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Abstract

Hematopoiesis has long served as a paradigm of stem cell biology and tissue homeostasis. In the 

past decade, the genomics revolution has ushered in powerful new methods for investigating the 

hematopoietic system that have provided transformative insights into its biology. As part of the 

genomics revolution, increasingly accurate deep sequencing and novel methods of cell tracking 

have revealed hematopoiesis to be more of a continuous and less of a discrete and punctuated 

process than originally envisioned. In part, this continuous nature of hematopoiesis is made 

possible by the emergent outcomes of vast, interconnected regulatory networks that influence cell 

fates and lineage commitment. It is also becoming clear how these mechanisms are modulated by 

genetic variation present throughout the population. This review describes how these recently 

uncovered complexities are reshaping our concept of tissue development and homeostasis, while 

opening up a more comprehensive future understanding of hematopoiesis.

Sankaran eTOC blurb

Sankaran et al.. review our evolving understanding of the mechanisms of hematopoiesis, 

emphasizing how insights from genomics technologies are driving a deeper understanding of 

lineage commitment, gene regulatory mechanisms, and the impact of human genetic variation.

INTRODUCTION

The hematopoietic system is a remarkable tissue that participates in nutrient transport, 

immune function, hemostasis, and wound healing, and in humans generates a staggering 500 

billion cells each day (Fliedner et al., 2002). The tissue is responsible for the production of 

the adaptive and innate immune systems, the red blood cells that transport oxygen, and the 

megakaryocytes that are responsible for producing platelets necessary for blood clotting. As 
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a relatively accessible tissue, the hematopoietic system has served a pivotal role in 

advancing our understanding of fundamental aspects of stem cell biology. The hierarchical 

organization of the hematopoietic system has also been illustrative of how tissues can rely on 

a small pool of stem and progenitor cells for decades, while still effectively and continuously 

generating large numbers of mature functional cells. While numerous studies over the last 

century have illuminated how hematopoiesis is regulated, the genomics revolution has 

offered new opportunities to obtain a more comprehensive understanding of this complex 

process. It is important to note that dramatic differences in hematopoiesis exist across 

various organisms and in the course of development, and while these differences are 

fascinating in their own right and have been extensively reviewed elsewhere (Banerjee et al., 

2019; Dzierzak and Bigas, 2018; Stachura and Traver, 2011), in this review we focus largely 

on observations made through studies of adult hematopoiesis in mice and humans.

It has been a continuous challenge to understand the behavior of tissues at the cellular level, 

in a way that encompasses the relationships between cells and their dynamics during 

differentiation. The genomics revolution has enabled entire tissues such as the hematopoietic 

system to be comprehensively interrogated at single-cell resolution, revealing a previously 

unappreciated degree of functional and phenotypic variation within previously presumed 

homogeneous cell compartments. This heterogeneity is revealing how cells make fate 

decisions and differ in their contributions to the hematopoietic system. Combined with the 

power of human genetics, we are gaining a deeper appreciation for how genetic variation can 

modulate the process of hematopoiesis in surprising and consequential ways. In the words of 

Bram Stoker in his novel Dracula, “There are mysteries which [people] can only guess at, 

which age by age they may solve only in part” (Stoker, 1897). In this review, we illustrate 

how this concept echoes in the field of hematopoiesis and discuss how the last decade has 

led to ongoing work that leverages the enumerable advances in genomics to refine our 

understanding of this process.

OVERVIEW OF HEMATOPOIESIS

Hematopoietic tissue hierarchy

The hematopoietic system is classically divided into two major branches, the myeloid and 

lymphoid lineages. The myeloid lineage is responsible for three major functions: oxygen 

transport, hemostasis, and innate immunity. Erythrocytes are produced through myeloid 

progenitors and enable effective oxygen transport throughout the body. Megakaryocytes are 

the cellular precursors that give rise to platelets that are necessary for blood clotting and are 

produced through the myeloid lineage, although recent findings suggest that these cells may 

arise directly from stem cells (Carrelha et al., 2018; Rodriguez-Fraticelli et al., 2018; 

Sanjuan-Pla et al., 2013). Innate immune cells are produced by the myeloid lineage and 

include monocytes, neutrophils, eosinophils, basophils, and dendritic cells which provide a 

broad, general defense against foreign pathogens, as well as facilitate the initiation of 

adaptive immune responses. The lymphoid lineage produces B, T, and NK cells that are 

responsible for adaptive immunity. While these two lineages have been thought of as 

distinct, recent studies suggest some complexity in this classic bifurcation, with innate 

lymphoid cells that have key roles in innate immunity arising from lymphoid progenitors 
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and some contribution of lymphoid-biased progenitors to lineages typically thought to be of 

myeloid origin (Pucella et al., 2020; Vivier et al., 2018).

An improved understanding of the stem and progenitor cells mediating production of 

myeloid and lymphoid cells has been enabled by the use of cell surface markers and flow 

cytometry to separate out distinct states that could be ordered by their degree of 

differentiation. This organization led to a model in which mammalian hematopoiesis was 

initiated within a homogeneous pool of multipotential long-term reconstituting 

hematopoietic stem cells (LTHSCs) that produced a cascade of increasingly more lineage-

restricted cells in order to produce all mature blood cells (Figure 1A) (Orkin and Zon, 2008). 

Such a model often proposed that LTHSCs remain relatively quiescent in order to minimize 

cell-cycle associated DNA damage, relying instead on short-term hematopoietic stem cells 

(ST-HSCs) and downstream progenitors to carry most of the replicative burden necessary for 

steady state hematopoiesis. In order to maintain its population over an organism’s lifespan, 

this LT-HSC population can self-renew, while more differentiated pools of cells 

progressively lose this ability (Morrison and Weissman, 1994; Morrison et al., 1997).

A fundamental aspect of the classic model of hematopoiesis is that at each stage of 

differentiation, cells are uniformly lineage committed, and only further commit by 

undergoing binary fate choices at these discrete cell states (Figure 1A). A characteristic 

example of such a binary decision is the split from multipotent progenitors into lineage-

restricted common myeloid progenitors (CMP) and common lymphoid progenitors (CLP) 

(Akashi et al., 2000). This punctuated model of differentiation has served as the basis for 

studies in other tissues (Barker et al., 2007; Snippert et al., 2010), and has shaped our 

understanding of pathological changes, such as those observed in aging and cancer (Derényi 

and Szöllősi, 2017; Rozhok et al., 2015; Tomasetti and Vogelstein, 2015).

Hematopoietic stem cells at the apex of this hierarchy

While today the concept of a stem cell may seem unremarkable, it was first formally 

proposed at the beginning of the twentieth century, but proved notoriously difficult to 

experimentally identify (Maximow, 1909). Direct evidence for the existence of a blood-

forming stem cell came nearly half a century later. In search of primitive blood-forming 

cells, the circulatory systems of lethally irradiated mice and healthy mice were connected to 

demonstrate that the healthy hematopoietic tissue could rescue the lost function of the 

irradiated tissue (Brecher and Cronkite, 1951). While successful rescue in these experiments 

relied on the unrecognized behavior of HSCs to periodically egress from the bone marrow 

(BM) (Bhattacharya et al., 2009), direct injection of BM cells also rescued irradiated mice 

(Ford et al., 1956). Fortuitously, it was noted that injected BM formed colonies consisting of 

various hematopoietic cells within the spleens of the recipient mice (Becker et al., 1963; Till 

and McCULLOCH, 1961). When reinjected into irradiated mice, some of these colonies 

themselves could rescue hematopoiesis (Siminovitch et al., 1963). A few decades later, 

surface-marker staining enabled, for the first time, the prospective purification of a BM-

reconstituting population of hematopoietic stem cells (HSCs) (Spangrude et al., 1988). 

Shortly after this discovery, competitive BM transplants were used to estimate that about 

10,000 HSCs existed in the mouse hematopoietic system (Szilvassy et al., 1990).
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Improved cell labelling later revealed the existence of subpopulations of hematopoietic cells, 

and resulted in the separation of the stem cell compartment into cells from least 

differentiated to most differentiated LT-HSCs, ST-HSCs, and multipotent progenitors 

(MPPs) (Orkin and Zon, 2008). Through early studies of these populations, their lineage 

relationships were modeled as a uniform progression from LT-HSCs, which could provide 

long term multilineage reconstitution after transplantation, through ST-HSCs that could only 

provide short term reconstitution after transplantation, to MPPs that gave limited 

reconstitution, after which cells became increasingly lineage restricted (Morrison et al., 

1997). This hierarchy has now been observed not only in mice, but also in humans and other 

organisms (Doulatov et al., 2010; Majeti et al., 2007; Notta et al., 2011), and has continued 

to expand in complexity, incorporating further subpopulations and subdivision of 

downstream progenitors.

DECIPHERING HEMATOPOIETIC CELL STATES AND FATES FROM SINGLE 

CELL GENOMICS

Revisions to the lineage tree model of hematopoiesis

The now classic arrangement of hematopoietic hierarchy presents an enticingly concise 

model of punctuated lineage decisions being made within pools of functionally 

homogeneous cells (Figure 1A). In retrospect, the limited diversity of available surface 

markers likely resulted in the oversimplification of a more complex process (Doulatov et al., 

2012). Indeed, as additional cell-surface markers were employed (Nolan, 2011), models of 

hematopoiesis grew in complexity, incorporating revisions to the timing of lineage 

commitment decisions (Adolfsson et al., 2005; Doulatov et al., 2010; Goardon et al., 2011; 

Sanjuan-Pla et al., 2013; Yamamoto et al., 2013) and the subdivision of cell states into 

increasing numbers of subgroups (Cabezas-Wallscheid et al., 2014; Pietras et al., 2015). Of 

course, as models grew in complexity, inconsistencies in their organization emerged, 

especially in how cell states were defined (Adolfsson et al., 2005; Görgens et al., 2013; Haas 

et al., 2015; Perié et al., 2015; Yamamoto et al., 2013). These inconsistencies have made it 

attractive to turn to single-cell genomic methods that can more comprehensively identify 

various cell populations and states, and better reveal the timing of cell decision-making 

during differentiation.

The long and rich history of research in the field of hematopoiesis has helped lay the 

foundation for the use and value of single-cell genomics. Early work provided methods of 

cell purification and transplantation of single HSCs into mice in order to reveal functional 

differences, such as lineage output biases (Dykstra et al., 2007; Muller-Sieburg et al., 2004; 

Osawa et al., 1996), and these approaches were complemented by single-cell progenitor 

functional assays (Purton and Scadden, 2007). Preliminary HSC fate tracking was performed 

through retroviral integration (Lemischka et al., 1986). Even before the first draft of the 

human genome, it was possible to perform single cell transcriptomics on hematopoietic cells 

(Brady et al., 1990). With time, these methods grew in throughput, allowing thousands of 

hematopoietic cells to be simultaneously profiled, and consequently revealed a great deal of 

heterogeneity within the mammalian hematopoietic system (Adolfsson et al., 2005; Goardon 
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et al., 2011; Kohn et al., 2012; Miyawaki et al., 2017; Notta et al., 2016; Pronk et al., 2007; 

Psaila et al., 2016; Sanada et al., 2016).

From homogeneous to heterogeneous cell states in hematopoiesis

Early studies of hematopoiesis relied on the ability to group cells into populations by surface 

marker staining. As available staining panels were limited, these populations were 

functionally and phenotypically distinct, representing dramatically different points 

throughout the process of hematopoiesis. As a result, initial models of hematopoiesis 

reflected the discrete nature of these surface staining methods (Figure 1A). As single-cell 

transcriptomics became possible, there was a unique opportunity to simultaneously assay a 

significant proportion of the hematopoietic system and hierarchically organize cells by their 

similarity in gene expression (Gulati et al., 2020; Shin et al., 2015; Trapnell et al., 2014).

When computationally reconstructed, single-cell RNA sequencing (scRNA-seq) profiling of 

the mammalian hematopoietic system typically produces a largely continuous distribution of 

cells from the earliest HSCs through the characteristic hematopoietic lineages (Nestorowa et 

al., 2016; Olsson et al., 2016; Paul et al., 2015; Pellin et al., 2019; Tusi et al., 2018; Weinreb 

et al., 2020). Such observations were made both for analyses involving the entire 

hematopoietic system and for assessments of populations of cells that previously were 

thought to be homogeneous. Similar differentiation continuity can also be seen in 

complementary but distinct methods such as RT-PCR (Guo et al., 2013). This transcriptional 

continuity has contributed to a revised model of the hematopoietic lineage tree, often termed 

a continuum model of hematopoiesis (Figure 1B). In this continuum model, the process of 

differentiation from HSCs to progenitors to mature functional cells is envisioned as 

occurring constantly and without the distinct punctuated phenotypic changes that exist 

within the classic model of hematopoiesis (Laurenti and Göttgens, 2018; Velten et al., 2017). 

This continuity represents an important divergence from the classical model of 

hematopoiesis in which cells only make a handful of fate decisions and are functionally 

identical to other cells that have made those same decisions. The original states themselves 

would also largely reflect the arbitrary borders created by limited samplings of 

hematopoiesis rather than biologically genuine cell states. It is still unclear how continuous 

lineage decisions could be made, but there is support for cells expressing distinct modules of 

transcriptional programs that cooperate to subtly and continuously prime cells to 

differentiate along target lineages (Giladi et al., 2018; Velten et al., 2017). Of course, gene 

expression can vary widely across phenotypically similar cells (Kaufmann and van 

Oudenaarden, 2007; Marinov et al., 2014), which may cause enough transcriptome diversity 

in scRNA-seq that distinct populations of cells blend together and become indistinguishable 

from each other. Thus, while the continuum model clearly addresses some of the 

oversimplifications of the classic model of hematopoiesis, gene expression alone may be 

insufficient to distinguish discrete cell populations and may miss other relevant aspects of 

biology (Olsson et al., 2016).

Functional interrogation of hematopoietic cell states can complement single cell 

transcriptomics, and may reveal underlying biology that may be missed by scRNA-seq 

alone. As mentioned earlier, the use of increased numbers of surface markers have expanded 
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the number of possible hematopoietic subgroups, especially within the stem and progenitor 

cell compartments. Coupling gene expression variation with assessment of different 

subpopulations has enabled distinct functional groups to be defined (Pietras et al., 2015). 

Furthermore, with improved abilities to simultaneously interrogate gene expression, while 

perturbing key master regulators of this process, such as hematopoietic transcription factors 

(TFs), it has become clear that there are distinct transition points that occur over this 

continuous transcriptomic landscape, suggesting the presence of punctuated transitions 

(Giladi et al., 2018). It must therefore be considered that while hematopoiesis may be far 

more of a continuous process than originally modeled, punctuated transitions across this 

continuous gene expression landscape may still exist, and represent functionally distinct 

groups of cells (Figure 1C) (Laurenti and Göttgens, 2018). In the future, it will be important 

to consider the limitations of scRNA-seq and couple these types of assays with functional 

perturbations and other multi-omic measurements to comprehensively dissect the process of 

hematopoiesis.

We expect that future work will combine multiple technologies together with more 

sophisticated computational models that are more capable of unravelling the underlying 

complex mechanisms of hematopoiesis (Gulati et al., 2020). Additionally, while the focus of 

this review is on steady state hematopoiesis, the generation of the tissue during development 

involves unique biology (Copley and Eaves, 2013; Dzierzak and Bigas, 2018; Ivanovs et al., 

2017) and may therefore require uncharacteristic and intriguing cell behaviors. Indeed, 

single-cell studies are already uncovering distinct states involved in the generation and early 

development of HSCs (Pijuan-Sala et al., 2019; Popescu et al., 2019; Vink et al., 2020; Zeng 

et al., 2019a, 2019b; Zhou et al., 2016). Moreover, while our focus has been on studies 

involving the intrinsic regulation of hematopoiesis, it is clear that microenvironmental 

factors and niche cells play a key role in this process, which has been covered in detail in 

other reviews (Crane et al., 2017; Pinho and Frenette, 2019). Recent studies have started to 

dissect the nature of these cells through scRNA-seq (Baccin et al., 2019; Baryawno et al., 

2019; Tikhonova et al., 2019). With progressive improvements in single-cell methods to 

dissect functional interactions (Giladi et al., 2020), further insights into the hematopoietic 

microenvironment will undoubtedly be made in the coming years. Finally, while single-cell 

genomic approaches have produced compelling evidence that observed cellular 

heterogeneity reflects downstream lineage decisions (Herring et al., 2018; La Manno et al., 

2018; Rodriguez-Fraticelli et al., 2018), in the absence of fate tracking, all inferred biases in 

native hematopoiesis are speculative (Pina et al., 2012; Velten et al., 2017).

Lineage commitment and fate heterogeneity

Both scRNA-seq and single-cell transplant experiments suggest significant heterogeneity in 

the lineage commitment of HSCs and other progenitors that otherwise appear to be 

functionally similar (Dong et al., 2020). Within the last decade, it has become possible 

through the combination of cell barcoding and scRNA-seq to directly trace cell fates and 

understand the extent of lineage commitment present within a given cell compartment and 

how deterministic these are (Figure 2).
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While cell-sorting based methods often show a multipotent HSC and progenitor 

compartment that gives rise to unipotent lineage-committed cells (Notta et al., 2016), the 

combination of scRNA-seq and cell barcoding has now directly demonstrated that the early 

fate biases in hematopoietic stem and progenitor cells (HSPCs) significantly impact eventual 

fate (Weinreb et al., 2020). Moreover, cell barcoding approaches suggest that CMPs are a 

heterogeneous population of cells that have already made deterministic fate choices of 

lineage output (Perié et al., 2015). While barcoding efficiencies may complicate the 

interpretation of how different progenitors contribute to hematopoiesis, these observations 

appear to directly indicate that cells within the same compartment do not equally contribute 

to a particular lineage or to overall hematopoietic output. In the future, it will be helpful to 

understand how committed HSPCs remain to generating a certain lineage, how variable this 

is when comparing ex vivo manipulation of cells with steady-state labeling approaches (Sun 

et al., 2014b; Weinreb et al., 2020), and how this may change in response to injury or disease 

(Giladi et al., 2018; Khajuria et al., 2018). Further complicating the picture of 

hematopoiesis, it appears that there are multiple differentiation paths that cells can follow to 

produce the same lineage, such as is observed for monocyte differentiation (Figure 2) 

(Weinreb et al., 2020). Signatures of this differentiation route decision are even maintained 

within mature cells. It is still uncertain, however, if these signatures impact the final 

behavior of the mature cells or if the various differentiation routes are a way of responding 

to the ever-changing needs of the hematopoietic system.

While the HSC and immediate downstream MPP compartments give rise to all the lineages 

of the hematopoietic system, the mechanism by which this occurs still remains uncertain 

(Grün et al., 2016; Notta et al., 2016; Paul et al., 2015). Future studies are necessary to 

understand when lineage commitment decisions are made, in order to understand the output 

of individual HSCs during steady state hematopoiesis and how flexible this commitment is 

in homeostatic and disease states. Furthermore, the dynamics of hematopoiesis in early stem 

and progenitor cell pools is still unclear. Classic models put most replicative burden on 

progenitor cells, and expect HSCs to contribute to hematopoiesis only sporadically. 

Emerging cell barcoding and fate tracing methods may help to clarify this process as well.

HSC contributions to hematopoiesis

In classic models of hematopoiesis, replication burden exponentially increased with level of 

differentiation (Morrison et al., 1997), allowing HSCs to remain quiescent and unscathed 

from DNA damage in order to ensure their longevity (Cheshier et al., 1999; Passegué et al., 

2005; Wilson et al., 2008). While there have been attempts to understand the relative 

contributions of HSPCs to steady state hematopoiesis, it has been challenging to develop a 

clear understanding of the direct contributions typically made by HSCs (Dykstra et al., 2007; 

Eaves, 2015; Muller-Sieburg et al., 2004; Shizuru et al., 2005).

Recent attempts to understand the typical quiescence of HSCs in mice have leveraged new 

genomic tools in order to better illuminate their direct contribution during steady state 

hematopoiesis. One innovative approach employed a doxycycline-inducible transposase 

system in mice to barcode cells by transposon integration site (Sun et al., 2014b). During 

steady state hematopoiesis, barcodes found within mature cells appeared to originate 
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primarily from MPPs, suggesting that progenitors, rather than HSCs, carry most of the 

tissue-generation burden. Direct genetic barcoding in HSCs has also resulted in similar 

findings (Rodriguez-Fraticelli et al., 2018). However, barcodes produced through Cre-lox 

recombination in different hematopoietic cells confirmed a major replicative role of MPPs, 

while also demonstrating a consistent contribution of HSCs (Busch et al., 2015). Similarly, 

direct fluorescent labeling of mouse HSCs under steady state conditions illustrated a 

significant and continued contribution of HSCs to nearly all steady state hematopoiesis 

(Chapple et al., 2018; Sawai et al., 2016; Säwen et al., 2018).

It remains unclear why different methods demonstrate such variable contributions of HSCs 

to murine steady state hematopoiesis. It is possible that labeling inefficiencies overlook the 

contributions of rare HSCs or low frequency differentiation, just as labeling saturation may 

overrepresent the contribution of HSCs that share barcodes with progenitors. It must also be 

considered that underlying assumptions in such varied models may be artificially muddling 

our view of the process. At the current time, there is substantial evidence that HSCs make 

regular and consistent contributions to hematopoiesis, although further studies are needed to 

delineate the precise nature of these contributions, while accounting for limitations that exist 

for these different experimental approaches (Pucella et al., 2020).

Clonal hematopoiesis

As HSC behavior during steady state hematopoiesis is more precisely defined, it will 

become clearer how the process can be disrupted. There are many ways to impair tissue 

functionality, as is observed in non-malignant and malignant blood disorders. A recently 

uncovered phenomenon called clonal hematopoiesis (CH) provides an illustrative example 

of how increasingly sensitive genomic approaches can reveal key perturbations to 

hematopoiesis and provide new insights into this process (Figure 3) (Jaiswal and Ebert, 

2019; Liggett et al., 2019).

As humans age, they typically experience an increase in total phenotypic HSC numbers as 

the cell pool grows with time (de Haan and Van Zant, 1999; Pang et al., 2011; Sudo et al., 

2000). However, in some elderly individuals, HSCs acquire oncogenic mutations that allow 

them to outcompete their neighbors and clonally expand. As these HSCs clonally expand, 

they can account for a substantial fraction of steady state hematopoiesis, termed clonal 

hematopoiesis of indeterminate potential (CHIP) (Busque et al., 1996; Champion et al., 

1997; Vas et al., 2012). While the likelihood of CHIP increases with age, it appears in only a 

fraction of the population, and it increases the risk of cancer, cardiovascular disease, and 

other age-related morbidities (Bick et al., 2019a; Genovese et al., 2014; Jacobs et al., 2012; 

Jaiswal et al., 2014, 2017; Laurie et al., 2012; Xie et al., 2014). Though ostensibly the direct 

result of oncogenic mutation acquisition, it is unclear why increased HSC clonality itself 

would increase the risk of non-cancer morbidities, such as cardiovascular disease. The 

phenomenon also appears to be counterintuitively well tolerated, where HSCs containing 

oncogenic mutations can overtake most of the hematopoietic system without transforming 

into leukemia (Jaiswal et al., 2014).

With an ever growing ability to more precisely track individual clones at single cell 

resolution (Nam et al., 2019), it is likely to become more apparent why CHIP occurs in some 
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individuals and not others, and why it predominantly appears to be limited to the elderly 

population. Moreover, recent work has identified several genetic loci that confer risk of 

developing CHIP and myeloproliferative disorders with age, suggesting that alterations in 

fundamental cellular processes may promote clonal expansion (Bao et al., 2019a; Bick et al., 

2019b). New genomic tools may help to interrogate the functional consequences of these 

genetic risk factors and define the impact of disease in disrupting the HSC population in a 

manner that promotes the development of CH.

Future work to further decipher hematopoietic cell state and fate

In the future, new genomic methods enabling interrogation of cell heterogeneity and 

dynamics will help to understand the diversity of cell states that exist, and choices that cells 

make in order to stably maintain the hematopoietic tissue. One promising avenue is the 

development of barcoding strategies that allow computational reconstruction of the entire 

heritage of a cell, while avoiding many of the non-native conditions created by 

transplantation (Höfer et al., 2016). In one recent development, a barcoding system was 

created that employs CRISPR–Cas9-directed mutagenesis and scRNA-seq in order to label 

cells with continuously evolving barcodes as a way of overcoming the constraint of a limited 

barcode pool (Chan et al., 2019). Such approaches may help to untangle the behavior of 

entire tissues and organisms with cellular resolution (McKenna et al., 2016). Of course, 

improvements in lineage tracing will also necessitate advances in computational approaches 

to enable ever more sophisticated lineage inferences to be made using the more in depth 

genomic data generated from such assays (Jones et al., 2020).

Another important consideration when deciphering hematopoiesis is that the process differs 

widely across organisms, and the ability to lineage trace in humans will be necessary to gain 

comprehensive insights into human hematopoiesis. Unfortunately, genetic barcoding or 

inducible labeling systems, while powerful, cannot be used to study in vivo human 

hematopoiesis. Instead, some studies have leveraged endogenous genomic DNA mutations 

to track hematopoietic clonal dynamics (Lee-Six et al., 2018; Osorio et al., 2018; Wang et 

al., 2012). While effective, human genomic mutation rates tend to be low, which limits the 

resolution of clone tracking that can be achieved. As an increasing number of gene therapy 

and editing trials are being performed in humans, the unique genomic changes in each clone 

have been used as an alternative to effectively track transplanted human hematopoietic cells 

(Biasco et al., 2016; Six et al., 2020), although the resulting events might not entirely mimic 

steady state hematopoiesis. In order to truly reflect cell behavior during steady state 

hematopoiesis, one promising alternative in humans involves leveraging the high rate of 

mitochondrial mutations to track clonal dynamics within an unperturbed hematopoietic 

system (Lareau et al., 2019; Ludwig et al., 2019a; Xu et al., 2019). The scaling of 

mitochondrial mutation-based lineage tracing approaches should enable broader insights into 

human hematopoiesis. Additionally, inference methods using variation in telomere length or 

in other evolving biomarkers can be valuable for dissecting this process in humans (Werner 

et al., 2015). While lineage tracing will help to understand the outcomes of cell decisions 

during hematopoiesis, they are not sufficient to explain the mechanisms underlying these 

decisions.
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EXPLORING HEMATOPOIETIC GENE REGULATION WITH GENOMICS

Improved fate and state-mapping methods have provided increasingly more comprehensive 

insights into the heterogeneity that exists within the hematopoietic system and the 

continuum of differentiation states. However, the underlying regulatory mechanisms that 

govern these differentiation decisions often remain mysterious. Recent advances in genomic 

approaches are providing insights into the mechanisms that underlie the key fate decisions in 

hematopoiesis. Early studies of hematopoiesis focused on uncovering the specific roles of 

master regulator TFs in this process (Orkin and Zon, 2008). These studies often relied on 

genetically ablating the function of key master TFs or epigenetic regulators, such as GATA1, 

SPI1 (PU.1), CEBPA, GFI1, BMI1, IKZF1 (Ikaros), and ETV6 in mice to assess their 

physiological roles in hematopoiesis (Doulatov et al., 2012; Fujiwara et al., 1996; Hock et 

al., 2004a, 2004b; Lessard and Sauvageau, 2003; Nichogiannopoulou et al., 1999; Park et 

al., 2003; Scott et al., 1994; Zeng et al., 2004; Zhang et al., 2004). More recently, genomic 

approaches have helped to unravel the mechanisms by which these factors alter 

hematopoietic cell differentiation (Göttgens, 2015). As we discuss in this section, such 

approaches include methods to identify TF binding events, chromatin modifications in 

specific genomic regions, and long-range chromatin interactions. The resulting highly 

detailed and rich data has enabled large networks of interacting elements to be generated that 

begin to explain the phenotypic diversity that seemingly exists within different 

hematopoietic cell compartments. Such analyses have also revealed the limitations of prior 

perturbation approaches. For instance, in most cases, the contribution of specific 

transcriptional regulatory elements to hematopoiesis remains unclear. Uncoupling the 

pleiotropic roles of any TF requires in depth study, beyond the complete loss-of-function 

techniques that have commonly been employed in this field.

Transcription factor profiling and interactions

To better understand the complex mechanisms involved in hematopoietic differentiation, we 

need to more accurately understand TF binding events. Historically, chromatin 

immunoprecipitation with sequencing (ChIP-seq) has been a valuable tool for accurately 

identifying TF binding events (Rhee and Pugh, 2011). While ChIP is not equally adept at 

measuring all interactions (Baranello et al., 2016; Teytelman et al., 2013), recent methods 

have overcome some of these limitations (Janssens et al., 2018; Skene and Henikoff, 2017; 

Skene et al., 2018; Zhu et al., 2019). Additionally, the assay for transposase-accessible 

chromatin using sequencing (ATAC-seq) and DNase hypersensitivity analyses have also 

enabled important insights into alterations in regulatory regions with differentiation (Klemm 

et al., 2019). Such genomic advances have enabled researchers to more thoroughly 

understand the mechanisms that underlie hematopoietic cell fate decisions.

As genomic tools improve in their throughput and accuracy, overlooked TF interactions are 

now being identified. For instance, these methods have helped to identify previously 

unappreciated roles for the TF BCL11A in silencing the expression of the fetal γ-globin 

genes via the direct occupancy of the γ-globin-encoding HBG1/2 gene promoters (Liu et al., 

2018). These improved methods have also revealed that many TFs can work together in 

connected regulatory networks to produce a unique phenotype and set of lineage fate 
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choices. For instance, the combinatorial occupancy of chromatin by multiple master TFs has 

revealed regulatory networks that are important for hematopoiesis (Beck et al., 2013; 

Schütte et al., 2016), as well as key regulatory elements necessary for HSC self-renewal 

(Bahr et al., 2018). These methods also enable epigenomic changes in primary 

hematopoietic cells to be deciphered in altered settings, such as is observed with aging (Sun 

et al., 2014a).

Single-cell measurements of transcriptional states, chromatin accessibility, and DNA 

methylation, have also provided a better understanding of the heterogeneity that exists in 

such regulatory mechanisms during hematopoiesis (Buenrostro et al., 2018; Cao et al., 2018; 

Ludwig et al., 2019b; Ulirsch et al., 2019). Such single-cell profiling has illustrated how 

transcriptional dynamics change with time and state. Furthermore, it has become possible to 

observe the shifts in the epigenome and consequently the transcriptome that occur during the 

continuous process of hematopoietic differentiation as separate lineages are favored. In the 

future, as costs decrease and throughput improves, it will become possible to profile the 

hematopoietic system more comprehensively, particularly in the setting of a range of 

perturbations. As this happens, fundamental questions about hematopoiesis can be 

addressed, such as which regulatory mechanisms underlie lineage bias in specific clones, 

and how specific subpopulations respond to stress and disease. It will additionally be 

important to understand how TFs associate with their target genes to regulate their activity.

3D genomic interactions

Early methods used to identify key hematopoietic regulatory elements relied on regulatory 

elements being genetically nearby to the genes they regulated. Within the last decade, 

however, hematopoietic regulatory elements have been identified that are quite distant from 

their associated genes, often separated by hundreds of kilobases (Amano et al., 2009; Mifsud 

et al., 2015; Sanyal et al., 2012; Schoenfelder et al., 2015). We are beginning to understand 

how chromatin conformation changes can bring such distant regulatory elements into close 

proximity with the genes they control (Figure 4). In the last decade, proximity ligation 

methods have played an important role in identifying these key interactions, such as 

promoter and enhancer associations (Kempfer and Pombo, 2020; Oudelaar et al., 2018; 

Quinodoz et al., 2018). By identifying such long-range associations, the complexity of the 

gene regulatory networks that coordinate hematopoietic differentiation can be more fully 

appreciated.

These proximity ligation approaches have contributed new insights into already well-studied 

genomic loci involved in hematopoiesis. One illustrative example is the α-globin gene 

cluster, which is carefully regulated to control the transcription of the α-globin genes during 

erythroid maturation (Sankaran and Weiss, 2015). Despite decades of study, many of the 

distant regulatory elements remained poorly characterized. With the use of proximity 

ligation, regulatory elements that control α-globin expression were discovered over 70 kb 

away. Incorporating specific chromatin modifications and boundary elements at these distant 

regulatory sites has created a more complete picture of the underlying regulation at this 

locus (Brown et al., 2018; Hanssen et al., 2017; Oudelaar et al., 2017). Furthermore, 
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targeting disruption of specific enhancer elements has demonstrated that many of these long 

range regulatory elements additively enhance transcription (Hay et al., 2016) (Figure 4A).

Future explorations of hematopoietic regulatory mechanisms

The past decade has seen a dramatic increase in the use of genomic tools to decipher 

regulatory mechanisms, which generate a wealth of rich genomic data. Unique opportunities 

now arise with this rich genomic data and with the development of scalable perturbation 

approaches to decipher the regulatory mechanisms that underlie key hematopoietic 

differentiation decisions. Even studies at a single locus can be illuminating, as exemplified 

by the identification of a hematopoietic-specific enhancer of MYC that is required by HSCs 

(Bahr et al., 2018) (Figure 4B). Scalable approaches using genome editing tools, such as 

CRISPR/Cas9, enable cis-regulatory elements to be dissected in cell lines and even in 

primary cell contexts (Fulco et al., 2016; Simeonov et al., 2017). Such approaches have 

contributed to our understanding of the relationship between enhancer elements and the 

genes they regulate (Giladi et al., 2018). Future use of these tools in primary hematopoietic 

cells will dramatically improve our understanding of the cooperating mechanisms that 

underlie cellular decisions in hematopoiesis. Furthermore, with ongoing advances in human 

genetics, we can begin to understand how allelic differences in the human population 

underlie subtle differences in gene and regulatory element function in order to modify 

hematopoiesis.

EXPLORING HUMAN GENETIC VARIATION IN HEMATOPOIESIS

The focus of this review has, until now, has been on understanding how hematopoiesis 

occurs as an invariant process, particularly through studies in model organisms (Rowe et al., 

2016). However, it is clear from studies of human variation that there is considerable inter-

individual heterogeneity in this process. While environmental factors undoubtedly explain 

some of this variation, genetic factors appear to have a considerable role, both in healthy 

individuals and in those affected by disease. Advances in genomics over the past decade 

have enabled the genotyping of large cohorts and the sequencing of individuals using 

massively parallel methods, such as exome or genome sequencing, and have uncovered 

common variation that affects hematopoiesis and also rare mutations that alter this process 

(Bao et al., 2019b).

Human genetic variants that affect hematopoiesis

Population-based genetic variation has largely been studied for blood cell traits, and over ten 

thousand loci have been defined across the allelic spectrum that explain inter-individual 

variation in such traits (Astle et al., 2016; Chen et al., 2020; Vuckovic et al., 2020). While 

this catalog of variants is impressive and likely among the largest known for any complex 

trait or disease (Claussnitzer et al., 2020), these loci have also revealed some fascinating 

biology, both in the case of individual variants and through more holistic analyses. For 

instance, prior to the first genome-wide association studies (GWAS) into variation that 

impacts fetal hemoglobin (HbF) levels - an important ameliorating factor for sickle cell 

disease and β-thalassemia - the regulators of HbF were poorly understood (Basak et al., 

2020). The follow up of these GWAS for HbF revealed BCL11A to be a key regulator of 
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HbF silencing (Basak et al., 2015; Sankaran et al., 2008, 2009), a finding that has now led to 

further biological and therapeutic insights (Liu et al., 2018). In other cases, the interrogation 

of specific loci identified through studies of population-based variation has uncovered key 

regulatory mechanisms, such as the role of specific GFI1B isoforms in megakaryopoiesis or 

the identification of a distinct CEBPA enhancer involved in the production of basophils (Guo 

et al., 2017; Polfus et al., 2016).

With hundreds to thousands of loci now identified for each trait, such blood cell-associated 

variants also harbor considerable potential for gaining insights into the global mechanisms 

that underlie the genetic variation that alters hematopoiesis. For instance, functional 

assessments of red blood cell trait-associated variants have revealed common mechanisms 

by which the activity of the master TF GATA1 might be affected by genetic variants (Ulirsch 

et al., 2016). In addition, the ability to fine-map variants associated with blood cell traits and 

overlap these variants with accessible chromatin in hematopoietic progenitors has provided 

unprecedented insight into how genetic variation can influence a range of cell states in 

hematopoiesis (Ulirsch et al., 2019; Vuckovic et al., 2020). For instance, variants that 

influence multiple blood traits tend to impact chromatin that is accessible in early HSPCs. 

Variants that modify function only within single hematopoietic lineages instead tend to map 

to more mature, lineage committed cells. These associations suggest that human variation 

may modulate regulatory mechanisms across the full hematopoietic hierarchy (Figure 1) 

(Ulirsch et al., 2019).

While scalable genotyping and sequencing technologies have empowered numerous 

population-based studies, these advances have also enabled the discovery of rare genetic 

variation that underlie blood diseases. The rate of new causal gene identification for such 

disorders, as with many other rare diseases, has been incredible in the past decade as a result 

of advances in massively parallel sequencing (Claussnitzer et al., 2020). Beyond the ability 

to decipher the genetic basis for a range of previously enigmatic disorders that affect 

hematopoiesis, key biological insights have also emerged as a result. For instance, Diamond-

Blackfan anemia (DBA) is a rare disorder that is characterized by impaired erythropoiesis; 

most patients have loss-of-function mutations in one of twenty-six distinct ribosome protein 

genes (Ulirsch et al., 2018). Why mutations that affect ubiquitously expressed ribosomes 

cause a selective defect in erythropoiesis, and not defects in other hematopoietic lineages, 

was unknown. Through exome sequencing, rare individuals with DBA containing loss-of-

function mutations in the hematopoietic master TF GATA1 were identified (Sankaran et al., 

2012). Inspired by this discovery and through functional follow up, it was shown that the 

more common ribosomal gene mutations impair the translation of GATA1 mRNA and thus 

result in impaired erythropoiesis (Khajuria et al., 2018; Ludwig et al., 2014). Similar 

discoveries have uncovered mutations in other hematopoietic TFs that alter homeostatic 

hematopoiesis and that in some cases may increase the risk of developing blood cancers 

(Churpek and Bresnick, 2019; Kennedy and Shimamura, 2019). Advances in sequencing 

capability are uncovering an even greater number of genetic mutations that can cause rare 

blood disorders; these findings are likely to provide key insights into both normal and 

pathologic hematopoiesis in the coming years (Turro et al., 2020). The coupling of these 

genetic discoveries with the single-cell genomic tools we have discussed in this review 
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greatly increases our potential to further refine our understanding of hematopoiesis, as has 

been done elegantly in recent studies of congenital neutropenia (Muench et al., 2020).

Future opportunities in human genetics

The genomic advances that have supported studies of human genetic variation have also 

constrained this field. Studies in this field have generally focused on identifying single 

variants that are significantly associated with a trait or disease of interest through GWAS or 

have focused on disease-causal variants found in particular genes through sequencing-based 

approaches (Figure 5). These approaches have led to numerous important discoveries, but 

have also painted a dichotomized picture of the human genetic variation that affects 

hematopoiesis, with rare variants having a big impact on disease and common genetic 

variants subtly tuning this process.

With larger-scale, population-based studies, important opportunities have arisen and key 

observations are now being made (Vuckovic et al., 2020). First, alleles associated with 

monogenic blood disorders have begun to emerge from these larger GWASs. Second, it is 

clear that a spectrum of allelic variation collectively affects the risk of having a blood 

disorder. The importance of polygenic variation on large-effect, monogenic variants has 

been clearly demonstrated for rare alleles, such as for the BRCA1 and BRCA2 variants that 

predispose to breast cancer (Fahed et al., 2019; Gallagher et al., 2020). The emerging picture 

is therefore that a spectrum of polygenic variation and large-effect monogenic variants 

collectively influence hematopoiesis to shape one’s risk of having a blood disorder or altered 

hematopoiesis (Vuckovic et al., 2020). In the coming years, further studies of this sort and in 

cohorts of patients with blood disorders will likely reveal the complex genetic architecture 

that underlies normal hematopoiesis and how it is altered in disease (Figure 5). Importantly, 

there are likely to be key mechanistic studies performed in the coming years to unravel how 

such genetic variation has an impact on the fundamental biological mechanisms involved in 

hematopoiesis (Nandakumar et al., 2020).

In addition, beyond studies of blood cell traits, there are likely to be important opportunities 

to study cryptic phenotypes that might occur because of altered hematopoiesis. For instance, 

while clonal blood disorders or cancers are thought to primarily arise due to the acquisition 

of somatic mutations in HSCs or in other hematopoietic cells, it is clear that inherited 

genetic variation can alter this risk significantly (Bao et al., 2019a; Bick et al., 2019b; 

Vijayakrishnan et al., 2018; Went et al., 2018). Understanding the mechanisms that underlie 

such germline genetic predisposition, both for common and rare genetic variants, will 

undoubtedly advance our knowledge of how genetic variation can influence hematopoiesis 

in different ways.

OUTSTANDING QUESTIONS AT THE INTERSECTION OF HEMATOPOIESIS 

AND GENOMICS

The hematopoietic system has served as fertile ground for important biological discoveries. 

Aided by the genomics revolution, we are gaining a finer appreciation of the diverse and 

heterogeneous cell behaviors that are necessary to drive hematopoiesis. While the last 
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decade has seen more comprehensive genomics, accurate lineage tracing, and genetic 

variation studies that have all been important for understanding hematopoiesis, further 

insights are yet to come. We envision that future genomic advances will help to illuminate 

many aspects of hematopoiesis that have been challenging to study in the past and below we 

outline what we see as important opportunities in the coming years.

In many ways, we have yet to understand some fundamental aspects of hematopoietic 

biology. An important example is HSC compartment size, for which estimates vary 

substantially. Such estimates of HSC numbers have existed since the first observations of 

hematopoietic colony-forming cells and more sophisticated genomics methods have now 

contributed insights (Lee-Six et al., 2018). However, methods to directly quantify HSC 

compartment size have remained elusive. As such, it is unclear how large and diverse HSC 

compartments are, how they might vary within the human population, and what the impact 

of such variation might be. For example, if stem cell compartment sizes differ across 

individuals, would an expanded pool of stem cells increase the probability of an HSC 

acquiring oncogenic mutations and thereby increase an individual’s risk of cancer? Or would 

a larger HSC pool reduce the risk of the hematopoietic system becoming more clonal with 

time and therefore mitigate the risk of developing leukemia? The size of the HSC 

compartment also changes dramatically during development, and considerably increases in 

the transition into adulthood (Ganuza et al., 2017; Werner et al., 2015). It is unclear if this 

effect results from fewer available niches in early life or if there is hematopoietic cell-

intrinsic control of this.

Typically, many currently employed barcoding approaches are only efficient enough to label 

a fraction of hematopoietic stem and progenitor cells. This limitation might significantly 

underrepresent the contributions of rare cell populations and the variation in differentiation 

dynamics. More comprehensive lineage tracing methods are needed to help us to understand 

if bipotential or multipotential cells exist within the stem and progenitor compartment, or if 

individual cells commit to just a single lineage of output (Olsson et al., 2016; Paul et al., 

2015). It is also unclear how long progenitor cells contribute to mature cell output, and how 

often they are replaced by stem cell divisions. It will be important to develop strategies that 

minimize manipulations to better understand the dynamics of steady state hematopoiesis. 

Current approaches that take advantage of endogenous somatic mutations and the expansion 

of these approaches are likely to provide new insights into hematopoiesis, particularly in 

humans (Behjati et al., 2014; Biezuner et al., 2016; Lee-Six et al., 2018; Ludwig et al., 

2019a; Osorio et al., 2018). We must also expect that new technologies will come along and 

take advantage of other aspects of cell biology that may enable higher resolution clonal 

tracking.

As the dynamics of steady state hematopoiesis become clearer, we can begin understand to 

how the system can be perturbed. For example, if HSCs are lineage biased in a heritable 

manner, then it will be fascinating to understand how CH, in which hematopoietic cells arise 

from only a small number of HSCs, impacts the system. Older individuals can develop 

HSPC compartments that are highly clonal and yet still continually regenerate functional 

tissue and have ostensibly normal hematopoiesis. This possibility might indicate a 

significant degree of flexibility in the lineage output of HSPCs. Such flexibility might 
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depend on the ability of the HSPC microenvironment to direct the differentiation trajectories 

and it is still unclear how much of this cell fate choice is intrinsic to the cells themselves.

Conclusions

We have highlighted only a few of the key questions in this field and realize that much more 

will be learned in the coming years. In many ways, the hematopoietic system has led 

researchers through some of the most fundamental puzzles of human biology. We now 

understand a great deal of how the tissue behaves as a whole, but are just gaining the ability 

to understand how the combined functions of all cells in the tissue produce these emergent 

behaviors. As the scale of single cell genomics continues to grow in the coming years, we 

expect a much more mechanistic understanding of how individual genes are regulated in 

every cell in the hematopoietic system to consistently provide the blood cells an organism 

needs. Furthermore, we expect that as cohorts of human genetic data continue to grow, that 

we will begin to understand how inter-individual genetic variation can modulate the process 

of hematopoiesis in ways that may increase disease risk. Despite hematopoiesis being a 

well-studied process that has uncovered numerous insights over past decades, there is 

undoubtedly much more that is waiting to be uncovered. In the spirit of Stoker’s writing in 

Dracula, we hope that in time we may solve additional mysteries in hematopoiesis, at least 

in part.
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Figure 1. Evolving Models of Hematopoiesis.
(A) The “classic model” of hematopoiesis involves discrete states that contain cells of 

uniform potential, as illustrated by cell color. Cell fate choices are made at each of these 

states, and are depicted as punctuated transformations of one phenotype to another (Orkin 

and Zon, 2008). (B) In the “continuum” model, cells are variably lineage biased as indicated 

by coloration. However, punctuated transitions are absent and a truly continuous process of 

differentiation emerges (Laurenti and Göttgens, 2018; Velten et al., 2017). Abbreviations: 

hematopoietic stem cell (HSC), multipotent progenitor (MPP), common myeloid progenitor 

(CMP), megakaryocyte/erythroid progenitor (MEP), granulocyte/macrophage progenitors 

(GMP), common lymphoid progenitor (CLP), lymphoid-primed multi-potential progenitor 

(LMPP). (C) The “punctuated continuum” model shares some of the discrete phenotypic 

transformations of the classic model, but is distinct in its representation of cell states as 

heterogeneous pools of cells (Laurenti and Göttgens, 2018; Pietras et al., 2015). Within each 

state, cells are variably primed to give rise to different hematopoietic lineages, as indicated 

by the variation in color. The magnitude of this lineage commitment increases with color 

intensity as cells proceed along the differentiation hierarchy.
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Figure 2. Lineage Tracing and Fate Mapping in Hematopoiesis.
Hematopoietic differentiation pathways as observed by cell barcoding and indicated by 

colored arrows. (A) Barcoding of an HSPC results in the barcode being carried through three 

lineages (T cells, NK cells and plasmacytoid dendritic cells) to which the clone contributes, 

showing the multipotential behavior of such cells. (B) Two different barcodes originate in 

the same compartment in early hematopoiesis, but are found within distinct progenitor 

lineages before giving rise to monocytes (Weinreb et al., 2020). This illustrates how a single 

differentiation state can be produced through multiple distinct paths. (C) A barcode 

originating within early HSPCs can be found along the classic path of differentiation, 

through progenitor states on the way to producing mature megakaryocytes. Alternatively, 

HSCs can also directly generate megakaryocytes and no barcodes will be found within the 

classic differentiation path in this case (Carrelha et al., 2018). This is another example of 

how a differentiated cell type can be produced via multiple paths. Abbreviations: 

hematopoietic stem cell (HSC).
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Figure 3. Clonal Hematopoiesis.
The HSC compartment is depicted here as columns, with each cell being a representative 

clone from the population. The leftmost column depicts early human life, in which HSC 

clones are largely of similar sizes and typically free of red, oncogenic mutant clones. With 

age, HSCs sporadically acquire mutations, most of which will be of little functional 

consequence; cells will remain blue, and continue to fluctuate in clone size over time as they 

compete against their peers without any acquired genetic advantage. Some cells will acquire 

putatively oncogenic mutations, as indicated in red. These mutant cells might clonally 

expand and represent a significant proportion of hematopoiesis, as occurs in clonal 

hematopoiesis of indeterminate potential (CHIP) and as depicted in the fourth row from the 

top. Yellow cells represent those that have unknown genetic alterations and increase in 
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clonal size, thereby also representing CH. With time, clones can also sporadically be lost or 

otherwise outcompeted, thereby eliminating them. By old age in humans, the HSC 

compartment will often have become clonal, as depicted in the final column, and will 

contain more observable oncogenic mutant clones.
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Figure 4. Long Range Transcriptional Regulation.
(B) The α-globin locus is regulated by the upstream enhancer elements, R1–R4. Targeted 

perturbtation of individual and combination regulatory elements within this α-globin 

enhancer, demonstrating additive regulation by each element in mice. As shown in scenarios 

B and C, disruption of individual enhancer elements reduces α-globin expression compared 

with the wildtype scenario A. The combined disruption of multiple enhancer elements 

appears to further reduce globin expression in an additive rather than synergistic manner, 

suggesting the α-globin enhancer is a cluster of conventional enhancers (Hay et al., 2016). 

(B) The long-range regulation of MYC expression involves distal enhancer elements that are 

bound by the hematopoietic master TFs GATA2, RUNX1, GFI1B, and MYB. As illustrated, 
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chromatin looping can bring these enhancer elements and the promoter region into close 

proximity in order to regulate MYC gene expression. The disruption of such enhancer 

elements (through perturbation approaches, as illustrated with scissors) can help decipher 

the role of these elements in particular phenotypes, as has been performed for a 

hematopoietic-specific enhancer of MYC (Bahr et al., 2018). Abbreviations: transcription 

factor (TF), cellular myelocytomatosis (cMYC), runt-related transcription factor 1 

(RUNX1), growth factor independent 1B (GFI1B), GATA binding protein 2 (GATA2), MYB 

proto-oncogene (MYB), histone methylation (Me3).
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Figure 5. The Genetic Architecture of Blood Diseases.
Blood cell trait/ count variation is depicted in each panel, with each human shape 

representing an individual. The distribution represents a general distribution of a trait that 

might be expected within a population, where few people are at the extremes. (A) The effect 

of monogenic variants of high effect size (red person) can be used to explain some fraction 

of the phenotypically extreme individuals that might be diagnosed as having a blood disease, 

but this effect often cannot explain all disease cases and these variants might have variable 

penetrance. (B) With the advent of genome-wide association studies (GWAS), it has become 

possible to identify polygenic common variation that underlies those at the bottom decile of 

a trait of interest. Blue colored individuals represent those that express an extreme 

phenotype that is caused by polygenic common variants rather than monogenic variants with 

high effect size. (C) In a combined approach, monogenic variation is assessed within the 

context of a polygenic background in an individual (purple color represents a combined 

impact of monogenic red variants and blue polygenic variation), to better explain the 

phenotypic trait variation that can result in blood diseases at the extremes. This emerging 

picture is modified as a result of improvements in genomic approaches enabling the full 

spectrum of genetic variation to be studied, instead of dichotomizing such variation between 

common and rare alleles.
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