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Abstract 

Advancing Assays, Exploring Environments, and Mapping Pathways: 

a Journey Through Hematopoietic Dynamics 

Alessandra Rodriguez y Baena 

 

Hematopoiesis is the process through which hematopoietic stem cells (HSCs) 

produce all mature and immune cells in the blood. This thesis focuses on three aspects 

of hematopoiesis research: methods for studying hematopoiesis, the effects of 

environmental exposures of fetal hematopoiesis, and epigenetic changes influencing 

hematopoiesis during aging. 

The first part of this thesis delves into the historical and ongoing significance 

of the spleen colony-forming unit assay, a pioneering in vivo functional assay to 

elucidate bone marrow cell functions. Then, the focus shifts to overcoming the 

limitations of traditional host conditioning methods, introducing innovative mouse 

models for selective ablations of all hematopoietic cells or HSCs specifically. These 

models offer non-irradiation alternative for studying HSC function, engraftment 

ability, and differentiation pathways. Together, these chapters contribute to advancing 

our understanding of HSC identity and functions. 

The second part of this thesis investigates the impact of environmental toxic 

compounds on hematopoiesis and immune function. We specifically reviewed the 

effects of nicotine on HSCs and other blood cells. Then, we investigated the effects of 

in utero nicotine exposure on the establishment of the hematopoietic system and we 



 

xvii 

 

determined its long-term consequences. These chapters collectively offer insights into 

the perturbations of normal hematopoiesis by environmental exposures during 

development. 

The last part of this thesis focuses on unraveling the dynamics of HSC 

differentiation and lineage fate decisions, with an emphasis on platelet differentiation. 

First, we reviewed evidence suggesting the existence of a non-canonical platelet 

differentiation pathway from HSCs, predominantly primarily observed during 

inflammation. Then, we investigated how epigenetic lineage priming drives 

differentiation of HSCs into the five mature lineages by maintaining chromatin 

accessibility at lineage-specific regulatory regions. Finally, we investigated how 

epigenetic priming of the Nuclear Protein 1 (Nupr1) gene in aged HSCs drives non-

canonical platelet differentiation, offering a comprehensive understanding of the 

intricate processes governing aging hematopoiesis. 

 Ultimately, the studies presented here promise advance in our comprehension 

of hematopoiesis and open avenues for innovative approaches in regenerative medicine 

and therapeutic interventions.  
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Chapter 1.   

CFU-S assay: a historical single-cell assay that offers modern insight into clonal 

hematopoiesis. 

 

 

The text of this chapter includes a reprint of the following previously published paper: 

Rodriguez Y Baena A, Manso BA, Forsberg EC. CFU-S assay: a historical single-cell 

assay that offers modern insight into clonal hematopoiesis. Exp Hematol. 2021 

Dec;104:1-8. PMID: 34688837. 

 

Abstract 

 

Hematopoietic stem cells (HSCs) have been studied extensively since their initial 

functional description in 1961 when Drs. James Till and Ernest McCulloch developed 

the first in vivo clonal strategy, termed the “spleen colony-forming unit” (CFU-S) 

assay, to assess the functional capacity of bone marrow-derived hematopoietic 

progenitors at the single-cell level. By transplanting bone marrow cells and analyzing 

the resulting cellular nodules in the spleen, the CFU-S assay revealed both the self-

renewal and clonal differentiation capacity of hematopoietic progenitors. Further 

development and use of this assay have identified highly proliferative, self-renewing, 

and differentiating HSCs that possess clonal, multilineage differentiation. The CFU-S 

strategy has also been adapted to interrogating single purified hematopoietic stem and 

progenitor cell populations, advancing our knowledge of the hematopoietic hierarchy. 

In this review, we explore the major discoveries made with the CFU-S assay, consider 
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its modern use and recent improvements, and compare it to commonly used long-term 

transplantation assays to demonstrate the continued value of the CFU-S assay for 

understanding HSC biology and hematopoiesis. 

 

Introduction: A blast from the past 

 

Hematopoietic stem cells (HSCs) are the only cells within the hematopoietic system 

that possess the combined ability to differentiate into all lineages of functional blood 

cells and self-renew indefinitely to sustain hematopoiesis throughout life. HSCs were 

originally hypothesized to exist after the discovery that transplantation of healthy bone 

marrow (BM) cells could rescue irradiated recipient animals and replenish their 

hematopoietic cells through a tremendously dynamic process[1]. The hypothesis for 

the existence of HSCs was reinforced when cells with multilineage capacity were 

discovered in 1961 by Drs. James Till and Ernest McCulloch, who developed the first 

in vivo functional assay for the quantification of the clonal and differentiation potential 

of hematopoietic progenitor cells[2]. Since then, HSCs have remained one of the best-

characterized tissue-specific stem cells, both from a basic biology perspective and for 

their use in regenerative medicine, with particular emphasis on clonal function[3-13]. 

In their seminal studies, Till and McCulloch developed the first in vivo assay to assess 

the proliferative and differentiation capacity of primitive hematopoietic cells in mouse 

BM[2, 14, 15]. In these early experiments, the identity of cells capable of forming 

multilineage spleen colonies was still uncertain and were appropriately and carefully 

termed “colony forming units” (CFU) based on their functional capacity. This initial 
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demonstration of a BM cell population capable of multilineage blood cell reconstitution 

resulted in a paradigm shift in the field of hematopoiesis and opened several questions 

that this elegant assay is uniquely positioned to answer. Here, we explore the major 

utilities of the spleen colony forming unit (CFU-S) assay, consider its modern use and 

recent improvements, and discuss its utility in current hematopoiesis research.  

 

One from all or all from one: Are spleen colonies clonal? 

Spleen colony formation is rare, with transplantation of approximately 10,000 BM cells 

into conditioned recipients required to yield one spleen colony[2]. Initially, the linear 

relationship between the number of hematopoietic nucleated BM cells transplanted and 

the number of spleen colonies formed indicated that single cells may be able to give 

rise to individual spleen colonies[2]. The CFU-S assay utilized by Till, McCulloch, and 

their colleagues consisted of intravenously injecting BM cells from the femora of 

healthy donor mice into recipients conditioned through lethal irradiation for host cell 

ablation. In a subsequent version of this assay, the donor cells were irradiated prior to 

transplantation to induce unique, random chromosomal breaks that distinguish them 

from host cells and distinguish single donor cells from one another. After 10-11 days, 

recipient mice presented macroscopic nodules of cellular expansion in the spleen that 

are formed by rapidly proliferating hematopoietic cells and composed of 

undifferentiated (stem and progenitor) cells along with erythroblasts, granulocytes, and 

megakaryocytes (Figure 1A)[14, 16, 17]. If more than one differentiated cell type 

within a spleen colony, as readily scored by cell morphology under a microscope, 
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contained the same unique chromosome aberration, these cells must have a shared 

cellular origin. As this was indeed the outcome, these studies definitively demonstrated 

that individual cells with multilineage capacity exist within mouse BM. Additionally, 

the vast majority of scored cells from a single colony harbored the same unique 

chromosomal aberration, indicating a single, shared progenitor cell. Inducing 

chromosomal breaks via irradiation to establish clonality was a particularly clever 

strategy when more modern tools, such as flow cytometry (late 1960s[18]), PCR 

(1983[19]), monoclonal antibodies (1975[20]), and others had not yet been established. 

Thus, this CFU-S strategy provided direct cytological evidence demonstrating that 

most, if not all, cells within a single colony arose from a single, highly proliferative, 

multipotent CFU-S cell.  

One caveat of the early CFU-S strategy was that radiation-induced 

chromosomal aberration was only obvious in a small fraction of the colonies obtained 

and that only intact cells in metaphase could be scored based on their karyotype, leaving 

the possibility that the unscored cells were derived from one or more additional cells. 

More recent data from our group and others support the evidence that each colony 

consists of progeny from a single cell. In one of our studies, transplantation of as few 

as 10 HSCs directly into the spleen resulted in several colonies, with some mice 

approaching a 1:1 ratio of HSC:colony[21]. In a second study using fluorescent 

microscopy and flow cytometry, we observed only single-color splenic colonies when 

an equal mixture of GFP and Tomato fluorescent cells were transplanted into the same 

recipient[22]. Similarly, the Fehse group assessed clonality using a red-green-blue cell 
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tracking methodology that resulted in mostly homogenously colored spleen colonies 

upon transplantation[23]. In their study, the very few CFU-S colonies that contained 

more than one color was potentially due to two colonies initiating in close proximity 

and fusing together upon growth. Definitive evidence for clonality could be obtained 

via the relatively recent clonal tracking strategies, such as single-cell barcoding[24-27]. 

Though not entirely unequivocal, the collective evidence uniformly supports the 

original conclusion by Till and McCulloch that spleen colonies are clonal. 

 

Persistence matters: Do CFU-S self-renew? 

One hallmark of a true HSC is the ability to self-renew, often demonstrated by 

the cell’s ability to maintain multilineage reconstitution upon secondary 

transplantation. In one of the first direct demonstrations of in vivo self-renewal, 

injection of day-10 spleen colony content into secondary irradiated recipient mice 

revealed that colony forming cells include cells with the regenerative capacity expected 

of stem cells (Figure 1A)[15]. Self-renewal can also be considered as the ability of a 

multipotent cell to give rise to multilineage-capable progeny. Supporting this 

definition, it was observed that the number of colony forming cells rapidly increased 

between days 10 and 14 post-transplantation, thus revealing that CFU-S cells had self-

renewal capacity (i.e. they can give rise to more cells with both self-renewal and 

multilineage capacity)[15]. Additional studies from Schofield et al. (1980) calculated 

the probability of CFU-S self-renewal and estimated that, on average, 68.3% of cells 

will produce more CFU-S while 31.7% will differentiate[28]. Thus, CFU-S cells were 
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defined as colony forming hematopoietic progenitor cells that are highly proliferative, 

and capable of differentiation and self-renewal. 

 

CFU-S kinetics: What do early and late spleen colony formation tell us? 

Upon transplantation of BM cells, a fraction of CFU-S cells (containing both 

stem and progenitor populations) will home to the spleen of the recipient mouse and 

give rise to colonies of heterogeneous composition. Given that transplanted, 

heterogeneous BM contains various hematopoietic progenitor populations along all 

stages of differentiation, the cellular output kinetics could inform relative contributions 

by unique CFU-S subpopulations. Indeed, an initial study showed that colonies present 

at day 7-8 post-BM transplantation consisted primarily of erythroblasts and were 

formed by unilineage, non-self-renewing mature erythroid precursors[29]. Importantly, 

cell purification technology progressed in parallel with CFU-S assays, allowing more 

purified populations, rather than whole BM, to be transplanted. Thus, although a small 

proportion of megakaryocyte/erythrocyte progenitor (MEP)-derived erythroid colonies 

persisted through day 12[29-32], transplantation of MEPs purified via fluorescent 

activated cell sorting (FACS) confirmed that day-8 erythroid-only colonies originated 

primarily from the MEP, and not the HSC, population[22, 31, 33]. 

Conversely, cells higher in the hematopoietic hierarchy form colonies with 

slower kinetics. Upon transplantation of purified HSCs or multipotent progenitors 

(MPPs), no spleen colonies formed at day 8, potentially due to their differentiation 

kinetics causing a delay in the production of effector cells[22, 31, 33]. Instead, HSCs 
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and MPPs primarily formed colonies at day 12 when transplanted together[17] or at 

day 11-12 (MPPs) or 12-14 (HSCs) when transplanted separately, with HSCs showing 

a much higher CFU-S frequency than MPPs[33, 35, 22]. Moreover, purified long term 

(LT)-HSCs and short term (ST)-HSCs showed similar day 11-12 CFU-S activity and 

frequency, but ST-HSCs were able to form visible spleen colonies at day 8 which is 

consistent with their increased radioprotective capacity compared to LT-HSCs[22, 33-

38]. The composition of both HSC- and MPP-derived spleen colonies was 

heterogeneous and multilineage, with most colonies containing erythrocytes, 

granulocytes, and some megakaryocytes[22]. Previously, all day-12 colonies had been 

shown to contain CFU-S cells of varying self-renewal and differentiation potential[15, 

17, 30, 39]. Thus, the splenic colonies appearing at this time point contain self-

renewing primitive stem cells that are multipotent at the single-cell level[30, 39, 40]. 

HSC-derived colonies arise between days 12-14 and only colonies with this timing 

contain multipotent HSCs. Of note, beyond 14 days, satellite colonies start forming, 

confounding identification and analysis of primary colonies. Taken together, multiple 

progenitor cells can form spleen colonies with different kinetics and cell output, and 

the CFU-S assay can resolve these temporal and cellular features. 

 

Technology boosts the resolution and throughput of CFU-S assays 

Historically, the determination of the composition of splenic colonies relied 

solely on histological analysis of dissected spleens. New technologies, most 

importantly the development of monoclonal antibodies and flow cytometry, have 
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enabled strategies with increased resolution and higher throughput. To improve the 

measurement of CFU-S cell output, we recently published an updated, flow cytometry-

based version of the original CFU-S assay (Figure 1B) [22, 41]. This consists of 

transplanting specific FACS-purified hematopoietic populations, scoring colony 

frequency, then dissecting and individually analyzing the resulting splenic colonies 

qualitatively and quantitatively by flow cytometry for erythroid, megakaryocyte, 

granulocyte, and B cell lineages (Figure 1B). The detection of B cells (Mac1-, Gr1-, 

B220+) is an important addition as previous histology-based analyses were unable to 

assess B cell production, and lymphoid output would reinforce both the identity and 

multilineage potential of the input cells. Importantly, by first excluding myeloid 

(Mac1/CD11b) and granulocytic (Gr1, Ly6C/Ly6G) cells, B220 expression will only 

assess B-lineage cells. We note that T cell output cannot be assessed as more time and 

thymic involvement is required to produce these cells. The enhanced sensitivity flow 

cytometry provides also allows for the quantitative determination of rare stem and 

progenitor populations among individual colonies. Using this updated method, we 

found that day-13.5 colonies formed by purified HSCs, and day-11.5 colonies from 

Flk2-positive MPPs, contained cells from the erythroid, myeloid, megakaryocytic, and 

B cell lineages, with erythroid cells comprising most cells within a colony. 

Collectively, these data demonstrate that this updated CFU-S assay can determine the 

multilineage potential of HSCs beyond what histological analyses provide, coupled 

with magnitudes higher throughput and sensitivity. Additionally, as indicated earlier, 
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combining this improvement with cellular barcoding and intrasplenic transplantation 

may provide even more robust experimental CFU-S determination. 

The CFU-S assay can also be used to determine the clonal differentiation 

capacity of many hematopoietic progenitors, similar to what was initially done to 

determine that MEPs were the cells responsible for producing most day-8 splenic 

colonies[22, 31]. Transplantation of FACS-purified common myeloid progenitors 

(CMPs), which are classically placed upstream of both myeloid and 

erythroid/megakaryocytic lineages, gave rise to colonies primarily containing erythroid 

cells at day 9.5; the scarcity of non-erythroid cells is possibly due to their low burst 

size [22, 31]. Transplantation of megakaryocyte progenitors (MkPs) did not produce 

colonies visible to the eye between days 8-12, however, histological analysis showed 

microscopic foci of megakaryocytes in recipient mice[42]. Finally, common lymphoid 

progenitors (CLPs)[43] and granulocyte/monocyte progenitors (GMPs)[31, 33] do not 

possess day 8-12 CFU-S capacity. This could be due either to inefficient homing to the 

spleen, their low burst size, and/or differentiation kinetics outside the optimal 8-14 day 

window. Lack of CLP or GMP-derived CFU-S colonies also reinforce the notion that 

erythroid potential is a hallmark of CFU-S. Further research into the dynamics of 

specific progenitor populations in the CFU-S assay may reveal additional and/or 

differential functional capacity, further informing hematopoietic progenitor biology.  
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Combining CFU-S assays with modern genetics 

Although not currently as common as other in vivo analyses, CFU-S assays 

remain valuable as a qualitative and quantitative method to assess the properties and 

function of various stem and progenitor cell populations. Genetic manipulation of 

hematopoietic cells and/or their environment is increasingly common, and the CFU-S 

assay is uniquely positioned to, quickly and accurately, provide functional insights into 

subsequent effects on hematopoietic stem and progenitor cell (HSPC) differentiation, 

expansion, and homing. For example, Kruse et al. (2009) observed that transplantation 

of whole BM from double heterozygous mutants for Fli-1 and Erg, two Ets proteins 

known to play roles in hematopoiesis and leukemia, respectively, formed significantly 

fewer and smaller day-11 spleen colonies compared to wild type or single heterozygous 

mice for either gene[44]. This suggested that the genetic interaction between Fli-1 and 

Erg is critical for normal HSC and progenitor function. Similarly, Summers et al. 

(2013) observed that loss of histone deacetylase 3 (HDAC3) yielded no colonies at 

either day-8 or -12 following BM transplantation, confirming HDAC3’s role in 

supporting the proliferation of HSC and progenitor cells[45]. 

The CFU-S assay is also used to study extramedullary hematopoiesis in the 

splenic environment. For example, Mehatre et al. (2021) investigated the role of 

periostin (POSTN)-integrin-αv signaling in splenic HSC function by transplanting 

healthy BM cells into wild type or Postn knockout (KO) mice and compared the 

number of spleen colonies at day 12[46]. They observed a significant decrease in the 

number of spleen colonies in Postn KO mice, suggesting that the POSTN-deficient 
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splenic microenvironment may not be able to support either the homing and/or growth 

of hematopoietic progenitors. In another study by our group, Rajendiran et al. (2020) 

transplanted wild type HSCs into control and CXCL12-overexpressing mice, which 

showed no differences in size, number, or composition of splenic colonies[41]. This 

suggested that overexpression of CXCL12, which is essential for HSC trafficking, does 

not affect homing of HSCs to the spleen. Relevantly, a modified CFU-S assay can be 

used to study homing itself. Upon transplantation of BM cells or more purified 

populations, only a fraction of the colony forming cells will home to the spleen while 

the rest will migrate elsewhere. To address this homing issue, we previously altered the 

CFU-S assay protocol to inject donor cells directly into the spleen (intrasplenic, IS). 

By comparison, the CFU-S frequency of MPPs injected IS was comparable to the CFU-

S frequency of HSCs injected retro-orbitally, suggesting that homing efficiency affects, 

but does not entirely account for, differential efficiency of colony formation[21]. Given 

the importance of homing, the traditional application of this assay underestimated the 

CFU-S frequency potential of the cell population of interest. Collectively, the historical 

importance combined with recent advancements underscore the power of the CFU-S 

assay and support its continued use for assessing the functional capacity of 

hematopoietic stem and progenitor cells. 

 

The heavy weight championship: CFU-S versus long-term reconstitution assays 

The most widely accepted methods for investigating in vivo HSPC self-renewal, 

differentiation, and expansion capacity are CFU-S and the more recently developed 

long-term repopulation assay (LTRA)[47]. Similar to CFU-S assays, LTRA requires 
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transplantation of donor BM or purified hematopoietic stem/progenitor cells into 

(usually) pre-conditioned hosts. Blood is then monitored at different time points to 

assess long-term reconstitution of hematopoietic lineages [21, 22, 41, 48-51]. A 

transplanted cell population is considered to have long-term multilineage reconstitution 

(LTMR) potential, a key HSC property, if it continues to self-renew and differentiate 

in primary recipients beyond 16 weeks post-transplantation and upon secondary 

transplantation[52, 53]. LTRAs are performed to verify that one or more bona fide 

HSCs are present among the transplanted population of interest; persistence and 

secondary reconstitution distinguish HSCs from hematopoietic progenitors, as the latter 

will not support hematopoiesis beyond a few weeks post-transplantation. 

CFU-S and LTRA assays readily complement each other (Table 1). For 

example, Forsberg et al. (2006) transplanted HSCs, short-term (ST)-HSCs, MPPs, and 

CMP/MEPs for both CFU-S and LTRA analysis[33]. The CFU-S assay demonstrated 

the short-term kinetics of erythropoietic output potential and revealed that erythroid 

cell generation is a clonal feature of all these populations (but not of GMPs); whereas 

LTRA allowed the investigation of their long-term kinetics of peripheral blood 

reconstitution. Transplantation of bulk cell populations in a recipient can be used to 

determine self-renewal and LTMR at the population level, however, it cannot 

determine whether the donor cells are homogeneous or heterogeneous. To determine 

the clonal capacity of each transplanted cell, single cell in vivo clonal analyses are 

required. These include CFU-S assays and single-cell transplantation[36]. It is 

important to note that CFU-S assays cannot, alone, be used to assess long term 
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multilineage reconstitution and self-renewal because spleen colonies get resorbed 

before LTMR can be determined. Importantly, however, relative to the resource-

intensive and technically challenging single-cell transplantation, CFU-S assays are fast 

and straightforward, and can be used to answer similar questions. For example, CFU-

S assays, like single-cell transplantation[22, 54], demonstrated that a substantial 

fraction of HSCs and MPPs are multipotent at the single-cell level and can differentiate 

into both erythromyeloid and lymphoid lineages[22].  

 

Conclusion: CFU-S strategies standing strong 

The CFU-S assay revolutionized hematopoiesis and stem cell biology at a time 

when rare hematopoietic cells had not yet been identified based on immunophenotypic 

markers. It provided the first direct in vivo evidence of stem cells and led to both 

transformational strategies and pioneering discoveries that we continue to build upon 

today. This includes the first “draft” of the hematopoietic hierarchy that places the 

multipotent CFU-S at the top, followed by more committed progenitors that give rise 

to mature myeloid and lymphoid effector cells[15, 55-57]. To this day, CFU-S are an 

important complement to in vivo assays and in vitro clonal assays with the advantage 

of being able to address questions of stem cell clonality under a spectrum of 

physiological, disease, and experimental conditions. 
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Figures 

 
Figure 1.1 Schematic of CFU-S assay. 

A) In the original CFU-S assay developed by Till and McCulloch in 1961[2], bone 

marrow cells were harvested from donor mice and irradiated prior to intravenous 

injection into irradiated recipient mice. 10 days post-transplantation, spleens were 

counted, harvested, and sectioned for histological analysis. For serial transplantations 

to determine self-renewal of CFU-S cells within spleen colonies[15], individual 

colonies were dissected and transplanted into secondary recipients as single-cell 

suspensions. Spleen colonies formed after secondary transplantation were analyzed 

similarly to those from primary transplantations[15]. 

B) In the updated CFU-S assay with high throughput, quantitative analysis, HSCs (or 

other hematopoietic progenitors) were FACS-purified and transplanted into irradiated 
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recipient mice. 13.5 days post-transplantation, individual spleen colonies were counted, 

harvested, and dissected under a fluorescent microscope[22]. Single cell suspensions 

from each colony were then analyzed by flow cytometry to assess colony composition 

and cell fluorescence. Four lineages (erythroid, megakaryocytic, granulocytic, and B 

cell) were identified using the markers shown in the table[22, 41]. 
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Table 1.1. Comparison of similarities and differences between CFU-S and 

LTRA. 
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Chapter 2.   

New transgenic mouse models enabling pan‑hematopoietic or selective 

hematopoietic stem cell depletion in vivo 

 

The text of this chapter includes a reprint of the following previously published paper: 

Rodriguez Y Baena A, Rajendiran S, Manso BA, Krietsch J, Boyer SW, Kirschmann 

J, Forsberg EC. New transgenic mouse models enabling pan-hematopoietic or selective 

hematopoietic stem cell depletion in vivo. Sci Rep. 2022 Feb 24;12(1):3156. doi: 

10.1038/s41598-022-07041-6. PMID: 35210475; PMCID: PMC8873235. 

 

Abstract  

Hematopoietic stem cell (HSC) multipotency and self-renewal are typically defined 

through serial transplantation experiments. Host conditioning is necessary for robust 

HSC engraftment, likely by reducing immune-mediated rejection and by clearing 

limited HSC niche space. Because irradiation of the recipient mouse is non-specific 

and broadly damaging, there is a need to develop alternative models to study HSC 

performance at steady-state and in the absence of radiation-induced stress. We have 

generated and characterized two new mouse models where either all hematopoietic 

cells or only HSCs can be specifically induced to die in vivo or in vitro. Hematopoietic-

specific Vav1-mediated expression of a loxP-flanked diphtheria-toxin receptor (DTR) 

renders all hematopoietic cells sensitive to diphtheria toxin (DT) in “Vav-DTR” mice. 

Crossing these mice to Flk2-Cre mice results in “HSC-DTR” mice which exhibit HSC-
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selective DT sensitivity. We demonstrate robust, rapid, and highly selective cell 

ablation in these models. These new mouse models provide a platform to test whether 

HSCs are required for long-term hematopoiesis in vivo, for understanding the 

mechanisms regulating HSC engraftment, and interrogating in vivo hematopoietic 

differentiation pathways and mechanisms regulating hematopoietic homeostasis. 

 

Introduction 

Permanent or conditional ablation of targeted cell populations has been widely 

used as a strategy to investigate cell function in vivo. This has been accomplished in a 

variety of ways, ranging from broadly acting, non-specific targeting to tissue- and cell 

type-specific approaches1-5. Whole body exposure to radiation followed by 

transplantation has long served as the “gold standard” for understanding the 

hematopoietic system6. Because radiation is non-specific, broadly damaging, and 

induces a multitude of potentially confounding responses7-10, there is a clear need for 

complementary and more targeted approaches to specifically and efficiently eliminate 

specific cell types. 

One powerful conditioning approach for specific cell ablation is to employ the 

cytotoxic diphtheria toxin (DT) system where mice are engineered to express either the 

active A subunit of DT (DT-A) or the human diphtheria toxin receptor (DTR) in a cell 

type-specific and/or inducible manner. The human DTR (also known as epithelial 

growth factor receptor, EGFR) is particularly useful in the murine system as DT 

specifically binds to the human, but not murine, homolog. Therefore, when 
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extracellular DT is administered, only the cells expressing human DTR will be killed, 

vastly improving specificity11-13. Upon induced expression or receptor-mediated 

endocytic entry into the cytoplasm, DT-A catalyzes the inactivation of elongation 

factor-2, halting protein synthesis and inducing apoptosis. Therefore, only the cells 

containing DT-A will be ablated12,14-16. Importantly, DT-A toxicity is exceedingly 

efficient as one molecule in the cytosol is sufficient to induce cell death16. The 

substantial toxicity of DT-A and human DTR specificity results in a combinatorial 

ablation system that is highly sensitive and efficient.  

Here, we generated and characterized two mouse strains with either pan-

hematopoietic or hematopoietic stem cell (HSC)-selective DT sensitivity. These two 

new mouse models enable hematopoietic cell ablation that is magnitudes more specific 

than currently used strategies such as irradiation and chemotherapy. Thus, they provide 

a new radiation-independent system that opens new avenues for understanding the 

mechanisms regulating HSC biology. 

 

Results 

A novel mouse model for pan-hematopoietic expression of DTR 

We sought to generate a novel transgenic mouse line with pan-hematopoietic 

expression of the human DTR for targeted depletion of all hematopoietic cells. We used 

the murine regulatory elements of the Vav1 gene, which is highly and exclusively 

expressed throughout the hematopoietic system17-22 to drive expression of DTR in the 

“Vav-DTR” mice. Pronuclear injection of the Vav-DTR construct (Figure 1a) into 
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C57BL/6 zygotes resulted in several Vav-DTR founders with confirmed germline 

transmission. In this model, DTR would be expressed in all hematopoietic cells, except 

for red blood cells (RBC, Figure 1b), similar to our previously published Vav-GFP 

mouse model20. The GFP in the construct would not be expressed unless the Vav-DTR 

mice contained active Cre-recombinase (Figure 1a). Presence of the DTR transgene 

was confirmed to be specific to various hematopoietic cells from Vav-DTR mice and 

absent in cells from wild type (WT) mice (Figure 1c-d), as expected.  

 

In vitro and in vivo depletion of hematopoietic cells is highly specific in Vav-DTR 

mice 

To investigate the functional expression of DTR and specificity of DT 

sensitivity of hematopoietic cells in vitro, hematopoietic stem and progenitor cell 

(HSPC) populations were isolated from the bone marrow (BM) of Vav-DTR mice and 

treated with DT in culture. Independent of the dose, DT did not affect WT cells (Figure 

1e), but very efficiently and significantly depleted HSCs, multipotent progenitors 

(MPPs), and myeloid progenitors (MyPros) from Vav-DTR mice (Figure 1f). 

We then determined the ability of DT to exclusively deplete hematopoietic cells 

in vivo, and if the degree of ablation was comparable to irradiation, the most commonly 

used regimen for ablation of HSPCs from the BM3,23-25. To achieve this, we compared 

cell numbers in the BM and peripheral blood (PB) of WT and Vav-DTR mice 24 hours 

post-treatment with a high dose of DT or saline, or 9 days post sub-lethal irradiation 

(Figure 2a)23. As expected, DT did not alter cell numbers in WT mice, but significantly 
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depleted HSPCs (KLS, Figure 2b; and MyPro, Figure 2c; Supplementary Figure 1a) 

and mature (GM, B, and T) cells (Figure 2d) in the BM of Vav-DTR mice, similar to 

levels of ablation achieved with irradiation. Thus, DT very rapidly depleted the vast 

majority of all hematopoietic cells in the BM of Vav-DTR mice.  

In PB, not all mature cells were ablated equally. As expected, B cells (Figure 

3a) and T cells (Figure 3b) were significantly depleted from Vav-DTR mice 24 hours 

post-DT treatment to levels similar to 9 days post-irradiation. DT-induced depletion of 

platelets was also observed in Vav-DTR mice (Supplementary Figure 1b), while RBCs 

(Supplementary Figure 1c) remained unaffected at this timepoint, likely due to the lack 

of Vav1-driven DTR expression by RBCs themselves and consistent with the Vav-GFP 

mice we previously described20. Surprisingly, GM cell counts significantly increased 

24 hours after DT treatment which contrasts the significant depletion observed 9 days 

post-sublethal irradiation (Figure 3c). A time course tail bleed analysis revealed that 

this increase in GMs was temporary until 37 hours post DT treatment, followed by a 

subsequent steep decrease 42 hours post DT in Vav-DTR mice (Figure 3d). Due to poor 

overall health after 42 hours, mice were sacrificed, and no further time points were 

recorded. Of note, DT-mediated depletion of mature blood cells was remarkably robust 

in both BM (Figure 2) and PB (Figure 3).  

To test the specificity of DT sensitivity to the hematopoietic compartment, we 

investigated the effects of DT on non-hematopoietic cells of the spleen and BM 24 

hours post-DT treatment. DT-dependent cell number decrease was found to be specific 

to cells labeled by the pan-hematopoietic marker CD45, but did not affect CD45- spleen 
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cells 24 hours after treatment (Figure 3e). Additionally, bones were evaluated for 

endothelial cell (EC) or non-EC stromal populations. Despite contradicting reports of 

off-target vav-driven labeling of ECs19,20,26, ECs from our Vav-DTR mice showed no 

sensitivity to DT (Figure 3f). Taken together, our in vitro and in vivo data demonstrate 

that the Vav-DTR mice are exclusively and specifically sensitive to very rapid and 

robust hematopoietic cell ablation upon administration of DT. 

 

DT-mediated hematopoietic ablation increased donor chimerism in transplanted 

recipients 

Having demonstrated the efficiency and specificity of DT in depleting 

hematopoietic cells in the Vav-DTR mouse model, we hypothesized that this system 

could be exploited to increase donor chimerism upon transplantation. Thus, we 

transplanted WBM cells from UBC-GFP mice (where all cells express GFP) into sub-

lethally irradiated (non-fluorescent) Vav-DTR mice (GFP→VavDTR; Figure 4a) or 

WT (GFP→WT; Supplementary Figure 2a) mice. After chimeras were established 

(>16-weeks post-transplant), we treated them with increasing sequential doses of DT. 

Since we previously observed how specific, effective, and quick DT-induced cell death 

occurs (Figures 2-3), we reasoned that multiple increasing doses of DT would avoid 

abrupt and overwhelming cell death in these chimeras. We analyzed the peripheral 

blood composition 1 week after each DT injection to determine any changes in donor 

chimerism (Figure 4b, Supplementary Figure 2b). As shown in Figure 4b, we observed 

a gradual increase in donor chimerism upon DT treatment of the GFP→VavDTR 
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chimeras, which became significant after a second 50ng DT dose. Meanwhile, donor 

chimerism in the respective control chimeras (GFP→VavDTR untx) remained stable 

(Figure 4b, Supplementary Figure 2b). When comparing GM donor chimerism at 

chimera establishment with endpoint analysis, we observed that donor chimerism 

increased to over 90% in DT-treated GFP→VavDTR chimeras where the host was DT-

sensitive (Figure 4c). Similar to GFP→Vav-DTR untreated chimeras (Figure 4b,c), 

GM donor chimerism remained unaltered in GFP→WT chimeras untreated or DT-

treated (Supplementary Figure 2c). Consistent with GM donor chimerism, total donor 

chimerism in GFP→VavDTR chimeras increased significantly after DT treatment as 

well, while no significant differences were observed in all other chimera groups 

(Supplementary Figure 2d). DT treatment also led to a significant increase in bone 

marrow donor chimerism in the GFP→VavDTR chimeras compared to the untreated 

controls (Figure 4d). We also isolated KLS and MyPro cells from control 

GFP→VavDTR chimeras (GFP→VavDTR untx) and treated them in vitro (as in Figure 

1e) to confirm that the results observed in vivo was due to differential DT sensitivity. 

Similar to the in vivo data, GFP+ and WT cells from GFP→WT chimeras were not 

affected by DT in vitro (Supplementary Figure 2e). In contrast, and as expected, only 

GFP+ donor cells from VavDTR recipient mice survived DT treatment while Vav-DTR 

cells were depleted (Figure 4e, Supplementary Figure 2f). Overall, these data 

demonstrate the specificity of DT in a transplant setting, which allow selective increase 

of donor chimerism in situ. 
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Generation and characterization of an HSC-specific DT-sensitive mouse model 

We next crossed our Vav-DTR mouse to the well-characterized Flk2-driven Cre 

mouse line27-29,42-43,50  to generate “HSC-DTR” mice where DTR would be expressed 

only by HSCs. In this model, Flk2-driven expression of Cre recombinase catalyzes the 

excision of loxP-flanked transgenes in all hematopoietic cells except HSCs28,29 (Figure 

5a). Flk2 is expressed at the MPP stage, thus all cells expressing Flk2 or with a history 

of Flk2 expression will have undergone loxP recombination. When crossed to the Vav-

DTR mice, Flk2-Cre should excise the DTR gene and STOP codon and induce 

irreversible excision of the DTR transgene and subsequent expression of GFP in all 

hematopoietic cells except HSCs (Figures 1a and 5a-b). Treatment of these mice with 

DT should then lead to HSC-specific cell death.  

To evaluate floxing efficiency and the ability of the reporter construct to label 

hematopoietic cells with GFP fluorescence, HSPCs and mature cell populations were 

isolated from the BM and PB of HSC-DTR mice. Flow cytometry analysis revealed 

GFP reporter expression in a fraction of all hematopoietic cells of HSC-DTR, but not 

WT, mice except for HSCs and circulating red blood cells and platelets (Figure 5c). 

We noted that the overall proportion of cells expressing GFP was far from complete, 

even in the lymphoid lineage that expresses robust levels of the Flk2-Cre transgene at 

multiple stages of differentiation28-31,42-43,50. Although both the frequency of GFP+ cells 

and GFP expression levels were low, we detected significantly reduced levels of the 

DTR transgene in (GFP+) MPPs and compared to (GFP-) HSCs from HSC-DTR mice 

(Figure 5d). Thus, it appeared that the DTR transgene was deleted as intended, and that 
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GFP expression was insufficiently strong to be a reliable indication of Flk2-Cre 

recombination (floxing) efficiency in this model.  

 

In vitro and in vivo DT sensitivity is specific to HSCs in HSC-DTR mice 

We then tested whether DT sensitivity was indeed limited to the HSC 

population. We sorted HSCs, MPPs, and MyPros and treated them with DT in vitro. 

Consistent with the weak GFP expression in this model (Figure 5c), the MPP and 

MyPro populations included both GFP+ and GFP- cells. As expected, HSCs, but not 

MPPs and MyPros, were efficiently depleted by two different doses of DT (Figure 6a, 

Supplemental Figure 3a). We additionally treated HSC-DTR mice with DT in vivo and 

observed a significant reduction of HSCs in HSC-DTR mice, while MPPs remained 

unaffected (Figure 6b). These data indicated that the DTR gene had been successfully 

excised in HSC progeny to make these cells DT-resistant. In contrast, HSCs remained 

highly DT sensitive, consistent with the floxing pattern of previous Flk2-Cre 

models20,28-30.  

We next transplanted WBM cells from HSC-DTR mice into sub-lethally 

irradiated fluorescent WT mice (HSCDTR→WT) to establish chimeras (Figure 6c). 

Importantly, the mTmG or KuO fluorescent hosts uniformly and robustly express their 

respective transgene, allowing identification of both GFP+ and GFP- donor cells. After 

recovery and verification of chimerism (Supplementary Figure 3b), we treated these 

chimeras with a single dose of DT 24 hours prior to analysis of BM donor chimerism 

(Figure 6c-f). This analysis revealed that DT significantly reduced HSC donor 
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chimerism by specifically killing donor GFP- HSCs (Figure 6d, green patterned bars). 

Importantly, the percentage of donor MPPs (whether GFP+ or GFP-) (Figure 6e) and 

MyPros (GFP+ and GFP-; Figure 6f) were unaffected by DT treatment in vivo. Overall, 

these in vitro and in vivo data demonstrate that DT selectively targets HSCs in HSC-

DTR mice and suggests that the HSC-DTR mouse line is a suitable model for in vivo 

targeted ablation of HSCs. 

 

Discussion 

We have developed two new mouse models where cell death of either nucleated 

hematopoietic cells, or only HSCs, can be induced in vivo by administration of DT. The 

“Vav-DTR” mice show Vav1-driven expression of DTR in all hematopoietic cells 

(Figure 1). This Vav-dependent model is consistent with the previously reported 

hematopoietic specificity of Vav1 activity19-21. Our in vitro (Figure 1) and in vivo 

(Figure 2 and 3) data show that DT selectively and efficiently ablates hematopoietic 

cells from Vav-DTR mice. Interestingly, we also observed a transient increase in PB 

GMs suggesting a neutrophilic influx to possibly remove cellular debris accumulated 

from extensive cell death upon systemic DT treatment32-34. Similarly, lower levels of 

splenic mature cell depletion after DT treatment compared to BM and PB may be due 

to transient neutrophil influx into the spleen as well. More importantly, non-

hematopoietic cells from the spleen and BM stromal cells of Vav-DTR mice remained 

unaffected by DT (Figure 3e-f). We speculate that the trend towards an increase in ECs 

in the Vav-DTR BM upon DT treatment, which was previously observed by others in 



 

 

36 

a similar context33, is more likely due to increased recovery, rather than an increase in 

actual cell numbers, of ECs due to decreased adherens to BM stroma upon the quick 

and overwhelming DT-induced death of hematopoietic BM cells.  We also 

demonstrated that the selectivity of DT sensitivity could be exploited in a transplant 

setting to increase donor chimerism (Figure 4). 

Given how quickly, efficiently, and specifically DT leads to death of DTR-

expressing cells, DT pre-conditioning in the Vav-DTR model must be more carefully 

optimized before use as an alternative to irradiation. The massive death of DTR-

expressing cells withing 24 hours of in vivo administration of 50 µg/kg DT may cause 

death due to vaso-occlusion and/or inability of rescue by transplanted cells that cannot 

immediately replenish host cells. Two straightforward options that we have not yet 

been able to fully explore is to reduce the DT dose and/or utilize HSC-DTR mice as 

recipients. A third alternative was uncovered by a recent publication that employed an 

inducible Gata2 knockout model for the depletion of HSCs. The study demonstrated 

that HSPCs transplanted into unconditioned recipients persist in the BM for at least 4 

weeks, allowing for post-transplant niche clearance and subsequent reconstitution of 

the pre-transplanted HSPCs35. This intriguing result suggests that a post-transplant 

conditioning approach may address the timing discrepancy between DT-induced host 

cell death and rescue by donor cells, thus making our Vav-DTR and/or HSC-DTR 

models potentially suitable for HSC engraftment in a non-irradiated, more selectively 

perturbed environment. 
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We then crossed the Vav-DTR mice to our well-characterized Flk2-Cre 

transgenic mice to achieve HSC-specific DTR expression (Figure 5). We previously 

demonstrated efficient Flk2-Cre-mediated excision of a floxed transgene in all 

hematopoietic cells except for HSCs28-29,42-43,50. In the new “HSC-DTR” model, HSCs 

express the DTR while all cells downstream of HSCs, via differentiation through Flk2+ 

MPPs, do not express the DTR (Figure 5d) and were therefore unaffected by DT 

(Figure 6). Although GFP expression in this model is relatively low and underestimates 

floxing efficiency, our in vitro and in vivo data demonstrated that DT-sensitivity was 

indeed highly restricted to the HSC compartment of HSC-DTR mice (Figure 6). 

 These two new mouse models are suited to investigate the cellular mechanisms 

of hematopoietic homeostasis, in situ HSC differentiation cascades, the ability of 

progenitor cells to sustain hematopoiesis in the absence of HSCs, and to manipulate 

post-transplant engraftment and chimerism similar to a recently published study35. 

Experimental use of these mice has the potential to uncouple self-renewal capability in 

situ from the ability to provide long-term hematopoietic reconstitution upon 

transplantation and may therefore impact our understanding of the mechanisms 

regulating self-renewal. For example, these mice could be utilized to ask such questions 

as: are multipotent progenitors capable of self-renewal in situ, despite their inability to 

self-renew upon transplantation? Is differentiation re-routed to cells necessary for 

survival, at the expense of other cell types, when endogenous HSCs are ablated? 

Certainly, transplantation assays have demonstrated the ability of HSCs to self-renew 

and differentiate into all the hematopoietic lineages23,24,30,36-38. However, the extent to 
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which this reflects in situ hematopoiesis is unclear as transplantation is conducted under 

broadly damaging conditioning regimens that force HSCs to proliferate to replenish the 

entire hematopoietic system of a recipient mouse39-41. Importantly, recent studies have 

also argued that the in situ contribution of HSCs to steady-state hematopoiesis is less 

than what is observed upon transplantation33,39-41. The use of our new HSC-DTR mice, 

where a large proportion of HSCs can be depleted due to expression of DTR, could 

therefore complement these studies, including a recent functional report suggesting that 

hematopoiesis may proceed normally despite a reduction of HSCs to less than 10% of 

normal numbers33.  

Here, we generated two new mouse models, Vav-DTR and HSC-DTR, which 

respectively achieve efficient and selective depletion of all hematopoietic cells or only 

HSCs in response to DT treatment. Both mouse models were extensively characterized 

and showed restricted DTR expression in selected tissues or cells of interest, along with 

specific DT sensitivity in vitro, in vivo, and in transplantation settings. These two new 

mouse models will be useful tools to advance our understanding of hematopoietic 

homeostasis, HSC engraftment, and properties of HSCs under steady-state and varying 

physiological conditions.  

 

Methods 

Mice 

Vav-DTR and HSC-DTR mice were generated in house as described below. WT 

C57BL/6 (cat# 000664), WT UBC-GFP (cat# 004353), WT mT/mG (cat# 007576) 
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were purchased from Jackson Laboratories.  Mice were maintained and bred in the 

UCSC AAALAC-approved vivarium according to IACUC approved protocols, under 

which all experiments were conducted. In addition to this, we confirm that the 

experimental protocols, Forsc1906, were approved by the UCSC IACUC (Institutional 

Animal Care and Use Committee), which is a named institutional and/or licensing 

committee. Mice were sacrificed by CO2 (carbon dioxide) inhalation, as per our 

IACUC-approved protocols, Forsc1906. The study was carried out in compliance with 

the ARRIVE guidelines. 

 

Generation of Vav-DTR and HSC-DTR transgenic mice 

The Vav-DTR plasmid was generated by inserting the DTR sequence followed by a 

STOP codon between loxP sites, flanked at the two ends by Vav regulatory elements 

and a GFP sequence respectively. The vector was linearized and injected into pronuclei 

of C57BL/6 mice at the University of California Santa Cruz (UCSC) transgenic facility. 

Multiple founders were used to establish a colony, but founder lines were not analyzed 

separately. Characterization of the founders revealed nothing of concern and consistent 

normal phenotypes. Vav-DTR litters were genotyped using the following primers: 5’-

AGCTGCTCCAGGCTCTCG-3’ (binds to DTR sequence) and 5’-

GTGTTGTAGTTGTCCCCACTGG-3’ (binds to Vav1 regulatory elements sequence). 

HSC-DTR mice were generated by breeding Vav-DTR mice and Flk2-Cre mice. The 

PB from male HSC-DTR mice was analyzed by flow cytometry to confirm Flk2-Cre 

recombinase activity and determine Cre-driven DTR excision, referred to as “floxing”, 
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efficiency. Floxing efficiencies ranged depending on the cell type. Only male HSC-

DTR mice were analyzed as Flk2-Cre recombination is inefficient in females28,30,42.  

 

qPCR analysis 

DNA was isolated from BM cells sorted from WT and Vav-DTR mice using QIAamp® 

DNA Blood Mini Kit (Qiagen) according to manufacturer’s protocol (Figure 1d). qPCR 

was run on a QuantStudio 6 Flex PCR thermal cycler (Thermo Fisher Scientific) using 

SensiMix™ SYBR® No-ROX Kit (Bioline) according to the manufacturer’s protocol. 

Messenger RNA was extracted from the various tissues using Trizol (Invitrogen). RNA 

was used to obtain cDNA using High Capacity cDNA Reverse Transcriptase Kit 

(Applied Biosystems) according to the manufacturer's protocol (Figure 5d). 

Quantitative real-time PCR was run on a ViiA 7 or QuantStudio 6 Flex PCR thermal 

cycler (Thermo Fisher Scientific) using SensiMix SYBR No-ROX Kit (Bioline) 

according to the manufacturer's protocol. β-actin was used to normalize expression 

levels. qPCR was conducted using the following primers: 5’-

AGGCAAGGGACTAGGGAAGA-3’ and 5’-CCACCACAGCCAGGATAGTT-3’ 

for DTR; 5’-CCACAGCTGAGAGGGAAATC-3’ and 5’-

CTTCTCCAGGGAGGAAGAGG-3’ for β-actin. 

 

Flow cytometry 

BM and spleen cells were obtained by crushing the tibia and femur or spleen in 1X 

PBS supplemented with 5mM EDTA with 2% serum. PB was collected directly into 
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1X PBS supplemented with 5mM EDTA with 2% serum from the tail vein or femoral 

artery. Single cell suspensions were passed through 70-micron filters, and RBCs were 

lysed (spleen and PB only). Cells were then stained with monoclonal antibodies on ice 

in the dark for 20 minutes and analyzed using a FACSAria or an LSRII flow cytometer 

(BD Biosciences, San Jose, CA) as described previously23,43,44. FlowJo Software 10.7.1 

(Ashland, OR) was used for data analysis and display. Live cells were determined by 

staining with propidium iodide. Following pre-gating on single, live cells, 

hematopoietic cell populations were defined by the following cell surface phenotypes: 

KLS (Lin–Sca1+c-kit+), HSCs (Lin–Sca1+c-kit+Slam+Flk2−), MPPs (Lin−Sca1+c-

kit+Slam–Flk2+), MyPros (Lin–Sca1–c-kit+), GMs (Ter119−CD3−B220−Mac1+Gr1+), T 

cells (Ter119−Mac1−Gr1−B220−CD3+), B cells (Ter119−Mac1−Gr1−CD3−B220+), 

platelets (FSCloTer119−CD61+), and RBCs (Ter119+). The lineage (Lin) mixture 

consisted of antibodies recognizing CD3, CD4, CD5, CD8, B220, Gr1, Mac1, and 

Ter119 cell surface proteins. Bone endothelial cells (ECs; CD45–Ter119–CD31+Sca+) 

and non-EC stroma cells (CD45–Ter119–CD31-) were prepared as described 

previously45. Briefly, tibia and femur were dissected and homogenized with PBS using 

a mortar and pestle. Bone fragments were digested in a 3 mg/mL collagenase I solution 

for 1 hour at 37°C with intermittent vortexing and finally neutralized by adding serum 

containing EDTA/PBS media. Samples were then washed with PBS, filtered, and 

stained prior to analysis by flow cytometry. 
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Cell sorting 

Hematopoietic cells were isolated and prepared from the BM of mice in accordance 

with UCSC guideline as described above and previously using a BD 

FACSAria23,24,28,30,42,45-49. 

 

Absolute cell number quantification 

A known volume of PB was mixed with an antibody solution in 1X PBS supplemented 

with 5mM EDTA with 2% serum containing a known quantity of Calibrite APC beads 

prior to flow cytometry analysis. For tissues, such as BM and spleen, a known quantity 

of beads was added to each tissue prior to homogenization. The ratio of number of 

beads added to the sample to the number of beads collected by flow cytometry was 

used to calculate the absolute number of mature cells per microliter of blood or within 

each tissue23,48. 

 

Irradiation assays 

Mice were irradiated using an X-ray tube irradiator (Faxitron CP-160). For the 

experiments described in Figure 2-3, PB and BM cells were analyzed by flow 

cytometry 9 days after sub-lethal (~750 rads) irradiation as this time point represents 

the lowest detectable cell numbers post-irradiation, prior to recovery23. Sublethal 

irradiation is often used as the preferred conditioning regimen of host mice prior to 

transplant. 
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Transplantation assays 

Transplantation assays were performed as previously described23-25,28,30,42,46. For the 

Vav-DTR chimeras, 3.75 million or 7.5 million whole bone marrow (WBM) cells from 

donor UBC-GFP mice were retro-orbitally transplanted into ¾ (~750 rads) or ½ (~500 

rads) lethally irradiated Vav-DTR and WT hosts. These two chimera set ups, as 

expected, led to similar donor chimerism to allow comparison of experiments. For the 

HSC-DTR chimeras, 1 million WBM from donor HSC-DTR mice were retro-orbitally 

transplanted into sub-lethally irradiated (~500 rads) mTmG or KuO hosts. Recipient 

mice were bled at 4-, 12-, and 16-weeks post-transplantation via the tail vein for 

analysis of donor/host contribution in the peripheral blood (data not shown), detectable 

by GFP or Tomato/KuO expression, to confirm long term multilineage reconstitution. 

 

Diphtheria toxin treatment  

DT (50 µg/kg; Sigma) was administered to WT and Vav-DTR mice via intraperitoneal 

(i.p.) injection 24 hours prior to take-down to determine depletion of hematopoietic or 

non-hematopoietic cells as shown in Figures 2-3. BM chimeras generated with GFP 

donor cells into Vav-DTR (GFP→Vav-DTR) or control WT (GFP→WT) were 

administered 6 DT doses ranging between 5-50ng/mouse and bled 1 week after each 

DT treatment as shown in Figure 4b. HSC-DTR mice were administered 100ng (~5 

µg/kg) of DT 24 hours prior to BM analysis as shown in Figure 6b. BM chimeras, with 

HSC-DTR donor cells into WT recipients (HSCDTR→WT) were administered 

100ng/mouse (~5 µg/kg) of DT 24 hours prior to takedown for BM analysis. 0.1 ng/µl 
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or 1.0 ng/µl DT was added once to the cell culture media for 7 (Figure 1e-f, Figure 6a, 

and Supplementary Figure 3a) or 3 (Figure 4e, and Supplementary Figure 2e-f) days 

prior to analysis by flow cytometry to determine in vitro DT sensitivity of Vav-DTR 

and HSC-DTR cells. 

 

In vitro culture  

Using anti-CD117/cKit microbeads (Miltenyi Biotec), BM cells from WT, HSC-DTR, 

VAV-DTR, and chimeric mice were enriched for c-Kit positive cells and sorted via 

flow cytometry into 5mM EDTA in 1X PBS with 2% serum and then spun down. 100 

HSCs, 200 MPPs, and 500 MyPros were plated in triplicates in IMDM media 

supplemented with 20% FBS, TPO (50ng/ml), SCF (50 ng/ml), IL-6 (20ng/ml), IL-3 

(10ng), IL-11 (20ng/ml), 1X Primocin, and 1X Non-Essential Amino Acids. Live and 

nucleated cells were harvested and analyzed by flow cytometry after 7 days for Figure 

1e-f, Figure 6a, and Supplementary Figure 3a. HSCs, MPPs, and MyPros were 

analyzed after 3 days in culture for Figure 4e and Supplementary Figure 2e-f. 

 

Statistics 

Unpaired two-tailed Student’s t-tests and one-way ANOVAs adjusted for multiple 

comparisons with Tukey or Dunnett’s post-hoc tests were used to assess statistical 

significance for comparisons of different groups, as appropriate. The sample size, 

number of independent experiments, and p-values are provided for each experiment in 

the respective figure legend. 
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Figures 

 

 

Figure 2.1. Hematopoietic cells from Vav-DTR mice were sensitive to DT in vitro. 

(a) Schematic diagram of the Vav-DTR transgene construct.  

(b) Simplified model of the hematopoietic tree. All hematopoietic cells that express 

Vav1 should express DTR (shown as a “I”-shaped surface receptor).  
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(c) Representative flow cytometry plots of the main populations analyzed: myeloid 

progenitors (MyPro), ckit+Lineage-Sca1+ (KLS), hematopoietic stem cells (HSC), 

multipotent progenitor cells (MPP), granulocyte-myelomonocytic (GM), B, and T 

cells. Pre-gates are shown above the plots.  

(d) Quantitative PCR analysis of BM KLS, MyPro, GM, and B cell populations sorted 

from WT and Vav-DTR mice detected the DTR transgene only in Vav-DTR mice. Bar 

graph indicates the relative levels of DTR transgene in cells isolated from WT (black 

bar) or Vav-DTR mice (gray bar). β-actin was used to normalize expression levels. N=3 

mice. Error bars indicate SEM, ***p<0.001 (Student’s t-test).  

(e) HSCs, MPPs, and MyPros sorted from WT mice remained unaffected in vitro 7 

days after diphtheria toxin (DT) exposure,  

(f) while Vav-DTR cells were drastically depleted. Bar graphs indicate the fold change 

in cell number relative to untreated (black bar, DT 0.0 ng/µl) after a 7-day 0.1 ng/µl 

(gray bar) and 1.0 ng/µl (white bar) DT treatment. N=2 (Vav-DTR) and N=3 (WT) 

independent experiments. Error bars indicate SEM, ***p<0.001 (One-way ANOVA 

with Dunnett’s post-hoc test). 

 

BM, bone marrow; HSC, hematopoietic stem cell; MPP, multipotent progenitor; CMP, 

common myeloid progenitor; CLP, common lymphoid progenitor; MEP, 

megakaryocyte-erythroid progenitor; GMP, granulocyte-macrophage progenitor; plt, 

platelet; RBC, red blood cell; GM, granulocyte/macrophage; B, B cell; T, T cell; KLS, 

ckit+Lin-Sca1+ cells include HSCs and MPPs; MyPro, myeloid progenitors are c-

kit+Lin-Sca1- cells include CMPs, MEPs, and GMPs; BM, bone marrow. 
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Figure 2.2. HSPCs and mature cells from the BM of Vav-DTR mice are depleted 

by DT in vivo. 

(a) Schematic of experimental design. WT and Vav-DTR mice received an i.p. 

injection of 50 µg/kg of DT 24 hours prior to takedown for BM, PB, and spleen 

analysis. These data were compared to WT and Vav-DTR mice treated with a control 

saline injection (untreated), and WT mice that were sub-lethally irradiated 9 days prior 

to takedown. DT depleted KLS (b), MyPro (c) and mature blood cells (d) in the BM of 
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Vav-DTR mice (red bar), similar to 9-days post sublethal (750 rads) irradiation (IR, 

yellow bar; positive control). WT mice were unaffected by DT treatment (white bars), 

harboring similar cell numbers to untreated WT mice (black bar; negative control), and 

untreated Vav-DTR mice (gray bars). The numbers in the black bar represent absolute 

cell count in the BM. Bar graphs indicate the fold change in cell number relative to 

untreated WT mice. N=4-9 mice in at least three independent experiments. Error bars 

indicate SEM, ***p<0.001 (One-way ANOVA with Tukey post-hoc test). 

 

HSPCs, hematopoietic stem and progenitor cells; i.p., intraperitoneal; PB, peripheral 

blood; Untx, untreated; IR, irradiated. 
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Figure 2.3. Cells in the PB and spleen of Vav-DTR mice are differentially affected 

by DT in vivo. 

Treatment groups are indicated in Figure 2A. DT (50 µg/kg) depleted B (a) and T (b) 

in the peripheral blood of Vav-DTR mice (red bar) at 24 hours post-treatment, similar 

to 9-days post-sublethal (750 rads) irradiation (IR, yellow bar). (c) GMs increased in 

the peripheral blood of Vav-DTR mice at 24 hours post-DT treatment, but were 

depleted by irradiation. (a-c) WT mice were unaffected by DT treatment (white bars), 

with cell numbers similar to untreated WT mice (black bar) and untreated Vav-DTR 
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mice (gray bars). The numbers in the black bar represent absolute cell count per 

microliter of PB. Bar graphs indicate the fold change in cell number relative to WT 

untreated. N=6-14 mice in at least three independent experiments. Error bars indicate 

SEM, *p<0.05, **p<0.01, ***p<0.001 (One-way ANOVA with Tukey post-hoc test).  

(d) Time course of DT effects on PB GMs of Vav-DTR mice. Line graph indicates the 

fold change in cell number relative to pre-DT time point (0 hour), showing an initial 

increase in GMs until 37 hours post-DT followed by quick depletion by 42 hours. Later 

time points could not be collected due to poor mouse health. N=2 mice. Error bars 

indicate SEM, ***p<0.001 (One-way ANOVA with Dunnett’s post-hoc test).  

(e) Reduction in the number of hematopoietic cells (CD45+), but not non-hematopoietic 

(CD45-), cells in the spleen of Vav-DTR mice 24 hours after DT (50 µg/kg) treatment 

(red bars).  

(f) Stromal cells (non-EC stroma; Ter119-CD45-Sca1+CD31-) and endothelial cells 

(EC; Ter-CD45-Sca1+CD31+) from the BM of Vav-DTR mice (red bars) were not 

depleted by DT. Bar graphs indicate the fold change in cell number in Vav-DTR+DT 

(red bars) relative to WT+DT (white bars) mice. For Figure 3e-f, N=6-8 mice in at least 

three independent experiments. Error bars indicate SEM, *p<0.05 (Student’s t-test). 

NS, not significant. 
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Figure 2.4. DT treatments selectively increased chimerism of donor-derived WT 

cells in Vav-DTR recipients. 

(a) Schematic of experimental design. Chimeras were established: UBC-GFP donor 

BM cells were transplanted into sublethally irradiated Vav-DTR (GFP→Vav-DTR) 

recipients. 16 weeks after transplant, these chimeras were split into two groups, a DT 

treatment (+DT), and a control untreated (untx). Chimeras in the DT group received 

multiple (6) doses of DT (5-50ng), each one week apart and bled intermittently to 

monitor chimerism levels.  

(b) GM donor chimerism increased over time in GFP→VavDTR chimeras treated with 

DT but not in the untreated control chimeras. In the graph, the arrows represent DT 

treatments, and the blood drops represent the tail bleeds performed 1 week after each 

DT treatment. N=2-3 mice per group in four independent experiments. Error bars 
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indicate SEM, **p<0.01, ***p<0.001 (one-way ANOVA with Dunnett’s post-hoc 

test).  

(c) Tail bleeds at chimera establishments (prior to DT) and endpoint (following last DT 

treatment) demonstrated a significantly increase in GM donor chimerism in 

GFP→VavDTR chimeras treated with DT but not in untreated Vav-DTR controls. Bar 

graphs indicate GM donor chimerism upon chimera establishment (black filled bars) 

and after DT treatment (endpoint analysis; patterned black bars). The percentages 

shown in the black bars represent the average donor chimerism at establishment of the 

chimeras, prior to initiation of the DT regimen. N=2-3 mice per group in four 

independent experiments. Error bars indicate SEM, ***p<0.001 (Student’s t-test). NS, 

not significant.  

(d) BM KLS and MyPro donor chimerism also significantly increased in 

GFP→VavDTR +DT chimeras (red bars) compared to untreated GFP→VavDTR 

controls. N=2-3 mice per group in four independent experiments. Error bars indicate 

SEM, ***p<0.001 (Student’s t-test).  

(e) KLS and MyPro cells sorted from untreated GFP→VavDTR chimeras were treated 

with DT in vitro. Bar graphs represent the percent of GFP+ donor (UBC-GFP) cells. 

The increase in the proportion of GFP+ cells to nearly 100% indicated that host cells 

(GFP-) were significantly depleted after a 3-day 0.1 ng/µl (gray bar) and 1.0 ng/µl 

(white bar) DT treatment, while untreated cells maintained the ratio observed in vivo 

(black bar, DT 0.0 ng/µl). N=3 in 3 independent experiments. Error bars indicate SEM, 

***p<0.001 (One-way ANOVA with Dunnett’s post-hoc test). 

WBM, whole bone marrow; KLS, ckit+Lin-Sca1+ cells include HSCs and MPPs; 

MyPro, myeloid progenitors are c-kit+Lin-Sca1- cells include CMPs, MEPs, and GMPs; 

untx, untreated; DT, diphtheria toxin. 
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Figure 2.5. DTR expression is restricted to HSCs in HSC-DTR mice. 

(a) Flk2-Cre mice were crossed to Vav-DTR mice to generate “HSC-DTR” mice.  

(b) Simplified model of hematopoietic tree in HSC-DTR mice. Cell types that are 

Flk2+ or derived from Flk2+ progenitor cells should express GFP but not DTR, while 
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Flk2- cells that have no history of Flk2 expression should express DTR and remain 

GFP-.  

(c) Representative histograms of flow cytometry data indicating GFP expression levels 

in BM and PB cells in WT mice (black line) and HSC-DTR mice (dotted black line). 

Percentages represent the frequency of cells labeled by GFP.  

(d) RT-qPCR analysis of DTR HSCs and MPPs sorted from control (white bars), Vav-

DTR (gray bars), and HSC-DTR (white and green pattern bars) mice revealed that the 

DTR transgene is efficiently and significantly deleted in MPPs from HSC-DTR mice. 

Bar graph indicates the relative expression of DTR, normalized to β-actin. N=6 mice. 

Error bars indicate SEM. *p<0.05 (Student’s t-test). N.D, not detected. 
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Figure 2.6. DT selectively depleted HSCs in the HSC-DTR mouse model. 

(a) HSCs isolated from HSC-DTR mice were significantly depleted by DT treatment 

in vitro, while MPPs and MyPros from the same mice were unaffected. Bar graphs 

indicate the fold change in cell number relative to untreated (black bar, DT 0.0 ng/µl) 

upon a 7-day 0.1 ng/µl (gray bar) and 1.0 ng/µl (white bar) DT treatment. N=3 

independent experiments. Error bars indicate SEM, ***p<0.001 (One-way ANOVA 

with Dunnett’s post-hoc test).  
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(b) HSCs in HSC-DTR mice were significantly depleted by DT (100ng/mouse) 

treatment in vivo, while MPPs remained unaffected. Bar graphs indicate the fold change 

in cell number relative to DT-treated WT mice (white bars). The numbers in the white 

bars represent absolute cell count in the BM. N=2-5 mice in three independent 

experiments. Error bars indicate SEM, ***p<0.001 (Student’s t-test).  

(c) Schematic of chimera experimental design. WBM cells from HSC-DTR donor mice 

were transplanted into sublethally irradiated (500 rads) WT recipients (HSC-

DTR→WT). Upon chimera establishment, chimeras were split into two groups: one 

was treated with DT and the control group was untreated. Chimeras in the DT group 

received one dose of 100ng DT, 24 hours prior to takedown for BM analysis.  

(d) HSC donor chimerism significantly decreased upon DT treatment, while (e) MPP 

and (f) MyPro donor chimerism remained unaffected. The first set of bar graphs for 

each cell type represents donor (white and green pattern) and host (red) chimerism, 

while the second set of bar graphs shows the breakdown of GFP- (white) and GFP+ 

(green) donor chimerism. N=1-3 mice in 4 independent experiments. Error bars 

indicate SEM, **p<0.01 (Student’s t-test). 
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Figure 2.7. Supplementary Figure 1. 



 

 

59 

 

Figure 2.8. Supplementary Figure 2.
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Chapter 3.   

Clearing the Haze: How Does Nicotine Affect Hematopoiesis before and after 

Birth? 

 
The text of this chapter includes a reprint of the following previously published paper: 

Cool T, Rodriguez y Baena A, Forsberg EC. Clearing the Haze: How Does Nicotine 

Affect Hematopoiesis before and after Birth? Cancers (Basel). 2021 Dec 30;14(1):184. 

doi: 10.3390/cancers14010184. PMID: 35008347; PMCID: PMC8750289. 

 

Simple Summary 

E-cigarettes have gained popularity as alternatives to traditional tobacco products over 

the past several decades. Despite being marketed as safer, they still contain several 

highly toxic compounds, which pose as dangers to human health. Nicotine is one of 

those toxic compounds and is known to have many deleterious effects on human health 

and disease susceptibility. Hematopoietic stem cells (HSCs) are the stem cells that give 

rise to the entire immune system and therefore serve as a compelling point of 

interrogation for the source of altered health and disease susceptibility in exposed 

individuals. Here we discuss how nicotine influences HSCs and the immune cells they 

make, as well as highlight potential mechanisms of altered immunity for life. 
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Abstract 

Hematopoiesis is a tightly regulated process orchestrated by cell-intrinsic and cell-

extrinsic cues. Over the past several decades, much effort has been focused on 

understanding how these cues regulate hematopoietic stem cell (HSC) function. Many 

endogenous key regulators of hematopoiesis have been identified and extensively 

characterized. Less is known about the mechanisms of long-term effects of 

environmental toxic compounds on hematopoietic stem and progenitor cells (HSPCs) 

and their mature immune cell progeny. Research over the past several decades has 

demonstrated that tobacco products are extremely toxic and pose huge risks to human 

health by causing diseases like cancer, respiratory illnesses, strokes, and more. 

Recently, electronic cigarettes have been promoted as a safer alternative to traditional 

tobacco products and have become increasingly popular among younger generations. 

Nicotine, the highly toxic compound found in many traditional tobacco products, is 

also found in most electronic cigarettes, calling into question their purported “safety”. 

Although it is known that nicotine is toxic, the pathophysiology of disease in exposed 

people remains under investigation. One plausible contributor to altered disease 

susceptibility is altered hematopoiesis and associated immune dysfunction. In this 

review, we focus on research that has addressed how HSCs and mature blood cells 

respond to nicotine, as well as identify remaining questions. 
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Introduction 

An environmental exposure that has become increasingly important in the research 

field is exposure to tobacco products. According to the National Institute of Health 

(NIH), one-fourth of the U.S. population uses tobacco products [1]. An abundance of 

evidence has demonstrated that smoking is highly toxic to human health. Societal use 

of e-cigarettes has emerged recently and been marketed as a “safer alternative” to 

traditional tobacco products. Currently, 10 million adults and over 5 million middle 

and high school students use e-cigarettes in the U.S. [2]. Over the last several decades, 

researchers have demonstrated that tobacco exposure is not only dangerous to the 

person using the products, but also to people who are exposed second- or even third-

hand [3,4]. Tobacco products are highly complex and made up of several extremely 

toxic compounds, including hydrogen cyanide, formaldehyde, benzene, nicotine, and 

more [5]. One of the toxic compounds found in almost all present-day tobacco products 

is nicotine, a stimulant known for its addictive properties. The oral lethal dose (LD50) 

of nicotine in humans is ~0.8–1 mg/kg [6–9]. Nicotine is still highly prevalent in these 

so-called safer alternatives, presumably to promote addiction to the products. Nicotine 

has been associated with many deleterious health consequences, including cancer, 

pulmonary disease, and increased risk of infections [10]. How nicotine influences 

immunity in first, second, or third-hand exposed people remains an open area of 
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investigation. Interestingly, nicotine has been shown to increase inflammation, as well 

as white blood cell (WBC) counts [11–16]. WBCs are mature, terminally differentiated 

cells that come from hematopoietic stem cells (HSCs), in a process known as 

hematopoiesis. WBCs are immune cells with specialized functions, fighting infections 

and recognizing tumor and diseased cells. Thus, nicotine-induced systemic 

inflammation and increased WBC count increases the risk for and exacerbates a wide 

number of clinical conditions, including cancer, cardiovascular disorders, 

atherosclerosis, autoimmune syndromes, allergy, asthma, and pulmonary disease. The 

effects that nicotine has on the number and activity of each of these WBC types remains 

under investigation. This review focuses on the question: what lasting impacts does 

nicotine have on hematopoiesis and life-long immunity? 

 

The Hematopoietic Hierarchy 

The hematopoietic compartment consists of hematopoietic stem and progenitor cells 

(HSPCs) and their mature, terminally differentiated progeny (Figure 1a) [17,18]. 

Hematopoietic stem cells (HSCs) are fascinating because they possess the ability to 

self-renew as well as differentiate into all mature blood and immune cells (Figure 1a). 

The hematopoietic process occurs in spatially and temporally distinct waves throughout 

development, and ultimately gives rise to the complex immune system that patrols all 

tissues. During fetal development, these distinct waves of HSPCs differentially 

contribute to mature blood and immune cells across tissues [19–22]. This complex 

orchestra of immune layering consists of (1) early developmental, non-self-renewing 

progenitors that give rise to self-renewing progeny that persist throughout life with little 
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to no contribution from adult HSCs, and (2) subsequently developed self-renewing 

progenitors (HSCs) that give rise to non-self-renewing progeny that are stably 

replenished throughout life (Figure 1b). At the interphase of these two well-established 

paradigms of hematopoietic development exist at least one population of 

developmentally restricted HSCs (drHSCs) that do not normally self-renew, but can be 

induced to do so upon transplantation into irradiated hosts [23]. Based on their ability 

to give rise to robust numbers of traditional as well as atypical lymphoid cells, the 

physiological role of the drHSCs may be to boost production of lymphoid-mediated 

immunity that is needed after birth. It is also possible that drHSCs—or other normally 

transient progenitor cells—are induced to persist for longer time periods upon 

inflammatory stimulus like nicotine exposure, similar to their induced persistence in an 

irradiated environment [23,24]. This critical window of perinatal hematopoietic 

development, with distinct non-persisting stem and progenitor populations contributing 

alongside “true”, life-long HSCs to a rapidly developing and dynamic immune system, 

poses as a vulnerable point of interrogation for long-term effects of altered 

hematopoiesis and immunity in nicotine-exposed individuals. Persisting alterations in 

cell function can occur in the absence of genetic mutations [25]; the likelihood of 

lasting physiological responses, however, is greater if cellular changes occur in cells 

with long half-lives or with self-renewal capacity than in cells with high turnover rates. 

Potentially, nicotine alters HSCs (or other fetal progenitors) at the epigenetic level, 

leading to altered HSC function and/or lineage output for life. Alternatively, nicotine 

alters the numbers and/or epigenetics of mature blood cells, leading to permanently 
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altered immune function (Figure 1b). Whether and how nicotine exposure alters HSCs 

or their progeny, or both, to cause long-term changes in disease susceptibility remains 

to be determined. 

 

Regulation of Hematopoietic Homeostasis 

The development of this complex immune system relies on intrinsic and extrinsic cues 

[26]. Several key regulators of hematopoiesis have been identified and characterized in 

detail. Transcription factors such as Runx1, SCL, Gata-2, and C-myb play key roles in 

the intrinsic regulation of HSC potential during development [20,27,28]. Additionally, 

inflammatory regulators like interferons, interleukin (IL)-1, IL-6, and TNFα provide 

HSC-extrinsic cues to regulate HSC fate choice and function [27–30]. Although we 

have relatively clear and convincing research describing how specific intrinsic and 

extrinsic regulators influence cell fate choice, many environmental factors that can also 

significantly impact HSC function and potential have not been thoroughly investigated. 

Importantly, the timing and duration of these exposures can impact hematopoietic 

development and function either transiently or for life. While acute exposures can have 

a transient effect on hematopoiesis, in this review, we focus on the potential 

mechanisms of altered hematopoiesis and HSC function after chronic challenge. As 

alluded to above, nicotine may alter long-term immunity via two potential mechanisms: 

(1) persistent changes in HSCs that then have lasting impacts on hematopoiesis (and 

immunity) for life, and/or (2) persistent changes in mature immune cells (Figure 1b). 

In this review, we focus on several studies that have investigated the effects of nicotine 
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on HSCs and WBCs, as well as how nicotine alters inflammatory mediators. We 

highlight potential mechanisms of altered hematopoiesis and immunity and identify 

experiments that could help untangle whether these effects are due to changes in HSCs 

or changes in their mature progeny. 

 

Does Nicotine Alter Hematopoiesis by Direct Action on HSCs? 

Tobacco product use is associated with increased WBC counts in peripheral blood 

which is a sign of increased systemic inflammation [12–16,31–33]. Specifically, it is 

known that nicotine in tobacco products can alter WBC counts in the long-term [11]. 

However, the mechanism underlying these changes remains unclear. Additionally, 

whether tobacco product use alters counts of non-traditional immune cells in different 

tissues has not been investigated. Potentially, there are two plausible mechanisms of 

altered WBC counts: (1) nicotine directly affects hematopoietic cells by direct binding 

to nicotinic receptors expressed by HSCs and/or their progeny (Figure 2a), or (2) 

nicotine indirectly affects the hematopoietic compartment by triggering release of 

inflammatory-mediating cytokines from non-hematopoietic cells that then act on HSCs 

and/or their progeny (Figure 2b). It is important to note that these potential mechanisms 

are not mutually exclusive, and that the effects of nicotine could be a combination of 

both mechanisms (Figure 2a,b). In this section, we discuss the evidence for nicotine 

acting as a nicotinic cholinergic receptor agonist and directly affecting hematopoiesis 

via binding to nicotinic acetylcholine receptor (nAChRs) on hematopoietic cell types. 
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Do HSCs Express Nicotinic Acetylcholine Receptors (nAChRs)? 

One potential mechanism of altered WBCs after nicotine exposure is that nicotine 

directly affects HSCs via nAChRs expressed on their cell membrane. nAChRs are a 

family of ligand-gated ion channels. There are 16 homologous subunits identified in 

mammals, and these subunits combine to form many different nAChR subtypes. 

Interestingly, these subtypes have various expression patterns across tissues, diverse 

functional properties and pharmacological characteristics [34,35]. A few groups have 

provided evidence that HSCs, and some of their mature immune cell progeny, express 

several subunits of the nAChRs at steady state, and that the expression of other subunits 

can be induced after exposure to nicotine [11,36]. Chang et al. reported an increase in 

both HSC and WBC numbers in nicotine-exposed mice, and expression of the nAChR 

alpha 7 subunit (nAChRα7) in total bone marrow, as well as on isolated HSCs [11]. 

They used a combination of flow cytometry and immunofluorescence imaging to assess 

nAChRα7 expression on whole bone marrow (WBM) cells which contain HSPCs and 

mature cells, as well as on purified HSCs. In this experiment they used the nAChRα7 

ligand Alpha Bungarotoxin (abgt) conjugated to a FITC fluorophore to determine 

whether WBM cells or HSCs expressed the receptor on the cell membrane. Abgt is 

known to bind with high affinity to the nAChRα7 subunit. Using this method, they 

determined that some cells within the WBM fraction and purified HSCs both displayed 

the receptor for abgt ligand. Although they demonstrated that WBM and HSCs had 

positive staining for the abgt ligand (presumably binding to the nAChRα7 subunit), it 

should be noted that this assay did not directly determine the levels of nAChRα7 in 
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these cells nor did they include a strong positive control (such as brain homogenate 

[36]) or negative control (tissue known to not express nAChRα7) to rigorously decipher 

the relative expression of nAChRα7. An interesting experiment that would have 

strengthened their findings would be to perform the same experiment with HSCs from 

wild type (WT) mice and mice lacking nAChRα7. If they had observed that WT HSCs 

had positive staining for the FITC-abgt, but the mutant HSCs did not, this would more 

unequivocally have supported their conclusion that HSCs express nAChRα7. 

 

Do Other Hematopoietic Cells Express nAChRs? 

In a separate study, St-Pierre et al. took a different approach to address this same 

question: Do hematopoietic cells express nAChRs [36]? They used freshly isolated 

murine WBM cells and brain tissue (as a positive control) to perform RT-PCR for the 

several different subunits of nAChRs. Using this method, they determined that 

nAChRα9 and  

nAChRβ2 mRNAs were expressed by nearly all bone marrow cells, while nAChRα7 

was expressed only in CD34+ progenitors, monocytes, and B cells. They concluded 

that long-term HSCs do not actually express the α7 or α9 nAChR subunits, but 

progenitors and some mature blood cells do. However, one important thing to note 

about these findings is that they were unable to detect these subunits using qRT-PCR 

as the detection levels were below threshold at 35 cycles. For this reason, they 

performed nested RT-PCR instead and observed that nAChR mRNA expression was 

highly variable across hematopoietic populations. Since mRNA expression does not 

always result in protein expression, they also investigated whether nicotine could 
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modulate bone marrow-derived myeloid cell numbers via nAChRα7 and nAChRα9 by 

performing in vitro and in vivo experiments using WT, nAChRα7 knockout (KO), and 

nAChRα9 KO mice. Interestingly, their in vitro and in vivo experiments provided 

contradictory results. In vitro, nicotine reduced total numbers of bone marrow-derived 

monocytes (BMDMs) in WT mice, but not in the two mutant mice. However, in their 

in vivo model, nicotine had a protective effect on BMDMs. It is important to note that 

these in vitro and in vivo experiments lacked a nicotine-only control group. A more 

convincing and straightforward experiment would have been to do a systematic side-

by-side comparison of the effects on nicotine on BMDMs in vitro and in vivo in all 3 

models (WT, nAChRα7 KO, and nAChRα9 KO) with nicotine only versus control. 

Overall, the evidence for robust and functional cell surface expression of nAChR 

subunits on HSCs and other hematopoietic subsets is not unequivocally convincing. A 

more direct and definitive approach to determine this would be to purify various 

hematopoietic cell populations from the murine bone marrow, and test expression by 

flow cytometry or immunohistochemistry using antibodies specific to each nAChR 

subunit, with the corresponding cells from gene deletion models serving as controls. If 

HSCs and mature immune cells do in fact express nAChR subunits on the membrane, 

it could be assumed that they would directly respond to nicotine, at least in part, via 

binding of the nAChRs expressed. Additionally, in vitro exposure of HSCs and/or their 

mature immune cell progeny to nicotine-containing media may provide more concrete 

evidence as to whether nicotine can directly affect these cells, and specifically which 
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ones. At present, a more thorough investigation of the direct effects of nicotine on 

hematopoietic cell types is needed. 

 

Does Nicotine Affect Hematopoiesis via an Altered Inflammatory State? 

As an alternative to nicotine affecting hematopoiesis through binding nAChRs on 

hematopoietic cells and/or their progeny, nicotine may potentially affect hematopoiesis 

indirectly via inflammatory cues (Figure 2). Nicotine is known to induce the release of 

several inflammatory-mediating cytokines including TNFα, IL-6, IL-1, and others 

which are also known to play important roles in hematopoietic cell development and 

homeostasis [30,37–41]. While hematopoietic cells are known to be the source for 

some of these inflammatory mediators, other cell types may also contribute to altered 

inflammation, including epithelial cells [42]. In this scenario, one might hypothesize 

that nicotine acts on non-hematopoietic cells that do express nAChRs, and once the 

nAChR signaling cascade is initiated in these cell types, the cells undergo molecular 

changes to respond to the stimulus and can send informative cues (cytokines) to 

neighboring cell types or into circulation to reach distant tissues and elicit cellular 

responses [43]. There are several cell types that are known to respond directly to 

nicotine, including muscle cells and neurons. The vagus nerve is a complex network of 

neurons that connects the brain with the rest of the organs in the body. It has been 

recently demonstrated that the vagus nerve, in addition to controlling heart rate, stress, 

and hormone secretion [44], also acts as an immunomodulator [45]. Coincidentally, 

acetylcholine is the main neurotransmitter of the vagus nerve, and controls immune cell 

function via the nAChRα7 subunit. Nicotine, which has a similar structure to 
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acetylcholine, potentially binds to nAChRs to activate the release of inflammatory-

mediating cytokines as a form of communication with surrounding organs (Figure 2). 

Hematopoietic cells (both HSCs and mature immune cells) are known to express 

receptors for many cytokines [46] and, although they may not be able to directly 

respond to nicotine, they can therefore undoubtedly respond to many inflammatory 

cues. 

Nicotine leading to an altered inflammatory state has been supported by several 

studies [40,47–51]. In rodents, it has been demonstrated that nicotine exposure 

increases the release of pro-inflammatory cytokines. Since ~10% of pregnant women 

continue smoking during gestation [52], many studies have focused on understanding 

the effects of in utero nicotine exposure. Similar to data from adults, nicotine is also 

able to induce inflammation in a developing rodent fetus. Mohsenzadeh et al. exposed 

pregnant rats to nicotine and measured the serum of their pups after birth to determine 

concentrations of several inflammatory-mediating cytokines [53]. They found that hs-

CRP, IL-6, and TNFα were all elevated in the nicotine-exposed pups compared to their 

control counterparts. They concluded that in utero nicotine exposure induces a dose-

dependent increase in inflammatory-mediating cytokines. Similarly, Orellana et al. 

observed significantly elevated serum levels of IL-1β and TNFα in the offspring of 

nicotine-exposed mice [54]. Additionally,  day 8.5 mouse embryos exposed to nicotine 

developed abnormalities and showed increased inflammation by elevated expression 

of TNFα, IL-1β, and caspase 3 [55]. Another study aimed to determine the effects of in 

utero nicotine exposure found an increased risk for intrauterine infection and altered 
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inflammatory profile of fetal tissues in rodents [39]. In this study, they measured 

cytokines from placental tissue and amniotic fluid from nicotine-exposed pregnant 

dams. Interestingly, they observed that nicotine exposure did not significantly increase 

TNFα in either tissue. IFNγ was significantly elevated in placental tissue, but 

significantly decreased in the amniotic fluid of nicotine-exposed fetuses. IL-6, which 

was unchanged in the nicotine-exposed placental tissues, was significantly increased in 

amniotic fluid. They concluded that these altered inflammatory mediators were the 

cause of increased infection susceptibility of the fetus of nicotine-exposed dams. It 

should be noted that the different outcomes of these studies could be attributed to 

several factors, including the mode and amount of exposure to nicotine, analysis of 

different tissues (fetal blood versus placenta/amniotic fluid), and time of tissue 

collection (newborn rats versus gestational day 18). These studies also only probed a 

few cytokines and did not investigate the underlying mechanism of altered 

inflammation. 

Overall, these studies indicate that the exposure of pregnant females to nicotine 

can lead to an altered inflammatory environment during gestation, which may have 

important consequences on fetal hematopoiesis [27,56,57]. Moreover, it is yet 

unknown whether this is caused directly by nicotine in the fetal environment or by 

passage of maternal nicotine-induced inflammatory cytokines to the fetus during 

development. To understand the mechanism of altered inflammation in nicotine-

exposed pups, it would be necessary to identify the cells to which nicotine is binding 

and initiating signaling, and then determining if those cells are the sole source of 
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cytokines or if they work in concert with other cells to elicit an immune response. 

Although we know that nicotine can cross the placenta and accumulates in the fetal 

blood and in the breast milk [58–62], it remains unclear whether these significant fetal 

and neonatal exposures lead to direct changes in the fetal hematopoietic compartment. 

It is also unknown whether nicotine leads to transient or persisting alterations in 

developmental hematopoiesis. 

 

Conclusions 

Persisting alterations to hematopoiesis as a mechanism of disease susceptibility 

Although it is widely agreed that nicotine is extremely toxic, the mechanism of altered 

immunity of nicotine-exposed individuals remains a topic of intense investigation. The 

emergence of e-cigarettes as alternatives to traditional tobacco products has prompted 

a new wave of health concerns and a need for scientific research into the effects of their 

toxic components on human health. Nicotine is highly addictive and found in almost 

all present-day tobacco products, new and old, and therefore serves as a logical starting 

point of investigation of the toxic effects of tobacco product use on human health. 

Decades of research have demonstrated that children of smoking mothers have 

diminished health [63–65], yet the mechanism of altered disease susceptibility remains 

unclear. As the hematopoietic system is the focal point of immunity and health, the 

effects of nicotine on hematopoietic cell types warrant further investigation. Nicotine 

potentially directly affects hematopoietic cells, including HSCs, via binding their 

nAChRs. Direct action on HSCs is consistent with the increase in HSC numbers and 

detection of nAChRα7 expression on the surface of HSCs [11]. Alternatively, nicotine 
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may indirectly affect hematopoietic cell types, by binding nAChRs on other cell types 

(likely epithelial, neuronal, muscular cells) that then secrete cytokines to induce 

inflammation. A third possibility is that nicotine affects hematopoiesis both directly 

and indirectly, leading to feedback loops that perpetuate inflammation. In order to 

advance our understanding of the effects of nicotine on hematopoietic cell types and 

immunity, thorough investigation into these possible mechanisms is needed. 

Experiments with genetic deletion or gain-of-function models, possibly facilitated by 

the many rapidly emerging CRISPR technologies [66,67], should enable unequivocal 

new results. Exciting approaches to move the field forward are increasingly feasible. 

For example, the effect of nicotine on mature immune cell subsets could be assessed at 

high resolution by single-cell RNA sequencing, possibly revealing alterations of 

activation genes in T cells. Analogously, ATAC-seq, of bulk or single cells [68,69], 

could be implemented to test the hypothesis that fetal and/or adult HSCs have altered 

functional output in response to nicotine due to lasting epigenetic changes. The 

discovery of drHSCs [23] and improved characterization of non-traditional immune 

cells [72–75] opens new and intriguing avenues of exploration. Together with a 

systematic investigation of the direct and indirect effects of nicotine on hematopoiesis, 

these strategies will provide insights needed to understand and mitigate damage to its 

exposure. 
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Figures 

 

Figure 3.1 

The hematopoietic hierarchy and sources of potential long-term impacts following 

nicotine exposure: (a) Hematopoiesis is the process of generating all mature blood and 

immune cells from hematopoietic stem cells (HSCs). This process occurs in a well-

defined hierarchy during adult steadystate hematopoiesis, as depicted in this simplified 

tree structure. HSCs differentiate into multipotent progenitors, and then either common 

myeloid progenitors (CMPs) or common lymphoid progenitors (CLPs), before 

terminally differentiating into mature blood and immune cells of either myeloid or 

lymphoid classification. HSCs are unique in their ability to both self-renew as well as 

differentiate into all of these progenitors and mature cells; (b) During fetal 

hematopoiesis, distinct waves of hematopoietic stem and progenitors (HSPCs) exist 

throughout development and adulthood. Many of the progenitors that exist during early 

fetal development are non-self-renewing but can give rise to self-renewing progeny 

such as “non-traditional” tissue-resident immune cells. Subsequently and during adult 

steady-state, hematopoiesis is sustained by self-renewing progenitors (HSCs) that give 

rise to non-self-renewing, short-lived progeny such as “traditional” circulating RBCs 

and WBCs. Nicotine exposure may influence life-long immunity by two potential 

mechanisms: (1) nicotine causes changes or persistence in HSPCs which results in 

altered hematopoietic output for life, or (2) nicotine causes a change in the long-lived 

immune cells during their establishment which alters immunity later in life. These 

mechanisms are not mutually exclusive and a combination of both could lead to altered 

hematopoiesis and altered immunity for life. Adapted from Cool and Forsberg, 2019 

[20]. 
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Figure 3.2 

Potential mechanisms of altered hematopoiesis and immunity for life following 

nicotine exposure: (a) Nicotine directly influences the hematopoietic compartment. 

Nicotine binds to nicotinic acetyl choline receptors (nAChRs) expressed by 

hematopoietic stem cells or other mature hematopoietic cell types. These cells then 

undergo molecular changes which lead to proliferation, apoptosis, differentiation, 

and/or activation; (b) Nicotine indirectly influences the hematopoietic compartment. 

Nicotine binds to nicotinic-acetyl choline receptors (nAChRs) expressed by non-

hematopoietic cells. These cells undergo molecular changes that then lead to release of 

inflammatory-mediating cytokines. Cytokines released by the non-hematopoietic cells 

bind to receptors on hematopoietic cell types. Hematopoietic cells then undergo 

molecular changes in response to the cytokines (directly) and nicotine (indirectly) 

which leads to proliferation, apoptosis, differentiation, and/or activation. 
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Chapter 4.   

In Utero Nicotine Exposure Leads to Persistent Changes in Hematopoietic 

Function and Maintenance  

 

Abstract 

Tobacco use during pregnancy has many deleterious health consequences on not only 

the smoking mother, but on the unborn fetus. Children of smoking mothers are known 

to have increased susceptibility to respiratory diseases later in life. The mechanisms 

driving this increased susceptibility are not clearly understood. One potential source of 

disease susceptibility is an altered immune system, which is derived from 

Hematopoietic Stem and Progenitor Cells (HSPCs). Here, we report that nicotine, one 

of the main toxic compounds found in traditional and new tobacco products, has a 

deleterious effect on hematopoietic output and function. In utero nicotine exposure 

results in permanent changes within the HSPC compartment thus leading to inadequate 

immune responses to pathogens later in life. 

 

Introduction  

An emerging market of products that have become a focal point of research efforts is 

electronic cigarettes. Albeit advertised as a “safer” alternative to traditional cigarettes, 

these products contain many toxic compounds including nicotine, which is known for 

its addictive properties. According to the National Institute of Health (NIH), in 2021, 

4.6% mothers in the United States smoked during pregnancy. Although this percentage 
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has declined since 2016, is it still a considerable amount given smoking during 

pregnancy is an established risk factor for adverse outcomes and severe health issues 

for the children1–4. Children of smoking mothers are known to have increased 

susceptibility to many diseases, especially diseases of the airways and lungs, including 

asthma, chronic obstructive pulmonary disease, and increased respiratory infections 

later in life5. However, what causes this increased disease susceptibility is poorly 

understood; the cellular and molecular mechanisms of altered health outcomes in 

children of smoking mothers remain not well investigated. It has been hypothesized 

that perinatal exposure to environmental toxins, such as nicotine, affects immune cell 

establishment and function leading to long lasting consequences. Nicotine is nicotinic 

receptor agonist and its binding triggers cellular responses such as proliferation, 

apoptosis, and differentiation. Additionally, nicotine is known to cause inflammation6,7 

which can lead to permanent alterations in fetal immunity and later in life8,9. 

 

The immune system is established through developmental immune layering, a complex 

orchestration of waves of unique hematopoietic stem and progenitor cells (HSPCs) that 

give rise to developmentally distinct subsets of immune cells10. This process comprises 

non-self-renewing progenitors that generate long-lived self-renewing mature cells, 

such as tissue-resident cells. The extent to which these fetal-derived immune cells 

persist and contribute to adult immunity, as well as whether these cells or their 

progenitor source may alter disease susceptibility for life, remains unclear. 

Additionally, there are self-renewing progenitors, such as traditional HSCs, that give 
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rise to non-self-renewing progeny. Several perinatally-established subsets of white 

blood cells (WBCs), including tissue-resident macrophages and innate-like lymphoid 

cells, have been implicated as modulators of inflammation across tissues. Therefore, 

they present interesting points of interrogation for the link between early life 

environmental exposures and elevated inflammation. In utero exposure to pathogens 

and toxicants coincides with developmental waves that generate long-lasting immune 

cells, which is one potential mechanism of altered life-long immunity in the children 

of smoking mothers. 

 

Here, we implemented an in vivo exposure model to investigate how perinatal nicotine 

exposure (PNE) alters hematopoietic establishment and life-long function in the 

offspring. PNE causes a persistent decrease in HSPCs and alters the establishment of 

fetally-derived non-traditional immune cells in the lungs of mice. Additionally, PNE 

led to persistent altered hematopoietic function in a secondary insult model. Together, 

these experiments demonstrate that in utero nicotine exposure has deleterious 

consequences on hematopoietic establishment and function for life. 

 

Results 

Perinatal nicotine exposure alters seeding of HSCs by affecting the fetal liver niche 

To determine how PNE affects hematopoiesis, we administered pregnant dams nicotine 

(100ug/ml11) in sucrose solution ad libitum via drinking water for the entirety of the 

gestation and nursing period (Figure 1A). Then, we analyzed the offspring at postnatal 
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day 0 (P0) to determine whether PNE nicotine exposure had any effects on the number 

of HSCs in the two major hematopoietic compartments at this timepoint, the liver and 

the bone marrow. We observed a decrease in the total number of cells in the liver 

(Supplementary Figure 1B), but more importantly the number of HSCs was 

significantly decreased in the liver of nicotine-exposed P0 pups compared to control 

pups (Figure 1B, Supplementary Figure 1A) suggesting either HSC exhaustion or 

niche-induced migration outside of the liver. Meanwhile, the number of HSCs seeded 

in the bone marrow was significantly increased in nicotine-exposed pups compared to 

controls (Figure 1C) but this increase in cell number did not fully account for the 

decreased HSC number in the liver of these pups as the total HSC number in the P0 

pups was still significantly reduced in the nicotine group (Supplementary Figure 1C). 

Moreover, the cell cycle profile of liver HSCs (Figure 1D) and BM HSCs 

(Supplementary Figure 1D) remained unaltered excluding HSC exhaustion at this time 

point. We also did not detect any expression of the nicotinic receptor α7 (nAChRα7), 

which was previously reported to be expressed on hematopoietic cells12, in HSCs from 

either control or nicotine-exposed P0 pups but detected expression in whole liver tissue 

from P0 pups both from control and nicotine-exposed (Supplementary Figure 1E), 

suggesting that nicotine might interact with the niche instead of directly affecting 

HSCs. Thus, we investigated whether PNE affected the liver microenvironment by 

collecting serum from the liver of these P0 pups and measuring an array of cytokines 

and chemokines secreted within the liver niche by a multiplex ELISA (Figure 1E). 

These data were normalized to the total protein concentration of each liver 
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(Supplementary Figure 1F). While the levels of some pro-inflammatory cytokines such 

as IL-1β, IL-6, and IFNβ remained surprisingly unaffected (Figure 1H), other 

molecules previously shown to be affected by nicotine or cigarette smoke followed 

similar patterns in this screen, such as TIMP-113,14, TNFα15,16, and MCP-117 being 

significantly lower (Figure 1F), and MIG (CXCL9)18 being significantly higher in 

nicotine-exposed pups compared to controls (Figure 1G). These changes in cytokine 

expression suggest that PNE can shape the fetal liver niche by remodeling the 

extracellular matrix19, altering the localization, proliferation, and maturation of 

endothelial cells and other hematopoietic cells, and can also alter HSC migration and 

retention in the fetal liver20. This data suggests that nicotine-induced changes in the 

post-natal liver microenvironment can alter the HSC pool potentially leading to 

permanent alterations of the hematopoietic system. 

 

Perinatal nicotine exposure permanently reduces numbers of HSPCs in the bone 

marrow 

To determine if changes within the HSC compartment of nicotine exposed P0 pups 

(Figure 1) persisted during later time points, we further analyzed the offspring from the 

same PNE set up at post-natal day 14 (P14) and at 8-12 weeks (adulthood) (Figure 2A). 

We analyzed the bone marrow as it is the main hematopoietic organ at these time points. 

First, we observed no differences between the weight of control and nicotine-exposed 

P14 pups (Figure 2B), suggesting that the offspring were feeding and developing 

properly. Interestingly, at P14, the number of bone marrow HSCs (Figure 2C) remained 
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significantly lower in the nicotine-exposed pups and this decrease in cell number was 

reflected in other hematopoietic progenitor populations, namely multipotent 

progenitors (MPPs; Figure 2D) and myeloid progenitors (MyPros; Figure 2E), which 

can be phenotypically subdivided into common myeloid progenitors (CMPs), 

granulocyte-monocyte progenitors (GMPs), and megakaryocytic-erythroid progenitors 

(MEPs) (Supplementary Figure 2B-D). This was not due to an overall decrease in 

cellularity in the bone marrow of nicotine-exposed pups (Supplementary Figure 2A) 

and, similar to the P0 time point, we did not observe any changes in cycling of HSCs 

at P14 (Figure 2F). Then, we analyzed the bone marrow composition of adult offspring 

that had been exposed to nicotine in utero. Interestingly, we observed that at this time 

point there were no differences in the number of HSCs between control and nicotine-

exposed mice (Figure 2G). However, similar to the P14 timepoint, the number of MPPs 

(Figure 2H) and MyPros (Figure 2I), primarily GMPs and MEPs (Supplementary 

Figure 2E-G), remained significantly lower in nicotine-exposed mice. A similar effect 

was previously observed upon chronic inhalation of E-cigarette smoke in mice21. These 

phenotypes were not concordant to what we observed when adult (8-12 weeks) mice 

were administered nicotine (100ug/ml11) in sucrose solution ad libitum via drinking 

water for ~8 weeks (Supplementary Figure 2H). As previously reported by others12,22, 

we observed a significant increase in the number of HSCs in the bone marrow of 

nicotine-treated mice (Supplementary Figure 2J) along with a significant increase in 

white blood cell (WBC) counts (Supplementary Figure 2M). Meanwhile, MPPs and 

MyPros remained unaffected by nicotine treatment (Supplementary Figure 2K-L). 
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Taken together this data suggests that the developmental age during which mice are 

exposed to nicotine differentially affects hematopoiesis. 

 

Perinatal nicotine exposure does not affect mature cell numbers in the peripheral blood 

To determine if the changes observed within the bone marrow HSPC compartment of 

P14 and 8-12 weeks old adult offspring that had been exposed to nicotine in utero 

(Figure 2) was reflected in the composition of more “traditional” mature populations, 

we analyzed the peripheral blood of these mice (Figure 3). Interestingly, although PNE 

lead to altered bone marrow HSPC numbers, we observed no differences in cell number 

of GMs (Figure 3A), B cells (Figure 3B), T cell (Figure 3C), RBCs (Figure 3D), and 

platelets (Figure 3E) of P14 pups. Similarly, we observed no differences in cell 

numbers in the peripheral blood of adult offspring of nicotine-exposed mothers (Figure 

3F-J). Potentially, decreased numbers within the hematopoietic stem and progenitor 

compartments in the bone marrow of nicotine-exposed offspring result from enhanced 

differentiation to sustain mature blood cell number and function in the peripheral blood.  

 

PNE leads to persistent decrease in non-traditional immune cell numbers in the lungs 

of exposed mice 

As smoking during pregnancy has been associated with higher susceptibility in the 

offspring for respiratory diseases, we wanted to determine if PNE resulted in persistent 

changes in establishment of non-traditional, or fetally-derived, immune cell 

populations. Thus, we analyzed the lungs of pups born from nicotine-exposed mothers 
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(Figure 4). By examining the lungs, we were able to simultaneously compare traditional 

and non-traditional immune cell populations. Surprisingly, although we observed a 

transient trend towards a burst in the generation of T cells in P14 animals (Figure 3B), 

we observed no differences in cell numbers of CD4+ T cells (Figure 4F) and CD8+ T 

cells (Figure 4G). However, while the number of adult-derived TCRβ T cells (Figure 

4H) was unaltered, the lungs of PNE adult offspring had significantly fewer TCRγδ T 

cells (Figure 4I), a subset of T cells that are considered fetally derived. These data 

suggests that in utero nicotine exposure primarily affects the establishment of non-

traditional immune cell types which are fetally derived and persist throughout life 

without contributions from adult HSCs. 

 

PNE exacerbates immune response with secondary insult  

Having demonstrated that PNE transiently altered the number of phenotypic HSCs 

(Figure 1-2), we wanted to determine how adult mice that had been perinatally exposed 

to nicotine would respond to a secondary insult model. To test this, we infected the 

PNE adult offspring exposed with a single high dose of lipopolysaccharide (LPS) and 

analyzed their bone marrow and blood compartments 16 hours after injection (Figure 

5A). The expected bone marrow HSPC composition of these PNE adult offspring was 

shown in Figure 2G-I. Generally, the peripheral blood is composed of ~75% B and T 

cells and ~25% GMs (Supplementary Figure 3A) but upon LPS exposed, there is a 

significantly increased proportion of the GM pool, making up most of the nucleated 

cells in the blood (Figure 5B). Here, we observed a significant increase in the 
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proportion of GMs in the peripheral blood of mice that were exposed to both nicotine 

perinatally and LPS in adulthood, compare to mice that were only exposed to LPS in 

adulthood (Figure 5B). As expected, we observed a significant expansion of the bone 

HSC pool and a significant depletion of MyPros in response to LPS (Supplementary 

Figure 3B-D). These responses to LPS seem to be independent of previous nicotine 

exposure. In fact, there were no differences in the response to LPS between the control 

mice exposed to LPS only and PNE mice exposed to LPS for HSCs (Figure 5B), MPPs 

(Figure 5C), and MyPros (Figure 5D). Taken together, these data indicate that perinatal 

nicotine exposure slightly exacerbates emergency myelopoiesis in response to LPS but 

does not cause any major alteration within the HSPC compartment. Finally, we also 

transplanted 1 million whole bone marrow cells from control, nicotine-exposed, LPS 

only and nicotine +LPS mice into sub-lethally irradiated mice to further determine any 

effects on the functionality of HSCs. We observed reduced chimerism over time in all 

groups except for the control group (where the donor was unexposed, untreated cells) 

(Figure 5F). Most of the mice from the nicotine only, LPS only, and nicotine +LPS 

groups did not sustain donor chimerism long-term (Figure 5F-G) suggesting that both 

PNE and LPS led to reduced engraftment and repopulation potential of HSCs. 

 

Discussion 

The prevalence of smoking during pregnancy in the United States is a significant 

concern, with approximately 5% of mothers engaging in this behavior1-4. Studying the 

specific risks associated with perinatal nicotine exposure is necessary in addressing 
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potential life-long health implications for the offspring. While the impact of 

inflammatory stimuli on adult hematopoietic stem cells is well-documented (Essers 

2009, Pietras 2014, Haas 2015), our understanding of the effects of in utero exposure 

to toxic compounds on the establishment of the hematopoietic and immune system in 

mice remains limited. 

To shed light on this, our investigation strategically focused on isolating the effects of 

nicotine alone, distinct from the diverse toxicants present in tobacco products. We 

observed a significant decrease in neonatal hematopoietic stem cells (HSCs) in PNE 

offspring, likely due to alterations in the hematopoietic niche leading to decreased HSC 

homing in the neonatal liver and/or increased mobilization. Although this HSC deficit 

normalized by adulthood, a persistent reduction in hematopoietic progenitors was 

observed, underscoring the enduring impact of perinatal nicotine exposure. 

Interestingly, despite these changes, mature cell production in the peripheral blood of 

adult PNE offspring exhibited no significant alterations. This underscores the critical 

role of hematopoietic progenitors in maintaining proper hematopoietic functions, even 

when mature cell levels appear unchanged.  

Motivated by these findings, we hypothesized that mice exposed to nicotine in utero 

would exhibit an aberrant response to infection in adulthood. However, when subjected 

to a high-dose lipopolysaccharide (LPS) treatment, the immune response in these mice, 

while increased, did not reach the anticipated magnitude. This discrepancy may stem 

from the inherently robust reaction that healthy mice exhibit to LPS, characterized by 

acute and systemic immune activation. This observation suggests that the impact of in 
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utero nicotine exposure might be underscored by the already pronounced reactivity to 

immune stimuli. Our data prompts further exploration into the nuanced ways perinatal 

nicotine exposure may shape immune responses later in life.  

Having observed a notable impact on the establishment of immune cells in the lungs of 

mice exposed to nicotine in utero, particularly in the context of non-traditional fetally-

derived immune cells, we decided to investigate the potential ramifications during a 

local inflammatory challenge induced by influenza, leading to a viral respiratory tract 

infection. Given the previously established link between cigarette smoking and 

increased susceptibility to respiratory infections in humans (citation). we hypothesize 

that adult mice with a history of in utero nicotine exposure will exhibit an exaggerated 

response to influenza virus resulting in increased disease severity and adverse 

outcomes. 

Understanding the mechanisms behind the transient HSC deficit, as well as exploring 

the clinical implications of persistent changes in hematopoietic progenitors and mature 

cell function, provides valuable insights into the lifelong impact of perinatal nicotine 

exposure. 

 

Methods 

Mice 

All animals were housed and bred in the AALAC accredited vivarium at UC Santa 

Cruz and group housed in ventilated cages on a standard 12:12 light cycle. All 

procedures were approved by the UCSC or the UC Merced Institutional Animal Care 
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and Use (IACUC) committees. WT C57Bl/6 mice were used for controls and for all 

expression experiments. Male and female mice were used equally and without sex 

discrimination for all experiments. Mice were fed normal chow diet and given nicotine 

solution (100µg/ml nicotine and 5% sucrose, diluted in water11) ad libitum. Mice were 

sacrificed at post-natal day 0 (P0), post-natal day 14 (P14), or adulthood (8-12 weeks 

of age). Recipients for transplantation assays were adult mice (8-12 weeks of age) 

irradiated at 500rads prior to transplantation of whole bone marrow cells from donor 

mice. For LPS exposure, adult mice (8-12 weeks) were administered a single 

intraperitoneal injection of 35µg of LPS. They were sacrificed for analysis ~16 hours 

post injection.  

 

Tissue and cell isolation 

Mice were sacrificed by CO2 inhalation. Neonatal livers were harvested and 

homogenized using mortar and pestle before filtering through a 70µm filter. Lungs 

were harvested and treated with 1X PBS (+/+) with 2% fetal bovine serum (WVR) and 

2mg/ml Collagenase IV (Gibco) and 100U/ml DNaseI (Sigma)for 1 hour at 37C. 

Following incubation, tissue was passed through a 16g needle followed by 9g needle 

(approximately 10 times each) and then filtered through a 70µm filter. For all BM 

HSPC analysis, both long bones (tibia and femur) were pulled, crushed in 1X PBS 

supplemented with 5 mM EDTA with 2% fetal bovine serumserum, and single cell 

suspensions were filtered through a 70µm filter. Peripheral blood was analyzed by tail 
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bleeds for transplantation experiments and taken from the femoral artery at sacrifice 

for terminal analysis.  

 

Cytokine analysis 

Livers were extracted from P0 pups, weighed, and then homogenized in 200µl of PBS 

without calcium and magnesium to collect serum. After a 10-minute centrifugation at 

room temperature, 180µl of supernatant were transferred to a new tube, incubated at 

room temperature for 30 minutes (to allow clotting), centrifuged, and finally 75µl of 

the supernatant was sent to Eve’s Technologies for “Mouse Cytokine/Chemokine 44-

Plex Discovery Assay Array”. Concentrations of these cytokines/chemokines in the 

liver serum was normalized to total protein concentrations. 

 

Flow cytometry 

Single cell suspensions were then stained with monoclonal anti-mouse antibodies on 

ice in the dark for 20 minutes and acquired using a FACSAria or an LSRII flow 

cytometer (BD Biosciences, San Jose, CA) at the University of California-Santa Cruz, 

as described previously23–31. Cell populations were defined by the following cell 

surface markers: P0 HSC (Live, CD3-CD4-CD5-CD8-B220-Gr1-Ter119-

cKit+Sca1+Flk2-SLAM+); P14 and adult HSCs (Live, CD3-CD4-CD5-CD8-B220-

Gr1-Mac1-Ter119-cKit+Sca1+Flk2-SLAM+); MPP (Live, CD3-CD4-CD5-CD8-

B220-Gr1-Mac1-Ter119-cKit+Sca1+Flk2+SLAM-); MyPro (Live, CD3-CD4-CD5-

CD8-B220-Gr1-Mac1-Ter119-cKit+Sca1-); CMP (Live, CD3-CD4-CD5-CD8-B220-
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Gr1-Mac1-Ter119-cKit+Sca1-FCgRmidCD34+); GMP (Live, CD3-CD4-CD5-CD8-

B220-Gr1-Mac1-Ter119-cKit+Sca1-FCgR+CD34+); MEP (Live, CD3-CD4-CD5-

CD8-B220-Gr1-Mac1-Ter119-cKit+Sca1-FCgR-CD34-); GM (Live, Ter119-CD61-

B220-CD3-Mac1+Gr1+), B cells (Live, Ter119-CD61- Mac1-Gr1-B220+CD3-), T 

cells (Live, Ter119-CD61-Mac1-Gr1-B220-CD3+), RBC (Live, CD61-B220-CD3-

Ter119+),platelets (Live, CD61+B220-CD3-Ter119-); Data was analyzed with 

FlowJo. 

 

Cell cycle analysis 

Single cell suspension from P0 neonatal liver and P14 BM were first stained with 

lineage markers (Ter119, Gr1, B220, CD3, CD4, CD5, CD8) and HSPC markers (cKit, 

Sca1, SLAM, Flk2), then fixed, permeabilized with 4% PFA, treated with RNAase A 

(ThermoFisher), and stained with DAPI for cell cycle analysis by flow cytometry. 

 

qPCR of nAChRa7 

For whole tissue samples, total RNA was isolated, crushed brain and liver with a 

Direct-zol RNA MiniPrep kit (Zymo Research). For sorted cells, RNA was isolated 

from twenty thousand purified fetal liver HSCs using Trizol (Life Technologies) and a 

DNase treatment step. Complementary DNA (cDNA) was synthesized using the High 

Capacity cDNA Reverse Transcription Kit (Thermo Fisher). Quantitative PCR was 

performed using a Viia 7 Real-Time PCR (Applied Biosystems). Fold expression 

relative to the reference gene (GAPDH) was calculated using the comparative CT 
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method (ΔΔCT) and the values were normalized to the positive control (brain 

tissue).  The primers used included: GAPDH - Forward: 5’-

TGTGTCCGTCGTGGATCTGA-3’; GAPDH - Reverse: 5’-

CCTGCTTCACCACCTTCTTGA-3’; nAChRa7 - Forward: 5’-

TTGTGCTGCGATATCACCAC-3’; nAChRa7 - Reverse: 

5’TTCATGCGCAGAAACCATGC-3’.  

 

Transplantation assays 

Transplantation assays were performed as previously described24,24,27–32. 1x106 whole 

bone marrow cells from control, PNE only, LPS only, and PNE +LPS mice were 

transplanted into sub-lethally irradiated (500rads) mice. Retro-orbital transplantations 

were performed under isoflurane-induced short-term general anesthesia. Recipient 

mice were bled at 4, 8, 12 and 16-weeks post-transplantation via the tail vein and 

peripheral blood was analyzed for donor chimerism by means of fluorescence profiles 

and antibodies to lineage markers.  

 

Quantification and statistical analysis 

Unpaired two-tailed Student’s t-tests and one-way ANOVAs adjusted for multiple 

comparisons 

with Tukey or Dunnett’s post-hoc tests were used to assess statistical significance for 

comparisons of different groups, as appropriate. The sample size (n), number of 

independent experiments (N), and p values are provided for each experiment in the 
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respective figure legend. All data are shown as mean ±S.E.M unless states otherwise. 

Outlier analysis tests were performed and data points were removed subsequently as 

appropriate. 
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Figures 

 

Figure 4.1. Perinatal nicotine exposure alters HSC number and liver niche in 

newborn pups 

A) Experimental set up of PNE. B) Absolute cell counts of liver HSCs from control 

(dark gray bars, n=13) or nicotine-exposed (light gray bars, n=12) post-natal day 0 (P0) 

pups; **P<0.01 (Student’s t-test); N=3 independent experiments. C) Absolute cell 

counts of bone marrow (BM) HSCs from control (n=9) or nicotine-exposed (n=10) P0 

pups. ****P<0.001 (Student’s t-test); N=3 independent experiments. D) Cell cycle 

status of liver HSCs from control (n=6) or nicotine-exposed (n=6) P0 pups; N=2 

independent experiments. E) Heat-map representation of concentration for 35 
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cytokines/chemokines arrayed in liver serum from control (n=5) or nicotine-exposed 

(n=6) P0 pups. Concentrations were scaled and normalized within groups for each 

cytokine (shown as blue=low and red=high); the actual concentrations are shown in F-

H. Concentrations of cytokines/chemokines that were significantly lower (F), higher 

(G), or unchanged (H) in liver serum from nicotine-exposed pups compared to control. 

NS, not significant; *P<0.05, **P<0.01, ***P<0.005 (Student’s t-test). All errors bars 

represent SEM; each dot represents an individual animal.
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Figure 4.2. Perinatal nicotine exposure permanently reduced BM HSC numbers. 

A) Experimental set up of PNE. B) Body weight of P14 pups from control (n=6) and 

nicotine-exposed groups (n=9); N=2 independent experiments. Absolute cell counts of 

BM HSCs (C), MPPs (D), and MyPros (E) from the same mice as (B). *P<0.05, 

**P<0.01, ***P<0.005 (Student’s t-test). F) Cell cycle status of P14 BM HSCs from 

control (n=6) or nicotine-exposed (n=6) P14 pups; N=2 independent experiments. 

Absolute cell counts of BM HSCs (C), MPPs (D), and MyPros (E) from from control 

(n=12) or nicotine-exposed (n=35) adult offspring; N=6 independent experiments. 

*P<0.05, **P<0.01 (Student’s t-test). All errors bars represent SEM; each dot 

represents an individual animal.
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Figure 4.3. Perinatal nicotine exposure does not affect traditional mature cell 

production. 

A-E) Quantification of absolute cell count per microliter of “traditional” mature cells 

in the peripheral blood of P14 pups from control (n=6) and nicotine-exposed groups 

(n=9); N=2 independent experiments. Absolute cell counts of GMs (A), B cells (B), T 

cells (C), RBCs (D), and platelets (E). F-J) Quantification of total numbers per 

microliter of “traditional” mature cells in the peripheral blood of adult offspring from 

control (n=7) and nicotine-exposed groups (n=18); N=5 independent experiments. 

Absolute cell counts of GMs (F), B cells (G), T cells (H), RBCs (I), and platelets (J). 

All errors bars represent SEM; each dot represents an individual animal.
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Figure 4.4. Perinatal nicotine exposure results in decreased non-traditional 

immune cells in the lungs. 

A-E) Quantification of total numbers of “traditional” and “non-traditional” mature 

immune cells in the lungs of P14 pups from control (n=6) and nicotine-exposed groups 

(n=9); N=2 independent experiments. Absolute cell counts of CD3+ CD4+ T cells (A), 

CD3+ CD8+ T cells (B), TCRγδ T cells (C), and TCRβ (D). F-J) Quantification of total 

numbers of “traditional” and “non-traditional” mature immune cells in the lungs of of 

adult offspring from control (n=5) and nicotine-exposed groups (n=12); N=2 

independent experiments. *P<0.05 0.01 (Student’s t-test). All errors bars represent 

SEM; each dot represents an individual animal.
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Figure 4.5. Perinatal nicotine exposure exacerbates emergency myelopoiesis in 

response to LPS. 

A) Experimental set up of LPS treatment. B) Proportion of GM, B, and T cells in the 

peripheral blood of LPS only (n=10) and PNE +LPS (n=12) groups; N=3 independent 

experiments. *P<0.05 (Student’s t-test). Absolute cell counts of BM HSCs (C), MPPs 

(D), and MyPros (E) from LPS only (n=9) and nicotine +LPS (n=11) groups; N=3 

independent experiments. All errors bars represent SEM; each dot represents an 

individual animal. F) GM donor chimerism over 16 weeks post transplantation of 1 

million whole bone marrow cells from control (n=3), nicotine only (n=6), LPS only 

(n=6), and nicotine +LPS (n=5) mice. Errors bars represent SD. G) GM donor 

chimerism at week 16 post transplantation showing individual mice from Figure 5F. 

Errors bars represent SD; each dot represents an individual animal.
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Figure 4.6. Supplementary Figure 1. 

A) Liver/BM HSC gating strategy used for Figure 1. Lineage stain includes: B220, 

CD3, CD4, CD5, CD8. B) Cell count by hemocytometer of control (n=5) and nicotine-

exposed (n=7) P0 mice. **P<0.01, ***P<0.005 (Student’s t-test); N=2 independent 

experiments. C) Total P0 HSC cell number from adding P0 liver and BM HSCs from 

Figure 1B-C. D) Cell cycle status of liver HSCs from control (n=6) or nicotine-exposed 

(n=6) P0 pups; N=2 independent experiments. E) qPCR of nAChRα7 from liver tissue 

or sorted liver HSCs from control and nicotine-exposed P0 pups. Expression levels 

were normalized to a positive control for nAChRα7 expression, whole brain 

homogenate. N.D., not detected. F) Total protein concentration (mg/ml) from liver 

serum from Figure 1E-H. All errors bars represent SEM; each dot represents an 

individual animal.
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Figure 4.7. Supplementary Figure 2. 

A) Absolute cell count of live, lineage negative cells in the bone marrow of control and 

nicotine-exposed P14 mice from Figure 2B-E. Absolute cell counts of CMPs (B), 

GMPs (C), and MEPs (D) within the MyPro cell fraction of control and nicotine-

exposed P14 mice shown in Figure 2E. **P<0.01 (Student’s t-test). Absolute cell 

counts of CMPs (E), GMPs (F), and MEPs (G) within the MyPro cell fraction of control 

and nicotine-exposed adult offspring shown in Figure 2I. **P<0.01 (Student’s t-test). 

H) Experimental set up of adult nicotine exposure. Absolute cell counts of bone marrow 

HSCs (I), MPPs (J), MyPros (K), and peripheral blood white blood cells (L) from 

control (n=8) and nicotine-exposed (n=10) adult mice; N=2 independent experiments. 

*P<0.05, **P<0.01 (Student’s t-test). All errors bars represent SEM; each dot 

represents an individual animal.
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Figure 4.8. Supplementary Figure 3. 

A) Proportion of GM, B, and T cells in the peripheral blood of adult offspring from 

control (n=7) and nicotine-exposed (n=11) groups; N=3 independent experiments. B) 

Absolute cell counts of BM HSCs (B), MPPs (C), and MyPros (D) from control (n=11) 

and LPS only (n=12) groups. **P<0.01, ****P<0.001 (Student’s t-test). Control mice 

are the same as Figure 2-4 and LPS mice are the same as Figure 5. All errors bars 

represent SEM; each dot represents an individual animal. 
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Chapter 5.   

From hematopoietic stem cells to platelets: unifying differentiation pathways 

identified by lineage tracing mouse models. 

 

Abstract 

Platelets are the terminal progeny of megakaryocytes, produced in the bone marrow, 

and play critical roles in blood homeostasis, clotting, and wound healing. Traditionally, 

megakaryocytes and platelets are thought to arise from multipotent hematopoietic stem 

cells (HSCs) via multiple, successive, lineage-restricting differentiation steps. 

However, this view has recently been challenged by studies suggesting that 1) some 

HSC clones are biased and/or restricted to the platelet lineage, 2) not all platelet 

generation follows the “canonical” megakaryocytic differentiation path of 

hematopoiesis, and 3) platelet output is the default program of steady-state 

hematopoiesis. Here, we investigate 1) the evidence on the route(s) of platelet 

formation by lineage tracing studies, 2) the involvement of various progenitor cell 

populations in this process, and 3) we highlight the challenges that will need to be 

overcome to determine the role and kinetics of these alternate pathways.  

 

Highlights  

• Lineage tracing reveals many potential avenues for platelet production during 

steady-state hematopoiesis 

• HSC heterogeneity is partially due to platelet-biased/primed clones 
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• Platelet-biased HSCs manifest, at steady-state, as ensuring continuous platelet 

production 

• Platelet generation may bypass traditional progenitors to allow for constant 

platelet production 

• There remains a need for specific lineage tracing tools for interrogation of 

megakaryopoiesis 

 

Introduction 

The product of the megakaryocytic lineage are platelets, a blood component absolutely 

required for life1,2. Platelets (thrombocytes) are short-lived, small, anucleate cell 

fragments that arise via budding and/or fragmentation of their parent cell, the large 

polyploid megakaryocyte. Primarily involved in hemostasis1,3, platelets also exhibit 

other functions related to immunity and cell communication depending on their local 

microenvironment (reviewed here3). The clinical relevance of platelets cannot be 

understated4-6 and as such, understanding the developmental pathway(s) leading to 

their formation may reveal therapeutic targets to prevent and/or correct adverse 

thrombotic events, such as venous thrombosis, thrombocytopenia, thrombocytosis, and 

ischemic stroke (reviewed here7-11). 

The mammalian adult bone marrow (BM) is host to the formation, maturation, and 

residence of megakaryocytes2. In classical models of hematopoiesis12,13 (Figure 1), 

platelets have long been described as arising via the successively lineage-restricting 

differentiation of hematopoietic stem cells (HSCs), which reside at the apex of the 
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hematopoietic hierarchy. HSCs differentiate into multipotent progenitor cells (MPPs), 

which no longer self-renew yet maintain multipotency14,15. Further developmental 

progression through the oligopotent common myeloid progenitor (CMP)16 occurs prior 

to the transition to the bipotent megakaryocyte-erythroid progenitor (MEP) before 

commitment to a unilineage megakaryocyte progenitor (MkP)17-19. After this stage, 

several maturation steps occur where the developing megakaryocyte undergoes 

molecular and cellular changes, including increasing in size and ploidy, before forming 

proplatelet extensions from which platelets bud off into blood circulation1,3. Platelet 

generation (megakaryopoiesis) is thought to largely parallel erythropoiesis (red blood 

cell/erythrocyte formation) due to this well-accepted model that positions both lineages 

immediately downstream of the bipotent MEP, necessitating shared progenitor 

populations for much of their differentiation17,20. However, as with other hematopoietic 

lineages, this traditionally accepted view of megakaryocytic specification is being 

contested21, both at steady-state and under stress, highlighting the need to specifically 

and accurately trace the cellular origin(s) of platelets in situ, undisturbed, and at the 

single-cell level.  

One powerful approach for studying platelet generation is lineage tracing, which is 

used to recreate partial or complete cellular lineage trees. First pioneered by Charles O. 

Whitman in 190522, the earliest instances of lineage tracing involved microinjection of 

dyes into cells and tracking their progeny23,24. Over the past century, this technique has 

adopted newer and more powerful technologies driven by the development of chimeric 

mice25, genetically driven fluorescent reporter-based systems26-28, cellular/DNA 
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barcoding29-31, CRISPR/Cas9 scarring32-39, identification and tracking of naturally 

occurring somatic mutations40-49, and complex combinatorial approaches integrating 

two or more of these systems50-54. Importantly, most modern approaches make use of a 

permanent mark in a parental cell (such as HSCs) that is inherited by all daughter cells 

and their progeny. Lineage tracing has been widely applied and incredibly impactful to 

understanding HSCs and hematopoiesis55, including seminal studies56-64 that revealed 

the functional and differentiation cornerstones of HSCs that informed early iterations 

of the classical hematopoietic hierarchy16,65. Although outside the scope of this review, 

we acknowledge that recent lineage tracing data has refined how the field views HSC 

differentiation and hematopoiesis across multiple lineages. However, even though 

lineage tracing has markedly increased in resolution, sensitivity, and applicability, 

significant challenges remain when interrogating specific cell types, including those of 

the megakaryocytic lineage.  

Many of the classical hematopoietic differentiation steps in platelet formation have 

been inferred via transplantation, perturbation and subsequent observation, and/or in 

vitro differentiation studies. However, it is important to recognize that these methods, 

including transplantation, are likely to reflect stress and/or high demand physiological 

states. That said, given the clinical and life-saving significance of transplantation, 

understanding platelet development beyond steady-state could offer important insights 

for clinical applications. Thus, even though these types of studies have elucidated much 

of our current knowledge, the most direct evidence for the developmental path of 

steady-state platelet formation would come from undisturbed in situ lineage tracing.  
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There have been numerous studies of lineage tracing from HSCs, but few have assessed 

the megakaryocytic/platelet lineage largely due to platelets lacking expression of the 

pan-hematopoietic marker CD45 and, being devoid of a nucleus, cannot be 

alternatively tracked via genetic barcoding or scarring. These limitations substantially 

reduce the number of tools available to lineage trace platelets. Additionally, among the 

few lineage tracing studies that have directly assessed platelets, only a small number 

have investigated the intermediate progenitors between HSCs and platelets in the BM. 

Here, we specifically review lineage tracing data that seeks to understand the cellular 

origins and progenitors of platelets in adult murine BM at steady-state, including recent 

data suggesting alternative routes of generation, and highlight the successes and 

challenges inherent to these models. We conclude by discussing the current feasibility 

of megakaryocytic-specific lineage tracing. 

 

Are HSCs the source of platelets, and do HSCs possess a platelet lineage bias? 

In the adult mouse, transplantation studies of labeled HSCs, including quantitative 

analysis by our group20, have revealed that platelets (and all other blood lineages) are 

effectively generated following HSC engraftment, indicating their hematopoietic (and 

HSC) origin. Additionally, recent evidence suggests that a subset of HSCs exist along 

a continuum of platelet-bias, lineage priming, and/or restriction66-68, similar to data 

suggesting heterogeneous HSC clonality and unilineage restriction of other cell 

lineages15,69-75. In this section, we explore key lineage tracing studies that allow direct 

observation of the platelet lineage. 
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Using a von Willebrand Factor (vWF)-GFP reporter mouse, Sanjuan-Pla et al. found 

that a subset of HSCs was labeled with GFP in situ66, a surprising finding as vWF was 

previously reported to only be expressed in mature megakaryocytes, platelets, and 

endothelial cells. Functional analysis by transplantation of vWF+ (GFP+) and vWF- 

(GFP-) HSCs revealed that the vWF+ compartment produced more platelets and fewer 

lymphocytes than the vWF- fraction. Importantly, even though a bias was observed, 

both HSC subsets maintained multipotency. Additionally, vWF+ HSCs could give rise 

to both vWF+ and vWF- HSCs following transplantation, but wWF- HSCs never gave 

rise to their vWF+ counterparts, potentially indicating that vWF+ HSCs represent a cell 

state slightly further up the hierarchy (within the phenotypic HSC pool). Similarly, a 

follow up study driven by Carrelha et al. refined this notion using a dual-color GATA-

1-GFP and vWF-Tomato (Tom) lineage tracing model that allowed specific assessment 

of platelet (and other blood cell) reconstitution67. Single vWF+ HSCs were transplanted 

into more than 1000 recipient mice and the resulting lineage contribution was 

measured. Building on the original results obtained by Sanjuan-Pla, this study found 

that ~11-12% of vWF+ HSCs exclusively reconstituted platelets, and no other lineage. 

Additionally, the data demonstrated a non-random lineage hierarchy of HSC clonal 

reconstitution capacity where transplanted vWF+ HSCs preferentially established 

platelet, then platelet-erythroid, then platelet-erythroid-myeloid, and finally platelet-

erythroid-myeloid-lymphoid lineages. The finding that platelet generation from HSCs 

had the fastest kinetics was also observed by others76,77 and may indicate a 

physiological mechanism for continual replenishment of this short lived, critical blood 
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component. Importantly, secondary transplantation of platelet-restricted HSCs by 

Carrelha et al. revealed maintenance of the platelet-bias by some HSC clones, whereas 

others underwent multilineage reconstitution as previously observed by others15,66. 

These studies allowed for the identification of two HSC subsets newly defined by vWF 

expression, indicate that platelet generation was a shared feature of all reconstituted 

mice, and argue for the existence of megakaryocytic lineage bias in the phenotypic 

vWF+ HSC pool. The authors also argue against the notion of a unilineage 

megakaryocyte progenitor contaminating the vWF+ HSC pool as, upon isolation from 

recipient mice, vWF+ Lin-Sca-1+cKit+ (LSK) cells showed robust multilineage 

capacity in vitro, indicating, when combined with the secondary transplants, that the 

vWF+ HSCs are bona fide HSCs. However, one caveat to these elegant lineage-tracing 

studies is the use of transplantation to test the functional output of the labeled HSCs; it 

is possible that the observed results (summarized in Figure 2A) are more a measure of 

functional capacity upon stress rather than in situ, steady-state output. 

To that point, a recent in situ lineage tracing study by Rodriguez-Fraticelli et al. 

concluded that, at steady-state, over 30% of megakaryocytes can be directly derived 

from long-term (LT)-HSCs without contributions to other hematopoietic lineages78, 

potentially indicating HSC lineage bias or restrictin. This position is largely shared by 

Morcos et al using a different model77. Rodriguez-Fraticelli et al utilized the 

doxycycline-inducible Sleeping Beauty transposon system and did not extensively 

evaluate many other intermediate progenitor cell types, obfuscating the differentiation 

path each HSC clone utilized. Further, upon transplantation of labeled LT-HSCs, 
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multilineage reconstitution was observed, highlighting that most platelet-biased LT-

HSC clones retain full multilineage capacity and that transplantation can result in 

discordant results compared to in situ analysis78. Such differences within a study, or 

between studies, and the conclusions drawn, may also be attributed to the type of 

transplant (single cell vs. bulk) and the type of label utilized (individual clones labeled 

differently vs. a subset of HSCs containing the same label). Additionally, confirming 

previous reports15,66,79,80, Rodriguez-Fraticelli’s study demonstrates that a subset of the 

total LT-HSC pool exhibited a megakaryocytic transcriptomic profile but maintained 

multilineage reconstitution upon transplantation in situ, further reinforcing the 

hypothesis of bias over lineage restriction.  

Given the relatively short-term (up to 8 weeks post label induction) tracing of the above 

studies, in situ evaluation over longer periods of time may refine the observation of 

potential platelet-bias and the kinetics of lineage output. One such study used two 

independent HSC inducible lineage tracing models, Krt18-CreER/YFP and Fgd5-

CreER/Tom, and chased mice for one year post-label induction by tamoxifen 

administration81. Similar to the previous studies66,67,76,77, they found that platelets 

showed the highest labeling efficiency (other than HSCs) early on, indicating a 

potential preference for and rapid kinetics of this lineage. Over time, all other lineages 

exhibited increasing, yet varying, levels of labeling. These findings were largely 

recapitulated by Morcos et al., who utilized a related Fgd5/zsGreen-CreERT2/RFP 

model with up to 92 weeks of chase post-tamoxifen label induction77. Another study, 

also taking advantage of the Fgd5-CreER/Tom model, induced labeling and chased for 
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up to 83 weeks76. In contrast to others, they observed initial labeling among HSCs and 

early progenitor cells. However, by 4 weeks-post label induction, platelets were the 

only mature cell type to express the induced label. Thus, it appears that HSCs, or at 

least a subset of HSCs sensitive to label induction due to Fgd5 expression, exhibit faster 

reconstitution of the platelet/myeloid lineage rather than lymphoid, and that platelets 

are robustly and continuously replenished by HSCs (summarized in Figure 2B). 

Similar arguments for an HSC continuum of platelet-bias, lineage priming, and/or 

restriction in humans has been made, yet lack as much direct lineage tracing evidence 

as demonstrated in mice. Taking advantage of whole genome sequencing and clonal 

mutation analysis in humans as a method of retrospective lineage tracing, Osorio et al. 

concluded that there is platelet lineage bias in humans82. In this system, clonal somatic 

mutations were used to reconstruct lineage relationships, with lineages sharing similar 

mutational patters assumed to be more related than lineages with a low level of 

mutational overlap. They reasoned that the unique mutational identity of 

megakaryocytes (which was different from all other blood cell lineages) indicated an 

earlier divergence of the megakaryocyte lineage compared to all other 

myeloid/erythroid and lymphoid lineages, potentially indicating that a subset of HSCs 

primarily contributes to megakaryopoiesis in humans at steady-state.  

The above findings, combined with the striking phenotypic and molecular similarities 

between HSCs and MkPs (reviewed here83), further reinforce the proposed paradigm 

shift in understanding megakaryopoiesis (Figure 2). The observed priming of HSCs 

may also contribute during perturbed hematopoiesis, such as under inflammatory 
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stress. Indeed, a fraction of phenotypic LT-HSCs, termed “stem-like MkPs,” express 

the classical megakaryocyte lineage marker CD41 and megakaryocyte-lineage mRNA 

transcripts, including CD42b and vWF79. However, translation of these transcripts is 

suppressed until activation, commonly via inflammation. Transplantation of LT-HSCs 

fractionated by CD41 expression confirmed multilineage output, except by those with 

the highest levels of CD41, which were only obtainable post-inflammatory insult79. The 

inflammation-induced CD41hi [LT-HSC] subpopulation exclusively, but transiently, 

produced platelets upon transplantation, possibly indicating a loss of true HSC function 

even though the LT-HSC phenotype was maintained. The finding that a subpopulation 

of vWF+ LT-HSCs is biased to the platelet lineage was supported by in situ lineage 

tracing that suggests steady-state platelet production is not exclusive to the CD41+ LT-

HSC fraction, as shown by Rodriguez-Fraticelli et al78. Thus, these stem-like MkPs 

could represent steady-state platelet-biased HSCs that rapidly lose HSC function and 

gain platelet restriction upon exposure to inflammation and/or an independent 

progenitor population found within the phenotypic HSC pool that is held in reserve and 

primed for emergency use for specific inflammatory states79,84. Collectively, HSCs 

contribute to megakaryopoiesis and possess physiological and stress-induced bias, 

likely to preserve blood levels of the critical-for-life platelet.  

 

Does megakaryopoiesis transition through MPPs?  

Using dual-color Flk2(Flt3)-Cre mT/mG (termed FlkSwitch) lineage tracing mice85-92, 

our group was able to ascertain if hematopoietic lineages progress through the non-
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self-renewing, multipotent MPPs (defined by Flk2 expression)85,90. As Flk2 is 

expressed during the transition from HSC to MPP and detected as early as the short 

term (ST)-HSC state, Cre recombinase leads to a permanent “switch” from Tom to GFP 

expression and all progeny of MPPs must therefore also express GFP. Thus, any 

progenitor cell, intermediate transitory cell state, or terminally differentiated cell that 

transitions through a Flk2+ stage at any point during their differentiation path will 

irreversibly express GFP. Using this model, we found a high proportion of cells 

expressing GFP among MPPs [all MPP subsets] and equivalent proportions of GFP-

expressing cells among the downstream CMPs, MEPs, MkPs, and platelets (similar to 

all other progenitors and mature cells). This in situ model demonstrates that, regardless 

of any HSC-bias/restriction to the platelet lineage, adult steady-state megakaryopoiesis 

transitions through a Flk2+ stage during its developmental trajectory. Importantly, 

when MPPs or other progenitor populations (including CMPs, GMPs, and MEPs) were 

isolated and transplanted, the cellular output of each compartment was consistent with 

our lineage tracing data; MPPs maintained the ability to produce all mature cell types 

including platelets while losing self-renewal, and more committed progenitors 

transiently produced their classically expected terminal progeny20. Transplantation of 

single or limiting numbers of MPPs (and HSCs) also demonstrated multilineage 

capacity and the expected cellular intermediates for each major blood lineage.  

Indeed, other lineage tracing studies also support megakaryopoiesis transitioning 

through an MPP stage. In vWF+ HSCs, even those that are platelet-restricted, label is 

robustly detected in the MPP2 (LSK Flk2-CD150+CD48+) compartment, a 
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subpopulation contained within the MPP pool proposed to enrich for platelet 

production67. Similarly, other HSC-labeling lineage tracing models enrich for 

subsequent label in MPP2 cells76,81,93 and, compared to other MPP subpopulations, 

MPP2s were found to contain megakaryocytic-specific clones78 and transcriptionally 

cluster with more lineage committed megakaryocyte/erythroid progenitors76. These 

findings are supported by another study that argues for functional megakaryocyte 

lineage bias in the MPP2 population94. Thus, although not always assessed, platelet 

generation appears to [require] transition through an MPP cell state. 

 

Are CMPs and/or MEPs intermediates in platelet generation? 

Classically, the oligopotent progenitor of the myeloid lineage, the CMP, is downstream 

of MPPs (Figure 1). Further bifurcation via differentiation of this progenitor pool gives 

rise to the GMP and MEP progenitor populations, the latter of which generates MkPs 

and erythroid progenitors, the proposed unipotent precursors of platelets and 

erythrocytes, respectively. However, given the evidence discussed above, is there a role 

for CMPs and/or MEPs in platelet generation?  

The FlkSwitch lineage tracing mouse model our group utilizes85-92 uniformly labels 

Flk2- CMPs and MEPs with GFP, indicating transition through a Flk2+ stage, 

consistent with them serving as developmental intermediates of platelets. Additionally, 

transplanted CMPs (and MEPs) transiently produced platelets20. Using the inducible 

HSC-selective Pdzklip1-CreER/Tom lineage tracing mouse model, Upadhaya et al. 

found that, one week post-label induction, Lin-cKit+Sca1-CD150-CD41- myeloid 
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progenitors (containing phenotypic CMPs) were label-negative, whereas MPP2 and 

MkP populations contained label-positive cells93. However, when the inducible HSC 

labeling Krt18-CreER/YFP or Fgd5-CreER/Tom models were used, different results 

were observed81. In these models, one week-post induction, HSCs and HPC2s (similar 

to MPP2) harbored label-containing cells whereas there was nearly no label found in 

downstream progenitors or platelets. By four weeks post-label induction, platelets, and 

most other progenitors, showed varying frequencies of label positive cells, obfuscating 

the route(s) of platelet generation at this time point. Säwen et al, also using the Fgd5-

CreER/Tom model, obtained similar results in the first four weeks post-labeling76. 

However, they did conclude that at earlier time points, MkPs acquire label with faster 

kinetics than any other CMP/MEP progenitor. Together, these studies may indicate that 

at least partial replenishment of platelets could bypass CMPs (and MEPs) or indicate 

fast differentiation kinetics not suitable for labeling by these models. However, this 

data does not discount platelets arising via a megakaryopoiesis consisting of multiple 

intermediate progenitors. 

A bipotent MEP has been described in the mouse16,95, but does lineage tracing implicate 

its involvement in megakaryopoiesis? When our group transplanted MEPs, platelet and 

erythrocyte production was detected in recipient mice20. Carrelha et al., using their 

dual-color GATA-1-GFP/vWF-Tom lineage tracing post-transplant of vWF+ HSCs 

model, identified that some, but not all, mice that exhibited platelet-restricted output 

also contained labeled MEPs67. However, the frequency of label-positive MEPs was 

low, so it is possible that the contribution by MEPs is underestimated in this system. 
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Additionally, inducible HSC lineage tracing conducted by Upadhaya et al. showed that, 

early on (when HSC, MPP2, and MkP exhibited labeling but CMPs did not), there was 

no or minimal labeling among MEPs93. Similarly, the Krt18-CreER/YFP and Fgd5-

CreER/Tom HSC lineage tracing models employed by Chapple et al. also found 

enriched early labeling in HSCs, HPC2s, and platelets with minimal labeling among 

MEPs (and CMPs)81. The in situ Sleeping Beauty lineage tracing model Rodriguez-

Fraticelli et al. employed also did not label any MEPs, and attributed that to the 

possibility that the MEP stage is too transient to be detected78. If so, labeling of MEPs 

may be less robust than other progenitor cell states and reflect an important caveat of 

these lineage tracing studies. It is worth noting that significant heterogeneity among 

phenotypic human MEPs has been identified96, and there is likely similar heterogeneity 

in mice. Thus, it is possible that phenotypic analyses routinely performed do not 

accurately capture and/or delineate between myeloerythroid progenitors in murine BM. 

Collectively, this data sets suggest that at least a fraction of platelet generation may 

bypass CMP/MEP intermediates, but does not rule out the possibility of multiple routes 

of production with different output kinetics.  

 

Can platelets arise directly from HSCs by “skipping” intermediate cell states? 

One hypothesis to arise out of some of the models generated from the studies discussed 

above66,67,76-79,81,93 is the possibility of a shortcut/bypass mechanism whereby 

megakaryocytic-restricted HSCs directly give rise to MkPs/platelets without 

progressing through MPPs or other classical intermediate cell states. The evidence for 
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this is largely the result of the rate at which labeled cells accumulate in any given 

cellular compartment post-HSC labeling. Many of the studies highlighted above 

specifically indicate that platelets accumulate a higher proportion of labeled cells far 

faster than any other cell type, including their own progenitors (i.e. CMP, MEP, MkP), 

seemingly indicating a direct LT-HSC>platelet pathway. Morcos et al. even suggested 

that approximately 50% of steady-state platelet generation is derived via such a 

pathway whereas the remaining proportion is derived via the classically viewed 

hematopoietic hierarchy77. However, and of fundamental importance, our FlkSwitch 

lineage tracing model85-92 directly contradicts a direct LT-HSC>MkP/platelet (i.e. MPP 

“bypass”) pathway under true steady-state in young adult mice as 1) all platelets have 

excised the Tomato reporter (indicating transition through a Flk2+/MPP stage 

downstream of the LT-HSC) and 2) label switching is abundantly detected as early as 

the ST-HSC stage. Thus, if LT-HSCs bypass all other progenitors for direct platelet 

production, retention of the Tomato label in platelets would be present at a greater 

frequency than what is measured among MPPs, which we did not observe.  

One possible way to reconcile these data is a strong effect of HSC clonal restriction 

paired with accelerated kinetics, where certain HSC clones preferentially only give rise 

to platelets with such accelerated kinetics that label retention among intermediate 

progenitors is too transient to measure in inducible lineage tracing models. Another 

consideration is the time it takes to transition between cell states, if clonal expansion 

occurs, and if labeled cells are exhausted from a cellular pool upon differentiation. That 

is, if labeled progenitors differentiate without clonally expanding (or all clonally 
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expanded, labeled cells differentiate), then low level labeling within a compartment 

may be misinterpreted. A comprehensive assessment of every hematopoietic stem and 

progenitor cell at multiple successive time points would need to be conducted to 

measure the kinetics of labeled progenitors. Further, given that one megakaryocyte is 

predicted to give rise to thousands of platelets97, then low level labeling of upstream 

progenitors does not necessarily preclude a high proportion of labeling among 

terminally differentiated platelets, especially given that platelets generated prior to 

label induction turn over quickly. A final possible, yet unlikely, scenario is that certain 

HSC clones transiently activate Flk2 gene expression so quickly that cell surface 

protein is undetected (i.e. maintaining a LT-HSC phenotype as Flk2-) yet allowing 

excision of the Tomato gene in our FlkSwitch mice. The resulting progeny would be 

GFP+ and prevent direct determination for the existence of a LT-HSC>platelet 

pathway. Moreover, this scenario would be irreconcilable with platelets, erythrocytes, 

and granulocyte/macrophages always showing similar proportions of labeling in our 

model, thus suggesting they all share the same progenitor. Clearly, additional work will 

be required to interpret these results and to gain better understanding of all platelet 

production paths at steady-state.  

 

Are MkPs unilineage platelet progenitors? 

Since their initial characterization in 200317, and refinement in 200719, MkPs have 

largely been thought to be the unilineage progenitor immediately preceding 

megakaryocyte maturation as in vitro experiments in those studies concluded. 
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Additionally, to our knowledge, no in situ lineage tracing directly targeting the MkP 

cell state has been performed. However, we recently conducted transplantations of 

MkPs and tracked blood cell output in recipient mice18. Interestingly, in addition to 

transient platelet generation, a small burst of erythroid (and nominal GM) cell 

reconstitution was observed (Figure 2A). Even in the context of transplantation, these 

new data, in combination with the studies discussed throughout, highlights the need for 

additional in situ analysis of all stages of megakaryopoiesis and continued refinement 

of progenitor cells. To that point, Säwen et al. compared the equilibrium ratios of MkP 

labeling to that of platelets and found that, in the Fgd5-CreER/Tom model, MkPs 

appear to be an obligatory step preceding platelet generation76. However, the 

phenotypic and functional heterogeneity of the MkP compartment has yet to be fully 

elucidated and might reveal additional plasticity given our MkP transplant data18. 

 

Is megakaryocyte-specific lineage tracing possible? 

We recognize that megakaryocytic lineage tracing using a lineage-specific gene and a 

Cre-based system can be challenging due to the established phenotypic and molecular 

similarity between HSCs and MkPs83. However, there are a few tools that have 

demonstrated potential success. The most commonly employed megakaryocyte lineage 

system is Pf4(CXCL4)-Cre, initially described by Tiedt et al.98 and most commonly 

used for megakaryopoiesis-selective genetic deletion. This model was quickly adapted 

to fluorescent reporter lineage tracing studies80. However, the first example of this 

found that Pf4-Cre expression was not restricted to the megakaryocyte lineage, but also 
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labeled BM HSCs and their progeny between ~40-60%. This “non-specificity” could, 

potentially, strengthen the evidence for megakaryocyte lineage priming in HSCs. In 

this study, Pf4-Cre activity was found in ~40% of phenotypic LT-HSCs, and varying 

levels in the Lin-cKit+Sca1+ and Lin-cKit+Sca1- compartments, broadly comprising 

HSCs/MPPs and CMPs/GMPs/MEPs/MkPs, respectively. Label was also detected in a 

large frequency in lymphoid, granulocyte, erythroid, monocyte, and osteoclast cell 

types. This could be indicative of two potential conclusions: 1) some LT-HSCs express 

megakaryocytic lineage genes, potentially due to lineage priming or as a 

megakaryocyte-biased subpopulation, but clearly still maintain multilineage 

differentiation potential or 2) the Pf4-Cre system is not megakaryocyte-lineage 

specific, and results generated using that model should be carefully considered for off-

target labeling. Importantly, these two conclusions are not mutually exclusive. In 

contrast, others have found that the Pf4-Cre system is largely selective for the 

megakaryocyte lineage with little expression in other lineages, although non-

megakaryocyte lineage labeling increased slightly during inflammation99. Together, 

these contradicting data indicate that the Pf4-Cre model may be useful for 

megakaryocyte lineage tracing but could potentially be hindered by suboptimal 

specificity.  

Another study that leveraged Pf4-Cre, in addition to several other fluorescent reporter 

lines, identified the lung as a major source of platelet production100. They reported that 

the lung contains hematopoietic progenitors, including HSCs, their direct progeny, and 

MkPs, and harbors relatively immature megakaryocytes that directly produce platelets 
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in the lung space. However, it remains unknown if the hematopoietic hierarchy 

explored in the BM, particularly the classical platelet lineage and possible alternative 

routes discussed here, remain the same in other tissues. Future lineage tracing studies 

could leverage platelet production in non-BM tissues to gain a clearer understanding of 

megakaryopoiesis. As a recent example, myeloid progenitors, including MEPs, have 

been detected in the murine brain which contain the capacity to undergo 

megakaryopoiesis101. 

Recently, an alternative system to Pf4-Cre has been developed, the Gp1ba(CD42ba)-

Cre mouse line102. As summarized in a recent review103, the Gp1ba-Cre model has been 

characterized as acting later (primarily at the megakaryocyte) during megakaryopoiesis 

than Pf4-Cre, but may be more selective for the megakaryocytic lineage. It is therefore 

conceivable that a potential combination of Gp1ba and Pf4 (i.e. dual reporter) could be 

used for lineage tracing of late megakaryocyte development, maturation, and platelet 

generation. And, if Pf4 is found to truly be expressed in HSCs, may provide a unique 

system in which specific megakaryopoiesis cellular intermediates and events can be 

interrogated.  

 

Can discordant lineage tracing outcomes be unified? 

In this review, we have highlighted the major lineage tracing findings for platelet 

differentiation. Further, we underscored the conclusions drawn based on the 

employment of either transplantation-based or in situ-based lineage tracing 

experimental design and explored the discordant results. However, is it possible to 
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unify observations from both methods into an updated model of steady-state platelet 

generation? Given the critical need for platelets to sustain life of an organism, it is not 

surprising that multiple redundancies and/or competencies may exist to ensure constant 

platelet production. This may help explain why some classically defined progenitor 

populations may be dispensable under some conditions and why at least a few HSC 

clones are primed for the megakaryocytic lineage. Further, a recent study sought to re-

evaluate some of the lineage tracing models reviewed here to determine if diverse in 

situ HSC labeling strategies could be unified104. It was suggested that the seemingly 

discordant results obtained from different models (specifically Fgd5-CreER76,81 and 

Krt18-CreER81) can actually be integrated mathematically, at least with respect to 

labeling kinetics of LT-HSCs, ST-HSCs, and MPPs, as each strategy marks HSCs with 

slightly different properties. They further conclude that this reconciliation highlights 

the heterogeneity of HSCs and reinforces the importance of diverse experimental 

approaches and careful interpretation. It should, therefore, be possible to extrapolate 

this mathematical reinterpretation to evaluate the platelet lineage across multiple 

studies to potentially unify the diverse findings of in situ lineage tracing. 

Given the interpretations of the data reviewed herein, we propose an updated model of 

megakaryopoiesis (Figure 3). The heterogenous HSC comportment presents vWFhi 

(and/or CD41hi)66,67,78,79 LT-HSCs residing at the apex of our proposed hierarchy. 

Immediately downstream are vWF- LT-HSCs that give rise to a heterogenous MPPs 

pool. The majority of lineage tracing studies identified the MPP2 (HPC2) subset as the 

likely primary MPP intermediate involved in platelet generation67,76,81,93, yet others 
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may contribute as well. MPPs may then transition through the classical hierarchy of 

CMP>MEP>MkP, or bypass CMPs and/or MEPs altogether. Specifically, MPP2 cells 

may comprise the subset of MPPs that directly differentiate into MkPs. Convergence 

upon an MkP does appear to be an obligatory step in platelet generation. Differentiation 

of platelets may occur in a biased manner or operate in conjunction with the classical 

view of hematopoiesis. This updated view of megakaryopoiesis unifies the available 

lineage tracing data, yet requires additional experimental investigation of in situ stem 

and progenitor cell fate choice to verify.  

 

Conclusions, outlook, and open questions 

Clearly, recent advances in lineage tracing have expanded the traditional view of 

megakaryopoiesis. However, even though multiple parallel routes of platelet 

generation are not necessarily mutually exclusive, future endeavors will be required to 

confirm pathway(s), their importance and prevalence, and if they are altered or induced 

outside of steady-state megakaryopoiesis. This includes obtaining a better 

understanding of platelet generation path(s) during ontogeny and aging, following 

bleeding or hemorrhaging, in response to injury and infection, and in disorders such as 

autoimmunity, immune thrombocytopenia, and cancer. 

Multiple challenges remain for elucidation of the megakaryocytic lineage, including 

ensuring that labeling is robust enough to be detected in both progenitors and platelets, 

inducing highly selective megakaryocytic labeling, and addressing clonality of HSCs, 

MkPs, and any intermediate progenitors. These experimental challenges extend beyond 
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model organisms, as the inability to retrospectively lineage trace human platelets via 

somatic mutations limits the opportunity to investigate platelet generation pathway(s) 

in humans. Improved understanding of megakaryopoiesis has tremendous therapeutic 

potential, as differentiation of induced pluripotent stem cells (iPSCs) into platelets 

would offer significant clinical relief and are a major ongoing research avenue. Further, 

lineage tracing in any hematopoietic compartment, including megakaryocytic, could 

benefit from a host of improvements that include refining the markers and strategies 

employed for HSC and progenitor cell identification and isolation, discriminating 

between a lineage-committed cell, one that is lineage primed, and/or between 

multipotent cells located in an environment that is permissive to a single lineage105, 

improvement and development of in situ models, lineage tracing technologies106, and 

enhanced graphical representations107.  

We have previously proposed that erythrocyte and/or platelet generation may be the 

default fate of HSCs and hematopoiesis20. Indeed, the lineage tracing studies reviewed 

herein support the hypothesis of alternative, co-existing, continuous pathways 

supporting the critical-for-life generation of megakaryocytes and platelets. Thus, HSCs 

may primarily function to support blood integrity and oxygen transport via platelet and 

erythrocyte generation at the expense of immune cell replenishment20,108.   
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Figures 

 

Figure 5.1. Classical Hematopoietic Tree. 

Self-renewing, multipotent HSCs reside at the apex of the hematopoietic hierarchy. 

Differentiation into MPPs results in loss of self-renewal, with retention of 

multipotency. Successive differentiation stages leads to increased lineage-restriction. 

Classically, platelets arise by differentiation of MPPs into CMPs, MEPs, and MkPs, 

which mature into megakaryocytes that ultimately generate platelets. 
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Figure 5.2. Routes of platelet generation revealed by lineage tracing. 

Two major lineage tracing methods have been employed to interrogate the route(s) of 

platelet specification. (A) Single and bulk cell transplantation and (B) in situ labeling 

have uncovered multiple possible paths of megakaryopoiesis involving differential use 

of progenitor cell states. Solid lines indicate “classical” paths whereas dashed lines 

represent new and/or expanded differentiation steps elucidated by the studies discussed 

here. 
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Figure 5.3. Proposed unification of platelet generation from HSCs. 

Combining the available lineage tracing data, we propose an expanded and unified view 

of megakaryopoiesis. The phenotypic HSC pool is comprised of heterogeneous 

populations that are ordered into various sub-hierarchies that may possess varying 

degrees of lineage bias and/or restriction. HSCs then transition to MPPs, including 

MPP2 which may be the primary MPP subset involved in platelet formation. The 

“classical” CMP>MEP>MkP differentiation may then occur, or specific progenitor cell 

states may be bypassed. All possible pathways converge upon the MkP, which 
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possesses minor plasticity to contribute minimally to erythroid and/or other myeloid 

cell output.  
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Chapter 6.   

Dynamics of Chromatin Accessibility during Hematopoietic Stem Cell 

Differentiation into Progressively Lineage-Committed Progeny 

 

The text of this chapter includes a reprint of the following previously published paper: 

Martin EW, Rodriguez Y Baena A, Reggiardo RE, Worthington AK, Mattingly CS, 

Poscablo DM, Krietsch J, McManus MT, Carpenter S, Kim DH, Forsberg EC. 

Dynamics of Chromatin Accessibility During Hematopoietic Stem Cell Differentiation 

Into Progressively Lineage-Committed Progeny. Stem Cells. 2023 May 15;41(5):520-

539. doi: 10.1093/stmcls/sxad022. PMID: 36945732; PMCID: PMC10183972. 

 

Summary 

Epigenetic mechanisms regulate the multilineage differentiation capacity of 

hematopoietic stem cells (HSCs) into a variety of blood and immune cells. Mapping 

the chromatin dynamics of functionally defined cell populations will shed mechanistic 

insight on two major, unanswered questions in stem cell biology: how does epigenetic 

identity contribute to a cell type’s lineage potential, and how do cascades of chromatin 

remodeling dictate ensuing fate decisions? Our recent work revealed evidence of 

multilineage gene priming in HSCs, where open cis-regulatory elements (CREs) 

exclusively shared between HSCs and unipotent lineage cells were enriched for DNA 

binding motifs of known lineage-specific transcription factors. Oligopotent progenitor 

populations operating between the HSCs and unipotent cells play essential roles in 

effecting hematopoietic homeostasis. To test the hypothesis that selective HSC-primed 
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lineage-specific CREs remain accessible throughout differentiation, we used ATAC-

seq to map the temporal dynamics of chromatin remodeling during progenitor 

differentiation. We observed epigenetic-driven clustering of oligopotent and unipotent 

progenitors into distinct erythromyeloid and lymphoid branches, with multipotent 

HSCs and MPPs associating with the erythromyeloid lineage. We mapped the 

dynamics of lineage-primed CREs throughout hematopoiesis and identified both 

unique and shared CREs as potential lineage reinforcement mechanisms at fate branch 

points. Additionally, quantification of genome-wide peak count and size revealed 

overall greater chromatin accessibility in HSCs, allowing us to identify HSC-unique 

peaks as putative regulators of self-renewal and multilineage potential. Finally, 

CRISPRi-mediated targeting of ATACseq- identified putative CREs in HSCs allowed 

us to demonstrate the functional role of selective CREs in lineage-specific gene 

expression. These findings provide insight into the regulation of stem cell multipotency 

and lineage commitment throughout hematopoiesis and serve as a resource to test 

functional drivers of hematopoietic lineage fate. 

 

Highlights: 

• HSCs displayed higher chromatin accessibility than any progeny population 

• Epigenetic branchpoints were evident between CMPs and CLPs and between 

MkPs and EPs 

• Lineage priming was selectively maintained throughout differentiation 
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• HSC-unique accessible chromatin regions were highly enriched for regulatory 

elements of erythrocyte differentiation 

• CRISPRi-mediated targeting of primary HSCs identified functionally 

significant CREs 
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Introduction 

Hematopoiesis is the process by which multipotent hematopoietic stem cells (HSCs) 

undergo orchestrated epigenetic and transcriptional changes to produce increasingly 

lineage-restricted progenitors. According to classical models of hematopoiesis, 

progressively restricting cell fate decisions allow the differentiation of HSCs into 

multipotent progenitors (MPPs), which further differentiate into common lymphoid 

progenitors (CLPs) and common myeloid progenitors (CMPs) (Boyer et al., 2011; 

Orkin and Zon, 2008; Pronk et al., 2007). Lymphopoiesis further results in unipotent 

progenitors, ProB and ProT, of B and T cells respectively. In myelopoiesis, 

granulocyte-macrophage progenitors (GMPs) generate primarily mature granulocytes 

and macrophages (GMs), while megakaryocytic-erythroid progenitors (MEPs), 

megakaryocyte progenitors (MkPs) and erythroid progenitors (EPs) produce primarily 

platelets and red cells (Krause, 2002; Orkin and Zon, 2008; Seita and Weissman, 2010; 

Boyer et al., 2019). Though it is clear that hematopoiesis is incredibly dynamic with 

variable flux within and between cell populations, this well characterized mammalian 

hematopoietic system serves as a superb model for the analysis of factors responsible 

for the development of functionally distinct progenitors and mature cell populations 

from stem cells. Lineage-specific cell fate decisions are regulated through epigenetic 

remodeling of cis-regulatory elements (CREs), including promoters and enhancer 

regions. While proximal promoter sequences can suffice to assemble the Pol II 

transcriptional machinery, non-promoter CREs are often necessary to confer cell type-

specific transcriptional regulation. These enhancer regions can be located far upstream 
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or downstream of the target promoter and serve as sequence-specific binding sites for 

lineage-determining transcription factors (TFs) that regulate the expression of genes 

specifying cell identity (Surani et al., 2007; Whyte et al., 2013). While TFs are 

important contributors to cellular lineage specification and progressive lineage 

restriction, accessibility of enhancers to TFs is fundamental for spatiotemporal gene 

regulation during stem cell differentiation (Creyghton et al., 2010; Heintzman et al., 

2009; Koch et al., 2007; Rada-Iglesias et al., 2011; Visel et al., 2009). 

In hematopoietic progenitors, there is evidence that multilineage priming of 

CREs precedes commitment to the different cell lineages (Hu et al., 1997). “Priming”, 

here defined as chromatin accessibility of a putative CRE despite lack of expression of 

its presumed target gene, likely contributes to stem and progenitor lineage potential. 

As differentiation of HSCs proceeds, genes involved in the target lineage are 

progressively upregulated in progenitor populations while genes involved in non-target 

lineages are repressed (Chambers et al., 2007; Forsberg et al., 2005; Phillips et al., 

2000; Terskikh et al., 2003), suggesting an essential role of epigenetic regulation in cell 

fate decisions. In our previous work, we showed evidence of multilineage priming in 

HSCs, where HSCs had increased global chromatin accessibility compared to their 

progeny (Ugarte et al., 2015) and where open CREs exclusively shared between HSCs 

and unipotent lineage cells were enriched for DNA binding motifs for known lineage-

specific TFs (Martin et al., 2021). These data led us to hypothesize that HSC-primed 

lineage-specific CREs remain accessible throughout differentiation into that specific 

lineage. Since CREs are often devoid of nucleosomes to allow TF binding (Gross and 
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Garrard, 1988; Heintzman et al., 2007), we performed the Assay for Transposase 

Accessible Chromatin by high throughput sequencing (ATAC-seq) (Buenrostro et al., 

2015, 2013) of seven, functionally well-characterized hematopoietic progenitor cell 

types (Boyer et al., 2019; Poscablo et al., 2021) to understand CRE priming across 

hematopoiesis. Importantly, cell fate decisions, as well as lineage-selective expansion 

and apoptosis, appear to occur primarily in progenitor cell populations (Rodriguez-

Fraticelli et al., 2018; Mohrin et al., 2010; Boyer et al., 2011; 2019). In this study, in-

depth ATAC-seq investigation and comparative analysis of HSCs and 12 progeny 

populations of the five main hematopoietic cell lineages revealed potential 

multipotency, lineage-driving and/or lineage-reinforcing regulatory elements and their 

corresponding transcription factors that orchestrate differentiation through epigenetic 

remodeling. As proof-of-concept, we used CRISPRi-mediated silencing of CREs in 

primary HSCs isolated from a new transgenic CRISPRi mouse model to functionally 

link distal and proximal putative CREs to target genes.  

 

Results 

HSCs had greater global chromatin accessibility compared to hematopoietic progenitor 

cell types 

To determine the dynamics of genome accessibility of multipotent and increasingly 

lineage-restricted hematopoietic progenitors, we purified 7 primary hematopoietic 

progenitor cell types (Figure 1A) by fluorescent-activated cell sorting (FACS) and 

performed ATAC-seq. After careful quality control of individual and replicate samples 
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(see below), we tested the hypothesis that multipotency is correlated with overall 

chromatin openness (Gaspar-Maia et al., 2011; Martin et al., 2021; Ugarte et al., 2015). 

We reasoned that multipotent cell populations would have the highest level of 

accessibility relative to oligopotent cells, and that unipotent progenitors would have the 

least. Thus, we ranked the relative overall accessibility of the hematopoietic progenitors 

relative to HSCs from our previous report (Martin et al., 2021). We first combined the 

peak lists from each replicate (n=2) using the Irreproducible Discovery Rate (IDR) (Li 

et al., 2011) for each cell type to quantify the number of peaks. HSCs had the highest 

number of peaks, followed by MPPs (Figure 1B, Table 1). We also quantified global 

accessibility by calculating the cumulative normalized average signal over the master 

peak-list for each cell type by generating histograms using HOMER (Heinz et al., 

2010). HSCs had by far the largest peak signal of any progenitor cell type, while all the 

progenitors had a similar average signal (Figure 1C). Although these two 

measurements are not completely independent, HSCs displayed both the highest 

number of peaks (Figure 1B) and the cumulative greatest peak signal (Figure 1C). 

Overall, these results are consistent with epigenetic stem cell priming and our previous 

reports (Martin et al., 2021; Ugarte et al., 2015) where HSCs have the greatest 

chromatin accessibility compared to their progeny and differentiated cells. 
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Chromatin accessibility of cell type-specific genes correlated with known expression 

patterns in hematopoietic cells 

We began the search for lineage-specific regulatory elements by using the Gene 

Expression Commons (GEXC) expression database (Seita et al., 2012) to generate lists 

of genes that were expressed specifically in each progenitor cell type (examples shown 

in Figure 1D). In parallel, we filtered the ATAC-seq peak lists of each progenitor cell 

type (HSC, MPP, CMP, GMP, MEP, CLP, ProB, ProT) against each other to generate 

unique peak-lists for each cell type. We then intersected the unique peak lists with the 

uniquely expressed genes for each progenitor. For populations that had more than ten 

unique promoter peaks (HSCs, MEPs, ProBs, ProTs) we used HOMER (Heinz et al., 

2010) to calculate the normalized average signal centered at the promoter for peaks that 

overlapped with expressed genes (Figure 1E). We observed cell type-specific read-

count accumulation for each progenitor cell with minimal signal from other cell types, 

indicating that our strategy indeed resolved lineage-specific accessibility. 

 

Lymphoid commitment displayed more extensive chromatin remodeling compared to 

myelopoiesis 

Next, we sought to pinpoint epigenetic changes at a main branchpoint in hematopoiesis, 

where the multipotent stem and progenitor cells differentiate into either 

erythromyeloid- or lymphoid- committed CMPs or CLPs, respectively (Seita and 

Weissman, 2010). We compared the peaks gained and lost between multipotent HSCs 

and MPPs (combined as “KLS” peaks) and CMPs or CLPs (Figure 2A). First, we 
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determined the number of peaks either CMPs or CLPs gained or lost from KLS. The 

CMP and CLP peaks were filtered against each other to focus only on peaks that were 

uniquely altered in either cell type. At a global level, CLPs had a higher number of 

peaks altered from KLS cells compared to CMPs with a significant difference in the 

distribution of peaks gained/lost between the two cell types (Figure 2B). When 

categorizing peaks into promoter vs non-promoter, we observed more promoter peaks 

altered in CLPs than CMPs (Figure 2C), whereas similar numbers of non-promoter 

peaks were altered in both progenitors (Figure 2D). We annotated the peaks that were 

gained and lost using Genomic Regions Enrichment of Annotations Tool (GREAT) 

(McLean et al., 2010; Tanigawa et al., 2022) and reported the top 4 biological process 

Gene Ontology (GO) terms enriched, along with example genes in each GO term. We 

also performed motif enrichment by HOMER (Heinz et al., 2010) (Figure 2E-H). The 

peaks gained in CMPs included “Negative Regulation of B-cell Activation”, and the 

annotated genes of all four GO terms have known roles in myeloid differentiation, such 

as Prdm1 (Chang et al., 2000) and Btk (Schmidt et al., 2004). Gata1/2 motifs were 

among the highest enriched sequences (Figure 2E). The CLP peaks gained were 

enriched for GO terms that pertained mainly to immune response and immunity, with 

genes Ikzf1, Il6, and Jun present within the top 4 GO terms, and were notably enriched 

with IRF8 and SpiB motifs (Figure 2F). Peaks lost from KLS to CMPs were related to 

immune system activation and proliferation (Figure 2G), with known immune 

development genes such as CD180, Ikzf1, and Gata3. In addition, there were enriched 

motifs from ETS/ERG transcription factors as well as SpiB, a known factor in immune 
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development (Figure 2G). In CLPs, peaks lost from KLS were enriched for GO terms 

related to the immune response, including genes expressed by innate immune cells that 

have known roles in complement activation (e.g. CD55 (Fang et al., 2011)), antigen 

presentation (e.g. Nod2, Lamp1 (Cooney et al., 2010)), and activation of innate immune 

system pathways (e.g. Fcgr3, Ifng (Hazenbos et al., 1998; Ivashkiv, 2018)) (Figure 

2H). CLPs also lost peaks lined to CD44, Gata2, and Gata3, genes which all have 

known roles in HSC maintenance, engraftment, and self-renewal (Cao et al., 2016; 

Frelin et al., 2013; Rodrigues et al., 2012; Yoshida and Georgopoulos, 2013). The CLP-

lost peaks were enriched in motifs for erythromyeloid specific Gata factors as well as 

CTCF motifs (Figure 2H). These analyses suggest that at the first branchpoint, both 

myeloid and lymphoid differentiation require a combination of silencing of both HSC 

maintenance and alternative lineage genes, and de novo activation of lineage drivers 

for the induced fate. Quantitatively, lymphoid differentiation appears to require more 

chromatin remodeling than myeloid differentiation, particularly in promoter regions. 

 

Differential chromatin dynamics at the megakaryocyte-erythroid fate branch  

Using a similar strategy, we investigated epigenetic changes at another branchpoint in 

the hematopoietic hierarchy where MEPs differentiate in either MkPs or EPs (Figure 

3A). We identified peaks gained or lost between bipotent MEPs and unipotent MkPs 

or EPs, and then filtered them against each other to specifically focus on uniquely 

altered peaks upon fate determination (Figure 3B). Interestingly, of the ~18,000 peaks 

altered, the distribution of peaks uniquely gained or lost from MEPs was opposite for 
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MkPs and EPs: ~77% of peaks altered in MkPs were gained peaks, while a similar 

proportion (~61%) of peaks altered in EPs were lost (Figure 3C). Of these, the large 

majority were non-promoter peaks (Figure 3D-E). The gained and lost peaks were 

annotated using GREAT, for which we report the top 4 enriched GO Terms for “Mouse 

Phenotype” (Figure 3F-G, Supplementary Figure 1) and motif enrichment (Figure H-I, 

Supplementary Figure 1). The mutation/deletion of genes associated with the MkP-

specific gained peaks led to phenotypes characterized under abnormal or decreased 

inflammation, as with multiple genes within these categories having known roles in 

megakaryopoiesis and platelet function/physiology (Figure 3F). The mutation/deletion 

of genes associated with the EP-specific gained peaks led to phenotypes characterized 

under erythroid lineage, function, and morphology, with example genes including 

Gata1 and Slc4a1 (Figure 3G). MkP (Figure 3H) or EP (Figure 3I) gained peaks were 

enriched for motifs of transcription factors known to be involved in the respective 

lineage. As examples of putative megakaryopoiesis-promoting CREs, we identified 

two MkP-specific peaks gained from MEPs in the gene Alox5ap (Figure 3J). The 

promoter peak along with the enhancer just downstream of the promoter were called 

only in MkPs, while the second putative enhancer was called in both MEPs and MkPs, 

indicating possible priming in MEPs from this site. No peaks were called for this gene 

in EPs. The enhancer-gene map from ENCODE 3 showed interaction between the 

promoter of Alox5ap and two putative enhancer regions (as shown by the interaction 

lines below the signal track). Concordant with its chromatin accessibility, Alox5ap is 

highly expressed in MkPs but not MEPs or EPs (Figure 3K). 
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Mapping of chromatin accessibility throughout hematopoiesis identified distinct 

erythromyeloid and lymphoid clusters 

To test our hypothesis that CREs primed in HSCs maintained accessibility throughout 

hematopoiesis, we needed to determine the dynamics of genome accessibility and 

further characterize lineage selective CREs throughout the whole continuum of 

hematopoiesis. To do so, we combined the ATAC-seq data from the 7 progenitors cell 

types with our previously reported HSCs and 5 unilineage cell types (Martin et al., 

2021) (Figure 1A). A master peak-list of 92,842 peaks was produced by combining and 

filtering the peaks from 2 biological replicates for each of the 13 cell types using 

chromVAR (Martin et al., 2021; Schep et al., 2017) (Table 1). Principal Component 

Analysis (PCA) of the peak profiles of our 13 populations revealed a high concordance 

of replicates, as well as a distinct bifurcation of erythromyeloid and lymphoid 

populations, with the multipotent HSCs and MPPs landing within the erythromyeloid 

fraction (Figure 4A). CMPs, MEPs, EPs, and MkPs all clustered together high on PC2, 

while CLPs, ProBs, and B cells clustered together, with ProTs and T cells grouped on 

the same PC1 scale but with higher PC2. HSCs and MPPs, together with GMPs and 

GMs, fell between the main myeloid and lymphoid groups. As a complement to PCA 

analysis, we performed Uniform Manifold Approximation and Projection (UMAP) 

using components derived from PCA of normalized ATAC-seq peak counts (Figure 

4B). We observed a similar bifurcation between erythromyeloid and lymphoid cell 

types with the multipotent HSCs and MPPs falling within the erythromyeloid quadrant. 
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Additionally, we performed hierarchical clustering using the chromVAR output which 

similarly grouped the 13 populations into two distinct clusters, one erythromyeloid and 

one lymphoid (Figure 4C). All biological replicates clustered directly next to each 

other, except for the two HSC samples which were separated by MPPs and GMPs. We 

ruled out batch-effects as closely associated samples were processed independently; 

the separation of the HSC replicates may instead reflect the presence of primed CREs 

of all lineages (Martin et al., 2021; also see below). In all three clustering analyses, the 

multipotent HSCs and MPPs associated near each other and within the erythromyeloid 

cluster, indicating a similar accessibility profile of these cell types. Overall, clustering 

analysis confirmed a high degree of reproducibility. Regardless of the method used, we 

observed distinct clustering based on similar accessibility profiles of lymphoid cell 

types, erythromyeloid cell types, multipotent HSCs and MPPs, and of unipotent/mature 

cells with their presumed immediate upstream progenitor. The bifurcation of lymphoid 

and erythromyeloid lineages observed in the PCA (Figure 4A), UMAP (Figure 4B) and 

hierarchical clustering (Figure 4C) is consistent with the myeloid/lymphoid separation 

found in models of classical hematopoiesis, and with analyses independent of the purity 

of multi- and oligo-potent progenitor cells (Martin et al., 2021). Of note, the observed 

similarity between HSCs/MPPs and erythromyeloid cells provides a potential 

epigenetic basis for the previously reported erythroid functional bias, where HSCs and 

MPPs predominantly produce red blood cells over all other cell types (Boyer et al., 

2019). 
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Visualization and comparison of ATAC-seq data generated in this study correlated with 

known expression patterns at two well characterized loci. 

To determine whether our mapping could detect known CREs, we visualized our 

ATAC-seq data across two well-characterized loci: the mouse b-globin cluster (Figure 

5A) and the mouse Rag locus (Figure 5B/C). At the b-globin cluster (chr7: 

103,792,027-103,879,340; mm10), we observed expected EP-selective accessibility of 

the HS3 site in the locus control region (LCR) and b-minor (bmin) promoter (Li et al., 

2002; Palstra et al., 2008) (Figure 5A). At the 3’ end of this gene we observed a B-

lineage-selective peak. Further investigation revealed that the peak contains Pax5 

binding motifs. It is possible that this site serves as a binding site for Pax5-mediated 

repression of globin gene expression in lymphoid cells (Linderson et al., 2004). 

Alternatively, the site could be a distal CRE for a gene regulating lymphoid 

development (Nutt et al., 2001). We observed erythroid-lineage specific accessibility 

(HSCs, MEPs, and EPs) of the b-major (ßmaj) promoter as well as DNase I 

hypersensitive sites (HS1,2,4,6) of the LCR that are known to regulate erythroid-

specific expression of the genes in this locus. This observation could indicate a 

“permissive” chromatin state in these erythroid-competent progenitor cells (HSCs, 

CMPs, MEPs, and EPs). Unexpectedly, we observed robust HS2 accessibility in GMPs, 

MkPs, and ProT cells, which are not currently known to have any erythroid cell 

potential. As expected, we did not observe any accessibility at the fetal-specific epsilon 

Y globin (Ey), b-h1 (ßh1), b-h2 (ßh2) genes, or HS5, and no accessibility was observed 

at any of these sites in GMs, CLPs, ProBs, and ProTs. Taken together, we observed 
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expected accessibility in the b-globin locus in progenitors that give rise to cells that 

express b-globin genes, and little to no accessibility in progenitors that do not give rise 

to cells that express b-globin genes. 

Similar specificity was observed for the Rag gene locus (chr2: 101,542,312-

101,656,796; mm10) which consists of four CREs (Ep, D3, Erag, ASE) and the gene 

bodies for Rag1 and Rag2. Both Rag1 and Rag2 have lymphoid-specific gene 

expression patterns (Figure 5B), and we observed lymphoid-specific accessibility of 

both Rag1 and Rag2 promoters (Figure 5C). The progenitor- and myeloid-selective 

peak in the Rag2 locus corresponds to the promoter for the Iftap gene that is expressed 

selectively by those cell types from the opposite strand of the Rag genes (Laszkiewicz 

et al., 2012) (Figure 5C). The CREs Ep and Erag, which have been characterized to be 

enhancers in B cell lines (Hsu et al., 2003; Wei et al., 2002), exhibited CLP and B-cell 

specific (ProBs and B cells) accessibility. D3 has been characterized to act as a 

lymphoid specific enhancer (Kuo and Schlissel, 2009; Wei et al., 2002) and was 

accessible in all lymphoid cell types, while the previously characterized anti-silencing 

element (ASE), important for T cell differentiation (Yannoutsos et al., 2004; Yu et al., 

1999), was only accessible in ProTs (Figure 5C). In conclusion, our data demonstrated 

cell type-specific accessibility for multiple progenitors and recapitulated the dynamics 

of regulatory element priming throughout differentiation at two well characterized 

erythroid and lymphoid loci, suggesting that our dataset is sufficiently robust and 

accurate to also reveal novel CREs that can be functionally tested using the CRISPRi 

strategies described below. 
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A subset of lineage-specific CREs were primed in HSCs as well as in select 

progenitors 

Previously, we reported evidence of multilineage priming in HSCs of CREs specific 

for each unipotent lineage (Martin et al., 2021). We hypothesized that lineage-primed 

CREs are maintained throughout differentiation. To test this, we first compared the 

average cumulative accessibility of the lineage-specific peaks (Supplemental Tables 1-

5) primed in HSCs to all 13 cell types (Figure 6A). As expected, we observed strong 

signals from HSCs and the corresponding unipotent progenitor cell type for each 

lineage-specific primed peak list. MPPs had a discernable peak in four out of the five 

primed peak lists, with a less distinct signal in EP-primed peaks. Notably, each 

unilineage region displayed accessibility signal in the presumed immediate upstream 

progenitor (MEPs in EP-primed peaks; GMPs in GM-primed peaks; ProB in B-cell 

peaks; and ProTs in T-primed peaks), except for MkPs, which lacked MEP signal and 

instead had notable accessibility in MPPs and CMPs. These observations revealed that 

lineage priming of a sizeable proportion of CREs persists throughout differentiation for 

every lineage. 

To assess the distribution of the primed peaks in each progenitor population, 

we performed a bedtools intersect of the lineage-specific peaks primed in HSCs and 

determined the number of overlapping peaks with each progenitor. Interestingly, all 

progenitors from every lineage contained peaks from all 5 primed peak lists (Figure 

6B, Supplemental Tables 1-5). The distribution of primed peaks of all five lineages was 
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about equally distributed at ~20% each in HSCs, with similar distribution in MPPs, and 

CLPs (Chi-square > 0.01). Clear lineage bias was evident in other populations: 

erythromyeloid progenitors (CMPs, MEPs) were significantly enriched for EP- and 

MkP-primed peaks, GMPs were enriched for GM-primed elements, while the unipotent 

lymphoid progenitors (ProBs and ProTs) were significantly enriched with peaks from 

their immediate downstream progeny (B and T cells). 

To accomplish direct longitudinal analysis of priming through multiple 

differentiation stages, we intersected the 5 HSC-primed peak lists with every assumed 

intermediate progenitor between HSCs and the unipotent lineage (i.e for HSC/EP 

shared peaks, we intersected MPPs, CMPs, and MEPs with the shared peak list, as 

those populations are in the HSC-to-EP lineage as shown in Figure 1A). From those 

intersections, we identified and quantified the number of peaks that maintained 

accessibility throughout differentiation for each lineage and reported each peak as a 

heatmap throughout the expected differentiation trajectory (Figure 6C, Supplemental 

Table 6). Surprisingly, even though ubiquitously primed CREs were detected for every 

lineage, this was far from the norm, as no lineage had more than 25% of the HSC-

primed peaks maintain openness throughout differentiation. About 10% of the 

persistently primed peaks were promoters, with the B cell lineage specific BAFF-R and 

T cell specific CD28 as examples that have known functional roles in those cell types 

(Dodson et al., 2009; Shulga-Morskaya et al., 2004). Next, we examined two example 

CREs that were primed throughout differentiation for the GM (Figure 6D) and T cell 

(Figure 6E) lineages. The GM specific Fcnb gene is expressed only in GMPs and GMs, 
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while the putative CRE associated to Fcnb was accessible in HSCs, MPPs, CMPs, 

GMPs, and GMs (Figure 6D). The T cell specific Wnt8b is only expressed in T cells, 

while its putative CRE is accessible in HSCs, MPPs, CLPs, ProTs, and T cells. (Figure 

6E). These findings support that lineage priming observed in HSCs is maintained 

throughout differentiation for certain CREs. Unexpectedly, most of the peaks primed 

in HSCs did not exhibit persistent priming in every intermediate progenitor. These 

observations, combined with the bias in signal and peak counts in progenitors could 

suggest preferred lineages at specific branchpoints. For example, EP-primed peaks had 

a high average signal and made up most of the overlapping peaks in MEPs which could 

suggest that MEPs are biased towards EPs over MkPs, or reinforce fate decisions 

initiated in upstream progenitors. 

 

HSC-unique peaks indicated an erythropoiesis-primed chromatin state 

Because HSCs are the only cell type in the hematopoietic tree that is capable of long-

term reconstitution, we reasoned that HSC-unique peaks would be enriched in elements 

that promote self-renewal and/or engraftment. To test this, we identified and examined 

HSC-unique peaks (Figure 7A). We found 3,026 HSC-unique peaks, 92.7% of which 

classified as non-promoter (Figure 7B). To identify transcription factor motifs enriched 

within the HSC-unique peaks, we performed de novo motif finding and enrichment 

using the HOMER package and reported the top 10 results sorted by p-value (Figure 

7C). ELF3 (E74 Like ETS Transcription Factor 3) was the top ranked motif, followed 

by CTCFL. There were 3 instances of CTCF-like motifs in the top 10 de novo motifs, 
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while single instances of NF-E2, RUNX, HIC1, Gata6, Foxo1, and IRF4 rounded out 

the enriched motifs. Next, we annotated the CREs to nearby genes using GREAT. The 

top GO term was definitive erythrocyte differentiation (Figure 7D), comprised of 14 

peaks linked to 4 genes: Ncor1, Tgfbr3, Zfpm1, and Smarca4. All four genes have 

known roles in hematopoiesis, with knock-out studies presenting severe defects in 

erythropoiesis, or the entire hematopoietic compartment (Bultman et al., 2005; Chi et 

al., 2003; Jepsen et al., 2000; Stenvers et al., 2003; Tsang et al., 1998), consistent with 

important roles in HSCs. We then visualized the ATAC accessibility of three example 

peaks enriched in the definitive erythrocyte differentiation GO term, along with their 

respective linked motif enrichment (Figure 7E-G). The CRE linked to Ncor1 contained 

the NF-E2 and Foxo1 motif (Figure 7E). The CRE linked to Zfpm1 contained the motif 

for ELF3 (Figure 7F), while the CRE linked to Tgfbr3 contained CTCFL and Foxo1 

motifs (Figure 7G). Taken together, the unique HSC peaks are enriched for elements 

that prime erythroid cell fate in HSCs, such as NF-E2 binding sites and the 14 peaks 

that are linked to Ncor1, Tgfbr3, Zfpm1, and Smarca4, all of which have known roles 

in erythropoiesis. 

 

CRISPRi-mediated targeting functionally linked CREs to gene expression  

An immediate extension of the chromatin accessibility mapping accomplished in this 

study is to determine the functional role of putative CREs. Linking regulatory elements 

to the expression of specific genes is essential for understanding epigenetic regulation 

of fate decisions, but has proven persistently challenging, in particular in the context of 
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native chromatin structure of primary, multipotent cells. To begin to tackle this, we 

employed a new genetic mouse model that ubiquitously express the dCas9-KRAB 

repressor protein from the safe harbor H11 locus (CRISPRi mouse) (Figure 7H). We 

isolated hematopoietic stem and progenitor cells (HSPCs) from these CRISPRi mice 

and first, as proof-of-concept, transduced them with lentivirus expressing a single guide 

RNA (sgRNA) targeting the promoter of the cell surface protein CD81 (Oguri et al., 

2020). HSPCs were cultured under non-differentiation conditions for 2 days, then 

analyzed for CD81 cell-surface expression by flow cytometry. We observed significant 

reduction in CD81 expression in HSPCs transduced with CD81 sgRNA compared to a 

scrambled control sgRNA (Figure 7I), thereby demonstrating efficient and selective 

gene silencing in HSPCs. 

Next, we tested whether CRISPRi targeting initiated in HSCs is maintained 

upon differentiation into mature cells, and if silencing of putative distal CREs, like 

promoter-proximal CREs, can repress gene expression. We designed two sgRNAs for 

both the promoter and a putative CRE of the myeloid-associated cell surface proteins 

CD115 and CD11b, based on their ATAC peak profiles (Figure 7J) and cloned the top 

two sgRNAs for each putative CRE into a dual-guide lentiviral vector (Replogle et al., 

2020). HSCs from CRISPRi mice were isolated, transduced with the dual-guide 

lentivirus, and then cultured in a myeloid differentiation media for 5 days before 

surface expression of CD115 and CD11b was quantified via flow cytometry. As 

expected, the vast majority of cells infected with scrambled control sgRNAs expressed 

CD115 (Figure 7K) or CD11b (Figure 7L). We observed a significant reduction in the 
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frequency of CD115+ cells when HSCs were transduced with sgRNAs targeting either 

the promoter or putative CRE targeting guides (Figure 7K). Interestingly, we only 

observed a significant decrease in the frequency of CD11b+ cells with sgRNAs 

targeting the CD11b promoter, but not the putative CD11b CRE (Figure 7L). These 

data establish the new CRISPRi mice as a powerful tool for identifying functional 

CREs based on ATAC-seq peaks. Specifically, we showed that CRISPRi-mediated 

targeting initiated in HSCs led to selective gene repression upon differentiation into 

myeloid cells, and that the accessible sequence in the CD115 locus is essential for its 

expression, whereas targeting of the putative CD11b CRE does not significantly alter 

CD11b expression under these conditions. 

 

Discussion 

Global chromatin accessibility throughout hematopoiesis is highly dynamic 

Here, we mapped accessible loci in seven hematopoietic progenitor cell types with 

distinct functional capacities. Integration of these new data with HSCs and mature 

progeny revealed epigenetic-based cell clustering into erythromyeloid and lymphoid 

branches (Figure 4) and robust identification of known regulatory elements (Figure 5). 

Consistent with previous evidence by us and others that stem cells have relatively 

decondensed chromatin structure (Lara-Astiaso et al., 2014; Martin et al., 2021; Ugarte 

et al., 2015; Wang et al., 2015), we found that both the ATAC peak number and 

cumulative signal was greatest for HSCs (Figure 1). This study advances previous 

reports by pinpointing the location both of all putative CREs genome-wide in each 
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population, as well as HSC-specific putative CREs (Figure 7) and those associated with 

the major erythromyeloid/lymphoid branchpoints (Figures 2 and 3). Importantly, only 

a subset of HSC peaks remained accessible throughout differentiation, substantially 

focusing the search for sequences serving as lineage priming elements (Figure 6). 

Likewise, our CRISPRi experiments demonstrated selective functionality of putative 

distal CREs in regulating gene expression (Figure 7). Although the models of 

hematopoiesis and phenotypes of progenitors are constantly reshaped and refined 

(Challen et al., 2021; Laurenti and Göttgens, 2018), our maps and strategies derived 

from pre-defined cell types at known branchpoints will serve as valuable resources to 

identify, characterize, and functionally interrogate cis regulatory elements and their 

roles in gene regulation, stem cell self-renewal, and fate decisions. 

 

Defining differential chromatin accessibility at major lineage branchpoints  

Functional studies have suggested that differential epigenetic priming may be evident 

at major branchpoints (Boyer et al., 2019; Rodriguez-Fraticelli et al., 2018). Indeed, we 

identified thousands of differential CREs at both the CMP/CLP and MkP/EP 

branchpoints. We found that HSC/MPP-descendant CLPs had a greater proportion of 

lost peaks compared to CMPs (Figure 2). Interestingly, though most of the peaks altered 

were classified as non-promoter, the differential was mainly driven by promoter peak 

changes, possibly indicating that multipotency priming, but not implementation of non-

lymphoid programs, may remain present in CLPs. Emergence of CMPs was associated 

with significantly less promoter remodeling, loss of accessibility of lymphoid lineage 
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drivers, and gain of accessibility at negative regulators of lymphoid differentiation 

(Figures 2C, E and G). Further down the erythromyeloid trajectory, MkPs gained 

significantly more peaks from MEPs compared to EPs, with gained peaks in MkPs and 

EPs linked to genes important for megakaryopoiesis and erythropoiesis, respectively 

(Figure 3). In contrast to the CMP/CLP branchpoint, divergence of MkPs versus EPs 

occurred primarily at non-promoter peaks. Interestingly, specification of both CMPs 

(compared to CLPs) and EPs (compared to MkPs) entailed significantly reduced 

proportions of “peaks lost”, indicating that relatively larger fractions of CREs were 

already accessible in their respective progenitor (MPPs and MEPs). This is consistent 

with strong erythroid priming in HSCs (also see below) and the predominant erythroid 

cell production observed in quantitative functional assays (Boyer et al 2019). 

Collectively, the differential priming throughout differentiation uncovered here and 

previously (Heuston et al., 2018; Martin et al., 2021) is now available for functional 

testing by CRISPRi or analogous strategies to determine the CREs and chromatin 

remodeling events required for balanced hematopoiesis.  

 

Lineage priming was selectively maintained throughout differentiation 

Our previous study identified CREs that were exclusively shared between unipotent 

lineage cells and HSCs (Martin et al., 2021). Here, we found that a limited subset of 

those primed CREs maintained accessibility throughout differentiation in intermediate 

progenitors (Figure 6). Lineage priming was also detected at the b-globin locus, where 

the strongest enhancer, HS2, was primed in HSCs and MPPs, with additional 
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accessibility of HS1 and HS4 in CMPs, and then also HS3 and HS6 in MEPs and EPs 

(Figure 5). The global enrichment of peaks within the intermediate progenitors 

reflected the distinct bifurcation found in hematopoiesis, with erythromyeloid-primed 

peaks enriched in erythromyeloid progenitors and lymphoid-primed peaks enriched in 

lymphoid progenitors. Surprisingly, CLPs did not significantly deviate from the 

distribution of peaks in HSCs and MPPs (Figure 6B), potentially indicating “inherited” 

priming that is not implemented in vivo (Schlenner et al., 2010) but can be reignited in 

vitro (Karsunky et al., 2003). We also tracked the accessibility of the primed peaks 

throughout differentiation and found that the majority of peaks do not maintain 

accessibility in every intermediate progenitor throughout differentiation (Figure 6C,D). 

Collectively, these findings provide insight into the dynamics of CRE accessibility 

throughout differentiation and support a model where lineage priming in HSCs guides 

lineage competence during differentiation, while the gain and loss of accessibility at 

certain intermediate progenitors could regulate or reinforce differentiation in specific 

lineages. 

 

HSC-unique peaks were highly enriched for CREs that drive erythroid differentiation 

While HSCs are capable of producing all blood cell lineages, several studies have 

suggested lineage-specific priming within HSCs (Boyer et al., 2019; Carrelha et al., 

2018; Ema et al., 2014; Yamamoto et al., 2013, 2018). From these studies we 

hypothesized that CREs within HSCs would uncover drivers of erythro- and/or 

megakaryopoiesis. Our GREAT analysis of HSC-unique peaks revealed “definitive 
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erythrocyte differentiation” as the top GO-Biological Process hit (Figure 7D), and we 

observed HSC-specific accessibility in the CREs linked to genes that have known roles 

in erythropoiesis (Figure 7E-G). Furthermore, we observed de novo enrichment of 

transcription factor motifs in the HSC-unique peaks that are known to be key regulators 

of hematopoiesis, such as NF-E2 and Runx (Gasiorek et al., 2012; Shivdasani and 

Orkin, 1995; Willcockson et al., 2019). This suggests that establishment of 

developmental competence for erythropoiesis in HSCs may occur primarily in CREs 

that are uniquely accessible in HSCs. 

In summary, we present evidence that multilineage priming is present in HSCs 

and selectively maintained, or repressed, throughout differentiation. In addition, the 

observation that HSCs harbor the most ATAC-seq peaks of all hematopoietic cell types 

(Figure 1) is consistent with previous findings that linked multipotency with global 

epigenetic regulation and the presence of poised loci that are distal to promoters in stem 

cells (Lara-Astiaso et al., 2014; Ugarte et al., 2015; Wang et al., 2015). We also found 

that accessibility, especially of distal CREs, is highly dynamic, and that some, but not 

all, serve as functional CREs (Figure 7I-L). Our results provide insight to how lineage 

fate is reinforced at branchpoints through the collective action of specific transcription 

factors at these CREs. Future investigations using CRISPR-based technologies paired 

with in vivo methods (Rodriguez y Baena et al., 2021; Worthington and Forsberg, 2022, 

Figure 7I-L) will allow us to determine which of these CREs are a consequence of 

differentiation and which elements drive differentiation into specific fates. 
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Experimental Procedures 

Mice and Cells 

All experiments were performed using 8- to 12-week-old C57BL/6 wild-type mice in 

accordance with UCSC IACUC guidelines. Hematopoietic stem, progenitor and mature 

cells were isolated from BM of murine femurs, tibias, hips, and sternums as previously 

described (Boyer et al., 2011; Poscablo et al., 2021; Rodriguez y Baena et al., 2022; 

Worthington et al., 2022). Stem and progenitor cell fractions were enriched using cKit-

coupled magnetic beads (Miltenyi). Cells were stained with unconjugated lineage rat 

antibodies (CD3, CD4, CD5, CD8, B220, Gr1, Mac1, and Ter119) followed by goat-

-rat PE-Cy5 (Invitrogen). Stem and progenitor cells were isolated using fluorescently 

labeled or biotinylated antibodies for the following antigens:  cKit (2B8, Biolegend), 

Sca1 (D7, Biolegend), Slamf1 (CD150) (TC15-12F12.2, Biolegend), CD34 (RAM34, 

ebiosciences), FcrII (93, Biolegend), and Il7r (A7R34, Biolegend). Cells were sorted 

by Fluorescence-Activated Cell Sorting (FACS) with a target of 50,000 cells per cell 

type using a FACS Aria II (BD Bioscience). HSCs were defined as cKit+ Lin- Sca1+ 

Flk2- and Slamf1+; MPPs as cKit+Lin-Sca1+ Flk2+ Slamf1- cells. CMPs were defined as 

cKit+Lin-Sca1- CD34mid FcrIImid; GMPs as cKit+Lin-Sca1- CD34mid FcrIIhigh, MEPs 

as cKit+Lin-Sca1- CD34low FcrIIlow. CLPs were isolated by lineage depleting BM cells 

through staining of unconjugated lineage rat antibodies (CD3, CD4, CD5, CD8, B220, 

Gr1, Mac1, and Ter119) followed by sheep--rat Dynabeads (Life Technologies) and 

separation via EasySep magnet (Stem Cell Technologies). CLPs were isolated by Lin-

Flk2+ Il7r+ cKitmid Sca1mid. Lineage restricted hematopoietic progenitor and mature 
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cells were isolated by the following markers: EPs, Lin(CD3, CD4, CD5, CD8, B220, 

Gr1, and Mac1)-CD71+Ter119+/-; GMs, Lin(CD3, CD4, CD5, CD8, B220, and 

Ter119)-Gr1+Mac1+ (“GM” cells were positive for both Gr1 and Mac1); T-progenitors 

(ProT), Lin(CD5, B220, Gr1, Mac1, and Ter119)-CD3+CD25+; T cells, Lin(CD5, 

B220, Gr1, Mac1, and Ter119)-CD25-CD3+CD4+/-CD8+/-; B-progenitors (ProB), 

Lin(CD3, CD4, CD8, Gr1, Mac1, and Ter119)-CD43+B220+; B cells, Lin(CD3, CD4, 

CD8, Gr1, Mac1, and Ter119)-CD43-B220+.  

 

CRISPRi mice were generated by site-specific integration of CAG promoter-driven 

sequences for nuclease-deficient Cas9 protein (dCas9) fused to a zinc-finger protein 10 

(ZNF10) Krüppel-Associated Box (KRAB) domain. The expression cassette was 

inserted into the H11 safe harbor locus of C57BL/6J mice using a site-specific 

integrase-mediated method (Tasic et al., 2011). The resulting CRISPRi mouse is 

similar to a previously generated CRISPRi mouse (Oguri et al., 2020), but lacks the 

mCherry and Puro resistance genes. 

 

ATAC-seq 

ATAC-seq was performed as previously described (Buenrostro et al., 2013). Briefly, 

cells were collected after sorting into microcentrifuge tubes, and centrifuged at 500xg 

for 5 minutes at 4˚C to pellet the cells. The supernatant was aspirated, and the cells 

were washed with ice-cold 1xDPBS. Cells were centrifuged and the supernatant was 

discarded. Cells were immediately resuspended in ice-cold lysis buffer (10 mM Tris-
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HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2 and 0.1% IGEPAL CA-630) and centrifuged 

at 500xg for 10 minutes. The supernatant was aspirated, and pellets were resuspended 

in transposase reaction mix (25µL 2xTD Buffer, 2.5µL transposase (Illumina), and 

22.5µL nuclease free water). The transposition reaction was carried out at 37˚C for 30 

minutes at 600rpm in a shaking thermomixer (Eppendorf). Immediately after 

completion of the transposition reaction, the samples were purified using the MinElute 

Reaction Clean up kit (Qiagen) and eluted into 10 µL of EB. Samples were stored at -

20˚C until PCR amplification step. PCR amplification was performed as previously 

described (Buenrostro et al., 2013) using custom Nextera primers. After initial 

amplification (5 cycles), a portion of the samples were run on qPCR (ViiA7 Applied 

Biosystems) to determine the additional number of cycles needed for each library 

(typically 5-8 cycles). The libraries were purified using the MinElute Reaction Clean 

up kit (Qiagen), eluted into 20 µL EB and then size selected using AmpureXP 

(Beckman-Coulter) beads at a ratio of 1.8:1 beads/sample, and eluted into 40µL of 

nuclease-free water. Library size distribution was determined by Bioanalyzer (Agilent) 

capillary electrophoresis and library concentration was determined by Qubit 3 (Life 

Technologies). Quality of libraries were checked by shallow sequencing (1 million raw 

reads) on a Miseq (Illumina) at 75 x 75 paired-end sequencing. Those libraries that 

appeared to have size distributions similar to previous reports were pooled together and 

deep sequenced on a HiSeq2500 (Illumina) at 100 x 100 reads at the Vincent J. Coates 

Genomics Sequencing Laboratory at UC Berkeley.  
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Data processing 

Demultiplexed sequencing data was processed using the ENCODE ATAC-seq pipeline 

version 1.1.6 and 1.4.2 (https://github.com/ENCODE-DCC/atac-seq-pipeline) using 

the mm10 assembly and the default parameters. In version 1.4.2 changed:  

atac.multimapping=0, atac.smooth_win=150, atac.enable_idr=true, 

atac.idr_thresh=0.1 to be consistent with the mapping/peak calling performed with 

previous versions. 

Peak filtering and hierarchical clustering was performed using the chromVAR package 

(https://github.com/GreenleafLab/chromVAR). First, the optimal peak-list from the 

IDR output for each cell type was concatenated and sorted, then used as the peak input 

for chromVAR. The blacklist filtered bam files for each replicate (n=2 for each cell 

type) was used as input along with the sorted peak file. The fragment counts in each 

peak for each replicate and GC bias was calculated, and then the peaks were filtered 

using filterPeaks function with the default parameters and nonoverlapping=TRUE. The 

master peak-list was extracted at this point, which contained 92,842 peaks, and used 

throughout the study. The deviations were calculated using every peak, and the tSNE 

and correlation functions were also performed using the deviations output and the 

default parameters. 

Normalized chromVAR counts were log+1 scaled, centered, and filtered to peaks that 

had above-median coefficient of variance. These filtered counts were use in principal 

component analysis (PCA) with the R package prcomp. Following this, the resulting 
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components were used to calculate UMAP dimensions using the R package uwot. The 

component values were plotted using the R package ggplot2. 

We noted that although showing strong similarity by PCA (Figure 4A) and designating 

to the same main cluster by hierarchical clustering (Figure 4C), the two HSC samples 

were the only replicate pair not localized immediately adjacent to each other. Analysis 

of additional HSC ATAC-seq samples did not resolve the hierarchical clustering in a 

meaningful way, as the results were similar with regards to intermixing within other 

cell types and failed to pinpoint one of the original HSC samples as an outlier. 

Annotation of peaks, generation of histogram plot, merging of peaks, and motif 

enrichment was performed by HOMER (http://homer.ucsd.edu/homer/). Peaks were 

annotated using the annotatePeaks.pl function with the mm10 assembly and default 

parameters. Histogram was created by first shifting the bam files using DeepTools 

alignmentSieve.py with the flag –ATACshift. Next, tag directories were made using 

the Tn5 shifted bam files using HOMER makeTagDirectory. The histogram was made 

using the annotatePeaks.pl function with the default settings and the flags: -size -

500,500 and -hist 5. Peak lists were compared using the mergePeaks.pl function with 

default settings and the flags -d given, -venn, and for the unique peak lists -prefix. Motif 

enrichment was performed using the findMotifsGenome.pl package with default 

parameters using the flag -size given. 

The GREAT tool (http://great.stanford.edu/public/html/) was used to annotate non-

promoter peaks to target genes. The peak lists were reduced to BED4 files from the 

HOMER annotations output and used as input. The whole mm10 genome was used as 

http://great.stanford.edu/public/html/
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the background regions, and the association rule settings were set as Basal plus 

extension, proximal window 2kb upstream, 1kb downstream, plus distal up to 1Mb and 

included curated regulatory domains. All genome track visualizations were made using 

the UCSC genome browser. Statistical analysis was performed using GraphPad Prism 

9. Graphs were made in either Microsoft Excel or GraphPad Prism 9. Annotations to 

figures was performed using Adobe Illustrator CC and Adobe Photoshop CC. 

  

CRISPRi experiments 

Single guide RNA (sgRNA) sequence targeting CD81 was from (Oguri et al., 2020). 

Dual targeting sgRNAs for promoter regions were non-overlapping guide sequences 

from previously published libraries (Horlbeck et al., 2016). The dual sgRNAs for 

candidate CREs were designed by generating a 200bp window centered on the peak 

summit and inputting those coordinates into the CRISPOR tool (Concordet and 

Haeussler, 2018; Haeussler et al., 2016). The top two non-overlapping guides were 

selected and cloned into pJR85 (Addgene plasmid #140095) (Replogle et al., 2020). 

psPAX2 (Addgene plasmid #12260) and pMD2.G (Addgene plasmid # 12259) were 

combined with pJR85 and transfected into 293T cells by Lipofectamine 2000. 72 hours 

after transfection, the supernatant was collected, 0.45 µ filtered, and concentrated by 

PEG precipitation. Concentrated lentivirus was resuspended in a minimal volume of 

Optimem. 
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HSPCs (Lin-, cKit+, Sca+ BM cells) or HSCs (Lin-, cKit+, Sca+, SLAM mid-hi, Flk2-

) from CRISPRi mice were FACS isolated and plated at 6,000 cells/well (CD81) or 200 

cells/well (CD11b/CD115) in either HSC minimal media (IMDM; TPO 50 ng/mL; SCF 

50 ng/mL; Polybrene 5 ug/mL) or HSC maintenance media (IMDM; 20% FBS; TPO 

50ng/mL; SCF 50 ng/mL; IL-6 20ng/mL; IL-3 10 ng/mL, IL-11 20 ng/mL, Primocin, 

Non-Essential Amino Acids) . After 24 hours in culture, lentivirus containing sgRNAs 

was added to each well and spinoculated for 1 hour, 400xg at 32˚C. 24 hours later, virus 

was washed out and the media was changed into HSC minimal media (CD81) or to a 

myeloid differentiation media (CD11b/CD115) (Forsberg et al., 2006) and cells were 

allowed to expand in culture for 2 days (CD81) or 5 days (CD11b/CD11b) before 

analysis by flow cytometry. 

 

List of sgRNAs used: 

CD81 Promoter ATGAGACGTAGGGTAGAGAA 

CD115 Promoter 1 GAGCGTGAGCCGATGCAGGT 

CD115 Promoter 2 GCCGATGCAGGTTGGAGAGT 

CD11b Promoter 1 GCTTCTGGTCACAGGTATGT 

CD11b Promoter 2 GGTAGGTGGGGAGAGATCAA 

CD115 Enhancer 1 GTGAGAGCCCAAGTGTCGAA 

CD115 Enhancer 2 CAATGTGTTTCCGCCCACAC 

CD11b Enhancer 1 AGTTGTCTATATCCGCTGTG 
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CD11b Enhancer 2 GGTCTGAATCACTAAAGATA 

Scrambled Control (for CD81 expts.) GTCCATACGCATAATCACCG 

Scrambled Control 1 (for CD115/CD11b 

expts.) 

CTGTGCAATCCGCATGATAT 

Scrambled Control 2 (for CD115/CD11b 

expts.) 

ATCTGGCACCTCACCCACGT 

 

Data availability 

The datasets generated in the current study are available in the Gene Expression 

Omnibus (GEO), accession number GSE184851, reviewer token mpinagaaxxoffyt. 

The exclusively primed peaks are provided as Supplemental Tables 1-6. Previously 

published datasets are available at GSE162949. Signal tracks and called peaks for all 

13 cell types are available as a custom session on the UCSC genome browser at: 

https://genome.ucsc.edu/s/ewmartin/atac_bw_mean_allpeaks 
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Figures 

 

Figure 6.1 ATAC-seq analysis of hematopoietic progenitor cell populations 

revealed progressive and lineage-specific chromatin condensation. 
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A) Schematic diagram of the hematopoietic cells analyzed in this study. Thirteen cell 

populations were investigated: multipotent HSCs (Hematopoietic Stem Cells) and 

MPPs (Multipotent Progenitors); lineage-restricted/oligopotent CMPs (Common 

Myeloid Progenitors), CLPs (Common Lymphoid Progenitors), GMPs (Granulocyte 

Macrophage Progenitors), MEPs (Megakaryocyte Erythrocyte Progenitors); unilineage 

MkPs (Megakaryocyte Progenitors), EPs (Erythroid Progenitors), ProBs (B cell 

Progenitors), ProTs (T cell Progenitors), and mature GMs (Granulocyte/Macrophages), 

B cells, and T cells. ATAC-seq profiles for HSCs and unilineage MkPs, EPs, GMs, B 

and T cells were reported previously (Martin et al., 2021); data were integrated in 

selective analyses of the new data for intermediate progenitors for a comprehensive 

perspective of hematopoiesis.  

B) HSCs had the highest number of peaks of all hematopoietic progenitor cell types. 

The total number of Irreproducible Discovery Rate (IDR) peaks per cell type are 

displayed. HSCs had the highest number of peaks, followed by MPPs and then lineage-

committed progenitors.  

C) HSCs had the highest average signal across all peaks. Average cumulative signal 

across the peak-list for each population was determined by the -hist function of 

HOMER annotatePeaks.pl. Multipotent HSCs and MPPs had the highest average peak 

signal, whereas lineage-restricted progenitors had overall lower signal. 

D) Lineage-specific gene expression patterns used to find examples of genes selectively 

expressed within each indicated cell type. The level of expression (red=high; 

blue=low/not expressed) was obtained from the Gene Expression Commons (GEXC) 

database. 

E) Promoter accessibility correlated with cell type-specific gene expression in the 

corresponding progenitor cell types. Plots depict HOMER histograms of the average 

cumulative signal across the cell type-specific promoters for HSCs (34 peaks), MEPs 

(16 peaks), ProBs (29 peaks), and ProTs (12 peaks). MPPs, CMPs, GMPs, and CLPs 

were not displayed as each of these populations had fewer than 10 promoter peaks of 

uniquely expressed gene



 

 

206 

 

Figure 6.2 Comparisons of peak dynamics as multipotent HSCs and MPPs 

differentiate into CMPs or CLPs revealed quantitatively differential gain and loss 

of accessibility. 
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A) Schematic of the comparisons made between multipotent HSCs and MPPs 

(ckit+Lin-Sca1+; KLS) to lymphoid- or erythromyeloid-committed CLPs or CMPs. 

First, the peaks from HSCs and MPPs were combined using bedtools merge and then 

compared to CLPs or CMPs. The altered peak lists from the CMP and CLP 

comparisons were then intersected against each other to generate CMP- or CLP-

specific peaks that were either gained or lost from KLS. 

B-D) CLPs had more peak alterations than CMPs. The number of peaks gained and lost 

in each cell type are displayed. Compared to CMPs, CLPs had more total number of 

peaks gained/lost (B), promoter peaks altered (C), and similar numbers of non-

promoter peaks altered (D). The distribution of peaks between CMPs and CLPs was 

significant by Chi-square for the total number of peaks (B) (*** p <0.001) and promoter 

peaks (C) (**** p < 0.0001); and not significant for non-promoter peaks (D) (p = 0.42). 

E-H) Cis-regulatory element analysis, GO term enrichment, and motif enrichment of 

the peaks that were altered between KLS and CLPs or CMPs, along with example target 

genes from each GO term. Briefly, each list of altered peaks was submitted to GREAT 

using the basal extension function with a parameter of 2kb upstream, 1kb downstream, 

and up to 1Mb extension. Example genes were extracted from the region-target 

association table for each GO term. The top 5 enriched known motifs from HOMER 

and corresponding transcription factors were also reported. 

E) GREAT analysis of CMP-gained peaks contained the GO term “Negative 

Regulation of B cell Activation”, and were enriched for motifs of Gata transcription 

factors. F) Peaks gained by CLPs were primarily enriched in immune cell activation 

GO terms, with “Leukocyte Activation Involved in Immune Response” as the top hit. 

Peaks were enriched for motifs of ETS factor ETS1, as well as known lymphoid drivers 

IRF8 and SpiB. G) CMP peaks that were lost from KLS cells all relate to immune cell 

processes, and were enriched with motifs for ETS factors and SpiB, similar to the peaks 

gained by CLPs. H) CLP peaks lost from KLS contained GO terms that were immune 

related, such as “Regulation of Leukocyte Mediated Immunity” with Gata2 and Tlr4 

as example genes. The peaks were enriched for Gata and CTCF/CTCFL transcription 

factor motifs. # the full title of this GO term is “Regulation of Adaptive Immune 

Response Based On Somatic Recombination of Immune Receptors Built from 

Immunoglobulin Superfamily Domains”. 
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Figure 6.3. Comparison of peak dynamics as MEPs differentiate into MkPs or EPs 

revealed more gain of chromatin accessibility in MkPs and more loss in EPs. 

A) Schematic of the differentiation branch analyzed for this figure, where MEPs 

differentiate into either MkPs or EPs.  

B) Schematic of the comparisons made between MEPs and MkPs or EPs, similar to 

Figure 2A. The peak profile of MEPs was compared to MkPs and EPs to assess which 

peaks were uniquely altered (gained or lost from MEPs) by MkPs or EPs during 

differentiation. 
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C-E) MkPs and EPs had a similar number of peaks altered. The number of peaks gained 

(purple for MkPs and red for EPs) and lost (pink) in each cell type are also displayed. 

D) Compared to EP, MkPs had a lower number of promoter peaks altered with a greater 

percentage of promoter peaks gained and (E) a greater number of non-promoter peaks 

gained. The distribution of peaks between MkPs and EPs was significantly different by 

Chi-square for (C-E) (**** p <0.0001). 

(F-G) The lists of peaks gained from MEPs for each cell type were submitted to 

GREAT for functional annotation. The top 4 over-represented categories in Mouse 

Phenotype are reported, containing information about genotype-phenotype 

associations. Examples genes with known roles in MkPs (and/or 

platelets/megakaryopoiesis) or EPs (and/or red blood cells/erythropoiesis) were 

extracted from the term’s genomic region-gene association tables. (F) The MkP gained 

peaks were enriched for genes whose alterations generate phenotypes related to 

inflammation. (G) The EP gained peaks were enriched for genes whose alterations 

generate phenotypes related erythroid cell lineage, function, and morphology.  

(H-I) Motif enrichment analysis by HOMER was performed on the lists of peaks 

gained from MEPs for each cell type and the top 5 transcription factor motifs were 

reported. (H) Peaks gained in MkPs were enriched for transcription factors known to 

be key players in the megakaryocytic lineage, such as Fli-1 and Erg. (I) Peaks gained 

in EPs were enriched for transcription factors required for erythropoiesis, including 

various Gata family members.  

(J-K) Example gene extracted from the lists of gained peaks in MkPs: Alox5ap. (J) 

ATAC-seq signal tracks for MEPs, MkPs, and EPs at the Alox5ap locus (12,000 bps 

shown). Peaks highlighted by green boxes represent called peaks by IDR at the 

promoter and putative enhancers for Alox5ap. (K) GEXC expression data reported high 

expression of Alox5ap in MkPs but not in MEPs or EPs. 
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Figure 6.4 ATAC-seq maps of hematopoietic cell populations revealed distinct 

erythromyeloid and lymphoid clusters. 

A) Principal Component Analysis (PCA) of chromVAR-normalized ATAC-seq peak 

counts revealed high concordance of replicates, and distinct erythromyeloid and 

lymphoid quadrants. Percent of total variance explained by each component are 

displayed on respective axes. 

B) Uniform Manifold Approximation and Projection (UMAP) using components 

derived from PCA generated distinct erythromyeloid and lymphoid clusters with the 

multipotent HSCs and MPPs associated with the erythromyeloid quadrant, similar to 

the PCA. 

C) Hierarchical clustering of all 13 cell types revealed high concordance of replicates 

and distinct clusters consistent with classical models of hematopoiesis (Figure 1A). 

Two primary associations were revealed: one erythromyeloid cluster and one lymphoid 
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cluster. Multipotent HSCs and MPPs were designated to the erythromyeloid cluster. 

Additionally, there were four distinct sub-clusters: MkPs with CMPs; MEPs with EPs; 

ProBs with B cells and CLPs; and ProTs with T cells. 
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Figure 6.5 Accessibility correlated with known regulatory elements of well-

characterized cell type-specific genes. 

A) Chromatin accessibility of the b-globin locus revealed expression-selective patterns 

at known cis-regulatory elements (CREs). ATAC-seq signal tracks at the b-globin 

cluster (chr7: 103,792,027-103,879,340; mm10) of the thirteen cell types are shown. 
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Peaks highlighted by green boxes represent called peaks by Irreproducible Discovery 

Rate (IDR) at known CREs for each cell type.  

B) Lymphoid-selective expression of Rag1 and Rag2. GEXC expression data reported 

expression of Recombination activating gene 1 (Rag1) and Recombination activating 

gene 2 (Rag2) in CLPs, ProBs, ProTs, B, and T cells. Rag2 expression in non-lymphoid 

cell types (CMPs, GMPs, MkPs, and EPs) is due to the Iftap promoter on the opposite 

strand of the Rag genes in the second intron of Rag2 (Laszkiewicz et al., 2012). 

C) Lymphoid-selective accessibility of the Rag locus. ATAC-seq signal tracks of the 

thirteen cell types in this study at the lymphoid-selective Rag gene locus (chr2: 

101,542,312-101,656,796; mm10). The Rag gene locus consists of four previously 

characterized CREs (Ep, D3, Erag, ASE) and the gene bodies for Rag1 and Rag2. The 

promoter for both Rag1 and Rag2 had accessibility only in lymphoid cell types (CLPs, 

ProBs, B cells, ProTs, and T cells). The lymphoid specific D3 CRE had expected 

lymphoid-only accessibility, and the B cell specific CREs Ep and Erag had accessibility 

only in CLPs, ProBs, and B cells. The T cell development specific anti-silencing 

element (ASE) only exhibited accessibility in ProT cells. 
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Figure 6.6. CREs of lineage-specific genes primed in HSCs also displayed 

accessibility in progenitors. 

A) Lineage-specific peaks primed in HSCs also displayed selective enrichment in 

intermediate progenitors. HOMER histograms of the average cumulative accessibility 
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in each of the 13 cell types in each lineage-primed peak-list. MkP lineage peaks that 

were primed in HSCs were also enriched in MPPs and CMPs, but less so in GMPs, 

CLPs, ProB, and ProTs; EP peaks were selectively enriched in MEPs and CMPs; GM 

peaks were enriched primarily in MPPs and GMPs; B cell peaks were enriched in ProBs 

and MPPs, and T cell peaks were enriched in ProTs and MPPs. 

B) Peak distribution analysis revealed lineage skewing within progenitors. The 

distribution of lineage-primed peaks was displayed for each progenitor cell type. All 

progenitors contained lineage-primed peaks representing unique peaks of each of the 

five lineages, but at different proportions. HSCs had an almost equal distribution of 

peaks from all five lineages that did not deviate from an expected equal distribution 

(Chi-square, p = 0.97). MPPs and CLPs had similar peak distributions and were not 

significantly different when compared pairwise to HSCs (Chi-square, p ≥ 0.01). In 

contrast, pairwise comparison of the distribution of peaks between HSCs and 

progenitors revealed significant differences in CMPs, GMPs, MEPs, ProBs, and ProTs 

by Chi-square. CMPs had a relative expansion primarily of erythromyeloid (MkP, EP) 

peaks; GMPs had primarily GM-unique peaks; MEPs were enriched for EP-unique 

peaks; whereas ProBs had more B cell peaks, and ProTs had mainly T cell peaks. ** p 

< 0.01, **** p < 0.0001.  

C) Heatmaps of primed peaks that maintain accessibility throughout the expected 

differentiation trajectory for each lineage. Each line is one peak, with accessibility 

indicated in blue centered around the peak +/-250 bp. Less than 30% of the primed 

peaks for each lineage followed the expected trajectory by maintaining accessibility 

throughout differentiation. 17% of MkP peaks, 11% of EP peaks, 13% of GM peaks, 

12% of B cell peaks, and 26% of T cell peaks maintained priming throughout 

differentiation. 

D) A cis regulatory element (CRE) predicted by GREAT to be associated with Fcnb 

maintained accessibility (“priming”) throughout differentiation into GMs. GEXC 

reported expression of Fcnb selectively in GMPs and GMs. Green circles indicate 

which cell type contained a called peak. Genome track snapshot of the cis regulatory 

element of Fcnb reported accessibility in HSCs, MPPs, CMPs, GMPs, and GMs. A “+” 

sign designated which cell type contained a called peak. 

E) A CRE predicted by GREAT to be associated with Wnt8b maintained accessibility 

throughout differentiation into T cells. GEXC reported expression of Wnt8b selectively 

in T cells only. Green circles indicate which cell type contained a called peak. Genome 

track snapshot of the cis regulatory element of Wnt8b reported accessibility in HSCs, 

MPPs, CLPs, ProTs, and T cells. A “+” sign designated which cell type contained a 

called peak. 
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Figure 6.7. HSC-unique cis regulatory elements are primarily enriched for 

transcription factors that drive erythropoiesis 

A) The HSC-unique peak-list was generated by filtering HSC peaks against the peak 

lists of the other 12 hematopoietic cell types. 



 

 

217 

B) HSC-unique peaks are primarily non-promoter peaks. Table of the composition of 

the HSC-unique peaks and percentage of non-promoter and promoter peaks. 

C) De novo motif enrichment of HSC-unique peaks revealed binding sites for known 

hematopoietic regulators. ELF3, CTCFL, NF-E2, and Runx motifs were the top 5 

enriched de novo motifs.  

D) “Definitive erythroid differentiation” was the top enriched GO term from GREAT 

annotation and analysis of the unique HSC peaks. The resulting graphs are GO 

Biological Process terms and the -log10 p-value for the top four terms. 

E-G) Three examples of putative CREs for target genes that were enriched in 

“definitive erythrocyte differentiation” and displayed unique HSC accessibility. E) A 

putative CRE for Ncor1 was unique to HSCs and contained motifs that closely match 

NF-E2 and Foxo1 binding sites. F) A putative Zfpm1 CRE contained the binding motif 

that closely matches ELF3. G) A putative Tgfbr3 CRE contained DNA motifs that 

closely matched CTCFL and Foxo1 binding sites. 

H) Experimental setup using a CRISPRi model to functionally test putative CREs 

identified in this study.  

I) CD81 expression was significantly reduced in HSPCs when CRISPRi HSPCs were 

transduced with lentivirus targeting the CD81 promoter. The fold change in the 

frequency of CD81+ cells of transduced cells compared to untransduced cells is 

represented in the bar graph and the representative histogram of CD81 expression in 

HSPCs transduced with CD81 promoter targeting sgRNA (red) compared to HSPCs 

transduced with a non-targeting scrambled sgRNA (blue) and CD81 FMO (grey dotted 

line).   

J) ATAC-seq accessibility profiles of the CD115 (top) and CD11b (bottom) loci. The 

location of the single guide RNAs (sgRNA) designed to target the promoter or a 

putative CRE of each gene are denoted by blue bars below the respective locus.  

K) CD115 expression was significantly reduced in differentiated cells when CRISPRi 

HSCs were transduced with lentivirus targeting either the CD115 promoter or 

enhancer. The fold change in the frequency of CD115+ cells of transduced cells 

compared to untransduced cells is represented in the bar graph. 

L) CD11b expression was significantly reduced in differentiated cells when CRISPRi 

HSCs were transduced with lentivirus targeting only the CD11b promoter, but not the 

enhancer. The fold change in the frequency of CD11b+ cells of transduced cells 

compared to untransduced cells is represented in the bar graph. 
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Figure 6.8. Supplemental Figure 1: Comparison of peaks lost as MEPs 

differentiate into MkPs or EPs revealed a shutting down of erythropoiesis as 

megakaryopoiesis progresses. 

A-B) The lists of peaks lost from MEPs for each cell type were submitted to GREAT 

for functional annotation. The top 4 over-represented categories in Mouse Phenotype 

are reported, containing information about genotype-phenotype associations. In 

addition, motif enrichment analysis by HOMER was performed on the lists of peaks 

lost from MEPs for each cell type and the top 5 transcription factor motifs were 

reported. (A) The MkP lost peaks were enriched for genes whose alterations generate 

phenotypes related to erythropoiesis. The MkP peaks lost were enriched for 

transcription factor motifs important in erythropoiesis, such as Gata1 and Gata:SCL. 

(B) The EP lost peaks were enriched for genes whose alterations generate phenotypes 

related to immune modulation and cell proliferation. The EP peaks were enriched for 

transcription factor motifs important in chromatin remodeling and hematopoiesis. 

 



 

 

219 

 

Table 6.1. Peak counts and peak distribution relative to protein-coding gene 

promoters in each cell type 
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Nupr1 as a regulator of aging hematopoiesis and megakaryopoiesis 
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Abstract 

Hematopoietic stem cells (HSCs) are multipotent stem cells that self-renew and 

differentiate into all blood cell types. Aging of HSCs is accompanied by myeloid 

lineage bias and decreased reconstitution potential. However, the molecular 

mechanisms of aging hematopoiesis remain unclear, thus limiting the identification of 

promising rejuvenation interventions. To reveal potential regulators of aging HSCs, 

significant effort was placed on identifying gene expression changes between young 

and aged HSCs, revealing that alternative splicing may contributes to this process. To 

this end, we performed differential isoform usage analysis of highly purified HSCs 

from these two age groups, and we uncovered an increase in expression of protein-

coding isoforms in aged HSCs comparted to their young counterparts. Following this 

analysis, we focused on the Nuclear protein 1 (Nupr1) gene, previously demonstrated 

to be robustly upregulated in aged HSCs. Interestingly, we demonstrate that Nupr1 is 

also significantly upregulated in an age-specific megakaryocyte progenitor (MkP) 

population derived by direct differentiation from aged HSCs. Thus, we hypothesized 

that Nupr1 is a regulator of aging hematopoiesis potentially resulting in age-specific 

megakaryopoiesis. We are testing this hypothesis by performing CRISPR-mediated 

knockout of Nupr1 in aged HSCs and assessing differentiation, self-renewal, and 

engraftment potential upon transplantation. These experiments will reveal the role of 

Nupr1 in defining the defects of aged HSCs and highlight potential avenues for 

rejuvenation of aged HSCs. 
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Introduction 

Aging, an inevitable biological process, impacts all physiological system, 

exerting significant effects on hematopoiesis, the continuous replenishment of all blood 

and immune cells by hematopoietic stem cells (HSCs). The aging hematopoietic system 

undergoes a myriad of changes, resulting in a decline in the regenerative capacity and 

functionality of HSCs. Aged HSCs exhibit skewed lineage differentiation towards 

myelopoiesis(Morrison et al. 1996; Rossi et al. 2005), DNA damage accumulation, 

reduced clonal diversity with an increase in myeloid- and platelet-biased 

clones(Beerman et al. 2010; Challen et al. 2010; Cho, Sieburg, and Muller-Sieburg 

2008), and decreased reconstitution ability upon transplantation(Dykstra et al. 2007; 

Poscablo et al. 2021), among other phenotypes. 

Recently, we made a novel discovery that aged HSCs differentiate directly into 

an additional population of megakaryocyte progenitors (MkP), the unipotent 

progenitors of platelets (Poscablo et al, submitted). This age-specific pathway leads to 

production of age-specific MkPs that are more responsive to stress conditions and 

produce hyperactive platelets, increasing the risk for thrombotic diseases. 

Understanding the molecular mechanisms underpinning these age-specific alterations 

in hematopoiesis is imperative for the development of strategies to mitigate age-

associated hematopoietic decline. Thus, the identification of targetable candidates 

assumes paramount significance. Through targeted interventions, it may be possible to 

modulate key players and signaling cascades that govern aging hematopoiesis, 
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ultimately offering avenues for the development of innovative therapies to enhance 

blood cell production and immune competence in the elderly. 

This study focuses on understanding the changes in the epigenetic and 

transcriptional landscape HSCs and MkPs throughout the aging process. The primary 

objective is to identify potential candidates that may play a crucial role in triggering 

and sustaining the age-specific platelet differentiation pathway. 

 

Results and Discussion 

An age-specific platelet differentiation pathways in aged mice 

In previous studies, we demonstrated that all hematopoietic cells undergo 

differentiation through a Flk2+ MPP stage. In adult mice, the FlkSwitch mouse model, 

utilizing a dual-color reporter system, illustrated that all progenitor and mature cells 

downstream of MPPs are nearly 100% GFP+ after Flk2 expression triggers the 

irreversible excision of the Tomato (Tom) transgene, resulting in permanent GFP 

expression (Boyer et al 2011; Figure 1A). In adult FlkSwitch mice, the differentiation 

of HSCs into platelets occurs through intermediate progenitors, including MPPs, 

CMPs, and MEPs, ultimately leading to the generation of GFP+ MkPs (canonical 

MkPs, cMkPs), the unipotent progenitors of platelets. 

Recently, using the FlkSwitch mouse model, we made a novel discovery 

regarding an age-specific platelet differentiation pathway (Poscablo et al, submitted). 

In older mice (20-24 months), an additional platelet differentiation pathway emerges, 

bypassing intermediate progenitors and giving rise to Tom+ MkPs (non-canonical 
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MkPs, ncMkPs) and Tom+ platelets (Figure 1B). Consequently, young mice exhibit 

GFP+ cMkPs, while aged mice present both GFP+ cMkPs and Tom+ ncMkPs. Data 

from our recently submitted manuscript (Poscablo et al) reveal that aged ncMkPs 

possess unique properties compared to both young and aged cMkPs. Upon 

transplantation, aged ncMkPs exhibit a greater ability to reconstitute platelets 

compared to both cMkP populations. Similarly, in vitro studies demonstrate that aged 

ncMkPs have greater proliferation potential than young or aged cMkPs. These findings 

highlight the functional differences between aged ncMkPs and co-existing aged 

cMkPs, as well as young cMkPs. This project is dedicated to unraveling the 

mechanisms underlying this age-specific differentiation pathway."  

 

ATACseq profiling of young and aged HSCs and MkPs 

The ability of a stem cell to differentiate into specific lineages is regulated by 

epigenetic remodeling at cis-regulatory regions, including promoter and enhancer 

regions, at the stem cell level. This phenomenon, known as epigenetic priming, 

involves making regulatory regions accessible in stem cells before the transcription of 

lineage-specific genes upon differentiation (Heintzman et al. 2009; Hu et al. 1997; 

Koch et al. 2007; Rada-Iglesias et al. 2011; Visel et al. 2009, 2009). 

Recently, we conducted bulk ATACseq analysis on adult hematopoietic stem 

cells (HSCs), multipotent progenitors (MPPs), myeloid (CMP, MEP, GMP) and 

lymphoid (CLP, ProB, and ProT) progenitors, as well as unipotent/mature lineages 

(MkPs, EPs, GMs, Bs, and Ts) to investigate lineage priming in hematopoiesis (E. W. 
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Martin et al. 2021; Martin et al. 2023). Comparative analysis of chromatin accessibility 

between HSCs and the five unipotent/mature lineages revealed multi-lineage 

epigenetic priming in adult HSCs (E. W. Martin et al. 2021). Furthermore, we 

demonstrated that priming of lineage-specific cis-regulatory regions is maintained 

across different progenitor stages (Martin et al. 2023). For instance, MkP-lineage 

specific cis-regulatory elements maintain accessibility throughout differentiation from 

HSCs, through MPPs, CMPs, and MEPs, until MkPs where their associated genes are 

expressed. 

With aging, HSCs gain the ability to differentiate into age-specific non-

canonical MkPs (ncMkPs). Given our understanding that changes in lineage fate 

decisions depend on priming, we hypothesize that aged HSCs acquire epigenetic 

priming for age-specific MkP differentiation. To address this hypothesis and identify 

candidate regulatory elements responsible for the age-specific differentiation of 

ncMkPs, we isolated five populations of interest - young HSCs, young cMkPs, aged 

HSCs, aged cMkPs, aged ncMkPs - using fluorescence-activated cell sorting (FACS) 

and performed bulk ATACseq analysis (Figure 1C). Hierarchical clustering using the 

ChromVAR output (Figure 2A) and principal component analysis (PCA) (Figure 2B) 

of the ATACseq profiles showed clear clustering between replicates as well as a distinct 

separation between HSCs and MkPs. Moreover, aged ncMkPs appeared to be 

epigenetically more similar to HSCs, possibly explained by their direct differentiation 

from HSC 
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Differential accessibility analysis comparing aged ncMkPs to young cMkPs, as 

well as aged ncMkPs to aged cMkPs, revealed potential regulatory regions uniquely 

more accessible in aged ncMkPs. Specifically, 3,032 peaks were more accessible in 

aged ncMkPs compared to young cMkPs, and 3,091 peaks were more accessible in 

young cMkPs compared to aged ncMkPs (Figure 2C). Meanwhile, 552 peaks were 

more accessible in aged ncMkPs compared to aged cMkPs, while 212 peaks were more 

accessible in aged cMkPs compared to aged ncMkPs (Figure 2D). Overall, fewer 

differentially accessible peaks were observed between aged cMkPs and aged ncMkPs, 

potentially due to their coexistence in the same aged mouse environment, leading to 

similar changes in chromatin accessibility across cell types. 

Notably, the promoter of the Nupr1 gene (chr7: 126,622,511-123,626,569) 

exhibited significant accessibility in aged ncMkPs compared to both cMkP 

populations, as indicated by the uploaded ATACseq signal tracks on the UCSC 

Genome Browser (Figure 2E). To explore whether Nupr1 could be a potential 

candidate for epigenetic priming for the age-specific MkP pathway in aged HSCs, we 

uploaded signal tracks for young and aged HSCs in the same UCSC Genome Browser 

session. As shown in Figure 2E, the Nupr1 promoter was more accessible in aged HSCs 

compared to young HSCs, fitting the parameters for a potential regulator of the age-

specific pathway. 
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Nupr1 as a potential regulator of aging HSCs 

Nupr1, also known as p8/Com1, is a small, intrinsically disordered protein 

encoded by the Nupr1 gene. Originally discovered in acute-phase pancreatitis (Mallo 

et al. 1997), Nupr1 has since been extensively studied in various cancers (T. Martin et 

al. 2021). Functioning as a stress-response gene, Nupr1, under stressful conditions, acts 

as a transcriptional regulator influencing the expression of genes associated with cell 

survival, proliferation, autophagy, and apoptosis (Chen et al. 2016; De Conti et al. 

2017; Grasso et al. 2015; Wang et al. 2020). Despite its well-documented role in cancer, 

the involvement of Nupr1 in hematopoiesis remains poorly understood. 

Our collaborators conducted a comprehensive meta-analysis and re-analysis of 

12 published studies that sequenced young and aged HSCs. Focusing on differentially 

expressed genes consistently observed across multiple studies, they identified an "aging 

signature" (Figure 3A). Notably, Nupr1 emerged as one of the top consistently 

deregulated genes, showing upregulation in aged HSCs compared to young HSCs in 

11 out of 12 studies (Svendsen et al. 2021; Figure 3B). Supporting these findings, our 

own unpublished single-cell (sc)RNAseq data of hematopoietic stem and progenitor 

cells (HSPCs) demonstrated a significant upregulation of Nupr1 in aged HSCs 

compared to their younger counterparts (Figure 3C). Additionally, re-analysis of a 

recently published HSC scRNAseq dataset (Hérault et al. 2021) (Figure 3D) revealed 

that while only a few HSCs expressed Nupr1 in young mice, more than 90% of HSCs 

exhibited upregulated Nupr1 in aged mic 
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 Despite multiple studies indicating a significant upregulation of Nupr1 in aged 

HSCs, its specific role in aging hematopoiesis remains unexplored. This project aims 

to delve into the functional implications of Nupr1 in the context of aging HSCs, 

shedding light on its potential regulatory role in the aging hematopoietic process  

 

Nupr1 as a potential regulator of age-specific ncMkP differentiation. 

A meta-analysis and a re-analysis of 12 published studies that sequenced (using 

different platforms) young and aged HSCs came up with a “aging signature”, made up 

of 142 genes from the meta-analysis and 220 genes from the reanalysis (Figure 3A). 

Nupr1 was one of the most most consistently deregulated genes with 11 out of 12 

studies showing upregulation with aging in HSCs(Flohr Svendsen et al. 2021) (Figure 

3B). Our unpublished single cell RNAseq data from hematopoietic stem and 

progenitors for young and aged mice showed significantly higher expression of Nupr1 

in aged HSCs compared to young HSC (Figure 3C). Similarly, re-analysis of single 

cell RNAseq data from published data for HSCs (Hérault et al. 2021) showed Nupr1 

was expressed by a small percentage of HSCs in the young mice but upregulated at the 

population level in the aged mice. 

Recently, a single-cell RNAseq study by Rodriguez-Fraticelli et al 2020 

showed that Nupr1 is expressed specifically in a subset of adult HSCs that are more 

primitive, or at the top of the HSC hierarchy, here referred to as “low output”. These 

are HSCs that are more likely to self-renew than differentiate. Moreover, Nupr1 is 

upregulated in HSCs that are biased towards differentiation into 
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megakaryocytes/platelets instead of other lineages (namely RBC, GM, B, and T) 

(Rodriguez-Fraticelli et al. 2020). Thus, we sought to investigate whether the increased 

Nupr1 expression in aged HSC could be responsible for age-specific ncMkP 

differentiation. 

Our single cell RNAseq data of hematopoietic stem and progenitor cells not 

only showed that Nupr1 to be significantly upregulated in aged HSCs compared to 

young (Figure 3C), but also showed Nupr1 to significantly upregulated in aged 

ncMkPs compared to both young cMkP and aged cMkPs (Figure 4A). To determine 

the potential regulators of this age-specific MkP differentiation pathway, we further 

analyzed previously published bulk RNAseq data from young cMkPs, aged cMkPs, 

and aged ncMkPs (Poscablo et al. 2021) (Figure 4B). Pairwise differential expression 

analysis of these three MkP populations revealed Nupr1 to be one of the most highly 

expressed genes in aged ncMkPs compared to both young and aged cMkPs (Figure 

1B).  

 

Aged HSCs and aged ncMkPs express the protein coding isoform of Nupr1. 

 Recently, an additional non-coding isoform of Nupr1 (Nupr1-202) has been 

identified alongside the coding isoform (Nupr1-201) (Figure 5A). However, the 

functional implications of the non-coding isoform have not been reported. Intriguingly, 

upon reanalysis of epigenetic sequencing data (Sun et al. 2014) from young and aged 

HSCs at alternative transcription start sites (aTSS), an increase in chromatin 

modifications marking active gene transcription was observed, suggesting increased 



 

 

244 

usage of alternative TSS in aged HSCs compared to young HSCs (Supplementary 

Figure 1). 

Further examination of published bulk RNAseq data(Sun et al. 2014) from 

young and aged HSCs revealed that the substantial upregulation of Nupr1 expression 

in aged HSCs compared to young HSCs (Figure 5B) is primarily attributed to the 

increased expression of the Nupr1-201 isoform (coding) of Nupr1 (Figure 5C). In 

contrast, the minimal Nupr1 expression observed in young HSCs (Figure 5B) is due to 

the comparable usage of both isoforms. This indicates an isoform usage switch in aging 

HSCs and underscores the potential significance of the Nupr1 protein in aging 

hematopoiesis. 

Given the identification of Nupr1 as a potential candidate regulator of age-

specific MkP differentiation, we aimed to determine which isoforms are expressed in 

MkPs. We designed primers to amplify cDNA, resulting in differently sized 

amplification products based on the isoform expressed. Consistent with isoform 

analysis for HSCs shown in Figure 5C, aged HSCs exhibited high expression of the 

coding isoform of Nupr1 with undetectable expression of the non-coding isoform by 

this method (Figure 5D). A parallel pattern was observed in aged ncMkPs, 

demonstrating elevated expression of the coding Nupr1 isoform and minimal 

expression of the non-coding isoform. In alignment with the data for young HSCs 

shown in Figure 5C, both isoforms were similarly expressed in both young and aged 

cMkPs as determined by real-time PCR (Figure 5D). 

 



 

 

245 

Inhibition of Nupr1 expression leads to halted MkP differentiation. 

To functionally assess the role of Nupr1 in aging hematopoiesis and 

megakaryopoiesis, we employed a CRISPRi mouse line (E. W. Martin et al. 2021) with 

a catalytically inactive Cas9 (deadCas9 or dCas9), fused to a repressive KRAB domain, 

under a CAG promoter for ubiquitous CRISPRi machinery expression (Figure 6A). 

Lentiviral transduction of sequence-specific gRNAs (sgRNAs) can direct the dCas9-

KRAB to a specific locus, inducing transcription repression through chromatin 

condensation at the targeted locus. Thus, we designed two sgRNAs targeting the 

promoter of Nupr1 (Figure 6B). 

In an in vitro experiment, aged HSCs from CRISPRi mice were transduced with 

lentivirus containing gRNAs targeting Nupr1 (Figure 6C). Successful transduction 

resulted in BFP expression, and after a few days in culture, transduced cells were 

analyzed by flow cytometry. We observed a decrease in the percentage of BFP+ MkPs 

compared to BFP+ HSCs (Figure 6D), indicating that Nupr1 inhibition led to reduced 

differentiation of HSCs into MkPs. Moreover, an increase in the number of HSCs with 

silenced Nupr1 compared to the control was observed (Figure 6D), suggesting a block 

in differentiation and a potential increase in self-renewal. 

While in vitro assays provide valuable insights, they may not fully replicate 

physiological conditions. Ongoing experiments aim at in vivo interrogation of the role 

of Nupr1 in aged HSCs (Figure 6E). We transplanted aged HSCs transduced with 

Nupr1-targeting sgRNAs into irradiated recipient mice. At 16 weeks post-transplant, 

analysis of the blood and bone marrow will determine the reconstitution ability of 
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Nupr1-silenced aged HSCs. We hypothesize that Nupr1 inhibition will reverse the age-

specific phenotype, restoring hematopoiesis to a young-like state. Conversely, Nupr1 

overexpression in HSCs from young mice transplanted into irradiated recipients is 

hypothesized to activate the age-specific pathway, replicating an aged-like phenotype. 
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Methods 

Mice and Cells 

All experiments were performed using young (8-12 weeks) or aged (20-24 months) 8- 

to 12-week-old C57BL/6 wild-type or CRISPRi(Martin et al. 2023) mice in accordance 

with UCSC IACUC guidelines. Hematopoietic stem, progenitor and mature cells were 

isolated from BM of murine femurs, tibias, and hips as previously described (Boyer et 

al. 2011; Poscablo et al. 2021; Rodriguez y Baena et al. 2022). Stem and progenitor 

cell fractions were enriched using cKit-coupled magnetic beads (Miltenyi). Cells for 

ATACseq were isolated by fluorescent activated cell sorting (FACS) using the 

following markers: HSC (Lin-, c-kit+, Sca-1+, SLAM mid-high, Flk2+) and MkP (Lin-

, c-kit+, Sca-1-, SLAM+,CD41+). Lineage stain included the following antibodies: 

CD3, CD4, CD5, CD8, B220, Gr1, Mac1, and Ter119. 

 

ATAC-seq 

ATAC-seq was performed as previously described (Buenrostro et al. 2013; E. W. 

Martin et al. 2021; Martin et al. 2023). Briefly, cells were collected after sorting into 

microcentrifuge tubes, and centrifuged at 500xg for 5 minutes at 4˚C to pellet the cells. 

The supernatant was aspirated, and the cells were washed with ice-cold 1xDPBS. Cells 

were centrifuged and the supernatant was discarded. Cells were immediately 

resuspended in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM 

MgCl2 and 0.1% IGEPAL CA-630) and centrifuged at 500xg for 10 minutes. The 

supernatant was aspirated, and pellets were resuspended in transposase reaction mix 
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(25µL 2xTD Buffer, 2.5µL transposase (Illumina), and 22.5µL nuclease free water). 

The transposition reaction was carried out at 37˚C for 30 minutes at 600rpm in a 

shaking thermomixer (Eppendorf). Immediately after completion of the transposition 

reaction, the samples were purified using the MinElute Reaction Clean up kit (Qiagen) 

and eluted into 10 µL of EB. Samples were stored at -20˚C until PCR amplification 

step. PCR amplification was performed as previously described (Buenrostro et al. 

2013) using custom Nextera primers. After initial amplification (5 cycles), a portion of 

the samples were run on qPCR (ViiA7 Applied Biosystems) to determine the additional 

number of cycles needed for each library (typically 5-8 cycles). The libraries were 

purified using the MinElute Reaction Clean up kit (Qiagen), eluted into 20 µL EB and 

then size selected using AmpureXP (Beckman-Coulter) beads at a ratio of 1.8:1 

beads/sample, and eluted into 40µL of nuclease-free water. Library size distribution 

was determined by Bioanalyzer (Agilent) capillary electrophoresis and library 

concentration was determined by Qubit 3 (Life Technologies). Quality of libraries were 

checked by shallow sequencing (1 million raw reads) on a Miseq (Illumina) at 75 x 75 

paired-end sequencing. Those libraries that appeared to have size distributions similar 

to previous reports were pooled together and deep sequenced on a HiSeq2500 

(Illumina) at 100 x 100 reads at the Vincent J. Coates Genomics Sequencing Laboratory 

at UC Berkeley.  
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Data processing 

Demultiplexed sequencing data was processed using the ENCODE ATAC-seq pipeline 

version 1.1.6 and 1.4.2 (https://github.com/ENCODE-DCC/atac-seq-pipeline) using 

the mm10 assembly and the default parameters. In version 1.4.2 changed:  

atac.multimapping=0, atac.smooth_win=150, atac.enable_idr=true, 

atac.idr_thresh=0.1 to be consistent with the mapping/peak calling performed with 

previous versions. 

Peak filtering and hierarchical clustering was performed using the chromVAR package 

(https://github.com/GreenleafLab/chromVAR). First, the optimal peak-list from the 

IDR output for each cell type was concatenated and sorted, then used as the peak input 

for chromVAR. The blacklist filtered bam files for each replicate (n=2 for each cell 

type) was used as input along with the sorted peak file. The fragment counts in each 

peak for each replicate and GC bias was calculated, and then the peaks were filtered 

using filterPeaks function with the default parameters and nonoverlapping=TRUE.  

Normalized chromVAR counts were log+1 scaled, centered, and filtered to peaks that 

had above-median coefficient of variance. These filtered counts were use in principal 

component analysis (PCA) with the R package prcomp.  

Differential accessibility analysis was performed using csaw workflow for ATACseq 

differential accessibility analysis in R (https://github.com/reskejak/ATAC-

seq/blob/master/csaw_workflow.R) using MAC2 narrowpeaks as input for loess based 

normalization. Output was plotted as volcano plots using GraphPad Prism. 

https://github.com/reskejak/ATAC-seq/blob/master/csaw_workflow.R
https://github.com/reskejak/ATAC-seq/blob/master/csaw_workflow.R
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Annotation of peaks was performed by HOMER (http://homer.ucsd.edu/homer/). 

Peaks were annotated using the annotatePeaks.pl function with the mm10 assembly 

and default parameters.  

All genome track visualizations were made using the UCSC genome browser. 

 

Published data 

ATACseq, RNAseq, and ChIPseq data sets from published studies were re-analyzed 

for this study(Hérault et al. 2021; E. W. Martin et al. 2021; Poscablo et al. 2021; Sun 

et al. 2014). 

 

CRISPRi experiments 

Single guide RNA (sgRNA) sequence targeting the Nupr1 promoter was designed 

using the CRISPR10K(Concordet and Haeussler 2018; Haeussler et al. 2016) on the 

UCSC Genome Browser. The non-overlapping guides were selected and cloned into 

pJR85 (Addgene plasmid #140095)(Replogle et al. 2022). psPAX2 (Addgene plasmid 

#12260) and pMD2.G (Addgene plasmid # 12259) were combined with pJR85 and 

transfected into 293T cells by Lipofectamine 2000. 72 hours after transfection, the 

supernatant was collected, 0.45 µ filtered, and concentrated by PEG precipitation. 

Concentrated lentivirus was resuspended in a minimal volume. Lentivirus was tittered 

by transducing HEK293T cells and determining MOI after 3 days from transduction. 

HSCs (Lin-, c-kit+, Sca1+, SLAMmid-hi, Flk2-) from aged CRISPRi mice were 

isolated by FACS and plated at 200-500 cells/well in either HSC maintenance media 
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(Ham’s F12; 1X Pen/Strep; 1X Glutamax; 10mM HEPES; 1mg/ml PVA; 1X ITSX; 

100ng/ml TPO; 10ng/ml SCF)(Wilkinson et al. 2019) or HSC to MkP differentiation 

media (IMDM; 20% FBS; TPO 50ng/mL; SCF 50 ng/mL; IL-6 20ng/mL; IL-3 10 

ng/mL, IL-11 20 ng/mL, Primocin, Non-Essential Amino Acids). After 24 hours in 

culture, lentivirus containing sgRNAs was added to each well and spinoculated for 1 

hour, 400xg at 32˚C. 24 hours later, virus was washed out and the media was replaced. 

Cells were analyzed at day 7 by flow cytometry. 

 

List of sgRNAs used: 

Nupr1 Promoter guide 1 GGTCTCCTCCCTAAACCACG 

Nupr1 Promoter guide 2 GGAGGCGAGAGCTTTCCACG 

Scrambled Control guide 1  GGGAACCACATGGAATTCGA 

Scrambled Control guide 2  GAGGTTACCCACCCAGCGGT 

 

RNA isolation, cDNA synthesis, and real-time PCR for Nupr1 isoforms 

RNA was isolated, using Trizol (T9424; Ambion) according to manufacturer’s 

instructions,  from sorted HSCs, MPPs, cMkPs, and ncMkPs from young and aged 

mice. RNA was reverse transcribed using the High Capacity cDNA Reverse 

Transcription Kit. cDNA was used as input for PCR using the following thermocycle 

parameters: 98°C for 3 min, followed by 35X cycles of 98°C for 15, 60°C for 15 sec, 

and 72°C for 15 sec, followed by 72C for 1 min. Oligos used in qPCR analysis were 

designed using Primer3 Input version 0.4.0. Primers used were: Gapdh Forward 5-
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TGTGTCCGTCGTGGATCTGA-3; Gapdh Reverse 5-

CCTGCTTCACCACCTTCTTGA-3, Nupr1 Forward 5-ggcaagactttggagagagc-3; 

Nupr1 Revers 5-gcagcagcttctctcttggt-3. Samples were run in a 150ml 2% agarose gel 

with 6ul EtBr and a 50bp ladder was used. 
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Figures 

 
Figure 7.1. An age-specific MkP differentiation pathway was identified in aged 

FlkSwitch mice. 

A) Schematic representation of the genetic reporters of the FlkSwitch lineage tracing 

mouse model. 

B) Model hematopoietic tree in young (left) and aged (right) FlkSwitch mice, 

highlighting the canonical (green) and non-canonical, age-specific (red) 

megakaryopoiesis pathways. 

C) Representative flow cytometry plots of the gating strategy used to phenotype and 

isolate HSCs, cMkPs, and ncMkPs from young and aged mice.
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Figure 7.2. ATACseq profiling of young and aged HSCs and MkPs 

A) Hierarchical clustering of young and aged HSCs and MkPs revealed high 

concordance of replicates, and distinct clusters between HSCs and MkPs, with aged 

ncMkPs clustering more closely to HSCs. 

B) Principal Component Analysis (PCA) of ChromVAR-normalized ATAC-seq peak 

counts revealed high concordance of replicates, and distinct separation between HSCs 

and MkPs. 

C) Differential accessibility analysis between aged cMkPs and aged ncMkPs. 

D) Differential accessibility analysis between young cMkPs and aged ncMkPs. 
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E) UCSC Genome snapshot at the Nupr1 locus showing uploaded ATACseq tracks 

for young HSCs, aged HSCs, young cMkPs, aged cMkPs, and aged ncMkPs. Red box 

highlights the peaks present at the Nupr1 promoter.
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Figure 7.3. Nupr1 is one of the most consistently upregulated genes in aged 

HSCs compared to young HSCs. 

A) HSC aging signature from Svendsen et al 2021: x-axis represents number of genes 

and y-axis represents number of studies in which specific genes are either upregulated 

or downregulated 

B) Summary plot showing Nupr1 expression in aged HSCs compared to young HSCs 

for each of the published studies represented in the x-axis. Each dot represents a 

different study and the color of the dots shows the type of sequencing performed. 

C) Uniform Manifold Approximation and Projection (UMAP) of hematopoietic stem 

and progenitor cells (HSPCs: Lin-, ckit+, Sca+/-) from young (left) and aged (right) 

mice. Circled cluster was annotated as HSCs based on published HSC signatures. 

Nupr1 expression in young and aged HSCs is shown in the violin plot. **** p-value 

<0.001 (Student’s t-test). 
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D) UMAP of HSCs from the re-analysis of scRNAseq from Herault et al 2021. Nupr1 

expression in young (left) and aged (right) HSCs is shown in the violin plot. **** p-

value <0.001 (Student’s t-test).
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Figure 7.4. Nupr1 is significantly upregulated in aged ncMkPs compared to 

young and aged cMkPs. 

A) UMAP of hematopoietic stem and progenitor cells (HSPCs: Lin-, ckit+, Sca+/-) 

from young and aged mice combined. Each color represents a cluster (HSCs in green, 

cMkPs in pink, ncMkP in blue). The bottom UMAPs are divided into young (left) and 

aged (right) cells and show expression levels of Nupr1 in red. Nupr1 expression in 

young and aged HSCs is shown in the violin plot. **** p-value <0.001 (ANOVA). 
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B) Differential expression analysis between aged cMkPs and aged ncMkPs (top) and 

between young cMkPs and aged ncMkPs (bottom). 

C) Nupr1 expression from bulk RNAseq analysis of young cMkP, aged cMkPs, and 

aged ncMkPs. P values from DESeq2 pairwise comparisons. 
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Figure 7.5. Aging is accompanied by a switch from non-coding to coding Nupr1 

isoforms in HSCs and MkPs. 

A) Schematic of the 2 main Nupr1 isoforms: Nupr1-201 (coding) and Nupr1-202 

(non-coding) 

B) Nupr1 gene expression from re-analysis of Sun et al 2014 bulk RNAseq data. ** 

p-value <0.01 (Student’s t-test) 

C) Nupr1 gene expression based on isoform expression. * <0.05 (Student’s t-test) 

D) RT-PCR for GAPDH, Nupr1-201, Nupr1-202 in young and aged HSCs, MPPs, 

cMkPs, ncMkPs, and bone marrow derived macrophages (BMDMs; control). 

Expected band sizes: 77bps (Gapdh); 187bps (Nupr1-201, coding); 455bps (Nupr1-

202, non-coding). Ladder used was 50bp; 2% agarose gel with EtBr.
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Figure 7.6. CRISPRi silencing of Nupr1 leads to decreased MkP differentiation 

from aged HSCs.  

A) Schematic of CRISPRi mouse model: dCas-KRAB in a safe harbor locus (H11) 

locus in the mouse genome, under a ubiquitous promoter [CAG (CMV early 

enhancer/chicken β actin)]  

B) UCSC Genome snapshot at the Nupr1 locus showing uploaded ATACseq tracks 

for young HSC and aged HSCs. The pink boxes show the location targeted by the 

two Nupr1-targeting sgRNAs 

C) Schematic of experimental design to investigate the role of Nupr1 in vitro. 

D) Percent BFP+ (transduced) HSCs and MkPs (left) and number of HSCs over live 

cells for each condition. * p-value <0.05, *** <0.001 (Student’s t-test). 

E) Schematic of ongoing in vivo transplantation experiments to investigate the role 

of Nupr1 in aging.
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Figure 7.7. Supplementary Figure 1. Re-analysis of young and aged HSC 

ATACseq and ChIPseq data from Sun et al 2014.  
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