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 Introduction Chapter 1.
 

 
 

1.1 Maintenance of the hematopoietic 
system 

 
 The hematopoietic hierarchy 1.1.1
The blood system consists of many 

different cell types that are specialized to 
perform various functions. For example, B- 
and T-cells of the lymphoid lineage coop-
erate to fight infections through recognition 
of non-self antigens, macrophages of the 
myeloid lineage phagocytose invading 
micro-organisms, and red blood cells of the 
erythroid lineage are responsible for 
transport of oxygen and carbon dioxide 
throughout the body. Depending on the 
level of categorization, there are at least 10 
different mature cell types. To uphold the 
immunity, oxygen transport and blood 
clotting for which the hematopoietic 
system is responsible, it is estimated that 
10 million mature blood cells are produced 
per second in an adult male (Ogawa, 1993). 
To maintain this regenerative potential, the 
blood system is organized as a hierarchy 
that is sustained by a limited number of 
long-lived stem cells at the apex. These 
multipotent stem cells give rise to several, 
increasingly lineage-restricted progenitor 
cells that possess the proliferative potential 
to sustain mature blood cell production. 
Seminal studies, particularly in the mouse 
system, have taught us a lot about the 
organization of hematopoietic stem and 
progenitor cells and the factors that influ-
ence early cell fate decisions. However, 
further investigation is necessary to im-
prove our understanding of human hemato-
poiesis during health and disease, and to 
manipulate hematopoietic stem cells 

(HSCs) for clinical purposes such as gene 
therapy and in vitro expansion to improve 
cord blood transplantation outcomes.  

 
 Selective pressures that drive the 1.1.2

fundamental organization of hema-
topoiesis 

Hematopoietic cells at all stages of 
development, from HSCs to specialized 
mature cells, possess specific properties to 
optimize their functional performance. 
Long-term repopulation potential is re-
stricted to HSCs due to their capacity for 
self-renewal, a cell division in which one 
or both of the daughter cells have the same 
developmental potential as the parent cell. 
This property of self-renewal should be 
tightly controlled to prevent uncontrolled 
proliferation, and accordingly, the HSC 
pool has additional properties to ensure a 
life-long blood supply while minimizing 
the risk of malignant transformation. HSCs 
utilize specialized programs to prevent 
damage from reactive oxygen species 
(ROS) (Ito et al., 2004; Tothova et al., 
2007) and DNA mutations (Milyavsky et 
al., 2010; Yahata et al., 2011). HSCs enter 
long periods of rest or quiescence, which is 
thought to protect against replication-
associated damage that could lead to 
oncogenesis (Li, 2011). As well, HSCs are 
endowed with great regenerative potential 
and are activated upon injury to increase 
production of progenitor cells that re-
establish homeostasis of the blood system 
(Wilson et al., 2008). Progenitor cells have 
a different set of properties. During early 
differentiation of HSCs, self-renewal is lost 
and cells start proliferating. Active prolif-
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eration likely results in more rapid accumu-
lation of damage, but progenitors do not 
have the self-renewal capacity to propagate 
this damage indefinitely. Multipotency is 
gradually lost and progenitor cells become 
more lineage-restricted, as they expand to 
sustain day to day production of terminally 
differentiated cells. Since terminally 
differentiated cells have a short lifespan, 
any mutations that arose during their 
development will be purged quickly, 
preventing the accumulation of multiple 
mutations. On the other hand, mutations 
that are acquired by a self-renewing HSC 
are fixed and will persist as long as the 
HSC clone itself. Over time, accumulation 
of mutations that confer a proliferative 
advantage at the level of HSCs can lead to 
oncogenic transformation (Shlush et al., 
Nature, in press). A pool of highly potent 
but largely quiescent HSCs may serve as a 
reservoir that has specific properties to 
avoid damage accumulation, whereas 
progenitors carry the proliferative burden 
to continuously replenish various mature 
blood cell types. 

 
1.2 Historical perspective on studying 

HSCs 
 

 Identification of HSCs 1.2.1
Red blood cells were first observed 

under a microscope in 1658 by the Dutch 
naturalist Jan Swammerdam and first 
illustrated by Antoni van Leeuwenhoek 
(Leeuwenhoek, 1695) (Figure 1). Almost 
two centuries later, the French physician 
Alfred Donné discovered platelets in 1842. 
In 1843, Gabriel Andral and William 
Addison described leukocytes (Hajdu, 
2003). A Russian biologist astutely postu-
lated that these various blood elements 

arise from a single primitive stem cell 
(Maximow, 1909). In the 1950s, experi-
mental advances were made that would 
eventually unveil the origin of different 
blood cell types. First, lead shielding of the 
spleen in mice was shown to improve 
hematopoietic recovery and survival after 
irradiation (Jacobson et al., 1950). Shortly 
thereafter, it was shown that intravenous 
injection of a bone marrow suspension into 
syngeneic animals improved hematopoietic 
regeneration after irradiation (Lorenz et al., 
1951). Using a donor mouse from a strain 
with an unusually small chromosome 
enabled the distinction between cells from 
donor and recipient mice (Ford et al., 
1956). Irradiated recipient mice were 
injected with donor cells, and the donor 
cells replaced most of the bone marrow up 
to 49 days after injection, indicating that 
hematopoietic recovery after irradiation 
was mediated by donor derived cells rather 
than a humoral factor. 

The key experiments to establish the 
existence of hematopoietic stem cells were 
performed during the 1960s. In Toronto, 
James Till and Ernest McCulloch detected 
macroscopic spleen colonies in irradiated 
mice that were transplanted with donor 
cells, providing the basis for the first assay 
to enumerate multipotent hematopoietic 
progenitor cells (Till and McCulloch, 
1961) (Figure 2). Characterization of 
spleen colony forming units (CFU-S) 
established all the major stem cell princi-
ples that we use today. By irradiating donor 
cells to induce unique chromosomal mark-
ers, it was shown that spleen colonies were 
derived from a single cell (Becker et al., 
1963). CFU-S showed at least some self-
renewal potency, as one-third of spleen 
colonies isolated at day 10 contained CFU-
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S progenitors (Siminovitch et al., 1963). 
The demonstration that colonies, clonally 
derived from a CFU-S progenitor, could 
contain erythroid and granulocyte lineages, 
established the concept of a multilineage 
progenitor, which was called a hemopoietic 
stem cell (Wu et al., 1967). By the end of 
this transformative decade, it was estab-
lished that blood production is maintained 
by HSCs, which are characterized by their 
high capacity for self-renewal, proliferation 
and multipotential differentiation. 

After experimental identification of a 
multilineage stem cell with self-renewal 
potential, development of an assay to 
specifically detect HSCs proved a difficult 
task. In vitro culture assays using semi-
solid medium were developed to detect and 
quantify CFU-C progenitor cells of differ-
ent lineages (Bradley and Metcalf, 1966; 
Pluznik and Sachs, 1965), but these colo-
nies had little self-renewal potential to 
generate secondary colonies. The possibil-
ity of a common progenitor for CFU-S and 
lymphoid cells was anticipated (Wu et al., 
1968), and several lines of evidence indi-
cated the existence of an undifferentiated 
multipotent stem cell, higher in the hierar-

chy than CFU-C or CFU-S. First, the 
proliferative potential of CFU-S was 
widely variable (Magli et al., 1982; Simi-
novitch et al., 1963). Second, measure-
ments of CFU-S did not correlate well with 
long-term hematopoietic recovery upon 
irradiation (Harrison, 1972; Kretchmar and 
Conover, 1970). Third, careful examination 
of CFU-S colonies showed that they were 
devoid of lymphoid cells, establishing that 
cells detected by the CFU-S assay had 
restricted differentiation options (Abram-
son et al., 1977; Paige et al., 1981). Fourth, 
elimination of proliferating cells by 5-FU 
revealed the presence of non-cycling stem 
cells that were more primitive than CFU-S 
(Hodgson and Bradley, 1979). To detect a 
precursor to both the CFU-C and CFU-S, 
new assays had to be developed. Long-term 
in vivo repopulation analysis was gaining 
traction (Harrison, 1980). Using chromo-
somal tracking, the existence of multipo-
tent stem cells with long-term in vivo 
potential was indicated (Abramson et al., 
1977). Retroviral marking and insertion 
site analysis provided a more refined 
experimental approach to follow progeny 
of clonal HSC, and conclusively estab-

Figure 1. Illustration of red “corpuscles” or red blood cells by Antoni van Leeuwenhoek (Leeuwenhoek, 1695). 
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lished that multipotent long-term HSC give 
rise to both myeloid and lymphoid lineages 
(Dick et al., 1985; Keller et al., 1985). To 
the present day, long-term multilineage 
repopulation of a host animal is the best 
measure of HSC activity. The next leap 
forward would come from the ability to 
prospectively isolate stem and progenitor 
cell types from the bone marrow, which 
will be detailed below.  

 
 Early assays to study human hema-1.2.2

topoiesis 
The main advantages of using mice 

over humans for research include the 
availability of blood and bone marrow 
cells, the possibility to transfer cells be-
tween animals and other experimental 
manipulations including genetic modifica-
tion to generate mouse models. As a result, 
the study of human hematopoiesis is often 
preceded by pioneering work in the mouse. 
Although the general structure of hemato-
poiesis is conserved between mice and 
humans and even many molecular compo-

nents function similarly, substantial spe-
cies-specific differences exist, as described 
in more detail in the discussion of this 
thesis. It is vital to also study human cells, 
especially to learn about human diseases or 
design new therapies. Inspired by in vitro 
assays of mouse bone marrow derived 
CFU-C, the conditions to grow human 
CFU-C in semi-solid medium were estab-
lished (Metcalf, 1977; Pike and Robinson, 
1970). A more primitive cell than the CFU-
C could be detected by the long-term 
culture initiating cell (LTC-IC), which 
entails culturing primitive human hemato-
poietic cells on adherent feeder layers to 
continuously produce CFU-C over weeks 
in liquid culture (Gartner and Kaplan, 
1980). These conditions were optimized 
and the LTC-IC assay became a widely 
used surrogate to assess human HSCs 
(Sutherland et al., 1991). However, as with 
the mouse CFU-S, in hindsight we now 
know that these early assays to detect 
primitive hematopoietic cells did not 
efficiently detect multipotent HSCs, but 
rather more proliferative progenitors (Hao 
et al., 1996). Assessment of the quintessen-
tial functional property of HSCs, to gener-
ate all blood lineages for an extended 
period of time, required in vivo analysis. 

 
 Reconstitution of the human blood 1.2.3

system in a mouse 
The first barrier to engraft human cells 

in a mouse is rejection by the mouse 
immune system. An initial solution came 
from a mouse model of severe combined 
immunodeficiency (SCID). Infants that 
suffer from SCID have a highly compro-
mised immune system due to the absence 
of functional T-cells, and without bone 
marrow transplant, this debilitating disease 

Figure 2. Spleens of mice, 10 days after irradiation 
and injection of 6x104 donor bone marrow cells (Till 
and McCulloch, 1961). 
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leads to recurring infections and death. 
SCID mice are homozygous for a mutation 
in the Prkdc gene and are unable to recom-
bine the B- and T-cell receptor regions, 
leading to blocked development of adaptive 
immunity (Bosma et al., 1983; Fulop and 
Phillips, 1990; Kirchgessner et al., 1995). 
The reduced immune system function 
prompted several groups to transplant 
human cells into these mice. Human 
peripheral blood leukocytes could survive 
and proliferate in the SCID mouse for at 
least six months (Mosier et al., 1988). 
Transplantation of human fetal tissue 
supported sustained engraftment of B- and 
T-cells, indicating the presence of stem or 
progenitor cell activity (McCune et al., 
1988). Because lymphoid cells are long-
lived, it is problematic to ascertain HSC 
engraftment based on sustained lympho-
cyte production. Myeloid cells on the other 
hand have a more rapid turnover, therefore, 
serial evaluation of myeloid engraftment 
decisively established an in vivo stem cell 
assay for human hematopoietic cells 
(Kamel-Reid and Dick, 1988). Many 
mouse cytokines do not bind to human 
cells, prohibiting multilineage differentia-
tion of human cells in the mouse environ-
ment. To resolve this, SCID mice were 
infused with interleukin-3, granulocyte-
macrophage colony stimulating factor 
and/or erythropoietin after transplantation 
of human bone marrow cells (Lapidot et 
al., 1992), leading to the detection of 
multipotential myeloid and erythroid 
progenitors in engrafted mice even 4 
months after transplantation. B-cells were 
simultaneously detected, fulfilling two key 
criteria of HSCs: long-term and multiline-
age engraftment. These studies laid the 

foundation to experimentally assess human 
HSC activity. 

Since the initial engraftment of human 
HSCs in vivo, ever improving xenograft 
models have been instrumental in the 
investigation of human hematopoiesis and 
HSCs. One major step forward was cross-
ing the SCID mice to the nonobese diabetic 
(NOD) strain which has a deficit of NK 
cells, absence of circulating complement 
and defective antigen presenting cells 
(Shultz et al., 1995). The gene that is 
responsible for support of higher human 
engraftment in the resultant NOD-scid 
mouse is Sirpa (Takenaka et al., 2007). 
Sirpa is a transmembrane protein expressed 
on myeloid cells, and phagocytosis by 
macrophages is inhibited when Sirpa binds 
to CD47. NOD mice have a Sirpa variant 
that recognizes human CD47, which is 
ubiquitously expressed on hematopoietic 
cells. When Sirpa on mouse macrophages 
binds CD47 on human cells, the probability 
that human cells are engulfed by mouse 
macrophages is reduced (Jaiswal et al., 
2009). Another major improvement of 
mouse xenograft models was the develop-
ment of NOD-scid mice with a deletion of 
the IL-2R common γ chain, or NSG mice. 
The IL2-R common γ chain is required for 
signaling of IL-2, IL-4, IL-7, IL-9, IL-15 
and IL-21 cytokines, and NSG mice have a 
complete deficiency in B-, T- and NK cells 
(Shultz et al., 2005). Transplantation of 
human cells into NSG mice gives more 
robust engraftment compared to NOD-scid 
mice, and allows for detection of human B-
cells, T-cells, NK cells, granulocytes, 
monocytes, megakaryocytes as well as 
HSC and progenitor fractions (Figure 3) 
(McDermott et al., 2010). In addition, NSG 
mice are more long-lived than NOD-scid 
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mice and resistant to developing thymic 
lymphoma, enabling long-term in vivo 
analysis of human HSC activity. Robust 
engraftment of NSG mice was established 
upon injection of single highly purified 
human HSCs (Notta et al., 2011). Newer 
generations of humanized mice express 
human cytokines such as TPO, IL-3, GM-
CSF and others that are not cross-reactive, 
to optimize differentiation and maturation 
of human hematopoietic cells (Ito et al., 
2012). Thus, steady improvements to 
immune-deficient mouse models have 
handed us a sensitive and accurate assay 
for in vivo analysis of human HSCs. 

 
 Characterization of hematopoietic 1.2.4

stem and progenitor cells in the 
mouse 

As established by chromosome and 
retroviral insertion site tracking in the 
mouse, hematopoiesis is sustained by stem 
cells that give rise to more committed 
downstream progeny. These progenitor 
cells proliferate and differentiate further 
into mature blood cells. To truly under-
stand the organization of stem and progeni-
tor cells at the apex of this hierarchy, 
assays that can read out the proliferative 
and lineage potential of cells have to be 
combined with the ability to prospectively 
isolate different cell fractions. A remarka-
ble technology was developed in the 1970s 
that enabled cell separation based on their 
fluorescent properties (Bonner et al., 1972), 
termed fluorescence activated cell sorting 
(FACS) or flow cytometry. Initial attempts 
to purify HSCs with FACS used parame-
ters such as wheat germ agglutinin binding 
(Visser et al., 1984), uptake of the dye 
rhodamine 123 (Bertoncello et al., 1985) 
and Hoechst 33342 efflux (Goodell et al., 

1996). In 1988, mouse HSCs were greatly 
enriched from bone marrow cells using a 
combination of cell surface marker to sort 
cells that were negative for differentiation 
markers and positive for Sca-1 and Thy-1 
(Spangrude et al., 1988). To this day, 
sorting cells based on a variety of trans-
membrane proteins is the most widely used 
method to purify stem and progenitor cells 
(Figure 3). Fluorescently labeled antibodies 
bind to these markers on the cell surface 
and can be detected by different lasers 
while cells pass through a liquid stream. 
Based on their fluorescent properties, 
droplets containing single cells are given 
an electrostatic charges and the cell is 
deflected into one of several containers by 
charged plates. Current flow cytometers 
routinely fractionate thousands of viable 
cells per second based on expression of 
more than ten surface markers. When this 
technology is combined with clonal analy-
sis of lineage and proliferative potential, it 
provides a powerful approach to dissect the 
hierarchical relationship between pheno-
typically distinct cell fractions. 

Separation of mouse stem and progen-
itor cells led to the proposal of a relatively 
simple bifurcation model (Weissman et al., 
2001). Long-term stem cells give rise to 
short-term stem cells with reduced self-
renewal potential (Morrison and Weiss-
man, 1994; Spangrude et al., 1988), fol-
lowed by a split into the common lymphoid 
progenitor (CLP) and the common myeloid 
progenitor (CMP). The CLP gives rise to 
B- and T-cells whereas the common 
myeloid progenitor splits into granulocyte-
macrophage progenitors (GMP) and 
megakaryocyte/erythrocyte progenitors 
(MEP) (Akashi et al., 2000; Kondo et al., 
1997). Since this model was proposed, it 
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has become clear that early hematopoiesis 
does not always strictly follow this branch-
ing scheme. For example, clonal analysis 
has revealed the existence of rare bipoten-
tial B-macrophage progenitors in the 
mouse bone marrow (Montecino-
Rodriguez et al., 2001). Improved assays to 
detect megakaryocyte and erythroid cells 
have challenged the existence of a CMP, as 
megakaryocyte/erythroid progenitors may 
be directly downstream of a multipotent 
progenitor (Adolfsson et al., 2005). As 
well, further fractionation of HSCs is 
revealing profound heterogeneity in this 
compartment. Prospective isolation of 
long-term HSCs with the ability to support 
life-long hematopoiesis and “intermediate-
term” HSCs that persist for 6-8 months 
before becoming extinct, indicates that the 
stability of self-renewal mechanisms is the 
foremost determinant of long-term HSC 
function (Benveniste et al., 2010). Finally, 
recent studies show that self-renewing 
HSCs can be divided into different lineage-
biased classes and even self-renewing 
lineage-restricted cells have been described 
(Benz et al., 2012; Gekas and Graf, 2013; 
Morita et al., 2010; Muller-Sieburg et al., 
2012; Yamamoto et al., 2013). New cell 

types that are found as a result of these 
sophisticated clonal analyses should be 
accommodated in revised models of the 
stem and progenitor cell hierarchy. How-
ever, the essence of the hematopoietic 
hierarchy that sustain blood in the mouse is 
largely captured. 

 
 Delineation of the human hemato-1.2.5

poietic stem and progenitor cell hi-
erarchy 

The first marker that was found to en-
rich for multipotent human progenitors was 
CD34 (Civin et al., 1984). By isolating 
CD34+ cells from cord blood, human HSCs 
can be purified from roughly 1 in a million 
to 1 a thousand cells. However, CD34+ 
cord blood is highly heterogeneous, as it 
contains stem cells as well as many differ-
ent progenitors. CD90 was identified as a 
marker that further enriches for human 
HSCs in combination with CD34 (Baum et 
al., 1992). As well, CD38 and CD45RA 
were found to be excluded from the HSC 
compartment (Bhatia et al., 1997; Lansdorp 
et al., 1990). These studies culminated in 
further analysis of the lineage depleted 
(Lin–) CD34+CD38– fraction, where 
CD45RA–CD90+ cells were found to be 
most enriched for HSC activity (1 in 10 
cells), whereas the CD45RA–CD90– 
fraction mostly contains short-term mul-
tipotent progenitors (MPPs) (Majeti et al., 
2007). Still, this sorting strategy did not 
allow for purification of homogeneous cell 
populations. The first steps that HSCs take 
towards differentiation concur with a 
gradual decrease in self-renewal potential, 
which is reflected by incremental reduc-
tions in the length of time for which the 
cell can generate multilineage engraftment. 
More precise separation of long-term HSCs 

Figure 3. Typical flow cytometry analysis of human 
hematopoietic cells isolated from xenografted mouse 
bone marrow. Lin– CB cells were transduced with 
eGFP-expressing lentivirus prior to injection.  
   

CD45-PC5 

G
ly

A
-P

E
 

eGFP 

em
pt

y 
   

CD33-APC 
C

D
19

-P
C

7 

eGFP 
em

pt
y 

   
CD45-PC5 

   
G

ly
A

-P
E

   
 

erythroid 

B-cells 

myeloid 

FSC 

S
S

C
 



Chapter 1 

16 

from short-term HSCs or MPPs with 
reduced repopulation potential would 
enable investigation of the processes that 
regulate the stability of self-renewal. The 
latest addition of markers that enrich for 
human HSCs is CD49f, an integrin that 
enabled engraftment of single Lin–CD34+ 

CD38–CD45RA–CD90+RholoCD49f+ cells 
(Notta et al., 2011). As well, the MPP was 
more precisely defined. These studies have 
pinpointed the human HSC and opened up 
the possibility of investigating their molec-
ular constituents with increasing precision. 

Apart from separating multipotent 
stem and progenitor cells by their ability to 
sustain the blood system for an extended 
period of time, the definition of lineage 
restricted progenitors is important to 
understand how lineage commitment 
occurs. To distinguish between one cell 
with the ability to differentiate into multi-
ple lineages or cells with differing proper-
ties coexisting within a population, lineage 
potential must be assessed at a single cell 
level. However, progenitors lack the 
proliferative capacity of stem and multipo-
tent progenitor cells, prohibiting their 
clonal assessment in vivo. Thus, character-
ization of progenitor lineage potential at a 
single cell level relies on in vitro assays. 
Myeloid and erythroid differentiation can 
be studied in CFU-C assays. At present, 
lymphoid development can only be read 
out using coculture assays, where a layer of 
adherent cells supports differentiation into 
B-, T- or NK cells (La Motte-Mohs et al., 
2005). Conditions have been established on 
MS-5 mouse stromal cells supplemented 
with cytokines to allow clonal analysis of 
myeloid, B-cell, NK cell and mixed lym-
phomyeloid potential (Doulatov et al., 
2010; Gan et al., 1997; Hao et al., 1996; 

Yoshikawa et al., 1999). Since in vitro 
assay do not always correlate to cellular 
output in vivo (Richie Ehrlich et al., 2011), 
results must be validated by transplanta-
tion. Conforming to these requirements, 
lymphoid-restricted progenitors, CMPs, 
GMPs and MEPs were identified within the 
human CD34+CD38+ progenitor compart-
ment based on the expression of CD45RA, 
CD10, and CD123 (IL-3Rα) (Galy et al., 
1995; Manz et al., 2002). Recently, a single 
sorting scheme with standardized testing of 
lineage potential brought clarity and a 
relatively comprehensive model of early 
differentiation in the human system (Figure 
4) (Doulatov et al., 2010). Using seven 
markers, the CD34+CD38– HSC-enriched 
and CD34+CD38 progenitor fractions were 
split into seven subsets, which were func-
tionally assessed at the single cell level in 
vitro and validated by transplantation in 
vivo. Identification of a multi-lymphoid 
progenitor (MLP) that gives rise to all 
lymphoid cell types as well as some mye-
loid lineages but not megakaryocyte or 
erythroid cells required a revision of the 
human hierarchy model. Together with 
transcriptional analysis that places the MLP 
as a hybrid cell that contains elements of 
stem cell as well as lineage-associated 
programs, it is now established that the first 
step of commitment is not rigid separation 
of lymphoid versus myeloid restriction 
(Doulatov et al., 2012; Goardon et al., 
2011; Laurenti et al., 2013). Instead, 
differentiation is a gradual process of 
increasing commitment to a certain lineage 
while other programs are extinguished. It 
should become apparent in Chapter 3 of 
this thesis, that the ability to prospectively 
separate functionally distinct progenitor 
cell types provides a foundation upon



Introduction 

17 

Fi
gu

re
 4

. C
ur

re
nt

 m
od

el
 o

f 
lin

ea
ge

 d
iff

er
en

tia
tio

n 
in

 t
he

 h
um

an
 h

em
at

op
oi

et
ic

 h
ie

ra
rc

hy
. 

H
SC

, h
em

at
op

oi
et

ic
 s

te
m

 c
el

l; 
M

PP
, m

ul
tip

ot
en

t 
pr

og
en

ito
r; 

M
LP

, 
m

ul
til

ym
ph

oi
d 

pr
og

en
ito

r; 
ET

P,
 e

ar
ly

 T
-c

el
l p

ro
ge

ni
to

r; 
B

/N
K

, B
- 

an
d 

N
K

-c
el

l p
ro

ge
ni

to
r; 

pr
oB

, p
ro

-B
 c

el
l; 

C
M

P,
 c

om
m

on
 m

ye
lo

id
 p

ro
ge

ni
to

r; 
G

M
P,

 g
ra

nu
lo

-
cy

te
 m

ac
ro

ph
ag

e 
pr

og
en

ito
r; 

M
EP

, m
eg

ak
ar

yo
cy

te
 e

ry
th

ro
cy

te
 p

ro
ge

ni
to

r (
D

ou
la

to
v 

et
 a

l.,
 2

01
2)

. 



Chapter 1 

18 

which we rely to identify processes and 
molecules that regulate early lineage 
commitment. 
 
1.3 Processes that govern HSC 

maintenance and differentiation 
 

 Quiescence and cell cycle regula-1.3.1
tion 

To maintain the blood system 
throughout the lifetime of an organism, 
HSCs must have the proliferative potential 
for long-term production of clonal de-
scendant cells, which depends on their 
ability to self-renew. However, the HSC 
self-renewal probability decays with a 
logistic kinetic over the lifespan of a 
normal HSC clone (Sieburg et al., 2011). 
The decline in HSC self-renewal ability is 
hastened by proliferative stress, suggesting 
that, like normal somatic cells, HSC can 
undergo a finite number of divisions 
(Harrison et al., 1990; Hayflick, 1965; 
Orford and Scadden, 2008). To prevent 
exhaustion of the HSC pool, HSCs are in a 
quiescent state and get activated occasion-
ally (Takizawa et al., 2011). It is estimated 
that human HSCs divide on average once 
every 40 weeks (Catlin et al., 2011). As 
well, the quiescent nature of HSCs is 
thought to protect them from acquiring 
mutations that could lead to malignancy 
(Lobo et al., 2007; Park and Gerson, 2005). 
Thus, quiescence is an integral part of HSC 
biology, connected to their ability to 
sustain the blood system throughout life 
while minimizing the risk of malignant 
transformation. 

Early evidence for the dormant nature 
of HSC came from the observation that 
drugs that preferentially eliminate prolifer-
ating cells, such as 5-FU, spare non-cycling 

stem cells with a high capacity to regener-
ate the blood (Hodgson and Bradley, 
1979). As well, separation of cells based on 
cell cycle activity by Hoechst 33342 and 
rhodamine 123 indicated that long-term 
HSCs with the highest proliferative poten-
tial resided in the resting fraction of BM 
cells (Goodell et al., 1996; Spangrude and 
Johnson, 1990). More recently, the rela-
tionship between HSC function and cell 
cycle was strengthened by the observation 
that the divisional history of HSCs is 
negatively correlated to their functional 
output, and by the demonstration that the 
quiescent G0 fraction contains most of the 
long-term engraftment potential (Passegué 
et al., 2005; Punzel and Ho, 2001). To 
investigate the kinetics of cell cycle entry 
within the HSC pool, 5-bromo-2-
deoxyuridine (BrdU) incorporation studies 
were performed, and it was suggested that 
a relatively homogeneous pool of HSCs 
regularly enters the cell cycle, and the 
entire mouse HSC pool turns over every 
few weeks (Cheshier et al., 1999; Kiel et 
al., 2007). However, a more detailed 
analysis whereby BrdU retention and the 
H2B-GFP genetic mouse model were used 
as complimentary approaches, shed a 
different light on proliferative characteris-
tics of the HSC pool (Foudi et al., 2009; 
Wilson et al., 2008). Considerable hetero-
geneity was found, and dormant HSCs, 
which are estimated to divide every 145 
days, harbor the majority of long-term 
multilineage repopulation potential. More-
over, it was shown that dormant HSCs 
enter the cell cycle in response to injury to 
proliferate and restore homeostasis (Essers 
et al., 2009). Chronic activation of HSCs 
by IFNα impaired their function, support-
ing the link between the proliferative 
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history of HSCs and their self-renewal 
potential. Cumulatively, these studies have 
provided great insight into the dynamics of 
the HSC pool and the importance of main-
taining a quiescent population to sustain 
the blood system throughout life. 

The importance of cell cycle regula-
tion for HSC homeostasis has prompted 
much investigation into cell-intrinsic 
molecular mechanisms that control HSC 
proliferation. Genetic mouse models where 
one or more genes are deleted by homolo-
gous recombination have unveiled many 
genes that influence HSC biology and 
quiescence, which is the subject of several 
recent reviews (Li, 2011; Rossi et al., 
2012). When cyclins and cyclin-dependent 
kinases (CDKs) form complexes to phos-
phorylate Rb and thereby inhibit Rb func-
tion, the transcription factor E2F is released 
to stimulate cell cycle entry. The im-
portance of this pathway for HSC expan-
sion during embryonic development is 
shown by deletion of members of the 
cyclin D/Cdk4 complex, which results in 
anemia and decreased HSCs numbers and 
repopulation ability (Kozar et al., 2004; 
Malumbres et al., 2004). In the adult, 
simultaneous deletion of the Rb family 
members Rb, p107 and p130 results in 
hyperproliferation and expansion of mutant 
HSCs, but their reconstitution potential is 
impaired upon transplantation (Viatour et 
al., 2008). The cyclin-dependent kinase 
inhibitors p21 (Cdkn1a), p27 (Cdkn1b) and 
p57 (Cdkn1c) are negative regulators of 
proliferation. Whereas loss of p21 only 
affects HSC quiescence or function under 
stress conditions (van Os et al., 2007) and 
p27 deletion affects progenitor cells but not 
HSCs (Cheng et al., 2000), loss of p57 
decreases the quiescence and self-renewal 

capacity of adult HSCs (Matsumoto et al., 
2011; Zou et al., 2011). Another pathway 
important for regulation of HSC prolifera-
tion is phosphatidylinositide 3-kinase 
(PI3K)-Akt signaling. PI3K phosphorylates 
PIP2, whereupon Akt is activated leading 
to cell growth through mTOR inactivation, 
proliferation through FoxO inhibition, and 
inhibition of apoptosis through Mdm2. 
Pten negatively regulates this pathway by 
dephosphorylating PIP3. Loss of the Pten 
or FoxO genes results in a significant 
depletion of the HSC pool due to enhanced 
HSC activation, and Pten knockout mice 
progress to develop leukemia (Tothova et 
al., 2007; Yilmaz et al., 2006; Zhang et al., 
2006). Deletion of factors that are less 
obviously related to cell cycle control, but 
also result in HSC hyperproliferation, is 
frequently associated with hematopoietic 
defects. Examples are the transcription 
factors Gfi1, E2A and PU.1 (Hock et al., 
2004; Semerad et al., 2009; Staber et al., 
2013). Together, these studies established 
that sustained HSC function and self-
renewal depends on many intrinsic factors 
that promote HSC quiescence. 

The HSC environment or niche also 
plays a major role in HSC maintenance. 
This was first appreciated in mice with 
mutated membrane-bound stem-cell factor 
(SCF) (Barker, 1997; McCulloch et al., 
1965), since an HSC defect was found not 
to be intrinsic, but rather caused by chang-
es in the HSC niche. Binding between SCF 
and its receptor c-Kit, expressed on HSCs, 
plays a role in HSC self-renewal and bone 
marrow retention (Driessen et al., 2003; 
Ogawa et al., 1991). Cytokines such as 
TPO, TGFβ, SCF and IFNα regulate the 
intracellular localization of cell cycle 
machinery including p57, such that HSCs 
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maintain their quiescent state in the niche 
(Tesio and Trumpp, 2011). For a long time, 
investigation of the HSC niche was held 
back by difficulties such as the encasement 
of the bone marrow in bone and the lack of 
specific markers for mesenchymal and 
stromal cells. As conditional mouse models 
and imaging tools for investigating the 
niche improve, most HSCs appear to 
occupy a perivascular rather than an 
endosteal niche, and Cxcl12 expression in 
the perivascular region supports HSC 
quiescence and function (Ding and Morri-
son, 2013; Greenbaum et al., 2013; Hanoun 
and Frenette, 2013; Kunisaki et al., 2013). 
In summary, quiescence is an integral part 
of HSC biology and profoundly integrated 
with self-renewal. HSCs display heteroge-
neous levels of quiescence/proliferation, 
and dormancy segregates with primitive-
ness. Both cell-intrinsic and niche factors 
play essential roles in maintaining quies-
cence to protect HSCs from exhaustion and 
potentially malignant transformation. 

Almost all studies into cell cycle dy-
namics of the HSC pool are performed in 
the mouse. The lifespan of laboratory mice 
is 2-3 years, yet they are more susceptible 
to leukemia than humans are in 70-80 years 
(Rangarajan and Weinberg, 2003). This 
indicates that human HSCs have evolved 
antineoplastic mechanisms that are not 
present in the mouse, some of which likely 
impact regulation of proliferation. More 
studies are needed in human HSCs, as 
these represent a more clinically relevant 
population. In Chapter 2 of this thesis we 
describe a novel layer of cell cycle regula-
tion by post-transcriptional control of 
PI3K/AKT signaling that is conserved from 
mouse to human HSCs. 

 

 Transcriptional control of HSC 1.3.2
differentiation 

HSCs need to coordinate many pro-
cesses simultaneously to uphold their self-
renewal, differentiation potential and 
responsiveness to extracellular signals. 
Transcription factors are well positioned to 
perform a wide variety of functions due to 
their ability to regulate many target genes. 
Therefore, it is not surprising that many 
transcription factors that are essential for 
HSC homeostasis have been identified. In 
particular, the process of differentiation is 
accompanied by extensive transcriptional 
changes. Globally, a distinction can be 
made between transcription factors that are 
required for differentiation into MEPs, 
GMPs, B/NK cell progenitors and early T-
cell progenitors (Mercer et al., 2011a; 
Orkin and Zon, 2008). One of the most 
striking illustrations of a strictly lineage-
associated transcription factor is the re-
quirement for GATA1 in erythropoiesis 
(Ferreira et al., 2005). GATA1-deficiency 
leads to a block in erythroid cell maturation 
and embryo death by anemia, whereas 
other tissues remain unaffected (Pevny et 
al., 1991; Takahashi et al., 1997). Direct 
antagonism between the transcription 
factors GATA1 and PU.1 segregates MEP 
from GMP, as GATA1 promotes MEP 
commitment whereas high PU.1 directs a 
cell towards a myeloid fate (Liew et al., 
2006; Rekhtman et al., 1999; Rhodes et al., 
2005; Zhang et al., 1999). PU.1 regulation 
is complex, as high levels direct a myeloid 
fate, low levels allow MEP commitment 
through GATA1, but intermediate levels 
are required for lymphoid differentiation 
(DeKoter and Singh, 2000; Singh et al., 
1999). Together with Ikaros, which is 
required for lymphoid lineage differentia-
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tion, these factors act in multipotent pro-
genitors to establish early branch points 
(Arinobu et al., 2007; Wang et al., 1996). 
Once lineage potential is restricted to the 
lymphoid lineage, a different set of tran-
scription factors directs B-cell differentia-
tion. This transcriptional network is 
extensively studied and serves as a para-
digm for the transition from an early 
progenitor (CLP) to a specified precursor 
(pre-B cell). Identified by mouse knockout 
models, factors that are required for B-cell 
specification are E2A (Bain et al., 1997; 
Zhuang et al., 1994), Ebf1 (Lin and Gross-
chedl, 1995), Pax5 (Urbanek et al., 1994), 
Bcl11a (Liu et al., 2003), and Foxo1 
(Dengler et al., 2008). These factors are 
sequentially upregulated, interdependent by 
cooperation, and activate a network of  
genes that incite B-cell commitment and 
maturation (Lin et al., 2010). Recently, 
investigation of transcriptional dynamics in 
human progenitors revealed that transcrip-
tional programs are shared across lineage-
potential boundaries (Laurenti et al., 2013), 
providing a supportive environment for 
interactions between transcriptional pro-
grams associated with different lineages. 
Indeed, there is extensive crosstalk be-
tween lineage-associated transcription 
factors. In addition to activating genes 
required for B-cell development, E2A, 
Ebf1 and Pax5 repress alternative lineage 
genes (Ikawa et al., 2004; Lukin et al., 
2011; Nechanitzky et al., 2013). Accord-
ingly, pro-B cells of which maturation is 
blocked by deletion of E2a, Ebf1 of Pax5 
gain the ability for long-term in vitro 
expansion and show a wide range of 
differentiation abilities (Ikawa et al., 2004; 
Nutt et al., 1999; Pongubala et al., 2008; 
Rolink et al., 1999). In Chapter 3 of this 

thesis, we extend this knowledge by show-
ing interaction between the lymphoid 
differentiation program and human HSC 
self-renewal. In summary, HSC differentia-
tion is guided by transcription factors that 
regulate early commitment decisions 
through the coordinated initiation and 
inhibition of programs that are required for 
cell specification and maturation. 

Although the most obvious function of 
lineage-associated transcription factors lies 
in lineage commitment, many of them are 
expressed at low levels in the HSC com-
partment. An early study that described 
low-level expression of lineage-related 
genes in uncommitted primitive cells, or 
lineage priming, reported coexpression of 
lineage markers such as MPO and β-globin 
in single cells of a multipotential cell line 
(Hu et al., 1997). Promiscuous expression 
of lineage-associated genes gained further 
support from the observation that myeloid 
and erythroid genes were coexpressed in 
prospectively isolated single CMPs, where-
as B- and T-cell markers were coexpressed 
in CLPs (Miyamoto et al., 2002). However, 
the validity of these studies could still be 
debated due to impurity of the cell popula-
tions that were used. Conclusive evidence 
for priming in the HSC came from a 
lineage tracing model where lysozyme 
expression, a gene highly expressed in 
granulocytes and macrophages, was linked 
to an irreversible EYFP reporter (Ye et al., 
2003). Upon bone marrow transplantation, 
EYFP expression was found in all lineages, 
establishing that (1) HSCs express lineage-
associated genes and (2) this does not 
impair long-term repopulation potential. 
Whether this low-level expression of 
lineage-related genes in uncommitted 
HSCs has a function is not well under-
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stood, although the maintenance of multip-
otency and rapid response to demands of 
mature blood cell production are thought to 
rely on lineage priming (Orkin, 2003; 
Orkin and Zon, 2008). The promiscuity of 
expressing multilineage genes may be the 
result of HSCs keeping open chromatin 
available for transcription factors to engage 
a differentiation program in response to 
intrinsic or extrinsic cues. Thus, lineage 
commitment involves extensive silencing 
of inappropriate genes, and should not be 
seen as the imposition of a differentiation 
program on an otherwise blank slate. 

 
 Epigenetic regulators and micro-1.3.3

RNAs 
Broadly defined, epigenetics is the 

study of changes in cellular behavior due to 
factors other than the underlying DNA 
sequence. I will discuss two aspects of this 
field in relation to HSCs, namely, the 
heritable epigenetic information contained 
within chromatin, and gene expression 
regulation by microRNAs. Chromatin 
consists of DNA as well as histones and 
other proteins that compact DNA in the cell 
nucleus. Molecular groups can be attached 
to these components, for example, DNA 
methylation by DNMT proteins or histone 
modification by Polycomb Repressive 
Complexes (PRC) can alter gene expres-
sion. Bmi-1, of the PRC1 complex, is 
involved in repression of many targets by 
stimulating ubiquitin ligase activity 
(Sauvageau and Sauvageau, 2010; Spar-
mann and Van Lohuizen, 2006). Loss of 
Bmi-1 results in a severe proliferative 
defect in lymphoid cells (van der Lugt et 
al., 1994). This in part established through 
Bmi-1 mediated silencing of the Ink4a/Arf 
tumor suppressor locus, since lymphocyte 

counts can be restored by Ink4a/Arf remov-
al (Jacobs et al., 1999). The proliferation 
and frequency of HSCs is reduced in adult 
bone marrow of Bmi-1 deficient mice, and 
serial transplantation shows a complete loss 
of self-renewal (Park et al., 2003). In a 
genetic mouse model of leukemia, Bmi-1 
deletion had a limited effect on initial 
leukemia development but self-renewal of 
leukemia stem cells was abrogated, as 
shown by serial transplantation (Lessard 
and Sauvageau, 2003). Since the Ink4a/Arf 
locus does not account for all the effects of 
Bmi-1 deletion, additional mechanisms 
through which this epigenetic modifier 
enables proliferation and self-renewal of 
HSCs are being investigated (Chagraoui et 
al., 2011; 2006; Chatoo et al., 2009). In 
human HSCs, BMI-1 over expression 
increases self-renewal as read out by serial 
transplantation and can cooperate with 
BCR-ABL in the initiation of leukemia 
(Rizo et al., 2010; 2008). In summary, the 
chromatin modifier Bmi-1 is a prime 
example of a versatile epigenetic factor that 
is essential for the proliferation and self-
renewal capacity of HSCs. 

Improved technologies for genome-
wide evaluation of epigenetic marks are 
beginning to unveil coordinated regulation 
of DNA methylation during HSC differen-
tiation and aging. In a multipotent progeni-
tor cell line, a substantial fraction of 
lymphoid and myeloid lineage-associated 
genes was poised for activation by methyl-
ation marks in enhancer regions (Mercer et 
al., 2011b). This data supports that global 
epigenetic lineage priming in HSCs pre-
cedes commitment. In addition, extensive 
differences in DNA methylation were 
found between young and old HSCs, 
potentially through decreased expression of 
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PRC2 complex components (Beerman et 
al., 2013; Chambers et al., 2007). Further 
analyses of global chromatin modifications 
will likely improve our understanding of 
coordinated gene expression regulation in 
hematopoietic stem and progenitor cells 
during homeostasis, aging and disease. 

MicroRNAs provide a post-
transcriptional mechanism of coordinated 
gene expression control. MicroRNAs 
represent a class of over 2,500 small non-
coding RNAs that repress protein expres-
sion through microRNA binding to com-
plementary sequences embedded primarily 
within the 3’ UTR of target mRNA, with 
each microRNA typically suppressing 
multiple mRNA targets (Bartel, 2009; 
Kozomara and Griffiths-Jones, 2011). This 
targeting is carried out in coordination with 
the RNA-induced silencing complex 
(RISC) and results in both destabilization 
and translational inhibition of the target 
mRNAs (He and Hannon, 2004). Whereas 
the regulation of any individual target is 
often minor, coordinated repression of 
several targets linked within functional 
pathways and signaling networks can lead 
to profound overall changes in cell identity. 
Through coordinated silencing or de-
repression of gene expression programs, 
microRNAs have been shown to play a 
major role in cell fate determination in 
lineage-restricted hematopoietic progenitor 
cells (Havelange and Garzon, 2010). 
Recently, the functional significance of 
microRNA in HSCs is beginning to be 
explored. Deletion of Dicer, a principal 
factor for microRNA biogenesis, induces 
apoptosis of hematopoietic stem and 
progenitor cells and impairs the ability to 
repopulate the blood system upon trans-
plantation, suggesting that HSC function 

depends on microRNAs (Guo et al., 2010). 
Enforced expression of miR-125a expand-
ed the HSC pool more than 8-fold by serial 
limiting dilution analysis in vivo. The miR-
125a homolog miR-125b, which has the 
same seed region, also has profound effects 
on normal and malignant hematopoiesis 
through down-regulation of pro-apoptotic 
genes (Shaham et al., 2012). Over expres-
sion of miR-125b enhances mouse HSC 
function in competitive and serial trans-
plantation experiments, and can lead to 
lymphoid lineage skewing or AML devel-
opment depending on expression levels 
(O'Connell et al., 2010; Ooi et al., 2010). 
Over expression of miR-125b also en-
hanced human HSC engraftment, although 
serial transplantation was not performed. 
Overall, these studies show that mi-
croRNAs can have profound effects on 
HSC self-renewal, proliferation, differenti-
ation and apoptosis. However, much 
remains to be discovered regarding mi-
croRNAs in hematopoiesis. 

The relevance of microRNAs in hu-
man hematopoietic cells is poorly under-
stood. Several studies have profiled 
microRNA expression in human hemato-
poietic progenitor subsets (Georgantas et 
al., 2007; Merkerova et al., 2010). Howev-
er, in silico methods to predict microRNA 
function is insufficient to gain biological 
insight due to the high rate of false positive 
and false negative hits of microRNA target 
prediction algorithms. Insight into mi-
croRNA function in human hematopoietic 
cells requires gain- and loss of function 
experiments. miR-126 expression and 
activity is high in mouse and human HSCs, 
and is downregulated during early com-
mitment (Gentner et al., 2010). Repopulat-
ing HSCs were highly enriched in the miR-
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126 high population, sorted using a lentivi-
ral reporter. In Chapter 2 of this thesis, we 
describe how miR-126 maintains quies-
cence in mouse and human HSCs.  

 
 Signaling pathways 1.3.4
The activity of signaling pathways is 

intricately regulated to maintain HSC 
function. Several pathways have been 
implicated in stem cell biology and for a 
comprehensive oversight of Smad, Notch, 
Hedgehog, Wnt and Polycomb signaling in 
HSCs, the reader is referred to a recent 
review series (Luis et al., 2012b). The 
complexity of signaling pathway control in 
HSCs will be discussed using two exam-
ples: Wnt and Notch signaling. 

Wnt signaling can be subdivided in 
canonical and non-canonical pathways; 
most research has focused on canonical 
Wnt signaling (Clevers, 2006). In the 
absence of a Wnt signal, the cytoplasmic 
destruction complex, which is composed of 
Axin,  GSK3β, CK1 and other components, 
phosphorylates β-catenin leading to its 
degradation by the proteasome. In the 
nucleus, Wnt target genes are repressed 
because the Tcf/Lef transcription factors 
are bound by Groucho. Wnt signaling is 
initiated by binding of a Wnt ligand to a 
Frizzled receptor, which then forms a 
complex with Lrp5/6. Activity of the 
pathway is highly enhanced by the Lgr5/R-
spondin interaction (de Lau et al., 2011). 
Wnts induce phosphorylation of Lrp5/6, 
resulting in the recruitment of the β-catenin 
destruction complex component Axin. This 
releases β-catenin from destruction, allow-
ing it to translocate to the nucleus and 
displace Groucho from the Tcf/Lef tran-
scription factor to promote transcription of 
Wnt target genes. 

Gain- and loss-of-function approaches 
have been taken to study Wnt signaling in 
HSCs (Luis et al., 2012a; Staal et al., 
2008). Reduced Wnt activity by deletion of 
β-catenin and its homolog γ-catenin did not 
have an effect on the ability of HSCs to 
self-renew and reconstitute the blood cell 
lineages (Jeannet et al., 2008; Koch et al., 
2008). Surprisingly, canonical Wnt signals 
were still transduced in the absence of 
these key components, suggesting that the 
gene targeting approach did not completely 
abrogate β-catenin function or that another 
factor may transduce Wnt signals in HSCs 
(Jeannet et al., 2008). Near complete 
abrogation of Wnt signaling activity was 
attained by deletion of Wnt3a (Luis et al., 
2009; 2010) or over expression of the Wnt 
inhibitor Dkk1 in niche cells (Fleming et 
al., 2008). Both of these approaches strong-
ly and irreversibly impaired HSC repopula-
tion potential. These studies indicate that 
HSC function requires continuous low-
level stimulation of the Wnt pathway, 
which is established through Wnt3a secre-
tion by niche cells during early develop-
ment.  

Forced expression of β-catenin can ei-
ther lead to enhanced HSC self-renewal or 
exhaustion of long-term HSCs (Kirstetter et 
al., 2006; Reya et al., 2003; Scheller et al., 
2006). This apparent discrepancy was 
resolved using genetic mouse models with 
5 gradients of Wnt signaling intensity (Luis 
et al., 2011). HSC function was enhanced 
when Wnt signaling was mildly increased 
over endogenous levels, whereas higher 
levels impaired HSC repopulation and 
differentiation. These studies indicate that 
activity of the canonical Wnt pathway 
needs to be kept within a narrow window 
for normal HSC maintenance. Whereas 
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mildly increased Wnt levels improve HSC 
function, HSCs are lost when canonical 
Wnt signaling is either too low or too high. 
Given the effects of secreted Wnt ligands 
on HSC development and maintenance, it 
is perhaps not surprising that deregulated 
Wnt signaling can contribute to hematolog-
ical malignancies and leukemia stem cell 
maintenance (Luis et al., 2012a). Thus, 
modulating Wnt pathway activity provides 
opportunities for leukemia treatment, 
directed differentiation towards blood cells 
as well as ex vivo culture to expand trans-
plantable HSCs. 

Canonical Notch signaling is initiated 
by binding of one of 5 Notch ligands of the 
Delta and Jagged families to one of 4 
Notch receptors (Pajcini et al., 2011). This 
leads to proteolytic cleavage of the intra-
cellular domain of the Notch receptor 
(ICN) by γ-secretase. The ICN translocates 
to the nucleus where it associates with CSL 
and forms a complex that activates tran-
scription of target genes such as Hes and 
Hrt. The outcome of Notch signaling 
depends on several variables. The particu-
lar ligand/receptor pair involved is im-
portant, for example, Delta1-Notch2 is less 
efficient in promoting T-cell and prevent-
ing B-cell development compared to 
Delta4-Notch1 binding (Mohtashami et al., 
2010). The Notch pathway can promote or 
reduce cell differentiation, proliferation and 
survival depending on the context, timing 
and dose of Notch signals. Therefore, the 
role of Notch always has to be investigated 
in a particular cell type at a particular point 
in development. As well, the level of Notch 
activation has to be considered before 
generalizing observations from gain- and 
loss-of-function studies. 

Notch plays an important role in the 
generation of HSCs during embryonic 
development. In the mouse, HSCs develop 
in the AGM region between E9.5 and 
E10.5. In Notch1-deficient embryos, HSC 
generation was impaired (Kumano et al., 
2003). Interestingly, γ-secretase inhibitors 
interfered with HSC development in AGM 
regions isolated at E9.5, but not E10.5. 
This indicates that Notch may be specifi-
cally important for HSC generation, 
whereas subsequent proliferation and 
maintenance may not depend on Notch 
signaling. Subsequent studies have con-
firmed the cell-autonomous importance of 
Jagged1-Notch1 signaling for HSC genera-
tion in the AGM (Pajcini et al., 2011). 

In adult HSCs, several approaches 
have been taken to assess the effect of 
reduced Notch signaling. One study found 
increased HSC differentiation and reduced 
reconstitution upon genetic and pharmaco-
logical inhibition of Notch signaling in 
HSCs (Duncan et al., 2005). However, 
deletion of Jagged1 and Notch1 failed to 
show an effect in HSCs (Mancini et al., 
2005). As well, over expression of domi-
nant negative MAML or deletion of 
CSL/RBPJ, which prevents transcriptional 
activation by all 4 Notch receptors, did not 
affect primary or secondary repopulation, 
nor did it affect hematopoietic recovery 
from 5-FU treatment (Maillard et al., 
2008). These studies indicate that Notch 
signaling is dispensable for adult HSCs 
under homeostatic and stress conditions. 

Conversely, multiple gain-of-function 
approaches have shown that Notch signal-
ing can improve HSC function. Exposure 
of mouse and human stem cell-enriched 
populations to Delta1 and Jagged1, respec-
tively, increased the repopulation potential 
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of hematopoietic stem and/or progenitor 
cells (Karanu et al., 2000; Varnum-Finney 
et al., 2003). Following these and other 
studies, it was shown that endothelial cells 
expressing Notch ligands promoted expan-
sion and prevented exhaustion of mouse 
HSCs in co-culture assays (Butler et al., 
2010). These HSCs possessed serial repop-
ulating ability, showing that Notch signal-
ing can promote long-term HSC expansion. 
Stimulation of human HSC and progenitor 
cells with Notch ligands may be clinically 
applied to accelerate reconstitution after 
human cord blood transplantation (Delaney 
et al., 2010).  

Studying Notch and Wnt signaling in 
HSCs is complex, and the cell fate outcome 
of these pathways can differ depending on 
the cell type, developmental stage and 
signal intensity. Still, the knowledge that 
has been gained over the last two decades 
has implications for generation of HSCs 
from pluripotent stem cells, expansion of 
HSCs for transplantation, and our under-
standing of leukemia. 

 
 Cellular stress factors 1.3.5
Since the blood system depends on the 

long-term proliferative potential of HSCs, 
it is essential that the HSC pool is protected 
from damage accumulation to prevent 
either loss of function or the initiation of 
malignancy. The longevity of HSCs comes 
with exposure to multiple stress stimuli 
with the potential to generate damaged 
HSCs. Investigating the response of HSCs 
to DNA damage has revealed important 
roles for HSC mutagenesis in leukemic 
transformation and aging (Jan and Majeti, 
2012; Rossi et al., 2007; Rübe et al., 2011). 
In comparison to committed progenitor 
cells, mouse HSCs preferentially survived 

DNA damage and utilized error-prone 
nonhomologues end joining (NHEJ) to 
repair DNA breaks (Mohrin et al., 2010). 
In contrast, human HSC were predisposed 
to undergo apoptosis upon irradiation-
induced DNA damage compared to progen-
itor cells (Milyavsky et al., 2010). This 
contrast was initially attributed to the 
distinct proliferative status of the cells used 
in the studies – quiescent mouse bone 
marrow and “proliferating” human cord 
blood stem cells (although >90% of the 
CD34+CD38–CD45RA–CD90+ cells used in 
the latter study are Ki67–) (Blanpain et al., 
2011). However, a direct comparison 
between human and mouse bone marrow 
revealed that indeed, mouse HSCs are more 
proficient at NHEJ than their descendants, 
whereas human HSCs have less NHEJ 
activity compared to human progenitor 
cells (Shao et al., 2012). This suggests that 
the DNA damage response may be intrinsi-
cally different between mouse and human 
HSCs, possibly due to alternative selective 
pressures that the organisms are subjected 
to (Rangarajan and Weinberg, 2003). 
Ionizing radiation causes double stranded 
breaks upon which γH2AX foci quickly 
accumulate. Upon p53 inactivation in 
human HSC, it was shown that reduced 
self-renewal coincided with increased 
γH2AX foci (Milyavsky et al., 2010), 
indicating that DNA damage negatively 
influences self-renewal. Interestingly, DNA 
damage induces mouse HSC differentiation 
(Wang et al., 2012), revealing that com-
mitment to differentiation may be one 
mechanism by which HSCs prevent long-
term propagation if DNA mutations occur. 
Taken together, these studies illustrate that 
evolutionary constraints of DNA damage 
have imposed different DNA repair mech-
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anisms on HSCs compared to short-lived 
progenitor cells. However, this field is still 
developing and more insight into mutagen-
esis in stem and progenitor cells is needed. 

Reactive oxygen species (ROS), po-
tentially damaging molecules that are 
generated as a byproduct of metabolic 
processes in the cell, are another source of 
cellular stress that strongly affects hemato-
poietic stem and progenitor cells (Rossi et 
al., 2008). The first indication that ROS 
signaling is important for HSCs came from 
the Atm deficient mouse model, which 
resulted in ROS accumulation that affected 
HSCs more than progenitor cells (Ito et al., 
2004). The defect in Atm deficient HSCs 
was caused by elevated ROS as treatment 
with the antioxidative agent N-acetyl-L-
cysteine (NAC) restored HSC reconstitu-
tion capacity. Elevated ROS caused HSC 
exit from G0 and exhaustion through p38 
MAPK and p16Ink4a induction (Ito et al., 
2006). FoxO transcription factors deletion 
also results in elevated intracellular ROS 
levels, which led to a NAC-reversible 
increase in cycling and apoptosis, as well 
as enhanced short-term yet diminished 
long-term repopulation activity (Miyamoto 
et al., 2007; Tothova and Gilliland, 2007; 
Tothova et al., 2007). Recently, it was 
shown that replication stress of human 
HSCs by serial in vivo transplantation 
leads to elevated intracellular ROS levels 
and subsequent DNA damage (Yahata et 
al., 2011). This study established the 
importance of replication stress and ROS 
signaling in human HSCs and linked ROS, 
HSC mutagenesis and aging-induced 
impairment of HSC function together. 
Cumulatively, these studies have increased 
our understanding of HSC adaptability to 
extrinsic and intrinsic sources of stress. 

However, a comprehensive understanding 
of the processes that protect the integrity of 
the HSC pool to preserve life-long blood 
cell production is lacking. In Chapter 4 of 
this thesis, we implicate the Unfolded 
Protein Response (UPR), a pathway that 
was not previously associated with HSC or 
progenitor cell function, as an important 
component of the human HSC stress 
response.  
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Chapter 2. Attenuation of miR-126 activity expands HSC in 
vivo without exhaustion 
 
Eric R. Lechman1,2,*, Bernhard Gentner4,5,*, Peter van Galen1,2,*, Alice Giustacchini4,5,*, 
Massimo Saini4,5, Francesco E. Boccalatte4,5, Hidefumi Hiramatsu7, Umberto Restuccia6, 
Angela Bachi6, Veronique Voisin2,3, Gary D. Bader2,3, John E. Dick1,2,# and Luigi 
Naldini4,5,# 
 
1 Campbell Family Institute, Ontario Cancer Institute, Princess Margaret Cancer Centre, University Health 
Network, Toronto, ON M5G 1L7, Canada 
2 Department of Molecular Genetics, University of Toronto, Toronto, ON M5G 1L7, Canada 
3 The Donnelly Centre, University of Toronto, Toronto, ON M5S 3E1, Canada 
4 Division of Regenerative Medicine, San Raffaele Telethon Institute for Gene Therapy, Milano 20132, Italy 
5 Vita Salute San Raffaele University, Milano 20132, Italy 
6 Division of Genetics and Cell Biology, Bimolecular Mass Spectrometry Unit, San Raffaele Scientific Institute, 
Milano 20132, Italy 
7 Department of Pediatrics, Graduate School of Medicine, Kyoto University, Kyoto 606-8507, Japan 
* These authors contributed equally to this work 
# Co-senior authors. Correspondence: jdick@uhnresearch.ca (J.E.D.), naldini.luigi@hsr.it (L.N.) 
 
2.1 Summary 
Lifelong blood cell production is governed through the poorly understood integration 
of cell-intrinsic and -extrinsic control of hematopoietic stem cell (HSC) quiescence and 
activation. MicroRNAs (miRNAs) coordinately regulate multiple targets within 
signaling networks, making them attractive candidate HSC regulators. We report 
that miR-126, a miRNA expressed in HSC and early progenitors, plays a pivotal role 
in restraining cell-cycle progression of HSC in vitro and in vivo. miR-126 knockdown 
by using lentiviral sponges increased HSC proliferation without inducing exhaustion, 
resulting in expansion of mouse and human long-term repopulating HSC. Conversely, 
enforced miR-126 expression impaired cell cycle entry, leading to progressively 
reduced hematopoietic contribution. In HSC/early progenitors, miR-126 regulates 
multiple targets within the PI3K/AKT/GSK3b pathway, attenuating signal transduc-
tion in response to extrinsic signals. These data establish that miR-126 sets a threshold 
for HSC activation and thus governs HSC pool size, demonstrating the importance of 
miRNA in the control of HSC function. 
 
2.2 Introduction 

Blood cell production is sustained for 
life by the continuous differentiation of 
multipotent hematopoietic stem cells 
(HSC) into at least ten distinct lineages of 
mature blood cells (Doulatov et al., 2010). 
This is achieved by balancing self-renewal 

and differentiation among proliferating 
HSC. Additionally, some HSC are main-
tained in a quiescent state to protect against 
proliferative exhaustion, yet remain poised 
for activation (Wilson et al., 2008). This 
homeostatic balance between quiescence, 
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proliferation, and differentiation is tightly 
controlled by integrating intrinsic and 
extrinsic mechanisms that govern the HSC 
state. Little is known about posttranscrip-
tional programs that aid in establishing and 
maintaining the quiescence-activation 
equilibrium in HSC. 

MicroRNAs (miRNA) are now recog-
nized as fundamental effectors of posttran-
scriptional gene expression control. 
miRNA regulate gene expression by 
binding to complementary sequences 
within multiple target messenger RNAs 
(mRNAs), inducing mRNA destabilization 
and translational inhibition (Wilson et al., 
2008; Bartel, 2009). 

Several studies have shown important 
roles for miRNA in lineage commitment at 
the level of restricted hematopoietic pro-
genitors (Havelange and Garzon, 2010). 
Genetic ablation of Dicer or Ars2, both 
principal factors for miRNA biogenesis, 
induces bone marrow failure, suggesting 
that normal HSC are dependent on miRNA 
function (Gruber et al., 2009; Guo et al., 
2010). Recently, two miRNAs have been 
investigated in murine HSC. Enforced 
expression of miR-29a induced aberrant 
self-renewal in downstream progenitors, 
resulting in a low penetrant acute myeloid 
leukemia (AML) disease (Han et al., 2010). 
Enforced expression of miR-125b induced 
an initial myeloproliferative disorder, 
leading to frank AML or an increase in 
lymphoid-biased HSC, depending upon the 
ectopic expression levels (O’Connell et al., 
2010; Ooi et al., 2010). Guo et al. (2010) 
showed that enforced expression of miR-
125a could also augment HSC activity in 
vitro and expand the HSC pool in vivo. 
Although these studies indicate that miR-
NAs may be important regulators of 

hematopoiesis, miRNA loss-of-function 
studies are needed to ascertain whether 
miR-125 is required for normal HSC 
function. Moreover, these studies were 
performed in murine models while the 
relevance to human HSC remains unsub-
stantiated. 

Previously, we demonstrated that 
miR-126 is both highly expressed and 
functionally active within the murine and 
human HSC compartments, with progres-
sive downregulation during early steps of 
hematopoietic commitment. Using only 
miR-126 bioactivity as a marker, we 
prospectively isolated human HSC that 
have xenograft repopulating potential 
(Gentner et al., 2010). These data prompted 
us to investigate the biological function of 
miR-126 in HSC. Here, by using enforced 
expression and knockdown strategies, we 
report that miR-126 has a conserved role in 
mouse and human HSC to help maintain 
quiescence by restricting cell-cycle pro-
gression in response to extrinsic stimuli 
that activate the PI3K/AKT/GSK3b signal-
ing axis. 
 
2.3 Results 
 

 miR-126 Levels Peak in Human 2.3.1
HSC 

Within the human hematopoietic hier-
archy, we previously demonstrated peak 
miR-126 expression and bioactivity within 
the CD34+CD38–CD90+ primitive com-
partment (Gentner et al., 2010). However, 
the human progenitor hierarchy model was 
recently fractionated into more precise 
subpopulations (Figure 1A) (Doulatov et 
al., 2010; Notta et al., 2011). We sorted 
seven functionally characterized popula-
tions from human lineage-depleted cord 
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blood hematopoietic stem and progenitor 
cells (lin– CB HSPC) to obtain a detailed 
expression profile of miR-126. The highest 
expression levels of miR-126 were restrict-
ed to the HSC-enriched CD34+CD38–

CD45RA–CD49f+ fraction (Figure 1B). 
miR-126 levels remained high in CD34+ 

CD38–CD45RA–CD90–CD49f– multipotent 
progenitors (MPPs) and became signifi-
cantly downregulated in multilymphoid 
progenitors (MLPs) and committed 
CD34+CD38+ fractions. These data demon-
strated a strong correlation between the 
HSPC hierarchy and miR-126 expression 
level, suggesting a role for miR-126 in 
regulating stem cell function. 

 miR-126 Attenuates Proliferation of 2.3.2
Early Progenitors 

To interrogate the function of miR-
126 in primitive human blood cells, we 
performed miR-126 overexpression (OE) 
and knockdown (KD) in primary CB HSPC 
by using lentiviral vectors (Figure 1C). The 
design and validation of these vector tools 
is described in Supplemental Results and 
Figure S1 (available online). The degree of 
miR-126 up- or down-modulation that we 
obtained was functionally relevant as the 
expression levels of the previously validat-
ed miR-126 target PIK3R2 were specifical-
ly and significantly decreased upon OE and 
increased upon KD, respectively (Figure 

that have xenograft repopulating potential (Gentner et al., 2010).
These data prompted us to investigate the biological function
of miR-126 in HSC. Here, by using enforced expression and
knockdown strategies, we report that miR-126 has a conserved
role in mouse and human HSC to help maintain quiescence by
restricting cell-cycle progression in response to extrinsic stimuli
that activate the PI3K/AKT/GSK3b signaling axis.

RESULTS

miR-126 Levels Peak in Human HSC
Within the human hematopoietic hierarchy, we previously
demonstrated peak miR-126 expression and bioactivity within
the CD34+CD38!CD90+ primitive compartment (Gentner et al.,
2010). However, the human progenitor hierarchy model was
recently fractionated into more precise subpopulations (Fig-
ure 1A) (Doulatov et al., 2010; Notta et al., 2011). We sorted
seven functionally characterized populations from human
lineage-depleted cord blood hematopoietic stem and progenitor
cells (lin! CB HSPC) to obtain a detailed expression profile of
miR-126. The highest expression levels of miR-126 were
restricted to the HSC-enriched CD34+CD38!CD45RA!CD49f+

fraction (Figure 1B). miR-126 levels remained high in CD34+

CD38!CD45RA!CD90!CD49f! multipotent progenitors (MPPs)
and became significantly downregulated in multilymphoid
progenitors (MLPs) and committed CD34+CD38+ fractions.
These data demonstrated a strong correlation between the
HSPC hierarchy and miR-126 expression level, suggesting a
role for miR-126 in regulating stem cell function.

miR-126 Attenuates Proliferation of Early Progenitors
To interrogate the function of miR-126 in primitive human blood
cells, we performed miR-126 overexpression (OE) and knock-
down (KD) in primary CB HSPC by using lentiviral vectors
(Figure 1C). The design and validation of these vector tools
is described in Supplemental Results and Figure S1 (available
online). The degree of miR-126 up- or downmodulation that we
obtained was functionally relevant as the expression levels of
the previously validatedmiR-126 target PIK3R2were specifically
and significantly decreased upon OE and increased upon KD,
respectively (Figure 1D). We then assessed whether modulating
miR-126 could influence the proliferation and differentiation of
HSPC in vitro. Cytokine-driven serum-free long-term culture of
CD34+CD38! cells revealed a trend toward decreased total
cell output upon 126/OE and a significantly increased expansion
upon 126/KD without disturbance of myeloid differentiation into
CD15+ granulocytes and CD14+ monocytes (Figure 1E and data
not shown). To examine whether this response was associated
with a specific CB subpopulation, we generated growth curves
from CD34+ subpopulations that were transduced with the
126/KD or a scrambled control vector (Figure 2A). Interestingly,
the growth of primitive CD34+CD38!CD133+ cells was signifi-
cantly enhanced upon 126/KD, in contrast to the more
committed CD34+CD38+CD133+ subset. Moreover, the growth
advantage was most pronounced in the first 5 days of culture
when the cells are the least differentiated, suggesting that the
126/KD phenotype may specifically affect stem and early pro-
genitor cells, reflecting the physiological expression pattern of
miR-126. To assess whether the cycling status of HSPC was
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Figure 1. High miR-126 Expression in Hematopoietic Progenitor Cells Modulates In Vitro Expansion
(A) Sorting scheme to separate human HSC, MPP, and progenitor cell subsets from lin! CB cells.

(B) miR-126 expression levels were probed by quantitative PCR (qPCR) in seven lin! CB fractions sorted according to the scheme in (A). Data were normalized

to RNU48 control. Each fraction is compared to HSC for statistical analysis. Results are shown as mean +SEM of n = 3 independent experiments of pooled

human lin! CB.

(C) Lentiviral (LV) constructs for miR-126 overexpression (126/OE, upper scheme) or miR-126 knockdown (126/KD, lower scheme). 126OE-transduced cells were

marked by mOrange2 (orange fluorescent protein, OFP), whereas 126KD was marked by green fluorescent protein (GFP).

(D) PIK3R2 mRNA levels were measured in a CD34+ CB sample 3 days after transduction with 126/KD (red), 126/OE (blue), or CTRL (white) LV. PIK3R2 mRNA

levels (normalized to CTRL) are shown as mean +SEM of n = 3 technical replicates. ***p < 0.001.

(E) Long-term expansion of CD34+CD38! lin! CB cells upon miR-126 modulation. Cells were transduced and expanded in suspension culture for 48 days.

Fold expansion (normalized to CTRL) is shown as mean +SEM of n = 3 (126/OE) or n = 4 (126/KD) independent experiments. *p < 0.05.
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Figure 1. High miR-126 Expression in Hematopoietic Progenitor Cells Modulates In Vitro Expansion 
(A) Sorting scheme to separate human HSC, MPP, and progenitor cell subsets from lin– CB cells. 
(B) miR-126 expression levels were probed by quantitative PCR (qPCR) in seven lin– CB fractions sorted 
according to the scheme in (A). Data were normalized to RNU48 control. Each fraction is compared to HSC for 
statistical analysis. Results are shown as mean+SEM of n = 3 independent experiments of pooled human lin– CB. 
(C) Lentiviral (LV) constructs for miR-126 overexpression (126/OE, upper scheme) or miR-126 knockdown 
(126/KD, lower scheme). 126OE-transduced cells were marked by mOrange2 (orange fluorescent protein, OFP), 
whereas 126KD was marked by green fluorescent protein (GFP). 
(D) PIK3R2 mRNA levels were measured in a CD34+ CB sample 3 days after transduction with 126/KD (red), 
126/OE (blue), or CTRL (white) LV. PIK3R2 mRNA levels (normalized to CTRL) are shown as mean+SEM of 
n=3 technical replicates. ***p < 0.001. 
(E) Long-term expansion of lin– CD34+CD38– CB cells upon miR-126 modulation. Cells were transduced and 
expanded in suspension culture for 48 days. Fold expansion (normalized to CTRL) is shown as mean+SEM of 
n=3 (126/OE) or n = 4 (126/KD) independent experiments. *p < 0.05. 
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1D). We then assessed whether modulating 
miR-126 could influence the proliferation 
and differentiation of HSPC in vitro. 
Cytokine-driven serum-free long-term 
culture of CD34–CD38– cells revealed a 
trend toward decreased total cell output 
upon 126/OE and a significantly increased 
expansion upon 126/KD without disturb-
ance of myeloid differentiation into CD15+ 

granulocytes and CD14+ monocytes (Fig-
ure 1E and data not shown). To examine 
whether this response was associated with 
a specific CB subpopulation, we generated 
growth curves from CD34+ subpopulations 
that were transduced with the 126/KD or a 
scrambled control vector (Figure 2A). 
Interestingly, the growth of primitive 
CD34+CD38–CD133+ cells was significant-

altered upon 126/KD, cell-cycle analysis was performed 3 to
4 days after transduction. 126/KD induced a 1.7-fold increase
in the proportion of cells in the S/G2/M phases of the cell cycle
as compared to nontransduced or CTRL vector-transduced cells
(Figure 2B). Taken together, these data indicate that 126/KD
increases the proliferation of primitive HSPC.
We then investigated whether 126/KD affected the prolifera-

tion and/or differentiation of functionally defined myeloid and
erythroid progenitors in clonogenic assays. When CD34+ CB
cells were plated 1 day after transduction, no quantitative differ-
ences in colony number or type were observed between 126/KD
or control groups (Figure S2A). However, when the cells were
cultured for 7 days before performing the clonogenic assay,
126/KD CD34+ CB yielded significantly more myeloid colonies
than control vector-transduced cells (Figure 2C). When 126/KD

CB were further enriched for primitive HSPC and expanded for
1 to 2weeks, therewasa significant increase in erythroid colonies
upon 126/KD and a trend toward increased myeloid colonies,
whereas the less primitive CD38lo/+ fractions only yielded more
myeloid colonies as seen with total CD34+ cells (Figures 2D and
S2B). Overall, these results indicate that in the CD38! compart-
ment, 126/KD expands erythroid and myeloid clonogenic
progenitors, whereas in the less primitive CD38+/lo compartment,
only myeloid progenitor output is increased. The role of miR-126
in modulating primitive HSPC is reinforced by the finding that
126/OE in CD34+CD38! HSPC yielded a 1.23-fold decrease in
total colony numbers (p = 0.017) involving both myeloid and
erythroid colonies (Figure 2E and data not shown). Moreover,
megakaryocyte/erythroid specification was altered by modu-
lating miR-126 (Figures S2C–S2H and Supplemental Results).

Figure 2. miR-126 Modulation Alters Proliferation of Primitive Hematopoietic Progenitor Cells
(A) CD34+ CB cells were fractionated according to CD133 and CD38 expression as shown in the representative plot (left) and transducedwith CTRL or 126KD LV.

On day 3, fractions were plated in suspension culture (TSF6), and cell numbers were monitored. Shown is the fold increase in population doublings of 126KD (red)

over CTRL-transduced cells (n = 5 biological replicates, mean ±SEM).

(B) Cell-cycle analysis was performed on CTRL or 126KD LV-transduced CD34+ CB cells on days 3 to 4 of culture by Ki67/Hoechst staining. Representative FACS

plots are shown for highly (GFP+) and poorly (GFP!) transduced cell populations. The graph on the right shows the fraction of cells in the S/G2/M phase of the cell

cycle. Results are shown as mean ±SEM and points represent eight replicates.

(C–E) Clonogenic progenitor assays of 126KD or 126OE CB cells. (C) CD34+ or (D and E) CD34+CD38! lin! CB cells were transduced with (C and D) 126KD and

CTRL or (E) 126OE and CTRL LV. After (C) 7 or (D, E) 14 days of liquid culture, equal cell numbers were plated in clonogenic assays. Counts of colony types are

shown as mean +SEM of n = 4 (C) or 3 (D and E) independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 2. miR-126 Modulation Alters Proliferation of Primitive Hematopoietic Progenitor Cells 
(A) CD34+ CB cells were fractionated according to CD133 and CD38 expression as shown in the representative 
plot (left) and transduced with CTRL or 126/KD LV. On day 3, fractions were plated in suspension culture 
(TSF6), and cell numbers were monitored. Shown is the fold increase in population doublings of 126/KD (red) 
over CTRL-transduced cells (n = 5 biological replicates, mean±SEM). 
(B) Cell-cycle analysis was performed on CTRL or 126/KD LV-transduced CD34+ CB cells on days 3 to 4 of 
culture by Ki67/Hoechst staining. Representative FACS plots are shown for highly (GFP+) and poorly (GFP–) 
transduced cell populations. The graph on the right shows the fraction of cells in the S/G2/M phase of the cell 
cycle. Results are shown as mean±SEM and points represent eight replicates. 
(C–E) Clonogenic progenitor assays of 126/KD or 126/OE CB cells. (C) CD34+ or (D and E) CD34+CD38– lin– 
CB cells were transduced with (C and D) 126KD and CTRL or (E) 126OE and CTRL LV. After (C) 7 or (D, E) 
14 days of liquid culture, equal cell numbers were plated in clonogenic assays. Counts of colony types are shown 
as mean+SEM of n = 4 (C) or 3 (D and E) independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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ly enhanced upon 126/KD, in contrast to 
the more committed CD34+CD38+ CD133+ 
subset. Moreover, the growth advantage 
was most pronounced in the first 5 days of 
culture when the cells are the least differen-
tiated, suggesting that the 126/KD pheno-
type may specifically affect stem and early 
progenitor cells, reflecting the physiologi-
cal expression pattern of miR-126. To 
assess whether the cycling status of HSPC 
was altered upon 126/KD, cell-cycle 
analysis was performed 3 to 4 days after 
transduction. 126/KD induced a 1.7-fold 
increase in the proportion of cells in the 
S/G2/M phases of the cell cycle as com-
pared to nontransduced or CTRL vector-
transduced cells (Figure 2B). Taken to-
gether, these data indicate that 126/KD 
increases the proliferation of primitive 
HSPC. 

We then investigated whether 126/KD 
affected the proliferation and/or differentia-
tion of functionally defined myeloid and 
erythroid progenitors in clonogenic assays. 
When CD34+ CB cells were plated 1 day 
after transduction, no quantitative differ-
ences in colony number or type were 
observed between 126/KD or control 
groups (Figure S2A). However, when the 
cells were cultured for 7 days before 
performing the clonogenic assay, 126/KD 
CD34+ CB yielded significantly more 
myeloid colonies than control vector-
transduced cells (Figure 2C). When 
126/KD CB were further enriched for 
primitive HSPC and expanded for 1 to 2 
weeks, there was a significant increase in 
erythroid colonies upon 126/KD and a 
trend toward increased myeloid colonies, 
whereas the less primitive CD38lo/+ frac-
tions only yielded more myeloid colonies 
as seen with total CD34+ cells (Figures 2D 

and S2B). Overall, these results indicate 
that in the CD38– compartment, 126/KD 
expands erythroid and myeloid clonogenic 
progenitors, whereas in the less primitive 
CD38+/lo compartment, only myeloid 
progenitor output is increased. The role of 
miR-126 in modulating primitive HSPC is 
reinforced by the finding that 126/OE in 
CD34+CD38– HSPC yielded a 1.23-fold 
decrease in total colony numbers (p = 
0.017) involving both myeloid and 
erythroid colonies (Figure 2E and data not 
shown). Moreover, megakaryocyte/ 
erythroid specification was altered by 
modulating miR-126 (Figures S2C–S2H 
and Supplemental Results). The regulatory 
function of miR-126 was conserved across 
species with very similar effects seen in 
murine HSPC subpopulations (Figures 
S2I–S2K). 

Together, our data suggest that miR-
126 constrains proliferation of primitive 
hematopoietic progenitors, consequently 
reducing the overall output of mature 
erythroid and myeloid cells upon in vitro 
culture. 

 
 miR-126 Knockdown Expands HSC 2.3.3

In Vivo without Exhaustion 
Although our in vitro results suggest a 

functional role for miR-126 in primitive 
HSPC, in vivo repopulation studies, where 
HSC reside in a physiological niche, 
remain the gold standard to prove that HSC 
self-renewal and differentiation are affect-
ed. To determine how reduced miR-126 
expression would affect human HSC 
function, we xenotransplanted 
CD34+CD38– lin– CB HSPC transduced 
with 126/KD and CTRL vector to similar 
levels as assayed in vitro. Nine weeks after 
transplantation, 126/KD resulted in an 
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increase in hematopoietic output as meas-
ured by human CD45+GFP+ engraftment of 
immunedeficient mice (Figure 3A). Both 
CD33+ myeloid and CD19+ lymphoid 
lineages were similarly affected, suggesting 
that an upstream progenitor cell is expand-
ed by 126/KD. Phenotypic analysis of the 
most primitive human HSPC compartment 
was undertaken 9 weeks after transplanta-
tion. The frequency of CD34+CD38–CD90+ 

CD45RA– cells within the lineage-depleted 

CD45+GFP+ graft was increased upon 
126/KD (Figures 3B and 3C). Assessment 
of cycling characteristics of the 
CD34+CD38–CD90+ HSC-enriched fraction 
showed a 2.8-fold increase in the fraction 
of cells in S/G2/M upon 126/KD (Figure 
3B), indicating that the observed expansion 
coincides with increased cell-cycle pro-
gression. Although increased cycling 
typically induces progressive exhaustion of 
HSCs, 126/KD HSPC still showed 

Figure 3. miR-126 Knockdown Expands HSC In Vivo
(A) Effect of 126/KD on CB engraftment levels. Sorted CD34+CD38! lin! CB cells were transduced with 126/KD or scrambled CTRL LV. Transduction efficiency

was 92% for CTRL and 72%–75% for 126/KD. BM of xenografted mice was analyzed for human CD45+GFP+ engraftment 9 weeks after transplantation of equal

cell numbers. Results are shown as mean +SEM of n = 10 CTRL and n = 10 126/KD mice per experiment.

(B and C) Phenotypic and cell-cycle analysis of the human stem cell compartment in xenografted BM. Lin! human cells were isolated from BM frommice shown

in (A). The frequency of HSC-enriched CD34+CD38!CD45RA!CD90+ cells within human CD45+GFP+ cells was assessed as well as the cell-cycle status of

CD34+CD38!CD90+ cells. (B) Left and middle show representative plots of n = 3 independent experiments. Right shows cell-cycle analysis of n = 1 experiment.

(C) Phenotypic HSC frequency upon 126/KD normalized to CTRL; results are shown as mean +SEM of n = 3 independent experiments.

(D) Limiting dilution analysis (LDA) of CB cells with 126/KD. Sorted CD34+CD38! lin! CB cells were transduced with 126/KD or CTRL LV. CD45+GFP+ cells were

sorted from the mouse BM and injected in limiting doses into secondary recipients 20 weeks after transplantation. After 10 weeks, BM of secondary mice was

assessed for CD45+GFP+ engraftment. Results are summarized as the percentage of secondary mice with >0.5% engraftment.

Cell Stem Cell

miRNA Control of HSC Quiescence

802 Cell Stem Cell 11, 799–811, December 7, 2012 ª2012 Elsevier Inc.



miRNA control of HSC quiescence 

43 

increased contribution to hematopoiesis at 
20 weeks after transplantation (data not 
shown). To determine whether the ob-
served increase in phenotypic HSC corre-
lated with an increase in HSC function, 
human CD45+GFP+ CTRL and 126/KD 
cells from primary recipient mice were 
sorted and transplanted into secondary 
mouse recipients in a limiting dilution 
analysis (LDA). After 10 weeks, encom-
passing an overall total 30 weeks repopula-
tion, there was a 3-fold increase in 
functional HSC within 126/KD mice (p = 

0.01; Figure 3D) – results that strongly 
correlate with the phenotypic analysis. 

It is possible that the expansion of 
phenotypic human HSC within xenografts 
following 126/KD could be influenced 
artificially due to the species mismatched 
physiological niche. Therefore, competitive 
transplantation assays were performed in 
the Ptprc congenic mouse model, transduc-
ing Ptprcb (CD45.2) or Ptprca (CD45.1) lin– 
BM HSPC, respectively, with either the 
126/KD or CTRL vector. Complete blood 
counts (CBC) of repopulated mice were 

Figure 3. miR-126 Knockdown Expands HSC In Vivo 
(A) Effect of 126/KD on CB engraftment levels. Sorted lin– CD34+CD38– CB cells were transduced with 126/KD 
or scrambled CTRL LV. Transduction efficiency was 92% for CTRL and 72%–75% for 126/KD. BM of xeno-
grafted mice was analyzed for human CD45+GFP+ engraftment 9 weeks after transplantation of equal cell 
numbers. Results are shown as mean+SEM of n = 10 CTRL and n = 10 126/KD mice per experiment. 
(B and C) Phenotypic and cell-cycle analysis of the human stem cell compartment in xenografted BM. Lin– human 
cells were isolated from BM of mice shown in (A). The frequency of HSC-enriched CD34+CD38–CD45RA–

CD90+ cells within human CD45+GFP+ cells was assessed as well as the cell-cycle status of CD34+CD38–CD90+ 
cells. (B) Left and middle show representative plots of n=3 independent experiments. Right shows cell-cycle 
analysis of n=1 experiment. (C) Phenotypic HSC frequency upon 126/KD normalized to CTRL; results are shown 
as mean+SEM of n = 3 independent experiments. 
(D) Limiting dilution analysis (LDA) of CB cells with 126/KD. Sorted lin– CD34+CD38– CB cells were trans-
duced with 126/KD or CTRL LV. CD45+GFP+ cells were sorted from the mouse BM and injected in limiting 
doses into secondary recipients 20 weeks after transplantation. After 10 weeks, BM of secondary mice was 
assessed for CD45+GFP+ engraftment. Results are summarized as the percentage of secondary mice with >0.5% 
engraftment. 
(E) Congenic Ptprca and Ptprcb murine lin– BM cells were transduced with the 126/KD (CD45.2) or CTRL LV 
(CD45.1). Equal numbers of 126/KD and CTRL cells were pooled and competitively transplanted into heterozy-
gous CD45.1/CD45.2 recipients. The contribution of CD45.2 cells (>90% transduced with the 126/KD LV) to 
peripheral blood granulocytes (top) and B cells (bottom) is shown at the indicated time points posttransplant. The 
arrow indicates when a serial BM transplant into CD45.1/CD45.2 recipients was performed. Results are shown as 
mean±SEM, n = 9 mice. 
(F) Contribution of the GFP+CD45.2+ (126/KD vector-expressing) cells (red bars) to the indicated BM populations 
relative to the sum of all GFP+ cells (either CD45.2+ or CD45.1+). HSC were defined as lin–Sca+Kit+ (LSK) 
CD150+CD48– cells. Within the lin+ compartment (B220+ or CD3+ or GR1+ or CD11b+ or Ter119+), myeloid cells 
(Myelo) were defined as CD48lo/–SSChi granulocytes, whereas lymphocytes (Lympho) were CD48+SSCloFSClo. 
Results are shown as mean±SEM of n = 9 mice (primary mice, top, analyzed 8 months after transplant) and n = 8 
mice (secondary mice, bottom, analyzed after an additional 6 months). 
(G) Cell-cycle distribution of CTRL and 126/KD cells in the LSK (left) or lin–Sca–Kit+ (right) compartment of 
secondary transplant recipients. Results are shown as mean+SEM of n = 8 mice. 
(H) Representative cell-cycle distribution of CTRL and 126/KD cells in the LSK (left) or LSK CD150+ HSC 
(right) compartment from primary transplant recipients. Top, gating scheme on lin– BM. Bottom, Ki67/Hoechst 
marking within the gated subpopulations. 
(I) LDA of CD45.2+ CTRL or 126/KD BM total nucleated cells injected into CD45.1 recipients is summarized, 
with the proportion of mice with multilineage CD45.2+ engraftment (0.1% cutoff) and estimated HSC frequency. 
*p < 0.05 and **p < 0.01. 
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normal, even though 126/KD vector-
transduced cells tended to contribute less to 
active hematopoiesis, particularly within 
the B and T lymphoid lineages (Figures 3E 
and S3). Steady-state bone marrow (BM) 
chimerism analyzed 5-8 months after 
transplantation showed much higher 
chimerism within lin–Sca+Kit+ (LSK) 
Cd150+CD48– phenotypic HSC- enriched 
compartments of the 126/KD group (Fig-
ures 3F and S3). In contrast, 126/KD cell 
chimerism was reduced in lin–Sca+Kit– 
lymphoid precursors (Harman et al., 2008) 
and lymphocyte compartments. These data 
suggest that 126/KD expanded the murine 
HSC compartment and reduced lympho-
poiesis in vivo. To substantiate this hy-
pothesis, we performed serial BM 
transplantation into secondary recipients. 
The contribution of 126/KD cells increased 
in myeloid and lymphoid lineages and 
surpassed the CTRL in the myeloid com-
partment (Figures 3E and S3), confirming 
that the relative increase in phenotypically 
defined 126/KD HSC detected in the 
primary BM translates into increased 
multilineage contribution to hematopoiesis 
in the secondary hosts. BM analysis of the 
secondary hosts mirrored the differences in 
chimerism observed in corresponding 
populations within the primary BM but 
shifted toward higher contribution from 
126/KD cells (Figure 3F). Switching con- 
genic strains between 126/KD and CTRL 
groups yielded similar results, confirming 
the role of 126/KD on HSC function (Fig- 
ure S3B). We also measured the cell cycle 
of freshly isolated LSK cells from the BM 
of transplanted mice and found a sig- 
nificantly increased proportion of 126/KD 
LSK cells in S/G2/M as compared to CTRL 
vector-transduced cells, whereas there was 

no significant difference in cell-cycle 
distribution of the committed lin–Sca–Kit+ 
progenitors (Figure 3G). Furthermore, we 
confirmed the increased S/G2/M fraction in 
126/KD cells highly enriched for HSC 
(LSK CD150+; Figure 3H). These data 
indicate that 126/KD increased HSC 
proliferation within an in vivo physiologi-
cal niche. 

The gold standard proof of HSC ex-
pansion requires frequency analysis using 
transplantation at limiting doses (LDA). 
Ptprca mice were reconstituted with BM 
cells from Ptprcb mice transduced with 
either the 126/KD or CTRL vectors. 
Sixteen weeks after transplantation, mice 
selected on the basis of similar levels of 
peripheral blood chimerism (Figure S3D) 
showed expansion of phenotypically 
defined HSC in 126/KD mice (Figure 
S3E). We then set up an LDA from 
126/KD and CTRL BM cells. Recipient 
mice were scored as engrafted if they 
displayed >0.1% Ptcrpb cells in multiple 
lineages. HSC frequency was 3.9-fold 
higher in 126/KD versus CTRL BM 
(Figure 3I). 

Collectively, our results establish that 
stable knockdown of miR-126 expanded 
mouse and human long-term repopulating 
HSC, assessed by using the most stringent 
phenotypic and functional assays available. 
Although increased cycling of HSCs is 
frequently associated with their exhaustion, 
despite 1.5 years of follow up, no HSC 
exhaustion or malignancy was observed in 
our studies, pointing to the unique regulato-
ry properties of miR-126 in HSC. 
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 Enforced miR-126 Expression 2.3.4
Progressively Reduces Hematopoietic 
Output In Vivo 

Because 126/KD induced an expan-
sion of the phenotypic HSC compartment 
through increased cycling, we predicted 
that forced expression of miR-126 may 
provoke the opposite response in vivo. 
Following xenotransplantation of lin– 
CD34+CD38– CB HSPC, the progeny of 
cells that were transduced with the 126/OE 
vector transiently engrafted mice but were 
progressively lost between 12 and 16 
weeks (Figure 4A). No significant altera-
tion of the myeloid/lymphoid ratio was 
detected; however, at 16 weeks, the mice 
injected with 126/OE-transduced cells 
displayed an 11-fold lower percentage of 
GlyA+ erythroid cells compared to the 
control group, which was consistent with 
our in vitro observations (Figure S2H). We 
focused on the remaining HSC compart-
ment and were able to carry out detailed 
analysis by pooling BM from four to five 
recipient mice per time point. Evaluation of 
primitive cell marker expression in the 
human lin– compartment revealed that the 
loss of human 126/OE cells in transplanted 
mice was not due to a decrease in the 
CD34+CD38–CD90+ stem cell compart-
ment size (Figure 4B). On the contrary, we 
observed, on average, a 2.5-fold increase in 
the phenotypic CD34+CD38–CD90+ stem 
cell compartment for 12 weeks posttrans-
plant, after which marked primitive cells 
were no longer recoverable (Figure 4C). In 
addition, cell-cycle analysis of HSC-
enriched lin– CD34+CD38–CD90+ cells 
with 126/OE in the xenografted BM over 
time showed a consistently higher percent-
age of cells in G0 (Ki67–; Figures 4B and 
4D). These data indicate that miR-126 

negatively regulates the cell-cycle progres-
sion of HSC, which is consistent with our 
in vitro experiments and is contrary to the 
126/KD results. Surprisingly, no change in 
the numbers of quiescent cells in the more 
heterogeneous CD34+CD38+ progenitor-
enriched compartment was observed; 
instead, a significant increase in the frac-
tion of cells in S/G2/M phase was noted 
(Figures 4B and 4D). Thus, the effects of 
126/OE appeared to be context dependent 
and distinct between stem cell and progeni-
tor-enriched fractions. 

To examine the effect of 126/OE on 
the fate of murine HSC in vivo, we per-
formed competitive transplantation exper-
iments. Lin– BM cells from congenic mice 
(Ptprca and Ptprcb, respectively) were 
transduced with a 126/OE or CTRL vector 
and injected in a 1:1 ratio into myeloablat-
ed recipients (Figure 4E). In the first month 
after transplantation, myeloid (Cd11b+) and 
B cell (Cd19+) output from 126/OE cells 
was increased relative to the output of 
control vector-transduced cells. Following 
this initial burst of differentiated cells, 
126/OE cells declined and became progres-
sively lost from the peripheral blood upon 
hema- topoietic stress induced by 5-
Fluorouracil administration or serial 
transplantation into secondary recipient 
mice (Figure 4E). A similar phenotype was 
observed when ectopically expressing miR-
126 from a weaker promoter (see Supple-
mental Results and Figure S4). 

Next, we assessed the impact of 
126/OE on the early engraftment phase in a 
noncompetitive transplantation setting. A 
significant advantage of early blood recon-
stitution by 126/OE cells was seen for 
platelets and leukocytes, whereas neutro-
penia and thrombocytopenia were short-
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ened (see Supplemental Results). BM 
analysis conducted at 3 weeks posttrans-
plantation showed that, whereas the lin+ 
compartment was reconstituted to similar 
levels in all groups, absolute numbers of 
lin– cells were significantly increased in 

126/OE BM, primarily in the Sca+Kit– and 
Sca–Kit– compartments (Figure 3F, top). In 
vivo nucleoside incorporation assays 
revealed increased labeling in LSK, lin–

Sca+Kit–, and lin–Sca–Kit– cells, but not in 
lin–Sca–Kit+ or lin+ (Figure 3F, bottom). 
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Figure 4. miR-126 Overexpression Results in Progressively Reduced Hematopoietic Output In Vivo
(A) Bone marrow xenograft kinetics of lin! CB cells upon 126/OE. CD34+CD38! lin! CB cells were transduced with 126/OE or CTRL LV and were transplanted.

Mice were analyzed every 4 weeks for total human CD45+OFP+ BM engraftment. Results are shown asmean +SEMof n = 4 CTRL and n = 4 126/OEmice per time

point. Week 16 results are representative of two experiments.

(B and C) Gating strategy for cell-cycle analysis of 126/OE lin! CB. CTRL or 126/OE-transduced human lin! CB cells were isolated from xenografted BM

4–12 weeks after transplantation. The frequency and cell-cycle status of HSC-enriched CD34+CD38!CD90+ cells was assessed, as well as the cell-cycle status

of committed CD34+CD38+ progenitors. (B) Representative plots showing the lin! CB cell phenotype and cell-cycle analysis at 4 weeks after transplantation.

(C) Percentage of CD34+CD38!CD90+ cells over time is shown (left) and normalized to CTRL for statistical analysis (right).
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Analysis of the BM of engrafted mice 3 
months after transplantation revealed a 
substantially decreased 126/OE chimerism 
in the LSK CD150+CD48– HSC compart-
ment with respect to all other BM popula-
tions (Figures 4G and S4F). Moreover, 
although more 126/OE LSK cells were in 
the S/G2/M phase of the cell cycle, HSC- 
enriched fractions (LSK CD150+) con-
tained significantly more 126/OE cells in 
G0 (Figure 4H). This is strikingly reminis-
cent of the situation in human cells, in 
which CD34+CD38+ progenitors were 

cycling more frequently upon 126/OE, 
whereas the HSC-enriched CD34+CD38–

CD90+ cells displayed increased quies-
cence. 

Overall, these results illustrate that 
miR-126 regulation of cell fate differs 
depending on cellular context. During the 
first weeks after transplantation of 126/OE 
cells, specific progenitor subsets are 
expanded, which is reflected in an in-
creased multilineage output. Over time, a 
competitive disadvantage of 126/OE at the 
HSC level results in a progressive reduc-

Figure 4. miR-126 Overexpression Results in Progressively Reduced Hematopoietic Output In Vivo 
(A) Bone marrow xenograft kinetics of lin– CB cells upon 126/OE. Lin– CD34+CD38– B cells were transduced 
with 126/OE or CTRL LV and were transplanted. Mice were analyzed every 4 weeks for total human CD45+OFP+ 
BM engraftment. Results are shown as mean+SEM of n = 4 CTRL and n = 4 126/OE mice per time point. Week 
16 results are representative of two experiments. 
(B and C) Gating strategy for cell-cycle analysis of 126/OE lin– CB. CTRL or 126/OE-transduced human lin– CB 
cells were isolated from xenografted BM 4–12 weeks after transplantation. The frequency and cell-cycle status of 
HSC-enriched CD34+CD38–CD90+ cells was assessed, as well as the cell-cycle status of committed CD34+CD38+ 
progenitors. (B) Representative plots showing the lin– CB cell phenotype and cell-cycle analysis at 4 weeks after 
transplantation. (C) Percentage of CD34+CD38–CD90+ cells over time is shown (left) and normalized to CTRL for 
statistical analysis (right). 
(D) Cell-cycle analysis of lin– CB primitive cell populations upon 126/OE. Using the gating strategy depicted in 
(B), CD34+CD38–CD90+ (left) and CD34+CD38+ (right) human cells in the xenografted BM were analyzed for 
cell-cycle stage at 4, 8, and 12 weeks posttransplant. BM of four to five mice was pooled at each time point. Data 
were normalized to CTRL, and time points were combined for statistical analysis. Results are shown as mean of n 
= 2 independent experiments at 4 weeks; for 8 and 12 weeks, results represent n = 1 experiment. 
(E) Congenic Ptprca and Ptprcb murine lin– BM cells were transduced with CTRL or 126/OE LV. Equal numbers 
of CTRL and 126/OE cells were pooled and competitively transplanted. The contribution of OFP-expressing 
126/OE cells to peripheral blood granulocytes (top) and B cells (bottom) is shown at the indicated times post-
transplant. Hematopoietic stress was induced by 5-fluorouracil (5-FU) administration (Exp1) or serial BM 
transplantation (Exp2). Results are shown as mean±SEM of n = 9 mice (Exp1) and n = 6 mice (Exp2). 
(F) Top bar graph shows a representation of murine BM HSPC subsets 3 weeks after transplantation of 126/OE or 
223OE LV-transduced cells relative to CTRL LV-transduced cells. Results are shown as mean+SEM of n = 24 
mice for 126/OE, n = 13 mice for 223OE, and n = 13 mice for CTRL. Significant differences between 126/OE and 
both control LVs are shown, as assessed by one-way ANOVA with Bonferroni correction. Bottom bar graph 
shows in vivo nucleoside incorporation after two EdU pulses (24 hr and 12 hr before sacrifice) in the  lin– and lin+ 
BM subsets. Results are normalized to the combined control group. Results are shown as mean+SEM of five pools 
of two to three mice for the 126/OE group and six pools of two to three mice for the combined control group 
(three pools of CTRL LV and three pools of 223OE LV). 
(G) BM chimerism 100 days after competitive transplantation of CTRL and 126/OE LV-transduced cells. Blue 
bars represent the fraction of OFP-expressing 126/OE vector-transduced cells in relation to all other BM cells 
(untransduced and CTRL LV transduced). HSC were defined as LSK CD150+CD48– cells. Lin+ cells were defined 
as in Figure 3F. Results are shown as mean+SEM of n = 4 mice. (H) Cell-cycle distribution of the cells shown in 
(G) as determined by Ki67/Hoechst staining in HSC-enriched LSK CD150+ and total LSK cells (n = 5 pools of 
three mice). *p < 0.05, **p < 0.01, and ***p < 0.001. ns, not significant. 
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tion of the progenitor supply, leading to the 
collapse of hematopoietic output. A con-
stant reduction in cell-cycle entry of HSC 
may be the underlying explanation for the 
finding that 126/OE HSC are eventually 
outcompeted by nontransduced HSC with 
normal cycling characteristics. 
 

 PI3K/AKT Signaling Is Targeted by 2.3.5
miR-126 in Early Hematopoietic Progeni-
tors 

To gain insight into the mechanism 
whereby miR-126 was exerting its biologi-
cal effects on HSPC, gene expression 
profiling was performed on sorted lin– 
CD34+CD38– CB HSPC transduced with 
126/KD, 126/OE, and their respective 
CTRL vectors. Gene set enrichment analy-
sis (GSEA) was applied to HSPC gene 
expression data to identify miR-126 modu-
lated cellular pathways. Opposing effects 
between 126/KD and 126/OE groups were 
observed with a majority of enriched 
pathways (Figure 5A). Furthermore, 
pathways most highly correlated with miR-
126 expression levels centered on cell-cell 
contact (cell junction and adhesion), 
motility, migration (all upregulated in 
126/KD and downregulated in 126/OE), 
interferon-gamma signaling, and protein 
acetylation (both downregulated in 
126/KD). Using four published algorithms, 
a list of predicted miR-126 target genes 
was generated and compared with the gene 
expression data set. Predicted targets were 
found in six pathways that are significantly 
influenced by miR-126 (Figure 5A, purple 
lines, p < 0.05). The focal adhesion path-
way showed the most significant overlap 
with the list of miR-126 predicted targets 
(Figure 5A, list 1, p = 0.0003), indicating 
that this may be the primary pathway under 

the influence of miR-126 in primitive lin– 
CB cells. In this pathway, PIK3R2, ITGA6, 
and ILK, all predicted miR-126 targets, are 
upregulated upon 126/KD and downregu-
lated upon 126/OE. As the effect of miR-
NA modulation of gene expression may be 
stronger at the protein level, and to provide 
another unbiased approach, we performed a 
quantitative analysis on the proteome of 
K562 cells stably transduced with 126/OE 
or CTRL vectors by using the stable 
isotope labeling of amino acids in culture 
(SILAC) technique (Figures S5A–S5C). 
Interrogation of this data set by using 
unsupervised Ingenuity Pathway Analysis 
(IPA) found that, upon 126/OE, the 
PI3K/AKT signaling pathway was among 
the most significantly affected canonical 
pathways (Figures S5B and S5C), validat-
ing the bioinformatic analysis of the 
mRNA arrays. These data suggest that 
PI3K/AKT signaling is a major pathway 
through which miR-126 exerts its effects in 
primary human hematopoietic cells. 

Because the PI3K/AKT pathway 
transduces crucial signals for HSC prolifer-
ation and differentiation (Buitenhuis and 
Coffer, 2009; Buitenhuis, 2011), we 
assessed the expression levels of individual 
components of this pathway in both K562 
cells (Figure S5D) and CD34+ CB cells 
(Figure 5B) upon 126/KD. Among the 
investigated genes, PIK3R2/PI3Kp85b and 
AKT2 were significantly upregulated upon 
126/KD at both the transcript and protein 
level, whereas their respective isoforms, 
PIK3R1/PI3Kp85a and AKT1, were 
unchanged. CRKII protein was also upreg-
ulated by 126/KD as predicted by bioin-
formatic analysis. Whereas PIK3R2 is well 
established as a direct miR-126 target (Fish 
et al., 2008; Guo et al., 2008), AKT2 may 
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be regulated through indirect mechanisms 
because its transcripts are not predicted to 

contain binding sequences for the miR-126 
seed sequence. 

governs the biological properties of mouse and human HSC. By
gain- and loss-of-function studies, we demonstrate thatmiR-126
functionally regulates HSC and early progenitor cells by modu-
lating signal transduction in response to extrinsic stimuli, such
as SCF, and by inducing specific changes in the cell cycle of
HSC and progenitors within their BM niche in vivo. miR-126
knockdown resulted in increased cell-cycle progression and
expansion of the phenotypic and functional HSC compartment
in vivo. Overexpression of miR-126, on the other hand, resulted
in increased HSC quiescence and transiently increased pro-
liferation of progenitor cell populations, which was followed by
diminishing hematopoietic output. Our work demonstrates the
conservation of miR-126 function between mouse and human
HSC and establishes a conceptual framework to understand

how miR-dependent adjustment of intracellular signals fine-
tunes the balance between HSC quiescence and activation,
enabling them to sustain the blood system throughout life.
We identify components of the PI3K/AKT signaling pathway as

direct or indirect targets ofmiR-126 in humanHSCand show that
miR-126 activity attenuates the degree of activation of this
pathway in response to cytokine signals—such as SCF—known
to be crucial for HSC maintenance (Thorén et al., 2008). Thus,
miR-126 appears to act mostly by imposing a threshold on the
level of stimulation required to activate HSC. Importantly, the
PI3K/AKT pathway plays a central role in regulating HSC homeo-
stasis through downstream effectors, which include FOXO
transcription factors, mTOR, GSK3b, and WNT (Buitenhuis and
Coffer, 2009; Buitenhuis, 2011). Several groups have engineered
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Figure 5. PI3K/AKT Signaling Is Targeted by miR-126 in Hematopoietic Progenitors
(A) Functional enrichment map for 126/KD and 126/OE fractions revealing miR-126 modulated pathways. Nodes (circles) represent gene sets (pathways), red

indicates gene sets enriched in the 126/KD (node center) or in the 126/OE (node border) fractions, and blue indicates gene sets enriched in CTRL. Green line width

between pathways (nodes) corresponds to the number of shared genes. miR-126 predicted targets (yellow triangle) are connected to enriched pathways by pink

lines; line thickness indicates significance level (proportional to –log (p value)). Overlap of miR-126 targets was significant (p < 0.05) with six enriched gene sets.

miR-126 targets were present in list 1 (KEGG:HSA04510 and KEGG:HSA04512 gene sets), list 2 (GO:0050900), list 3 (GO:0048870 and GO:0051674), and list 4

(GO:0071346). Gene targets shared between lists (common targets) and targets unique to a list (unique targets) are listed on the right.

(B) Protein (blots) and transcript (bar graph) levels of PI3K p85 isoforms, AKT isoforms, and CRKII were measured in CD34+ CB cells 3–5 days after transduction

with CTRL or 126/KD LV. Top, western blots are representative of n = 5 (PI3Kp85a/b) or n = 2 (AKT1/2 and CRKII) independent experiments; GAPDHwas used as

a loading control. Bottom, qPCR graph shows the fold change of the indicated transcript in 126/KD over CTRL-transduced cells. Results are shown as

mean +SEM of n = 5 independent experiments (PIK3R2 and AKT2) or n = 3 independent experiments (AKT1).

(C) Simplified scheme illustrating the flow of signal through the PI3K/AKT pathway.

(D) Left, pAKT (Ser473) was measured in CTRL or 126/KD LV-transduced CD34+ CB cells by western blot performed after 4 days in liquid culture. GAPDH was

used as a loading control. Three independent experiments are shown. Right, bar graph showing the densitometric quantification of pAKT (Ser473) normalized to

GAPDH. Mann-Whitney test was used for statistical analysis. Results are shown as mean +SEM of n = 7 independent experiments. *p < 0.05.
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Figure 5. PI3K/AKT Signaling Is Targeted by miR-126 in Hematopoietic Progenitors 
(A) Functional enrichment map for 126/KD and 126/OE fractions revealing miR-126 modulated pathways. Nodes 
(circles) represent gene sets (pathways), red indicates gene sets enriched in the 126/KD (node center) or in the 
126/OE (node border) fractions, and blue indicates gene sets enriched in CTRL. Green line width between 
pathways (nodes) corresponds to the number of shared genes. miR-126 predicted targets (yellow triangle) are 
connected to enriched pathways by pink lines; line thickness indicates significance level (proportional to –log (p 
value)). Overlap of miR-126 targets was significant (p < 0.05) with six enriched gene sets. miR-126 targets were 
present in list 1 (KEGG:HSA04510 and KEGG:HSA04512 gene sets), list 2 (GO:0050900), list 3 (GO:0048870 
and GO:0051674), and list 4 (GO:0071346). Gene targets shared between lists (common targets) and targets 
unique to a list (unique targets) are listed on the right. 
(B) Protein (blots) and transcript (bar graph) levels of PI3K p85 isoforms, AKT isoforms, and CRKII were 
measured in CD34+ CB cells 3–5 days after transduction with CTRL or 126/KD LV. Top, western blots are 
representative of n = 5 (PI3Kp85a/b) or n = 2 (AKT1/2 and CRKII) independent experiments; GAPDH was used 
as a loading control. Bottom, qPCR graph shows the fold change of the indicated transcript in 126/KD over 
CTRL-transduced cells. Results are shown as mean+SEM of n = 5 independent experiments (PIK3R2 and AKT2) 
or n = 3 independent experiments (AKT1). 
(C) Simplified scheme illustrating the flow of signal through the PI3K/AKT pathway. 
(D) Left, pAKT (Ser473) was measured in CTRL or 126/KD LV-transduced CD34+ CB cells by western blot 
performed after 4 days in liquid culture. GAPDH was used as a loading control. Three independent experiments 
are shown. Right, bar graph showing the densitometric quantification of pAKT (Ser473) normalized to GAPDH. 
Mann-Whitney test was used for statistical analysis. Results are shown as mean +SEM of n = 7 independent 
experiments. *p < 0.05. 
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 miR-126 Attenuates the PI3K/AKT/ 2.3.6
GSK3b Signaling Axis upon Extrinsic 
Stimuli 

We next assessed whether miR-126-
dependent regulation of the PI3K/AKT 
pathway would have an effect on signal 
transduction. AKT interacts with several 
downstream effectors implicated in stem 
cell regulation such as mTOR complexes 
and GSK3b and FOXO proteins (Bui-
tenhuis and Coffer, 2009). AKT is acti- 
vated upon phosphorylation of Ser473. We 
found increased phosphorylation of AKT at 
Ser473 (p-AKT S473) in 126/KD-
transduced CD34+ CB HSPC under steady-
state culture conditions (Figures 5C and 
5D; see also Figure S5E for K562 cells). 
To investigate the acute response to cyto-
kine stimulation at the single cell level in 
primary human cells, we assayed pAKT 
(S473) by flow cytometry in CD34+ HSPC 
starved in serum and cytokine-free medium 
prior to stimulation. Stem cell factor (SCF) 
containing cytokine cocktails rapidly and 
strongly induced pAKT (S473) in CD34+ 
cells (Figure S6). This response was 
significantly enhanced in 126/KD HSPC, 
and this enhancement was most evident 
when the analysis was focused on highly 
transduced cells (Figure 6A). By using the 
same starvation/stimulation protocol, we 
also found significantly increased phos-
phorylation of GSK3b at Ser9 in 126/KD 
CD34+ CB cells (Figure 6A). An opposite 
effect on AKT and GSK3b phosphory- 
lation was observed upon 126/OE (Figure 
6B). Overall, these data indicate enhanced 
transduction of the signal induced by SCF 
through the PI3K/AKT pathway in human 
HSPC upon 126/KD and decreased signal 
transduction upon 126/OE. Finally, we 
were able to abrogate the effect of 126/KD 

on HSPC proliferation by a single admin-
istration of the PI3K inhibitor LY294002 at 
the time of cytokine stimulation, reinforc-
ing the notion that activation of PI3K 
signaling is required for the observed 
functional effects of 126/KD in HSPC 
(Figure 6C). 

Collectively, these data indicate that 
miR-126 regulates the expression of 
several components of the PI3K/AKT 
pathway and, consequently, regulates its 
activation by extrinsic stimuli such as SCF. 

 
2.4 Discussion 

Our data establish that miRNAs, dif-
ferentially expressed in HSPC, represent an 
important regulatory mechanism that 
governs the biological properties of mouse 
and human HSC. By gain- and loss-of-
function studies, we demonstrate that miR-
126 functionally regulates HSC and early 
progenitor cells by modulating signal 
transduction in response to extrinsic stimu-
li, such as SCF, and by inducing specific 
changes in the cell cycle of HSC and 
progenitors within their BM niche in vivo. 
miR-126 knockdown resulted in increased 
cell-cycle progression and expansion of the 
phenotypic and functional HSC compart-
ment in vivo. Overexpression of miR-126, 
on the other hand, resulted in increased 
HSC quiescence and transiently increased 
pro- liferation of progenitor cell popula-
tions, which was followed by diminishing 
hematopoietic output. Our work demon-
strates the conservation of miR-126 func-
tion between mouse and human HSC and 
establishes a conceptual framework to 
understand how miR-dependent adjustment 
of intracellular signals fine-tunes the 
balance between HSC quiescence and 
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activation, enabling them to sustain the 
blood system throughout life. 

We identify components of the 
PI3K/AKT signaling pathway as direct or 

indirect targets of miR-126 in human HSC 
and show that miR-126 activity attenuates 
the degree of activation of this pathway in 
response to cytokine signals – such as SCF 

mice to modify PI3K/AKT pathway activation. Recently, a
detailed analysis of HSC in an AKT1/2 double-deficient mouse
model revealed a deficiency in competitive long-term reconstitu-
tion (Juntilla et al., 2010). This defect was attributed to HSC
persistence in G0, arguing that the impaired HSC function
and cell-cycle progression that we observe upon 126/OE may
indeed be due to attenuated PI3K/AKT signaling. Conversely,
hyperactivation of the PI3K/AKT pathway has been studied by
using conditional genetic deletion models of negative regulators
such as Pten, Ship, Fbw7, Pml, and Tsc1 (Li, 2011). These
studies reported a transient increase in cycling HSC, which

was followed by exhaustion and/or impaired repopulation
capacity. Similar phenotypes were obtained by inactivating
negatively regulated downstream targets of the PI3K/AKT
pathway such as GSK3b (Huang et al., 2009) or FOXO (Tothova
et al., 2007). Remarkably, our 126/KD studies also hyperacti-
vated the PI3K/AKT pathway and induced expansion of HSC
without inducing their exhaustion when assayed long-term after
transplant or in secondary transplanted mice. We speculate that
the reason why 126/KD may expand HSC without exhaustion
might be because, rather than affecting a single regulator,
miR-126 likely modulates several functionally important targets

Figure 6. Attenuation of PI3K/AKT/GSK3b Signaling upon Extrinsic Stimuli Contributes to miR-126 Control of Proliferation
(A) Cytokine-induced activation of AKT andGSK3b upon 126/KD in CD34+ CB cells after 30min starvation and restimulation with SCF, TPO, FLT3L, and IL6 (TSF6

medium, see Experimental Procedures). Left FACS plots show GFP expression in CD34+ CB cells transduced with 126/KD-LV, and CTRL-LV (not shown) was

stratified into quartiles, with brighter cells expressing more miR-126 decoy targets. Middle histograms show representative induction of pAKT (S473) (top) and

pGSK3b (S9) (bottom) in the top 25% GFP-expressing 126/KD cells (red), CTRL cells (gray), or in 126/KD cells pretreated with the PI3K inhibitor Wortmannin

(dashed line). Right graphs show relative mean fluorescence intensity (MFI) of phospho-AKT S473 (top) and phospho-GSK3b S9 (bottom) from untransduced

(first quartile, Q) to highly transduced (top 10%) cells for CTRL (gray), 126/KD (red), and Wortmannin-treated (dashed) cells that were stimulated with TSF6. Note

that the effect of 126/KD is most pronounced in highly transduced cells. Results are shown as mean +SEM of n = 6 independent experiments (AKT) and n = 3

independent experiments (GSK).

(B) Cytokine-induced activation of AKT and GSK3b upon 126/OE in CD34+ CB cells stimulated as described in (A). Histograms represent the induction of pAKT

(S473) (top) and pGSK3b (S9) (middle) in the top 25% of OFP-expressing 126/OE cells (blue), CTRL (gray), or 126/OE cells pretreated with the PI3K inhibitor

Wortmannin (dashed line). The bar graph on the bottom represents pAKT (S473) or pGSK3b (S9) activation in 126/OE relative to CTRL cells in the corresponding

first Q and top 25% OFP-expressing fractions.

(C) Effect of the PI3K inhibitor Ly294002 (Ly) treatment on the growth of 126/KD cells. Left, representative experiment depicting the growth advantage of 126/KD

CD34+ CB cells over CTRL (dotted lines) and its abrogation upon single-dose administration of 10 mMLy (solid lines). Right, fold change in cell numbers of 126/KD

normalized to CTRL cells, treated (black) or not (red) with Ly. Results are shown as min/max box and whiskers plots of n = 5 independent experiments. *p < 0.05

and **p < 0.01.
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Figure 6. Attenuation of PI3K/AKT/GSK3b Signaling upon Extrinsic Stimuli Contributes to miR-126 
Control of Proliferation  
(A) Cytokine-induced activation of AKT and GSK3b upon 126/KD in CD34+ CB cells after 30 min starvation and 
restimulation with SCF, TPO, FLT3L, and IL6 (TSF6 medium, see Experimental Procedures). Left FACS plots 
show GFP expression in CD34+ CB cells transduced with 126/KD-LV, and CTRL-LV (not shown) was stratified 
into quartiles, with brighter cells expressing more miR-126 decoy targets. Middle histograms show representative 
induction of pAKT (S473) (top) and pGSK3b (S9) (bottom) in the top 25% GFP-expressing 126/KD cells (red), 
CTRL cells (gray), or in 126/KD cells pretreated with the PI3K inhibitor Wortmannin (dashed line). Right graphs 
show relative mean fluorescence intensity (MFI) of phospho-AKT S473 (top) and phospho-GSK3b S9 (bottom) 
from untransduced (first quartile, Q) to highly transduced (top 10%) cells for CTRL (gray), 126/KD (red), and 
Wortmannin-treated (dashed) cells that were stimulated with TSF6. Note that the effect of 126/KD is most 
pronounced in highly transduced cells. Results are shown as mean+SEM of n = 6 independent experiments (AKT) 
and n = 3 independent experiments (GSK). 
(B) Cytokine-induced activation of AKT and GSK3b upon 126/OE in CD34+ CB cells stimulated as described in 
(A). Histograms represent the induction of pAKT (S473) (top) and pGSK3b (S9) (middle) in the top 25% of OFP-
expressing 126/OE cells (blue), CTRL (gray), or 126/OE cells pretreated with the PI3K inhibitor Wortmannin 
(dashed line). The bar graph on the bottom represents pAKT (S473) or pGSK3b (S9) activation in 126/OE relative 
to CTRL cells in the corresponding first Q and top 25% OFP-expressing fractions. 
(C) Effect of the PI3K inhibitor Ly294002 (Ly) treatment on the growth of 126/KD cells. Left, representative 
experiment depicting the growth advantage of 126/KD CD34+ CB cells over CTRL (dotted lines) and its abroga-
tion upon single-dose administration of 10 mM Ly (solid lines). Right, fold change in cell numbers of 126/KD 
normalized to CTRL cells, treated (black) or not (red) with Ly. Results are shown as min/max box and whiskers 
plots of n = 5 independent experiments. *p < 0.05 and **p < 0.01. 
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– known to be crucial for HSC mainte-
nance (Thorén et al., 2008). Thus, miR-126 
appears to act mostly by imposing a 
threshold on the level of stimulation 
required to activate HSC. Importantly, the 
PI3K/AKT pathway plays a central role in 
regulating HSC homeostasis through 
downstream effectors, which include 
FOXO transcription factors, mTOR, 
GSK3b, and WNT (Buitenhuis and Coffer, 
2009; Buitenhuis, 2011). Several groups 
have engineered mice to modify 
PI3K/AKT pathway activation. Recently, a 
detailed analysis of HSC in an AKT1/2 
double-deficient mouse model revealed a 
deficiency in competitive long-term recon-
stitution (Juntilla et al., 2010). This defect 
was attributed to HSC persistence in G0, 
arguing that the impaired HSC function 
and cell-cycle progression that we observe 
upon 126/OE may indeed be due to attenu-
ated PI3K/AKT signaling. Conversely, 
hyperactivation of the PI3K/AKT pathway 
has been studied by using conditional 
genetic deletion models of negative regula-
tors such as Pten, Ship, Fbw7, Pml, and 
Tsc1 (Li, 2011). These studies reported a 
transient increase in cycling HSC, which 
was followed by exhaustion and/or im-
paired repopulation capacity. Similar 
phenotypes were obtained by inactivating 
negatively regulated downstream targets of 
the PI3K/AKT pathway such as GSK3b 
(Huang et al., 2009) or FOXO (Tothova et 
al., 2007). Remarkably, our 126/KD studies 
also hyperactivated the PI3K/AKT path-
way and induced expansion of HSC with-
out inducing their exhaustion when assayed 
long-term after transplant or in secondary 
transplanted mice. We speculate that the 
reason why 126/KD may expand HSC 
without exhaustion might be because, 

rather than affecting a single regulator, 
miR-126 likely modulates several func-
tionally important targets in interconnected 
pathways that together orchestrate an HSC 
program. Further studies will be needed to 
investigate whether additional miR-126 
targets in addition to those identified within 
the PI3K/AKT pathway contribute to the 
observed phenotypes. We note that the 
sponge vector achieves a knockdown rather 
than knockout of miR-126. Thus, it re-
mains to be determined what influence a 
full miR-126 knockout would have on 
HSC. Germline miR-126 knockout results 
in a severe angiogenesis defect with most 
mice dying in utero (Kuhnert et al., 2008; 
Wang et al., 2008). However, the few miR-
126 knockout mice that survived were 
reported to have no major disturbances of 
the hematopoietic system, except for some 
degree of erythrocytosis. This observation 
is in line with our findings that 126/KD 
increased erythroid and megakaryocytic 
differentiation of lin– CD34+ CB cells, 
whereas ectopic miR-126 expression 
inhibited erythropoiesis, as also recently 
shown in an embryonic stem cell (ESC) 
differentiation model (Huang et al., 2011). 

Another important difference between 
126/KD and Pten knockout mice is that the 
latter mode of PI3K/AKT pathway activa-
tion invariably resulted in the emergence of 
leukemia (Yilmaz et al., 2006), whereas 
126/KD never produced hematologic 
malignancies in up to 1.5 years of follow-
up in mice (including serial transplants). 
Indeed, vector integration site analysis 
revealed the polyclonal nature of 126/KD 
expansion (Figure S3C). Whereas 
PI3K/AKT signaling is one of the most 
frequently activated pathways in cancer, 
miR-126 is a tumor suppressor as it is lost 
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in a number of solid cancers (Guo et al., 
2008; Zhang et al., 2008; Miko et al., 2009; 
Feng et al., 2010). The PI3K/AKT pathway 
is highly branched, with many inputs, 
outputs, and feedbacks (Chalhoub and 
Baker, 2009). Follow-up studies will 
clarify which specific output ultimately 
induces the biological effects of miR-126 
deregulation. 

The variety of effects we observed by 
modulating miR-126 in hematopoietic cells 
adds evidence that miRNAs exhibit exten-
sive context-dependent functions. Murine 
cell transplantation showed that 126/KD 
resulted in a cell-cycle increase only within 
the stem-cell-enriched compartment, which 
expresses the highest levels of miR-126, 
but not in downstream progenitors. Even 
more striking is the bimodal response to 
126/OE, whereby the proliferation of the 
HSC fraction is reduced, whereas cell-
cycle entry of immediate downstream 
progenitors is increased both in human and 
murine experiments. This suggests that 
stem and progenitor cells have distinct 
programs that govern which targets are 
available for miR-126 to influence, result-
ing in differences in signaling responses 
within each cell type. Alternative 3’ UTR 
sequences and/or a different pool of com-
peting RNA targets for miR-126 could 
account for this apparent paradox (Mayr 
and Bartel, 2009; Poliseno et al., 2010). 
Thus, the availability of different sets of 
mRNA targets in distinct cell types may 
contribute to the context specificity of 
miRNAs, and further work is required to 
identify the whole complement of miR-126 
targets in hematopoietic stem versus 
progenitor cells. 

This report links a miRNA to the 
regulation of human HSC, thus opening an 

avenue to develop therapeutic strategies for 
human HSC maintenance and expansion. 
There is great need to understand how HSC 
are regulated in order to take a more 
rational approach to harness human HSC 
for clinical purposes. The discovery that 
miRNAs occupy a central regulatory role 
opens an alternative avenue to manipulate 
HSC quiescence and cell-cycle entry with 
the ultimate goal of HSC expansion for 
clinically important therapies. The signifi-
cant expansion of long-term HSC, here 
induced through the manipulation of the 
miR-126/PI3K/AKT signaling axis, sup-
ports the plausibility of this approach. It is 
conceivable that manipulation of miR 
regulation may provide a more physiologi-
cal approach to fine-tune a cellular re-
sponse. Finally, given the close relationship 
between normal HSC and AML leukemic 
stem cells (Eppert et al., 2011), future 
studies should examine whether miR-126 
deregulation contributes to leukemia stem 
cell properties. 
 
2.5 Experimental procedures 
 

 Vector Transduction of Cord Blood 2.5.1
and In Vitro Expansion 
The following transduction protocols were used with 
similar results in Toronto (1) and Milan (2). (1) Lin– 
CB cells were thawed and plated in X-VIVO (Bio-
Whittaker) supplemented with 20% BIT 9500 
(StemCell Technologies), 2 mM L-glutamine, and 100 
U/ml penicillin/streptomycin (P/S). Viral particles 
were resuspended in the same medium and added to 
cells at a multiplicity of infection (MOI) of 30–50. 
The mixture was then supplemented with stem cell 
factor (SCF) 100 ng/ml, Flt3 ligand (Flt3-L) 100 
ng/ml, thrombopoietin (TPO) 20 ng/ml, and interleu-
kin 6 (IL-6) 20 ng/ml for a minimum of 16 hr. 
Subsequent expansion was performed in the same 
medium with half the concentration of these cyto-
kines. (2) When indicated, the following condi- tions, 
referred to as TSF6, were used: CD34+ cells were 
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cultured in StemSpan medium (Stem Cell Technolo-
gies) with the same supplements and cytokines as 
mentioned above except BIT. After 12-18 hr of 
prestimulation, cells were exposed to lentiviral vectors 
for 12–24 hr at an MOI of 50-100. Optionally, a 
second hit transduction was performed after a 12 hr 
resting phase in fresh medium. Subsequent expansion 
was performed in StemSpan medium containing half 
the concentration of the above-mentioned cytokines 
(TSF6half medium). 
 

 Mouse Xenotransplantation and 2.5.2
Human Lin– Cell Isolation 
Mouse xenografts were performed as described 
previously (McDermott et al., 2010). Briefly, 
NOD/Lt-scid/IL2Rɣnull (NSG) mice were sublethally 
irradiated (225 cGy) 1 day prior to injection. Trans-
duced cells were injected with 25 µl PBS into the right 
femur of each recipient mouse. After euthanizing the 
mice, bone marrow cells were flushed with 2 ml PBS 
2% FCS, and 50 ml was stained for surface markers. 
Remaining cells were lineage depleted and/or used for 
additional surface or intracellular antigen staining. For 
lineage depletion, BM cells flushed from the femurs 
and tibias of three to five mice (>3% human cells) 
were combined and processed with the StemSep 
Mouse/Human Chimera Enrichment Kit (Stem Cell 
Technologies) according to the manufacturer’s 
instructions. However, during the antibiotin incuba-
tion step, an additional 50 µl/ml human hematopoietic 
progenitor enrichment antibody cocktail from the 
StemSep Human Progenitor Cell Enrichment Kit was 
added to deplete human-lineage-positive cells. 
 

 Isolation and Transduction of 2.5.3
Murine HSPC and Bone Marrow Trans-
plants 
Donor mice between 6 and 8 weeks of age were 
euthanized by CO2, and BM was retrieved from 
femurs, tibias, and humeri. Murine HSPCs were 
purified by lin– selection, using the Biotin Mouse 
Lineage Panel (BD PharMingen) and the StemSep 
Mouse Progenitor Enrichment Kit (Stem Cell 
Technologies). LVs transduction was performed as 
previously described (Gentner et al., 2010). For 
noncompetitive transplants, ≥106 transduced cells 
were transplanted via tail injection into 6-week-old 
lethally irradiated mice (10 Gy total, fractionated into 
two doses with an interval of 4 hr). For competitive 
transplants, congenic HSPC from either B6.SJL-
Ptprca(CD45.1) or C57BL/ 6NTac-Ptprcb (CD45.2) 
mice transduced with either 126/KD or 126/OE and 

with CTRL LVs were mixed in a 1:1 ratio and 
transplanted (≥106 cells/mouse) into 6-week-old 
lethally irradiated mice. Please see Supplemental 
Information for details of the analysis of chimerism. 
 

 Limiting Dilution Analysis 2.5.4
For murine experiments, lin– BM cells (CD45.2) were 
transduced with 126/KD or CTRL LV and transplant-
ed into recipient mice (CD45.1). Mice with similar 
chimerism and transduction levels in both the 126/KD 
and CTRL group were identified 16 weeks after 
transplant, and a 126/KD BM pool (n = 3 mice) and 
CTRL BM pool (n = 3 mice) were generated. Limiting 
doses of total nucleated BM cells (BM TNCs) from 
each pool were mixed with 3 × 105 CD45.1 supporter 
BM TNCs and transplanted into n = 13 lethally 
irradiated CD45.1 recipient mice. A mouse was scored 
as positive if it had >0.1% engraftment in multiple 
lineages by serial bleeding at 8 and 14 weeks after 
transplantation. Limiting dilution analysis of human 
CB cells was performed by sorting human 
CD45+GFP+ cells from pooled BM of primary mice 
20 weeks after transplantation and injection of 
different doses into secondary recipients. A secondary 
mouse was scored as positive if it had >0.5% BM 
engraftment 10 weeks after transplantation. HSC 
frequency was estimated by linear regression analysis 
and Poisson statistics using publicly available ELDA 
software (Extreme Limiting Dilution Analysis, 
http://bioinf. wehi.edu.au/software/elda/, Hu and 
Smyth, 2009). 
 

 5-FU Treatment and Secondary 2.5.5
Transplants 
5-Fluorouracil (Sigma) was administered intraperito-
neally at a dose of 2.5 mg. For secondary transplants 
of murine experiments, stably engrafted mice were 
euthanized (≥14 weeks after primary transplant), and 
107 BM-nucleated cells from each mouse were 
injected into one or two secondary recipients. 
 

 Statistical Analysis 2.5.6
Unless otherwise indicated, mean±SEM values are 
reported in the graphs. For pairwise comparisons, a 
Student’s t test (paired if appropriate) was used unless 
otherwise indicated. For three or more matched 
groups, a one-way analysis of variance (ANOVA) for 
repeated measures using a Bonferroni posttest 
correction was used. Chimerism (chim) values were 
transformed into a log-odds scale (log (%chim/(100-
%chim)), given that percentages are by definition 
constrained between 0 and 100. 
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2.6 Supplemental Information 
Supplemental Information for this article includes six 
figures, Supplemental Results, and Supplemental 
Experimental Procedures and can be found with this 
article online at http://dx.doi.org/10.1016/j.stem. 
2012.09.001. 
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Graphical summary of the main conclusions. 
Under normal circumstances, HSC priming is 
balanced by low-level expression of myeloid and 
lymphoid-associated genes. Inhibition of E47 
activity by ID2 overexpression attenuates initia-
tion of a B-lymphoid program. In turn, myeloid 
(including erythroid) as well as stemness pro-
grams are up regulated in HSC. This leads to a 
myeloid differentiation bias, increased self-
renewal and an expansion of phenotypic and 
functional HSC in vivo.



Lymphoid priming inhibits self-renewal 

59 

 Reduced lymphoid lineage priming promotes Chapter 3.
human hematopoietic stem cell expansion 
 
Peter van Galen1,2,3, Antonija Kreso1,2, Erno Wienholds1,2, Elisa Laurenti1,2, Kolja Eppert5, 
Eric Lechman1,2, Nathan Mbong1,2, Karin Hermans1,2, Stephanie Dobson1,2, Craig April4, 
Jian-Bing Fan4, John E. Dick1,2,* 
 
1 Campbell Family Institute, Ontario Cancer Institute, Princess Margaret Cancer Centre, University Health 
Network, Toronto, ON M5G 1L7, Canada 
2 Department of Molecular Genetics, University of Toronto, Toronto, ON M5G 1L7, Canada 
3 Department of Molecular Genetics, Netherlands Cancer Institute, Amsterdam, The Netherlands 
4 Illumina Inc., 5200 Illumina Way, San Diego, CA 
5 Department of Pediatrics, McGill University and Montreal Children's Hospital Research Institute, Montreal, 
Quebec 
* Correspondence: jdick@uhnresearch.ca 
 

 Summary 3.1
Hematopoietic stem cells (HSC) must balance self-renewal and lineage differentiation 
to regenerate the hematopoietic system throughout life. HSC exhibit low-level expres-
sion of lineage-associated genes that keeps them responsive to demands of mature 
blood production. However, it is not known whether this process, termed lineage 
priming, influences HSC self-renewal. We have identified a link between stemness and 
lineage priming through genetic modulation of ID genes as well as E47 and EBF1 B-
lymphoid factors. Transcriptional profiling of ID2 over-expression (OE) HSC showed 
down-regulation of B-cell factors including EBF1 and FOXO1. There was a concomi-
tant increase in myeloerythroid factors such as CEBPA and GATA1 revealing myeloid 
commitment bias already in primitive HSC and progenitors. Attenuation of lymphoid 
factors enhanced HSC self-renewal resulting in 11-fold expansion of HSC in xenograft 
assays. Thus, early lymphoid transcription factors antagonize human HSC self-
renewal, providing a link between lineage priming and maintenance of stem cell self-
renewal. 
 

 Highlights 3.2
• ID2-mediated inhibition of E47 activity controls human HSC lineage commitment 
• ID2-OE reduces lymphoid priming and increases myeloid and stemness gene expres-

sion in HSC 
• Attenuation of lymphoid program initiation in HSC increases self-renewal 

 
 Introduction 3.3

The control of gene expression programs 
by transcription factors (TFs) and epigenet-
ic regulators is central to self-renewal, cell 

division and survival of HSC (Orkin and 
Zon, 2008). Gradual differentiation into the 
specialized cell types of the blood system is 
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directed by lineage-specific TF networks. 
Despite their undifferentiated state, HSC 
are not devoid of elements linked to matu-
ration. Rather, activating epigenetic marks 
and low level expression of lineage-
associated genes, a process known as 
lineage priming, keeps HSC responsive to 
the demands of blood production (Hu et al., 
1997; Mercer et al., 2011b; Orkin, 2003). 
This poised state enables commitment to 
occur when differentiation potential for 
alternative lineages is extinguished. The 
upregulation of specific lineage programs 
coincides with the loss of self-renewal and 
therefore must be delicately regulated to 
prevent HSC depletion, while still remain-
ing responsive to demands for mature cell 
types. Although there is increasing clarity 
of lineage commitment from a systems 
biology perspective, very little is known of 
how lineage priming is linked to specific 
HSC fate choices including self-renewal. 
Moreover, a better understanding of the 
interplay between TF networks that regu-
late stem cell self-renewal and differentia-
tion would facilitate therapeutically 
relevant manipulation of stem cells. For 
example, the shortage of HSC for bone 
marrow (BM) transplantation (Hofmeister 
et al., 2007) could be alleviated by directed 
differentiation to the HSC state or through 
in vitro expansion of HSC. 
The extent to which lineage-associated TFs 
regulate HSC function is highly variable. 
Whereas the function of Gata1 is largely 
restricted to erythroid differentiation 
(Ferreira et al., 2005; Pevny et al., 1991), 
PU.1 promotes myeloid development when 
expressed at high levels while also protect-
ing HSC from exhaustion (DeKoter and 
Singh, 2000; Staber et al., 2013). On the 
other hand, several canonical B-cell TFs 

have common features. E2A, Ebf1 or Pax5 
prime HSC for B-cell commitment while 
also repressing alternative lineage genes 
(Dias et al., 2008; Lukin et al., 2011; Nutt 
et al., 1999). Deficiency in these factors 
blocks B-cell development and enables 
expansion of hematopoietic progenitors 
with multilineage potential; however the 
direct impact on self-renewal programs in 
HSC has not been established (Table S1) 
(Ikawa et al., 2004; Mikkola et al., 2002; 
Pongubala et al., 2008; Schaniel, 2002). 
Collectively, these studies suggest that B-
lymphoid (hereafter referred to as lym-
phoid) commitment is linked to the loss of 
myeloerythroid (hereafter referred to as 
myeloid) potential and HSC homeostasis. 
Recent high resolution analysis of the 
functional properties and transcriptional 
programs of human HSC and various 
progenitor populations has established that 
the transition from HSC to lymphoid 
progenitors is not binary, but is gradual 
with retention of stemness programs up to 
the MLP stage (Laurenti et al., 2013). 
Despite these advances, how multilineage 
gene expression programs and self-renewal 
are coordinated within HSC remains 
unresolved.  
Investigating the impact of commitment 
programs on stem cell homeostasis, re-
quires the use of a multifunctional regula-
tor. We looked for genes that (I) regulate 
multiple TFs, (II) are implicated in both 
self-renewal and differentiation, and (III) 
are differentially expressed in human HSC 
compared to progenitors. The family of 
Inhibitor of DNA binding proteins satisfies 
these criteria. First, the ID family consists 
of 4 helix-loop-helix (HLH) proteins (ID1-
4) that lack a basic DNA-binding domain 
and inhibit bHLH TFs upon heterodimeri-
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zation. Each ID protein has tissue specific 
expression and both redundant and unique 
functions have been attributed to each 
member (Benezra et al., 1990; Kee, 2009). 
ID1-4 function by regulating multiple TFs 
including the E2A family (Langlands et al., 
1997), Tal-1/Scl (Hsu et al., 1994), Rb 
(Lasorella et al., 2000), PU.1 and Gata-1 (Ji 
et al., 2008; McDermott et al., 2010). 
Second, ID proteins facilitate self-renewal 
of stem cells in multiple solid tissues 
(Hollnagel et al., 1999; Hong et al., 2011; 
Jung et al., 2010; Niola et al., 2012) and 
tumors (Gupta et al., 2007a; O'Brien et al., 
2012). In mouse hematopoiesis, Id1 but not 
Id3 deficiency leads to impaired mainte-
nance of long-term HSC (Jankovic et al., 
2007; Perry et al., 2007; Suh et al., 2009). 
Furthermore, Id1 protein mediated inhibi-
tion of the transcriptional activity of E2A 
proteins regulates the balance of myeloid 
versus lymphoid lineage commitment 
(Cochrane et al., 2009). Third, in humans, 
we have found that ID1, ID2 and ID3 
expression is enriched in HSC compared to 
progenitor cells, but their function has not 
been established in human HSC (Doulatov 
et al., 2009; 2012; Notta et al., 2011). The 
ability of ID proteins to influence multiple 
processes provides an attractive entry point 
to study the regulation of TF networks 
during HSC self-renewal and differentia-
tion. 
The function of Id1 and Id3 has been 
investigated in mouse HSC, but Id2 has 
not, and no ID proteins have been studied 
in human HSC. Enforced Id2 expression 
has been used to expand mouse hematopoi-

etic progenitors in vitro and investigate 
multilineage priming of enhancer elements 
(Mercer et al., 2011b). Id2 OE promotes 
proliferation of mouse myeloid progenitors 
(Kee, 2009; Li et al., 2010) and impairs B-
cell development (Thal et al., 2009). 
However, mechanistic insight into the 
downstream targets through which the 
different ID proteins establish their effects 
in hematopoiesis remains incomplete. In 
addition, findings in mouse HSC biology 
cannot always be extrapolated to human 
HSC, as evidenced by marked differences 
in their surface phenotype (Goodell, 1999), 
cycling characteristics (Catlin et al., 2011) 
and DNA repair mechanisms (Milyavsky et 
al., 2010; Mohrin et al., 2010; Shao et al., 
2012). 
With sensitive xenograft models and 
advanced sorting approaches, highly 
purified human HSC and progenitor popu-
lations can be isolated to clonal purity, 
enabling accurate assessment of their 
transcriptional and functional characteris-
tics (Doulatov et al., 2012; 2010; Laurenti 
et al., 2013; Majeti et al., 2007; Notta et al., 
2011). Here, we show that genetic modula-
tion of ID1, ID2 and ID3 transcriptional 
regulatory genes as well as E47 and EBF1 
B-lymphoid factors results in perturbation 
of HSC transcriptional programs and 
altered lineage bias. Reducing lymphoid 
factors within HSC led to a marked expan-
sion of transplantable HSC. Thus, we have 
uncovered a previously unrecognized link 
between differentiation programs and self-
renewal, where priming of lymphoid 
factors within HSC restrains self-renewal. 
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 Results 3.4
 

 ID genes are highly expressed in 3.4.1
human HSC and decrease early in differen-
tiation 

We carried out gene expression analy-
sis of human HSC and progenitor cell 
populations isolated from lineage depleted 
cord blood (lin− CB, Figure 1A-B) and 
found that ID1, ID2 and ID3 are enriched 
in human HSC (Doulatov et al., 2009; 
2012; Notta et al., 2011). We compared 
quantities of ID1-4 mRNA transcripts by 
quantitative PCR analysis (qPCR) in the 
CD34+CD38−CD45RA− CD90+ HSC 
fraction, CD34+CD38− CD45RA−CD90− 
multipotent progenitor (MPP) fraction, and 
CD34+CD38+ committed progenitors (CP) 
from CB (Figure 1C). ID1 expression was 
4-fold higher in HSC compared to down-
stream CP cells. ID2 mRNA was highly 
expressed in both HSC and MPP fractions 
but 2.3-fold down regulated in CP. ID3 
showed a trend towards decreasing expres-
sion during differentiation from HSC to CP 
cells. Absolute ID2 expression in the HSC 
fraction was 3-fold and 6.5-fold higher than 
ID1 and ID3, respectively. ID4 transcript 
was not detected in CB. These data indicate 
that expression of ID1, ID2, and ID3 is 
higher in HSC fractions compared to 
downstream progenitors, and ID2 is ex-
pression is higher than its homologs. 

To examine ID2 gene expression in 
the most refined hematopoietic stem and 
progenitor cell populations, CB was sepa-
rated into 7 functionally defined cell 
subsets representing early stages of lineage 
commitment (Doulatov et al., 2010; Majeti 
et al., 2007; Notta et al., 2011). The primi-
tive CD34+CD38− fraction was sorted into 
CD49f+ HSC, CD49f− MPP and multilym-

phoid progenitors (MLP) (Figure 1A-B). In 
addition, four committed CD34+CD38+ 
populations were isolated: common mye-
loid progenitors (CMP), granulo-
cyte/macrophage progenitors (GMP), 
megakaryocyte/erythrocyte progenitors 
(MEP) and B/NK cell precursors (B/NK). 
Among CD34+CD38− populations, ID2 
expression was highest in HSC and tended 
to be lower in MPP (1.7-fold) and MLP 
(1.5-fold) (Figure 1D). In more differenti-
ated CD34+CD38+ CP, ID2 was signifi-
cantly down regulated, especially in the 
MEP (16.3-fold), followed by the CMP 
(3.1-fold), GMP (2.1-fold) and B/NK 
progenitors (1.6-fold; all compared to 
CD49f+ HSC). These data indicate that ID2 
is highly expressed in the most primitive 
HSC fraction and down regulated early in 
differentiation. 

To evaluate whether ID gene expres-
sion is linked to differentiation and loss of 
stem cell properties, we cultured CB cells 
in cytokine supplemented liquid culture 
(TSGF6 conditions, see Experimental 
procedures). This caused loss of quiescence 
and a 4-fold reduction in the number of 
functional HSC after 8 days, as read out by 
in vivo engraftment potential (Figure S1A-
B). Culturing sorted HSC in TSGF6 
conditions resulted in gradual down regula-
tion of ID1 over 14 days: 8.3-fold on day 7 
and 16.4-fold on day 14 (Figure S1C). ID2 
expression was reduced 1.8 and 1.9-fold 
after 7 and 14 days in liquid culture, 
respectively. The most dramatic changes 
were noted in ID3 expression, which was 
down regulated 20.5-fold on day 7 and 
181.6-fold on day 14. Thus, in HSC, 
reduction of initially high expression levels 
of ID1, ID2 and ID3 coincides with loss of 
quiescence and repopulating capacity. 
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 ID family members regulate lineage 3.4.2
differentiation and engraftment levels 

High expression of the TF inhibitor 
ID2 in HSC suggests it may be a good 
target to alter the transcriptional profile and 
commitment of HSC. To enable ID2 over-
expression (OE) in primary human hema-
topoietic cells to different levels, bidirec-

tional lentiviral OE vectors were construct-
ed driving ID2 OE from the PGK or SFFV 
promoter (P-ID2 and S-ID2), while mark-
ing transduced cells with GFP. Transduc-
tion of CB cells with P-ID2 resulted in 
similar ID2 OE in sorted GFP+ cells shortly 
after transduction and in sorted 
lin−CD34+CD38− CD45RA− human hema-
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Figure 1. ID genes are highly expressed in human HSC and decrease early in differentiation 
A-B) Sorting scheme to separate stem and progenitor populations from CB. (A) Abbreviations, that are used 
throughout the paper, and combination of surface markers to isolate CB cell fractions. (B) Visualization of 
hierarchical organization. 
C) Expression of ID family genes in sorted CB populations. Left: CD34+CD38−CD45RA−CD90+ HSC, 
CD34+CD38−CD45RA−CD90− MPP and CD34+CD38+ CP were sorted and mRNA levels for ID1, ID2 and ID3 
were assessed by qPCR. Absolute expression relative to GAPDH was calculated using the standard curve method. 
p-values are calculated for HSC vs. CP fractions within gene and HSC fractions between genes. Results are shown 
as mean±SEM for n=3 CB. Right: ID4 is not expressed in CB cells. cDNA was generated from Hela cells or from 
CB. Using the primers specified in Table S2, 40 PCR cycles were run and amplicons were run on a 3% agarose 
gel to detect gene expression.  
D) ID2 expression in highly purified CB populations. Seven CB fractions were sorted according to surface marker 
phenotype and mRNA levels for ID2 were assessed by qPCR. Expression is normalized to the geometric mean of 
GAPDH and ACTB. p-values are calculated in comparison to CD49f+ HSC. Results are shown as mean±SEM of 
n=3 CB. * p<0.05, ** p<0.01, *** p<0.001. HSC, hematopoietic stem cell; MPP, multipotent progenitor; MLP, 
multilymphoid progenitor; CP, committed progenitor; CMP, common myeloid progenitor; MEP, megakaryo-
cyte/erythrocyte progenitor; B/NK, B and NK cell progenitor; GMP, granulocyte/macrophage progenitor; HSPC, 
hematopoietic stem and progenitor cells. 
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topoietic stem and progenitor cells (HSPC) 
8.5 weeks after transplantation into im-
mune-deficient mice, indicating stable 
long-term OE of physiologically relevant 
levels of ID2 (5.5-fold, Figure 2A). As 
expected, the stronger SFFV promoter 
drove ID2 expression to supraphysiological 
levels (95-fold higher than endogenous), 
and OE at the protein level was confirmed 
by western blot (Figure 2B). Following 
transduction with P-CTRL or P-ID2 lenti-
virus, CB cells were expanded for 10 days 
in TSGF6 culture, resulting in similar 
population doublings (Figure S1D). Trans-
plantation of sorted GFP+ cells into im-
mune-deficient mice by limiting dilution 
analysis (LDA) showed that the percentage 
of engrafted mice and level of engraftment 
in the BM after 8.5 weeks were similar 
between P-CTRL and P-ID2 groups (Fig-
ure 2C, Figure S2A). However, supraphys-
iological ID2 OE by S-ID2 transduction 
caused a trend towards lower engraftment 
than S-CTRL 8.5 weeks after injection 
(Figure 2D). We also noticed that the 
fluorescence intensity of GFP was lower in 
S-ID2 mice compared to S-CTRL (Figure 
2E-F). The mean fluorescence intensity 
(MFI) of GFP strongly correlates with 
transgene expression for the bidirectional 

lentiviral vector that we employed 
(Amendola et al., 2004). This suggests that 
cells expressing the highest levels of ID2 
had a disadvantage during in vivo repopu-
lation, potentially due to a impaired B-cell 
differentiation (see below). Overall, these 
findings indicate that modest ID2 OE does 
not affect the level of engraftment in 
primary recipient mice, whereas supraphys-
iological expression of ID2 confers a 
disadvantage during repopulation.  

Modulation of ID gene expression is 
known to affect lineage choice in mouse 
models (Cochrane et al., 2009; Ji et al., 
2008; Sun, 1994; Thal et al., 2009). To 
investigate lineage differentiation upon OE 
of ID family members, we transduced CB 
cells with lentiviral vectors driving ID1, 
ID2, ID3 OE from the PGK promoter 
(Figure 2A-B). Cells were injected after 3 
days, and differentiation into CD33+ 
myeloid and CD19+ lymphoid cells was 
assessed in the peripheral blood (PB) and 
BM of engrafted mice after 8.5 weeks 
(Figure S2B-C). Consistent with mouse 
models, myeloid differentiation was in-
creased and lymphoid differentiation was 
decreased by P-ID1, P-ID2 or P-ID3 
transduction. Similar results were obtained 
for S-ID2 OE (Figure S2D). We also 

Figure 2. ID family members regulate lineage differentiation and engraftment levels 
A) Over-expression (OE) of ID family genes using bidirectional lentivirus. P-ID1, P-ID2, P-ID3 and S-ID2 
transduced GFP+ CB cells were sorted after 4 days of liquid culture. For P-ID2, lin−GFP+ HSPC were also sorted 
from engrafted mouse BM after 8.5 weeks to test for long-term OE, yielding similar results. mRNA expression 
was assessed by qPCR and normalized to GAPDH. Results are normalized to endogenous levels in CTRL 
(absolute levels of OE are similar in P-ID1, P-ID2 and P-ID3 transduced cells but higher in S-ID2 transduced 
cells). Results are shown as mean±SEM of n=2 to 4 CB.  
B) OE of ID family proteins. K562 (ID1 and ID3) or TEX (ID2) cells were transduced with the indicated lentivi-
ruses and protein expression was assessed by western blot. 
C) Primary LDA in vivo. P-CTRL or P-ID2 transduced CB cells were expanded for 10 days (Figure S1D). 
Transduced GFP+ CB cells were sorted and injected at different doses (the cell number, back-calculated to the day 
0 equivalent, is indicated on the x-axis). Human cell engraftment was assessed in the BM 8.5 weeks after trans-
plantation. Every symbol represents one mouse. Line shows median. 
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analyzed long-term (20 weeks) engraftment 
of P-ID2 transduced CB cells and found 
increased GlyA+ erythroid differentiation in 
the BM and a trend towards increased PB 
CD3+ T-cell engraftment (P-CTRL: 
8.0±2.9%; P-ID2: 14.8±3.2% CD3+, 

p=0.13, Figure 2G-H). Thus, constitutive 
expression of multiple ID family members 
in human CB cells causes a bias towards 
myeloid (including erythroid) commitment 
at the expense of B-lymphoid differentia-
tion. 
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D) Engraftment of S-ID2 transduced CB cells. After 4 day expansion in TSGF6 conditions, transduced GFP+ CB 
cells were sorted and 250,000 (Experiment 1, left) or 215,000 (Experiment 2, right) cells were injected. Human 
cell engraftment was assessed in the BM 8.5 weeks after transplantation. Every symbol represents one mouse. 
Line shows median. 
E) Representative flow plots are shown of S-CTRL and S-ID2 transduced CB cells 4 days after transduction (left) 
or isolated from the mouse BM (right). In the BM, S-ID2 transduced CB cells have reduced GFP mean fluores-
cence intensity (MFI) and display myeloid skewing. 
F) MFI of GFP expression decreases in S-ID2 transduced graft. For statistical analysis, MFI in the human graft 
after 8.5 weeks was normalized to background (mouse or GFP− cells) and then to MFI before injection. Results of 
n=2 CB are pooled, every symbol represents one mouse. Line shows mean±SEM.  
G-H) Myeloerythroid skewing upon ID2 OE. P-CTRL or P-ID2 transduced CB cells were injected after overnight 
transduction. After twenty weeks, the human CD45+GFP+ graft in the PB and BM was analyzed for CD19 
(lymphoid), CD33 (myeloid), CD3 (T-cell) and GlyA (erythroid) surface markers. Results are shown as 
mean±SEM of n=15 mice representing 3 independent CB samples. ** p<0.01, **** p<0.0001. 
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 Control of lineage commitment by 3.4.3
ID family members originates at the level 
of HSC 

It was previously shown that retroviral 
Id2 OE in the mouse blocks B-cell devel-
opment at the prepro-B cell stage (Thal et 
al., 2009). To pinpoint at which stage in the 
hematopoietic hierarchy ID genes act to 
skew lineage differentiation, we analyzed 
the phenotypically defined human stem and 
progenitor populations from the BM of 

engrafted mice (Figure 1A-B). Within the 
transduced CD34+CD38− compartment, P-
ID2 and S-ID2 had similar effects resulting 
in a 2.5-fold increase in the CD45RA− 

CD90+ HSC fraction (CTRL: 27.0±3.2%; 
P-ID2: 70.4±2.8%; S-ID2: 65.0±8.9%, 
Figure 3A-B). The frequency of MPP was 
decreased 3.0-fold (CTRL: 21.5±4.0%; P-

057-2 for Fig 4a only.jo Layout: Fig. S6 for ppt
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Figure 3. Control of lineage commitment by ID 
family members originates at the level of HSC 
A-B) ID2 OE alters the phenotype of the HSC 
compartment and skews early commitment. Human 
HSC and progenitor cells were isolated from BM 
of mice injected with P-CTRL and P-ID2 trans-
duced CB (20 weeks) or S-CTRL and S-ID2 (8.5 
weeks). (A) Representative flow plots are shown 
for P-CTRL and P-ID2 transduced cells. (B) 
Results are shown as mean±SEM of n=2 to 3 CB 
samples, P-CTRL and S-CTRL were combined. p-
value compared to CTRL is shown within bars; 
between P-ID2 and S-ID2 above bars. 
C-D) ID2 knockdown increases HSPC B-lymphoid 
commitment. Single shCTRL or shID2 transduced 
CD34+CD38–CD45RA– HSPC were sorted onto 
MS-5 cells in conditions that allow for myeloid 
(M: CD14+ or CD11b+), B-cell (B: CD14–CD11b–

CD19+) and NK cell (NK: CD14–CD11b–CD56+) 
differentiation (Figure S3C). (C) ID2 KD efficien-
cy was measured in sorted TagBFP+ cells by qPCR 
6-10 days after transduction. Expression is 
normalized to GAPDH. Results are shown as 
mean±SEM for n=3 CB. (D) Three weeks after 
seeding, colony phenotype was assessed by flow 
cytometry. Every symbol represents the lineage 
readout of 192 single HSPC, n=3 independent CB 
are indicated by color. 
E-F) The effect of E47 OE on HSPC commitment. 
Single P-CTRL or P-E47 transduced HSPC were 
assessed on MS-5 as in (D). (E) E47 OE was 
measured in sorted TagBFP+ cells 6 days after 
transduction. Expression is normalized to GAPDH. 
Results are shown as mean±SD for n=2 technical 
duplicates. (F) Three weeks after seeding single 
cells, a trend towards increased CD14–CD11b–

CD19+ B-cell differentiation was observed. Every 
symbol represents the lineage readout of 192 single 
HSPC, n=3 independent CB are indicated by color. 
p-values were calculated using a paired two-tailed 
t-test for (D) and (F). * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001. 
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ID2: 6.9±0.3%; S-ID2: 7.5±0.2%) and 
MLP were decreased 2.7-fold (P-CTRL: 
43.0±4.1%; P-ID2: 19.9±1.3%; S-ID2: 
12.1±5.8%). Within the committed 
CD34+CD38+ compartment, P-ID2 and S-
ID2 caused a dose-dependent lineage 
skewing in favor of CMP/MEP progenitors 
(P-CTRL: 28.3±2.0%; P-ID2: 43.4±2.0%; 
S-ID2: 74.3±11.6%) at the expense of 
B/NK/GMP precursors (P-CTRL: 
71.7±2.0%; P-ID2: 56.6±2.0; S-ID2: 
25.8±11.6%). These data suggest that a 
competitive disadvantage of cells express-
ing ID2 at the highest levels (Figure 2E-F) 
may be explained by blocked B-cell devel-
opment causing impaired engraftment of 
lymphoid cells. This is reminiscent of a 
differentiation block with high HOXB4 OE 
(Schiedlmeier, 2002), and consistent with 
the fact that the xenograft system requires 
constant cellular replenishment to maintain 
high human cell engraftment due to in-
creased turnover of the B-cell pool (Rossi 
et al., 2001). The effects of ID2 OE on 
stem and progenitor cell frequencies are 
cell-autonomous (Supplemental results and 
Figure S3A). Of note, ID1, ID2 and ID3 
OE had similar effects on skewing of lin– 
cells (Figure S3B). Overall, OE of ID 
family members alters the distribution of 
populations throughout the hematopoietic 
hierarchy: the proportion of phenotypic 
HSC is increased, and lineage commitment 
is altered from the earliest stages of hema-
topoietic differentiation (MLP and CMP) 
through to mature cell types. 

Commitment of multipotent cells co-
incides with changes in transcriptional 
programs that extend across stem and 
progenitor cell types (Laurenti et al., 2013). 
Low level expression of lineage-associated 
factors, or lineage priming, occurs in 

uncommitted progenitor cells to allow for 
rapid commitment (Doulatov et al., 2009; 
Hu et al., 1997; Orkin, 2003; Orkin and 
Zon, 2008). To test whether ID2 functions 
to restrain expression of B-lymphoid 
factors in uncommitted progenitor cells, we 
performed single cell analysis of the 
capacity of CD34+CD38–CD45RA– HSPC 
to differentiate into myeloid, B- and NK 
cells using our stromal coculture assay 
system (Doulatov et al., 2010; Laurenti et 
al., 2013). Reducing ID2 expression levels 
by 35% using lentiviral shRNA expression 
(Figure 3C) consistently increased HSPC 
commitment to the B-cell fate at the single 
cell level (6.7±0.2% increase, Figure 3D, 
Figure S3C). Similarly, OE of the B-
lymphoid factor E47 in HSPC caused a 
trend towards increased B-cell differentia-
tion of single HSPC (6.1±1.8% increase, 
Figure 3E-F). These data indicate that ID2 
functions in human HSPC to restrain 
expression of B-lymphoid factors and 
balance lineage commitment. 
 

 Attenuated lymphoid priming and 3.4.4
enrichment of myeloid and stemness 
programs in ID2 OE HSPC 

To investigate possible mechanisms 
underlying myeloid skewing and expansion 
of phenotypic HSC upon ID2 OE, we 
performed global gene expression analysis 
on multipotent human 
lin−GFP+CD34+CD38−CD45RA− HSPC 
isolated from the BM of mice 8.5 (CB1 and 
CB2) or 20 weeks (CB3) after transplanta-
tion of P-CTRL or P-ID2-transduced CB 
cells. To assess the effect of ID2 OE on 
HSC and lineage-associated gene expres-
sion programs, we performed Gene Set 
Enrichment Analysis (GSEA) using signa-
tures generated from purified HSC and 
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progenitor fractions from CB (Laurenti et 
al., 2013). The HSC gene signature was 
modestly enriched in the ID2 OE gene 
expression profile (Figure S4A). The 
myeloid GMP, CMP and MEP precursor 
signatures were highly enriched in ID2 OE 

HSPC (Figure 4A, Figure S4A). This 
overrepresentation was partly driven by 
enhanced expression of myeloid TFs such 
as CEBPA, PU.1 and GATA1 upon ID2 
OE. Conversely, the pro-B cell gene 
signature was negatively enriched in the 

TF Z-score Fisher score
TAL1::E2A 11.1 4.6
PPARG 10.8 2.1
RELA 9.9 4.3
Pax5 9.7 3.0 PU.1ki/ki HSC enrichment 1.72 <0.0001 0.0052
HNF1B 9.0 3.5 E47–/– HSC enrichment 1.88 <0.0001 <0.0001
Gata1 8.8 2.9 E2A–/– LMPP enrichment 1.74 <0.0001 0.0051
Pax4 8.0 1.5 FOXO–/– CLP enrichment 1.80 <0.0001 0.0011
EBF1 7.9 2.8 EBF1–/– CLP enrichment 1.66 0.0057 0.0086
IRF1 7.3 4.6 PAX5–/– pro-B enrichment 1.82 <0.0001 0.0017
HOXA5 7.2 4.0

mouse model and 
tested cell type
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Figure 4. Attenuation of lymphoid priming and enrichment of myeloid programs in ID2 OE HSPC 
A-B) P-ID2 gene expression profile demonstrates (A) positive enrichment with GMP and (B) negative enrichment 
with pro-B cell (ProB, CD34+CD19+CD10+) gene signatures. Gene Set Enrichment analysis (GSEA) is shown on 
the left, heatmap of leading edge genes is shown on the right, with important lineage-associated factors highlight-
ed. GSEA with additional stem and progenitor populations is shown in Figure S4A. 
C) TF binding site over-representation in the 250 most downregulated genes upon ID2 OE was tested using the 
oPOSSUM algorithm (Ho Sui et al., 2005). Top 10 TFs that are predicted to be inhibited by ID2 are shown. Note 
that ID proteins bind E proteins with high affinity but not TAL1/SCL (Kee, 2009; Langlands et al., 1997). 
D) GSEA analysis was performed to test for enrichment of PU.1ki/ki, E47–/–, E2A–/–, Foxo1–/–, Ebf1–/–, Pax5–/–, Rb 
triple knockout and TAL1/SCL gene signatures in human ID2 OE HSPC (Dias et al., 2008; Mansson et al., 2012; 
Palii et al., 2010; Pridans et al., 2008; Staber et al., 2013; Viatour et al., 2008; Yang et al., 2011; Zandi et al., 
2008). Rb and TAL1/SCL did not show enrichment with a cutoff of FDR q-value < 0.01. See also Table S1 and 
Figure S4B. NES: normalized enrichment score. p: nominal p-value. FDR: false discovery rate q-value. 
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ID2 OE gene expression profile, with 
accompanying down regulation of canoni-
cal B-cell factors (Figure 4B). Enrichment 
of B-cell TF binding sites was found in 
genes that were downregulated upon ID2 
OE (Figure 4C). Further support for re-
duced B-lymphoid priming came from 
GSEA with loss-of-function mouse mod-
els; the strongest correlation was found 
between ID2 OE HSPC and the mouse 
E47–/– HSC (Figure 4D, Figure S4B, Table 
S1) (Yang et al., 2011). The E2A splice 
variants E12 and E47, known binding 
partners of ID family genes, induce expres-
sion of EBF1 and FOXO1 in a triad re-
sponsible for the initiation of B-cell 
development (Lin et al., 2010; Mercer et 
al., 2011a). Taken together, our findings 
demonstrate that ID2 OE in human HSPC 
increases expression of stem cell and early 
myeloid differentiation programs and 
reduces expression of B-cell factors, 
including EBF1 and FOXO1, possibly 
through attenuating the transcriptional or 
functional activity of the TF E47. 
 

 Lymphoid transcription factors 3.4.5
antagonize human HSC maintenance in 
vivo 

We next investigated whether the 
changes in HSPC phenotype upon enforced 
ID2 expression are mediated through the 
interaction between ID2 and E2A proteins. 
Absolute mRNA levels of E12 and E47 
were similar in HSC-enriched 
CD34+CD38− cells, CD34+CD38+ CP and 
CD34− fractions isolated from CB (Figure 
5A), with no apparent differential expres-
sion during early commitment. Expression 
of E12 and E47 did not change in P-ID2 
transduced human HSPC sorted from 
mouse BM, however their transcriptional 

targets EBF1 and FOXO1 were downregu-
lated (1.9 and 1.7-fold lower, respectively, 
Figure 5B). To provide genetic evidence 
that ID2 functions through inhibition of 
E47 activity in human HSPC in vivo, we 
transduced CB cells with GFP-marked P-
ID2 and at the same time with a TagBFP-
marked P-CTRL or TagBFP-marked P-E47 
lentiviral vector. As expected, 8.5 weeks 
after transplantation of transduced cells 
into mice, P-ID2 caused an increased 
percentage of the CD45RA−CD90+ HSC 
fraction within the CD34+CD38− compart-
ment compared to non-transduced and P-
CTRL transduced cells (47.7±2.9% and 
24.4±4.5%, respectively, Figure 5C-D). In 
contrast, the percentage of HSC was back 
to normal levels in P-ID2/P-E47 double 
transduced cells (27.2±5.6%). The rescue 
of the ID2 OE phenotype by simultaneous 
E47 OE confirms that HSC expansion upon 
ID2 OE is in part mediated by functional 
inhibition of E47.  

We next wanted to determine whether 
increased expression of E47 alone would 
have the opposite effect of ID2 OE. We 
injected 3 independent CB samples that 
were transduced with P-CTRL (marked by 
GFP) and P-E47 (marked by TagBFP) in 
competitive repopulation assays. After 8.5 
weeks, mice were sacrificed and we com-
pared the frequency of stem and progenitor 
cells within the human lin–CD45+ graft. 
Within the CD34+CD38– compartment, the 
frequency of CD45RA–CD90+ HSC was 
decreased 2.4-fold upon E47 OE (P-CTRL: 
22.4±1.4%; P-E47: 9.4±3.6%, Figure 5E). 
In the downstream CD34+CD38+ compart-
ment, E47 OE caused a bias towards 
B/NK/GMP cells at the expense of 
CMP/MEP progenitors. This data suggests 
that E47 acts early in the human hemato-
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poietic hierarchy and has a negative impact 
on human HSC maintenance in vivo as 
predicted from the ID2 OE studies. 

The E2A and EBF1 genes are similar 
in that they are required for B-cell devel-
opment (Bain et al., 1997; Lin and Gross-
chedl, 1995). As well, deficiency of either 
factor enables in vitro expansion of mouse 
multipotent progenitors (Ikawa et al., 2004; 
Pongubala et al., 2008) (Table S1). To 
investigate whether B-cell lineage priming 
in general, rather than just the ID2-E47 
interaction, can have an effect on HSC, we 
transduced 3 independent CB samples with 
shLUC or shEBF1 knockdown (KD) 
vectors. As predicted by mouse models, 
EBF1 KD resulted in reduced CD19+ B-
cell engraftment (shLUC: 64.1±2.1%; 

shEBF1: 20.3±3.0%, Figure 5F). Interest-
ingly, within the highly transduced lin–

CD45+GFPhiCD34+CD38– compartment, 
EBF1 KD partially phenocopied ID2 OE, 
as there was a 2.1-fold increase in the 
frequency of CD45RA–CD90+ HSC (after 
excluding one sample with poor KD, 
shLUC: 9.4±0.1%; shEBF1: 19.5±1.0%, 
Figure 5G-H). We did not find a difference 
in the frequency of B/NK/GMP vs. 
CMP/MEP progenitors within the 
CD34+CD38+ CP compartment, suggesting 
that EBF1 may act at a later stage to block 
B-cell commitment. Taken together, these 
data strongly support our conclusion that 
the increased proportion of phenotypic 
HSC upon ID2 OE is mediated by attenuat-
ed B-lymphoid priming. 

Figure 5. Lymphoid TFs antagonize human HSC maintenance in vivo 
A) E2A family gene expression in sorted CB populations. Absolute mRNA levels for E12 and E47 were assessed 
by qPCR in 4 CB populations sorted based on CD34 and CD38. Absolute expression relative to GAPDH was 
calculated using the standard curve method. Results are shown as mean±SEM for n=3 CB. 
B) Regulation of canonical B-cell factors by ID2. Decreased expression of EBF1 and FOXO1 in P-ID2 transduced 
human HSPC sorted from engrafted mice, as assessed by qPCR. Expression is normalized to P-CTRL and to 
GAPDH. Statistical analysis was performed by paired two-tailed t-test. Results are shown as mean±SEM for n=3 
CB.  
C-D) Double transduction with P-ID2 and P-E47 rescues HSPC compartment. CB cells were transduced with 
GFP-marked P-ID2 and TagBFP-marked P-CTRL or P-E47 OE vectors. Cells were injected and after 8.5 weeks, 
human lin−CD45+ cells were analyzed by cell surface marker expression. (C) Representative flow plots are shown. 
(D) Percentage of CD45RA−CD90+ cells within lin−CD45+CD34+CD38− compartment. P-CTRL and non-
transduced data is pooled for CTRL. Results are shown as mean±SEM for n=3 CB, some data points were 
excluded when not enough events could be recorded. 
E) E47 OE impairs maintenance of phenotypic HSC in vivo. CB cells were transduced with P-CTRL or P-E47 
vectors and injected. After 8.5 weeks, mice were sacrificed and the frequency of stem and progenitor cell popula-
tions within the human lin–CD45+ graft was determined. Gating was similar to Figure 3A. Results are shown as 
mean±SEM for n=3 CB. 
F) EBF1 KD blocks B-cell differentiation. shLUC or shEBF1 transduced CB cell engraftment was assessed 10 
weeks after transplantation. Highly transduced cells within the human CD45+ graft showed a strong decrease in 
CD19+ B-cell differentiation. Results are shown as mean±SEM of n=10 mice representing 2 independent CB 
samples. 
G-H) EBF1 KD increases phenotypic HSC frequency. CB cells were transduced with shLUC or shEBF1 vectors 
and injected. (G) EBF1 KD efficiency was measured by qPCR 4 days after transduction (GFP+ cells were not 
sorted since transduction was >80%). Expression is normalized to GAPDH. Results are shown as mean±SD for 
n=2 technical duplicates. Ten weeks after injection, the human lin–CD45+ graft was analyzed by flow cytometry; 
gating within GFPhiCD34+CD38– compartment is shown for 3 independent CB samples. (H) Frequency of human 
stem and progenitor cells in shLUC and shEBF1 BM. Results are shown as mean±SEM for n=2 CB (Exp. 1 and 
Exp. 3). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Total cell number 
injected in 
primary mice°*

HSC frequency 
by primary LDA

Number 
of HSC 
injected*

Total number of 
GFP+ cells from 
primary mouse BM*

Number of 
HSC in 
primary BM*

HSC 
expansion in 
vivo (fold)

Exp. 1 P-CTRL 26,400               1 :   2079 12.7      19,663,250            1 : 1,220,000  16.1            1.27              
P-ID2 30,828               1 :   2435 12.7      13,381,567            1 : 116,000     115.4           9.11               

Exp. 2 P-CTRL 16,000               1 :   2079 7.7        5,572,476              1 : 1,220,000  4.6              0.59              
P-ID2 12,893               1 :   2435 5.3        6,440,175              1 : 116,000     55.5            10.49            

* These numbers are restricted to the mice that were selected for serial transplantation.
° Back-calculated to day 0 equivalent. 
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Figure 6. Increased number and frequency of functional HSC in vivo 
A) Increased absolute number of HSPC upon ID2 OE. Absolute number of lin− GFP+CD34+CD38−CD45RA− cells 
isolated from P-ID2 injected BM was normalized to injected cell number, and to P-CTRL within each experiment. 
Results are shown as mean±SEM for n=6 CB. 
B) Experimental design to compare the self-renewal capacity of P-CTRL and P-ID2 transduced CB cells. 
C-D) Secondary LDA in vivo. P-CTRL or P-ID2 transduced GFP+ cells were sorted from primary xenografts 
(Figure 2C) and injected in limiting doses, indicated on the x-axes. After 8.5 weeks, BM was assessed for human 
engraftment. (C) Every symbol represents one mouse. (D) Pooled data from two experiments is shown, frequency 
statistics are calculated with ELDA software. 
E) Expansion of P-ID2 transduced HSC during primary transplantation. Calculations are based on primary LDA 
and secondary LDA as outlined in (B). ° Back-calculated to day 0 equivalent. * These numbers are restricted to 
the mice that were selected for serial transplantation. 
F-G) In secondary transplantations, P-ID2 transduced CB cells give multilineage engraftment. (F) Representative 
flow plots. (G) Bar graphs show percentage of myeloid (CD33+) and lymphoid (CD19+) cells in P-CTRL and P-
ID2 derived human CD45+ graft. Every bar represents one mouse. Data from 2 experiments shown in (C) is 
pooled. * p<0.05. 
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 Attenuation of lymphoid priming 3.4.6
increases the absolute number and fre-
quency of functional HSC in vivo 

The proportional increase in pheno-
typically defined HSC observed upon ID2 
OE was accompanied by an average 2.2 
fold increase in the absolute number of 
phenotypic HSPC (Figure 6A). To deter-
mine whether these increases coincided 
with an absolute increase in the number of 
functional HSC, human CD45+GFP+ cells 
were isolated by flow cytometry from P-
CTRL and P-ID2 mice 8.5 weeks after 
transplantation. In two independent LDA 
experiments, secondary recipient mice 
were injected with doses ranging from 
150,000 to 600,000 cells and engraftment 
was assessed after 8.5 weeks (Figure 6B). 
Engraftment of P-CTRL injected mice was 
on average 0.02% human CD45+GFP+ 
cells, whereas P-ID2 mice showed an 
average 1.1% engraftment (Figure 6C). 
Importantly, the number of engrafted mice 
was also changed: three out of 12 P-CTRL 
mice were positive, while 11 out of 12 P-
ID2 mice were engrafted, demonstrating by 
LDA that there was an 11-fold increase in 
the number of self-renewing HSC upon 
ID2 OE (P-CTRL: 1/1.22E6; P-ID2: 
1/1.16E5, Figure 6D). Since both primary 
and secondary LDA was performed, we 
were able to determine that the number of 
HSC generated during repopulation of 
primary xenograft remained stable for P-
CTRL transduced cells (average 0.93-fold 
expansion), while for P-ID2 transduced 
cells, there was an average 9.8-fold expan-
sion of HSC (Figure 6E). Almost all 
mature cells in secondary P-CTRL derived 
grafts were B-cells, with few myeloid cells 
detected (83.2±3.8% CD19+, 3.7±1.9% 
CD33+, Figure 6F-G). In contrast, the 

secondary BM graft derived from P-ID2 
transduced cells contained both lymphoid 
and substantial myeloid engraftment 
(39.5±10.6% CD19+, 55.2±10.5% CD33+). 
Thus, our data indicate that attenuation of 
lymphoid priming expands the number of 
HSC that retain self-renewal capacity in 
vivo. 
 

 Discussion 3.5
Our findings establish that lymphoid 

lineage priming acts in HSC to restrain 
self-renewal, providing insight into the 
coordination of multilineage and stem cell 
gene expression programs during the 
gradual transition from HSC to committed 
progenitor cells. The classical hierarchical 
model attributes the property of self-
renewal solely to the stem cell at the apex 
of the hierarchy with rapid loss when 
commitment occurs. However, our data 
indicate a more complex interplay between 
lineage-associated programs and self-
renewal. As a tool to study this interaction, 
we used ID2 OE to attenuate lymphoid 
priming through E47 inhibition. Concomi-
tant to this attenuation, both stemness and 
myeloid-associated programs were en-
hanced within HSC, yielding a marked 
increase in the number of functional HSC 
with a myeloid differentiation bias. Histor-
ically, the Waddington landscape of devel-
opment predicts that blocking 
differentiation into one lineage would 
result in the choice of an alternative differ-
entiation path. According to this model, 
preventing lymphoid commitment in our 
experimental setting should have resulted 
only in increased myeloid output, yet HSC 
self-renewal was profoundly affected. 
Furthermore, our data are consistent with 
recent studies that point to the gradual loss 
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of self-renewal during early lymphoid 
commitment (Laurenti et al., 2013), as well 
as an observed decline in HSC number 
when lymphoid commitment is enhanced 
(Oguro et al., 2010). Thus, our data uncov-
ers a process that links lineage-associated 
TF networks with stemness. 

We identify ID and E proteins as im-
portant factors that control the transcrip-
tional state of HSC. ID1, ID2 and ID3 bind 
E-proteins with high affinity but are more 
selective towards their other binding 
partners (Langlands et al., 1997). Although 
the Id1–/– mouse had reduced HSC mainte-
nance, the underlying mechanism is poorly 
understood (Perry et al., 2007). We find 
that ID family members, especially ID2, 
are highly expressed in human HSC, inhibit 
the transcriptional activity of E47 and 
thereby repress E47 targets such as EBF1 
and FOXO1. By performing ID2 KD we 
show that this control of lymphoid factor 
priming is important for balanced lineage 
commitment at the level of single HSC. 
During normal differentiation, down 
regulation of ID genes from HSC to B/NK 
progenitors may release the restraint to 
lymphoid commitment allowing stemness 
and myeloid programs to be lost and 
lymphopoiesis to proceed. Thus, the 
reciprocity between ID2 and E47 occupies 
a central role in the appropriate expression 
of lymphoid, myeloid and self-renewal 
factors in HSC. 

The down regulation of lymphoid 
priming and coinciding up regulation of 
myeloid and stemness genes we found with 
ID2 OE is reminiscent of the changes that 
normally occur during aging. Down regula-
tion of lymphoid genes and up regulation 
of myeloid genes are seen during normal 
aging and cause diminished lymphoid 

lineage differentiation in favor of myeloid 
differentiation (Pang et al., 2011). The age-
related lineage biases may be due to expan-
sion of a subset of myeloid-biased HSC 
rather than changing properties of a homo-
geneous pool of HSC (Muller-Sieburg et 
al., 2012). The diminution of self-renewal 
by priming of lymphoid factors we observe 
may also occur during aging thereby 
contributing to the dominance of myeloid-
biased HSC. An interesting question for 
future investigation remains whether the 
increased myeloid program in the human 
HSC compartment upon ID2 OE is due to 
HSC intrinsically up regulating myeloid 
factors or the expansion of a myeloid-
biased subset of HSC.  

Constitutive ID2 expression in CB 
cells causes an increase in the percentage 
and absolute number of phenotypic human 
HSC in vivo, as well as 11-fold expansion 
of repopulating HSC in secondary trans-
plants. This effect is considerable com-
pared to previously reported human HSC 
expansion using gain- or loss-of-function 
approaches by constitutive expression of 
HOXB4 or NOV, or knockdown of miR-
126 (Amsellem et al., 2003; Buske et al., 
2002; Gupta et al., 2007b; Lechman et al., 
2012). In vitro expansion of HSC has been 
reported upon exposure to aryl hydrocar-
bon receptor antagonists (17-fold) as well 
as inhibitory feedback signaling control 
(11-fold) (Boitano et al., 2010; Csaszar et 
al., 2012). Combining these methods with 
targeted perturbation of the gene expres-
sion modulation that ID2 causes, for 
example by recombinant protein addition 
or E47 inhibition, may lead to improved 
methods for HSC expansion for clinical 
use. 
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Extensive crosstalk between stemness 
and differentiation programs exists. For 
example, E2A and Pax5 have been linked 
to repression of non-B-cell genes (Ikawa et 
al., 2004; Lukin et al., 2011; Nutt et al., 
1999) and Ebf1 down regulates Id2, Id3 
and Cebpa through direct transcriptional 
repression (Nechanitzky et al., 2013; 
Pongubala et al., 2008; Thal et al., 2009). 
As well, the stem cell factor Bmi1 epige-
netically represses Ebf1 and Pax5, contrib-
uting to HSC multipotency by postponing 
lineage specification (Oguro et al., 2010). 
Our data, when taken into the context of 
these studies, suggests that repression of 
stemness by lineage priming programs 
provides a novel paradigm that should 
focus future research on uncovering wheth-
er similar processes are present in different 
tissue hierarchies. 
 

 Experimental procedures 3.6
 

 CB lineage depletion and lentiviral 3.6.1
transduction 
CB samples were obtained from normal full term deliveries 
after informed consent, according to procedures approved by 
the institutional review boards of the University Health 
Network and Trillium Hospital. Mononuclear cells were 
obtained by density gradient centrifugation on Ficoll. Stem 
and progenitor cells were enriched by lineage depletion using 
the StemSep Human Progenitor Cell Enrichment Kit 
according to the manufacturer's protocol (StemCell Technolo-
gies). Lineage negative CB cells (referred to as CB, 50-75% 
CD34+) were stored at -150°C. For transduction, CB cells 
were thawed and plated in X-VIVO (BioWhittaker) supple-
mented with 1% BSA, 2 mM L-glutamine and 100 U/mL 
penicillin/streptomycin (P/S). Concentrated lentiviral particles 
were resuspended in the same medium and added to cells at a 
multiplicity of infection (MOI) of 5-50. The mixture was then 
supplemented with 15 ng/mL thrombopoietin (TPO), 100 
ng/mL stem cell factor (SCF), 10 ng/mL granulocyte colony-
stimulating factor (G-CSF), 100 ng/mL Flt3 ligand (Flt3-L), 
and 10 ng/mL interleukin 6 (IL-6) for a minimum of 16 hours. 
Subsequent expansion was performed in the same medium 
with half the concentration of these cytokines, referred to as 
TSGF6 culture.  
 

 Mouse xenotransplantation and 3.6.2
human lin− cell isolation 
Mouse xenografts were performed as described previously 
(Lechman et al., 2012; McDermott et al., 2010). Briefly, male 
NOD/Lt-scid/IL2Rɣnull (NSG) mice were sub-lethally 
irradiated (225 cGy) 1 day prior to injection. Transduced cells 
were injected with 30 µL PBS into the right femur of each 
recipient mouse. After euthanizing the mice, bones were 
flushed or crushed in 2 mL PBS 2% FCS and 50 µL was 
stained with antibodies to surface markers. The remaining 
cells were (I) enriched for human lin− cells for additional 
surface marker analysis, (II) sorted for secondary transplants, 
or (III) used for microarray analysis. Enrichment of human 
lin− cells was performed by depletion of all mouse and lineage 
positive human cells as described previously (Lechman et al., 
2012). 
 

 Secondary limiting dilution analysis 3.6.3
LDA of human CB cells in secondary recipient mice 
was performed by sorting human CD45+GFP+ cells 
from pooled BM of primary mice 8.5 weeks after 
transplantation and injection of 150,000 to 600,000 
cells into secondary recipients. A secondary mouse 
was scored as positive if it had >0.01% human BM 
engraftment 8.5 weeks after transplantation. HSC 
frequency was estimated by linear regression analysis 
and Poisson statistics using the ELDA (Extreme 
Limiting Dilution Analysis, http://bioinf.wehi.edu.au/ 
software/elda/) software (Hu and Smyth, 2009). 
 

 Lentiviral vectors 3.6.4
Overexpresssion: The bidirectional MA1 vector, provided by 
Dr. Luigi Naldini (Amendola et al., 2004), was used for OE 
studies. ΔNGFR was replaced by (I) humanized Renilla 
Luciferase or a Stuffer sequence derived from 
pLKO.1_1.9Kb_stuffer for P-CTRL; (II) ID1 cDNA from the 
Mammalian Gene Collection through the PlasmID Repository 
at Harvard for P-ID1 (Clone ID: HsCD00043310); (III) ID2 
cDNA from PlasmID for P-ID2 (Clone ID: HsCD00042875); 
(IV) ID3 cDNA obtained from HeLa cDNA by PCR 
amplification for P-ID3 and (V) E47 cDNA obtained from 
Addgene Plasmid #16059 by PCR amplification for P-E47 
(Jen et al., 1992). The hPGK promoter driving transgene 
expression was replaced by the SFFV promoter (Gentner et 
al., 2009) for S-ID2 and S-CTRL. GFP was replaced by 
TagBFP (Evrogen) (Subach et al., 2008) for P-E47 and 
TagBFP-marked P-CTRL. Knockdown: shCTRL and shID2 
were made by replacing mOrange by TagBFP and miR-126 
by hairpins targeting Luciferase or ID2 (CCCTTCTGAG-
TTAATGTCAAA) in the previously described 126/OE vector 
(Lechman et al., 2012). shLUC and shEBF1 knockdown 
vectors, pLKO with U6 driving hairpin expression and GFP 
instead of puromycin-resistance, were described previously 
(Laurenti et al., 2013). 
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 Cell sorting 3.6.5
After thawing, human CB cells were resuspended at 107 cells / 
mL and stained for surface markers in PBS with 2% FCS. 
Cells were sorted on the BD FACS Aria or on a MoFlo sorter 
(DAKO), consistently yielding >95% purity. The following 
anti-human antibodies were used for sorting: CD34-APC7 
(BD, custom made), CD38-PC7 (BD, Cat. #335790), CD90-
PE (BD, Cat. # 555596), CD45RA-FITC (BD, Cat. # 
555488), CD49f-PC5 (BD, Cat. # 551129), CD10-APC (BD, 
Cat. # 340923), CD135-PE (BD, Cat. # 558996) and CD7-
PC5 (Coulter, Cat. # IM3613U). 
 

 Quantitative RT-PCR 3.6.6
RNA was extracted from cells using TRIzol (Life Technolo-
gies) and resuspended in water for cDNA synthesis using the 
SuperScript III or SuperScript VILO systems (Life Technolo-
gies). Quantitative RT-PCR was performed in the presence of 
Power SYBR Green (Applied Biosystems) using a 7900 HT 
Real-Time PCR system (Applied Biosystems). Primer 
sequences are listed in Table S2. Absolute expression (relative 
to GAPDH) was determined using a standard curve with 
known amplicon quantity when indicated in the figure 
caption. Otherwise, y-axis values are arbitrary. 
 

 Western blot 3.6.7
Transduced K562 or TEX cells were lysed, separated with 
SDS-PAGE and transferred as reported previously (O'Brien et 
al., 2012). ID antibodies were purchased from Santa Cruz (sc-
488, sc-489 and sc-490). 
 

 Clonal analysis of HSPC lineage 3.6.8
potential 
MS5-MBN assay was performed as described previously 
(Laurenti et al., 2013). Briefly, CB cells were transduced with 
ID2 KD or E47 OE overnight. The next day, single 
CD34+CD38–CD45RA– CB-derived HSPC were sorted onto 
MS-5 stromal cells in H5100 medium (StemCell Technolo-
gies) supplemented with P/S, L-glutamine and the following 
cytokines: 100 ng/mL SCF, 10 ng/mL Flt3-L, 50 ng/mL TPO, 
10 ng/mL IL-2, 20 ng/mL IL-7, 20 ng/mL IL-6, 20 ng/mL G-
CSF and 20 ng/mL granulocyte-macrophage colony-
stimulating factor (all from R&D Systems). Half the medium 
was changed weekly after 1 and 2 weeks. Three weeks after 
seeding, PI–CD45+TagBFP+ colony cells were assessed for 
expression of myeloid (>100 CD11b+ or CD14+  cells), B-cell 
(>10 CD11b–CD14–CD19+ cells) or NK cell (>10 CD11b–

CD14–CD56+ cells) markers by flow cytometry. 
 

 Microarray 3.6.9
RNA extraction, cDNA synthesis and pre-Amplification were 
carried out as previously described (Fan et al., 2012). Whole-
genome gene expression analysis was performed using the 
Whole-Genome DASL HT assay, which interrogates ≈ 29K 
targets corresponding to ≈ 21K genes (April et al., 2009). 
Pearson correlation coefficient based hierarchical clustering 
and Principal Component Analysis of all samples (technical 
and biological replicates) as well as the percentage of 
presence calls (p-detection values <0.05) for each sample 

were used to assess quality control. Data were quantile 
normalized (“normalizeQuantiles” command from the limma 
package; version 3.6.9) and then log2-transformed. All 
subsequent analyses were carried out with this dataset (GEO 
access code: GSE45486). Differential expression tests were 
performed with the limma package (Smyth, 2004) (version 
3.6.9). Genes were sorted based on the fold-change between 
P-CTRL and P-ID2 for pre-ranked GSEA with 1000 
permutations (Subramanian et al., 2005). Signatures of the top 
250 genes that are highest in stem and progenitor cells were 
used as gene sets to test for enrichment (Laurenti et al., 2013). 
For transcription factor binding site enrichment analysis, 
Single Site Analysis was performed using oPOSSUM 
algorithm Version 3.0 (http://opossum.cisreg.ca/ oPOS-
SUM3/) with the 250 most down-regulated genes upon ID2 
OE in 1000/500 upstream/downstream basepairs around 
transcription start sites (Ho Sui et al., 2005). 
 

 Statistical analysis 3.6.10
Two-tailed unpaired Student’s t-test (paired if stated) was 
used to determine significance among groups. Unless 
otherwise indicated, mean±SEM values are reported in the 
graphs. 
 

 Supplemental materials 3.7
Table S1 describes relevant mouse models and gives 
the source of signatures for GSEA with ID2 OE. 
Table S2 lists the qPCR primers used in this study. 
Table S3 lists genes that are changed more than 2-fold 
upon ID2 OE in HSPC. Fig. S1 shows changes that 
occur upon expansion of CB cells in TSGF6 culture 
conditions. Fig. S2 contains analyses of P-ID1, P-ID2, 
P-ID3 and S-ID2 transduced CB cells in vivo. Fig. S3 
shows support for altered progenitor phenotype and 
lineage potential upon ID1, ID2 and ID3 and E47 
modulation. Fig. S4 contains additional GSEA plots. 
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Picture on previous page 
Three branches of the UPR are activated upon 
ER stress: IRE-1, PERK and ATF6. IRE-1 
splices cytosolic XBP1 mRNA to enable transla-
tion of the XBP1s transcription factor, which 
upregulates chaperones and ER-associated 
degradation (ERAD) machinery to resolve ER 
stress. PERK initiates a different branch of the 
UPR through phosphorylation of eIF2α, which 
attenuates global protein synthesis, thus permit-
ting time to restore ER homeostasis. Prolonged 
ER stress leads to PERK signaling-mediated 
upregulation of the proapoptotic transcription 
factor CHOP and its target GADD34. GADD34 
dephosphorylates eIF2α leading to restoration of 
global protein translation. However, if ER stress 
is not resolved, GADD34 upregulation can lead 
to further accumulation of misfolded proteins, 
oxidative stress and apoptosis. Yellow highlight-
ed arrows indicate transcriptional regulation. P: 
phosphorylation, ERAD: ER-associated degrada-
tion.
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4.1 Introduction 
The blood system is sustained by a pool of hematopoietic stem cells (HSC) that are 
long-lived due to their capacity for self-renewal. A consequence of longevity is expo-
sure to stress stimuli including reactive oxygen species (ROS), nutrient fluctuation, 
and DNA damage (Geiger et al., 2013; Yahata et al., 2011). Damage that occurs within 
stressed HSC must be tightly controlled to prevent either loss of function or the clonal 
persistence of oncogenic mutations that increase the risk of leukemogenesis (Jan et al., 
2012; Rossi et al., 2008). Despite the importance of maintaining cell integrity through-
out life, how the HSC pool achieves this and how individual HSC respond to stress 
remains poorly understood. Many sources of stress cause misfolded protein accumula-
tion in the endoplasmic reticulum (ER) and subsequent activation of the unfolded 
protein response (UPR) that enables the cell to either resolve the stress or initiate 
apoptosis (Rutkowski and Kaufman, 2004; Walter and Ron, 2011). Here we show that 
human HSC are predisposed to UPR mediated apoptosis compared to closely related 
early progenitors (EP). Following ER stress in HSCs, the PERK branch of the UPR is 
strongly activated, causing ATF4, CHOP and GADD34 upregulation leading to apop-
tosis. In contrast, EP exhibit an adaptive response to stress leading to their survival. 
Modulation of UPR signaling in HSC by overexpression of the co-chaperone ERDJ4 
increases HSC repopulation capacity in xenograft assays, directly linking the UPR to 
HSC function. Since the UPR is a focal point where different sources of stress con-
verge, our study provides a framework for understanding how stress signaling is 
coordinated within the hematopoietic hierarchy and integrated with stemness. More-
over, our results may open up an avenue to exploit UPR signaling as a means to 
improve clinical transplantation of HSC. More broadly, these findings reveal how 
various sources of stress lead to clearance of individual HSC to prevent propagation 
of damaged HSC providing insight into how the stem cell pool maintains clonal integ-
rity.  
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4.2 Results and discussion 

The human hematopoietic hierarchy 
has recently been delineated at the single 
cell level, enabling precise isolation of 
HSC and progenitor cells (HSPC) (Dou-
latov et al., 2010; Majeti et al., 2007; Notta 
et al., 2011) (Sup. Table 1). We performed 
pathway analysis using the gene expression 
signature of highly purified HSC from 
lineage depleted cord blood (CB) (Laurenti 
et al., 2013), and identified components of 
the UPR to be enriched in HSC compared 
to progenitor cells (Fig. 1a-b). The UPR 
encompasses the IRE-1, PERK and ATF6 
pathways (Walter and Ron, 2011) (Sup. 
Fig. 1a). Quantitative PCR showed that 
several genes of the PERK signaling 
branch were more highly expressed in 
CD34+CD38– (HSPC) compared to 
CD34+CD38+ (EP) fractions: PERK (1.8-
fold), ATF4 (1.5-fold) and its transcription-
al targets XBP1 (2.3-fold), ERDJ4 (2.1-
fold) and CHOP (1.7-fold), and the CHOP 
targets GADD34 (1.3-fold) and ERO1LB 
(2.1-fold, Fig. 1c, Sup. Fig. 1b-e, Sup. 
Table 2). HSPC-enriched expression of 
CHOP and ERDJ4 was also seen in adult 
bone marrow (BM, Sup. Fig. 1f). As well, 
expression of ATF6 and the ER resident 
chaperone GRP94 was enriched in CB 
HSPC compared to EP (Fig. 1d-e). Howev-
er, splicing of XBP1 mRNA, which is 
representative of IRE1 activity, was lower 
in HSPC compared to EP (2.8-fold, Fig. 
1f). Taken together, gene expression 
analysis of HSPC and EP fractions sug-
gests differential activation of UPR 
branches, with increased expression of 
PERK dependent genes and decreased 
activity of IRE-1 in HSC. 

To examine whether differential basal 
UPR gene expression reflects distinct ER 
stress responses in HSC and EP, we used 
two chemical inducers of ER stress, 
Thapsigargin (Tg) and Tunicamycin (Tm). 
Tg disrupts Ca2+ homeostasis by inhibiting 
SERCA in the ER membrane, depleting 
Ca2+ from the ER and rapidly activating all 
three branches of the UPR (DuRose et al., 
2006). Treatment of sorted HSPC and EP 
with Tg resulted in upregulation of the 
canonical UPR target genes GRP94, 
GRP78 and ERDJ4 (Fig. 1g, Sup. Fig. 2a). 
Interestingly, after 30 minutes, the ratio of 
spliced over total XBP1 was increased by 
9.0±1.1 fold in EP but only 2.4±0.3 fold in 
HSPC cells (Fig. 1g). The level of XBP1 
splicing was diminished after 6 hours, 
consistent with quick attenuation of IRE-1 
activity (Lin et al., 2007). This indicates 
that differential XBP1 splicing between 
HSC and EP under steady state conditions 
is exaggerated upon Tg-induced ER stress, 
consistent with repressed IRE-1 pathway 
activity in HSC. 

Tm blocks synthesis of N-linked gly-
coproteins, causing accumulation of 
unfolded proteins in the ER (DuRose et al., 
2006). Tm treatment resulted in higher 
upregulation of the canonical UPR genes 
GRP94, GRP78 and ERDJ4 in HSPC 
compared to EP (Fig. 1h, Sup. Fig. 2b). 
The level of XBP1 splicing by the IRE1 
branch of the UPR was not different 
between CB-derived HSPC and EP follow-
ing Tm treatment. In contrast, the PERK 
pathway target CHOP was more upregulat-
ed in HSPC compared to EP following 
addition of 0.6 µg/mL Tm (HSPC: 21±1.8-
fold, EP: 5.9±0.4-fold, Fig. 1h). As well, 
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orange node color correspond to FDR<0.15, <0.1 and <0.01, respectively. (b) Heatmap showing 40 UPR-related 
genes, derived from nodes in (a), with differential expression between HSC and progenitors by expression array 
(FDR<0.05). c-f, Expression of key UPR genes in sorted HSPC and EP fractions. mRNA levels of (c) PERK 
pathway components, (d) ATF6, (e) GRP78 and GRP94 and (f) IRE1 and spliced XPB1 were measured by qPCR. 
Solid arrows indicate some transcriptional relationships. Expression was normalized to the average of GAPDH, 
ACTB and PBGD. Results are shown as mean±SEM of n=6 CB. g, h, UPR branch activation depends on cell type 
and stressor. CB HSPC and EP fractions were sorted and plated in the presence of (g) 0.2 µM Tg or (h) 0.6 µg/mL 
Tm. mRNA was isolated    after 0.5, 1, 6, 16 and 40 hours to measure mRNA levels of GRP94, spliced and total 
XBP1, and CHOP by qPCR. DMSO treated controls were the same between (g) and (h). Expression was normal-
ized to GAPDH. Data is shown as mean±SEM of n=3 CB, p-value was calculated based on treated/control cells and 
indicates differential response between HSPC and EP. HSC: hematopoietic stem cell, MPP: multipotent progenitor, 
MLP: multilymphoid progenitor, CMP: common myeloid progenitor, GMP: granulocyte macrophage progenitor, 
MEP: megakaryocyte erythrocyte progenitor. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. See also Supple-
mentary Fig. 1-2. 

Figure 1 | Elevated expression of 
PERK branch genes of the UPR in 
HSC compared to EP and further 
amplification following Tm-induced 
stress. a, b, Enrichment of UPR-related 
genes in human HSC compared to 
progenitors. (a) CD49f+ HSC-enriched 
genes were analyzed for GO category 
overrepresentation. Node size repre-
sents the number of genes correspond-
ing to that node. White, yellow and          
.  
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ATF4 (HSPC: 2.1±0.1-fold, EP: 1.4±0.04-
fold) and GADD34 (HSPC: 6.2±0.4-fold, 
EP: 1.8±0.2-fold) were more upregulated 
in HSPC compared to EP (Sup. Fig. 2b). In 
adult BM, upregulation of PERK pathway 
target genes was less dramatic, but CHOP 
expression was higher in HSPC compared 
to EP following addition of 3 µg/mL Tm 
(Sup. Fig. 2c). Thus, the selective enrich-
ment of PERK pathway target genes under 
basal conditions in HSC is further ampli-
fied with Tm treatment. 

Since persistent ER stress and UPR 
signaling can lead to activation of apopto-
sis through signals downstream of the IRE-
1 and PERK branches of the UPR (Tabas 

and Ron, 2011), we wanted to determine 
whether differential UPR branch activation 
between HSPC and EP influenced cell fate 
outcome. While Tg treatment did not result 
in survival differences between HSPC and 
EP (Sup. Fig. 3a), Tm treatment signifi-
cantly reduced CB-derived HSPC survival 
as compared to EP (HSPC: 33.3±4.1%, EP: 
53.0±4.9% at 0.6 µg/mL Tm; HSPC: 
2.1±0.4%, EP: 6.4±0.6% at 3 µg/mL Tm, 
Fig. 2a-b). Adult BM-derived HSPC also 
showed reduced survival at 3 µg/mL Tm 
(HSPC: 1.1±0.2%, EP: 16.1±4.4%, Fig. 
2b). Cell cycle activation of CB-derived 
HSPC decreased but did not eliminate the 
survival difference with EP, suggesting that 
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Figure 2 | HSC are predisposed to apoptosis compared to EP following treatment with the ER 
stress agent Tm. a, b, Lower survival of CB- and BM-derived HSPC compared to EP in the presence of 
Tm. HSC/HSPC and EP were sorted from CB or adult BM and plated in the presence of (a) 0.6 µg/mL or 
(b) 3 µg/mL Tm. Viable cell counts as a percentage of DMSO controls are shown. Symbols represents 
individual samples of which fractions are connected by a black line, the blue line indicates mean±SEM of 
(a) n=16 CB and n=5 BM or (b) n=7 CB and n=5 BM. c, Reduced clonogenic potential of HSC com-
pared to EP upon Tm treatment. 200 HSC or 140 EP were sorted into methylcellulose containing DMSO 
or 0.6 µg/mL Tm and colonies were counted 13 days later. Data is shown as mean±SEM of n=4 CB. d, e,  
Tm treatment causes higher apoptosis in HSC compared to EP. CB cells were plated with 0.6 µg/mL Tm. 
Cells were stained for primitive surface markers, Annexin-V and Sytox at different time points. (d) 
Representative flow plots show Annexin-V and Sytox staining. (e) Quantification of Annexin-V– cells is 
shown as mean±SEM of n=5 CB. p-values indicate different viability between HSC and EP. n.s.: not 
significant. * p<0.05, ** p<0.01, **** p<0.0001. See also Supplementary Fig. 3. 
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Tm sensitivity may be partly linked to the 
inherent quiescence of HSPCs (Sup. Fig. 
3b). Tm reduced the clonogenic capacity of 
CD34+CD38–CD45RA–CD90+ HSC by 19-
fold compared to 1.3-fold in EP (Fig. 2c, 
Sup. Fig. 3c-d). To determine if the selec-
tive loss of HSC following Tm treatment 
was due to apoptosis, we cultured CB cells 
with Tm and assessed apoptosis by Annex-
in-V staining. Although basal levels of 
viability were similar between HSC and 
EP, the remaining percentage of viable 
Annexin-V– cells upon Tm treatment was 
lower for HSC compared to EP (HSC: 
15±3.5%, EP: 47±6.1% after 40 hours, Fig. 
2d-e). Increased apoptosis of HSC com-
pared to EP following Tm treatment was 
confirmed using pre-sorted cells (Sup. Fig. 
S3e). Overall, these data indicate that Tm-
induced ER stress not only elicits distinct 
UPR signaling in HSC compared to EP, but 
also causes selective apoptosis of HSC. 

ER stress induces eIF2α phosphoryla-
tion (eIF2α~P) by PERK, leading to global 
translational attenuation but, paradoxically, 
ATF4 and CHOP translation is increased 
(Lu et al., 2004; Palam et al., 2011; Vattem 
and Wek, 2004). ATF4 and CHOP can 
induce apoptosis upon prolonged ER stress, 
in part by upregulating the eIF2α phospha-
tase GADD34, leading to increased protein 
load through translational recovery (Han et 
al., 2013; Marciniak et al., 2004). We 
investigated whether increased apoptosis of 
HSC compared to EP is linked to preferen-
tial upregulation of PERK pathway target 
genes. First, we constructed a lentiviral 
ATF4 reporter vector that marks trans-
duced cells with TagBFP while GFP 
provides a measure for the ATF4 transla-
tion rate, which is increased when eIF2α~P 
is high due to the structure of the 5’ end of 

ATF4 mRNA (Lu et al., 2004) (Fig. 3a, 
Sup. Fig. 4). As expected, Tm treatment 
increased the ATF4 reporter transgene ratio 
(TGR) in transduced CB cells (2.47±0.17-
fold), an effect that was inhibited by the 
PERK inhibitor GSK2606414 (Fig. 3b). In 
sorted HSPC and EP, the ATF4 reporter 
TGR was higher in HSPC compared to EP 
(Fig. 3c-d), consistent with increased 
baseline level ATF4 translation in HSPC. 
Following Tm addition, the TGR was more 
efficiently induced in HSPC compared to 
EP (HSC: 2.5±0.3 fold, p=0.032; EP: 
1.9±0.2 fold, p=0.071, Fig. 3c-d), indicat-
ing that Tm stimulates PERK pathway 
activity more strongly in HSC compared to 
EP. Second, we over expressed constitu-
tively active GADD34 (ca-GADD34-OE), 
which prevents eIF2α~P and upregulation 
of ATF4 and CHOP (Novoa et al., 2001). 
Expression of ca-GADD34 significantly 
increased HSPC survival following Tm 
treatment (CTRL: 41.0±5.7%, ca-
GADD34-OE: 61.0±6.6% at 0.6 µg/mL 
Tm; CTRL: 2.8±0.8%, ca-GADD34-OE: 
10.5±1.1% at 3 µg/mL Tm, Fig. 3e). In EP, 
the effect did not reach statistical signifi-
cance (Fig. 3f), indicating that ca-
GADD34-OE has a more pronounced 
effect on the stress response of HSC 
compared to EP. As a third method to test 
PERK pathway involvement, we treated 
sorted HSPC and EP with both Tm and 
Salubrinal (Sal), which prevents eIF2α 
dephosphorylation (Boyce et al., 2005). 
Without Sal addition, the viability of HSPC 
was lower than that of EP following Tm 
treatment (HSPC: 32±3%, EP: 56±2%, Fig. 
3g). Addition of Sal and Tm together 
preferentially increased HSPC survival, 
resulting in similar viability between HSPC 
and EP (HSPC: 58±6%, EP: 64±2% at 20
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Figure 3 | HSC are predisposed to UPR-induced apoptosis through PERK-eIF2α-ATF4-CHOP-
GADD34 signaling. a, Bidirectional lentiviral reporter vector for ATF4 translation rate. All transduced 
cells are marked by TagBFP; GFP brightness is a measure of ATF4 mRNA translation, which is regulat-
ed by uORFs and depends on eIF2α~P (Lu et al., 2004). b, ATF4 reporter-transduced CB cells were 
treated with 0.6 µg/mL Tm and increasing doses of the PERK inhibitor GSK2606414. After 30 hours, the 
transgene ratio (TGR) between GFP and TagBFP was determined. Results are normalized to DMSO and 
shown as mean±SEM of n=6 CB except at 600 nM GSK2606414 (n=3). c, d, Higher ATF4 reporter 
activity in HSPC compared to EP, especially following Tm treatment. Sorted HSPC and EP were 
transduced with the ATF4 reporter. After 3 days, 0.6 µg/mL Tm was added to the cells and the TGR was 
measured 30 hours later. (c) Representative flow plots show how ATF4 reporter TGR was calculated. (d) 
Results are shown as mean±SEM of n=4 CB. e, f, Over expression of constitutively active GADD34 (ca-
GADD34 OE) has a more pronounced effect on HSPC compared to EP. (e) HSPC and (f) EP were sorted 
and transduced with CTRL or ca-GADD34-OE lentivirus. After 3 days, 0.6 µg/mL Tm was added and 
viable GFP+ cells were counted 40 hours later. Counts as a percentage of DMSO controls are shown for 
n=3 CB. Symbols represent individual CB samples of which CTRL or ca-GADD34-OE transduced cells 
are connected by a black line, p-values were calculated using paired t-tests. g, h, Interfering with the 
PERK pathway at multiple junctions preferentially rescues HSC from apoptosis. Sorted HSPC and EP 
were plated with 0.6 µg/mL Tm. As well, (g) the GADD34 inhibitor Sal or (h) the PERK inhibitor 
GSK2606414 was added at concentrations indicated on the x-axes. The percentage of Annexin-V–Sytox– 
cells after 40 hours is shown as mean±SEM of (g) n=5 CB or (h) n=4 CB. uORF: upstream open reading 
frame, TGR: transgene ratio, MFI: mean fluorescence intensity. * p<0.05, ** p<0.01, *** p<0.001, **** 
p <0.0001. See also Supplementary Fig. 4. 
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µM Sal), indicating that the differential 
response between HSC and EP to Tm is 
dependent on GADD34-mediated 
dephosphorylation of eIF2α. Fourth, we 
treated sorted HSPC and EP with both Tm 
and the PERK inhibitor GSK2606414 
(Axten et al., 2012). Like Sal, 
GSK2606414 reduced the difference in 
survival of Tm treatment between HSPC 
and EP (HSPC: 54.4±1.9%, EP: 58.7±2.5% 
at 600 nM GSK2606414, Fig. 3h). Thus, 
HSPC can be protected from Tm-induced 
apoptosis by interfering with the PERK 
pathway at multiple junctions, and this 
equalizes the survival between HSPC and 
EP. Collectively, these data demonstrate 
that Tm-induced ER stress preferentially 
induces signaling through the PERK 
branch of the UPR in HSC compared to 
EP, resulting in selective upregulation of 
pro-apoptotic genes and increased HSC 
death. 

We next asked whether the UPR was 
directly involved in regulating HSC func-
tion under physiological stress conditions. 
Since CHOP is a main driver of apoptosis 
upon PERK activation (Marciniak et al., 
2004; Tabas and Ron, 2011), the BM of 
Chop–/– mice was analyzed. The frequency 
of mouse stem and progenitor cells was not 
significantly changed in Chop–/– mice 
compared to wild-type controls, but there 
was a small increase in the basal levels of 
viability of Lin–Sca-1+c-Kit+ mouse HSC-
enriched cells as well as Lin–Sca-1–c-Kit+ 
progenitors (Sup. Fig. 5a-b, Sup. Table 3). 
This suggests that Chop may be required 
for the survival/death balance of mouse 
hematopoietic progenitors under physio-
logical conditions. Next, we investigated 
whether modulating UPR signaling would 
alter human HSC function. The UPR target 

gene ERDJ4 is a co-chaperone that in-
creases the ATPase activity of GRP78 and 
can be released from the ER membrane to 
associate with the ERAD machinery (Lai et 
al., 2012; Shen et al., 2002). These func-
tions may enhance cellular protein folding 
capacity and protect against UPR-induced 
apoptosis (Kurisu et al., 2003). ERDJ4 
expression was highest in purified CB-
derived CD49f+ HSC and was reduced in 
CD49f– multipotent progenitors (2.0-fold) 
as well as all EP fractions (2.2- to 4.1-fold, 
Fig. 4a). GFP-marked ERDJ4 over expres-
sion (ERDJ4-OE) lentiviral vectors were 
constructed to express different transgene 
levels (2.3× with PGK-ERDJ4 and 218× 
with SFFV-ERDJ4, Fig. 4b-c). In the TEX 
cell line (Warner et al., 2005), SFFV-
ERDJ4 expression decreased Tm-induced 
apoptosis (Sup. Fig. 5c-d). Importantly, 
CB-derived HSPC expressing SFFV-
ERDJ4 were also protected from Tm-
induced cell death (SFFV-CTRL: 51±4% 
survival, SFFV-ERDJ4: 62±5% survival, 
Fig. 4d), suggesting that ERDJ4-OE 
increases the threshold of ER stress needed 
to induce apoptosis. To test whether 
ERDJ4 influences human HSC function, 
CB cells were transduced with PGK-
ERDJ4 and transplanted into immune-
deficient mice. After 20 weeks of in vivo 
competition between GFP+ with GFP– cells 
the percentage of GFP+ cells in the PGK-
ERDJ4 group was increased compared to 
the PGK-CTRL group (PGK-CTRL day 0: 
28±3.8%, 20 weeks: 27±5.5%; PGK-
ERDJ4 day 0: 44±9.4%, 20 weeks: 
70±7.9%; Fig. 4e, Sup. Fig. 5e). To direct-
ly measure the impact of ERDJ4-OE on the 
function and number of HSC, in vivo 
limiting dilution analysis (LDA) was 
performed. PGK-ERDJ4 transduced CB 
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cells were expanded in vitro and sorted 
GFP+ cells were injected at limiting cell 
doses, resulting in higher engraftment 
compared to CTRL cells (Fig. 4f, Sup. Fig. 
5f-g). The number of mice with human 
engraftment was also changed: at the low 
dose, 5 out of 11 control mice were en-

grafted, compared to 11 out of 12 ERDJ4-
OE mice, demonstrating by LDA that there 
was a 4.4-fold increase in the number of 
repopulating HSC in the ERDJ4-OE group 
(CTRL: 1/73137, ERDJ4-OE: 1/16641, 
Fig. 4g). These data provide strong evi-
dence that a protein folding factor classi-
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Figure 4 | ERDJ4 over expression protects from Tm-induced apoptosis and increases HSC output and 
frequency. a, ERDJ4 expression is highest in HSC. mRNA levels were determined by qPCR in seven sorted CB 
populations (Supplementary Table 1). Expression was normalized to the mean of GAPDH and ACTB. p-values 
were calculated in comparison to CD49f+ HSC. Results are shown as mean±SEM of n=3 CB. b, c, Lentiviral 
vectors for overexpression of ERDJ4 from the PGK promoter (PGK-ERDJ4) or the stronger SFFV promoter 
(SFFV-ERDJ4). (b) Transduced CB cells were assessed for ERDJ4 expression by qPCR. Expression was 
normalized to GAPDH. Data is shown as mean±SEM of n=2 CB. (c) K562 cells were transduced (>95% GFP+) 
and cells were lysed for ERDJ4 protein analysis by western blot. ERK2 is shown as loading control. d, ERDJ4-
OE protects HSPC from Tm-induced apoptosis. Sorted HSPC were transduced with SFFV-CTRL or SFFV-
ERDJ4. After 3 days, 0.6 µg/mL Tm was added to the cells and viable GFP+ cells were counted 40 hours later. 
Counts as a percentage of DMSO controls are shown for n=11 CB. Symbols represent individual samples of 
which SFFV-CTRL or SFFV-ERDJ4 transduced cells are connected by a grey line, p-value was calculated using 
a paired t-test. e, ERDJ4-OE endows CB cells with a competitive advantage. Twenty weeks after injection of 
PGK-CTRL or PGK-ERDJ4 transduced CB cells, mice were sacrificed. The median GFP% of the human CD45+ 
graft in the injected femur was normalized to the initial transduction. These normalized values are shown as 
mean±SEM of n=3 CB with 5 mice per group. f, g, ERDJ4-OE increases the number of engrafting HSC. PGK-
CTRL or PGK-ERDJ4 transduced CB cells were expanded in vitro for 10 days and sorted GFP+ cells were 
injected at high and low cell doses. (f) Total human CD45+GFP+ engraftment in the injected femur after 10 
weeks. p-value was calculated using the Mann-Whitney test. Pooled data is shown for n=3 CB with 4 mice per 
group, every symbol represents one mouse. (g) HSC frequency was calculated based on the number of engrafted 
mice. h, ERDJ4-OE moderates a surge in CHOP and GADD34 expression after transplantation. PGK-CTRL or 
PGK-ERDJ4 transduced CB cells were expanded in vitro for 12 days and transplanted into mice. CD34+GFP+ 
were sorted and CHOP and GADD34 expression was analyzed by qPCR at the indicated time points pre- and 
post-transplant (at 19 hours and 1 week post-transplant, all GFP+ cells were sorted due to cell number con-
straints). Expression was normalized to GAPDH. Data is shown as mean±SEM of n=3 CB. B/NK: B- and NK 
cell progenitor. * p<0.05, ** p<0.01, **** p<0.0001. See also Supplementary Fig. 5-6. 
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cally associated with the UPR governs 
HSC function. 

To understand the mechanism by 
which ERDJ4-OE can improve human 
HSC function, we confirmed that ERDJ4-
OE does not change in vivo lineage differ-
entiation, the frequency of phenotypic stem 
and progenitor cell compartments, homing, 
or progenitor cell engraftment (Sup. Fig. 
6a-d). This suggests that ERDJ4-OE does 
not have a strong effect on progenitor cells. 
As well, secondary LDA showed that 
ERDJ4-OE does not cause an expansion of 
functional HSC during repopulation (Sup. 
Fig. 6e), indicating that the effects of 
ERDJ4-OE are transient. To investigate 
whether ERDJ4-OE protects against ER 
stress during the in vivo transplantation 
procedure, CHOP and GADD34 expression 
was quantified at different time points. In 
PGK-CTRL transduced CB cells, induction 
of CHOP (2.2±0.6-fold) and GADD34 
(14.4±4.0-fold) expression was seen 19 
hours after transplantation compared to 
before transplantation (Fig. 4h), consistent 
with a stress response upon transplantation. 
In contrast, in PGK-ERDJ4 transduced CB 
cells, this surge in CHOP and GADD34 
expression was absent (0.82±0.18-fold and 
0.98±0.06-fold, respectively). These data 
suggest that ERDJ4-OE improves engraft-
ment by protecting HSC from UPR-
induced apoptosis following transplanta-
tion. Transplantation of human HSC in the 
xenograft environment places them under 
replicative stress, which causes elevated 
ROS, DNA damage, and loss of HSC 
function (Yahata et al., 2011). Since both 
ROS and DNA damage can cause ER 
stress, it is possible that these processes are 
connected to the UPR (Rutkowski and 
Kaufman, 2004). In support of this idea, it 

was recently shown that ROS accumulation 
leads to UPR-mediated apoptosis of HSC 
(Rouault-Pierre et al., 2013). Our findings 
implicate ER proteostasis as a critical 
regulator of HSC function during repopula-
tion and suggest that moderation of UPR 
activation may have clinical applications if 
it improves HSC survival during stem cell 
transplantation.  

Our results establish a previously un-
recognized link between UPR signaling 
and human HSC function. The different 
branches of the UPR are distinctly activat-
ed in HSC compared to EP, with the 
consequence that HSC are rapidly cleared 
while EP are spared when exposed to 
various sources of stress. This biological 
response of human HSC is consistent with 
the HSC specific induction of apoptosis 
seen following DNA damage and ROS 
accumulation (Ito et al., 2004; Milyavsky 
et al., 2010; Yahata et al., 2011). Collec-
tively, these data reveal an intrinsic biolog-
ical focus on preventing propagation of 
damaged HSC that would increase the 
chance of malignancy. Since terminal 
differentiation effectively purges damaged 
progenitor cell progeny, clonal purity may 
be of less importance in EP. Loss of HSC 
and intestinal stem cells in mouse models 
with deletion of the chaperone Grp78 
support the idea that stem cells of multiple 
tissues can interrogate ER stress, and 
utilize differential UPR activation to 
mitigate against potentially pathological 
damage (Heijmans et al., 2013; Wey et al., 
2012). Overall, our data point to the elimi-
nation of individual HSC following stress 
and damage as a paradigm of how the stem 
cell pool maintains integrity, thereby 
ensuring long-term tissue maintenance. 
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4.3 Methods summary 
CB cells were lineage depleted to enrich for CD34+ 
cells and then sorted by Fluorescence Associated Cell 
Sorting, cultured with ER stress-inducing agents,  
and/or transduced with lentivirus. Quantitative RT-
PCR was performed using a 7900 HT Real-Time PCR 
system, primer sequences are listed in Sup. Table 2. 
Apoptosis was assessed by Annexin-V/Sytox or 
cleaved Caspase-3 staining followed by flow cytome-
try. Intrafemoral transplantation of human CB cells 
into immune-deficient mice was used to read out HSC 
repopulation activity by flow cytometry after 10-20 
weeks. Unless otherwise stated, p-values were 
calculated by two-tailed unpaired Student’s t-test. Full 
Methods are provided in the Supplementary Infor-
mation. 
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Picture on previous page 
The road ahead is long and montane. To under-
stand molecular processes that govern stem cell 
biology to the point where knowledge can be 
translated to the clinic is a gratifying challenge.
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Chapter 5. Discussion
 

Many important biological processes 
have been discovered by studying the 
hematopoietic system, including hierar-
chical tissue organization and the existence 
of stem cells. Seminal studies in the mouse 
often guide the field of hematology and 
stem cells, but studying human HSC 
biology is important to gain insight into 
human disease and translational opportuni-
ties. In this chapter, I will discuss techno-
logical limitations of studying human 
HSCs, place our findings in a broader 
context and highlight areas for future 
research. 
 

 Modeling mouse and human 5.1
hematopoiesis 

 
 Comparing mouse and human HSCs 5.1.1
Mouse models have shaped our under-

standing of HSC biology, and provide a 
framework to investigate human HSC 
regulation. For example, the majority of 
work regarding transcriptional programs 
that direct lymphoid differentiation has 
been performed in mouse models. The 
E2A–/–, Ebf1–/– or Pax5–/– knockout mouse 
models have been instrumental in identifi-
cation of the function of these genes at 
different stages of B-cell development 
(Bain et al., 1994; Lin and Grosschedl, 
1995; Nutt et al., 1997). It would not have 
been possible to dissect the function of ID 
proteins in lymphoid priming and stemness 
programs without this prior knowledge 
(Chapter 3). Many molecules have similar 
effects in both mouse and human systems. 
For example, mutations in the common IL-
2R γ-chain that is necessary for cytokine 

signaling lead to severe combined immu-
nodeficiency in both organisms (Cao et al., 
1995). An excellent example of conserved 
molecular mechanisms of HSC regulation 
also springs from our studies regarding 
miR-126 (Chapter 2). The observations we 
made using human cells were mirrored in 
mouse experiments and vice versa. Con-
servation through evolution is one of the 
most reliable indications of the importance 
of an element for the organism (ENCODE 
Project Consortium et al., 2012). There-
fore, the finding that modulation of miR-
126 has similar effects in mouse and 
human settings indicates that it represents a 
vital regulatory axis to control the HSC 
quiescence/activation equilibrium. The 
knowledge that can be gained by exploiting 
experimental advantages of mouse models 
is indispensable and paves the way for 
investigating human HSCs.  

Although many cellular mechanisms 
are conserved between mice and humans, 
several striking differences have developed 
during 75 million years of divergent 
evolution. The average lifespan of labora-
tory mice is 2-3 years, at which point 30% 
have cancer. About 30% of humans will 
also develop cancer, but that is over a 70-
80 year lifespan, indicating that humans 
have developed distinct antineoplastic 
mechanisms (Rangarajan and Weinberg, 
2003). DNA damage induced by ROS may 
be 18 times more prevalent in mice than in 
humans (Adelman et al., 1988; Ames et al., 
1993). This could be related to the basal 
metabolic rate (ml of oxygen consumption 
per gram of body weight per hour), which 
is estimated to be 11 times higher in mice 
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than in humans. Several aspects of HSC 
biology also differ. Human HSCs are less 
proficient in DNA double stranded break 
repair by non-homologues end joining than 
hematopoietic progenitor cells, which is 
opposite in the mouse (Milyavsky et al., 
2010; Mohrin et al., 2010; Shao et al., 
2012). Different molecules mitigate ioniz-
ing radiation between human and mouse 
hematopoietic progenitor cells (Goff et al., 
2013). Cell surface markers expressed by 
human and mouse HSCs are not conserved 
(Figure 1) (Larochelle et al., 2011; Sitnicka 
et al., 2003). Cell cycle characteristics also 
differ. Estimates of the replication rate for 
mouse HSC range from 10 to 145 days 
(Foudi et al., 2009; Takizawa et al., 2011; 
Wilson et al., 2008), but methods for 
labeling and tracking cells that were used 
in these studies cannot be applied to human 
subjects. Using similar methods for both 
organisms, the replication rate was estimat-
ed to be 2.5 weeks in mice compared to 40 
weeks in humans, representing a 16-fold 
difference (Catlin et al., 2011). Of eighteen 
genes that were recently identified to 
enhance mouse HSC function (Deneault et 
al., 2009), none translated to human HSC 
(Deneault et al., 2013). In summary, there 
are extensive differences between mice and 
humans at an organismal level, as well as 
at the level of HSC regulation. Therefore, 
insight into human disease and translation-
al studies will be most relevant when 
performed using human cells. 

 
 Towards a comprehensive under-5.1.2

standing of human HSCs 
Scientific progress is limited by tech-

nological advancements. In recent years, 
improved methods have opened up new 
possibilities to study human hematopoietic 

stem and progenitor cells. First, HSCs and 
six functionally validated lineage-restricted 
progenitor cell populations can now be 
obtained at near clonal purity (Doulatov et 
al., 2010; Majeti et al., 2007; Notta et al., 
2011). As well, improvements to immuno-
deficient mice for xenografting have 
resulted in more sensitive and robust 
models (McDermott et al., 2010). Genome 
wide expression arrays have provided lists 
of genes that are enriched in stem cells 
(Eppert et al., 2011; Ramalho-Santos et al., 
2002). As these technologies become 
available for smaller cell numbers, differ-
ential gene expression between HSCs and 
immediately downstream progenitors have 
come into focus, revealing complex coor-
dination of self-renewal and differentiation 
programs (Laurenti et al., 2013). Finally, 
sophisticated lentiviral vectors are availa-
ble for gain- and loss-of-function studies to 
gain insight into gene function (Amendola 
et al., 2009; 2005). These developments 
have given us the knowledge and tools to 
dissect molecular regulation of human 
hematopoietic stem cells at an unprece-
dented level of detail. 

Several further developments are nec-
essary to fully understand the properties 
that enable self-renewal and differentiation 
of human HSCs. Implementation of new 
technologies to stem cell research is fre-
quently hampered by the difficulty of 
obtaining large cell numbers. However, the 
sensitivity of techniques is improving at 
several levels of cell biology. Intracellular 
flow cytometry, including phospho-flow, 
allows for single-cell protein quantification 
(Perez and Nolan, 2006). The CyTOF mass 
cytometer, which combines aspects of flow 
cytometry and mass spectrometry, enables 
multiplexed analysis of surface and intra-



Discussion 

97 

cellular antigens of single cells (Bodenmil-
ler et al., 2012). Quantitative reverse 
transcription PCR and genome sequencing 
is now possible for single cells (Kalisky 
and Quake, 2011; Navin et al., 2011). 
Analysis of epigenetic marks combined 
with RNA-seq enables insight into the 
dynamics between DNA and histone 
modification, gene expression and RNA 
splicing (Gifford et al., 2013). These 
multiplexed or genome-wide technologies 
become especially valuable when adapted 
to work for small cell numbers, such that 
HSCs and early progenitors can be com-
pared. Similar to the transformative role 
that RNA expression arrays have had on 
our understanding of hematopoiesis, such 
technologies will unveil new genes and 
processes that regulate human HSCs. 
Bioinformatic analysis of genome wide 
arrays will define networks of regulatory 
elements and generate multiple hypotheses. 
New insight will then depend on functional 
validation and detailed follow-up, such as 
the projects that have been described in this 
thesis. This brings us to the second limita-
tion of current experimental approaches to 
study human HSCs, which is genetic 
manipulation. Over expression of large 
genes such as BCR-ABL is complicated by 
lentiviral vector length restrictions, related 
to the efficiency of RNA encapsidation 
(Follenzi and Naldini, 2002). Gene knock-
down is often inefficient and subjected to 
hairpin silencing, precluding long-term 
experiments. These problems could be 
solved with improved efficiency of genome 
and epigenome editing technologies. 
Adapting naturally occurring proteins (such 
as TAL effector repeats) or protein/RNA 
complexes (such as CRISPR/Cas) to target 
endonucleases or epigenetic modifiers to 

specific DNA sequences are particularly 
promising developments to open new 
experimental possibilities. Some of the 
advantages of genetic mouse models may 
be made available for human cells (Cong et 
al., 2013; Mali et al., 2013; Mendenhall et 
al., 2013). Third, there is room for im-
provement of assays to study HSC and 
progenitor cell properties. Although immu-
nodeficient mice provide a more faithful 
environment for HSC investigation than in 
vitro methods, there are still several differ-
ences between the human and mouse bone 
marrow niche in which HSCs reside. One 
of the most evident problems is the lack of 
cross-reactivity of many mouse cytokines 
on human cells. Several immunodeficient 
mice have been genetically engineered to 
express human cytokines such as SCF, 
GM-CSF and IL-3 (Ito et al., 2012; 2013). 
These humanized xenograft models show 
improved myeloid engraftment. One of the 
questions that may be answered by these 
mouse models is whether human HSCs can 
be divided into different lineage-biased 
compartments, as has been shown for 
mouse HSCs (Muller-Sieburg et al., 2012). 
Mapping heterogeneity within currently 
defined stem and progenitor compartments 
using more sensitive in vitro and in vivo 
methods will elucidate further details of the 
hematopoietic hierarchy. Ultimately, 
assays that read out single cell potential 
will provide the most comprehensive 
insight, and will also indicate to what 
extent heterogeneity reflects inherent 
biological noise, such as variability associ-
ated with baseline gene expression levels. 
In short, the adaptation of multiplexed and 
genome wide technologies for small cell 
numbers and sophisticated bioinformatics 
will generate hypotheses. Improved genetic
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  Figure 1. Surface marker phenotypes of mouse and human stem and progenitor cell subsets. In the mouse, 
markers have been identified to separate HSCs into subsets with different repopulating capacity. Gradual differen-
tiation towards the lymphoid lineage proceeds through LMPP and CLP stages. In humans, HSCs and MPPs can be 
distinguished by expression of CD90 and CD49f. The MLP is the only common lymphoid progenitor that has 
been identified in humans, and this cell retains some myeloid potential. Myeloid differentiation progresses 
through similar stages in mouse and human systems. Note that some details remain uncertain, for example, several 
phenotypes are used to separate mouse HSC subtypes and differences may exist between human MLP-derived             
. 
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  versus CMP-derived GMPs. Some markers are commonly referred to by different names, such as: Flt3 = CD135 = 
Flk2, CD16/32 = FcγIII/IIIR, CD127 = IL7R, CD90 = Thy1. LT-HSC: long-term hematopoietic stem cell, IT-
HSC: intermediate-term HSC, ST: short-term HSC, MPP: multipotent progenitor, LMPP: lymphoid-primed 
multipotent progenitor, CLP: common lymphoid progenitor, proB: pro-B cell, ETP: early thymic progenitor, 
CMP: common myeloid progenitor, MEP: megakaryocyte erythrocyte progenitor, GMP: granulocyte macrophage 
progenitor, MLP: multilymphoid progenitor, Lin: cocktail of antibodies containing all mature cell surface 
markers. 
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and epigenetic manipulation of human cells 
will enable investigators to answer new 
questions. More sensitive assays and 
single-cell fate readouts will pinpoint 
previously unappreciated complexities. 
Over time, these developments may lead to 
a comprehensive understanding of the 
molecular components that regulate HSCs. 

 
 Gene expression control for 5.2

maintenance of the HSC state 
 

 Transcription factor networks in 5.2.1
HSCs and early progenitors 

Many intrinsic processes must be 
tightly regulated in HSCs. As well, HSCs 
need to remain responsive to signals from 
the environment. The process of differenti-
ation is associated with changes to many 
cellular properties. Ideally, factors that 
coordinate these changes should therefore 
be able to affect multiple regions in the 
genome. Transcription factors are well 
equipped to perform various functions, and 
many of them have been implicated in 
HSC maintenance, especially by mouse 
knockout models (Orkin and Zon, 2008; 
Rossi et al., 2012). The list of transcription 
factors that have been shown to function in 
human HSCs is much shorter, but includes 
BMI-1, AHR, P53 and HIF2α (HOXB4, 
HES1 and HLF were not assessed by serial 
transplantation) (Amsellem et al., 2003; 
Boitano et al., 2010; Buske et al., 2002; 
Milyavsky et al., 2010; Rizo et al., 2008; 
Rouault-Pierre et al., 2013; Shojaei et al., 
2005). Transcription factors that act down-
stream of HSCs, during early differentia-
tion, have also been well investigated using 
mouse models, as described in the intro-
duction of this thesis. Although it is known 
that many lineage-associated transcription 

factors are expressed at low levels in 
HSCs, a process termed lineage priming, 
the reason for this phenomenon is not well 
understood. Lineage priming is thought to 
reflect the multipotent state of HSC, where 
chromatin is maintained in an accessible 
configuration to allow for a rapid response 
to demands for mature blood cell produc-
tion (Orkin, 2003). However, in Chapter 2 
of this thesis, we describe a previously 
unknown link between stem cell self-
renewal and B-lymphoid (hereafter referred 
to as lymphoid) lineage priming. We used 
lentiviral over expression of the transcrip-
tion factor inhibitor ID2 to inhibit the 
activity of the canonical B-cell factor E47 
in HSCs. In addition, we over expressed 
E47 and reduced the expression of another 
B-cell factor, EBF1. Each one of these 
approaches led to the same observation: 
expression of lymphoid lineage-associated 
transcription factors in HSCs reduces HSC 
maintenance in vivo. These results led us to 
uncover that lymphoid lineage priming 
negatively influences HSC self-renewal. It 
is possible that lymphoid transcription 
factors suppress a self-renewal program, as 
a major function of E47, Ebf1 and Pax5 is 
transcriptional suppression of genes associ-
ated with alternative lineages (Ikawa et al., 
2004; Lukin et al., 2011; Nutt et al., 1999). 
As well, Ebf1 suppresses Id2 and Id3 
expression (Nechanitzky et al., 2013; 
Pongubala et al., 2008; Thal et al., 2009). 
Regardless, the insight that ID proteins are 
highly expressed in HSCs to restrain the 
transcriptional activity of E proteins is one 
of the most detailed mechanistic insights 
we have in the processes that govern self-
renewal of human HSCs. 

In the mouse, myeloid-biased, bal-
anced and lymphoid-biased HSC subsets 
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have been identified (Muller-Sieburg et al., 
2012). The consequences of heterogeneity 
within the HSC pool are important to 
understand as they may influence processes 
such as aging and clonal expansion preced-
ing leukemia. However, little is known 
about the stability and regulation of these 
HSC subsets. The studies we performed 
with ID genes provide an opportunity to 
investigate the flexibility of HSCs to 
convert from a lymphoid-biased to a 
myeloid-biased state, i.e. to gain the 
potential of significant myeloid cell pro-
duction. Upon ID2 overexpression, we 
observe increased expression of a myeloid 
program in the human HSC compartment 
at the population level. Two possibilities 
could account for this change. First, induc-
tion of a myeloid program in HSCs that 
were originally not biased to the myeloid 
lineage may increase myeloid lineage 
commitment. Alternatively, enforced 
expression of ID2 may cause an expansion 
of a myeloid-biased subset of HSCs (Fig-
ure 2). To distinguish between these 
possibilities, lentiviral barcoding could be 
applied to track the fate of HSCs in vivo 
over time (Gerrits et al., 2010; Lu et al., 
2011; Verovskaya et al., 2013). Performing 
these experiments in human cells would 
add significant new knowledge to the field. 
First, heterogeneity of lineage contribution 

within the HSC pool has not been estab-
lished in the human system. Second, ID2 
overexpression may skew the fate of 
individual HSCs towards the myeloid 
lineage (Figure 2, left). This would demon-
strate that protein interactions (ID2 inhibi-
tion of E proteins) can alter the bias of 
single HSCs, whereas this is thought to be 
largely controlled at the epigenome level. 
This would provide a unique insight into 
the plasticity of “epigenetically fixed” HSC 
subsets, and indicate that ID proteins 
provide a regulatory axis through which 
HSCs can switch their lineage bias. 

 
 MicroRNA control of the HSC state 5.2.2
It is only 13 years ago that mi-

croRNAs were recognized as a new class 
of gene regulatory elements (Pasquinelli et 
al., 2000). MicroRNAs represent a layer of 
gene expression control that is superim-
posed on the transcriptional level, as 
microRNAs reduce mRNA abundance or 
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Figure 1. Alternative possibilities of ID2 effects on HSCs. ID2 may alter the bias of individual 
HSCs (left) or expand a myeloid-biased subset of HSCs (right), both of which would result in 
increased myeloid output. To distinguish between these possibilities, lineage depleted cord blood 
could be transduced with lentiviral barcodes. Cells would subsequently be transduced with CTRL or 
ID2-OE lentivirus and injected into immunodeficient mice. When a graft is established, human 
lymphoid (CD19+) and myeloid (CD33+) cells would be sorted and cells sequenced for barcodes to 
read out clonality. If ID2-OE causes lymphoid-biased HSCs to acquire appreciable myeloid potential 
(left scenario), clonality of the myeloid lineage would be increased compared to CTRL cells. L, 
lymphoid-biased; LM, balanced; M, myeloid-biased HSC. 

barcodes)

CD19+   CD33+ CD19+   CD33+ CD19+   CD33+ 

Figure 2. Alternative possi-
  bilities of ID2 effects on 
  HSCs. 

ID2 may alter the bias of indi-
  vidual HSCs (left) or expand a 
  myeloid-biased subset of HSCs 
  (right), both of which would 
  result in increased myeloid 
  output. To distinguish between 
  these possibilities, lineage 
  depleted cord blood could be 
transduced with lentiviral barcodes. Cells would 
subsequently be transduced with CTRL or ID2-OE 
lentivirus and injected into immunodeficient mice. 
When a graft is established, human lymphoid (CD19+) 
and myeloid (CD33+) cells would be sorted and cells 
sequenced for barcodes to read out clonality. If ID2-
OE causes lymphoid-biased HSCs to acquire appre-
ciable myeloid potential (left scenario), clonality of 
the myeloid lineage would be increased compared to 
CTRL cells. L, lymphoid-biased; LM, balanced; M, 
myeloid-biased HSC. 
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translation post-transcriptionally. Each 
microRNA typically controls multiple 
target genes, placing them in an ideal 
position to coordinately repress or dere-
press gene expression programs that are 
related to differentiation, proliferation, 
apoptosis and other cellular processes. The 
importance of microRNAs in hematopoie-
sis is now firmly established, as many 
studies have revealed their roles in HSC 
regulation, differentiation and leukemia 
(Havelange and Garzon, 2010; Lawrie, 
2013). However, few microRNAs have 
been studied in human hematopoiesis and 
stem cells. In Chapter 4, we describe the 
most comprehensive functional characteri-
zation of a microRNA to date in human 
and mouse HSCs simultaneously. miR-126 
is expressed at high levels in HSCs, and 
promotes quiescence by attenuating differ-
ent constituents of the PI3K/AKT signaling 
pathway. That miR-126 sets a threshold for 
HSC activation in response to extrinsic 
stimuli, provides molecular insight into the 
regulatory mechanisms that are important 
to maintain human HSCs. Interestingly, 
most models that increase HSC prolifera-
tion, including knockout of the PTEN, 
which leads to increased AKT activation, 
lead to short-term expansion of HSCs 
followed by exhaustion (Li, 2011; Zhang et 
al., 2006). In contrast, miR-126 knock-
down increases HSC proliferation but does 
not lead to exhaustion in serial transplanta-
tion experiments. This difference may be 
due to the subtle effects of miR-126 on 
several PI3K/AKT pathway components 
simultaneously. It is also possible that 
additional genes are targeted by miR-126 
in HSCs. Another striking observation is 
that miR-126 overexpression leads to 
increased quiescence in HSCs, but in-

creased cell cycle entry in early progeni-
tors. This effect, which was observed in 
both mouse and human systems, reflects 
the cell context-specific effects of mi-
croRNAs. In HSCs and early progenitors, 
different target mRNAs are available, 
which can underlie the differential effects 
that miR-126 modulation has in these cell 
types. The cell-specificity of microRNA 
function and miR-126 in particular is also 
evident when comparing the effect on 
normal hematopoiesis to acute myeloid 
leukemia. Although miR-126 overexpres-
sion leads to a loss of HSC repopulation 
and miR-126 knockdown leads to in-
creased HSC function, these effects are 
opposite in the cells that propagate leuke-
mia (Lechman, Gentner, van Galen et al., 
manuscript in preparation). Thus, knock-
down of miR-126 reduces leukemia propa-
gation but expands normal human HSCs. 
Locked Nucleic Acids (LNA) are available 
to reduce microRNA expression, and 
systemic administration has been success-
ful humans (Elmén et al., 2008; Janssen et 
al., 2013). The efficiency and biological 
consequences of LNA-mediated silencing 
of miR-126 should be tested in human 
HSCs and leukemia. Our studies suggest 
that targeting miR-126 represents a promis-
ing therapeutic approach for leukemia, as 
this could lead to depletion of leukemia 
cells, while simultaneously expanding 
normal HSCs. 

 
 Maintaining HSC integrity under 5.3

stress 
The HSC pool bears the responsibility 

of maintaining the blood system through-
out life. The maintenance of a healthy HSC 
pool is vital, but the longevity of HSCs 
comes with exposure to various sources of 
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stress. In addition, oncogenic lesions that 
are acquired by HSCs will persist and 
increase the chance of malignancy if more 
lesions arise (Jan et al., 2012). Clonal 
purity may be of less importance in pro-
genitor cells, since terminal differentiation 
effectively purges their progeny. Therefore, 
HSCs have several specialized mechanisms 
to protect integrity of the HSC pool over 
time. For example, HSCs show enhanced 
apoptosis when DNA damage is incurred 
(Milyavsky et al., 2010). DNA damage 
accumulation in HSCs leads to reduced 
self-renewal and increased differentiation 
(Wang et al., 2012; Yahata et al., 2011). As 
well, maintenance of redox balance and 
restriction of reactive oxygen species 
(ROS) is required for proper HSC function 
(Ito et al., 2004; Tothova et al., 2007). 
Thus, damage to the HSC pool is tightly 
controlled to prevent either loss of function 
or the initiation of malignancy due to the 
clonal persistence of oncogenic mutations 
that arise in HSCs. 

Various intrinsic and extrinsic sources 
of stress can disrupt protein processing in 
the endoplasmic reticulum (ER). The 
resulting ER stress causes activation of the 
unfolded protein response (UPR) that 
enables the cell to either resolve the stress 
or initiate apoptosis. Several processes that 
induce ER stress can pose a danger to the 
maintenance of HSC pool integrity. First, 
DNA mutations in protein coding sequenc-
es frequently result in protein misfolding; 
this effect is strong enough to constrain 
coding sequence evolution (Geiler-
Samerotte et al., 2011). Detrimental DNA 
damage can therefore be detected through 
misfolded proteins. Second, activation of 
oncogenes such as mTOR is often accom-
panied by proteotoxic stress (Wouters and 

Koritzinsky, 2008). Third, environmental 
conditions such as severe hypoxia, ROS 
accumulation, glucose deprivation and 
nutrient starvation can trigger the UPR 
(Holtz et al., 2006; Kaufman et al., 2002; 
Saito et al., 2009). Fourth, viral infection 
can activate UPR signaling (Zhang and 
Wang, 2012). In Chapter 4, we show that 
HSCs have constitutively high PERK 
activity. This may restrict in their protein 
translation rate, protect against ROS and 
promote survival (Harding et al., 1999; 
Rouschop et al., 2013). However, this can 
also make HSCs highly sensitive to small 
increases in additional stress that could 
exceed the threshold for apoptosis induc-
tion. Our findings point to the UPR as a 
focal point where signals of stress con-
verge, and persistent stress leads to clear-
ance of HSCs. Overall, this supports a 
paradigm where individual HSCs that 
sustain damage are purged to protect the 
integrity of the HSC pool and warrant 
long-term maintenance of the blood sys-
tem. 

Similar to HSCs, stem cells in other 
systems may also interpret ER stress as an 
indication of damage and a potential threat 
to stem cell pool integrity. For example, 
UPR activation causes loss of intestinal 
stem cells through differentiation 
(Heijmans et al., 2013). The ER stress 
response in different tissue stem cells 
should be investigated using approaches 
we took in Chapter 4, as well as mouse 
knockout models of UPR genes such as 
CHOP and GRP78 (Wey et al., 2012; 
Zinszner et al., 1998). This will lead to a 
better understanding of the factors that 
contribute to stem cell longevity and the 
maintenance of clonal integrity. It will also 
be interesting to compare UPR signaling in 
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normal and leukemic hematopoiesis, to see 
if there is a therapeutic window to target 
leukemia stem cells.  

 
 Impact on understanding and 5.4

treatment of disease 
 

 The process of aging 5.4.1
Aging and stem cells are inherently 

connected, since aging requires the passing 
of time, and stem cells are the most long-
lived cells of the tissue they sustain. Aging 
of the HSC pool is associated with reduced 
adaptive immunity and increased incidence 
of hematological disorders including 
anemia and leukemia (Geiger et al., 2013). 
Compared to young HSCs, aged HSCs 
exhibit diminished lymphoid differentia-
tion in favor of myeloid differentiation, 
which is thought to find its origin in differ-
ential persistence of HSC subsets (Figure 
3). As well, an expansion of phenotypic 
HSCs is observed, and all HSC subsets 
show functional impairment with aging 
(Dykstra et al., 2011; Pang et al., 2011). 
Overexpression (OE) of ID2 causes paral-
lels to these aging phenotypes (Chapter 3). 
Both the myeloid bias and the increase in 
HSC frequency are similar between ID2-
OE and old HSCs (compared to CTRL and 
young HSCs, respectively), although ID2-
OE HSCs have increased serial reconstitu-
tion ability whereas old HSCs are function-
ally impaired. The antagonistic relationship 
between lymphoid priming and self-
renewal that we uncover in Chapter 3 has 
ramifications for aging research. First, it is 
possible that lymphoid-biased HSCs are 
lost during aging because the very presence 
of lymphoid factors reduces self-renewal. 
Indeed, myeloid-biased HSCs have a 
longer lifespan than other types of HSCs 

(Challen et al., 2010; Muller-Sieburg et al., 
2004). This raises the question: is the aging 
process different for myeloid-biased versus 
lymphoid-biased HSCs? Should we focus 
our “rejuvenation” efforts on lymphoid-
biased HSCs rather than the bulk? Along 
these lines, comparing young HSC subsets 
to old HSC subsets may be more informa-
tive than comparing bulk HSCs. This may 
be within reach now that markers to sepa-
rate HSC subsets are becoming available 
(Beerman et al., 2010; Challen et al., 2010; 
Gekas and Graf, 2013; Morita et al., 2010; 
Yamamoto et al., 2013). Second, the 
intricate relationship between lymphoid 
lineage priming and self-renewal should be 
further investigated. For example, do the 
B-cell factors E2A and EBF1, which are 
known to suppress non-B-lymphoid genes, 
directly reduce expression of genes associ-
ated with self-renewal? Answering these 
questions will help to better understand the 
process of aging, and consequently design 
rational therapies for HSC rejuvenation. 

Loss of protein homeostasis (proteo-
stasis) has been classified as a hallmark of 
aging based on studies in non-
hematopoietic tissues (López-Otín et al., 
2013), and is an important determinant of 
stem cell aging (Vilchez et al., 2013). By 
studying the UPR in Chapter 4 of this 
thesis, we highlight the detrimental effects 
of misfolded protein accumulation for HSC 
survival. By doing so, we extend the 
importance of proteostasis to HSCs. The 
link between UPR signaling and HSC 
aging is reinforced by studies that show 
UPR activation upon enhanced mTOR 
signaling by TSC1 or TSC2 deletion 
(Ozcan et al., 2008), whereas TSC1 dele-
tion in young HSCs mimics the phenotype 
of old HSCs (Chen et al., 2009). Converse-
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ly, inhibition of mTOR by rapamycin can 
increase lifespan, possibly by inhibition of 
protein synthesis (Harrison et al., 2009; 
López-Otín et al., 2013; Selman et al., 
2009). Interestingly, rapamycin administra-
tion also reverses age-associated HSC 
phenotypes (Chen et al., 2009). Together, 
these studies suggest that improved proteo-
stasis may ameliorate HSC aging. As well, 
genes associated with protein folding are 
upregulated in aged HSCs, which could 
indicate accumulation of misfolded pro-
teins (Chambers et al., 2007). To further 
investigate misfolded protein accumulation 
with age, expression of chaperones and 
UPR related proteins could be more exten-
sively assessed in young and old HSCs 
under basal conditions. As well, the stress 
response should be compared between 
young and old HSCs, for example by 
pharmacological induction of endoplasmic 
reticulum stress, GRP78 deletion or over-
expression of a mutated protein (Geiler-
Samerotte et al., 2011; Wey et al., 2012). 
Overexpression of chaperones that reduce 

misfolded protein accumulation may prove 
to be beneficial for HSCs (Morrow et al., 
2004; Walker and Lithgow, 2003). If so, 
small molecule proteostasis regulators may 
provide a therapeutic approach to slow 
HSC aging (Calamini et al., 2012). Much 
remains to be discovered regarding the link 
between aging and proteostasis, particular-
ly for HSCs. However, the enticing possi-
bility of improving longevity and health of 
the HSC pool is an inspiring prospect. 

 
 Manipulating stem cells for clinical 5.4.2

expansion 
Umbilical cord blood could be of ma-

jor clinical utility for allogeneic transplan-
tation due to its rapid availability and less 
stringent requirements for HLA matching 
compared to adult bone marrow. However, 
the shortage of HSCs in each cord blood is 
associated with delayed engraftment and 
immune reconstitution as well as graft 
failure and early mortality. To overcome 
these obstacles, development of clinically 
relevant methods for ex vivo HSC expan-
sion is critical (Hofmeister et al., 2007). 
Several methods for expansion of engraft-
ing HSCs have been published, ranging 
from cytokine-supplemented culture 
optimization and genetic manipulation to 
recombinant protein exposure and small 
molecule mediated approaches (Dahlberg 
et al., 2011). Repopulation of mice by 
human HSCs was improved when standard 
cytokine conditions were supplemented 
with IGFBP2 and Angptl5 (Zhang et al., 
2008). As well, exposure to the growth 
factor pleiotrophin increased repopulating 
HSCs in culture compared to input and 
cytokine-treated cultures (Himburg et al., 
2010). Control of inhibitory feedback 
signaling by differentiated cells using a 

Figure 3. Increased myeloid cell ratio with age 
originates from HSC pool composition. 
Simplified schematic indicates how lymphoid-biased 
HSCs exhaust over the lifetime of an animal, whereas 
myeloid-biased HSCs persist. This model, based on 
mouse studies, partially underlies the increased 
proportion of myeloid blood cells that is seen with 
aging (Muller-Sieburg et al., 2012). In addition to 
changes in the composition of the HSC pool, func-
tional changes to individual HSCs of all subsets as 
well as microenvironmental factors play a role in 
aging (Geiger et al., 2013). L, lymphoid-biased HSC; 
M, myeloid-biased HSC. 
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Figure 2. Increased myeloid cell ratio with age originates from HSC pool 
composition. Simplified schematic indicates how lymphoid-biased HSCs 
exhaust over the lifetime of an animal, whereas myeloid-biased HSCs persist. 
This model, based on mouse studies, partially underlies the increased proportion 
of myeloid blood cells that is seen with aging (Muller-Sieburg et al., 2012). In 
addition to changes in the composition of the HSC pool, functional changes to 
individual HSCs of all subsets as well as microenvironmental factors play a role 
in aging (Geiger et al., 2013). L, lymphoid-biased HSC; M, myeloid-biased 
HSC. 
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fed-batch culture system enabled a 12-fold 
expansion of human HSC in liquid culture 
(Csaszar et al., 2012). As for genetic 
manipulation, overexpression of HoxB4 
leads to 2- to 4-fold expansion of human 
HSC, although in the mouse it causes a 40-
fold expansion (Amsellem et al., 2003; 
Antonchuk et al., 2002; Buske et al., 2002). 
NOV over expression was also reported to 
expand human HSC in vitro and in vivo 
(Gupta et al., 2007). The aryl hydrocarbon 
receptor inhibitor SR1 induced a 17-fold 
increase in HSCs over 21 days of culture 
(Boitano et al., 2010). Two methods for 
HSC expansion are in clinical develop-
ment. Prostaglandin E2 was identified in a 
zebrafish chemical screen to increase 
hematopoiesis and short-term exposure of 
HSCs to PGE2 showed encouraging results 
in a phase I clinical trial using double cord 
blood transplantations (Cutler et al., 2013; 
Hoggatt et al., 2013; North et al., 2007). 
An increase in repopulating cells was also 
accomplished by exposing cord blood to 
immobilized Notch ligand Delta1 in 
culture, which improved rapid engraftment 
of progenitors in patients with hematologic 
malignancies (Delaney et al., 2010). 
Despite these promising developments, the 
low number of stem cells in cord blood 
samples still limits their use for allogeneic 
transplantation.  

In this thesis, three additional methods 
for HSC expansion have been described. 
Reducing lymphoid priming by lentiviral 
overexpression of the transcription factor 
inhibitor ID2 led to an 10-fold expansion 
of repopulating HSCs in secondary trans-
plantations (Chapter 2). This opens up the 
possibility that exposure to recombinant ID 
proteins or an E47 inhibitor to attenuate 
lymphoid priming could be used to transi-

ently increase self-renewal and expand the 
HSC pool. Derepression of PI3K/AKT 
signaling by knockdown of miR-126 leads 
to increased cell cycle entry and expansion 
of HSCs in vivo (Chapter 3). This data 
indicates that increased PI3K/AKT signal-
ing, leading to HSC cell cycle entry, does 
not necessarily cause HSC exhaustion as 
seen in some mouse knockout models. 
Possible explanations for HSC proliferation 
without exhaustion are the modest level by 
which miR-126 knockdown increases 
PI3K/AKT signaling or the simultaneous 
downregulation of multiple miR-126 
targets. Finally, we found that overexpres-
sion of the chaperone ERDJ4 improves 
HSC engraftment by limiting the apopto-
sis-associated effects of the UPR on HSCs 
(Chapter 4). Therefore, HSC survival 
during the transplantation procedure may 
be improved by reducing UPR-mediated 
apoptosis, for example with PERK inhibi-
tors (Axten et al., 2012). Using genetic 
manipulation, we uncovered several 
mechanisms to expand human HSCs. 
Recapitulation of these effects with small 
molecules may lead to development of 
clinically relevant methods to expand cord 
blood HSCs for transplantation. By in-
creasing our understanding of the molecu-
lar regulators that govern HSC self-
renewal, we will learn how to harness the 
therapeutic potential of HSCs. 
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Wiring diagram of the Ceriatone HRM 50 guitar 
amplifier to signify circuits, switches and dials 
that convert input signals to one of many possi-
ble sonic outputs. This system holds analogy to 
the mechanisms that control HSC output in terms 
of potential fate decisions.
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Summary 
 

Hematopoietic stem cells (HSCs) sus-
tain the blood system over the lifetime of 
an organism. HSCs mostly reside in the 
bone marrow niche, and are endowed with 
a unique set of properties that enable them 
to continuously give rise to progenitor 
cells, which proliferate to replenish all 
mature blood cells. The hallmark property 
of HSCs is self-renewal, or the ability to 
undergo a cell division in which at least 
one daughter cell retains the developmental 
and proliferative potential of the parent 
cell. HSCs also have the potential to 
differentiate into all the different mature 
blood cell types that make up the blood 
system. They are generally quiescent, 
limiting the number of divisions HSCs 
undergo throughout life. The longevity and 
clonal persistence of individual HSCs gives 
unique perspectives to apoptosis/survival 
decisions under conditions of stress or 
damage accumulation. Overall, the mainte-
nance of HSCs depends on the integration 
of signals that balance self-renewal with 
differentiation, quiescence with prolifera-
tion, and apoptosis with survival. Although 
manipulation of stem cells holds great 
therapeutic potential, few regulatory 
elements of human HSCs have been 
discovered. In this thesis, I examine the 
molecular constituents that underlie the 
unique properties of HSCs and discover 
three new regulatory axes that control the 
maintenance of human HSCs. 

MicroRNAs represent a class of genes 
that exert post-transcriptional control of 
gene expression. Many microRNAs are 
dynamically expressed during HSC differ-
entiation, suggesting their involvement in 

regulating hematopoiesis. One of the most 
HSC-enriched microRNAs is miR-126. In 
Chapter 2, I describe the role of miR-126 in 
restraining cell cycle progression of HSCs. 
miR-126 knockdown increased HSC 
proliferation without inducing exhaustion, 
resulting in expansion of mouse and human 
long-term repopulating HSC. Conversely, 
enforced miR-126 expression impaired cell 
cycle entry, leading to progressively 
reduced hematopoietic contribution. These 
studies also showed that miR-126 functions 
in HSCs and early progenitors by down-
regulating multiple targets in the 
PI3K/AKT/GSK3β pathway. Activation of 
this pathway in response to extrinsic 
signals was attenuated by miR-126. Thus, 
miR-126 controls the HSC quies-
cence/activation equilibrium and governs 
HSC pool size, establishing the importance 
of microRNAs in the control of HSC 
function. 

Like microRNAs, transcription factors 
have the potential to regulate many down-
stream targets and can provide an anchor to 
broadly influence gene expression pro-
grams. The process of differentiation is 
accompanied by the initiation of lineage-
associated transcriptional programs by 
transcription factors. Interestingly, even in 
HSCs, low-level expression of lineage-
associated genes has been observed. It is 
not known whether this process, termed 
lineage priming, influences HSC self-
renewal. In Chapter 3, I identify a link 
between stemness and lineage priming 
through genetic modulation of ID genes as 
well as E47 and EBF1 B-lymphoid factors. 
Transcriptional profiling of ID2 over-
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expression HSCs showed down-regulation 
of B-cell factors including EBF1 and 
FOXO1. There was a concomitant increase 
in myeloerythroid factors such as CEBPA 
and GATA1, revealing myeloid commit-
ment bias already in primitive HSC and 
progenitors. Mechanistically, ID2 inhibited 
the lymphoid transcription factor E47 to 
attenuate lymphoid priming in HSCs. 
Strikingly, attenuation of lymphoid factors 
enhanced HSC self-renewal and ID2 
overexpression resulted in a 10-fold expan-
sion of HSCs in serial limiting dilutions 
assays. Thus, early lymphoid transcription 
factors antagonize human HSC self-
renewal, providing a link between lineage 
priming and maintenance of stem cell self-
renewal. 

In Chapter 4, I examine how HSCs re-
spond to conditions that threaten integrity 
of the HSC pool. Many intrinsic and 
extrinsic sources of stress, including 
hypoxia, ROS, DNA damage, oncogene 
activation and nutrient fluctuation, con-
verge to disrupt protein folding in the 
endoplasmic reticulum. This leads to 
activation of the Unfolded Protein Re-
sponse (UPR), a pathway that enables a 
cell to either resolve the stress or initiate 
apoptosis. I find distinct activation of the 
UPR in human HSCs compared to early 
progenitors. HSCs initiated apoptotic 
signaling through the PERK branch of the 
UPR upon misfolded protein accumulation, 
causing CHOP upregulation and GADD34- 

mediated eIF2α dephosphorylation. This 
led to HSC loss under conditions where 
early progenitors survived. To modulate 
UPR signaling in HSCs, I overexpressed 
the co-chaperone ERDJ4, which increased 
the threshold of stress needed to activate 
apoptotic UPR signaling. Strikingly, the 
xenograft repopulation capacity of HSCs 
was increased by overexpression of 
ERDJ4, establishing the potential of 
manipulating this signaling axis to improve 
HSC survival. More broadly, these findings 
reveal how various sources of stress lead to 
clearance of HSCs, which are specifically 
predisposed to undergo apoptosis in com-
parison to progenitor cells. This process 
prevents propagation of damaged individu-
al HSCs, providing insight into how the 
stem cell pool maintains clonal integrity. 

Collectively, these studies have ad-
vanced our understanding of vital processes 
for life-long maintenance of the stem cell 
pool. The insights that these studies have 
generated are among the most detailed 
mechanistic descriptions of the molecular 
components that govern human HSC 
biology. Continued exploration will reveal 
the full complement of factors and process-
es that give HSCs their unique properties 
including self-renewal and multipotency. 
This will reveal opportunities to exploit the 
therapeutic potential of stem cells for 
regenerative medicine and to prevent their 
functional decline or malignant transfor-
mation associated with aging. 
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Figuur op voorgaande pagina 
Bedradingsschema van de Ceriatone HRM 50 
gitaarversterker dat de circuits, schakelaars en 
draaiknoppen laat zien die het gitaarsignaal 
omzetten tot een bepaald geluid. De mechanis-
men die het gedrag van stamcellen besturen 
zouden uiteindelijk ook in een dergelijk schema 
weergegeven kunnen worden. 
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Samenvatting 
 

Hematopoietische stamcellen (HSC) 
zijn verantwoordelijk voor de aanmaak van 
alle nieuwe cellen in het bloed. HSC 
bevinden zich voornamelijk in het been-
merg, en hebben unieke eigenschappen 
waardoor ze gedurende het hele leven 
nieuwe cellen kunnen maken. HSC pro-
duceren specialiserende cellen, die zich 
vaak delen (proliferatie) om in het dage-
lijks onderhoud van volwassen bloedcellen 
te voozien (Discussie Figuur 1, pagina 98). 
Door mensen worden ongeveer 10 miljoen 
volwassen bloedcellen gemaakt per  
seconde. De karakteristieke eigenschap van 
stamcellen is het unieke vermogen tot zelf-
vernieuwing. Zelf-vernieuwing betekent 
dat HSC bij deling een cel kunnen 
voortbrengen met precies dezelfde eigen-
schappen en capaciteiten die ze zelf  
bezitten. HSC zijn ook multipotent: ze 
kunnen zich door differentiatie ontwik-
kelen tot alle verschillende cellen waaruit 
het bloed bestaat. Ze bevinden zich in een 
staat van rust: HSC delen niet vaak zodat 
het totale aantal celdelingen tijdens het 
leven beperkt blijft. Omdat HSC haast 
onsterfelijk zijn en verantwoordelijk zijn 
voor de aanmaak van alle bloedcellen, is 
het van groot belang dat ze geen schade 
oplopen. Wanneer ze aan stress onderhevig 
zijn, is het dilemma tussen overleven of 
geprogrammeerde celdood dus erg be-
langrijk. Samenvattend kan gezegd worden 
dat HSC stabiel blijven door een balans 
tussen zelf-vernieuwing/differentiatie, rust/ 
proliferatie, en overleving/celdood. Het 
begrijpen van HSC is van groot belang 
voor onderzoek naar ziektes en klinische 
behandelingen, maar de processen die 

belangrijk zijn voor het onderhoud van 
HSC zijn maar zeer ten dele bekend. In dit 
proefschrift worden drie onderzoekspro-
jecten beschreven om moleculaire mecha-
nismen in kaart te brengen die van belang 
zijn voor HSC. Dit leidt tot de ontdekking 
van drie verschillende processen die HSC 
in balans houden en de werking van deze 
processen wordt in detail beschreven. 

Het onderzoek naar rust/proliferatie 
richt zich op microRNAs. Dit zijn kleine 
RNA moleculen waarvan pas 14 jaar 
geleden werd ontdekt (in C. Elegans 
rondwormen) dat ze een rol spelen in de 
regulatie van andere genen. MicroRNAs 
verminderen de expressie van veel genen 
tegelijk, en kunnen daardoor grote    
veranderingen teweegbrengen in een cel 
(Figuur 1). In Hoofdstuk 2 onderzoek ik 
met Eric Lechman, Bernhard Gentner en 
Alice Giustacchini de functie van      
microRNA-126, waarvan de expressie 
hoog is in HSC. Als we nog meer      

Figuur 1. Schematische weergave van enkele 
basale factoren in een cel. 
In de celkern bevindt zich DNA met genen die voor 
eiwitten coderen. Gen expressie begint met transcrip-
tie, waarbij het gen wordt afgelezen voor mRNA 
productie. mRNA wordt vertaald naar eiwitten die 
biochemische functies uitvoeren in de cel. Dit proef     
schrift beschrijft transcriptiefactoren (Hoofdstuk 3), 
microRNAs die mRNA afbreken (Hoofdstuk 2) en de 
vouwing van eiwitten (Hoofdstuk 4) in HSC. 
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microRNA-126 in HSC brengen, blijkt dat 
ze langzamer delen en het bloed niet goed 
onderhouden. Als we de expressie van 
microRNA-126 verlagen, gaan stamcellen 
juist sneller delen, waardoor zich veel meer 
stamcellen in het beenmerg verzamelen. 
We hebben ook het mechanisme van 
microRNA-126 onderzocht. Er zijn sig-
nalen die cellen aanzetten tot proliferatie, 
zoals activatie van de PI3K/AKT/GSK3β 
signaaltransductie cascade. MicroRNA-126 
bindt het mRNA van verschillende genen 
in deze cascade (Figuur 1). Daardoor 
vermindert microRNA-126 de expressie 
van deze genen, die belangrijk zijn voor 
proliferatie. Door expressie van          
proliferatie-genen te verminderen heeft       
microRNA-126 een belangrijke rol om de 
deling van stamcellen onder controle te 
houden. Dit is de eerste studie die laat zien 
dat microRNAs belangrijk zijn voor de 
rust/proliferatie balans van menselijke 
HSC. 

In Hoofdstuk 3 wordt naar zelf-
vernieuwing/differentiatie gekeken aan de 
hand  van transcriptiefactoren. Dit zijn 
eiwitten die het DNA binden en zo de 
expressie van veel genen beïnvloeden 
(Figuur 1). Als stamcellen differentiëren, 
worden grote groepen genen tot expressie 
gebracht waardoor de cel zich specialiseert 
tot bijvoorbeeld een B-cell of een myeloïde 
cel. Het is bekend dat differentiatie-genen 
ook in HSC tot lage expressie komen, maar 
het is niet duidelijk waarom. Dit proces 
wordt onderzocht door het eiwit ID2 in de 
cel te brengen. Deze transcriptiefactor 
dempt de expressie van B-cell            
differentiatie-genen, terwijl er juist meer 
transcriptie van myeloïde genen komt. 
Door de menselijke stamcellen in muizen 
te transplanteren, zien we tegelijkertijd 10× 

meer HSC die het bloed van de muis 
kunnen herstellen. Zo wordt aangetoond 
dat er antagonisme bestaat tussen B-cell 
differentiatie-genen en zelf-vernieuwing 
van HSC. Dit mechanistische inzicht geeft 
aan dat de lage expressie van differentiatie-
genen wel degelijk invloed heeft op 
stamcellen. 

In Hoofdstuk 4 wordt onderzocht hoe 
HSC reageren in stress condities, als hun 
integriteit (ongeschonden staat) op het spel 
staat. Dit onderzoek betreft de derde 
balans, die tussen celdood en overleving. 
Verschillende soorten stress verstoren de 
correcte vouwing van eiwitten, waardoor 
de Unfolded Protein Respone (UPR) 
geactiveerd wordt. De UPR signaal-
transductie cascade probeert eerst de cel te 
herstellen, maar als de stress aanhoudt, 
slaat de UPR om en stimuleert die juist 
celdood. Door de vouwing van eiwitten te 
verstoren, blijkt dat HSC hier op een 
specifieke manier op reageren. Ze gaan 
veel eerder over op celdood dan speciali-
serende cellen. Als we de capaciteit van 
HSC om eiwitten te vouwen verbeteren, 
blijkt dat ze beter zijn in het onderhouden 
van het bloed in een muis. Dit toont aan dat 
verschillende soorten stress leiden tot 
verlies van HSC via de UPR. In bredere zin 
denken we dat HSC zeer gevoelig zijn 
wanneer ze beschadigd raken, juist omdat 
hun integriteit zo belangrijk is voor de 
gezondheid van het individu. Het verlies 
van enkele HSC kan opgevangen worden 
door de rest. Dat is altijd nog veiliger dan 
een beschadigde stamcel te laten groeien, 
wat op termijn bijvoorbeeld tot leukemie 
zou kunnen leiden. 

Deze drie projecten hebben nieuwe 
inzichten opgeleverd over verschillende 
aspecten van de biologie van HSC: 
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rust/proliferatie, vernieuwing/differentiatie 
en overleving/celdood. Op moleculair 
niveau behoren al deze studies tot de meest 
gedetailleerde mechanistische inzichten die 
er zijn voor menselijke HSC. Door deze 
cellen verder te onderzoeken, kunnen we 
uiteindelijk een volledig beeld krijgen van 
alle processen en factoren die de HSC zijn 
unieke eigenschappen geven. Hierdoor

zullen we beter in staat zijn om HSC te 
gebruiken voor klinische doeleinden zoals 
transplantatie. Bovendien kunnen we beter 
inzicht krijgen in de factoren die ten 
grondslag liggen aan verminderde     
immuunfunctie en leukemie, ziektebeelden 
die samenhangen met veroudering en 
verminderde integriteit van HSC. 
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