass spectrometry and single-cell
mass cytometry to examine endogenous transcription factors in early hematopoiesis and erythropoiesis [38 ]. As predicted by the classical model, we
found that LS-TFs from distinct hematopoietic lineages are coexpressed in single-cell progenitors
[38 ]. However, in contrast to the original model,
transcription factors abundances change gradually
(and not in a switch like manner) during differentiation. Significantly, ectopic expression of a promegakaryocyte transcription factor (FLI1) in early
hematopoietic progenitors can overcome strong
proerythroid environmental signals and redirect
cells away from their preferred erythroid path
toward a megakaryocytic lineage. This shows that
transcription factors (when expressed above a certain threshold) establish cell fate as opposed to
simply reinforce lineage commitment. Thus, even
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FIGURE 1. Model of hematopoiesis based on a continuum of changing fate probabilities. (a) A putative hematopoietic
progenitor with specific cell fate potential for various lineages is shown in the middle. Depending on cell culture conditions or
in-vivo environments this same cell can reveal different fates. This illustrates the uncertainty of inferring cell potential from cell
fate measurements, both in-vitro and in-vivo. (b) In this model, hematopoiesis entails gradual changes in cell fate probabilities
as progenitors progress along lineage trajectories. The extracellular environment (the niche) can alter cell fate probabilities in
all progenitors but its influence gradually decreases during differentiation. In this model there are no bipotential progenitors
per se, only progenitors with variable levels of fate restriction.
236
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though transcription factors levels do not change in
a switch like manner, quantitative changes in their
abundances is the driving force behind cell fate
decision, as originally proposed in the classical
model of hematopoiesis [57]. Of note, even though
transcription factors abundances are changing gradually during differentiation, these proteins could
still function in a switch-like manner in the sense
of having a measurable effect on cell fate only upon
reaching a specific quantitative threshold above
which they would be able to establish a stable gene
expression program [56 ].
In summary, some of the main aspects of the
classical model of hematopoiesis have been validated by single-cell studies, including the idea that
hematopoiesis is hierarchically organized, and the
notion that quantitative changes in LS-TFs determine cell fate in hematopoietic progenitors. On the
other hand, the finding that hematopoietic progenitors gradually transition along a continuous landscape of hematopoietic trajectories not only put
into question the previously proposed switch-like
mechanism for cell fate decisions but also invite
us to reconsider how to define hematopoietic
progenitors.
&

CELL POTENTIAL INFERENCE AND A NEW
MODEL OF CELL FATE DECISION IN
HEMATOPOIESIS
A commonly used approach to infer potential is to
measure cell fate in specific in-vitro or in-vivo conditions. However, such studies can be misleading
because experimental conditions may not be permissive to all possible fates, leading to inaccurate
interpretations of experimental data pertaining to
cell fate potential (Fig. 1a). Furthermore, the external environment (i.e. the bone marrow niche or
culture medium) strongly influences cell fate probabilities [49 ,51 ]. Below, we discuss different
approaches to infer fate potential from single-cell
measurements and we propose a unifying model of
cell fate decisions based on recent findings.
&&
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De novo prediction of bipotential progenitors
using single-cell data
The high-resolution transcriptome maps of homeostatic cells offer the possibility of reconstructing fate
paths de novo. Several methods have been put
forward to infer the fate of collections of cells
(FateID [58], PBA [59] and Palantir [60]). These
methods build on the idea that the single-cell measurements represent a sampling of the path from
stem cells to mature cells and therefore can be used
to infer fate maps. Each of the methods works from

different starting points, for instance FateID takes
user-specified mature cell populations and using
random forests classifiers, works iteratively backwards to identify common progenitors and fate
probabilities. On the other hand, Palantir works
forward from a user specified starting cell, calculates
trajectories and end points and constructs a Markov
chain to derive the fate probabilities. PBA utilizes
both starting points (stem cells) and end points
(mature cells) to model the cells as part of a stationary stochastic dynamical system where cells are
produced at the sources (stem cells) and removed
at the sinks (mature cells). Each of these methods
predicts a probability map that in itself makes the
idea of bipotential progenitor less clear. Indeed,
within this probabilistic framework cells are in a
continuum of changing fate probabilities rather
than in areas with clear cutoffs (Fig. 1b). So, we
propose that it may be more accurate to refer to
those cells as ‘fate restricted’ progenitors rather than
‘bipotential’ progenitors. In addition, there is the
possibility that the environment/niche can shape
this landscape and the probabilities within it
(Fig. 1b).
While cell potential can be predicted from
scRNAseq measurement, transcriptomic data alone
is unlikely to encompass all the information necessary to define cell fate probabilities in progenitors.
Indeed, several studies have suggested that chromatin structure and epigenetic marks (i.e. DNA methylation and histone modifications) hold key
information pertaining to cell fate potential. For
example, transplant experiments using color-tagged
HSCs combined with measures of DNA methylation
and chromatin accessibility (ATAC seq) identified
stereotypical intraclonal behaviors whereby HSPCs
fate correlates well with chromatin modifications
[61]. Similarly, a recent scRNAseq study that tracked
ascendant–descendent cell relationships suggested
some inheritance of fate potential within cell ‘families’ [62], a feature that characterizes epigenetic
mechanisms [63]. Most interestingly, using transgenic mice, Izzo et al. [64 ] found that deletion of
the DNA methyltransferase Dnmt3a biases the HSCs
toward an erythroid fate at the expense of a monocyte/macrophage fate, whereas deletion of an
enzyme with the opposite function (i.e. Tet2 that
mediates removal of the DNA methylation mark)
has the opposite effect (i.e. biasing of HSCs toward a
monocyte/macrophage fate at the expense of an
erythroid fate). Taken together, these findings demonstrate that DNA methylation, an epigenetically
transmitted mark, directly regulates cell fate potential. It remains to be determined whether similar
effects on fate probability occur with histone modifications.
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What is the mechanism of cell fate decision
in hematopoietic progenitors?
Transcription factors are the main drivers of cell fate
decision. Mechanistically, they regulate transcription both directly through the recruitment of RNA
polymerase II, and indirectly through the recruitment of chromatin remodeling enzymes that shape
the chromatin landscape. Notably, chromatin structure strongly influences the function of transcription factors through either limiting or stabilizing
transcription factors binding to specific genomic
locations [65]. As chromatin structure is (at least
partly) heritable, transcription factors can have a
delayed effect on cell fate through establishing chromatin accessibility of descendent cells.
Based on recent evidence described above, we
propose that fate potential in hematopoietic stem/
progenitor cells is defined by a combination of several
factors that influence each others’ dynamically: first,
transcription factors that establish gene transcription

programs and introduce epigenetic marks on chromatin; second, chromatin structure (partly inherited)
that strongly influences transcription factors by preventing or promoting their binding to specific genomic locations; third, external signals from the
environment that influence transcription factors
(e.g. through posttranslational modifications) and
chromatin structure to allow some variation in fate
probabilities in response to stress or injury (Fig. 2). In
this model, we also propose that cell fate ‘decisions’
occur through gradual acquisition of biases in progenitors which entail quantitative changes in LS-TFs
abundances and chromatin structure modification
for the establishment of increasingly restricted gene
expression programs. Furthermore, the reversibility
of epigenetic reactions provides an opportunity for
extracellular signals to reshape the chromatin landscape at various time-points and, providing the right
transcription factors are available at sufficient abundances, alter cell fate decisions. Furthermore, it is

FIGURE 2. Proposed mechanism for regulation of cell fate potential at the molecular level. Cell potential in hematopoietic
stem/progenitor cells is defined by a combination of several factors: transcription factors that establish gene transcription
programs and introduce epigenetic marks on chromatin; chromatin structure that influences transcription factors by preventing
or promoting their binding to specific genomic locations; external signals from the environment that influence transcription
factors and chromatin structure to allow fate plasticity.
238
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likely that the influence of the extracellular environment decreases as chromatin structure is becoming
increasingly constrained when progenitors progress
along differentiation trajectories (Fig. 1b). Thus, our
model is compatible both with the concept that the
environment (the niche) has an important role in
shaping cell fate and with the idea that early cell fate
biases can be preserved (to some extent) through
epigenetic memory. Again, the model implies that
the influence of the environment on cell fate gradually decreases during differentiation with differentiating cells progressively losing their fate plasticity
(Fig. 1b).

CONCLUSION
In the past couple of years, single-cell transcriptomic
and proteomic studies have transformed our view of
lineage commitment and brought a drastically different perspective on hematopoietic progenitors
and their function in lineage commitment. Yet,
we still know very little on the molecular mechanisms that control these cellular behaviors in single
cells. And while we have begun to understand the
central role of chromatin (mostly DNA methylation)
in this process, the mechanism through which competing LS-TFs gradually establish and reinforce
mutually exclusive gene expression programs in
single progenitor cells remains mostly unknown.
Quantitative approaches that measure proteins
abundances in single cells combined with single-cell
analyses of histones and transcription factors genomic binding [66,67] will be invaluable to answer
these fundamental questions in the near future.
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