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LAY ABSTRACT 

 

The life-long production of new blood cells is enabled by blood stem and progenitor cells 

residing in the bone marrow. An understanding of the genes that control how stem and 

progenitor cells work to sustain the continued production of blood cells will enable new 

therapies to expand stem cells for life-saving transplantation purposes. The Musashi gene 

family has been implicated to control stem cell function in a variety of adult tissues (e.g. 

brain and gut) and emerging evidence using mice has defined Musashi-2 (Msi2) to be an 

essential regulator of blood stem and progenitor cells, yet no work to date has tested its 

function in the human system. Here I show that MSI2 is highly expressed in stem and 

progenitor cell populations of umbilical cord blood and that increased MSI2 protein 

levels greatly expands their number during culture as shown by their ability to engraft 

immunodeficient mice. I further found that MSI2 overexpression leads to significant 

downregulation of the aryl hydrocarbon signaling pathway, which has been shown when 

activated, promotes differentiation and loss of stem cells in culture. This work uncovered 

a new an import mechanism that controls stem cell expansion and could perhaps one day 

be leveraged for clinical use.  For the second part of my thesis, I re-explored the role of 

Msi2 in the mouse hematopoietic system using a transgenic mouse that allows precise 

control over deleting this gene from the mouse genome. Using this technology I found the 

cells that were affected most by Msi2 deletion were early progenitor cells types. 

Altogether, my work provides novel insight in to the role of Musashi-2 in HSPC both 

human and mouse blood stem and progenitor cells.  
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ABSTRACT 

 

The life-long production of blood cells is enabled by hematopoietic stem and progenitor 

cells (HSPC) residing in the bone marrow. An understanding of the genes that control 

how HSPCs work to sustain the continued production of blood cells will enable new 

therapies to expand them for life-saving transplantation therapies. The Musashi gene 

family of RNA binding proteins (RBP) has been implicated to control stem cell function 

in a variety of adult tissues (e.g. brain and gut) and emerging evidence in mice shows 

Musashi-2 (Msi2) to be an essential positive regulator of HSPCs, yet no work to date has 

tested its function in the human system. Here I show that MSI2 is highly expressed in 

cord blood (CB) HSPCs and that knockdown of MSI2 impairs HSC repopulation in 

xenotransplanted mice. Conversely, MSI2 overexpression yields multiple pro-self-

renewal phenotypes, including 17-fold expansion of short-term repopulating cells as 

readout at an early post-transplant time point, and upon ex vivo culture, a net 23-fold 

expansion of long-term hematopoietic stem cells (LT-HSC). I further found that MSI2 

overexpression post-transcriptionally downregulates the aryl hydrocarbon signalling 

pathway, which has been shown when repressed by a small molecule antagonist, greatly 

supports the expansion of human HSCs. Altogether, this work highlights RBPs and post-

transcriptional control to have an integral role in controlling human HSC self-renewal. 

For the second part of my thesis, I re-explored the role of Msi2 in the mouse 

hematopoietic system using a newly generated tamoxifen inducible Msi2 knockout 

mouse. Using this approach I found Msi2 deletion significantly restricted repopulation in 
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competitively transplanted mice and that this effect was due to depletion of early types of 

multipotent progenitors and not due to a loss of LT-HSCs. As there is currently a 

discrepancy as to which cells Msi2 precisely regulates in the mouse hematopoietic 

system, my work provides support that MPPs are the most affected cell type. Altogether, 

my thesis provides novel insight in to the role and mechanism of action of Musashi-2 in 

both human and mouse HSPCs.  
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CHAPTER 1: INTRODUCTION 

 

1.0 Preamble 

This thesis presents research on novel molecular and genetic regulation of self-renewal in 

human and mouse hematopoietic stem cells (HSCs). The origin of this work stems from 

Hope et al. and the discovery of Musashi-2 (Msi2) as a novel regulator of mouse HSC 

self-renewal (Hope et al., 2010). The goal of this introductory chapter is to delve into the 

history of HSCs and to fast-forward to the latest developments in this field. In this thesis 

the term SCID repopulating cells (SRC) is used synonymously with HSC, despite the true 

readout of a human HSC is through transplantation in humans and not mice. Since 

research that comprises this thesis was performed using both mouse and human HSCs, 

this introduction will provide background on the basic biology of HSCs in both systems 

as well as provide clinical transplantation focus when discussing human HSCs. The 

chapter closes with the description of Msi2 in the mouse hematopoietic system, its varied 

biochemical activities and how it remains, until now, to be studied in humans.  

 

1.1 The discovery of hematopoietic stem cells 

Hematopoietic stem cells ultimately sustain the production of trillions of blood cells 

during a mammal’s lifespan. These cells have the capacity to self-renew, a cell division 

that yields another HSC, or divide into increasingly lineage-restricted myeloid, erythroid 

and lymphoid intermediates which undergo massive proliferation and sequential 

differentiation to produce mature blood cells (Orkin and Zon, 2008; Seita and Weissman, 
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2010) (Figure 1A). The hierarchal organization of the hematopoietic system was 

postulated at least as early as 1909 by Russian histologist Alexander A. Maximow 

(Ramalho-Santos and Willenbring, 2007), and by the 1950s scientists were unknowingly 

using the properties of hematopoietic stem and progenitor cells (HSPCs) in their effort to 

treat bone marrow failure after radiation exposure (Jacobson et al., 1951; Lorenz et al., 

1952). These early experiments demonstrated the efficacy of injecting irradiated mice 

with isogenic bone marrow and that survival was due to the proliferation of donor cells 

(Ford et al., 1956). While these experiments showed the hematopoietic system could be 

recovered through transplantation, they did not test whether the multiple hematopoietic 

lineages that arose occurred independently of each other or if all mature cells descended 

from a multipotent “ancestral” stem cell. This unresolved question set the stage for the 

groundbreaking research of James Till and Ernest McCulloch in the 1960s. Their initial 

work set out to quantify the number of transplanted cells necessary to provide 

radioresistrance in mice (McCulloch and Till, 1960). These experiments quickly led to 

follow up studies where they found that transplanted bone marrow led to the formation of 

macroscopic hematopoietic colonies on the recipient mouse’s spleen (Till and 

McCulloch, 1961). Importantly, these spleen colony forming units (CFU-S) scaled in 

frequency with the number of bone marrow cells transplanted, and were multilineage, 

containing granulocytes, erythrocytes and megakaryocytes. Having developed an assay to 

readout donor cell engraftment, they next wanted to discern if these colonies originated 

from a single cell or from an aggregate of many transplanted cells. This important 

distinction was accomplished by providing a dose of ionizing radiation to donor cells 
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which yielded gross chromosomal aberrations detectable by cytogenetic analysis.  This 

showed many CFU-S were genetically distinct and homogeneous in their genetic 

marking, proving that the multilineage colonies were indeed clonal and thus derived from 

single cells (Becker et al., 1963). One of their last important findings of this period was to 

show that CFU-S, of which most were histologically composed of differentiated cells, 

had the capacity to remake new spleen colonies when transplanted in to secondary mice 

but that the frequency of cells capable of remaking these new CFU-S was variable, or 

“stochastic” in nature (Siminovitch et al., 1964; Till et al., 1963). This collection of work, 

all published in less than 5 years, provided the foundation for the proof of the existence of 

HSCs, operationally defined the requirements of a stem cell (multipotent and self-

renewing ) and invented the assays that would serve as a template for future work in the 

hematopoietic field (e.g. demonstration of self-renewal through serial transplantations). A 

note on this last point is that while not all of their methods have stood the test of time, for 

example better techniques for genetically marking HSCs was developed in the 1980s 

(Dick et al., 1985) and CFU-S were shown to unlikely be the product of HSCs 

(Spangrude et al., 1988), other aspects of their methods and analysis have remarkably 

held true. This includes Till and McCullochs’ work examining the number of 

hematopoietic cells that offered mice survival post irradiation and formed CFU-S 

(McCulloch and Till, 1960; Till and McCulloch, 1961) as well as their work on 

quantifying the numbers of spleen cells that are capable of creating an immune response 

(Kennedy et al., 1966), formed the foundation of modern approaches to quantify stem cell 

frequency by limiting dilution assay (LDA) and Poisson statistics (Hu and Smyth, 2009; 
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Lefkovits and Waldmann, 1984; Spangrude et al., 1988; Szilvassy et al., 1990; Taswell, 

1981). Altogether, it cannot be understated the lasting contribution Till and McCulloch 

had as among the earliest pioneers in stem cell research, their work not only provided the 

theoretical framework to study HSCs, but galvanized the prospect that development and 

maintenance of other post-natal tissues across multiple organs could proceed through a 

hierarchical stem cell model. Lastly, their work informed the development of the cancer 

stem cell model that arose during the 1990s, which predicts cancer is driven by 

identifiable malignant stem cells that guide a highly proliferative and abnormal caricature 

of their healthy tissue counterpart (Dick, 2008).   

 

1.2 Characterization of primitive cells in the hematopoietic hierarchy 

1.2.1 New methods allow for prospective isolation of HSCs 

 At the time Till and McCulloch discovered and defined the properties of stem cells, their 

assays, much like as they do today, depended on observing the outcome of HSC 

proliferation and differentiation after transplantation. They found early on that the CFU-S 

they studied were heterogeneous in the composition of cells that could re-make new 

colonies, since some contained cells that self-renewed and could propagate secondary 

colonies while others did not. This led to another profoundly insightful study by Till and 

McCulloch where they tested if the lack of self-renewal observed in some CFU-S was 

perhaps due to stem cells not all being equal in their intrinsic capacity for self-renewal. 

This was in comparison to the alternative hypothesis that all stem cells are intrinsically 

the same but randomly undergoing terminal differentiation and exhaustion during colony 
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growth (Worton et al., 1969). A study by Worton et al. provided the first demonstration 

of the prospective isolation of different classes of early stem and progenitor cells, where 

they achieved by rudimentary density centrifugation methods, the isolation of distinct 

fractions of cells that upon transplantation gave rise to CFU-S with varying degrees of 

self-renewal. Over the next ten years two important techniques were developed that 

revolutionized the study of HSCs and the search to purify them from the milieu of cells in 

the bone marrow: fluorescently labeled monoclonal antibodies against cell surface 

antigens of immune cells (Kohler and Milstein, 1975) and the development of multi-

parametric flow cytometry to analyze expression of surface markers on single cells 

(Hulett et al., 1969). Irving Weissman spearheaded this movement during the 1980s by 

combining these two powerful techniques. His group employed a method of negative 

selection which used newly discovered antibodies against B cells (B220), T cells (CD4 

and CD8), macrophages (Mac-1) and granulocytes (Gr-1) to remove mature immune cells 

and enrich for primitive hematopoietic cells. The cells remaining were termed lineage 

negative (Lin-). The second important breakthrough the Weissman group made was 

combining the negative selection protocol with a newly discovered antibody, E13 161-7, 

which enriched for progenitors of thymic lymphocytes (Aihara et al., 1986). They 

renamed this antibody stem cell antigen 1 (Sca-1) and performed the first isolation of 

highly purified mouse HSCs with the marker combination of Lin- Sca+ Thy-1lo 

(Spangrude et al., 1988). This kick-started nearly three decades worth of research across 

many laboratories to purify HSCs to near homogeneity through the iterative process of 

FACS purification and transplantation (Benveniste et al., 2010; Christensen and 
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Weissman, 2001; Kiel et al., 2005; Ogawa et al., 1991; Osawa et al., 1996; Yang et al., 

2005). Figure 1A shows the classic model of the hematopoietic hierarchy including the 

surface marker phenotypes used to isolate each class of stem and progenitor cell. The 

most primitive cell in the mouse hematopoietic system that can be measured is now 

called a long-term HSC (LT-HSC), and expresses c-Kit, Sca-1, CD150, and is negative 

for lineage markers, CD34, CD48, Flt3, and CD41. Delineating classes of HSCs was an 

inevitable result upon comparing engraftment capabilities of different FACS purified 

populations. Thus LT-HSCs are defined by their ability to repopulate for at least 16 

weeks after transplantation in primary mice and for their capacity for robust multilineage 

cell repopulation in secondary mice (Figure 1 B). LT-HSCs are thought to differentiate to 

short-term HSCs (ST-HSCs), which eventually give rise to multipotent progenitors 

(MPPs) and then lineage restricted committed progenitors (Seita and Weissman, 2010). 

Both ST-HSCs (Lin– c-Kit+ Sca1+ CD150+ Flt3+ CD34– CD41–) and MPPs (Lin– c-Kit+ 

Sca1+ CD34+ Flt3+ CD150–) are capable of producing mature blood cells upon 

transplantation, but detection of mature cells in the peripheral blood and bone marrow 

from ST-HSCs declines after 12 weeks and from MPPs is less than 6 weeks (Figure 2). 

Therefore, self-renewal is now widely understood as a continuum in the capacity of 

isolated HSC populations to engraft and reconstitute blood cell lineages over varying 

periods of time. 

1.2.2 Common in vivo and in vitro assays to measure HSPC activity 

In order to quantify the number of actual functional LT-HSCs in a given population, LDA 

and competitive repopulating unit (CRU) assays were developed (Szilvassy et al., 1990). 
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These assays use lethally irradiated mice that are transplanted with limiting numbers of 

the target HSC population along with helper cells to facilitate early engraftment and 

hematopoiesis. 16–20 weeks post transplant, the chimera mouse is typically analyzed per 

target HSC dose for >1% repopulation and Poisson statistics is used to estimate the 

number of HSCs present in the original transplant. An important component of any 

transplant assay is ensuring the engrafted cells can be discerned from the recipient’s cells. 

This is most often accomplished by retroviral or lentiviral introduction of a fluoresecent 

reporter protein into donor cells or by using donor congenic mouse strains that express 

different alleles for the pan leukocyte antigen CD45 (CD45.1 or CD45.2) than the 

recipient strain. Measurement of donor cells in the peripheral blood, spleen and bone 

marrow of recipient mice have for the most part replaced the CFU-S assay which only 

reads out the activity of progenitors. 

Beyond the self-renewing HSC and MPP populations there is separation into the 

megakaryocyte, erythroid, myeloid and lymphoid branches of the hierarchy via 

progenitor populations that are committed to each of these lineages (Figure 1 A). In vitro 

colony forming unit (CFU) assays are widely used to assess frequency and function of 

committed myeloid and erythroid progenitor cells, including the most primitive colony 

type of granulocyte-erythrocyte-monocyte-megakaryocyte (CFU-GEMM), granulocyte-

monocyte (CFU-GM), blast-forming erythroid (BFU-E), granulocyte (CFU-G), and 

monocyte (CFU-M). Throughout the 1980s and early 1990s extensive work was carried 

out to optimize the culture conditions for the hematopoietic CFU assay, such that today, 

the semi-solid methycellulose and cytokine components of the medium that is routinely 
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used supports growth of all myelo-erythroid colony types (Humphries et al., 1979; 

Lemieux et al., 1995; Mayani et al., 1993). 

 

1.3 HSC quiescence and homeostasis in hematopoiesis 

1.3.1 Novel molecular and genetic tools pave the way for modern HSC research 

 During the 1990s, powerful molecular and genetic tools were developed allowing 

researchers to dissect how HSCs regulate the hematopoietic system. These advances 

include improvements in HSC purification protocols (Osawa et al., 1996), the 

development of genetically engineered mice (Capecchi, 1989), and evolution in retroviral 

and lentiviral gene therapies to overexpress and knockdown genes of interest directly in 

HSCs (Mulligan, 1993; Naldini et al., 1996; Root et al., 2006). In the years since those 

developments, various candidate gene and forward and reverse genetic screening 

approaches have shown that hundreds of genes, including protein coding (e.g. 

transcription factors) (Wilkinson and Gottgens, 2013), micoRNA (miRNA) and long non-

coding RNA (lncRNA) (Jeong and Goodell, 2016) act to regulate HSC function. The 

nuanced complexity regulating quiescence and cell fate decisions in HSPCs is continuing 

to expand during the current “omics” era, since large scale next-generation sequencing 

and mass-cytometry methods have started to profile the transcriptome, meythlome and 

proteome status across all populations in the hematopoietic hierarchy at single cell level, 

for an unprecedented view of the molecular circuitry that defines each cell type (Cabezas-

Wallscheid et al., 2014; Heng and Painter, 2008; Kowalczyk et al., 2015; Novershtern et 

al., 2011; Spitzer et al., 2015). 
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1.3.2 Maintaining HSC quiescence through intrinsic and extrinsic control mechanisms 

So, what have we learned from over twenty years of studies about the biology of HSCs 

and the genetic mechanisms that control them? To start, HSCs are categorically defined 

by their general quiescence (Cheshier et al., 1999; Morrison and Weissman, 1994; 

Passegue et al., 2005; Wilson et al., 2008), which is maintained via intrinsic mechanisms 

such as inhibition of cell cycle progression through expression of p21 (Cheng et al., 

2000), tumor suppressor genes like Pten (Yilmaz et al., 2006; Zhang et al., 2006a) and 

transcriptional repressors such as Gfi1 (Hock et al., 2004). Cell extrinsic mechanisms via 

ligand-receptor interactions with the bone marrow microenvironment, including mainly 

mesenchymal stem/stromal cells, megakaryocytes, and perivascular stromal cells, play an 

equally prominent role in maintaining HSC localization and quiescence (Boulais and 

Frenette, 2015; Morrison and Scadden, 2014). For example, signaling from Scf/c-Kit 

(Ding et al., 2012), Angiopoietin (Sacchetti et al., 2007), Thrombopoietin/MPL 

(Yoshihara et al., 2007), Leptin-receptor (Oguro et al., 2013; Zhou et al., 2014) and 

CXCR4/CXCL12 (Ding and Morrison, 2013; Greenbaum et al., 2013) have all been 

shown as vital HSC-bone marrow microenvironment interactions that control HSC G0 

exit. While the original location of HSCs in bone marrow was found to be near the 

hypoxic interface with bone, regarded as the endoesteal niche (Calvi et al., 2003; Lo 

Celso et al., 2008), more recent studies by Sean Morrison’s group suggest HSCs prefer 

perivascular areas by sinusoids (Morrison and Scadden, 2014). They found that most LT-

HSCs reside near perivascular structures through use of elegant conditional knockout 

mouse models that delete niche signaling molecules from specific cell types in the bone 
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marrow (Ding and Morrison, 2013; Ding et al., 2012). Furthermore, they have recently 

corroborated these findings with deep imaging techniques (Dodt et al., 2007) and a novel 

GFP reporter of HSC activity (Acar et al., 2015). Perivascular localization of LT-HSCs 

has also been found by others by using a Hoxb5-GFP-reporter system to uniquely tag 

HSCs in the bone marrow (Chen et al., 2016). Altogether, these studies show that 

managing HSC quiescence occurs through multiple independent intrinsic and extrinsic 

control mechanisms.  

1.3.3 Exiting quiescence, DNA damage and aging 

Theories to the prevailing quiescence of HSCs has centered on the perceived cellular and 

genomic protection acquired from a largely non-replicative cell state. For instance, the 

dormant nature of HSCs (Foudi et al., 2009; Wilson et al., 2008) in a hypoxic 

perivascular niche (Acar et al., 2015; Parmar et al., 2007; Spencer et al., 2014) ensures 

energy metabolism occurs via anaerobic glycolysis which results in low ATP levels 

(Kohli and Passegue, 2014), attenuated protein synthesis and proteoxic stress (Buszczak 

et al., 2014; van Galen et al., 2014a), and a capacity to maintain low levels of potentially 

damaging reactive oxygen species (Ito et al., 2006; Takubo et al., 2010). Disrupting any 

of these processes in quiescent HSCs typically induces cycling, differentiation and 

decreased self-renewal potential (Buszczak et al., 2014; Kohli and Passegue, 2014). 

Perhaps unsurprisingly, aging eventually catches up to the cyto- and genoprotective 

measures quiescent HSCs undertake. For example, aged HSCs inevitably accumulate, yet 

tolerate, DNA damage (Rossi et al., 2007). Important work from the Milsom lab and 

others have gone on to show that young LT-HSCs, upon repeated exiting of quiescence 
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with an immune stimulation, acquire DNA damage that is exacerbated with deletion of a 

Fanconi anemia related gene (involved in DNA repair pathway activity) resulting in 

hematopoietic failure in mice, thus recapitulating the disease seen in humans (Walter et 

al., 2015; Zhang et al., 2016). Therefore, repeated stressors that induce HSCs to exit G0, 

particularly over the course of many years, may explain why old HSCs accrue DNA 

damage (Beerman et al., 2014; Rossi et al., 2007). The source of this damage (if not from 

genotoxic agents or radiation) likely falls on deficiencies in the replication machinery 

which causes replication stress and DNA damage upon G0 exit (Flach et al., 2014). 

Interestingly, in the event of ionizing radiation, DNA damage is better managed in more 

proliferative progenitor subsets since they either undergo DNA repair via homologous 

recombination or programmed cell death, which compared to HSCs, are poised to survive 

damage and use more error-prone methods of DNA repair (Mohrin et al., 2010). While 

human hematopoiesis will be discussed in greater detail in following sections, human 

HSCs tend to respond differently to ionizing radiation such that they preferentially 

undergo apoptosis instead of attempting error-prone repair pathways (Milyavsky et al., 

2010). 

1.3.4 Contribution of LT-HSCs to steady-state hematopoiesis 

A quiescent status also ensures an adequate supply of functioning HSCs (i.e. not 

undergone replicative/differentiative exhaustion) to replenish the progenitor pool over the 

course of an animal’s lifespan. Evidence of this in humans comes from diseases like 

acquired aplastic anemia and Fanconi anemia, as both show loss of phenotypic HSCs 

coinciding with reduction of cells across all hematopoietic lineages, leading eventually to 
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bone marrow failure (Brosh et al., 2016; Young, 2006). In these examples however, there 

is an obvious defect (genetic mutation or impaired immune system) and “stress” placed 

on HSCs leading to disease. So what role do normal LT-HSCs have during steady-state 

hematopoeisis? Do they actually replenish the progenitor pool over the course of an 

animal’s life? What if there are no grave stresses as is the case for the life of a wild type, 

pathogen free laboratory mouse? These questions remain a contentious topic as several 

lines of evidence suggest that LT-HSCs do not in fact contribute very much to steady-

state hematopoiesis, but instead are only activated during stress (e.g. immune activation 

and blood loss) (Trumpp et al., 2010). In support of HSCs not likely contributing to 

homeostatic hematopoietic processes, early BrdU pulse-chase label retaining cell 

experiments in mice showed LT-HSCs appear to divide only once every ~70 days 

(Cheshier et al., 1999; Kiel et al., 2007). Furthermore there is a sub-group of LT-HSCs 

that divide only up to 5 times in a mouse’s lifetime (Wilson et al., 2008). These studies 

hint that LT-HSC contribution to daily hematopoiesis is likely minimal. Two important 

studies further support their limited role to maintain hematopoiesis during adulthood 

(Busch et al., 2015; Sun et al., 2014). These studies demonstrated through different 

lineage tracing experimental designs, that during homeostatic maintenance of 

hematopoiesis, MPPs and committed progenitors, typically understood to be non-self-

renewing, persist for long periods of time and are responsible for the bulk of blood cell 

production.  In the study by Busch et al. the investigators found after labeling HSCs with 

YFP, that there was a moderate percentage (30%) of predicted LT-HSCs contributing to 

the production of mature cells, however, the actual total output of cells from these LT-



Ph.D. Thesis – S. Rentas; McMaster University - Biochemistry and Biomedical Sciences. 
 

13 
 

HSCs across lineages was exceedingly small at <1%, a value that did not change over any 

period of time measured. Similarly in the study by Sun et al., fewer than 5% of LT-HSC 

clones were found in mature cell populations nearly one year after inducing genetic 

tagging (a laboratory mouse’s lifespan is typically 2 years), whereas half of the MPP and 

myeloid progenitor clones contributed mature hematopoietic cells. Additionally Sun et al. 

found that 4 months after genetically marking cells (a time point they predicted should 

allow activation of HSCs) large and diverse changes were observed in the clonal 

contribution of hematopoietic populations, providing evidence that steady-state 

hematopoiesis is maintained by successive recruitment and proliferation (or waves) of 

many progenitors that are longer-lived than previously thought. Thus, the best evidence 

to date suggests that only during hematopoietic stress do HSCs provide meaningful 

support to re-establish equilibrium in hematopoiesis (Busch et al., 2015; Walter et al., 

2015; Wilson et al., 2008; Zhang et al., 2016), as well as other highly proliferative events 

like aiding the initial development and establishment of the growing hematopoietic 

system during post-natal growth (Busch et al., 2015). This latter point is also in line with 

Fanconi anemia patients suffering bone marrow failure at a median age of 6 years old as 

fetal and post-natal HSCs proliferate more frequently earlier in life when growth is rapid 

but due to DNA repair defects these cells are eventually lost (Brosh et al., 2016).  

1.3.5 HSC quiescence protects from oncogenesis 

Given the proliferative potential of HSCs, their quiescence can also be seen as a means of 

protection from cancer initiation. This has been precisely demonstrated with loss of Pten 

in mouse HSCs, whereby not only is there depletion of normal stem cells through 
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unchecked cycling and differentiation but the co-development of leukemia (Yilmaz et al., 

2006). Interestingly, it was shown that loss of HSCs in Pten null mice is in part due to 

elevated levels of protein synthesis through activated mTORC1 signaling which is 

normally attenuated in quiescent HSCs (Signer et al., 2014). Reacquiring low protein 

synthesis levels by crossing with mice that have impaired ribosome activity (Rpl24Bst/+ 

mutants) restored HSC function and delayed onset of leukemia. Thus gain of function 

mutations in oncogenes (including chromosomal translocations) (Krivtsov and 

Armstrong, 2007) or loss of function mutations in tumor suppressors in HSCs can induce 

HSC cycling and predispose to clonal outgrowth and cancer initiation, and in primary 

human leukemia such as AML, this typically occurs upon acquiring additional 

transforming mutations (Dick, 2008; Genovese et al., 2015; Greaves and Maley, 2012; 

Rentas et al., 2013).  

 

1.4 New models of lineage specification in the hematopoietic system  

A principal function of HSPCs is to undergo differentiation and lineage commitment to 

maintain normal output of mature blood cells. Two important bifurcation points exist in 

classic lineage specification models of hematopoiesis, including MPPs to common 

lymphoid progenitors (CLP) or common myeloid progenitors (CMP), and myeloid 

lineage bifurcation to megakaryocyte-erythroid progenitors (MEP) or granulocyte-

monocyte progenitors (GMP) (Seita and Weissman, 2010). Bifurcation to committed 

MEP and GMP progenitors has been assumed for decades to be controlled by co-

expression of antagonistic lineage specific transcription factors in CMPs, including 
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GATA-1 for MK-E and PU.1 for GM specification (Orkin, 2000). The ensuing 

competition (Miyamoto et al., 2002) has even been onerously modeled mathematically 

(Roeder and Glauche, 2006), but there are multiple lines of evidence that now suggest 

individual cells do not significantly express multiple lineage-specific genes or 

transcription factors that regulate different fates (Paul et al., 2015). This new model 

instead shows that there is considerable cell-to-cell heterogeneity in previously identified 

CMP, GMP and MEP populations. The study by Paul et al. used single cell RNA-seq 

within these three myeloid progenitor subsets to identify 18 transcriptionally distinct 

subpopulations which are restricted to a particular differentiation program. A similar 

conclusion was reached by Perie et al.; their approach with transplanting barcoded 

progenitors and tracking mature cell output in vivo found CMPs almost always gave rise 

to either E or GM cell types (Perie et al., 2015). This was further extended to more 

primitive cells, where individual MPPs were largely committed to a single lineage. That 

most MPPs are “hardwired” or biased to a particular lineage was also found by the 

Passegué group through a novel sorting and transplantation approach (Pietras et al., 

2015). Lineage biasing has also been shown in HSCs by way of single cell 

transplantation (Dykstra et al., 2007), and is a phenotype that can be prospectively 

isolated by specific combinatorial expression of SLAM family markers (Oguro et al., 

2013). Thus, an alternative model to the classic hematopoietic hierarchy has been 

proposed (Figure 1B) to take in to account the single-cell heterogeneity that exists within 

primitive populations of the hematopoietic system. While these studies show an intrinsic 

lineage-primed differentiation program exists in HSPCs that guides their most likely 
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cellular outcome, continuous live-cell imaging methods and standard in vivo modeling of 

HSC activity have shown cytokines such as macrophage colony stimulating factor (M-

CSF), granulocyte colony stimulating factor (G-CSF) and chronic exposure to 

interleukin-1 (IL-1) instruct HSCs and progenitors to undergo differentiation to the 

myeloid lineage (Mossadegh-Keller et al., 2013; Pietras et al., 2016; Rieger et al., 2009). 

The high efficiency with which cytokines can induce myeloid lineage differentiation 

shows their capacity to direct cell fate outcomes and override the cell’s “hardwired” 

program. This may provide an advantage to the immune system if release of cytokines 

during infection recruits HSPCs to respond and override their current lineage-biased 

state. 

 

1.5 Properties of HSC division and self-renewal 

1.5.1 Asymmetric cell division 

Frequency of HSCs in the bone marrow remains unchanged until an animal has reached 

old age; here numbers increase but overall function declines (Jung et al., 2016). A type of 

replication event that could underpin maintenance of the HSC pool throughout the 

majority of life is asymmetric cell division (Neumüller and Knoblich, 2009). During this 

event a quiescent HSC would re-enter the cell cycle and divide into a daughter cell that 

self-renews and remains an HSC while the other daughter becomes progenitor fated. In 

this context, asymmetry is established at mitosis. If this replication event were to occur it 

is easy to appreciate how it could keep HSC numbers constant. Mechanisms for 
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asymmetric cell division have been well studied in model systems such as Drosophila 

neural stem cells (neuroblasts) and C. elegans embryos (Gonczy, 2008). These models 

generally show an intrinsic axis of polarity that directs unequal partitioning of fate 

determinants (typically proteins or mRNA) during mitosis which influence downstream 

signaling pathways and gene expression programs to elicit fate changes in the recipient 

cell (Neumüller and Knoblich, 2009). Neurogenesis in drosophila therefore proceeds 

through apical-basal neuroblast cell divisions, where the cell dividing away from the 

neuroepithelium undergoes differentiation to a mature neuron (Knoblich, 2008). Null 

mutants for proteins that partition into the neuronal precursor cell and direct 

differentiation, such as Numb, result in unchecked cell division and tumour growth 

(Knoblich, 2008). Conversely loss of function mutants for proteins retained in 

neuroblasts, like the Par complex, exhibit neuroblast depletion (Knoblich, 2008). Thus, 

modulating the activity of genes that function in asymmetric cell division has a direct 

effect on stem cell numbers. 

1.5.2 Cell division in HSPCs 

There are very few examples of HSCs undergoing asymmetric division in vitro in the 

manner described above (unequal partitioning of fate determinants at mitosis) and no 

direct evidence of it occurring in vivo, although mathematical modelling of lineage 

tracing data from fluorescently tagged HSCs does favour the occurrence of asymmetric 

division (Busch et al., 2015). Support for in vitro asymmetric division in mouse HSPCs 

was provided with time-lapse imaging and a GFP reporter that indicates active Notch 

signaling. By tracking single cell divisions the Reya group found occurrences of HSPCs 
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where one sister remained GFP+ and the other GFP–. This asymmetric activity in Notch 

signaling was attributed to unequal partitioning of Numb protein since its presence is 

known to suppress Notch (Gonczy, 2008). Tracking in vitro Numb segregation has been 

used in several additional studies to show whether knockdown/knockout or 

overexpression of a particular gene of interest impacts symmetric renewal (no daughters 

express Numb), symmetric differentiation (both daughters inherit Numb) and asymmetric 

division (one daughter gets Numb) in HSCs (Park et al., 2014; Will et al., 2013; Zimdahl 

et al., 2014). Whether the segregation pattern of Numb bears any significance on the 

downstream function of HSPCs appears unlikely since conditional deletion of Numb 

shows normal hematopoiesis at steady-state and during transplantation (Wilson et al., 

2007); only in the study by Wu et al. did overexpression of Numb promote a loss of 

primitive cells during in vitro culture (Wu et al., 2007). To show Numb, or indeed any 

other protein segregates asymmetrically during HSC cell division in situ would require 

creation of a unique lineage tracing fluorescent reporter mouse that follows the pulse-

chase paradigm developed to identify histone-label retaining dormant LT-HSCs (Wilson 

et al., 2008), however such a model has yet to be established. Aside from Numb, other 

proteins that have been shown to segregate asymmetrically in mouse HSPCs include 

Ap2a2 (Ting et al., 2011) and in the human system HSC markers CD133 and CD34 

(Beckmann et al., 2007; Gorgens et al., 2014; Shin et al., 2014).  

In summary, HSCs exiting quiescence and undergoing replication leads to one of 3 

possibilities: symmetric renewal, symmetric differentiation or asymmetric division. 

Given these 3 division schemes (particularly symmetric renewal or symmetric 
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differentiation), a gene whose loss or gain favors one outcome over the other, either 

during homeostasis or with transplantation stress, can be classified as one that influences 

HSC self-renewal. In these circumstances there is typically a numerical increase or 

decrease within the HSC pool. Since the focus of this thesis is primarily on genes 

controlling self-renewal in human HSCs, a brief survey of important mediators of self-

renewal in the human context will be provided in later sections.   

 

1.6 Xenograft models and human HSCs 

1.6.1 In vitro assays to model human hematopoieis 

The development of the CFU-S assay and congenic mice enabled the use of in vivo 

repopulating assays to measure mouse HSPC activity. The study of human HSPCs 

however suffered early on as complementary in vivo assays had not yet been created due 

to the biological constraints of grafting human cells in wild type mice. To circumvent 

these limitations, in vitro culture and colony-forming assays were developed to allow for 

the detection of primitive human bone marrow cells. These assays include the colony 

forming cell assay (CFC) as described in section 1.2.2 which are done over the course of 

2 weeks in cytokine supplemented, semi-solid methylcellulose medium to readout 

progenitors (Broxmeyer, 1984) and long-term culture initiating cell (LTC-IC) assays 

which span a timeframe of several weeks and thus presumably readout the activity of 

more primitive self-renewing HSPCs (Coulombel, 2004). Historically, LTC-IC assays 

were performed on adherent bone marrow-derived mesenchymal cells (Dexter et al., 

1977), however this evolved to more reproducible transformed mouse feeder cell lines 
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that are easier to use (Sutherland et al., 1989).  Measuring the output of LTC-ICs relied 

not just on the presence of cells surviving in culture after several weeks but also on the 

ability of those cells to form colonies with the standard CFC assay (Coulombel, 2004). 

The CFC and LTC-IC assay were instrumental for testing FACS-purified populations 

with enriched primitive cell activity (Baines et al., 1988; Civin et al., 1984; Sutherland et 

al., 1989; Terstappen et al., 1991). These studies would provide the starting point for 

prospective isolation of human cells within bone marrow, cord blood (CB), and fetal liver 

possessing in vivo repopulating capacity in immune deficient mice. 

1.6.2 In vivo modeling of human hematopoiesis with immune deficient mice 

The development of immune-deficient mice over 30 years ago was an essential 

development for allowing the modeling of human hematopoietic cells in vivo. The first 

generation of immune deprived mice had a severe combined immune deficiency (Scid) 

phenotype and lacked the capacity to make B and T cells (Bosma et al., 1983; Fulop and 

Phillips, 1990). Initial studies to engraft human hematopoietic cells in Scid mice used 

peripheral blood lymphocytes that produced antibodies to tetanus toxin (Mosier et al., 

1988) and fetal liver cells to show sustained production of B and T cells which was 

indicative of engrafted human HSPCs (McCune et al., 1988). The first demonstration 

however of adult human HSC activity came from the Dick lab who performed 

transplantation of human bone marrow into Scid mice along with growth factors to 

support myeloid development and showed the capacity for ongoing donor myeloid and 

lymphoid development (Kamel-Reid and Dick, 1988). There have been multiple genetic 

alterations made to improve engraftment outcomes in the Scid mouse since its discovery, 
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with the first major improvement being the use of the non-obese diabetic (NOD) mutation 

in combination with Scid (NOD-Scid) to impair both adaptive and innate immune cell 

function (Shultz et al., 1995). The problem with NOD-Scid mice however, was the 

formation of thymic lymphomas which hindered long-term studies. To overcome this 

challenge the Schultz group generated IL-2 receptor gamma null mice in the NOD-Scid 

background (NSG), leading to mice that had impaired innate immunity as well a 

complete lack of B, T and NK cells and no lymphoma generation (Shultz et al., 2007), 

thus supporting comparatively higher levels of multilineage human cell repopulation and 

the capacity to run experiments in excess of 6 months, which allows for a better 

approximation of stem cell activity. The latest generation of immunocompromised mice 

for reading out primitive human HSPC function has been engineered to express human 

cytokines in place of their mouse counterparts to allow for better support and 

reconstitution of the myeloid lineage, as NSG mice heavily bias human HSC 

development to B cell production and fail to produce meaningful numbers of neutrophils 

or maintain any trace of long-term erythrocyte or platelet production (Miller et al., 

2013a). 

1.6.3 The human hematopoietic hierarchy 

The discovery of an antibody against the cell surface antigen CD34 was the first 

breakthrough in the positive selection of specific cells in human bone marrow enriched in 

CFCs and LTC-ICs (Civin et al., 1984). Shortly thereafter, lack of expression of 

CD45RA in combination with the presence of CD34 further improved identification of 

CFCs and LTC-ICs (Lansdorp et al., 1990). By using the Scid model, expression of both 
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Thy-1 (CD90) and CD34 allowed for further purification of in vivo repopulating HSPCs 

(Baum et al., 1992; Murray et al., 1995). This was followed by the demonstration of 

significant HSC enrichment in cells negative for CD38 but positive for CD34 expression, 

with the Dick group in particular denoting this population as NOD-Scid repopulating 

cells (SRC) (Bhatia et al., 1997). Thus by the end of the 1990s a clear definition was 

emerging on the collection of markers that could be used to enrich for human HSCs. 

Interestingly, these studies highlighted unique phenotypic attributes of the primitive 

human hematopoietic system as there was little evolutionary conservation in the marker 

expression profile of human HSCs when compared to mouse HSCs. 

Ongoing work in the mouse system illustrated extensive heterogeneity in the engraftment 

kinetics, self-renewal, and differentiation biases of mouse bone marrow populations 

enriched for HSCs and progenitors. Since research in mice guided the studies with human 

cells, similar attempts were carried out to test the self-renewal and differentiation 

potential within subsets of CD34 marked cells. Here it was found that CD34+ CD38lo/+ 

cells were capable of generating transient myeloid biased grafts lasting up to 3 weeks 

before eventually exhausting (Glimm et al., 2001; Mazurier et al., 2003). These cells 

were termed short-term Scid repopulating cells (STRC) and are recognized today as 

consisting of committed progenitor populations including the classically defined CMP, 

GMP and MEP populations (Doulatov et al., 2010; Laurenti et al., 2013). Hierarchical 

organization within the human HSC compartment was later shown by Majeti et al. when 

they determined LT-HSCs were more highly enriched in the Lin- CD34+ CD38- 

CD45RA- Thy-1+ population and MPPs in Lin- CD34+ CD38- CD45RA- Thy-1- (Majeti 
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et al., 2007). The MPPs discovered by Majeti et al. however still had serial 

transplantation capacity, which meant further refinement was needed to isolate human 

HSCs to near homogeneity. This work was carried out by Notta at el. by inclusion of the 

marker CD49f (Notta et al., 2011). The rationale for using CD49f was based on integrin-

α2 (CD49b) expression on mouse HSCs demarcating cells with intermediate-term versus 

long-term self-renewal potential (Benveniste et al., 2010). LT-HSCs in humans are 

currently defined as Lin– CD34+ CD38– Thy-1+ CD45RA– CD49f+ and ST-HSCs/MPPs 

as Lin– CD34+ CD38– Thy-1– CD45RA– CD49f– (Figure 4A) (Notta et al., 2011). 

Limiting dilution analysis revealed ~10% of these LT-HSCs had long-term repopulating 

activity, defined by mature blood cells being detected >16 weeks after transplant, 

whereas mature cells from the MPP fraction were undetectable at 16 weeks (Notta et al., 

2011). Additionally, LT-HSCs, unlike MPPs, were the only cells capable of robust 

secondary mouse engraftment. By using rhodamine dye efflux along with the 

combination of markers described above to enrich for human LT-HSCs, Notta el al. 

showed 28% of single cell transplants repopulated NSG mice, this was in spite of the 

inefficiencies of the xenotransplant system (e.g. the lack of human cytokine production). 

To complete the comparison of the primitive human hematopoietic cell compartment to 

what is observed in mice, the Dick lab showed a cell population existed that was 

analogous to lymphoid primed multipotent progentior (LMPP).  Like mouse LMPPs, this 

population of early lymphoid progenitors were devoid of MK-E developmental potential 

but competent to make macrophages and granulocytes (Figure 3A). This population of 

cells was termed multilymphoid progenitors (MLP) and identified with the marker profile 
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of Lin- CD34+ CD38- CD45RA+- Thy-1- (Doulatov et al., 2010). This work collectively 

shows human hematopoiesis faithfully mimics the developmental process originally 

characterized in mice (Doulatov et al., 2012). 

1.6.4 A revised model of human lineage specification 

Just as the classic model of mouse lineage specification was shown to be an aggregate of 

phenotypes from many lineage restricted cells captured in bulk populations identified by 

multi-colour flow cytometry (Paul et al., 2015; Perie et al., 2015; Pietras et al., 2015), so 

to was it recently revealed the underappreciated level of single-cell heterogeneity in 

differentiation potential that exists in human HSPCs (Notta et al., 2016). The work done 

by Notta et al. used a novel single cell culture assay to measure mature myeloid cell 

output from 9 populations of HSCs, MPPs, and committed progenitors from fetal, post-

natal and adult bone marrow cells. Fetal liver had the highest proportion of multipotent 

progenitors with varying myeloid, E, and MK potentials and MK-E activity present 

throughout the hierarchy, however adult bone marrow progenitors were largely lineage 

restricted and to a lesser extent bi-potent whereas multipotency was restrained to the HSC 

compartment as was MK-E development. Therefore, what was previously identified as 

homogenous populations containing CMP, GMP and MEP contained a collection of 

single lineage restricted progenitors with very little MK-E developmental potential. The 

results from these single cell analyses describe an alternative 2-tier model in adult human 

hematopoiesis, where multipotency is restrained in the HSC fraction and progenitors are 

either uni- or bi-potent (Figure 3B) (Notta et al., 2016). It will be now be exciting to 

probe the transcriptome from single cells belonging to these 9 populations to confirm 
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these findings and truly define the molecular underpinnings that determine lineage 

restriction.   

1.6.5 Human HSC contribution to steady-state hematopoiesis 

Within the past two years there have been significant advances to understanding steady-

state hematopoiesis in mice using genetic marking or fluorescent protein lineage tracing 

methods (Busch et al., 2015; Sun et al., 2014). These studies showed that HSCs 

contribute minimally to homeostasis and most blood cell production is through long-lived 

progenitor populations. Similar studies however cannot be done in humans, thus testing 

the contribution of HSCs to maintaining the adult human hematopoietic system remains a 

challenge. By all accounts, hematopoiesis in healthy adults remains polyclonal (multiple 

HSCs and progenitors) as evidenced by a lack of skewing in inactivated X chromosomes 

in elderly women (Swierczek et al., 2012) and the finding that clonal hematopoiesis is a 

precursor to leukemia initiation (Genovese et al., 2015). However the only way to 

quantitatively track the polyclonal contribution of HSCs to hematopoieis is through 

analysis of peripheral blood and bone marrow of reconstituted mice or humans after 

myeloablative therapy. Xenotransplantation with lentiviral barcoded HSCs (Lu et al., 

2011) showed long-term hematopoiesis is maintained in reconstituted mice by up to 30-

50 HSCs. A similar finding was also demonstrated upon analysis of lentiviral insertion 

sites tracked in patients transplanted with gene corrected HSCs to treat Wiskott-Aldrich 

syndrome (WAS) (Biasco et al., 2016). In these patients, recovery of hematopoiesis 

occurred by a transient 3-6 month contribution of hematopoietic progenitors followed by 

pro-longed maintenance of the hematopoietic system by a second wave driven largely by 
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MPPs and HSCs. On average 1500 insertion sites (clones) were found in individuals after 

3 years, however only a fraction of these were represented when they profiled bone 

marrow sampled HSC insertion sites. Here they found approximately 30% of HSC 

insertion sites were found in one or more lineages and almost all MPPs were represented. 

This finding is similar to what was described earlier (section 1.3.4) in the YFP HSC 

tagging of HSCs by Busch et al. Thus after transplantation a large majority of HSCs 

become quiescent and the continual production of blood cells appears to be maintained by 

committed progenitors, MPPs and some HSCs. Another important finding which 

validates to a large extent the new 2-tier model of lineage specification (Notta et al., 

2016), was the demonstration that most lymphoid insertion sites are shared by myeloid 

cells and vice versa (indicating a prevailing multipotent progenitor), where as MK-E 

development insertion sites were typically distinct. Thus, human hematopoiesis appears 

to be highly polyclonal over long periods of time and is supported mainly by multipotent 

progenitors and to a lesser extent HSCs. 

 

1.7 Expanding human HSCs for regenerative therapy 

1.7.1 Using umbilical cord blood as a source of human HSCs for transplantation therapy 

As HSCs present in transplanted bone marrow enable robust reconstitution of all blood 

cell lineages, their therapeutic potential is enormous to individuals who have congenital 

hematopoietic defects or are undergoing chemotherapy to treat leukemia. While HSC 

transplantation is the first and remains the most effective stem cell therapy in clinical use 

(Gratwohl et al., 2010), its efficacy is still limited by the rarity of stem cells retrieved 
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from autologous (self, healthy bone marrow) or allogenic (donor, HLA matched) blood 

sources; for instance, only 30% of patients will have a sibling matched donor (Ballen et 

al., 2013). Furthermore, while over 20 million volunteers have volunteered in the 

American National Marrow Donor Program, patients particularly from different ethnic 

backgrounds are unlikely to find a suitable donor (Appelbaum, 2012). Thus alternative 

sources of HSCs such as from umbilical cord blood (CB) are needed to help alleviate 

these constraints. CB offers multiple advantages to bone marrow sources of HSCs, 

including rapid availability of cryopreserved samples, lower immunogenicity and rates 

and severity of graft versus host disease due to naïve immune cells, and comparatively 

greater proliferative and self-renewal capacity in HSPCs (Ballen et al., 2013; Miller et al., 

2013b). Hal Broxmeyer’s group pioneered the use of CB HSPCs (Broxmeyer et al., 1989) 

by performing the first transplant in a Fanconi anemia patient (Gluckman et al., 1989). 

Since then over 600,000 CB units have been registered for transplantation worldwide and 

over 30,000 CB HSPC transplants have been performed (Ballen et al., 2013). 

Persistent use of CB in the clinic is challenged by the limited number of cells retrieved 

from a single CB unit leading to delayed engraftment and ensuing poor immune cell 

reconstitution.  To circumvent the limited number of cells two CBs can be combined to 

facilitate transplantation in adults (Barker et al., 2003), the added difficulty here is 

finding HLA matches for the multiple CB units and patient. Finally, CB proportionally 

contains far fewer progenitors than what can be retrieved from adult bone marrow or 

mobilized peripheral blood, an issue that is compounded by the overall lack of total 
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nucleated cells (Miller et al., 2013b). These difficulties highlight the growing need to 

enhance total numbers of HSPCs in CB transplants. 

1.7.2 Factors that influence patient survival post-HSC transplantation  

Patients receiving hematopoietic stem cell transplantation (HCT) are given myeloablative 

regimens such as chemotherapy and total body irradiation to induce death to circulating 

malignant or diseased cells and allow engraftment of healthy donor HSCs, the 

consequence of these conditioning regimes is collateral damage to the patient’s immune 

system. Therefore a major impediment to the efficacy of HCT is the patient’s 

susceptibility to infection and bleeding immediately following transplantation. Thus, 

treatment related mortality is often associated with insufficient reconstitution of 

neutrophils and platelets during the time immediately following the transplant. Shortened 

times to recovery of these critical cell types are key determinants of donor cell 

engraftment and successful patient outcome (Meldgaard Knudsen et al., 1999; Offner et 

al., 1996). Infusion of greater numbers of the more proliferative multipotent and 

committed myeloid progenitors would allow for rapid production of these necessary 

mature cell types and better patient recovery. Thus, expansion or enhanced activity of 

STRCs – a population containing committed myeloid progenitors – is of immense clinical 

significance to the reduction of patient mortality during HCT (Miller et al., 2013b). 

Taking in to consideration that long-term patient health relies heavily on sufficient 

numbers of stem cells to be transplanted and short-term survival on more differentiated 

multipotent and committed progenitors, an understanding of the genetic regulation of 

expansion and proliferation of both of these cell types will enhance HCT therapies. 
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1.7.3 Gene therapy, small molecules, and new culture methods lead the way 

Infusing patients with as many genetically matched (or closely matched) HSPCs as 

possible will lead to the best patient outcome during HCT. Historically, methods to 

expand HSCs in vitro include using defined cytokine culture conditions, which includes 

factors such as SCF, TPO, Flt-3L, IL-3, IL-6 and G-CSF to stimulate proliferation 

(Conneally et al., 1997; Shpall et al., 2002) and co-culture on supportive stromal layers 

(Huang et al., 2007; Sutherland et al., 1991). A consistent challenge with in vitro culture 

systems is promoting HSPC proliferation without driving them to differentiate into 

mature cell types. To work around this limitation, many groups have tried overexpressing 

genes such as HOXB4 (Antonchuk et al., 2002) or NUP98-HOXA10 (Ohta et al., 2007) 

with retroviruses, and to great effect, have shown very high levels of murine HSC 

expansion. However, these findings have not translated particularly well to primate or 

human HSCs (Buske et al., 2002; Zhang et al., 2006b), suggesting that genetic regulation 

of self renewal is not precisely conserved from mice to humans. Additionally, the use of 

retroviruses has limited potential for clinical therapy since retroviral genome integration 

can result in oncogenic transformation. Thus effort has been directed towards the use of 

exogenously delivered recombinant proteins such as TAT-HOXB4 (Huang et al., 2010), 

TAT-NF-Ya (Domashenko et al., 2010) and Notch ligand (Deltaext-IgG) (Delaney et al., 

2010) to specifically stimulate HSC proliferation. Supplementing HSC growth medium 

with small molecules to enhance HSC proliferation without concomitant differentiation 

has perhaps seen the most success. Such small molecules include UM171 (Fares et al., 

2014), Stem Reginin 1 (SR1), an aryl-hydrocarbon receptor (AHR) antagonist (Boitano et 



Ph.D. Thesis – S. Rentas; McMaster University - Biochemistry and Biomedical Sciences. 
 

30 
 

al., 2010), the copper chelator TEPA (Peled et al., 2005), the GSK-3β inhibitor BIO (Ko 

et al., 2011), prostaglandin E2 derivatives (dmPGE2) (North et al., 2007), and NR-101, a 

highly potent Thrombopoietin receptor agonist (Nishino et al., 2009). Altogether, each of 

these compounds or proteins offer varying degrees of effectiveness in achieving human 

HSC expansion, with SR1 and UM171 appearing to have the greatest promise based on 

the high frequency and total number of phenotypically marked primitive cells after 1 

week of ex vivo expansion and their ability to provide robust long-term engraftment and 

secondary repopulation. Many of these molecules have begun clinical trial testing, 

including SR1 (Wagner et al., 2016), dmPGE2 (Cutler et al., 2013), and Deltaext-IgG 

(Milano et al., 2014). Each of these clinical trials has utilized a double CB transplant 

strategy whereby one CB is unmanipulated and identified by a unique HLA allele and the 

other differentially HLA marked CB undergoes the expansion protocol. SR1 appears to 

be the most promising to date as cells expanded in its presence robustly contributed long-

term multilineage grafts in patients and improved early engraftment of progenitors that 

provide vital production of platelets and neutrophils to stave off hemorrhaging and 

infection in these highly immuno-compromised people (Wagner et al., 2016). The 

success of this study means moving to phase III trials where patients only receive 

expanded HSPCs. 

Optimizing CB HSPC numbers has also been achieved by improving basic handling of 

samples and engineering new in vitro culture equipment to provide optimal conditions for 

growth (Csaszar et al., 2012; Mantel et al., 2015). The Broxmeyer group focused on 

eliminating CB exposure to oxygen and developed protocols to harvest samples in their 
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native hypoxia, thus eliminating oxygen stress which induces p53-mediated ROS 

production via mitochondrial pore formation (Mantel et al., 2015). Peter Zandstra’s group 

took an alternative approach to expanding CB HSPCs by developing a computer 

controlled fed-batch culturing method which continuously supplies growing HSPCs with 

fresh medium thus diluting differentiation secreted inhibitory feedback signals (Csaszar 

et al., 2012). The variety of approaches, including genetic, small molecule and novel cell 

culturing and handling methods shows the multitude of ways in which CB HSPCs can be 

enhanced for regenerative therapies and the continuing need to understand how these 

cells are regulated. 

 

1.8 The role of Musashi-2 in murine hematopoiesis 

1.8.1 The identification of Msi2 in mouse HSCs 

In order to identify novel genetic regulators of HSC self-renewal an in vivo RNAi screen 

was performed that focused on knocking down genes with known roles in polarity and 

asymmetric cell division (Hope et al., 2010). Genes that typically regulate these processes 

have mostly been overlooked in HSC biology, even though they represent cellular 

mechanisms that are essential to the normal function of stem cells in model systems 

(Gonczy, 2008). One of the genes identified in this screen was the RNA binding protein 

(RBP) Musashi-2 (Msi2). Musashi gene family members regulate mRNA translation and 

were originally identified in Drosophila as regulators of asymmetric cell division and 

development of sensory bristles (Nakamura et al., 1994; Okabe et al., 2001). The 

homolog of Msi2, Msi1, has been studied extensively in the mammalian nervous system 
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and is strongly expressed in fetal and adult neural stem cells where it promotes self 

renewal by maintaining Notch signaling through translational repression of Numb (Imai 

et al., 2001; Keyoung et al., 2001). Comparatively, much less is known about the function 

of Msi2 in hematopoiesis. Expression profiling of purified populations of mouse HSCs 

and progenitors showed Msi2 is highly expressed in the most primitive HSC 

compartment, whereas expression of Msi1 is essentially absent across all cell types (de 

Andrés-Aguayo et al., 2011; Hope et al., 2010; Kharas et al., 2010). Retroviral-mediated 

short-hairpin knockdown of Msi2 in mouse HSCs followed by transplantation into 

congenic mice results in a significant decrease in their repopulation capability compared 

to short-hairpin controls (Hope et al., 2010; Kharas et al., 2010). Interestingly, in vitro 

overexpression of Msi2 in primitive mouse hematopoietic cells followed by 

transplantation had the opposite effect of knockdown and led to an increase in 

repopulation (Hope et al., 2010). This latter finding of enhanced HSC activity with over 

expression of Msi2 is also supported by results from a retroviral insertion screen aimed at 

identifying novel regulators of mouse hematopoiesis (de Andrés-Aguayo et al., 2011). 

Based on the premise that retroviral integration can activate gene expression from nearby 

promoters, De Andres-Aguayo et al. showed clonal dominance of retrovirus integrated 

Msi2 over-expressing hematopoietic cells in transplanted mice. Importantly, regardless of 

the method of Msi2 overexpression-induction, in no case was leukemia observed as a 

result (Hope et al., 2010) (de Andrés-Aguayo et al., 2011). De Andres-Aguayo et al. also 

demonstrated that Msi2 gene-trap mice (truncation at the C-terminal RNA binding 

domain portion of the protein) have significant impairment in repopulation capability, 
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due to a decrease in the proliferative capacity of short-term self renewing HSCs and 

multipotent non-self renewing progenitors (de Andrés-Aguayo et al., 2011). Additionally, 

a conditional knockout mouse model demonstrated Msi2 deletion promotes cycling and 

loss of long-term HSC quiescence leading to failure of HSC maintenance in adult mice 

and an inability for Msi2 deleted HSCs to engraft recipient mice (Park et al., 2014). 

Altogether, these data correlate with Msi2 knockdown and overexpression experiments 

(Hope et al., 2010; Kharas et al., 2010), and implicate Msi2 as being an important novel 

regulator of the murine HSC compartment.  

1.8.2 Msi2 in mouse models of leukemia 

Aside from the burgeoning role in maintaining normal murine HSC function, there are 

several studies that have implicated Msi2 in both primary human and mouse models of 

leukemia. MSI2 was originally found in a novel chromosomal translocation with HOXA9 

in a cohort of acute myeloid leukemia (AML) patients (Barbouti et al., 2003). This 

spurred studies into exploring its role in mouse models of chronic myeloid leukemia 

(CML) where it was found to have a positive role in the progression to the acute and 

lethal blast crisis (BC) phase of the disease (Ito et al., 2010; Kharas et al., 2010). Mouse 

survival was significantly increased with Msi2 knockdown in BC cells compared to 

control BC leukemia cells (Ito et al., 2010), and both Ito et al. and Kharas et al. showed 

that MSI2 was highly expressed in human AML and BC-CML patient samples and 

elevated expression correlated with decreased patient survival (Ito et al., 2010; Kharas et 

al., 2010). Other studies support the positive effect Msi2 has on leukemia progression is 

not restricted to CML models, as loss of Msi2 in a MLL-AF9 driven mouse model of 
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leukemia delays leukmogenesis by promoting differentiation and apoptosis and improves 

overall mouse survival (Park et al., 2015). Msi2 has further been shown to maintain a pre-

leukemic state in a mouse model of myeloid dysplastic syndrome (MDS) (Taggart et al., 

2016), since knocking out Msi2 eliminates MDS HSPCs while OE has the opposite effect 

of accelerating the disease. Additional clinical correlates of MSI2 and AML patient 

survival have come from histological examination of blast cells in patient bone marrow 

and finding elevated protein levels and in particular rare cells with high amounts within 

in the nucleus as negative prognostic indication of disease outcome (Byers et al., 2011). 

These studies collectively show MSI2 as a central regulator in acute leukemia 

progression across multiple types of myeloid leukemias. 

1.8.4 Post transcriptional regulation by Musashi family RBPs 

Post transcriptional regulation by RNA binding proteins (RBP) is emerging as a vital 

mechanism for regulating complex genetic networks and establishing cellular diversity 

(Cassar and Stanford, 2012). These proteins function at multiple levels in mRNA 

metabolism including export, splicing, stability, degradation, and translation (Halbeisen 

et al., 2008). This allows for fine tuning of gene expression beyond transcription and 

therefore affects multiple levels of cellular physiology including  proliferation and fate 

decisions in stem cells (Cassar and Stanford, 2012). Msi1 for instance binds the 

3’untranslated region (3’UTR) of target transcripts (e.g. Numb) in neural stem cells to 

repress translation and maintain stem cell activity (Imai et al., 2001). Follow up work on 

Msi1 has suggested that Numb translation is inhibited by Msi1 competing with the 

eukaryotic translation initiation factor 4G (eIF4G) for poly-A binding protein (PABP) 
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binding, which results in incomplete assembly of the mature ribosome (Kawahara et al., 

2008) (Figure 4A). Msi1 shares 69% protein homology to Msi2 and 86% within their 

RNA binding domains (Ohyama et al., 2012). This has led to the hypothesis that the 

similarity between Musashi family proteins likely results in similar RNA consensus 

motifs and target transcripts for repression (Ohyama et al., 2012). Interestingly, studies in 

Xenopus oocytes have shown Msi1 and 2 can promote translation by promoting 

elongation of the poly-A tail (Cragle and MacNicol, 2014; MacNicol et al., 2011), a 

mechanism, however, that has not been tested yet in mammalian cells. 

1.8.4 Msi2 mechanism of actions in normal and malignant hematopoiesis 

Gene expression profiling in mouse HSPC populations after Msi2 knockdown/out or 

overexpression led to transcriptional changes in cell cycle regulators such as p21 and 

Cyclin D1 and several signaling pathways, including with overexpression, elevated 

Notch, Sonic Hedgehog, and Myc gene signatures (de Andrés-Aguayo et al., 2011; Hope 

et al., 2010; Kharas et al., 2010). Additional gene expression profiling performed in 

conditionally deleted Msi2 HSPCs as well as high-throughput sequencing of RNA 

isolated by crosslinking immunoprecipitation (HITS-CLIP) in a hematopoietic cell line 

revealed perturbed TGF-β signaling, a finding which was echoed in the non-

responsiveness of knockout cells to TGF-β mediated HSPC expansion. Precise targets 

that were responsible for specifically mediating this response were not elucidated 

however (Park et al., 2014). In the context of MLL-AF9 driven leukemia, Msi2 stabilized 

and promoted translation of various oncogenes or cooperative oncogenes including 

Hoxa9, Myc, and Ikzf2 mRNAs (Park et al., 2015). A similar Msi2-driven activating 
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affect was seen with Tspan3 mRNA in mouse models of leukemia, highlighting a novel 

post-transcriptionally driven leukemia promoting pathway (Kwon et al., 2015). Aside 

from regulating mRNA translation there is also evidence pointing to a role in controlling 

microRNA (miRNA) biogenesis, specifically at the stage primary miRNA (pri-miRNA) 

is cleaved by Drosha to precursor miRNA (pre-miRNA) (Choudhury et al., 2013). Msi2 

was found to interact with HuR protein and bind and stabilize pri-miRNA stemloops 

leading to repression of the mature form of mir-7 (Figure 4B). Choudhury et al. used the 

Msi2 gene-trap mouse constructed by Thomas Graf’s group (de Andrés-Aguayo et al., 

2011) and went on to show that mir-7 was consequently upregulated in various whole 

tissue lysates. These studies, and previous work with Msi1, demonstrate Musashi proteins 

target multiple RNA species and interact with many protein binding partners resulting in 

promiscuous molecular mechanisms where they can promote or inhibit translation as well 

as affect miRNA development.  

Finding Msi2 has pleiotropic effects on multiple RNA species is a common theme among 

RBPs. This has led to theories that RBPs govern specific cell phenotypes by working 

combinatorially with other RBPs to regulate subsets of functionally related transcripts 

(Keene, 2007). This “regulon” model has large implications on how proteins are made to 

control gene regulatory networks in post-mitotic cells and during stem cell developmental 

programs (Blackinton and Keene, 2014). However, identification of regulons at work in 

mouse or human HSPCs has not been thoroughly investigated. The interplay of multiple 

RBPs coordinating cell phenotypes does appear frequently in more mature populations of 

blood cells. For instance, post-transcriptional control by RBPs mediate mature immune 
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cell responses (Kafasla et al., 2014; Turner et al., 2014), late stages of erythropoiesis 

(Thiadens and von Lindern, 2015; Zhang et al., 2013), and in mediating cell cycle and 

proliferation in numerous other cellular contexts including leukemia (Blackinton and 

Keene, 2014; Perrotti and Neviani, 2007). It remains highly likely that there is complex 

post-transcriptional control occurring in HSPCs to control their finely tuned expression 

networks. Thus exploratory studies are needed to begin testing the regulon model in the 

primitive hematopoietic compartment as it represents an unexplored mechanism of gene 

regulation. 

 

1.9 Summary of intent 

HSCs have a formative role in the development and maintenance of the hematopoietic 

system from pre-natal stages to adolescence to old age (Orkin and Zon, 2008). The 

regenerative potential of HSCs allows for their transplantation in patients with congenital 

hematopoietic disease or to recover the immune system post chemotherapy and 

irradiation to treat leukemia. Restraint in their clinical use lies in the difficulty of 

obtaining perfectly matched allogeneic donors. CB has numerous advantages to bone 

marrow sources of HSCs, however, with reduced total nucleated cell counts and lower 

frequency of progenitors, their efficacy is often limited, particularly for transplantion in 

adults (Ballen et al., 2013).  A means to enhance this cell therapy such as with ex vivo 

expansion protocols could create a new clinical paradigm to aide in the treatment of 

blood diseases.  Especially with human HSCs, there is a desperate need to improve our 

overall understanding of the biology of these cells and more specifically what drives their 
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decisions to self-renew, differentiate or remain quiescent (Doulatov et al., 2012) as 

control of these mechanisms will support their culture and growth for transplantation 

purposes and inform novel anti-leukemic strategies and chemotherapies to limit them 

upon oncogenic transformation (Dick, 2008; Rentas et al., 2013).  The discovery of Msi2 

as a novel positive regulator of mouse HSC self-renewal and as a cooperative driver of 

mouse models of leukemia provides the impetus to explore this gene in normal human 

hematopoiesis and leukemogenesis (Hope et al., 2010; Kharas et al., 2010). Furthermore, 

the heavy focus on transcription factors and transcriptional control within the HSC field 

as the chief operators of cell fate (Wilkinson and Gottgens, 2013) has provided a myopic 

view of the complex control of stem cell behavior. This further befits the study of Msi2 

since it exerts its control over stem cells through post-transcriptional control of various 

RNA species, including stabilizing or inhibiting mRNA translation and affecting miRNA 

biogenesis.  

The primary theme of this thesis can thus be described as testing the hypothesis that 

MSI2 imparts positive control over human HSC self-renewal through a novel post-

transcriptional regulatory axis. 

If this hypothesis holds true and MSI2 positively enforces self-renewal programs in 

human HSCs, then overexpression (OE) of MSI2 and activation or suppression of 

downstream signaling pathways it impinges on could facilitate the ex vivo or in vivo 

expansion of human HSCs. An additional prediction from this hypothesis is that 

knockdown (KD) may have the opposite effect of inhibiting HSC self-renewal and 
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proliferation ex vivo and or in vivo. The experimental aims to test the primary hypothesis 

of this thesis are as follows: 

1) Test MSI2 KD and OE in human HSCs to explore the effects it may have on self-

renewal, differentiation, and proliferation in vitro and upon in vivo transplantation. 

2) Perform RNA-seq to identify differentially expressed genes with MSI2 KD and OE and 

use cross-linking immunoprecipitation sequencing (CLIP-seq) to identify MSI2 bound 

RNA targets. 

3) Use the large RNA-seq data sets from Aim 2 for hypothesis-driven investigation of 

MSI2’s mechanism of action.  

The design of these aims allows for proper testing of our primary hypothesis by shedding 

light on new regulatory information on human HSC self-renewal. This work provides a 

foundation and step forward on basic mechanisms of post-transcriptional control in 

human HSCs by RBPs, an area that has yet to be explored to our knowledge, and allows 

for future studies aimed at understanding how the activity of MSI2 can facilitate 

expansion of HSCs for clinical use. 

The secondary goal of this thesis is to utilize a conditional Msi2 knockout mouse (cKO) 

model generated by our lab to cast a wider net in exploring Msi2’s mechanism of action 

in mouse HSCs, as there remains a glaring discrepancy between the two published Msi2 

loss of function mouse models and the specific affect it has on HSPCs. This discrepancy 

comes from Thomas Graf’s group showing deletion of Msi2 leads to a loss of ST-HSCs 

and MPPs while LT-HSCs are maintained and Michael Kharas’ group showing MPPs, 

ST-HSCs and LT-HSCs are depleted with Msi2 deletion. Thus it remains to be confirmed 
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whether LT-HSCs are lost or not with Msi2 deletion. Additionally, previous work using 

conditional deletion of Msi2 in mouse HSCs implicated dysregulated TGF-β signaling as 

a component of the ensuing impaired HSC activity (Park et al., 2014), yet an examination 

of how it may be doing so is unknown. In general, there is a fundamental lapse of basic 

knowledge on the activity of Msi2 within HSPCs and much of what we do know is 

inferred from model cell lines. For instance, in HSPCs, it is unknown whether Msi2 is 

involved in mRNA decay pathways, translation control (promotion or inhibition), or 

miRNA biogenesis. Nor is it known what proteins or RNAs Msi2 is interacting with or to 

what compartments within the cell it is localizing to and if this changes depending on 

progenitor or HSC class. Answering these questions may help identify how Msi2 is 

differentially regulating distinct classes of mouse HSPCs. Therefore, the secondary 

theme of this thesis is to explore how Msi2 is functioning within the earliest stem 

and progenitor cells of the mouse hematopoietic system and to begin testing the 

hypothesis that RNA binding proteins such as Msi2 direct regulons controlling 

HSPC function.  

The experimental aims to test this secondary theme are as follows: 

1) Validate that our lab’s conditional Msi2 knockout mouse has impaired HSPC activity 

through in vivo transplantation assays and identify the most likely primitive cell type(s) 

Msi2 is impacting. 

2) Explore localization of Msi2 in highly purified subsets of HSCs, MPPs and progenitors 

with known centers of RNA metabolism. 
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The design of these aims will help provide an in depth view into the specific mechanism 

of action of Msi2 in mouse HSPCs. Specifically, competitive and non-competitive 

transplants with Msi2 knockout cells will determine what role Msi2 has in controlling 

repopulation and specifically what cells its deletion impacts the most. Exploration in to 

the basic mechanism of action of Msi2 in HSPCs will be achieved by using confocal 

fluorescence microscopy to assess its intracellular localization with known areas of RNA 

metabolism including RNA decay, translation inhibition, and miRNA biogenesis.  

The second part of the theme stated above was to broach the concept of RNA binding 

proteins, such as Msi2, directing regulons that control HSPC function. Specifically, I 

detail in a perspective (Chapter 3) the need to generate direct evidence that RNA binding 

proteins work combinatorially with other RNA binding proteins to target distinct 

populations of mRNA to mediate a coordinated cellular phenotype and thus define an 

RNA regulon. To show that this is likely the case, this perspective includes novel 

bioinformatic analyses of RNA binding protein expression profiles across functionally 

distinct primitive human hematopoietic cell types. This chapter is placed between my 

work on human and mouse models of hematopoiesis as it brings to light important 

concepts of post-transcriptional control important to both of these systems. 
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Figure 1. Classic and revised mouse hematopoietic hierarchy. (A) Schematic of the 

classic mouse hematopoietic hierarchy with corresponding cell surface markers used to 

isolate HSPCs. (B) Schematic of the revised mouse hematopoietic hierarchy showing 

lineage commitment occurs earlier. 
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Figure 2. Transplantation kinetics of mouse HSPCS. Cartoon schematic of general 

engraftment kinetics of subsets of mouse HSPCs. 
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Figure 3. Classic and revised human hematopoietic hierarchy. (A) Schematic of the 

classic human hematopoietic hierarchy with corresponding cell surface markers used to 

isolate HSPCs. (B) Schematic of the revised human hematopoietic hierarchy showing 

lineage commitment occurs earlier.   
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Figure 4. Musashi RNA binding mechanisms. (A) Translational repression by Msi1 via 

binding target 3’UTR binding sites and PABP. This interaction prevents EIF4G from 

binding PABP inhibiting transcript circularization and efficient translation. (B) Inhibition 

of miRNA biogenesis by coordinated binding of Msi2 and HuR to target pri-miRNA 

stem-loops thus preventing cleavage by Drosha and pre-miRNA formation. Red strand 

represents guide strand. 
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CHAPTER 2 

 

Musashi-2 Attenuates AHR Signaling to Expand Human Hematopoietic Stem Cells 

Preamble 

This chapter is an original published article and is presented in its final format. 

“This research was originally published in Nature. Rentas S., Holzapfel N.T., Belew 

M.S., Pratt G., Voisin V., Wilhelm B.T., Bader G.T., Yeo G.W., Hope K.J. Musashi-2 

Attenuates AHR Signaling to Expand Human Hematopoietic Stem Cells. April 28, 2016, 

532, 508–511, doi:10.1038/nature17665. Copyright© Nature Publishing Group” 

S.R. designed and performed experiments, analyzed data and wrote the manuscript. N.H. 

constructed CLIP-seq libraries. M.S.B. helped perform CB experiments. G.P. and G.W.Y 

advised CLIP-seq library construction, performed CLIP-seq bioinformatic analyses and 

wrote the manuscript. B.W. performed RNA-seq analyses. V.V and G.D.B performed 

RNA-seq bioinformatic analyses. K.H. conceived the project, supervised the study, 

analyzed data, interpreted results and wrote the manuscript.  

To date there is very little research on what effect RBPs have in controlling self-renewal 

programs in mouse HSCs, let alone how they function in human HSCs. Therefore the aim 

of this work was to characterize the role of the RBP MSI2 in human HSCs, since 

previous findings showed its ortholog regulates HSC activity in mice (de Andrés-Aguayo 

et al., 2011; Hope et al., 2010; Kharas et al., 2010). Identifying novel regulators of self-



Ph.D. Thesis – S. Rentas; McMaster University - Biochemistry and Biomedical Sciences. 
 

51 
 

renewal in human HSCs can help unlock the unmet clinical need of expanding human 

HSCs for transplantation therapy. That MSI2 could possibly enhance self-renewal 

activity was shown by Hope et al., where they provided evidence that overexpression of 

Msi2 improved HSC self-renewal and resultant engraftment kinetics. In this work, we 

took the approach of knocking down and overexpressing MSI2 and performing in vitro 

and in vivo assays to interrogate its self-renewal and differentiation capacity within CB 

HSPCs. Follow up experiments using next-generation sequencing technologies were then 

done to characterize its mechanism of action directly in HSPCs. Altogether this work 

identifies a novel post-transcriptional regulatory axis that facilitates the ex vivo expansion 

of human HSCs.  
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Umbilical cord blood (CB)-derived hematopoietic stem cells (HSCs) are essential in 

many life saving regenerative therapies, but their low number in CB units has 
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significantly restricted their clinical use despite the advantages they provide during 

transplantation1. Select small molecules that enhance hematopoietic stem and progenitor 

cell (HSPC) expansion in culture have been identified2,3, however, in many cases their 

mechanisms of action or the nature of the pathways they impinge on are poorly 

understood. A greater understanding of the molecular pathways that underpin the unique 

human HSC self-renewal program will facilitate the development of targeted strategies 

that expand these critical cell types for regenerative therapies. Whereas transcription 

factor networks have been shown to influence the self-renewal and lineage decisions of 

human HSCs4,5, the post-transcriptional mechanisms guiding HSC fate have not been 

closely investigated. Here we show that overexpression of the RNA-binding protein 

(RBP) Musashi-2 (MSI2) induces multiple pro-self-renewal phenotypes, including a 17-

fold increase in short-term repopulating cells and a net 23-fold ex vivo expansion of long-

term repopulating HSCs. By performing a global analysis of MSI2-RNA interactions, we 

determined that MSI2 directly attenuates aryl hydrocarbon receptor (AHR) signaling 

through post-transcriptional downregulation of canonical AHR pathway components in 

CB HSPCs. Our study provides new mechanistic insight into RBP-controlled RNA 

networks that underlie the self-renewal process and give evidence that manipulating such 

networks ex vivo can provide a novel means to enhance the regenerative potential of 

human HSCs.  

 

Main 

RBP-mediated control of translation in human HSCs and its potential to regulate HSC 
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self-renewal remains underexplored. Here we investigated the role of MSI2 in post-

transcriptionally controlling human HSPC self-renewal as it is known to regulate mouse 

HSCs6-8, and is predicted to impact mRNA translation9. MSI2 was present and elevated in 

primitive CB HSPCs and decreased during differentiation, whereas its paralog, MSI1, 

was not expressed (Extended Data Fig. 1a-f). Lentiviral overexpression (OE) of MSI2 

resulted in a 1.5-fold increase in colony forming units (CFU) relative to control, 

principally due to a 3.7-fold increase in the most primitive CFU-Granulocyte Erythrocyte 

Monocyte Megakaryocyte (GEMM) colony type (Extended Data Fig. 2a, Fig. 1a). 

Remarkably, 100% of MSI2 OE CFU-GEMMs generated secondary colonies compared 

to only 40% of controls. In addition, MSI2 OE yielded 3-fold more colonies per re-

seeded CFU-GEMM (Fig. 1b, c, Extended Data Fig. 2b). During in vitro culture MSI2 

OE resulted in 2.3- and 6-fold more cells relative to control at the 7 and 21-day time 

points, respectively (Extended Data Fig. 2c, d). Moreover after 7 days in culture MSI2 

OE yielded a cumulative 9.3-fold increase in colony forming cells in the absence of 

changes in cell cycling or death (Extended Data Fig. 2e-h). Altogether, our data 

demonstrate that enforced expression of MSI2 has potent self-renewal effects on early 

progenitors and promotes their in vitro expansion.  

Short-term repopulating cells (STRC) produce a transient multi-lineage graft in NOD-

scid-IL2Rγc−/− (NSG) mice10, and in patients reconstitute granulocytes and platelets 

critical for preventing post-transplant infection and bleeding1. STRCs overexpressing 

MSI2 exhibited 1.8-fold more primitive CD34+ cells post-infection and a dramatic 17-

fold increase in functional STRCs relative to control as determined by limiting dilution 
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analysis (LDA) of human chimerism at 3 weeks post-transplant (Fig. 1d-f, Extended Data 

Fig. 3a, b). Furthermore, at a protracted engraftment readout time of 6.5 weeks at non-

limiting transplant doses, 100% of MSI2 OE STRC transplanted mice were engrafted 

compared to only 50% of controls, indicating MSI2 OE extended the duration of STRC-

mediated engraftment (Extended Data Fig. 3c).  

We next explored the effect of shRNA-induced MSI2 knockdown (KD) on HSPC 

function. MSI2 KD did not alter clonogenic potential but did decrease CFU replating 3-

fold (Extended Data Fig. 4a-c). When effects on more primitive culture-initiating cells 

were explored we found MSI2 KD significantly decreased cell number over culture 

(Extended Data Fig. 4d, e) independent of increased death or altered cell cycling (data not 

shown). Upon transplantation, engrafted MSI2 KD GFP+ cells showed no evidence of 

lineage skewing, yet were strikingly reduced relative to the percentage of GFP+ cells 

initially transplanted (Extended Data Fig. 4f-h). Combined, our in vitro and in vivo data 

show that MSI2 KD reduces self-renewal in early progenitors and HSCs. 

To characterize the earliest transcriptional changes induced by modulating MSI2 

expression, we performed RNA-seq on CD34+ MSI2 OE and KD cells immediately post-

transduction (Supplementary Tables 1, 2). MSI2 OE-induced transcriptional changes anti-

correlated with those of MSI2 KD, suggesting OE and KD have opposite effects 

(Extended Data Fig. 5a). When compared to transcriptome data from 38 human 

hematopoietic cell subpopulations4, we observed that genes significantly upregulated 
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upon MSI2 OE and downregulated upon MSI2 KD were exclusively enriched for those 

highly expressed in HSC and other primitive CD34+ populations (Extended Data Fig. 5b). 

Since MSI2 OE conferred an HSC gene expression program, we hypothesized that it 

could facilitate HSC expansion ex vivo. Remarkably, MSI2 OE induced a 4-fold increase 

in CD34+CD133+ phenotypic HSCs relative to control after 7 days of culture (Fig. 2a). 

We next performed an LDA to define functional HSC frequency before (day 3 post-

transduction, D3) and after 7 days of ex vivo culture (day 10, D10; Extended Data Fig. 

6a). D3 recipients displayed no altered engraftment as a result of MSI2 OE, however, 

recipients of MSI2 OE D10-expanded cells displayed multiple phenotypes of enhanced 

reconstitution relative to control, including a 2-fold increase in BM GFP+ levels without 

changes to lineage output, proportionally more GFP+ cells within the human graft relative 

to pre-transplant D10 levels, greater GFP mean fluorescence intensity and enrichment of 

CD34 expression in GFPhigh cells (Fig. 2b, c, Extended Data Fig. 6b-h). As the lentiviral 

construct design ensures GFP levels mirror MSI2’s, this indicates high levels of MSI2 

impart enhanced competitiveness and are conducive to in vivo HSPC activity. 

Importantly, D10 MSI2 OE cultures contained more CD34+CD133+ cells prior to 

transplant (Extended Data Fig. 6i), and in accordance, the HSC frequency in D10 MSI2 

OE cultures was increased 2-fold relative to the D3 culture time point, whereas control 

cultures displayed a 3-fold decrease. These results demonstrate that MSI2 OE facilitated 

an ex vivo net 6-fold increase in HSCs relative to control (Fig. 2g, h, Supplementary 

Tables 3, 4).  
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Secondary LDA transplants were performed to fully explore the effects of MSI2 OE and 

culturing has on self-renewal and long-term HSCs (LT-HSC). Robust engraftment with 

MSI2 OE did not display altered myelo-lymphopoiesis or leukemic development (Fig. 

2e). Secondary LDA measurements revealed BM GFP+ percentage increased 4.6-fold and 

LT-HSC frequency 3.5-fold with MSI2 OE compared to controls (Fig. 2d, e, f, 

Supplementary Table 5). This corresponds to MSI2 OE GFP+ HSCs having expanded in 

primary mice 2.4-fold over input as compared to a decrease of 1.5-fold for control HSCs 

(Fig. 2g). The level of MSI2 OE-induced in vivo fold expansion reflects the behaviour of 

uncultured HSCs, which undergo similarly controlled expansion during passage in 

mice3,11,12. Finally, when accounting for the total change in GFP+ HSCs upon ex vivo 

culture, MSI2 OE provided a cumulative 23-fold-expansion of secondary LT-HSC 

relative to control (Fig. 2g, h) indicating elevated MSI2 provides a significant self-

renewal advantage to functional HSCs during ex vivo culture. 

To gain mechanistic insights we examined MSI2 OE-induced differentially expressed 

genes and found Cytochrome P450 1B1 Oxidase (CYP1B1), an effector of AHR 

signaling13, amongst the most repressed (Supplementary Table 1). Pathway analysis 

revealed many predicted AHR targets were enriched in MSI2 OE downregulated (Fig. 3a) 

and MSI2 KD upregulated gene sets (Extended Data Fig. 7a, b). Binding of the nuclear 

receptor transcription factor AHR with StemRegenin 1 (SR1) inhibits AHR target gene 

activation leading to human HSPC expansion in culture2. Gene set enrichment analysis 

(GSEA) revealed MSI2 OE downregulated genes significantly matched the SR1 

downregulated gene set in an SR1 dose-dependent manner (Fig. 3b, c), whereas MSI2 
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KD induced the opposite expression profile (Extended Data Fig. 7c, d). We next 

examined the overlap of downregulated genes with ChIP-seq-identified AHR targets14. 

This comparison was extended to downregulated genes upon treatment with UM171, 

another compound that expands HSPCs, but independent of AHR3. Direct transcriptional 

targets of AHR were enriched in the MSI2 OE and SR1 downregulated gene sets by 3.8 

and 5.6-fold, respectively, compared to UM171, an overrepresentation maintained for 

predicted AHR targets and one that suggests MSI2 OE expands HSPCs through AHR 

signaling attenuation (Fig. 3d, Extended Data Fig. 7e). Furthermore, SR1 treatment 

increased the percentage of CD34+ cells 8-fold for control cultures compared to only 4-

fold with MSI2 OE (Extended Data Fig. 8a, b), a finding that indicates a redundancy in 

SR1 and MSI2 OE activity on HSPCs, which suggests they act on the same pathway.  

To further elucidate the AHR connection, MSI2 OE and control cultures were treated 

with the AHR agonist 6-Formylindolo(3,2-b)carbazole (FICZ), whose induction of 

canonical AHR targets in MSI2 OE cells, demonstrates that they remain competent for 

AHR activation (Extended Data Fig. 8c). FICZ induced a dramatic reversal of the MSI2 

OE-mediated increases in primary CFU-GEMMs and their replating capacities (Fig. 3e, 

f). Furthermore, FICZ-treated MSI2 OE cultures displayed greater losses in phenotypic 

HSPCs compared to controls which showed no change (Extended Data Fig. 8d, e). 

Altogether, these results demonstrate agonist-induced restoration of AHR activity reduces 

MSI2 OE’s pro-self-renewal effects and strongly supports downregulation of AHR 

signaling as the mechanism through which MSI2 OE achieves HSPC expansion. 
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To identify key RNA targets underlying MSI2 function, we analyzed global MSI2 

protein-RNA interactions using CLIP-seq (Extended Data Fig. 9a, b)15. Mapped reads 

identified highly correlated gene RPKMs and enrichment of significantly overlapping 

clusters within >6000 protein-coding genes from replicate experiments (Extended Data 

Fig. 9c, Fig. 4a, b). Within the top 40% of reproducible clusters, MSI2 bound 

predominantly to mature mRNA within their 3’ untranslated regions (3’UTRs) (Fig. 4c). 

Importantly, 9% of annotated protein-coding genes were reproducible MSI2 targets, 

compared to 0.2% of long non-coding RNAs (Extended Data Fig. 9d), suggesting MSI2 

controls stability or translation of coding mRNAs. Motif analyses identified a consensus 

pentamer (U/G)UAGU resembling the known mouse Msi1 binding sequence9,16 within 

binding sites in all genic regions and significantly more conserved than background (Fig. 

4d, Extended Data Fig. 9e-h). MSI2 binding sites within Msi1 targets16 indicate Musashi 

proteins may bind the same genes through 3’UTR-embedded motifs (Extended Data Fig. 

9i). Finally, target gene ontology analysis revealed 186 biological processes categories 

(Supplementary Table 6), among the most significant of which were electron transport, 

estrogen receptor signaling regulation and metabolism of small molecules, all processes 

known to be transcriptionally impacted by AHR signaling17. 

Strikingly, among the top 2% of enriched CLIP-seq targets (Supplementary Table 7) were 

the 3’UTRs of heat shock protein 90 (HSP90) and CYP1B1, two AHR pathway 

components. Each exhibited multiple MSI2 binding motifs correlating with overlapping 

clusters of CLIP-seq reads (Fig. 4e, Extended Data Fig. 10a). Querying MSI2’s ability to 

post-transcriptionally regulate these genes during HSPC expansion, we looked for 
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instances of uncoupled transcript and protein expression. HSP90 displayed uncoupling of 

transcript (1.6-fold up) and protein (1.6-fold down) early in culture, but at 7 days showed 

further upregulated transcript (2.5-fold) and variable protein levels (Fig. 4f, Extended 

Data Fig. 10b). Since AHR-HSP90 binding is critical for ligand-dependent transcriptional 

activity13, downregulation of HSP90 protein at the outset of HSPC culture would be 

expected to reduce latent AHR complex formation and attenuate AHR signaling (Fig. 3a). 

Indeed, CYP1B1 transcript and protein displayed 2-fold reductions early in culture, 

consistent with decreased AHR pathway activity, however at day 7, CYP1B1 transcripts 

were upregulated 1.7-fold, uncoupled from 2-fold downregulated protein (Fig. 4g, 

Extended Data Fig. 10c). To test if MSI2 directly mediates post-transcriptional repression 

of these targets, CYP1B1 and HSP90 3’UTR regions were coupled to luciferase. MSI2 

OE induced significant reductions in luciferase signal from both reporters, an effect 

mitigated upon mutating the core CLIP-seq-identified UAG motifs (Extended Data Fig. 

10d, e). Since MSI2 OE-mediated post-transcriptional downregulation of the AHR 

pathway converged on CYP1B1 protein repression throughout culture, we explored the 

effects of inhibiting CYP1B1 independently with (E)-2,3’,4,5’-Tetramethoxystilbene 

(TMS) on HSPCs. During culture, TMS increased the frequency and total numbers of 

CD34+ cells by 1.5- and 2-fold respectively (Fig. 4h, i), phenocopying the effects of 

MSI2 OE. Lastly, co-overexpression of 3’UTRless CYP1B1 with MSI2 decreased 

secondary CFU-GEMM replating efficiency (Extended Data Fig. 10f and g) suggesting 

that CYP1B1, while typically used to report on AHR signaling, promotes HSPC 

differentiation. 
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Our work identifies MSI2 as an important new mediator of human HSPC self-renewal 

and ex vivo expansion by coordinating the post-transcriptional regulation of proteins 

belonging to a shared self-renewal regulatory pathway (Extended Data Fig. 10h). We 

envision that manipulation of the post-transcriptional circuitry controlled by RBPs will 

provide a novel and powerful means by which to enhance the regenerative potential of 

not only human HSCs but other stem cell types as well. 
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Methods 

Mice 

NOD-scid-IL2Rγc−/− (Jackson Laboratory) mice were bred and maintained in the Stem 

Cell Unit animal barrier facility at McMaster University. All procedures received the 

approval of the Animal Research Ethics Board at McMaster University. 

Isolation of primitive human hematopoietic cells and flow cytometry 

All patient samples were obtained with informed consent and with the approval of local 

human subject research ethics boards at McMaster University. Human umbilical cord 

blood mononuclear cells were collected by centrifugation with Ficoll-Paque Plus (GE), 

followed red blood cell lysis with ammonium chloride (Stemcell Technologies). Cells 

were then incubated with a cocktail of lineage specific antibodies (CD2, CD3, CD11b, 
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CD11c, CD14, CD16, CD19, CD24, CD56, CD61, CD66b, and GlyA; Stemcell 

Technologies) for negative selection of Lin- cells using an EasySep immunomagnetic 

column (Stemcell Technologies). Live cells were discriminated on the basis of cell size, 

granularity and, as needed, absence of viability dye 7-AAD (BD Biosciences) uptake. All 

flow cytometry analysis was performed using a BD LSR II instrument (BD Biosciences). 

Data acquisition was conducted using BD FACSDiva software (BD Biosciences) and 

analysis was performed using FlowJo software (Tree Star). 

HSPC sorting and qRT-PCR analysis 

To quantify MSI2 expression in human HSPCs, Lin- CB cells were stained with the 

appropriate antibody combinations to resolve HSC (CD34+ CD38- CD45RA- CD90+), 

MPP (CD34+ CD38- CD45RA- CD90-), CMP (CD34+ CD38+ CD71-) and EP (CD34+ 

CD38+ CD71+) fractions as similarly described previously18,19 with all antibodies from 

BD Biosciences: CD45RA (HI100), CD90 (5E10), CD34 (581), CD38 (HB7) and CD71 

(M-A712). Cell viability was assessed using the viability dye 7AAD (BD Biosciences). 

All cell subsets were isolated using a BD FACSAria II cell sorter (BD Biosciences) or a 

MoFlo XDP cell sorter (Beckman Coulter). HemaExplorer20 analysis was used to confirm 

MSI2 expression in human HSPCs and across the hierarchy.  For all qRT-PCR 

determinations total cellular RNA was isolated with TRIzol LS reagent according to the 

manufacturer’s instructions (Invitrogen) and cDNA was synthesized using the qScript 

cDNA Synthesis Kit (Quanta Biosciences). qRT-PCR was done in triplicate with 

PerfeCTa qPCR SuperMix Low ROX (Quanta Biosciences) with gene specific probes 

(Universal Probe Library, UPL, Roche) and primers: MSI2 UPL-26, F- 
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ggcagcaagaggatcagg, R-ccgtagagatcggcgaca; HSP90 UPL-46, F-gggcaacacctctacaagga, 

R-cttgggtctgggtttcctc; CYP1B1 UPL-20, F-acgtaccggccactatcact, R-

ctcgagtctgcacatcagga; GAPDH UPL-60, F-agccacatcgctcagacac, R-gcccaatacgaccaaatcc; 

ACTB (UPL Set Reference Gene Assays, Roche).  The mRNA content of samples 

compared by qRT-PCR was normalized based on the amplification of GAPDH or ACTB. 

Lentivirus production and western blot validation 

MSI2 shRNAs were designed with the Dharmacon algorithm 

(http://www.dharmacon.com). Predicted sequences were synthesized as complimentary 

oligonucleotides, annealed and cloned downstream of the H1 promoter of the modfied 

cppt-PGK-EGFP-IRES-PAC-WPRE  lentiviral expression vector18. Sequences for the 

MSI2 targeting and control RFP targeting shRNAs were as follows: shMSI2, 5’-

gagagatcccactacgaaa-3’; shRFP, 5’-gtgggagcgcgtgatgaac-3’. Human MSI2 cDNA 

(BC001526; Open Biosystems) was subcloned into the MA bi-directional lentiviral 

expression vector21. Human CYP1B1 cDNA (BC012049; Open Biosystems) was cloned 

in to psMALB22. All lentivirus was prepared by transient transfection of 293FT 

(Invitrogen) cells with pMD2.G and psPAX2 packaging plasmids (Addgene) to create 

VSV-G pseudotyped lentiviral particles. All viral preparations were titrated on HeLa cells 

before use on cord blood. Standard SDS-PAGE and western blotting procedures were 

performed to validate the effect of knockdown on transduced NB4 cells (DSMZ) and 

over expression on 293FT cells. Immunoblotting was performed with anti-MSI2 rabbit 

monoclonal IgG (EP1305Y, Epitomics) and β-actin mouse monoclonal IgG 

(ACTBD11B7, Santa Cruz Biotechnology) antibodies. Secondary antibodies used were 
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IRDye 680 goat anti-rabbit IgG and IRDye 800 goat anti-mouse IgG (LI-COR). 293FT 

and NB4 cell lines tested negative for mycoplasma. NB4 cells were authenticated by 

ATRA treatment prior to use. 

CB transduction 

CB transductions were conducted as described previously18,23. Briefly, thawed Lin- CB, 

flow-sorted Lin- CD34+ CD38- or Lin- CD34+ CD38+ cells were prestimulated for 8-12 

hours in StemSpan medium (StemCell Technologies) supplemented with growth factors 

Interleukin 6 (IL-6; 20 ng/ml, Peprotech), Stem cell factor (SCF; 100 ng/ml, R&D 

Systems), Flt3 ligand (FLT3-L; 100 ng/ml, R&D Systems) and Thrombopoietin (TPO; 20 

ng/ml, Peprotech). Lentivirus was then added in the same medium at a multiplicity of 

infection of 30–100 for 24 hours. Cells were then given 2 days post transduction before 

use in in vitro or in vivo assays. For in vitro CB studies biological (experimental) 

replicates were performed with three independent CB samples. 

Clonogenic progenitor assays 

Human clonogenic progenitor cell assays were done in semi-solid methylcellulose 

medium (Methocult H4434; Stem Cell Technologies) with flow-sorted GFP+ cells post 

transduction (500 cells/ml) or from day seven cultured transduced cells (12000 cells/ml). 

Colony counts were carried out after 14 days of incubation. CFU-GEMMs can seed 

secondary colonies due to their limited self-renewal potential24. MSI2 OE and control 

CFU-GEMM replating for secondary CFU analysis was performed by picking single 

CFU-GEMMs at day 14 and disassociating colonies by vortexing. Cells were spun and 
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resuspended in fresh methocult, mixed with a blunt end needle and syringe, and then 

plated into single wells of a 24-well plate. Secondary CFU analysis for shMSI2 and 

shControl expressing cells was performed by harvesting total colony growth from a 

single dish (since equivalent numbers of CFU-GEMMs), resuspending cells in fresh 

methocult by mixing vigorously with a blunt end needle and syringe and then plating into 

replicate 35 mm tissue culture dishes. In both protocols, secondary colony counts were 

done following incubation for 10 days. For primary and secondary colony forming assays 

performed with the AHR agonist 6-Formylindolo(3,2-b)carbazole (FICZ; Santa Cruz 

Biotechnology), 200 nM FICZ or 0.1% DMSO was added directly to H4434 methocult 

medium. 2-way ANOVA analysis was performed examining secondary CFU output and 

FICZ treatment for MSI2 OE or control conditions. Colonies were imaged with a Q-

Colour3 digital camera (Olympus) mounted to an Olympus IX5 microscope with a 10X 

objective lens. Image-Pro Plus imaging software (Media Cybernetics) was used to 

acquire pictures and subsequent image processing was performed with ImageJ software 

(NIH). 

Lin- CB and Lin- CD34+ suspension cultures 

Transduced human Lin- CB cells were sorted for GFP expression and seeded at a density 

of 1 x 105 cells/ml in IMDM 10% FBS supplemented with human growth factors IL-6 

(10 ng/ml), SCF (50 ng/ml), FLT3-L (50 ng/ml), and TPO (20 ng/ml) as previously 

described25.  To generate growth curves, every seven days cells were counted, washed, 

and resuspended in fresh medium with growth factors at a density of 1 x 105 cells/ml. 

Cells from suspension cultures were also used in clonogenic progenitor assays, cell cycle 
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and apoptosis assays. Experiments performed on transduced Lin- CD34+ CB cells used 

serum free conditions as described in the CB transduction subsection of the Methods. For 

in vitro CB studies biological (experimental) replicates were performed with three 

independent CB samples. 

Cell cycle and apoptosis assays 

Monitoring cell cycle progression was performed with the addition of BrdU to day 10 

suspension cultures at a final concentration of 10 µM. After three hours of incubation, 

cells were assayed with the BrdU Flow Kit (BD Biosciences) according to the 

manufacture’s protocol. Cell proliferation and quiescence was measured by Ki67 (BD 

Bioscience) and Hoechst 33342 (Sigma) on day 4 suspension cultures after fixing and 

permeabilizing cells with the Cytofix/Cytoperm kit (BD Biosciences). For apoptosis 

analysis, Annexin V (Invitrogen) and 7-AAD (BD Bioscience) staining on day 7 

suspension cultures was performed according to the manufacture’s protocol.  

Intracellular flow cytometry 

Lin- CB cells were initially stained with anti-CD34 PE (581) and anit-CD38 APC (HB7) 

antibodies (BD Biosciences) then fixed with the Cytofix/Cytoperm kit (BD Biosciences) 

according to the manufacturer’s instructions. Fixed and permeabilized cells were 

immunostained with anti-MSI2 rabbit monoclonal IgG antibody (EP1305Y, Abcam) and 

detected by Alexa-488 goat anti-rabbit IgG antibody (Invitrogen).  

RNA-Sequencing data processing 
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CD34+ cells were transduced with MSI2 OE or KD lentivirus along with their 

corresponding controls and then sorted for GFP expression 3 days later. Transductions for 

MSI2 OE and KD were each performed on two independent CB samples. Total RNA 

from transduced cells (>1x105) was isolated using TRIzol LS as recommended by the 

manufacturer (Invitrogen), and then further purified using RNeasy columns (Qiagen). 

Sample quality was assessed using Bioanalyzer RNA Nano chips (Agilent). Paired-end, 

barcoded RNA-seq sequencing libraries were then generated using the TruSeq RNA 

Sample Prep Kit (v2) (Illumina) following the manufacturer’s protocols starting from 1ug 

of total RNA. Quality of library generation was then assessed using a Bioanalyzer 

platform (Agilent) and Illumina MiSeq-QC run was performed or quantified by qPCR 

using KAPA quantification kit (KAPA Biosystems). Sequencing was performed using an 

Illumina HiSeq2000 using TruSeq SBS v3 chemistry at the Institute for Research in 

Immunology and Cancer’s Genomics Platform (University of Montreal) with cluster 

density targeted at 750k clusters/mm2 and paired-end 2x100bp read lengths. For each 

sample, 90-95M reads were produced and mapped to the hg19 (GRCh37) human genome 

assembly using CASAVA (version 1.8). Read counts generated by CASAVA were 

processed in EdgeR (edgeR_3.12.0, R 3.2.2) using TMM normalization, paired design, 

and estimation of differential expression using a generalized linear model (glmFit). The 

false discovery rate (FDR) was calculated from the output p-values using the Benjamini-

Hochberg method.  The fold change of logarithm of base 2 of TMM normalized data 

(logFC) was used to rank the data from top up-regulated to top down-regulated genes and 

FDR (0.05) was used to define significantly differentially expressed genes. RNA-seq data 
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has been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO 

Series accession number GSE70685. 

GSEA and iRegulon AHR target prediction 

iRegulon26 was used to retrieve the top 100 AHR predicted targets with a minimal 

occurrence count threshold of 5. The data were analyzed using GSEA27 with ranked data 

as input with parameters set to 2000 gene-set permutations. 

GSEA and StemRegenin 1 (SR1) gene-sets 

The Gene Expression Omnibus (GEO) dataset GSE28359 that contains Affymetrix 

Human Genome U133 Plus 2.0 Array gene expression data of CD34+ cells treated with 

SR1 at 30 nM, 100nM, 300nM and 1000nM was used to obtain lists of genes 

differentially expressed in the treated samples compared to the control ones (0 nM)2. Data 

were background corrected using Robust Multi-Array Average (RMA) and quantile 

normalized using the expresso() function of the affy Bioconductor package (affy_1.38.1 , 

R 3.0.1).  Lists of genes were created from the 150 genes top upregulated and top 

downregulated by the SR1 treated samples at each dose compared to the non-treated 

samples (0 nM). The data were analyzed using GSEA with ranked data as input with 

parameters set to 2000 gene-set permutations. Normalized enrichment score (NES) and 

false discovery rate (FDR) were calculated for each comparison. 

DMAP population comparisons 

The GEO dataset GSE24759 that contains Affymetrix GeneChip HT-HG_U133A Early 
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Access Array gene expression data of 38 distinct hematopoietic cell states4 was compared 

to the OE and KD data. GSE24759 data were background corrected using Robust Multi-

Array Average (RMA), quantile normalized using the expresso() function of the affy 

Bioconductor package (affy_1.38.1 , R 3.0.1), batch corrected using  the ComBat() 

function of the sva package (sva_3.6.0) and scaled using the standard score. Bar graphs 

were created by calculating for significantly differentially expressed genes the number of 

scaled data that were above (>0) or below (<0) the mean for each population. Percentages 

indicating time the observed value (set of up or downregulated genes) was better 

represented in that population than random values were calculated from 1000 trials. 

AHR ChIP-seq comparison to downregulated gene sets 

A unique list of genes closest to AHR bound regions previously identified from TCDD-

treated MCF7 ChIP-seq data14 was used to calculate the overlap with genes showing 

>1.5-fold down regulation with UM171 (35 nM) and SR1 (500 nM) relative to DMSO 

treated samples3 as well as with genes significantly downregulated in MSI2 OE versus 

control treated samples (FDR<0.05). Percentage of downregulated genes with AHR 

bound regions was then graphed for each gene set. P-values were generated with Fisher’s 

exact test between gene lists. 

oPOSSUM analysis for promoter AHR binding sites in downregulated gene sets 

AHR transcription factor binding sites in downregulated gene sets were identified with 

oPOSSUM-328. Genes showing >1.5-fold down regulation with UM171 (35 nM) and 

SR1 (500 nM) relative to DMSO treated samples3 were used along with significantly 
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downregulated genes (FDR<0.05) with EdgeR analyzed MSI2 OE versus control treated 

samples. The three gene lists uploaded into oPOSSUM-3 and the AHR:ARNT 

transcription factor binding site profile was used with the matrix score threshold set at 

80% and analyzing the region 1500 bp upstream and 1000 bp downstream of 

transcription start site. Percentage of downregulated genes with AHR binding sites in the 

promoter was then graphed for each gene set. Fisher’s exact test was used to identify 

significant overrepresentation of AHR binding sites in gene lists relative to background. 

Analysis for human chimerism   

NSG mice were sublethally irradiated (315 cGy) one day prior to intrafemoral injection 

with transduced cells carried in IMDM 1% FBS at 25µl per mouse. Injected mice were 

analyzed for human hematopoietic engraftment at 12-14 weeks post transplantation or 3 

and 6.5 weeks for STRC experiments. Mouse bones (femurs, tibiae and pelvis) and 

spleen were harvested and bones were crushed with a mortar and pestle then filtered in to 

single cell suspensions. Bone marrow and spleen cells were blocked with mouse Fc block 

(BD Biosciences) and human IgG (Sigma) and then stained with fluorochrome-

conjugated antibodies specific to human hematopoietic cells. For multilineage 

engraftment analysis, cells from mice were stained with CD45 (HI30) (Invitrogen), CD33 

(P67.6), CD15 (HI98), CD14 (MφP9), CD19 (HIB19), CD235a/GlyA (GA-R2), CD41a 

(HIP8) and CD34 (581) (BD Biosciences). 

HSC and STRC xenotransplantations 

For MSI2 KD in HSCs 5.0x104 and 2.5x104 sorted Lin- CD34+ CD38- cells were used per 
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short-hairpin transduction experiment leading to transplantation of day zero equivalent 

cell doses of 10x103 and 6.25x103, respectively per mouse. For STRC LDA 

transplantation experiments 1x105 sorted CD34+CD38+ cells were used per control and 

MSI2 OE transduction. After assessing levels of gene transfer, day zero equivalent GFP+ 

cell doses were calculated to perform the LDA. Recipients with greater than 0.1% 

GFP+CD45+/- cells were considered to be repopulated. For STRC experiments that 

readout extended engraftment at 6.5 weeks, 2x105 CD34+ CD38+ cells were used per OE 

and control transduction allowing for non-limiting 5x104 day zero equivalent cell doses 

per mouse. For HSC expansion and LDA experiments CD34+CD38- cells were sorted and 

transduced with MSI2 OE or control vectors (50,000 cells per condition) for three days 

and then analyzed for gene-transfer levels (% GFP+/-) and primitive cell marker 

expression (% CD34 and CD133). To ensure equal numbers of GFP+ cells were 

transplanted in both control and MSI2 OE mice, we added identically cultured GFP- cells 

to the MSI2 culture to match % GFP+ of the control culture (necessary due to the 

differing efficiency of transduction). The adjusted OE culture was recounted and 

aliquoted (63,000 cells) to match the output of half the control culture. Three day 0 

equivalent GFP+ cell doses (1000, 300 and 62) were then transplanted per mouse to 

perform the D3 primary LDA. A second aliquot of the adjusted OE culture was then 

taken and put in to culture in parallel with the remaining half of the control culture for 

performing another LDA after 7 days of growth (10 days total growth, D10 primary 

LDA). Altogether, 4 cell doses were transplanted, if converted back to day 0 equivalents 

these equaled approximately 1000, 250, 100, and 20 GFP+ cells per mouse, respectively. 
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Pooled bone marrow from six engrafted primary mice that received D10 cultured control 

or MSI2 OE cells (from 2 highest doses transplanted) was aliquoted in to 4 cell doses of 

15 million, 10 million, 6 million, 2 million and 1 million cells. Numbers of GFP+ cells 

within primary mice was estimated from nucleated cell counts obtained from NSG 

femurs, tibias and pelvis and from Colvin et al.29. Actual numbers of GFP+ cells used for 

determining numbers of GFP+ HSCs and the number of mice transplanted for all LDA 

experiments is found in Supplementary Tables 3-5. The cutoff for HSC engraftment was 

a demonstration of multilineage reconstitution which was set at BM having >0.1% GFP+ 

CD33+ and >0.1% GFP+ CD19+ cells. Assessment of HSC and STRC frequency was 

carried out by using ELDA software30. For all mouse transplantation experiments, mice 

were aged (6-12wk) and sex matched. All transplanted mice were included for analysis 

unless mice died from radiation sickness before the experimental endpoint. No 

randomization or blinding was performed for animal experiments. Approximately 3-6 

mice were used per cell dose for each CB transduction and transplantation experiment. 

UV cross-linking immunoprecipitation sequencing (CLIP-seq) library preparation 

CLIP-seq was performed as previously described15. Briefly, 25 million NB4 cells, a 

transformed human cell line of hematopoietic origin, were washed in PBS and UV-cross-

linked at 400mJ/cm2 on ice. Cells were pelleted, lysed in wash buffer (PBS, 0.1% SDS, 

0.5% Na-Deoxycholate, 0.5% NP-40), DNAse treated, and supernatants from lysates 

were collected for immunoprecipitation. MSI2 was immunoprecipitated overnight using 5 

µg of anti-MSI2 antibody (EP1305Y, Abcam) and Protein A Dynabeads (Invitrogen).  

Beads containing immunoprecipated RNA were washed twice with wash buffer, high-salt 
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wash buffer (5X PBS, 0.1% SDS, 0.5% Na-Deoxycholate, 0.5% NP-40), and PNK buffer 

(50 mM Tris-Cl pH 7.4, 10 mM MgCl2, 0.5% NP-40). Samples were then treated with 

0.2 U MNase for 5 minutes at 37 degrees with shaking to trim immunopreciptated RNA. 

MNase inactivation was then carried out with PNK + EGTA buffer (50 mM Tris-Cl pH 

7.4, 20 mM EGTA, 0.5% NP-40). The sample was dephosphorylated using alkaline 

phosphatase (CIP, NEB) at 37 degrees for 10 followed by washing with PNK+EGTA, 

PNK buffer, and then 0.1 mg/mL BSA in nuclease free water. 3’ RNA linker ligation was 

performed at 16 degrees overnight with the following adapter: 5' P-

UGGAAUUCUCGGGUGCCAAGG-puromycin. Samples were then washed with PNK 

buffer, radiolabelled using P32-y-ATP (Perkin Elmer), run on a 4-12% Bis-Tris gel and 

then transferred to a nitrocellulose membrane. The nitrocellulose membrane was 

developed via autoradiography and RNA-protein complexes 15-20 kDa above the 

molecular weight of MSI2 was extracted with Proteinase K followed by RNA extraction 

with acid phenol-chloroform. A 5’ RNA linker (5' HO- 

GUUCAGAGUUCUACAGUCCGACGAUC-OH) was ligated to the extracted RNA 

using T4 RNA ligase (Fermentas) for two hours and the RNA was again purified using 

acid phenol-chloroform. Adapter ligated RNA was re-suspended in nuclease free water 

and reverse transcribed using Superscript III reverse transcriptase (Invitrogen). 20 cycles 

of PCR were performed using NEB Phusion Polymerase using a 3’ PCR primer that 

contained a unique Illumina barcode sequence. PCR products were run on an 8% TBE 

gel.  Products ranging between 150-200 bp were extracted using the QIAquick gel 

extraction kit (Qiagen) and re-suspended in nuclease free water. Two separate libraries 
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were prepared and sent for single-end 50 bp Illumina sequencing at the Institute for 

Genomic Medicine at the University of California, San Diego. 47,098,127 reads from the 

first library passed quality filtering of which 73.83% mapped uniquely to the human 

genome. 57,970,220 reads from the second library passed quality filtering of which 

69.53% mapped uniquely to the human genome. CLIP-data reproducibility was verified 

through high correlation between gene RPKMs and statistically significant overlaps in the 

clusters and genes within replicates. CLIP-seq data has been deposited in NCBI's Gene 

Expression Omnibus and are accessible through GEO Series accession number 

GSE69583.  

CLIP-seq mapping and cluster identification 

Before sequence alignment of CLIP-seq reads to the human genome was performed, 

sequencing reads from libraries were trimmed of poly-A tails, adapters, and low quality 

ends using Cutadapt with parameters --match-read-wildcards --times 2 -e 0 -O 5 --

quality-cutoff' 6 -m 18 -b TCGTATGCCGTCTTCTGCTTG -b 

ATCTCGTATGCCGTCTTCTGCTTG -b 

CGACAGGTTCAGAGTTCTACAGTCCGACGATC -b 

TGGAATTCTCGGGTGCCAAGG -b 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

A -b TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT. Reads 

were then mapped against a database of repetitive elements derived from RepBase 

(version 18.05). Bowtie (version 1.0.0) with parameters -S -q -p 16 -e 100 -l 20 was used 

to align reads against an index generated from Repbase sequences31. Reads not mapped to 
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Repbase sequences were aligned to the hg19 human genome (UCSC assembly) using 

STAR (version 2.3.0e)32 with parameters --outSAMunmapped Within –

outFilterMultimapNmax 1 –outFilterMultimapScoreRange 1. To identify clusters in the 

genome of significantly enriched CLIP-seq reads, reads that were PCR replicates were 

removed from each CLIP-seq library using a custom script of the same method as33, 

otherwise reads were kept at each nucleotide position when more than one read’s 5' end 

was mapped. Clusters were then assigned using the CLIPper software with parameters --

bonferroni --superlocal --threshold-34. The ranked list of significant targets was calculated 

assuming a Poisson distribution, where the observed value is the number of reads in the 

cluster, and the background is the number of reads across the entire transcript and or 

across a window of 1000 bp +/- the predicted cluster. 

Gene annotations for CLIP-seq 

Transcriptomic regions and gene classes were defined using annotations found in 

gencode v17.  Depending on the analysis clusters were either associated by the Gencode 

annotated 5’ UTR, 3’ UTR, CDS or intronic regions.  If a cluster overlapped multiple 

regions, or a single part of a transcript was annotated as multiple regions, clusters were 

iteratively assigned first as CDS, then 3’ UTR, 5’ UTR and finally as proximal (<500 

bases from an exon) and distal (>500 bases from an exon) introns.  Overlapping peaks 

were calculated using bedtools and pybedtools35,36. 

Gene ontology analysis for CLIP-seq 

Significantly enriched gene ontology (GO) terms were identified using a hypergeometric 
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test that compared the number of genes that were MSI2 targets in each GO term to genes 

expressed in each GO term as the proper background. Expressed genes were identified by 

using the control samples in SRA study SRP012062.  Mapping was performed identically 

to CLIP-seq mapping, without peak calling and changing the STAR parameter 

outFilterMultimapNmax to 10.  Counts were calculated with featureCounts37 and RPKMs 

were then computed.  Only genes with a mean RPKM > 1 between the two samples were 

used in the background expressed set.   

De-novo motif and conservation analysis for CLIP-seq 

Randomly located clusters within the same genic regions as predicted MSI2 clusters were 

used to calculate a background distribution for motif and conservation analyses. Motif 

analysis was performed using the HOMER algorithm as in Lovci et al.34. For 

evolutionary sequence conservation analysis the mean (mammalian) phastCons score for 

each cluster was used.  

Immunofluorescence 

CD34+ cells (>5x104) were transduced with MSI2 OE or control lentivirus, after 3 days 

GFP+ cells were sorted and then put back in to StemSpan medium containing growth 

factors IL-6 (20 ng/ml), SCF (100 ng/ml), FLT3-L (100 ng/ml) and TPO (20 ng/ml). A 

minimum of 10,000 cells were used for immunostaining at culture days 3 and 7 post 

GFP-sort. Cells were fixed in 2% PFA for 10 minutes, washed with PBS and then 

cytospun on to glass slides. Cytospun cells were then permeabilized (PBS 0.2 % Triton 

X-100) for 20 minutes, blocked (PBS 0.1% saponin 10% donkey serum) for 30 minutes 
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and stained with primary antibodies (anti-CYP1B1 antibody, EPR14972, Abcam; anti-

HSP90 antibody, 68/hsp90, BD Biosciences) in PBS 10% donkey serum for 1 hour. 

Detection with secondary antibody was performed in PBS 10% donkey serum with 

Alexa-647 donkey anti-rabbit antibody or Alexa-647 donkey anti-mouse antibody for 45 

minutes. Slides were mounted with Prolong Gold Antifade containing DAPI (Invitrogen). 

Several images (200-1000 cells total) were captured per slide at 20X magnification using 

an Operetta HCS Reader (Perkin Elmer) with epifluorescence illumination and standard 

filter sets. Columbus software (Perkin Elmer) was used to automate the identification of 

nuclei and cytoplasm boundaries in order quantify mean cell fluorescence. 

Luciferase reporter gene assay  

A 271 bp region of the CYP1B1 3’UTR that flanked CLIP-seq identified MSI2 blinding 

sites was cloned from human HEK293FT genomic DNA using the forward primer 

GTGACACAACTGTGTGATTAAAAGG and reverse primer 

TGATTTTTATTATTTTGGT AATGGTG and placed downstream of renilla luciferase 

in the dual-luciferase reporter vector, pGL4 (Promega). A 271 bp geneblock (IDT) with 6 

TAG>TCC mutations was cloned in to pGL4 using XbaI and NotI. The HSP90 3’UTR 

was amplified from HEK293FT genomic DNA with the forward primer 

TCTCTGGCTGAGGGATGACT and reverse primer 

TTTTAAGGCCAAGGAATTAAGTGA and cloned in pGL4.  A geneblock of the 

HSP90 3’UTR (IDT) with 14 TAG>TCC mutations was cloned in to pGL4 using SfaAI 

and NotI. Co-transfection of wild type or mutant luciferase reporter (40 ng) and control or 

MSI2 OE lentiviral expression vector (100 ng) was performed in the non-Musashi1 and 2 
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expressing NIH-3T3 cell line. 50,000 cells were used per co-transfection. Reporter 

activity was measured using the Dual-Luciferase Reporter Assay System (Promega) 36-

40 hours later. 

MSI2 OE suspension cultures with AHR antagonist SR1 and agonist FICZ 

For MSI2 OE cultures with the AHR antagonist SR1, Lin- CD34+ cells were transduced 

with MSI2 OE or control lentivirus in medium supplemented with SR1 (750 nM; Abcam) 

or  DMSO vehicle (0.1%). GFP+ cells were isolated (20,000 cells per culture) and 

allowed to proliferate with or without SR1 for an additional 7 days at which point they 

were counted and immunophenotyped for CD34 and CD133 expression. For MSI2 OE 

cultures with the AHR agonist FICZ, Lin- CD34+ cells were transduced with MSI2 OE or 

control lentivirus. GFP+ cells were isolated (20,000 cells per culture) and allowed to 

proliferate with FICZ (200 nM; Santa Cruz Biotechnology) or DMSO (0.1%) for an 

additional 3 days at which point they were immunophenotyped for CD34 and CD133 

expression. 

HSPC expansion with (E)-2,3’,4,5’-Tetramethoxystilbene (TMS) 

Lin- CD34+ cells were cultured for 72 hours (lentiviral treated but non-transduced flow-

sorted GFP- cells) in StemSpan medium containing growth factors IL-6 (20 ng/ml), SCF 

(100 ng/ml), FLT3-L (100 ng/ml) and TPO (20 ng/ml) before the addition of the 

CYP1B1 inhibitor TMS (Abcam) at a concentration of 10 µM or mock treatment with 

0.1% DMSO. Equal numbers of cells (12,000 per condition) were then allowed to 

proliferate for 7 days at which point they were counted and immunophenotyped for CD34 
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and CD133 expression. 

Statistical analysis 

Unless stated otherwise (i.e., analysis of RNA-seq and CLIP-seq data sets), all statistical 

analysis was performed using GraphPad Prism (GraphPad Software version 5.0). 

Unpaired student t-tests or Mann-Whitney tests were performed with p < 0.05 as the cut-

off for statistical significance. 
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Figure 1 | MSI2 OE enhances in vitro CB progenitor activity and increases numbers 

of STRCs. a, CFU output from transduced Lin- CB (n=9 control and 10 MSI2 OE 

cultures from 5 experiments). b, CFU-GEMM secondary CFU replating potential (n=24 

control and 30 MSI2 OE from 2 experiments) and images of primary GEMMs (scale bar 

200 µm). c, Number of secondary colonies per replated CFU-GEMM from b. d, CD34 

expression in STRCs prior to transplant (n=3 experiments). e, Human chimerism at 3 

weeks in mice transplanted with varying doses of transduced STRCs. Dashed line 

indicates engraftment cutoff (n=3 experiments). f, STRC frequency as determined by 

LDA from e. Dashed lines indicate 95% C.I. Data shown as mean ± SEM. *p<0.05; 

**p<0.01; ***p<0.001. 
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Figure 2 | MSI2 OE expands LT-HSCs with ex vivo culture. a, Transduced 

CD34+CD133+ cells after one week of culture (n=4 experiments, unpaired t-test). b-d, 

CD45+GFP+ engraftment from mice receiving the highest two cell doses for D3 and D10 

(n=8 mice for both conditions) and the highest three doses for D10 secondary mice (n=6 

control and 9 MSI2 OE mice, Mann-Whitney test). e,  Myelo-lymphopoiesis in D10 

secondary mice. f, Multi-lineage LT-HSC frequency in BM cells of D10 primary mice. 

Dashed lines indicate 95% C.I. g, Numbers of GFP+ HSCs as evaluated by LDA. h, 

Cumulative fold change in MSI2 OE-transduced HSCs. Data shown as mean ± SEM.  

*p<0.05; **p<0.01. 
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Figure 3 | MSI2 OE in human HSPCs attenuates AHR signaling. a, Predicted AHR 

targets compared by GSEA to genes downregulated with MSI2 OE. b, GSEA of SR1 and 

MSI2 OE downregulated gene sets. c, Log fold-change of MSI2 OE and SR1 GSEA 

leading edge genes. d, Percentage of gene overlap between UM171-, SR1-treated and 

MSI2 OE downregulated gene sets and AHR ChIP-seq-identified targets. e, Number of 

CFU-GEMMs generated from transduced cells grown in CFU medium containing FICZ 

or DMSO (n=3 experiments). f, CFU-GEMMs from e replated into CFU assays 

containing FICZ or DMSO (n=30 control and 29 MSI2 OE per treatment). Data are 

presented as mean ± SEM. **p<0.01. 
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Figure 4 | MSI2 OE post-transcriptionally downregulates AHR pathway 

components. a, Overlap between MSI2 target genes from separate CLIP-seq 

experiments. b, Statistically significant overlap (p<0.0001, hypergeometric test) of 

clusters between the replicates.  c, Percent of CLIP-seq clusters in different genic regions. 

d, Consensus motifs within MSI2 clusters in  different genic regions. P-values presented 

for the top 40% of clusters. e, CLIP-seq reads (replicate 1: blue, replicate 2: green) and 

clusters (purple) mapped to the 3’UTR of CYP1B1. Matches to the GUAG motif shown 

in black. f and g, Immunofluorescent images of HSP90 and CYP1B1 3 days after 

transduction and summary of fold-change in HSP90 and CYP1B1 protein and transcript 

levels with MSI2 OE at 3 and 7 days post transduction (scale bar 20 µm, dotted line 

indicates no change, n=3 experiments). h, HSPC marker expression by CD34+ cells 

treated with TMS for 10 days. i, Absolute CD34+ cell number with TMS (n=4 

experiments). Data are presented as mean ± SEM. **p<0.01. 
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Extended Data Figure 1 | MSI2 is highly expressed in human hematopoietic stem 

and progenitor cell populations. a, Schematic of the human hematopoietic hierarchy 

showing key primitive cell populations and simplified surface marker expression. b, qRT-

PCR analysis of MSI1 and MSI2 expression in Lin- CB cell populations (n=3 independent 

Lin- CB samples). c, Gating strategy used to sort sub-fractions of Lin- CB HSPCs for 

MSI2 qRT-PCR expression analysis (n=2 independent pooled Lin- CB samples). d, MSI2 

expression across the human hematopoietic hierarchy. Each circle represents an 

independent gene expression dataset curated by HemaExplorer. e, Intracellular flow 

cytometry analysis of MSI2 protein levels in Lin- CB. Histograms show background 

staining with secondary antibody (red) and positive staining with anti-MSI2 antibody 

plus secondary in Lin- CB (blue). MSI2 fluorescence intensity was divided into quartiles 

of negative (Q1), low (Q2), mid (Q3) and high (Q4) level expression. f, Plots show cell 

percentage within each quartile from e that are CD34+ CD38- (left) and CD34+ CD38+ 

(right) (n=2 independent Lin- CB samples). All data presented as mean ± SEM. *p<0.05; 

***p<0.001. 
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Extended Data Figure 2 | MSI2 OE enhances in vitro culture of primitive CB cells. a, 

Top: Schematic of bi-directional promoter lentivirus used to overexpress MSI2. Bottom: 

Western blot and histogram showing intracellular flow validation of enforced MSI2 

expression in 293FT cells (left) and Lin- CB (right), respectively. b, Representative 

images of secondary CFU made from replated control and MSI2 OE CFU-GEMMs and 

types of colonies made, scale bar = 200 µm. c, Fold change in Lin- CB transduced cell 

number after 7 days in culture following transduction  (n=5 experiments). d, 21 day 

growth curve of transduced Lin- CB cells (n=4 experiments). e, Colony output of 

transduced Lin- CB from day 7 cultures (n=8 cultures from 4 experiments). f, BrdU cell 

cycle analysis of transduced Lin- CB cells from day 10 cultures (n=3 experiments). g, 

Ki67 cell cycle analysis of transduced Lin- CB cells from day 4 cultures (n=4 

experiments). h, Apoptotic and dead cells in day 7 cultures of transduced Lin- CB  by 

Annexin V staining (n=3 experiments). Western blot source data in Supplementary 

Figure 1. All data presented as mean ± SEM. **p<0.01; ***p<0.001. 
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Extended Data Figure 3 | MSI2 OE does not affect STRC lineage output and extends 

STRC-mediated engraftment. a, Schematic of STRC LDA experimental setup. b, Left: 

Gating strategy to identify engrafted GFP+ CD45+ progenitor and myelo-lympho lineage 

positive cell types or GFP+ CD45- erythroid cells and platelets. Right: Summary of 

lineage output in the injected femur at 3 weeks post-transplant (n=4 control and n=18 

MSI2 OE mice).  MK = Megakaryocyte, E = Erythroid cells, P = Platelets. c, 

Representative flow plots and summary of transduced STRCs read out for human CD45+ 

engraftment at 6.5 weeks post-transplant (n=4 mice per condition). All data presented as 

mean ± SEM. 
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Extended Data Figure 4 | MSI2 KD impairs secondary CFU replating potential and 

HSC engraftment capacity. a, Left: Schematic of MSI2- and control RFP-targeted 

shRNA lentiviruses. Right: Confirmation of MSI2 protein knockdown (both isoforms that 

can be detected by western blot) in transduced NB4 cells. b, CFU production by shMSI2 

and shControl transduced Lin- CB (n=8 cultures from 4 experiments). c, Secondary CFU 

output from shMSI2 and images of representative secondary CFU (scale bar = 200 µm, 

performed on n=4 cultures from 2 experiments). d, Fold change in transduced cell 

number after 7 days in culture (n=4 experiments). e, Growth curves of cultures initiated 

with transduced Lin- CB cells (n=4 experiments). f, Experimental design to readout 

changes in HSC capacity with MSI2 KD. g, Left: Representative flow analysis of 

transduced CD34+ CD38- derived human chimerism in NSG mouse BM. Right: Shown is 

the ratio of the percentage of GFP+ cells in the CD45+ population post-transplant to the 

initial pre-transplant GFP+ cell percentage. Dotted line indicates the proportion of GFP+ 

cells is unchanged relative to input. (One sample t-test, no change = 1, n = 6 shControl 

and n = 8 shMSI2 mice pooled from 2 experiments). h, Representative flow plots and 

summary of multilineage engraftment with shControl and shMSI2 (gated on GFP+ cells). 

Western blot source data is shown in Supplementary Figure 1. Data presented as mean ± 

SEM. *p<0.05; ***p<0.001. 
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Extended Data Figure 5 | MSI2 OE confers an HSC gene expression signature. a, 

Genes that are up in OE (21 genes, logFC>0) and down (156 genes, logFC<0) relative to 

control with a FDR<0.05 were compared to MSI2 KD normalized to shControl 

expression data. Red circles represent 177 significantly differentially expressed genes 

with OE. Gray outlined circles represent random genes (number of gray circles = number 

of red circles). Only genes that are significantly up or downregulated in OE have anti-

correlation with KD. b, Differentially expressed genes between MSI2 OE and control 

cells (FDR <0.05) compared to DMAP populations. Numbers beside each bar indicate the 

percentage of the time the observed value (set of up or downregulated genes) was better 

represented in that population than random values (equal number of randomly selected 

genes based on 1000 trials). 
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Extended Data Figure 6 | MSI2 OE enhances HSC activity after ex vivo culture. a,  

Experimental layout to measure changes in HSC engraftment capacity and frequency 

with ex vivo culture. b, Representative flow plots of CD45+ GFP+ reconstitution from 

mice receiving the highest cell dose transplanted per time point. c, Multilineage 

engraftment of mice injected with D3 cultures. d, Proportion of the human CD45+ graft 

containing GFP+ cells from D3 primary mice relative to pre-transplant levels of GFP+ 

cells before expansion. Shown are mice transplanted at the two highest doses (n=8 mice 

for both conditions). e, Proportion of the human CD45+ graft containing GFP+ cells from 

D10 primary mice relative to pre-transplant levels of GFP+ cells after expansion. Shown 

are mice transplanted at the two highest doses (n=8 mice for both conditions, one sample 

t-test, no change = 1). f, Summary of multilineage engraftment from mice in c. g, GFP 

mean fluoresence intensity (MFI) in D10 primary engrafted mice. Shown are mice 

transplanted with the highest three doses, n=11 control and 13 MSI2 mice. h, CD34 

expression in GFP-high (top 60%) relative to GFP-low (bottom 40%) gated cells (set per 

mouse) from engrafted recipients in c. i, Number of transduced phenotyped HSCs after 7 

days of culture from HSC expansion experiment described in a. Symbols represent 

individual mice and shaded symbols represent MSI2 OE. All data presented as mean ± 

SEM.  
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Extended Data Figure 7 | Predicted AHR targets and genes downregulated with SR1 

and MSI2 OE are upregulated with MSI2 KD. a, Predicted AHR targets were 

identified with the iRegulon tool and compared with MSI2 KD normalized to shControl 

upregulated gene signature by GSEA. b, Heatmap of MSI2 OE and KD shared leading 

edge AHR target genes from GSEA. c, GSEA comparing SR1 high and low dose 

downregulated gene sets with the MSI2 KD upregulated gene signature. d, Heatmap 

shows list of shared leading edge genes identified by GSEA from MSI2 OE, KD and SR1 

at varying doses. e, The percentage of downregulated genes from UM171-, SR1-treated 

and MSI2 OE data sets containing at least one AHR binding site 1500 bp upstream and 

downstream of transcription start site. Dotted line indicates the background percentage of 

genes with AHR binding sites. P-values were generated relative to background with 

Fisher’s exact test. 
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Extended Data Figure 8 | AHR antagonism with SR1 has redundant effects with 

MSI2 OE, and AHR activation with MSI2 OE results in a loss of HSPCs. a, 

Representative flow plots and summary of CD34 expression with MSI2 OE and control 

transduced CD34+ CB cells grown for 10 days in medium containing SR1 or DMSO 

vehicle (n=3 experiments). b, Fold change in CD34 expression from results shown in a. 

c, Fold-increase in CYP1B1 and AHRR transcript levels with FICZ in transduced cultures 

(n=3 experiments). d, Transduced CD34+ CB cells grown for 3 days in medium 

supplemented with FICZ and the corresponding change in CD34 expression. Each 

coloured pair (DMSO and FICZ) represents a matched CB sample (n=3 experiments). e, 

Differences in culture CD34 levels from d. All data presented as mean ± SEM. * p<0.05. 
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Extended Data Figure 9 | MSI2 preferentially binds mature mRNA within the 

3’UTR. a, Validation of the capacity of the anti-MSI2 antibody to immunoprecipitate 

MSI2 compared to IgG control pulldowns. b, Autoradiogram showing anti-MSI2 

immunoprecipitated, MNase digested and radiolabelled RNA isolated for CLIP library 

construction and sequencing (red box). Low levels of MNase show a smearing pattern 

extending upwards from the modal weight of MSI2. c, Scatter plot of total number of 

uniquely mapped CLIP-seq reads for each gene, comparing both replicates. d, Heatmap 

indicating the number of different classes of Gencode annotated genes that contain at 

least one predicted MSI2 binding site. e, Consensus motifs within MSI2 clusters in the 

different genic regions. P-values for the most statistically significant enriched motif is 

presented for all overlapping clusters between replicates. f, Cumulative distribution 

function of mean conservation score (Phastcons) of MSI2 clusters, compared to a 

shuffled background control, computed for all overlapping clusters and the top 40% of 

overlapping clusters. P-values were obtained by a Kolgomorov-Smirnov two-tailed test 

comparing the distributions from actual and shuffled locations. g, Number of clusters 

within 200 bases of the annotated stop codon in known mRNA transcripts for all 

overlapping clusters between replicates and the top 40% of overlapping clusters. h, 

Cumulative distribution function of mean conservation score (Phastcons) of MSI2 

clusters, compared to a shuffled background control, computed for overlapping clusters 

between the replicates and the top 40% of overlapping clusters found in different genic 

regions. Similarity in the 3’UTR conservation for the top 40% with the shuffled 

background control is likely due to MSI2 sites being small and not needing structural 
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contexts for conservation. P-values were obtained by a Kolgomorov-Smirnov two-tailed 

test comparing the distributions from actual and shuffled locations. i, Genome browser 

views displaying CLIP-seq mapped reads from replicate 1 (blue), predicted clusters 

(purple), exact matches for the GUAG sequence (black) and mammal conservation scores 

(PhyloP) in the 3’ UTRs for a previously predicted Msi1 target. 
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Extended Data Figure 10 | MSI2 OE represses CYP1B1 and HSP90 3’UTR Renilla 

Luciferase reporter activity. a, CLIP-seq reads (replicate 1 in blue and replicate 2 in 

green) and clusters (purple) mapped to the 3’UTR of HSP90. Matches to the GUAG 

motif are shown in black.  Mammal PhyloP score listed in last track. b and c, 

Representative data of mean per cell fluoresence for HSP90 and CYP1B1 protein in 

transduced CD34+ CB. Protein level in cells during in vitro culture was analyzed 3 days 

(D3) and 7 days (D7) after transduction and sorting for GFP. Corresponding secondary 

alone antibody staining is shown for each experiment. Each circle represents a cell, and 

greater than 200 cells were analyzed per condition. d and e, Levels of renilla luciferase 

activity in NIH-3T3 cells co-transfected with control or MSI2 OE vectors and the 

CYP1B1 or HSP90 wild type or TCC mutant 3’UTR luciferase reporter (dotted line 

indicates no change in renilla activity; n=4 CYP1B1 and n=3 HSP90 experiments). f, 

Flow plots of co-transduced CD34+ CB cells with MSI2 (GFP) and CYP1B1 (BFP) 

lentivirus. g, GFP+ BFP+ CFU-GEMMs generated from f were replated in to secondary 

CFU assays and enumerated for total number of colonies formed. A total of 24 CFU-

GEMMs from MSI2-BFP and MSI2-CYP1B1 were replated (n=2 experiments). Data 

presented as mean ± SEM. ***p<0.001, **p<0.01. h, A model for AHR pathway 

attenuation through MSI2 post-transcriptional processing. MSI2 mediates the post-

transcriptional down regulation of HSP90 at the outset of culture and continuously 

represses the prominent AHR pathway effector CYP1B1 to facilitate HSPC expansion. 

The resultant MSI2-mediated repression of AHR signaling enforces a self-renewal 

program and allows HSPC expansion ex vivo. 
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CHAPTER 3 

 

Post-transcriptional control by RNA binding proteins in hematopoietic stem cells 

Preamble 

This chapter is an original article in preparation for submission. It is presented in its pre-

submission format. 

“This article is currently in preparation for submission. Rentas S., DeRooij L.P., Hope 

K.J. “Regulon or off? Post-transcriptional control by RNA binding proteins in 

hematopoietic stem cells.”  

S.R., prepared figures and wrote the manuscript, L.P.D, helped with data analysis and 

literature review and K.J.H. helped prepare and edit the manuscript.  

This perspective is on the burgeoning role of RBPs and their capacity to regulate HSC 

self-renewal and differentiation. The thesis of this perspective is to address how little is 

known about post-transcriptional control by RBPs in HSCs and how concepts such as 

“regulons” (the coordinated control of functionally similar mRNA by multiple RBPs to 

mediate a cell response or phenotype) and their capacity to affect mRNA metabolism 

(synthesis, decay, translation promotion/inhibition) remains an intriguing theory, however 

has yet to be proved systematically in the context of HSPCs. The perspective addresses in 

detail a couple of recently studied RBPs that show significant control over HSC activity 

and ends with highlighting novel methodologies to study RBP-RNA interactions in rare 
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primary cells. There are a few instances were sentences of my thesis introduction on the 

role of Msi2 in normal and malignant hematopoiesis were partially borrowed for this 

publication. Currently unpublished transcriptome data was used in this manuscript and I 

thank John Dick and members of his lab for providing us with curated RBP expression 

profiling data from multiple human hematopoietic stem cell populations, as this data 

helped strengthen the thesis of this manuscript. 
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Abstract 

Continuing advances in methodologies to probe the interactions of protein and RNA has 

provided tremendous insight in to the world of post-transcriptional regulation. The 

important role of RNA binding proteins in controlling post-transcriptional mechanisms in 

many normal and malignant cellular contexts has led to the development of theories that 

RNA binding proteins work combinatorially with other RNA binding proteins and 

accessory factors to regulate subsets of functionally related RNAs to govern specific 

cellular responses or phenotypes. This “regulon” model has large implications on how 

proteins are made to control gene regulatory networks in post-mitotic cells and during 

coordinated stem cell developmental programs. While hematopoietic stem cells are often 

cited as the most well characterized adult stem cell population, specific examples and 

clear evidence of regulons at play in these cells is lacking. This perspective is designed to 

highlight emergent RBPs in hematopoietic stem cells and the very likelihood that 

regulons play integral roles in controlling their self-renewal and differentiation programs. 
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Introduction  

Control of hematopoietic stem and progenitor cell (HSPC) function has coalesced around 

gene regulatory networks governed by transcription factors 1-5, however much less is 

known about the contribution of post-transcriptional mechanisms that guide mRNA 

stability and translation in these cells, even though these events dictate which gene 

products ultimately make the proteome. Post-transcriptional control encompasses all 

regulatory processes in the life-cycle of coding and non-coding RNA (ncRNA). This 

includes for protein coding transcripts, splicing, capping, poly-adenylation, export, 

translation initiation, and decay (decapping and deadenylation) 6-8. Regulation of RNA 

through these processes is governed by the coordinated action of hundreds of RNA 

binding proteins (RBPs) 9. Given the depth and complexity of RNA metabolism, this 

perspective will focus on the control of mRNA translation by RBPs and confine the 

discussion to their function in regulating mouse and human hematopoietic stem cell 

(HSC) behaviour, as there is little consensus to date on what role they provide in 

directing HSC quiescence, self-renewal,  and differentiation. This is in contrary to the 

growing body of evidence on the essential role RBPs play in mature hematopoietic cells, 

in particular, mediating immune cell functions and their rapid response to stimuli 10,11 and 

promoting late-stages of erythropoiesis 12,13. An important theme of this perspective is to 

highlight that RBPs have hundreds of targets, both predicted computationally 14 and 

tested experimentally 15,16, to coordinate control of functionally similar mRNA (i.e. 

coding for gene products that influence the same physiological process). This higher-

level of control, termed “regulons” 17, allows RBPs to perform analogously to 
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combinations of transcription factors binding multiple cis-elements in the genome to 

coordinate activation or repression of genes belonging to a shared gene program or 

pathway. To that end, we will touch on new methodologies to systematically characterize 

RBPs, their targets, and the outcome of these interactions in rare primitive hematopoietic 

cells, thus allowing testing of the regulon hypothesis in this context and in doing so yield 

a comprehensive understanding of how RBPs control HSC fate. This understanding may 

help improve the expansion of HSCs for transplantation therapies 18 or provide a basis for 

understanding how alterations in RBP controlled regulons promote leukemia 19. 

 

Overview of RBPs and their control of translation 

Translation proceeds through a step-wise progression of initiation, elongation, and 

termination stages. During translation initiation the eukaryotic initiation factor (eIF) 4F 

cap binding complex, along with eIF4B, interacts with mRNA that is bound to poly-A 

binding protein (PABP) to enable transcript activation and circularization – this essential 

step ensures transcripts are a suitable substrate for start codon scanning by 43S 

preinititation complexes 8. Progression of the 43S complex to the 48S initiation complex 

allows 60S ribosome subunit loading to form a final translation elongation competent 80S 

complex. Regulation of translation by RBPs occurs early in the initiation phase and is 

generally repressive due to their direct interaction with transcripts and disrupting 

canonical eIF binding profiles which can lead to shuttling mRNAs to processing bodies 

to initiate cap-mediated decay or to RNP aggregates such as stress granules which 

prevent 40S ribosome maturation to elongation competent complexes (Figure 1) 20,21. 
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However many examples can be found of RBPs stabilizing transcripts and promoting 

translation, for instance during esinophil activation, GM-CSF cytokine expression and 

secretion is integral for immune cell survival and is dependent on Pin1 dephosphorylation 

reducing the binding affinity of the RBP AUF1 on GM-CSF mRNA which promotes its 

turnover and decay, this subsequently allows the RBP hnRNP C to bind instead and 

promote transcript stability and expression 22. RBPs binding transcripts to mediate 

repressive or activating phenotypes do so via encoded RNA binding domains that are 

arranged in tandem configurations that provide high affinity and specificity to targeted 

RNAs 9,23. The prevalence of recurring domains allows broad classification of RBPs and 

designates the likely species they interact with (i.e. mRNA vs. ncRNA) 24,25. Aside from 

RNA binding domains, RBPs also contain various motifs that facilitate protein-protein 

interactions, thus increasing target diversity, including number and types of RNA, and 

versatility, for instance providing contextual binding under certain stimuli or stressors, 

such as the case with Pin1 9,11,20. There are two primary features of RNA molecules that 

yield specificity to the RBPs they attract: the first is short nucleotide binding sites which 

in the case of mRNA are typically found within its 3’untranslated region (3’UTR) 25; the 

second feature is appropriate folding and secondary structure formation allowing the cis-

binding site to be properly displayed for binding 26, for instance Staufen1 requires the 

region encompassing its binding site to have folded in to a double stranded RNA 

configuration 27. Since 3’UTRs include important regulatory information, overall length 

increases with organismal complexity but still varies on a gene-by-gene basis 28. This 

diversity in UTR structure allows for combinatorial binding by multiple RBPs and 
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miRNAs to precisely control translation and coordinate dynamic cellular processes 29-31, 

such as with the long 3’UTRs and layered post-transcriptional control of many 

interleukins and cytokines in immune cells 11. The multi-factorial nature of RBP-RNA 

targeting, including RNA binding domain structure, protein-protein interactions and 

physiological events to promote RNA binding, as well as RNA 3’UTR length, sequences 

it encodes and its conformation, allows for a high-level of nuanced complexity that is 

important for controlling gene expression, and sets the stage for understanding how these 

events can affect developmental processes in the hematopoietic stem cell compartment. 

 

Distinct expression profiles of RBPs in normal human HSPCs 

The role of RBPs as regulators of HSPC activity has gone largely untested. For instance, 

direct evidence of RBPs working combinatorially with other RBPs and targeting discrete 

populations of mRNA to elicit a coordinated cellular phenotype and therefore define an 

RNA regulon has not been rigorously shown in normal HSPCs (mouse or human). If 

RNA regulons are working in this context then there should be unique RBP expression 

profiles in primitive hematopoietic cell types, including within cells competent of self-

renewal and establishing long-term hematopoiesis upon transplantation and unique 

expression profiles in progenitor populations that are shorter-lived but highly 

proliferative and necessary to maintain daily output of blood cells 32-34. We explored this 

possibility here by analyzing the expression profiles of the approximately 1500 putative 

RBPs in the human genome 23 across the earliest stem and progenitor cell types of the 

human hierarchy 35 and found that there was indeed cell contextual RBP expression, 
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particularly within the earliest identifiable stem cell type (Figure 2). For instance, the top 

30 most highly abundant transcripts coding for RBPs in long-term HSC (LT-HSC), 

intermediate-term HSC (IT-HSC), short-term HSC (ST-HSC) and multipotent 

progenitors (MPP) were significantly correlated and comprised almost exclusively of 

genes involved in ribosome assembly and function (Figure 2A), however, despite this 

correlation, LT-HSCs maintain approximately 2-fold more transcripts in nearly all of 

these ribosome processing RBPs (Table 1, Figure 2B). Finding LT-HSCs more highly 

express RBPs mediating ribosome assembly may provide insight to the hematopoietic 

system’s susceptibility to ribosomopathies, a class of diseases known by mutations 

causing defective ribosome biogenesis and development of bone marrow failure 36. That 

LT-HSCs, a notably quiescent cell population, would have significantly more transcript 

across many of the proteins necessary to build ribosomes is somewhat paradoxical, 

particularly in light of recent evidence that protein synthesis is highly regulated and 

generally attenuated in LT-HSCs 37. It may be the case then that human LT-HSCs are 

primed for rapid cell proliferation by expressing high-levels of these transcripts, such that 

upon commitment to differentiate or asymmetric division, the differentiating cell inherits 

sufficient transcripts to help create ribosomes and meet the demands of a rapid increase in 

protein synthesis. Principal component analysis (PCA) on the expression levels of the 

nearly 1500 expressed RBPs in the human hematopoietic stem cell compartment found 

LT-HSCs to have a distinct RBP expression profile (Figure 2C), which is in agreement 

with finding ribosomal associated RBPs to be differentially expressed in LT-HSCs. We 

further found among the most significantly upregulated RBPs in LT-HSCs a pattern of 
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genes that displayed a step-wise decrease in expression down the hierarchy in proportion 

to self-renewal potential (Figure 2D). Finally, a literature search of the 153 upregulated 

RBPs in LT-HSCs relative to MPPs with the term “hematopoietic stem cell” or 

“leukemia” revealed only ~13% of genes having been studied in some capacity with 

regard to normal or malignant hematopoiesis, and very few functionally tested in mouse 

or human models of hematopoiesis. This analysis altogether shows HSPC populations 

with functionally distinct phenotypes have unique RBP expression profiles and 

demonstrates that a careful investigation in to how these RBPs coordinate the activity of 

these different primitive hematopoietic cell types as well as a systems level identification 

of their targets and corresponding protein level is necessary if progress is going to be 

made to map regulons at work in HSCs. 

 

RBPs regulating mRNA in HSCs 

Our brief analysis here of RBP expression in a published gene expression dataset outlines 

the interesting prospect that many RBPs are differentially expressed in the primitive 

hematopoietic compartment but remain largely unstudied. Progress in the field however 

has been made with a slew of recent work showcasing the role of dozens of RBPs that 

control HSPC behavior (Table 2) 18,38-60. In particular, several studies have focused on 

Musashi-2 (Msi2) revealing it to be a critical regulator of both normal and malignant 

hematopoieis in mice and humans 18,40-47. Musashi genes predominately regulate mRNA 

translation and were originally identified in Drosophila as regulators of asymmetric cell 

division and development of sensory bristles 61,62. While mammals encode two Musashi 
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paralogs (Msi1 and Msi2), only Msi2 is expressed in the hematopoietic system in both 

mice and humans and is specifically enriched within the HSPC compartment and 

decreases with progenitor commitment 18,41. To demonstrate Msi2 is functional in mouse 

HSCs multiple groups have performed loss of function experiments using retroviral-

mediated knockdown of Msi2 41,42 and generated Msi2 gene-trap knockout and 

conditional deletion mice 44,47 to show significant impairment in long-term stem cell 

activity which appears to be due to altered transcriptional changes in cell cycle regulators 

and TFG-β signalling 41,42,44,47. Similarly we found in the human system, lentiviral 

knockdown of MSI2 leads to losses in long-term repopulating capacity in 

xenotransplanted mice 18. Msi2 overexpression in the mouse system has mostly been 

studied in the context of promoting leukemogenesis since knockdown/out of Msi2 in 

multiple models of oncogene driven leukemia significantly deters disease progression 

40,43,45,46. Whereas in the human system, MSI2 overexpression has only been functionally 

studied in normal HSCs where it profoundly enhanced the culture of HSCs and greatly 

facilitated their ex vivo expansion by attenuating aryl-hydrocarbon receptor (AHR) 

signalling 18. Elevated levels of MSI2 have also been shown in human patient leukemias 

and are a prognostic indicator of increased disease burden and poor outcome 42,43,63. 

Details in to Msi2 biochemical activity is largely inferred by its structural similarities to 

Msi1 64, where Msi1 has been found to bind the 3’UTR of target transcripts (e.g. Numb) 

via its tandem RNA recognition domains to repress translation by binding PABP and 

outcompeting eIF4G which compromises assembly of the mature ribosome 65,66. All 

evidence suggests that MSI2 also binds target 3’UTRs with greatest affinity over other 
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genic regions as measured by cross-linking immunoprecipitation and high-throughput 

sequencing (CLIP-seq) or similar global RNA capture techniques 18,47,67,68. These 

methods have also started to provide evidence of Msi2 nucleated regulons which  is best 

represented so far in mouse models of leukemia and colon cancer 40,45,67 and human HSC 

expansion 18. For instance, leukemogenesis brought on by MLL-AF9 overexpression is 

sustained by Msi2 driving stability and translation of multiple cooperative oncogenic 

transcripts such as Hoxa9, Myc, Ikzf2, and Tspan3 40,45, whereas with direct 

overexpression of MSI2 driving a colorectal cancer phenotype, MSI2 bound to Lrig1, 

Bmpr1a and Pten tumor suppressor transcripts, and at least for Pten yielded a reduction in 

protein levels 67 thus having an opposite effect to what was observed with leukemia. The 

RBP Igf2bp3 has also similarly been shown in a mouse model of B-acute lymphoblastic 

leukemia to promote Myc and Cdk6 oncogene expression by binding to their 3’UTR 48. In 

chronic myeloid leukemia multiple RBPs also facilitate disease progression 19, thus a 

common theme is emerging whereby RBPs in leukemias and other cancers may help 

promote oncogene addiction or tumor supressor repression to facilitate growth. In the 

normal human hematopoietic context, MSI2 overexpression during HSC ex vivo 

expansion showed attenuated AHR signalling which was traced back to direct binding 

and post-transcriptional repression (transcript upregulated or unchanged compared to 

downregulated protein) of HSP90, a necessary complex component for the AHR nuclear 

receptor transcription factor to bind ligands and activate downstream signaling, as well as 

post-transcriptional downregulation of the direct AHR effector CYP1B1, which in turn 

was found to help promote differentiation 18. This stands as one of only a few known 
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examples (see below) of an RBP controlling multiple elements of a self-renewal pathway 

in normal HSPCs, and the only example that’s been shown in the context of human 

HSCPs. Important next steps to validating these emerging regulons will be to understand 

how Msi2 in these different contexts (malignant vs. normal, endogenous expression vs. 

ectopic, mouse vs. human) can post-transcriptionally support or repress target transcript 

protein levels, as these unique mechanisms likely involve support of uncharacterized 

RBPs or accessory proteins, such as alternative poly-adenylation enzymes 69, and/or the 

use of ncRNAs. 

HSCs have tight regulation of mRNA translation and attenuated protein synthesis relative 

to progenitors since increasing or reducing levels of translation and protein synthesis by 

Pten loss or Rpl24 haploinsufficiency, respectively, impair HSC activity 37. A 

consequence of elevated translation is its taxing effect on the endoplasmic reticulum (ER) 

to fold-proteins bringing about ER stress 70. This leads to activation of the unfolded 

protein response (UPR) which aims to restore protein homeostasis by turning on 

signaling pathways that lead to global translation attenuation, expression of chaperone 

proteins and apoptosis if the stress cannot be reversed, ultimately these events lower the 

self-renewal potential of HSCs 39,71. UPR activation in HSCs occurs during standard in 

vitro culture 39 and is augmented with inclusion of compounds like tunicamycin in culture 

medium 71.  Thus levels of translation and global protein homeostasis are emerging 

paradigms that are critical for HSC function. One RBP that might be bridging the gap 

with a regulon mediating protein stress is developmental pluripotency-associated 5 

(Dppa5) 39. In this study by Stefan Karlsson’s lab they found overexpression of Dppa5 in 
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mouse HSCs significantly enhanced self-renewal during ex vivo culture by lowering ER 

stress, whereas knockdown reduced reconstitution capacity by elevating ER stress. To 

identify changes in the protein levels of genes involved in ER stress they transplanted 

mice after Dppa5 overexpression and allowed for months for repopulation to occur and 

then flow-sorted stem and progenitor cells from the marrow to perform 2D difference gel 

electrophoresis (2D DIGE) and mass spectrometry. Among the ER-stress genes they 

found downregulated were numerous stress chaperones (hsp90b1/GRP94, hspa5/GRP78, 

Txndc5, Pdia3, and Calreticulin), while some of the upregulated genes functioned in 

amino acid/protein-processing (Prosc, Ppp1cb, and Eif1ax) 39. They went on to perform 

Dppa5 CLIP and targeted qPCR assays in a mouse bone marrow derived cell line to show 

Dppa5 could indeed bind directly to some of these targets, however a comprehensive 

CLIP-seq approach in these cells or primary cells was not performed. Thus it remains to 

be seen how Dppa5 precisely regulates ER stress in HSCs, but it is likely through its 

impact on the binding of potentially hundreds of transcripts 72 and nucleating regulons 

involved in mediating ER stress. 

 

New methodologies to identify RBPs and their targets 

To date there are approximately 1500 RBPs that have been annotated by global mRNA-

protein and quantitative mass spectrometry methods 23,73. By using UV crosslinking 

techniques to yield only highly specific interactions, the protein-mRNA interactomes 

created by Castello et al. and Baltz et al. identified many RBPs with common RNA-

binding domains 9 as well as implicated hundreds of additional proteins without known 
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RNA-binding domains to have RNA binding affinity 74,75. These newly uncovered RBPs 

has opened the flood gates to atypical RNA binding behaviour of hundreds of genes and 

as we showed here (Figure 2) necessitate following up in different cellular contexts such 

as in hematopoietic stem cells and cancer. The difficulty in assessing post-transcriptional 

regulation by RBPs lies in assessing changes in the proteome relative to the 

transcriptome. As mentioned above, the study by Miharada et al. performed 2D DIGE 

and mass spectrometry on primary mouse bone marrow cells enriched in HSPCs to get a 

complete overview of large-scale changes in the proteome with Dppa5 overexpression. 

More studies aimed at studying the post-transcriptional/translational effects of RBPs 

should pursue these methods, especially when analyzing mechanisms of action in bulk 

tumor samples, like in the case of oncogene driven mouse models of cancer as cell 

numbers should be less limiting in these situations to perform proteomic analyses. In 

circumstances where cell sample is increasingly limited, like with HSCs or leukemic stem 

cells (LSCs) 76, conventional mass spectrometry approaches are generally not feasible. To 

circumvent these limitations creation of single cell mass-cytometry methods have led to 

an unprecedented view of the molecular circuitry and unique proteomes that define cell 

types of the hematopoietic system 77 and modifications to the procedure to allow the co-

assessment of transcript levels in single cells 78, as well other novel single cell 

transcriptome analyses 79, should prove to be critical new methodologies for assessing 

post-transcriptional gene regulation by RBPs in HSPCs. Additional improvements to 

CLIP-seq procedures that allow for reductions in cell input material, such as with the 

development of enhanced CLIP (eCLIP) 80, will also facilitate the identification of RBP-
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RNA interactions directly in cells of interest instead of using model cell lines which may 

not replicate the cell contextual interactions which much of the regulon hypothesis 

impinges on. Systematic identification of RBP-protein complexes will also need to be 

explored to test the regulon hypothesis in HSPCs as it is likely the co-expression of 

ancillary proteins that help provide contextual regulation by RBPs. To that end, BioID 

and APEX genetic tagging methods 81,82 represent two methodologies to capture proteins 

that are in very close proximity to one another providing a powerful proteomics methods 

to capture RBPs in native multi-subunit complexes. Lastly, the development of ribosome 

profiling, a method for identifying actively translated transcripts 83 in combination with 

CLIP-seq, transcriptome and proteome analysis will allow researchers to map translation 

states of RBPs acting in a repressive versus activating manner and when combined with 

knowledge of the discrete complexes RBPs reside in, will bring about a complete 

understanding of RBP function and regulons they instruct.   

The field of post-transcriptional regulation is rapidly expanding and reaching maturity in 

many cellular contexts but remains largely undefined in the study of HSPCs, and 

specifically hypotheses such as regulons need to be tested in HSPCs as they represent a 

level of control on gene regulatory networks on par with transcriptional activation and 

repression. The ongoing effort to define key RBPs that mediate HSPC function are 

necessary to test the regulon hypothesis and will be greatly aided by improvement in 

methods for probing the proteome and transcriptome at single cell resolution or small 

input cell numbers. Continued efforts are needed however for testing and identifying new 

RBP nucleated regulons in rare populations of cells such as mouse and human HSCs if 
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we are to fully appreciate the depth of control they have on adult stem cell development 

and how during oncogenesis these post-transcriptional pathways are disrupted. 

 

Materials and Methods 

Statistical Analysis 

LT-, IT-, ST-HSC and MPP gene expression data sets were provided by the Dick lab 

(Sazan et al., submitted) and the list of RBPs was obtained from Gerstberger et al. 23. 

PCA analysis was performed using Excel add-in Multibase package. Plots were generated 

with GraphPad Prism version 5.0. Unpaired student t-tests were performed with p < 0.05 

as the cut-off for statistical significance. 
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Figure 1. A general model of post-transcriptional control by RBPs. In this simplified 

schematic of RBP mediated post-transcriptional control, translation initiation is (i) 

depicted with activation and circularization of the transcript. (ii) RBP binding its target 

mRNA’s 3’UTR can disrupt initiation events. (iii) Depending on presence of accessory 

RBPs or interacting proteins, bound transcripts can be shuttled to mRNA decay pathway 

resulting in substantially less protein (squiggly line) or continue to block initiation events 

yielding less protein production, alternatively RBP-RNA interactions can support 

transcript stability and promote translation producing increased levels of protein. 
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Figure 2. Differential expression of RBPs across human HSPCs. (A) Comparison of 

the top 30 RPBs ranked by transcript abundance in LT-HSCs (x-axis) to IT-, ST-HSCs 

and MPPs. (B) Top 30 RBP transcript level fold change relative to MPPs. (C) 1448 

expressed and annotated RBPs in human HSPCs grouped by PCA. (D) Left: 

Bioinformatic pipeline to show RBPs with step-wisereductions in expression correlating 

with self-renewal potential. Right: Fold-change of the 62 RBPs with decreasing 

expression in HSCs to MPPs. Symbols represent individual genes. Data presented 

showing mean. *** p< 0.001.  
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Table 1. Top 30 RBPs in human HSPCs (Log2 expression ) 

RBP LT-HSC IT-HSC ST-HSC MPP 

RPL37A 14.0 12.6 12.7 13.0 

RPLP2 13.9 12.4 12.5 12.7 

RPLP1 13.6 12.1 12.2 12.3 

RPL36 13.3 12.0 12.2 12.1 

RPL31 13.2 11.7 11.8 11.9 

RPS19 13.0 11.6 11.7 11.7 

RPL38 13.0 11.6 11.8 11.9 

RPL11 13.0 11.4 11.7 11.6 

RPL18 12.9 11.4 11.7 11.6 

RPL8 12.8 11.6 11.8 11.6 

RPS14 12.8 11.5 11.6 11.6 

RPL35A 12.7 11.3 11.4 11.7 

RPS29 12.5 11.0 11.2 11.5 

RPS11 12.5 11.1 11.2 11.2 

RPL30 12.4 11.0 11.3 11.4 

RPS6 12.3 11.8 11.8 12.0 

RPS9 12.3 11.0 11.3 11.0 

RPS15 12.3 10.6 10.9 10.9 

RPS21 12.3 11.0 11.1 11.2 

RPL35 12.2 11.0 10.9 11.2 

RPL27 12.0 10.4 10.5 10.8 

RPS16 12.0 10.9 10.9 11.0 

RPL19 11.9 11.0 11.1 11.3 

GAPDH 11.8 11.7 11.2 11.6 

RPL29 11.5 10.5 10.7 10.7 

RPS8 11.5 10.2 10.1 10.2 

RPS24 11.5 10.7 10.6 10.9 

FAU 11.4 10.0 10.2 10.3 

RPS13 11.4 10.3 10.4 10.5 

HNRNPH1 11.3 10.4 10.5 10.3 

 

 

Table 2. RBPs mediating HSC activity and leukemogenesis  
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CHAPTER 4 

 

Musashi-2 maintains early hematopoietic multipotent progenitor cells 

Preamble 

This chapter is an original article in preparation for submission. It is presented in its pre-

submission format. 

“This article is currently in preparation for submission. Rentas S., Ruzgar N.M, .Chan 

D., DeRooij L.P., Loo-Yong-Kee J., Belew M.S., Hope K.J. “Musashi-2 regulates miRNA 

biogenesis in HSPCs” 

S.R. designed the project and experiments, performed experiments, analyzed data and 

wrote the manuscript. N.M.R., D.C., J.L, and L.P.D helped with mouse transplant 

experiments, including assisting with tamoxifen and cell injections, bleeding and 

harvesting tissues at experimental endpoints. M.S.B screened mouse embryonic stem 

cells for proper targeting and insertion of the floxed Msi2 exon 2 vector and initiated the 

mouse colony. K.J.H. supervised the study, interpreted results and edited the manuscript. 

This project aims first and foremost to establish the use of our lab’s conditional Msi2 

knock out mouse model and examine the effects deletion has on HSPC activity. 

Interestingly, we observed results that differ in slight but meaningful ways from other 

Msi2 deletion models, specifically we observed that knocking out Msi2 leads to a loss of 

the earliest MPPs in the hematopoietic system without overt effects on LT-HSCs, which 
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is in agreement with results by Thomas Graf’s group (de Andrés-Aguayo et al., 2011), 

and differs from the LT-HSC loss observed by Michael Kharas’ group (Park et al., 2014).  

Thus our study further supports that Msi2 plays a very significant role in the controlling 

early progenitors. Molecular and genetic regulatory control of MPPs to date has been less 

studied than HSCs, thus showing Msi2 as an important novel mediator of their 

maintenance and function is an important contribution to the field, especially now that 

there is a renewed interest in their biology since the discoveries that they are among the 

most important cells for maintaining both steady-state and stressed hematopoiesis. The 

second aim of this manuscript is to begin to explore the central theme presented in 

Chapter 3, which set out at length to describe the importance of identifying how RBPs 

work cooperatively or antagonistically in regulons within subsets of HSPCs in order to 

guide cell behaviour. The approach undertaken in this manuscript was to explore Msi2 

colocalization with confocal microscopy with known centers of RNA metabolism in 

distinct populations of HSPCs. Exciting preliminary evidence would suggest that indeed 

RBPs can take on unique expression and localization features in distinct HSPC 

populations, which is an exciting prospect to formally testing the regulon hypothesis in 

HSPCs. 
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Abstract 

Post-transcriptional control of coding and non-coding RNA by RNA binding proteins 

(RBP) in hematopoietic stem and progenitor cells (HSPC) has not been closely 

investigated; this is in spite of the importance of these mechanisms in controlling RNA 

stability, processing, and expression to mediate stem cell regulatory programs. The RBP 

Musashi-2 (Msi2) plays a crucial role in murine HSC maintenance, however, its function 

within early multipotent progenitors (MPP) has not been investigated, despite its 

abundant expression therein. Here we used a conditional knock-out mouse model of Msi2 

and found distinct losses in early MPP subsets upon transplantation stress and steady-

state hematopoiesis, as well as myeloid biased reconstitution in competitive transplant 

experiments. To explore how Msi2 can distinctly impact both MPPs and HSCs, we 

explored Msi2 localization and expression in multiple populations of HSPCs with other 

putative interacting RBPs as well as proteins involved in known centers of RNA 
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metabolism and found evidence that RBPs can take on unique expression and localization 

features in distinct HSPC populations. This work highlights the prospect that Msi2 may 

have unique RBP interactions to coordinate the distinct activities of both stem and 

progenitor cells. 

 

Introduction 

Hematopoietic stem and progenitor cell (HSPC) self-renewal and differentiation 

maintains daily hematopoiesis over the course of an organism’s lifespan 1. Controlling 

HSPC fate decisions relies on the unique expression of protein encoding transcripts, such 

as transcription factors 2, and non-coding RNAs, including for example microRNA 

(miRNA) and long non-coding RNA (lncRNA) 3. While the transcriptional programs that 

guide expression of coding and to some extent ncRNA have been investigated 2,4-9, post-

transcriptional mechanisms controlling processing and stability of RNAs has gone largely 

unstudied in HSPCs, despite their critical importance in mediating the proteome or the 

production of functional and mature ncRNAs. To mediate post-transcriptional control, 

RNA binding proteins bind target RNAs by identifying encoded consensus motifs 10. 

When the target is mRNA this typically leads to inhibitory or stabilizing effects on 

transcript translation by blocking assembly of eukaryotic initiation factor complexes and 

mature ribosomes or shuttling mRNA to decay pathways 11,12. In the case of stabilizing, 

RBPs can have the opposite effect of preventing transcript decay or promoting 

interactions with core translation machinery 13. With regards to ncRNA, and specifically 
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miRNA, there are multiple steps during their maturation from primary-miRNA (pri-

miRNA) to mature miRNA wherein RBPs can influence processing 14.  

One candidate RBP that has pleiotropic effects on RNA metabolism and may affect both 

mRNA activity and miRNA biogenesis in HSPCs is Musashi-2 (Msi2). The Musashi 

gene family was originally identified in Drosophila as regulators of asymmetric cell 

division and sensory bristle development 15,16, and orthologs in mammals have been 

shown to regulate mRNA translation in various tissue stem cell populations, including for 

instance, promoting neural stem cell self renewal by maintaining Notch signaling through 

translational repression of Numb 17,18. In this case, the Musashi paralog Msi1 inhibits 

Numb translation by competing with the eukaryotic translation initiation factor 4G 

(eIF4G) for poly-A binding protein (PABP) binding, which results in incomplete 

assembly of the mature ribosome 19. Msi1 shares 69% protein homology to Msi2 and 

86% within their RNA binding domains 20. This has led to the hypothesis that the 

similarity between Musashi family proteins likely results in similar RNA consensus 

motifs and target RNAs 20. In addition, Msi1 can bind to the RBP Lin28 in embryonic 

stem cells (ES) independent of RNA to significantly inhibit pri-mir-98 processing to pre-

mir-98, thus reducing mature mir-98 levels 21. Msi2 can also regulate translation and 

directly mediate miRNA biogenesis. For instance in the context of MLL-AF9 driven 

leukemia, Msi2 stabilizes and promotes translation of various oncogenic transcripts 

including Hoxa9, Myc, Ikzf2, and Tspan3 22,23, whereas during human HSC expansion, 

MSI2 overexpression represses translation of proteins in the AHR pathway to promote 

self-renewal 24. While Msi1 interacts with Lin28 which in turn blocks miRNA 
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maturation, the activity of MSI2 in various model cell lines shows its capacity to directly 

bind the stem-loop of target pri-miRNAs, like pri-mir-7, in cooperation with Hu antigen 

R (HuR, ELAV1) to prevent cleavage by Drosha and block maturation 25.  

Msi2 has emerged as an important regulator of HSC self renewal since knockdown or 

deletion negatively affects transplantation outcomes, promotes loss of HSC quiescence 

and reduces numbers of LT-HSCs 26-29, however, as Msi2 remains abundantly expressed 

throughout all multipotent progenitor (MPP) and HSC populations in 27,28, it stands to 

reason some defects in repopulation are due in part to impaired MPP activity. Here we 

used a novel conditional knockout mouse model to show significant reductions to early 

MPP populations upon Msi2 deletion with competitive transplantation as well as during 

steady state hematopoiesis. Gene ablation was also found to promote a myeloid 

differentiation bias with transplantation to the detriment of the B cell lineage. We 

examined Msi2 localization in the cell in comparison to known centers of RNA 

metabolism and putative Msi2-interacting RBPs and show unique colocalization profiles 

across the primitive hierarchy. Our findings thus highlight the interesting prospect that 

Msi2 may have unique RBP-protein interactions to coordinate the distinct activities of 

both stem and progenitor cells. 

 

Results 

Conditional deletion of Msi2 significantly impairs competitive repopulation 

To characterize the role of Msi2 in primitive hematopoiesis we generated a tamoxifen 

inducible conditional Msi2 knockout mouse (Figure 1A). Our strategy used targeting 
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vectors that created a floxed exon 2 which encompasses an essential RNA recognition 

motif necessary for Msi2 biochemical activity 20. To induce deletion we crossed Msi2fl/fl 

C57BL/6 mice with a congenic strain that ubiquitously expresses from the Rosa locus 

Cre recombinase fused to a triple mutant form of the human estrogen receptor 

(RosaCreERT2). In order to achieve highly penetrant Msi2 deletion across all cells in the 

hematopoietic system and to test that our model worked, we dosed Msi2fl/fl RosaCreERT2/+ 

conditional knockout mice and Msi2fl/fl Rosa+/+ control mice with 6 doses of tamoxifen 

over 9 days (3 consecutive days followed by 3 days rest then 3 days of injections) and 

then harvested hematopoietic tissue 2 weeks later for genomic DNA extraction and 

protein analysis. We found excision of exon 2 and loss of Msi2 protein across all 

tamoxifen treated Msi2fl/fl RosaCreERT2/+ knockout mice while controls remained 

unaffected (Figure 1B). To further confirm robust deletion in the HSPC compartment, 6 

weeks post tamoxifen injection LSK cells were sorted. Immunofluorescence detection 

showed nearly every cell analyzed lost its expression of MSI2 protein (Figure 1D). 

To explore the function of Msi2 on HSPCs, we devised a competitive transplantation 

assay whereby upon tamoxifen induced deletion, CD45.2 expressing Msi2∆/∆ 

RosaCreERT2/+ bone marrow is mixed at a 1:1 ratio with congenic competitor CD45.1 

B6.SJL bone marrow (500,000 bone marrow cells each) or at a ratio of 7:3 with 

competitor marrow (700,000 knockout or control cells to 300,000 competitor cells), 

which yielded an approximately 2:1 ratio of CD45.2 to CD45.1 cells as validated by flow 

cytometry prior to transplantation (Figure 1C and E). Msi2∆/∆ and similarly treated control 

Msi2fl/fl bone marrow cells were then transplanted into lethally irradiated B6.SJL mice 
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and donor cell chimerism in peripheral blood was assessed at 7, 14 and 24 weeks (Figure 

1C). Examining the repopulation capacity of Msi2∆/∆ cells injected at a 1:1 ratio showed 

they were rapidly outcompeted by competitor cells at the earliest timepoint assayed, 

whereas Msi2fl/fl cells gradually increased and showed no sign of impairment at any time 

point (Figure 1F). Interestingly, even when Msi2∆/∆ bone marrow cells were transplanted 

in excess relative to competitor cells, they were still unable to repopulate with any 

efficiency at early and late time points, indicating a significant impairment in their 

proliferative potential, this is contrast to control cells which were unaffected and able to 

fully reconstitute lethally irradiated recipients at higher proportions, as expected, with a 

2:1 transplant ratio (Figure 1G).  

Competitively transplanted mice were analyzed after 24 weeks for levels of engraftment 

and lineage output in the bone marrow, spleen and peripheral blood. In agreement with 

Msi2∆/∆ inducing low levels of repopulation in the peripheral blood, we found reduced 

Msi2∆/∆ CD45.2 marked donor cells in the bone marrow (2.5-fold) and significant 

reduction in the spleen (8.3-fold) relative to control Msi2fl/fl engrafted mice at the 

competitive 1:1 transplant ratio and that this phenotype was not rescued when cells were 

transplanted in 2:1 excess (2- and 4-fold less CD45.2 cells in the bone marrow and spleen 

respectively, Figure 2A). We next examined the contribution of lineage output from 

Msi2∆/∆ and Msi2fl/fl donor cells as well as their CD45.1 competitively transplanted 

counterpart. Here we found that CD45.1 donor cells and CD45.2 Msi2fl/fl displayed 

similar myeloid lineage output across bone marrow, spleen and peripheral blood, whereas 

the Msi2∆/∆ cells that remained in these tissues were highly biased to the myeloid lineage, 
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particularly within the spleen and peripheral blood (8.3-fold increase relative control 

CD45.2 cells, Figure 2B). When taking into account however, reductions of total cells 

within the CD45.2 graft, actual numbers of myeloid cells decreased in the peripheral 

blood (P<0.01) and were unchanged in the bone marrow and spleen relative to Msi2fl/fl 

(data not shown). In agreement with increases to the proportion of the myeloid 

compartment within the remaining Msi2∆/∆ graft, we found significant reductions in the 

proportion of donor B and T cells (gating on CD45.2+, Figure 2C) and total numbers of 

these cells (Figure 2D). Altogether, this analysis shows Msi2∆/∆ significantly restricts 

HSPC capacity to repopulate mice in competitive transplants yielding substantial 

reductions in circulating myeloid and lymphoid cell, and lymphoid cells across all 

hematopoietic tissues. 

 

Msi2∆/∆ in competitively transplanted mice have reduced numbers of MPPs 

Two previous studies, one using an Mx1-Cre inducible Msi2 deletion system 29 and 

another using a gene trap Msi2 knockout model 28, showed differing results with respect 

to the effect Msi2 has on frequency and numbers of long-term and short-term HSC (LT-, 

ST-HSC) and multipotent progenitors such as lymphoid primed multipotent progenitors 

(LMPP). de Andres-Aguayo et al. found Msi2 deletion significantly reduced frequency 

and numbers of ST-HSC and LMPPs but had little effect on LT-HSC, whereas Park et al. 

showed that in addition to these MPP classes LT-HSCs were also reduced. Using a third 

strategy of tamoxifen inducible Msi2 deletion, we examined our competitively 

transplanted mouse bone marrow for the contribution of Msi2∆/∆ and Msi2fl/fl cells to the 
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HSPC compartment. Within the committed progenitor faction of c-Kit+ Sca-1- expressing 

CD45.2+ donor cells, fewer deleted cells contributed overall (1.3-fold) but the effect was 

not significant (Figure 3A). However, examining the lineage- Sca-1+ c-Kit+ (LSK) 

fraction which contains all early MPP and HSC classes, we observed a significant 1.7-

fold reduction with Msi2 loss (Figure 3B). Analysis of SLAM family marker expression 

within LSK cells allows the stratification of different MPP, ST-HSC, and LT-HSC 

populations based on their varying self-renewal and differentiation capacity 30-32. We 

opted to label these populations as has been described by Pietras et al. 32 (Figure 3C). 

With Msi2 deletion we found, relative to Msi2fl/fl controls, increases in the frequency of 

LT-HSC and ST-HSC fractions (within LSK cells), but overall no significant change in 

the number of these cells within CD45.2 graft of bone marrow (Figure 3C-G). We 

observed that the increased frequency of ST- (3.5-fold) and LT-HSCs (3.8-fold) was due 

to a striking deficit in the proportion of the multipotent progenitor types MPP2 (3.4-fold) 

and MPP3 (1.5-fold), which also both demonstrated significantly lower numbers of cells 

in the grafts (4-fold MPP2 and 2-fold MPP3 loss, Figure 3H-K). Importantly, it has been 

recently shown that MPP2 and MPP3 cell types are integral for mediating repopulation 

upon transplantation 31,32, and their deficiency in the Msi2∆/∆ setting may help account for 

the rapid loss in peripheral blood chimerism observed at the earliest timepoint analyzed 

(Figure 1F and G). Thus our analysis of the HSPC compartment shows Msi2∆/∆ induces 

significant losses to multipotent progenitors but maintains numbers ST- and LT-HSCs. 
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Conditional deletion of Msi2 in non-competitively transplanted mice reduces bone 

marrow cellularity and depletes early MPPs 

Having assessed the function of Msi2 deletion competitively under transplantation stress, 

we next aimed to test the role of Msi2 under steady-state conditions. Here we 

transplanted bone marrow from control mice (Msi2fl/fl Rosa+/+), Msi2 heterozygous floxed 

(Msi2fl/+ RosaCreERT2/+) and Msi2 homozygous floxed (Msi2fl/fl RosaCreERT2/+) mice into 

lethally irradiated BL6.SJL mice, allowed 6 weeks of unperturbed repopulation to occur, 

then treated with tamoxifen to induce deletion (Figure 4A). Resultant mice were analyzed 

14 weeks later to assess changes in the hematopoietic system. Prior to inducing deletion 

we found similar levels in chimerism across the different genotypes transplanted (data not 

shown). Upon analysis 14 weeks post-Msi2 deletion (20 weeks total engraftment time), 

we found total bone marrow and spleen cellularity was reduced 1.6-fold and 1.4-fold, 

respectively, with Msi2∆/∆ but one copy of Msi2 was sufficient to retain normal output of 

mature cells (Figure 4B and C), a finding consistent with other published data 29. Next we 

examined the absolute numbers of LSK cells and found significant reductions in Msi2∆/∆ 

(2.1-fold) and to a lesser extent Msi2∆/+ (1.4-fold) transplanted mice relative to Msi2fl/fl 

controls (Figure 4D). Interestingly, in this post-repopulation deletion condition, we again 

observed increases in the frequency of LT-HSCs (2.2-fold) but actual numbers of cells 

within CD45.2 graft of bone marrow to be unchanged (Figure 4E-G), and the same again 

was observed for ST-HSC numbers being unchanged (Figure 4H-I). While the percentage 

of MPP2 cells was unchanged between the three genotypes (Figure 4J), numbers of 

MPP2 cells were significantly reduced with Msi2∆/∆ (2.1-fold) and Msi2∆/+ (2-fold) 
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relative to Msi2fl/fl (Figure 4K).  For MPP3 we found both the percentage (1.2-fold) and 

number (2.6-fold) of these cells to be significantly reduced with Msi2∆/∆ relative to 

control cells and Msi2∆/+ to be unchanged (Figure 4M). While under competitive 

transplant stress hematopoiesis we found a distinct myeloid bias and lymphoid cell 

depletion with Msi2∆/∆, however this was not the case under steady state hematopoiesis as 

we found no changes in myelo/lymphoid proportions across the three genotypes in bone 

marrow or spleen (data not shown). Altogether this work highlights distinct defects in 

early MPP population maintenance under non-transplantation stress conditions as well as 

during competitive transplantation and supports the findings by both de Andres-Aguayo 

et al. and Park et al. that showed loss of these MPP cell types with Msi2 deletion, 

however we were unable to replicate the distinct loss of LT-HSCs as described only by 

Park et al. 

Msi2 co-localization with RBPs and centers of RNA metabolism in HSPCs 

Msi2 is abundantly and nearly equally expressed across all populations contained in the 

LSK HSPC fraction of bone marrow 26,28. However data presented here as well as by 

others have shown Msi2 regulates discrete populations of HSPCs, including specific 

types of MPPs as well as LT-HSCs. To begin to test cell contextual activity of Msi2 in 

the primitive hematopoietic hierarchy we explored through the use of flow sorting, 

immunostaining, and confocal microscopy, Msi2’s protein expression and localization 

with other RBPs and centers of RNA metabolism to identify if there are any 

distinguishing features between cell types (Figure 5A). Previous work with Msi1 has 

shown that it localizes to cytoplasm to mediate translation initiation repression 19 as well 
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as to the nucleus in mouse ES cells to interact with the RBP Lin28 to inhibit pri-mir-98 

processing 21. We performed a sequence alignment with mouse and human Msi1 and 2 to 

show conservation in the nuclear localization signal (NLS) motifs across species and 

paralogs, therefore predictive of Msi2 also being competent to localize to the nucleus 

(Figure 5B). Next we profiled across Lineage depleted bone marrow committed 

progenitors c-Kit+, MPP3, ST-HSC and LT-HSC populations, Msi2 protein expression 

and localization in combination with Edc3 which functions as an enhancer of mRNA 

decapping and assists in the formation ribonucleoprotein aggregates termed P-bodies 33, 

which act as centralized hubs for mRNA decay machinery in the cytoplasm 11. 

Immunostaining analysis for Msi2 revealed a marked reduction in c-Kit+ cells and 

preferential cytoplasmic localization relative to the high levels across the nucleus and 

cytoplasm (although higher in the cytoplasm/cell periphery) in MPP3, ST-HSC and LT-

HSC populations (Figure 5C, 6A and 7A). Low levels of protein expression in c-Kit+ 

cells relative to LSK derived subpopulations follows suit with its transcript expression 

pattern in these cell fractions 26. Edc3 was found to stain diffusely throughout all cell 

types profiled and formed distinct, bright puncta indicative of P-body formation 33. In 

thresholded images, we found 46% of c-Kit+ cells profiled showed at least one bright 

staining granule, whereas proportions of cells having foci was higher in stem and 

multipotent progenitors including 64% of MPP3, 71% of ST-HSC and 55% of LT-HSC 

(Figure 5C). Interestingly, Edc3 foci in LT-HSCs were also not only less abundant 

compared to other LSK subpopulations but also tended to be smaller in size (Figure 5C). 

Msi2 was further unlikely to be highly abundant at the Edc3 foci as the magnitude in 
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fluorescence intensity at the site of granules relative to the adjacent area increased only 

modestly with Msi2 (1.3-fold) compared to Edc3 (3.6-fold) (Figure 5D). Colocalization 

coefficients (R) for Msi2 with Edc3 across all populations was on average very low at 

0.016 (scale 0.0 – 1.0), due to how much more abundantly expressed Msi2 is relative to 

Edc3 throughout the cell, whereas Edc3 colocalization with Msi2 was very high (R=0.8) 

in LSK subpopulations due to the presence of low level but positive Msi2 staining at P-

bodies (Figure 5E and F). These results show that Msi2 likely has a limited role in 

processing transcripts for decay in HSPCs and also highlights the mRNA decay pathway 

as being differentially activated in HSPCs populations as based on the frequency and size 

of Edc3 foci. 

We next explored Msi2 localization with Tia1, an RBP which functions to nucleate the 

assembly ribonucleoprotein aggregates of stalled translation initiation 11,34. These sites of 

translationally stalled mRNAs, also termed stress granules, recruit multiple passenger 

RBPs, including Msi2, which was shown with heat shock to localize with Tia1to SGs 19. 

While the HSPC populations sorted and stained for Tia1 and Msi2 were not “stressed” 

per se (i.e. treated with arsenite or heat shock), most evidence would point toward Tia1 

functioning in a translation initiation repressive manner 34. Thus Tia1expression and 

localization was used as a proxy for translation initiation repression, but not necessarily 

as evidence of bona fide stress granules, as additional markers were not used to validate 

this and Tia1’s general expression throughout the nucleus and cytoplasm is in opposition 

to the discrete large puncta stress granules form with stress (Figure 6A) 11. Comparing 

Tia1 expression and localization to Msi2 revealed Tia1 to be almost perfectly correlated 
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(R=0.92) with Msi2 in MPP3, ST-HSC, and LT-HSC, and high as well in c-Kit+ 

(R=0.76), whereas the correlation coefficients of Msi2 expression with Tia1 was greater 

in the LSK compartment and decreased with self-renewal potential, and was overall 

lower in c-Kit+ cells (Figure 6B and C). That Tia1 was abundantly expressed across the 

LSK compartment and highly correlated with Msi2 provides important evidence that 

Msi2 is mediating translational repression in normal HSPCs.  

Lastly we examined Msi2 localization with HuR (Elav1), an RBP that is essential during 

hematopoietic development and supports the survival of hematopoietic progenitors by   

stabilizing Mdm2 mRNA thus blocking p53 mediated apoptosis 35. HuR, like Msi2 has 

pleiotropic RNA activities as it not only binds mRNA but also directly interacts with pri-

mir-7’s stem-loop, in concert with Msi2, to repress mir-7 biogenesis 25. Given this 

previous association we examined the protein expression and localization profiles of 

these two RBPs and found a unique pattern whereby the Msi2-HuR colocalization 

coefficient decreased with self-renewal potential (R=0.91 c-Kit+, 0.61 MPP3, 0.38 ST-

HSC, 0.29 LT-HSC), while HuR displayed a cell contextual colocalization phenotype, 

colocalizing more strongly in MPP3 (R=0.31) and LT-HSC (R=0.32) populations 

compared to c-Kit+ (R=0.06) and ST-HSC (0.07) (Figure 7A-C). The inverse relationship 

seen in c-Kit+ cells is likely because HuR is more highly expressed throughout the entire 

cell and Msi2 preferentially resides in the cell periphery (i.e. all Msi2 positive staining 

mapped to only a fraction of HuR positive staining). Interestingly, the HuR colocalization 

switch occurring from high to low in MPP3 to ST-HSC back to high in LT-HSC appears 

to be due to elevated Msi2 expression throughout the cell that occurs in LSK cells and an 
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increasingly nuclear restricted staining profile for HuR (Figure 7A). In this staining 

experiment it would also appear then that ST-HSCs contain less positive Msi2 staining 

throughout the entire cell, although additional staining and microscopy experiments are 

needed to validate such an effect as this phenotype appears to be subtle based on the 

images acquired with Edc3 and Tia1. This analysis highlights along with the Tia1 and 

Edc3 imaging data that RBPs display different staining profiles across the primitive 

HSPC hierarchy yielding for the first time to our knowledge cell contextual RBP profiles 

relative to centres of RNA metabolism.  

 

Discussion 

Here we present evidence using a novel conditional Msi2 knockout mouse model that 

Msi2 specifically supports the maintenance and function of early hematopoietic MPPs. 

Competitive transplants revealed that loss of Msi2 dramatically impairs donor cell 

repopulation across multiple hematopoietic tissues and restricts engraftment in peripheral 

blood as early as 7 weeks post-transplant which was a phenotype maintained for 24 

weeks and occurred regardless of the number of Msi2∆/∆ cells transplanted (Figure 1F and 

G). We suggest this phenotype is indicative of defects occurring in progenitor populations 

that sustain robust levels of cell proliferation and persisting HSCs enabling the low-level 

graft to survive for 6 months. To corroborate this hypothesis, examination of the HSPC 

compartment revealed Msi2∆/∆ induced significant depletion in MPP2 and MPP3 

populations, while numbers of ST- and LT-HSC remained unaltered despite reductions in 

donor CD45.2+ bone marrow levels with Msi2 ablation (Figure 3E and G, Figure 2A). 
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The gating strategy used here did not include the Flt3 marker which separates lymphoid 

primed MPP (LMPP) subpopulation from LSK cells 36. This multipotent progenitor 

which is biased to the lymphoid lineage and is competent to produce granulocytes (G) 

and monocytes (M) but has no megakaryocyte or erythroid (MK/E) potential, is 

classically identified by the markers Lin- c-Kit+ Sca-1+ Flt3+, however the SLAM family 

markers used to delineate MPPs in this study has LMPPs falling within our MPP3 gate 

(Lin- c-Kit+ Sca-1+ CD150- CD48+ Flt3+/-), thus our MPP3s contain a mix of both myeloid 

GM primed Flt3- and LMPP Flt3+ MPP cell types 32. As MPP3s were consistently lost in 

both competitive transplant and steady-state settings with Msi2 deletion, we suspect this 

is due mainly to a specific reduction in LMPPs, as previous reports show specific 

depletion of LMPPs with Msi2 loss 28,29 and LMPPs comprise the majority of this 

population due to Flt3+ cells being nearly entirely retained in the gated CD48+ CD150- 

population 31,32. This may also account for the distinct reductions in lymphoid cells across 

all tissues (Figure 2D) and a myeloid bias if Flt- MPPs remained less affected. We also 

observed loss of MPP2 cells in competitive and non-competitive transplants (Figure 3I 

and 4K). This population of MPPs has only recently been studied in depth and is found, 

like MPP3 cells, to be actively cycling 31, myeloid-biased MPPs that are competent to 

produce lymphoid cells and robustly but transiently produce Mks and platelets during 

repopulation 32.  It remains unreported however, if Msi2∆/∆ yields any deficiencies in MK-

platelet production. MPP2/LMPP and MPP3 populations undergo transient expansion 

during transplantation to replenish the myeloid and lymphoid compartments thus it 

remains in line that losses in these cells would impair output from donor grafts as we 
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have demonstrated and result in reductions in recipient bone marrow and spleen 

cellularity during homeostasis (Figure 4B and C). Importantly, MPP2 and MPP3 cells are 

unable to regenerate themselves or other cells of the LSK compartment upon 

transplantation and therefore rely on the activity of HSCs to replenish the progenitor pool 

31. Thus we cannot rule out the reduction in these populations is due solely to intrinsic 

exhaustion/differentiation within the MPP compartment or a failure on behalf of the HSC 

pool to adequately proliferate and regenerate these cells. As such, we currently cannot 

rule out defects to LT-HSCs with Msi2 deletion and whether this manifests an inability to 

replenish MPPs.  

To identify how Msi2 is mediating the biology of discrete self-renewing and non-

renewing populations of HSPCs, we employed cell sorting and confocal imaging analysis 

of Msi2 with RNA metabolism related proteins, including Edc3 for mRNA decay 

pathway activity, Tia1 for translational repression, and HuR for RBP network 

correlations. To our knowledge, this represents the first attempts to map RBP associations 

and RNA metabolism networks within the HSPC compartment. While Msi2 did localize 

to Edc3 foci, primed areas for mRNA decapping 33, the magnitude of Msi2 at these 

locations was not substantial which makes Msi2’s role in controlling mRNA decay or 

shuttling specific transcripts for decay unlikely. This is in agreement with work done by 

Taggart et al. where they found transcript abundance of MSI2 targets in a colorectal 

cancer model was not impacted with MSI2 binding but that their translation efficiency 

was 37. Therefore, despite our evidence here and others suggesting Msi2 interacts with 

mRNA decapping machinery 19, this may be a byproduct of the complex cycling of 
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transcripts and residual protein interactions that occur as mRNA moves through different 

processing events (e.g. decay, stalled translation initiation, or active translation) 11. 

Interestingly we found Edc3 displayed cell type specific frequency in foci formation, 

indicating mRNA decay pathways are differentially utilized to meet the demands of 

different HSPC populations with LT-HSCs harboring the fewest Edc3 loci relative to 

other LSK subpopulations (Figure 5C). Examining Tia1 with Msi2 displayed nearly 

perfect correlation confirming that Msi2 likely functions in mediating translation 

repression in HSPCs, which is what has been described in earlier work concerning 

Musashi proteins 19,20. The relationship between Msi2 and HuR revealed unexpected 

findings such as HuR appearing to become increasingly nuclear as self-renewal potential 

increases in the HSPC compartment while Msi2, although preferentially localized to the 

cell periphery, is abundantly expressed throughout the entire cell in all populations of 

LSK cells, indicating a likely function outside only translation repression. Obvious 

nuclear activities for Msi2 include working in concert with HuR to regulate pri-miRNA 

stability and mature miRNA biogenesis 25. Altogether, this work highlights the unique 

role of Msi2 in maintaining MPPs and their proliferative potential to sustain high levels 

of mature blood cell production and provides direct evidence that RBPs can occupy 

distinct cellular localizations and interactions with centers of RNA metabolism and other 

RBPs in MPPs and HSCs. Ultimately, it remains to be seen how Msi2’s distinct 

interactions within the HSPC compartment guides its role in regulating MPPs and 

possibly LT-HSCs. 
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Methods 

Generation of the Msi2 conditional knock-out mouse 

All procedures involving animals were carried out in accordance with and were approved 

by the Animal Research Ethics Board at McMaster University. Msi2 floxed exon 2 

targeting vector (loxP site and a FRT-neo-FRT-loxP resistance) was homologously 

recombined in to the genome by multi-site Red/ET recombination of mouse embryonic 

stem cells of C57BL/6 background (Gene Bridges). Clones were then screened for correct 

integration by Southern blotting and offspring generated by diploid aggregation (The 

Centre for Phenogenomics) and heterozygous chimera mice bred to homozygosity, 

followed by breeding with FlpE mice (Jackson Laboratories) to excise the Neo cassette 

and finally Rosa-CreERT2 mice (Jackson Laboratories) to yield the conditional knock-

out model for Msi2 in the C57BL/6 background. To induce deletion mice aged 8-12 

weeks were given on 3 consecutive days, 1 mL intraperitoneal injections of 4-hydroxy 

tamoxifen (1 mg/mL dissolved in 100% ethanol) delivered in Phosphate Buffered Saline 

and 10% captizol (Sigma-Aldrich). This was followed by a 3-day wait period and then 

three additional daily injections.  

Genotyping 

Genotypes were confirmed by extracting genomic DNA from mouse tissues (tail snips or 

processed single-cell suspensions in PBS) with the Extract-N-Amp Tissue PCR kitTM 

(Sigma-Aldrich), followed by PCR using a BioRad ThermoCycler, as per manufacturer 

instructions.18 Forward-CTTGGCTTCTTTATTGCTCTTTG and Reverse-

CAAAATCGAGAAGGGAATGC primers were used to confirm whether Msi2 allele 
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was floxed, prior to tamoxifen-induced deletion of Exon 2. Forward-

AAAGTCGCTCTGAGTTGTTAT), Reverse WT-GGAGCGGGAGAAATGGATATG 

and Reverse Cre-CCTGATCCTGGCAATTTCG primers were used to genotype the 

Rosa26 locus for the presence of the Cre sequence. After tamoxifen-injections, Cre-

recombinase deletion of the floxed Exon 2 in the Msi2 locus of obtained tissues was 

confirmed using the primers: Forward-CACTCGCGCACCTTG and Reverse-

CAAAATCGAGAAGGGAATGC.  

Western blotting 

The single-cell suspensions from mouse spleens, harvested at 5 weeks after tamoxifen 

induction, were lysed in radioimmunoprecipitation assay buffer (RIPA, Sigma-Aldrich) 

with 1X Protease Inhibitor Cocktail (Roche). Protein extracts were transferred into 1X 

NuPAGE LDS Sample Buffer (Thermo Fisher) with 0.1 mM B-mercaptoethanol, and 

were separated on 10% SDS-PAGE gels. The proteins were blotted with the monoclonal 

antibodies, rabbit anti-mouse-Msi2 (Abcam) and mouse anti-mouse B-actin (Santa Cruz 

Biotechnologies) at 4oC overnight; signals were detected using IR Dyes 680 goat anti-

rabbit and 800CW goat anti-mouse IgGs (Li-COR), and visualized using the Licor-

Odyssey imaging system with its associated software.  

Competitive transplantation  

8-12 week old Msi2fl/fl Rosa+/+ or Msi2fl/fl RosaCreERT2 mice were treated with tamoxifen 

as described above, sacrificed the following day and whole bone marrow was obtained 

from femurs, tibias and pelvis by crushing with a mortar and pestle. Bone marrow cells 

from competitor B6.SJL mice aged 8-12 weeks were processed identically. Cell 
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suspensions were red blood cell lysed with ammonium choloride (Stem Cell 

Technologies), counted and mixed at ratios of 1:1 (500,000 cells each) and 7:3 (also 

referred to here as 2:1, 700,000 Msi2fl/fl or Msi2∆/∆ cells with 300,000 SJL cells) and 

injected intravenously in to the tail vein of lethally irradiated (1050 rad) SJL mice. Mice 

were bled at 7, 14 and 24 weeks post transplant and sacrificed at 24 weeks for analysis. 

Non-competitive transplants 

8-12 week old Msi2fl/fl Rosa+/+ or Msi2fl/fl RosaCreERT2 mice were sacrificed and whole 

bone marrow was obtained from femurs, tibias and pelvis. Cell suspensions were red 

blood cell lysed with ammonium choloride (Stem Cell Technologies), counted and 

injected intravenously (1x106 cells) in to the tail vein of lethally irradiated (1050 rad) SJL 

mice. 6 weeks post cell transplant, mice were treated with tamoxifen as described above 

and 14 weeks later analyzed for engraftment. Bone marrow obtained from femurs, tibias 

and pelvis and spleens were harvested, red blood cell lysed, counted and analyzed by 

flow cytometry. 

Flow cytometry 

The single-cell suspensions from bone marrow were blocked with mouse FC block (BD 

Biosciences) and stained with combinations of the following antibodies all from BD 

Biosciences unless otherwise stated: CD45.1 (A20), CD45.2 (104), CDllb (M1/70), Gr-1 

(RB6-8C5), CD3 (17A2), B220 (RA3-6B2), Lineage cocktail (eBioscience), Sca-1 

(E07354-217, eBioscience), c-Kit (2B8), CD48 (HM48-1), and CD150 (TC15-12F12.2, 

Biolegend). To sort for HSPCs for immunofluoresence, red blood cell lysed bone marrow 

from five 8-12 week old wild type C57BL/6 was pooled and lineage depleted using the 
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EasySep Mouse Hematopoietic Progenitor Cell Enrichment Kit (Stem Cell Technologies) 

according to manufacturer instructions. Cell populations used for sorting HSPCs include 

c-Kit+ (Lin- c-Kit+), LSK (Lin- Sca-1+c-Kit+), MPP3 (LSK CD150- CD48+), ST-HSC 

(LSK CD150- CD48-) and LT-HSC (LSK CD150+ CD48-) using the following antibody 

cocktail: Lineage cocktail-Pacific Blue, Sca-1-APC, c-Kit-PeCy7, CD150-PE and CD48-

FITC. All cell sorts were completed using the BD FACSAria sorter and analysis was 

performed using the BD LSR II. Flow plot generation and analysis was performed using 

FlowJo software.  

Immunofluorescence 

Isolated populations of HSPCs were fixed with 2% PFA (Thermo Scientific) in PBS for 

10 min and washed with PBS. At least 1000 cells were cyto-spun onto glass slides and 

were permeabilized with 0.2% Triton (Sigma-Aldrich) in PBS for 20 min. Cells were 

then blocked with 10% donkey serum and 0.1% saponin in PBS for 30 mins at room 

temperature, and then stained with the primary antibodies against Msi2 (EP1305Y, 

Abcam), HuR (ab28660, Abcam), Tia1 (sc-1751, Santa Cruz), or Edc3 (sc-365024, Santa 

Cruz) for an hour followed by an hour of secondary antibody staining with donkey anti-

rabbit Alexa Fluor 488 for Msi2, donkey anti-mouse Alexa Fluor 647 for Edc3, or 

donkey anti-goat Alexa Fluor 647  for HuR (Invitrogen). Stained cells were mounted with 

DAPI Prolong Gold (Invitrogen). Images were acquired with a Zeiss LSM 800 laser 

scanning confocal microscope and Axiocam camera and Zen software. Co-localization 

analysis was performed using the Zen software feature and control secondary antibody 

alone stained c-Kit+ cells to set gates for positive staining. Czi files were processed in 
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ImageJ (MBF plugin) for background subtraction, line plot analysis and foci counting 

using a threshold of 100. 

Protein alignment 

Mouse and human Msi1 and 2 amino acid sequences were obtained from Uniprot and 

aligned and visualized with Jalview. 

Statistical analyses 

All statistical analyses were performed using GraphPad Prism 5. Error bars reflect the 

SEM, unless otherwise stated, unpaired t-tests were used to compute p-values. 
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Figure 1. Conditional deletion of Msi2 significantly restricts HSPC reconstitution. 

(A) Schematic of Msi2 conditional knockout mouse model. Top: Msi2 locus is depicted 

with floxed (fl) exon 2 prior tamoxifen injection. Bottom: Homozygous deletion of exon 

2 post tamoxifen. Arrows indicate primers used to assay deletionin B. (B) Confirmation 

of Msi2 deletion by genomic DNA PCR and subsequent loss of protein by western blot. 

Spleen lysates profiled for both assays 2 weeks after last tamoxifen injection. Numbers 

represent different mice. (C) Competitive transplant assay set up.  (D) Confirmation of 

Msi2 deletion and protein reduction in LSK cells 6 weeks post tamoxifen. Number of 

cells quantified listed in each column. (E) Flow plots of pre-transplant bone marrow 

mixtures and 14 weeks peripheral blood chimerism. (F and G) Peripheral blood CD45.2 

donor chimerism over 24 weeks with Msi2 deletion. n=3 Msi2∆/∆ and Msi2fl/fl control 

mice transplanted at 1:1, and n=6 Msi2∆/∆ and n=4 Msi2fl/fl control mice transplanted at 

2:1. Results from are from 3 experiments. 
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Figure 2. Msi2 deletion promotes myeloid lineage bias and restricts lymphoid 

development. (A) CD45.2 and CD45.1 competitor donor cell chimerism at 21 weeks in 

bone marrow and spleen. (B). Myeloid lineage (CD11b+ Gr1+, gated on CD45.2 cells) 

analysis with Msi2 deletion across bone marrow, spleen and peripheral blood. 1:1 and 2:1 

mice were pooled for analysis. (C and D) Frequency of lymphoid lineage analysis within 

CD45.2 cells (C) and within total bone marrow, spleen, or peripheral cells (D) with Msi2 

deletion across bone marrow, spleen and peripheral blood from competitively 

transplanted mice. Data shown is from CD45.2 grafts. 1:1 and 2:1 mice were pooled for 

analysis. Data shown as mean ± SEM. Mann-Whitney test, *p<0.05; ***p<0.001. 
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Figure 3. Msi2 deletion depletes MPPs in competitively transplanted mice. (A) 

Number of c-Kit+ progenitors. (B) Number of LSK HSPCs. (C) Representative flow plots 

of HSC and MPP compartment in competitively transplanted mice at 24 weeks. (D and E) 

Frequency and number of LT-HSCs. (F and G) Frequency and number of ST-HSCs. (H 

and I) Frequency and number of MPP2. (J and K) Frequency and number of MPP3. All 

frequency plots are within gated LSK cells, all numbers of cells shown is representative 

of the CD45.2 bone marrow grafts. Data shown as mean ± SEM. Unpaired t-test, 

*p<0.05; **p<0.01; ***p<0.001. 
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Figure 4. Conditional deletion of Msi2 in non-competitvely transplanted mice 

reduces bone marrow cellularity and depletes early MPPs. (A) Schematic for non-

competitive transplant set up and tamoxifen dosing. (B-D) Absolute numbers of donor 

cells in bone marrow, spleen and HSPCs 14 weeks post tamoxifen induced Msi2 deletion 

(n= 8 Msi2∆/∆, 6 Msi2fl/fl, and 8 Msi2∆/+). (E) Representative flow plots of HSC and MPP 

compartment in non-competitively transplanted mice at 14 weeks post tamoxifen 

induction. (F and G) Frequency and number of LT-HSCs. (H and I) Frequency and 

number of ST-HSCs. (J and K) Frequency and number of MPP2. (L and M) Frequency 

and number of MPP3. All frequency plots are within gated LSK cells, all numbers of 

cells shown is representative of the CD45.2 bone marrow grafts. Data shown as mean ± 

SEM. Unpaired t-test, *p<0.05; **p<0.01. 
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Figure 5. Msi2 has nuclear and cytoplasmic localization in HSPCs and does not 

strongly localize to mRNA decapping machinery. (A) Gating strategy to sort distinct 

fractions of HSPCs from magnetic bead lineage depleted C57BL/6 mouse bone marrow 

for immunostaining with RBPs and centers for RNA regulation. (B) N-terminal 

alignment of human and mouse Msi1 and 2. (C) Immunofluorescence and confocal 

microscopy for Msi2 and Edc3. White asterisk designates representative Edc3 focus that 

was counted, yellow asterisk highlights smaller foci observed in LT-HSCs (numbers of 

cells tested for the presence of foci, n=43 c-Kit+ cells, n=63 MPP3, n=34 ST-HSC, and 

n=38 LT-HSC). (D) Line plot through Edc3 granule and magnitude of fluorescence 

change for Msi2 and Edc3. (E and F) Summary of co-localization analysis with Msi2 

relative to Edc3 (green) and Edc3 relative to Msi2 (red) (numbers of cells quantified for 

co-localization, n=43 c-Kit+ cells, n=84 MPP3, n=70 ST-HSC, and n=50 LT-HSC). Scale 

bar 10 µm. 
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Figure 6. Tia1 is highly colocalized with Msi2 in HSPCs. (A) Immunofluorescence and 

confocal microscopy for Msi2 and Tia1. Cell analyzed by line plot is shown in the 

merged image. (B and C) Summary of co-localization analysis with Msi2 relative to Tia1 

(green) and Tia1 relative to Msi2 (red) (numbers of cells quantified for co-localization, 

n=89 c-Kit+ cells, n=126 MPP3, n=49 ST-HSC, and n=49 LT-HSC). False yellow colour 

indicates overlapping fluoresence signal. Scale bar 10 µm. 
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Figure 7. Msi2 and HuR are differentially colocalized in subsets of HSPCs. (A) 

Immunofluorescence and confocal microscopy for Msi2 and HuR. Cell analyzed by line 

plot is shown in the merged image. (B and C) Summary of co-localization analysis with 

Msi2 relative to HuR (green) and HuR relative to Msi2 (red) (numbers of cells quantified 

for co-localization, n=69 c-Kit+ cells, n=90 MPP3, n=69 ST-HSC, and n=62 LT-HSC). 

False yellow colour indicates overlapping fluorescence signal. Scale bar 10 µm. 
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CHAPTER 5: DISCUSSION 

 

5.0 Thesis overview 

The identification of numerous intrinsic genetic regulators of mouse HSC activity and 

extrinsic niche signalling interactions has led to an increasingly comprehensive 

understanding of how these factors work in concert to control quiescence, self-renewal 

and differentiation fate decisions (Cabezas-Wallscheid et al., 2014; Heng and Painter, 

2008; Morrison and Scadden, 2014; Orkin and Zon, 2008; Wilkinson and Gottgens, 

2013), however there is a comparatively less thorough understanding of the molecular 

and genetic control of human HSC activity. This is due in large part to the difficulty in 

obtaining human HSCs for study (although access to CB has greatly helped), the inability 

to study them in their native environment and having to use immunocompromised mice 

as a proxy of their in vivo behaviour, and relying on viral gene-therapeutic techniques to 

characterise specific gene activity. These challenges aside, important advances have been 

made in human hematopoiesis leading to a surprising number of examples in which the 

mouse and human system are the same but also differ (Doulatov et al., 2012). For 

instance, at a high-level, mouse and human hematopoiesis show a hierarchal organization 

of highly self-renewing multipotent stem cells giving rise to increasingly limited self-

renewing and lineage restricted progenitors, but there are many examples of the genes 

that direct cells through these developmental steps evolved to behave differently in subtle 

but meaningful ways in each system. This point perhaps is none more clearer then the 

evidence presented in this thesis of Msi2 regulating MPPs in the mouse system (Chapter 
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4) and LT-HSCs (and other progenitor classes) in the human (Chapter 2). As the 

discovery of Msi2 and its importance to the mouse system (Hope et al., 2010) led to 

central work performed in this thesis, it is clear that mouse models of hematopoiesis have 

and will continue to play a fundamental role in defining and refining our understanding of 

this complex developmental process, however there are nuanced differences between 

these systems that are to be appreciated (Chapter 1). 

In the summary of intent (Chapter 1.9) I outlined the central aims of my graduate 

research. In the broadest sense, this thesis embarked on the exploration of the role of 

MSI2 in hematopoietic stem cells with the primary goal to “test the hypothesis that MSI2 

imparts positive control over human HSC self-renewal through a novel post-

transcriptional regulatory axis”. Delivering on the aims presented therein, I found MSI2 

KD significantly impaired HSC repopulation whereas OE imparted multiple pro-self-

renewal phenotypes, including increasing numbers of early multi-lineage colony types, 

increasing numbers of STRCs as readout at early transplant time points, and most 

impressively, facilitating the ex vivo expansion of HSCs as demonstrated by LDA and 

secondary LDA experiments. By using RNA-seq and CLIP-seq data sets, I traced these 

improved self-renewal and expansion phenotypes to suppression of the AHR signalling 

pathway, which when inhibited by small molecules expands HSCs (Boitano et al., 2010). 

My work showing that self-renewal can be significantly promoted by exogenous 

expression of an RBP and its downstream post-transcriptional regulatory effects has 

created a shift in the understanding of how gene regulatory networks behave in HSCs, as 

the field in both mouse and human systems has in large part centered on transcriptional, 
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epigenetic and ncRNA control of self-renewal (Cabezas-Wallscheid et al., 2014; 

Greenblatt and Nimer, 2014; Jeong and Goodell, 2016; Novershtern et al., 2011). 

Beyond testing the specific hypothesis that MSI2 exerts positive control over human 

HSCs, the prevailing theme of the research undertook in this thesis was to implicate on a 

larger scale the importance of its biochemical activity in binding functionally similar 

RNA targets to coordinate a specific phenotype. The path from gene to protein is 

complex and intervening regulatory steps are not well understood in specific cell HSPC 

types. Therefore, in Chapter 3 I highlight the regulon model (Keene, 2007), with my 

special attention to this mechanism of gene regulation in large part due to observing in 

my own work, multiple core AHR pathway genes as targets of MSI2.  

For my last data chapter (Chapter 4), I set out to explore the fundamental role Msi2 has 

within mouse HSPCs. Here I began testing some of the ideas I put forth in Chapter 3 by 

using an immunofluoresence imaging approach and identifying patterns of Msi2 

colocalization with RNA metabolism related proteins and other RPBs. These connections 

are crucial to demonstrating the regulon model of gene regulation in HSPCs since it 

identifies putative RBP-protein interactions that guide RNA processing of possibly 

functionally similar RNAs or species of RNA. This approach was further employed 

because I found strong evidence that Msi2 preferentially supports MPPs but not LT-

HSCs, a phenotype that matches work performed by the Graf lab, but counters data 

recently published by Kharas’ group where they showed loss of LT-HSCs with Msi2 

deletion (de Andrés-Aguayo et al., 2011; Park et al., 2014). Therefore, driving my 

imaging and colocalization approach was an attempt to reconcile how Msi2 might 
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differentially regulate subpopulations of HSPCs, despite being nearly equally expressed 

within them. That I was able to provide preliminary evidence that these centers of RNA 

metabolism and RBPs can indeed take on unique expression and colocalization profiles 

within subpopulations of HSPCs, provides initial support for the regulon model of gene 

regulation in early hematopoiesis. 

 

5.1 Intersection of AHR, MSI2 and HSC self-renewal 

Since AHR was originally discovered as the dioxin receptor and was found to be 

activated by numerous toxic aromatic hydrocarbons that all have an apparent man-made 

origin, our understanding of its function has generally been restricted to toxicology 

studies (Pohjanvirta, 2012). However, AHR existed long before humans were exposing 

themselves to chemical pollutants brought on by the industrial age, thus considerable 

recent effort has been made to identify its normal cell physiological functions (Beischlag 

et al., 2008; Mulero-Navarro and Fernandez-Salguero, 2016). Canonical AHR signaling 

involves ligand binding in the cytoplasm while AHR is complexed to HSP90, XAP2, and 

p23; AHR then proceeds to translocate to the nucleus and form a heterodimer complex 

with aryl hydrocarbon receptor nuclear translocator (ARNT) to bind xenobiotic response 

elements (XRE) in promoters of target genes to activate transcription (Mimura and Fujii-

Kuriyama, 2003). There are numerous physiological processes affected by AHR 

activation, including cell proliferation, morphology, adhesion and migration (Mulero-

Navarro and Fernandez-Salguero, 2016; Tijet et al., 2006). In particular, AHR has been 

found to mediate inflammation via control of adaptive and innate immune cell behaviour 
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in tissues such as the gut and lungs (Gargaro et al., 2016; Stockinger et al., 2014). 

Outside these immunomodulatory effects, suppressing Ahr supports pluripotency in 

mouse embryonic stem cells (Ko et al., 2016), where as in drosophila, Ahr’s ortholog 

Spineless has no known detoxifying enabling phenotypes, but instead facilitates antenna, 

leg, and bristle development (Duncan et al., 1998). Impaired development is also shared 

in mammals, as examination of Ahr null mice shows multiple organ defects, including in 

tissues of hepatic, cardiovascular, dermal, and hematopoietic origin (Fernandez-Salguero 

et al., 1995; Gasiewicz et al., 2014; Lahvis et al., 2000; Schmidt et al., 1996; van den 

Bogaard et al., 2015).  

Defects in hematopoiesis with Ahr-/- mice include mainly a proliferative leukocyte 

phenotype, but not overt leukemia, and an increase in the LSK compartment due to loss 

of HSC quiescence leading to a decline in HSC function and repopulation capacity with 

aging (Gasiewicz et al., 2014). Whether this phenotype is evolutionarily conserved in 

human HSCs remains untested, since experiments knocking down AHR in human HSCs 

shows increased numbers of phenotypically marked HSPCs, but an assessment of their 

repopulation and self-renewal potential was not shown (Boitano et al., 2010). Despite 

this, there are important pieces of evidence that indicate AHR works differently in mice 

and humans. This was done by Novartis scientists Anthony Boitano and Michael Cooke, 

and chemist Peter Schultz from the Scripps Institute (Boitano et al., 2010). In this work 

by Boitano et al., they developed a high-content screen aimed to identify compounds that 

enable HSPCs to retain CD34 and CD133 cell surface marker expression with in vitro 

culture. Their top hit, SR1, showed with RNA-seq expression profiling that the most 
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downregulated gene in CB HSPCs was CYP1B1, a canonical AHR target (Mimura and 

Fujii-Kuriyama, 2003). By using structure-activity relationship and in vitro binding 

assays they found SR1 antagonistically binds AHR preventing it to transcriptionally 

activate downstream genes. Importantly, they showed this effect was species specific 

such that SR1 had no effect on maintaining mouse HSCs during in vitro culture. 

Evidence presented in this thesis would also suggest the AHR suppression and HSC 

expansion phenotype is uniquely human. For instance, we show MSI2 OE downregulates 

AHR signalling since genes downregulated with MSI2 OE match gene sets from cells 

treated with SR1 (Chapter 2 Figure 3). Furthermore, MSI2 OE leads to expansion of 

normal functioning HSCs that robustly engraft primary and secondary mice without 

exhaustion or evidence of the onset of a myeloproliferative disease. Therefore 

suppression of AHR activity by chemical or genetic mechanisms shares the same 

phenotype of enhanced normal HSC function.  

On the other hand, Ahr-/- mouse HSCs have increased numbers of HSCs due to a loss of 

quiescence and present with increases in total leukocyte numbers, but a reduction in stem 

cell activity during transplantation due to proliferative exhaustion (Gasiewicz et al., 

2014). Interestingly, human MSI2 OE in a dox inducible mouse model shows HSC 

phenotypes that resemble many aspects of the Ahr-/- mouse. For instance, MSI2 OE 

promotes HSC cycling and loss of quiescence resulting in increased absolute numbers of 

LSK cells (like Ahr-/-) but a decline in LT-HSC frequency indicating a push in their 

proliferation to lower self-renewing intermediates (Kharas et al., 2010). MSI2 OE also 

impairs engraftment in competitive transplants, again similar to what is observed in Ahr 
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deleted mice (Singh et al., 2014). To help support this possible link between Msi2 and 

Ahr in mice it would be interesting to see if MSI2 OE in mouse HSCs also shows 

downregulation in Ahr target genes as we found when MSI2 was overexpressed in human 

HSCs, however this analysis has not been done yet. Given Ahr-/- mice yield a non-lethal 

myeloproliferative phenotype, pairing HSCs from this background with MDS or CML 

chronic phase oncogenic transformations could promote acute leukemia as previously 

shown with MSI2 OE cooperating with BCR-ABL oncogene (Ito et al., 2010; Kharas et 

al., 2010).  

On this link between Ahr and Msi2 in leukemia, our lab has found in primary human 

leukemia samples that AHR signalling is inversely correlated with MSI2 expression in 

leukemia stem cell (LSC) enriched populations, but in non-self-renewing leukemic blasts, 

the phenotype switches to downregulated MSI2 and upregulated AHR signalling 

(Holzapfel et al. unpublished). Importantly, there is formal demonstration of AHR 

suppression by SR1 in primary human AML supporting in vitro growth and maintenance 

of LSCs (Pabst et al., 2014). Combining our findings and that of Pabst et al., the distinct 

possibility is presented that LSCs co-opt elevated MSI2 expression (Byers et al., 2011; 

Kharas et al., 2010) to repress AHR signalling which promotes LSC self-renewal and 

AML progression.  

To summarize, there are many parallels within species (mouse or human) with MSI2 OE 

and AHR suppression, but the resultant HSC phenotypes differ, such that in humans there 

are pro-self-renewal effects without exhaustion compared to mice where there is loss of 

quiescence, increased numbers of HSPCs, reduced repopulation capacity and a 
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preleukemic phenotype (Figure 1). It is important to note however that no formal 

demonstration has been made between mouse Ahr and Msi2, as I have shown in the 

human system, and that the MSI2 OE in mice discussed in this section was seen 

exclusively with a dox inducible human MSI2 overexpression mouse model. Altogether, 

my work revealing the novel MSI2-AHR signalling axis allows for multiple new avenues 

to pursue not only HSC expansion (described in the following section) but also 

exploration in to a novel pro-leukemic stem cell signalling axis, whereby elevated levels 

of MSI2 in LSCs reinforces leukemia through suppression of AHR.  

 

5.2 MSI2 OE to novel CB HSC expansion protocols 

The discovery of SR1 antagonizing AHR signalling to promote robust expansion of 

human HSPCs has since led to successful completion of phase I/II clinical trials which 

showed the safety and efficacy of SR1 in expanding CB HSPCs for transplant therapy 

(Wagner et al., 2016). Patients that received one of two CBs expanded with SR1 had 

significantly faster repopulation of neutrophils and platelets, which is a critical positive 

determinant of post-transplant survival, and maintained robust myelo-lymphopoiesis from 

expanded CB up until the last follow-up time point (median 271days and up to 688 days). 

Despite this success, an understanding of how suppression of AHR actually works to 

expand HSCs remains unknown (i.e. what is working downstream of AHR). In my work, 

I show that by inducing AHR repression by MSI2 OE, we can achieve significantly 

higher levels of early engraftment containing neutrophils and platelets in 

xenotransplanted mice due a 17-fold increase in STRCs (Chapter 2 Extended Data Figure 
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3). Furthermore, during CB ex vivo expansion, MSI2 OE enabled a net 23-fold expansion 

of LT-HSCs that had robust normal myelo-lymphopoiesis, thus phenocopying the 

expansion effects of SR1 (Chapter 2 Figure 2). Overall these phenotypes are unique not 

only because the effect was large, but because we achieved this level of expansion 

through overexpression of an RBP and its immediate post-transcription effects. Other 

attempts to promote human HSC growth through exogenous protein expression have 

typically focused on transcription factors (Buske et al., 2002; van Galen et al., 2014b), 

knockdown of map kinases (Baudet et al., 2012), and recently knockdown of cohesins, 

which appears promising despite being an unconventional target to enhance stem cell 

activity (Galeev et al., 2016).  

To trace back how MSI2 attenuates AHR signalling, MSI2 was found to induce post-

transcriptional down regulation of HSP90 and CYP1B1 protein (Chapter 2 Figure 4). By 

significantly reducing HSP90 at the outset of HSPC culture we concluded this impairs 

latent-AHR complex formation (Hughes et al., 2008; Mimura and Fujii-Kuriyama, 2003), 

thus disrupting ligand-dependent transcriptional activation of AHR and overall 

suppressing initiation of the pathway. After culturing cells for an additional week with 

MSI2 OE, HSP90 transcript expression increases, and in most experiments, there is a 

return to normal HSP90 protein levels. Correspondingly, at this later time point, we see 

CYP1B1 transcript levels increase, indicating AHR pathway activity is reactivated, but 

that CYP1B1 protein remains downregulated. From this observation we predicted MSI2 

was maintaining post-transcriptional repression of CYP1B1 protein to help sustain HSPC 

growth, and confirmed this with luciferase reporter assays showing MSI2 can directly 
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bind CYP1B1 3’UTR to lower luciferase levels, as well as used a chemical inhibitor of 

CYP1B1 to increase numbers of HSPCs during in vitro culture, and finally by performing 

co-overexpression of CYP1B1 protein with MSI2 OE to demonstrate it reduces one of its 

pro-self-renewal phenotypes (Chapter 2 Figure 4 and Extended Data Figure 10). We have 

further confirmed this interaction with RIP-PCR in another human cell line which 

showed significant MSI2 immunoprecitiation of CYP1B1 transcript, and that knockdown 

of MSI2 in the cells we performed CLIP-seq on have upregulated CYP1B1 protein (data 

not shown). Additionally, in one experiment done by Boitano et al., they found lentiviral 

mediated downregulation of CYP1B1 promotes higher HSPC frequency (Boitano et al., 

2010). These data altogether support that MSI2 post-transcriptionally regulates CYP1B1 

and that CYP1B1 promotes HSPC differentiation. Despite identifying these interactions 

and a general role for CYP1B1 in early human HSPCs, it remains unknown how 

CYP1B1 is mediating this effect. The biochemical activity of CYP1B1 as a detoxifying 

enzyme is to use molecular oxygen at its heme center and electron flow from NADPH to 

hydroxylate substrates (Guengerich, 2007). The outcome of this enzymatic activity can 

induce reactive intermediates and oxidative stress, such as the case of CYP1B1 inducing 

4-hydroxylation of endogenous estrogens (Zhu and Lee, 2005). In this case, CYP1B1 

driving production of 4-hydroxyoestradiol leads to formation of oxidized derivatives like 

semiquinones and quinones.  These carcinogenic metabolites drive hormone-related 

cancers like breast and ovarian by inducing depurination, DNA damage and mutation 

(Gajjar et al., 2012).  Thus one possible explanation to how the AHR pathway is working 

to promote differentiation is activation of AHR leads to downstream CYP enzyme 
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expression under normal culture conditions promoting oxidative stress in HSPCs thus 

impairing their self-renewal and driving differentiation. Recent evidence of the 

detriments caused by oxidative stress to human HSPCs was demonstrated by the 

Broxmeyer group where they showed maintaining HSPCs in hypoxia dramatically 

improved transplant outcome in mice (Mantel et al., 2015). Therefore when layering the 

effects of MSI2 OE in to this scenario, when MSI2 is over expressed there is early 

attenuation of the AHR pathway by reducing HSP90 levels and latent AHR complex 

formation, and at late culture time points, by continuing to post-transcriptionally repress 

CYP1B1, MSI2 may facilitate lowering oxidative stress levels helping to 

maintain/promote the culture of HSPCs. It would be interesting to stain MSI2 OE 

expanded CB HSPCs with probes for oxidative stress/reactive oxygen species to test this 

hypothesis. 

Aside from the potential of CYP1B1 activating oxidative stress when AHR is active, 

there are also examples showing that CD34+ cell in vitro differentiation to the myeloid 

lineage, and specifically to monocytes, yields activated AHR and elevated CYP1B1 

(Platzer et al., 2009). Further support for this comes from examination of gene expression 

databases as well as qPCR in uncultured mononuclear cells (MNC) versus CD34+ cells 

that show significant upregulation of CYP1B1 during monocyte lineage commitment 

(data not shown) (Xu et al., 2014). Activation of AHR and CYP1B1 expression has also 

been shown in iPS derived hematopoietic progenitors to massively expand erythroid 

lineage producing cells (Smith et al., 2013). Thus active AHR signalling and expression 

of CYP1B1 is conducive to multiple pro-differentiative phenotypes in the human blood 
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system and given CYP1B1’s unique and high expression under these circumstances it 

may help promote or reinforce these specific differentiation outcomes by providing pro-

differentiation metabolites. This possibility is similar to CYP1B1 produced metabolites 

like 4-hydroxyestradiol promoting tumor growth outside of acting solely as a genotoxic 

agent (Kwon et al., 2016). Lastly, it may fruitful to explore the activities of other CYP 

enzymes in human HSPCs. For instance, a survey of transcript levels for 57 CYP 

enzymes in human CD34+ HSPCs revealed 14 were expressed at moderate to high levels, 

and some having preferential expression in CD34+ cells compared to MNCs and vice 

versa (Xu et al., 2014). As CD34 expression alone encompasses mostly non-self-

renewing progenitor populations it is imperative to examine if CYP expression/activity 

promotes rare self-renewing HSCs to differentiate. Future work exploring broad chemical 

inhibitors of CYP enzymes, similar to the approach I took using TMS as specific 

inhibitor of CYP1B1, may help yield new small molecules that support HSC expansion. 

One final outstanding question with regard to AHR promoting human HSPC 

differentiation is how is it getting activated in the first place? With no known canonical 

ligands added to the minimal serum-free cell culture medium, it would appear there is 

production of an unknown endogenous ligand(s) promoting its activation. Two 

supporting pieces of evidence for this include primary leukemia cells rapidly activating 

AHR pathway upon in vitro culture (Pabst et al., 2014), and in my own experiments 

(Chapter 2 Extended Data Figure 8) and others (Platzer et al., 2009), addition of agonists 

have little effect in promoting the loss of CD34 marker expression, likely due to 

sufficient endogenous activation in the pathway already. Identifying endogenously 
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produced or natural ligands has been among the more challenging aspects of the study of 

AHR in normal physiological contexts, especially when historically the field was fixated 

on stimulation from potent environmental contaminants. The best characterized 

endogenously produced ligands of AHR are tryptophan metabolites (including FICZ as 

used in Chapter 2), indole containing structures, tetrapyroles such as bilirubin and 

biliverdin, 7-ketocholesterol, the metabolite lipoxin A4, and cAMP (Okey, 2007). 

Creating molecular probes that can distinguish the presence of these molecules in living 

cells would be an important step forward to allow assaying for their presence. If 

identification of these metabolites is possible or identifying enzymes producing 

metabolites stimulating AHR are found to be active, it may be possible then to develop 

potent inhibitors of them to generate a rival molecule to SR1. Alternatively, there may be 

enzymes at play that eliminate pro-differentiative metabolites or produce pro-self-renewal 

metabolites that are subsequently repressed with in vitro culture of HSPCs. Ultimately, 

what is necessary is a better understanding of human HSC metabolism if we are fully 

understand how endogenous AHR ligands, or other pro-differentiative metabolites are 

created. Improved knowledge here will no doubt leave to the development of novel 

strategies to expand HSCs for transplantation purposes. 

This leads to my final point: it may be that we just scratched the surface with the MSI2 

mechanism provided in Chapter 2 (and detailed again above). A comprehensive pathway 

analysis of genes differentially expressed with MSI2 OE and KD reveals numerous 

biological processes that are affected in CB HSPCs by MSI2 (Figure 2). Thus it may be 

an oversimplification if we attribute all these changes to AHR suppression alone. CLIP-
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sequencing found hundreds of highly significant targets of MSI2 of which we only 

followed up on two for this study as they were directly part of the core AHR signalling 

module. Additionally, there was a small number of lncRNA that were significantly bound 

to MSI2, and given MSI2’s known role in regulating miRNA biogenesis (Choudhury et 

al., 2013), there is potential for ncRNA regulation by MSI2 in human HSCs as well. 

Finally, performing CLIP-seq, identifying protein-protein interactions, and determining 

changes to the proteome with MSI2 OE and KD all in CB HSPCs, as described in 

Chapter 3, will support a systems level understanding of MSI2 and help reveal the nature 

of RBP controlled expression networks in stem cells.  

 

5.3 Msi2 regulation of MPPs mice  

MPPs help maintain daily steady-state production of mature blood cells and are vital for 

proper hematopoietic recovery post-transplant (Adolfsson et al., 2005; Busch et al., 2015; 

Oguro et al., 2013; Pietras et al., 2015; Sun et al., 2014), yet the distinguishing molecular 

features that separate MPPs from other multipotent classes, such as self-renewing stem 

cells, is only beginning to be elucidated. For instance, among the major transcriptional 

changes that occur between MPPs and HSCs is the onset of lineage specific gene 

programs which are typically silenced in HSCs (Cabezas-Wallscheid et al., 2014; Pietras 

et al., 2015). The study of MPPs suffers through some confusion however, as 

consistencies in markers used to identify them changes between studies since the 

introduction of SLAM family markers (Kiel et al., 2005). Despite some of the challenges 

of sifting through flow gating strategies, the overwhelming consensus emerging is that 
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there are many classes of MPPs (Chapter 1 Figure 1B) (Cabezas-Wallscheid et al., 2014; 

Naik et al., 2013; Pietras et al., 2015). These grab bags of cells with varying lineage 

potential found in the LSK fraction but cannot self-renew, are distinguished by their 

lymphoid lineage priming (LMPP), myeloid priming (e.g. MPP2, 3), and variability in 

the lengths of the transient grafts they make (Cabezas-Wallscheid et al., 2014; Pietras et 

al., 2015). This heterogeneity falls in line with different classes of LT- and ST-HSCs 

(Cabezas-Wallscheid et al., 2014; Christensen and Weissman, 2001; Oguro et al., 2013; 

Osawa et al., 1996) as well as the lineage biases they demonstrate at single cell level 

(Dykstra et al., 2007). 

Two previous studies, one using Msi2 gene-trap knockout mice, and the other, Mx-1-Cre 

conditional Msi2 knockout mice, showed deletion induced significant impairments within 

the HSPC compartment, yet differed on describing what cells were affected most (de 

Andrés-Aguayo et al., 2011; Park et al., 2014). In the paper by de Andres-Aguayo et al., 

ST-HSCs and LMPPs were significantly reduced with Msi2 deletion, which coincided 

with significant impairments in competitive transplantation capacity. On the other hand, 

Park et al. found conditional deletion of Msi2 led to reductions across the whole primitive 

hierarchy, including LMPPs, ST-HSCs and LT-HSCs. These changes were complimented 

with loss of LT-HSC quiescence, myeloid biased grafts, and reductions in white blood 

cell counts after inducing deletion. 

With our lab’s generation of a tamoxifen inducible Msi2 knockout mouse, I was able to 

temporally ablate Msi2 from HSCs and test its function in HSPCs in similar fashion to 

the study by Park et al. Specifically, I found consistent reductions in distinct MPP classes 
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of cells which I designated MPP3 and MPP2 based on previous work by the Morrison 

and Passegue labs (Oguro et al., 2013; Pietras et al., 2015). MPP2s have previously been 

shown to be a myeloid biased MPP subset with prevalent megakaryocyte lineage 

potential, whereas MPP3s, as I classified them, contain predominately LMPPs and a 

subpopulation of myeloid GM biased MPPs (Oguro et al., 2013; Pietras et al., 2015).  

Despite the losses in MPPs with Msi2 deletion, LT-HSC numbers remained unaffected 

under competitive transplant and steady-state hematopoiesis experiments which is in 

agreement with results performed with the Msi2 gene-trap knock mouse model (de 

Andrés-Aguayo et al., 2011) and counters data presented in the Mx1-Cre knockout mouse 

(Park et al., 2014). That our tamoxifen conditional deletion model falls in line with the 

germline deleted Msi2 gene-trap model and not the poly I:C Cre-induction method 

eliminates the discrepancy that the differing phenotype is due to cell ontogeny. Given the 

constitute deletion of Msi2 in the gene trap model, retention of LT-HSCs by this method 

precludes that there were surviving LT-HSCs that escaped and induction protocol, which 

was sometimes evident in the Mx1-Cre driven model. Currently I have not checked if this 

may be why LT-HSCs persist in our model but analysis of LSK cells post deletion at an 

extended time point suggests Msi2 is deleted in nearly every cell analyzed and no 

outgrowth of LSK cells that have retained Msi2 protein (Chapter 4 Figure 1D). As poly 

I:C and tamoxifen both induce HSC cycling and reduce self-renewal it is unlikely the 

induction regimen is the cause for discrepancy between my study and that of Park et al., 

especially since these effects are reversible (Frelin et al., 2013; Sanchez-Aguilera et al., 

2014). An obvious difference between each model used was the nature of Msi2 deletion. 
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In our lab’s model we have exon 2 floxed leading to a loss of Msi2 protein as assayed by 

western blot and immunofluoresence with an antibody that detects a C-terminal epitope. 

In the study by Park et al. they flox exons 1-4 to generate a null mutant, and in the work 

by de Andres-Aguayo et al. their β-galactosidase and neomycin resistance gene insertion 

mapped to intron 5 creating a truncated protein which they did not show was stable or 

not. It remains unlikely in at least the conditional knockout mouse models of a residual 

functional peptide remaining, but the case could be made in the gene-trap method of 

deletion. 

One possible reason why LT-HSCs remained in our model after deletion may be because 

the steady-state experiments that were performed lasted for 14 weeks post deletion (20 

weeks total engraftment time; Chapter 4 Figure 4), whereas Park et al. using the same 

experimental setup noted loss in LT-HSCs after 18 weeks, thus it may be that our 

endpoint was too early to read out an effect on LT-HSC numbers. Performing secondary 

transplants here would be a good measure for us to test LT-HSC capacity. Despite 

retaining LT-HSC in this experiment, it does not however explain why 24 week long 

competitive transplantation experiments do not show any loss of LT-HSCs, despite 

having significantly reduced repopulation levels overall (Chapter 4 Figure 1F and G). 

This phenotype, as argued in the Chapter 4, is likely due to the loss of MPPs that 

maintain robust levels of ongoing cell proliferation. 

Interestingly, in my work and de Andres-Aguayo et al., the loss of MPPs and their 

proliferative capacity supports the observation found with MSI2 overexpression in a dox 

inducible model, which showed proliferation and expansion of LMPPs but not LT-HSCs 
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(Kharas et al., 2010). Additional support that the effect of Msi2 deletion spares some 

capacity of LT-HSCs is that deletion of Msi2 prior to transplanting cells non-

competitively still leads to engraftment, albeit with lower white blood cell counts (data 

not shown) (de Andrés-Aguayo et al., 2011; Park et al., 2014). Park et al. however 

attributed this effect to non-deleted cells re-establishing a low-level late onset graft.  

Lastly, Park et al. observed myeloid cells were decreased with Msi2 deletion due to a loss 

of myeloid biased LT-HSCs, while I observed lymphoid cells were reduced due to a loss 

of LMPPs. In the middle, is the work of de Andres-Aguayo et al. showing a general 

reduction in the output of all mature cells but no specific lineage biases with Msi2 

deletion, which is likely due to the observed reduction in ST-HSCs. Thus all models 

generally show appropriate reductions in mature cell lineages based on the loss of the 

corresponding primitive cell type.  An examination of other genes found in the literature 

to impact LMPPs but mostly spare LT-HSC showed their loss of function yielded similar 

phenotypes to my work and that of de Andres-Aguayo et al. For instance, deletion of the 

E2A transcription factor significantly reduces numbers of LMPPs leading to a reduction 

in lymphoid cells and compromised output in competitive transplantation experiments 

(Semerad et al., 2009; Yang et al., 2008). Similarly, loss of ssDNA-binding protein 2 

reduces the frequency of LMPPs and diminishes HSPC capacity for repopulation (Li et 

al., 2014). Therefore, the results presented in Chapter 4 are in line with other work 

describing specific impairment in the MPP compartment. 

Ultimately my work suggests that Msi2 is a critical determinant for maintaining MPPs, 

however, since the affected MPP populations are unable to regenerate themselves or other 
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cells of the LSK compartment, particularly during transplantation, they require the 

activity of HSCs to replenish them (Oguro et al., 2013; Pietras et al., 2015). This means 

that the reduction in these populations could be due to intrinsic exhaustion/differentiation 

effects directly within the MPP compartment or a failure on behalf of the HSC pool to 

adequately proliferate and regenerate these cells. As such, it is difficult to completely rule 

out defects to LT-HSCs with Msi2 deletion at this time. One experiment that could help 

distinguish these two scenarios is to transplant sorted MPP populations and test if their 

transient engraftment kinetics is impacted by Msi2 deletion. If there is no change with 

deletion then we can likely conclude the defect is due to HSCs unable to properly sustain 

the MPP pool. 

5.4 Post-transcriptional control in mouse HSPCs 

An impressive study was recently published to characterize the transcriptome, proteome 

and methylome of several functionally distinct classes of mouse HSPCs (Cabezas-

Wallscheid et al., 2014). To perform proteome analysis, which is generally unheard of 

with HSC populations, the researchers flow sorted 400,000 LT-HSCs and 400,000 ST-

HSCs for electrospray ionization-tandem mass spectrometry. From this unbiased 

approach they found 47 differentially expressed proteins between these two populations. 

This relatively small number of differentially expressed proteins which apparently 

bestows LT-HSCs the ability to self-renew and propagate in secondary mice, included 

upregulated glutathione S-transferases which are involved in cell detoxification 

pathways, glycolytic enzymes, Hmga chromatin modulators and the Igf2bp2 RNA 

binding protein. Conversely, proteins downregulated in LT-HSCs relative to ST-HSCs 
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were primarily involved in cell cycle and chromatin assembly/structure (Cabezas-

Wallscheid et al., 2014). Interestingly, in this same study they found 479 transcripts were 

differentially expressed between these same two populations compared to the 47 proteins. 

From their analysis to correlate protein to transcript level they showed in the majority of 

cases transcript abundance matched protein level for the approximately 4000 

reproducible proteins they could detect. Similarly, when looking at the 47 differentially 

expressed proteins, 15 had near perfect correlation in protein and transcript level fold-

change from HSC:MPP. These 15 genes could be further classified by GO analysis and 

belonged to either cell cycle or cell response to cytokine stimulus classifications. On the 

other hand, many of the remaining genes showed discordant transcript and protein levels, 

for instance the glycolysis related genes had upregulated protein levels but largely 

unchanged transcript abundance in HSCs relative to MPPs. Conversely there were genes 

that had reduced transcript levels but protein levels were unaffected. This work provides 

the first unbiased report of post-transcriptional regulation occurring in very highly 

enriched stem cell fractions and this is despite the likely restrictions of the sensitivity of 

the proteomics analysis performed (i.e. only 47 proteins were significantly differentially 

expressed compared to 10-fold more coding transcripts).  

With this formal demonstration of post-transcriptional control in mind, my approach to 

elucidate how the RBP activities of Msi2 could differentially regulate HSPCs was to look 

at different MPP and HSC populations and examine by confocal microscopy the location 

and expression pattern of Msi2 with other RBPs and RNA metabolising proteins. The 

proteins I choose for this analysis, Edc3, Tia1, and HuR, served two proposes: the first 



Ph.D. Thesis – S. Rentas; McMaster University - Biochemistry and Biomedical Sciences. 
 

208 
 

was they have already been shown to colocalize with Msi2 in the literature (Choudhury et 

al., 2013; Kawahara et al., 2008), and the second is that they each represent a different 

possible function for Msi2 to be cooperating in, including mRNA decay with Edc3, 

translation repression with Tia1, and translation activation and miRNA biogenesis control 

with HuR.  

From this analysis I could deduce several intriguing patterns about Msi2 and these other 

proteins. For starters, Msi2 was not abundantly found at Edc3 foci across all cell types, 

indicating the unlikelihood its primary function is to funnel RNAs for decay. Edc3 foci 

also tended to be less abundant and not as pronounced in highly quiescent LT-HSC 

compared to other populations of LSK cells. This finding is intriguing as it suggests an 

attenuated mRNA decapping program in LT-HSCs and therefore reduced levels of 

ongoing mRNA decay. Indeed, analysis of Edc3 protein levels in the Cabezas-Wallscheid 

et al. data set also shows a reduction in LT-HSC compared to ST-HSC (Edc3 log2 ratio 

LT-HSC/ST-HSC = 0.075). This phenotype is reminiscent of the reduce protein synthesis 

and tight control of translation in LT-HSCs (Signer et al., 2014), whereby either 

decreasing or increasing rates of translation impairs HSC activity. It would be interesting 

to see here if increasing or decreasing mRNA decay rates by overexperssion or 

knockdown of decapping complex proteins similarly impairs HSC activity. Another 

interesting experiment to carry this work forward is treating mice with 5-Fluorouracil (5-

FU) or similar stress agents to test if HSCs upregulate this machinery in response to 

cycling. Given that c-Kit+ cells had fewer foci and are actively cycling cells, it may be a 

feature outside of cell proliferation. Finally, the Edc3 localized P-bodies represent a 
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diverse set of RNP granules that share proteins involved in translation repression, 

nonsense-mediated mRNA decay, microRNA-mediated translational repression, and 

mRNA storage (Buchan and Parker, 2009). Thus these foci could be representing 

biochemical activity outside of 5’-to-3’ mRNA degradation.  

Investigation in to Msi2 association with Tia1 revealed Tia1 to be nearly perfectly 

correlated with Msi2. Tia1is involved in many post-transcriptional activities including in 

the cytoplasm to control RNA location, stability and translation, and in the nucleus to 

regulate transcription and pre-mRNA splicing (Sanchez-Jimenez and Izquierdo, 2015). I 

found Tia1 to be abundantly expressed throughout the cell, but in general present at 

higher levels at the cell periphery/cytoplasm with Msi2, which coincides with their 

primary role in mediating translation repression. However, Tia1 has diverse molecular 

roles in the cytoplasm, which includes RRM binding T-rich ssDNA, interactions with the 

carboxy-terminal domain of RNA polymerase II during transcription, and being able to 

bind U-rich sequences proximal to pre-mRNA 5’splice acceptor sites (Sanchez-Jimenez 

and Izquierdo, 2015). In comparison, analysis of MSI2 targets from CLIP-seq studies 

would suggest a primary role in binding 3’UTR sequences (Katz et al., 2014; Rentas et 

al., 2016). However, from our data, MSI2 was also found binding coding sequence and to 

regions proximal to introns (Rentas et al., 2016). Thus similar to Tia1, Msi2 may have 

secondary RNA binding features outside mediating translation in the cytoplasm (although 

likely to be much less prevalent). The downstream effects that coincide with the diverse 

number and types of substrates Tia1 binds, include control over many physiological 

events, including cell cycle, apoptosis, stress responses and tumor suppression (Sanchez-
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Jimenez and Izquierdo, 2015). Therefore, given its high and near ubiquitous expression 

across the early HSPC hierarchy, but Msi2’s decreasing co-localization from MPP3 to 

LT-HSC, there may be cell contextual interactions and RNA binding preferences of Msi2 

with Tia1 to control cell physiology. It will be important to determine if Msi2 just shares 

similar location to Tia1 or if they actually physically interact with one another in co-

immunoprecipitation experiments.  

The last protein I explored Msi2 colocalization with in mouse HSPCs was HuR. As an 

ongoing theme with RBPs, HuR has abundant RNA targets and species and can influence 

mRNA stability/translation in the cytoplasm, and in the nucleus target pre-mRNA 

splicing and nuclear export of mRNAs (Grammatikakis et al., 2016). HuR also has non-

mRNA targets, including both pri-miRNA and mature miRNA (Choudhury et al., 2013; 

Mukherjee et al., 2016), and importantly, Msi2 was found to interact with HuR and 

cooperatively bind pri-miRNA to repress maturation. With this interaction in mind, I 

found HuR to have intriguing localization patterns in HSPCs, mainly a progressive 

nuclear accumulation in relation to increasing self-renewal potential. With Msi2 also 

having nuclear localization across all LSK populations, although appearing in some 

circumstances to be more cytoplasmic in ST-HSCs, highlights Msi2’s possible nuclear 

activities with HuR, mainly suppressing miRNA biogenesis as previously described. To 

test this hypothesis, it will be important to perform global analysis of small RNA 

expression with tamoxifen induced Msi2 deletion to see if there are immediate changes to 

the miRNA programs of these cells. Finally, that HuR which is an RBP that is essential 

during hematopoietic development and supports the survival of hematopoietic progenitors 
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by stabilizing Mdm2 mRNA thus blocking p53 mediated apoptosis (Ghosh et al., 2009), 

is largely cytoplasmic in c-Kit+ progenitor cells, but appears to be progressively nuclear 

in self-renewing LSK cells, could be interpreted as a switch from an inactive or nuclear 

RNA processing role in HSCs and active translation control mechanism in progenitors 

where it plays an instrumental role in their function. 

These results altogether show that indeed RBPs can take on unique expression and 

localization features in distinct HSPC populations, which is an exciting prospect to 

formally testing the regulon hypothesis in these cells. As far as I know, this is the first 

focused analysis of deciphering the interactions of RBPs with control centers of RNA 

metabolism in HSPCs. Expanding this approach to including proteomic methods in cell 

lines to further identify Msi2 interacting proteins is an important step forward to pushing 

this research along. Our lab has already begun this approach by using biotin-ligase 

tagging of Msi2 in mouse ES cells. Remarkably, the lab has generated preliminary 

evidence showing the RBP Igf2bp2 as a significant Msi2 interacting protein. As 

mentioned above, Igf2bp2 was the most abundantly expressed protein in LT-HSC from 

the study of Cabezas-Wallscheid et al. The role of Igf2bp2 in HSPCs has yet to be 

explored, however, the potential for the interfacing of these proteins to control RNA 

networks in LT-HSC seems promising. Finally, there are inherent challenges with 

imaging cells that are not much larger than the diameter of their nucleus, but I think I 

have still shown the utility of this approach, particularly with Edc3 staining, that it is 

possible to discern the features of RBP interactions. This is a critical step forward if we 

are to explore the combinatorial interactions and behaviours of these proteins in HSPCs. 
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5.5 Concluding remarks 

This thesis represents a collection of work aimed at deciphering the regulatory control of 

Musashi-2 in hematopoietic stem cells of mouse and human origin. Through the varied 

use of primary cell cultures, lentiviral gene therapeutics, xenotransplant models, RNA-

sequencing, transgenic mice and confocal imaging methods, I have been able to explore 

the multiple fascinating ways this protein controls stem and progenitor cell behaviour. As 

alluded to throughout this thesis, post-transcriptional control by RNA binding proteins 

remains a largely untapped area of research in hematopoietic stem and progenitor cells 

and it was the goal of this work to help bring to focus the importance of these 

mechanisms. This is none more apparent than my work showing Musashi-2 

overexpression and its ensuing post-transcriptional effects can expand human 

hematopoietic stem cells. With ongoing efforts to map Musashi-2 protein-RNA and 

protein-protein interactions in stem and progenitor cells, future discoveries on this gene 

will no doubt yield unexpected and exciting results.  
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Figure 1. Summary of hematopoietic phenotypes between mouse and human with 

MSI2 OE and AHR deletion or inhibition with SR1. 
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Figure 2. Transcript pathway analysis in CB HSPCs with MSI2 OE and KD. 

Annotated map showing nodes derived from gene sets that are significantly enriched for 

both the OE and the KD condition. Node size is proportional to the NES (normalized 

enrichment score): the bigger the greater the enrichment. Node color is proportional to 

the p value. Here all the nodes are enriched with a p value equal or less than 0.05 for both 

OE (node center) and KD (node border) condition. 204 nodes are present on this map 

(from the 500 nodes that passed the threshold): they are the top 204 gene-sets and they 

have at 1 pvalue equal to 0.0005 (the smallest p value that can be obtained with 2000 

permutations) in at least one of the condition. 
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