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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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