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Abstract
Blood is a tissue with a high cell turnover rate that is constantly being replenished by bone marrow
hematopoietic stem cells (HSCs) seeded during fetal ontogeny from the liver. Here we show that the
long-term (LT) reconstituting subset of cKit+Thy1.1(lo)Lin(-/lo)Sca1+Flk2- hematopoietic stem
cells is CD150+. HSCs sourced from the fetal liver show long-term, multilineage engraftment from
E14.5 onwards, and the CD150 cell surface molecule can readily substitute Thy1.1 as a positive
marker of LT-HSCs in this tissue. From both fetal liver and adult bone marrow, cKit+Thy1.1(lo)Lin
(-/lo)Sca1+Flk2-CD150+ cells exhibit robust LT competitive engraftment, self-renewal,
multilineage differentiation capacity, and an accessible chromatin configuration consistent with high
expression of erythroid/megakaryoid genes in purified cell subsets. Our data demonstrate that with
appropriate combinations of cell surface markers, stem cells can be accurately isolated to high purity
and characterized. This is important for the clarification of lineage relationships and the identification
of bona fide regulators of stem cell self-renewal and differentiation, both in normal and neoplastic
tissues.
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Introduction
Hematopoiesis describes the production of all types of fully differentiated daughter blood cells
from ancestral great-grandmother hematopoietic stem cells (HSCs) [1]. A single, rare,
clonogenic, multipotent, self-renewing long-term HSC (LT-HSC) capable of replenishing the
blood system of a lethally irradiated animal for life can be isolated from mouse bone marrow
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(BM) or fetal liver (FL) by fluorescence activated cell sorting (FACS) based on cell surface
marker expression [2,3]. Short-term HSCs (ST-HSCs) with limited self-renewal potential [4,
5] and a series of downstream transit-amplifying precursors with varying developmental
spectra have also been isolated to high purity [6-11]. The outcome of these careful experiments
has been a working hierarchy of early mammalian hematopoiesis which is constantly evolving
to accommodate new laboratory findings.

Recent technical improvements for the enrichment and isolation of HSCs and progenitors have
utilized genome-wide microarrays and advances in flow cytometric reagents to expand upon
the well-established cKit+Thy1.1(lo)Lin(-/lo)Sca1+ phenotype. In particular, the SLAM
family of cell-cell interaction molecules and signaling receptors that regulate leukocyte
functions [12] are selectively expressed amongst stem and progenitor cells in both mouse BM
[13,14] and FL [15] and human mobilized peripheral and umbilical cord blood [16]. Here, we
coalesce the recently identified LT-HSC SLAM marker CD150 with the more traditional KTLS
phenotype. Following an examination of the reconstitution kinetics of differently-aged KTLS
HSCs in FL and gene expression trends, we incorporate CD150 into our purification protocol,
and compare the positive and negative subfractions according to their in vivo stem cell function.
The chromatin configuration at the Gata1 erythroid-specific locus in these subfractions was
of particular interest given the pattern of expression of lineage-affiliated genes in purified
fractions of known HSCs and progenitors.

Materials and Methods
Mice

C57BL/6-Ka and -Thy1.1 strains were maintained at Stanford University's Research Animal
Facility. Mice used were 8-12 weeks old. For FLs, the morning of vaginal plug observation
was E0.5.

Flow Cytometry
Before sorting, stem/progenitor cells from FL/BM were prepared by lineage depletion with
Dynabeads M-450 (Dynal, Oslo, Norway) or cKit-enrichment with streptavidin-conjugated
magnetic beads (Miltenyi, Bergisch Gladbach, Germany). Unconjugated lineage mAbs were
B220 (clone 6B2), CD3 (2C11), CD4 (GK1.5), CD5 (53-7.3/7.8), CD8 (53-6.7), Gr1 (8C5),
Mac1 (M1/70), and TER119. Mac1 was only used in the Lin cocktail for BM [17] and IL7Rα
(A7R34) included for myeloid progenitors. These were labeled with Tricolor- or PE Texas
Red-conjugated goat anti-rat IgG (Caltag, Burlingame, CA) and stained with stem/progenitor
cell markers: Sca1 (E13-161-7), cKit (2B8), Thy1.1 (19XE5), Flk2 (A2F10) (eBioscience, San
Diego, CA), CD150 (TC15-12F12.2) (Biolegend, San Diego, CA), IL7Rα, CD34 (RAM34)
(BD Pharmingen, San Diego, CA), and FcγR (CD16/32) (2.4G2) (93) (eBioscience). Integrin-
specific antibodies were α1 (Ha31/8), α2 (Hmα2), α4 (R1-2), α5 (5H10-27), α6 (GoH3), and
β1 (HMβ1-1) integrin (all BD). Unless otherwise indicated, all mAbs were prepared in I.L.W.
Lab. Cells were analysed and sorted on an LSRII, FACSAria, or highly-modified
FACSVantage cytometer (BD, Mountain View, CA). All cells were at least double-sorted.
Dead cells were discriminated by high forward scatter and propidium iodide (PI) staining.
FACS data was analyzed using FlowJo (Tree Star, Inc., Ashland, OR).

Adoptive Transfer Experiments
Competitive reconstitution assays were performed by intravenous or retro-orbital injection of
freshly purified cells along with 3×105 unfractionated BM cells as competitor. Recipients were
lethally irradiated (900 rad, single dose) by X-ray. Multilineage engraftment was monitored
by FACS analysis of peripheral blood samples collected via tail vein into 500 μl EDTA (10
mM). Erythrocytes were pelleted by adding 500 μl 2% dextran and incubating at 37°C for at
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least 25 minutes. Donor-derived cells were distinguished from host by CD45.1 (A20.1.7) or
CD45.2 (AL1-4A2) expression.

Gene Expression
Total RNA was isolated using TRIzol (InVitrogen, Carlsbad, CA) from equivalent cell
numbers, digested with DNase I to remove DNA contamination, and used for reverse
transcription (SuperScript II kit, InVitrogen). All reactions were performed in triplicate in an
ABI-7000 (Applied Biosystems, Foster City, CA) using SYBR Green (Applied Biosystems)
and cDNA equivalent of ~500 cells. Fold expression relative to whole BM was calculated
following β-actin transcript normalization.

Bisulfite Sequencing
Genomic DNA isolation and bisulfite treatment were performed as described [18].

Statistics
Data were analyzed for significance between groups using a two-tailed Student's t test.
Differences were considered significant at p < 0.05.

Results
Expression of Lineage-Affiliated Genes in Hematopoietic Stem and Progenitor Subsets

To gain an initial insight as to the genetic pre-programming of hematopoietic stem and
progenitor cells, we first examined the expression of numerous lineage-affiliated genes in nine
highly-purified cell subsets from mouse BM and compared the outcome to those of
unfractionated whole BM cells (Table 1) [18]. The lymphoid-affiliated gene IL7Rα, which
marks the common lymphoid progenitor (CLP) cell surface, was found to be most highly
expressed on this same population (3.8-fold change relative to whole BM). Confirming
previous datasets [19,20] and emphasizing the unique genetic programs activated with the onset
of lymphopoiesis from stem and multipotent progenitor cells, IL7Rα expression was practically
undetectable in long- and short-term stem, multipotent, and bipotent myeloid progenitor cells.
The B cell factor Pax5 showed a similar expression trend. By contrast, myeloid-, erythroid-,
and megakaryoid-affiliated genes showed more ubiquitous expression in all nine cell subsets
analyzed. As expected, myeloid genes C/EBPα (~35-fold increase relative to whole BM),
MPO (144-fold increase), and GM-CSFRα (2.4-fold increase) were highest expressed in
granulocyte/macrophage progenitors (GMPs). The erythroid genes EpoR (~14-fold increase)
and Gata1 (~57-fold increase) [18] were highest expressed in megakaryocyte/erythrocyte
progenitors (MEPs) and, unlike myeloid genes, also boasted robust expression in the two LT-
HSC populations we purified, using either Thy1.1 or CD34 in combination with the well-
characterized multipotent progenitor (MPP) marker Flk2 [4,21] within the cKit+Lin(-/lo)Sca1
+ (KLS) subfraction. An even greater stem cell bias was seen for the erythroid transcription
factor Gata2 which was highest expressing in both LT-HSC populations (41- to 48-fold
increase) followed next by MEPs (~31-fold increase). The megakaryocyte transcription factor
NF-E2 showed a similar trend with highest expression in LT-HSCs (4- to 9-fold increase),
while c-mpl/TpoR, known to have potent effects on HSCs [22], was expressed at very high
levels in LT-HSCs (~4,000- to ~5,500-fold increase). For all erythroid- and megakaryoid-
affiliated genes boasting robust LT-HSC expression, it was notable that their expression was
considerably lower in the next differentiation subset immediately downstream of LT-HSCs
having lost long-term self-renewal ability. These data collectively show that at the population
level, LT-HSCs are most primed at the level of gene expression for the erythroid/megakaryoid
lineages in preference of other cell fates.
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HSC Profiles Through Development
We next sought to monitor in vivo LT-HSC reconstitution kinetics during mouse ontogeny,
directly comparing BM to differently-aged mouse FL. Using C57BL/6-Thy1.1 mice, we first
examined normal steady-state FACS profiles of wild-type FL samples from mice at the first
age when a robust tissue sample could be sourced (E12.5) and thereafter daily until just prior
to birth (E18.5) (Fig. 1). Here, LT-HSCs were identified as the Thy1.1(lo)Flk2- fraction of the
KLS population. Thy1.1 was solely used to positively identify LT-HSCs within the KLS
population of FL since expression of CD34, a distinguishing cell cycle-related marker between
LT- and ST-HSCs [5], only becomes downregulated on these highly cycling cells after around
seven weeks of age [23]. Since LT-HSCs express low levels of Mac1 in FL [17], this antibody
was excluded from the lineage cocktail for this tissue only.

As indicative of the nascent state of the hematopoietic system at this time during
embryogenesis, and unlike other timepoints, the vast majority (at least 60%) of E12.5 FL cells
were Lin(-/lo), with the greater proportion of these cKit+ (Fig. 1). More mature cells having
downregulated cKit expression began to appear after E15.5 such that by E17.5, the FACS
profiles of FL were comparable in appearance and cellular frequency to BM. At all
developmental timepoints examined, a clear population of cKit+Thy1.1(lo)Lin-Sca1+Flk2-
(KTLS) LT-HSCs was evident comprising around 15-25% of KLS cells, coupled with 2- to 3-
fold more MPPs.

Quantitative Reconstitution Kinetics and Lineage Output of Transplanted HSCs Through
Development

Having observed KTLS cells at each developmental time examined, 25 of these cells with the
CD45.2+ genotype were double-sorted by FACS and their in vivo engraftment potential was
quantitatively and kinetically assayed in competitive reconstitution experiments. Peripheral
blood analysis of donor-derived hematopoietic cells up to 16 weeks post transplantation
revealed all KTLS populations were able to long-term multilineage reconstitute CD45.1+

lethally irradiated adult recipients at robust levels (Fig. 2). E12.5 FL KTLS cells engrafted very
poorly in a competitive setting (only 1/5 mice long-term multilineage reconstituted)
(Supplementary Table 1), although contribution by donor cells was at a high level (30%) when
these LT-HSCs engrafted. The number of successfully engrafted animals from E13.5 KTLS
donor cells increased (3/7 mice), although this was still clearly less than E14.5-18.5 FL KTLS
cells which showed reconstitution from donor cells (at least 80% positive in all cases) at rates
comparable to adult BM (8/10 mice) (Table S1). Engraftment was highest for KTLS cells
sourced from older FLs with 40-50% donor-derived hematopoietic compartments from
E16.5-18.5 KTLS cells compared to 20-30% from younger E13.5-15.5 cells (Fig. 2A). In
agreement with prior studies [17,24], overall LT-HSCs derived from FL gave more robust and
rapid reconstitution of irradiated recipients relative to BM LT-HSCs.

An analysis of donor-derived peripheral myeloid (Mac1+), B (B220+) and T (CD3/TCRβ+)
cells showed expected temporal lineage reconstitution from all subsets of transplanted KTLS
LT-HSCs (Fig. 2B, 2C). Short-lived myeloid cells were first produced following
transplantation and comprised the bulk of the donor-derived hematopoietic compartment at 4
weeks, with long-lived lymphocytes appearing in greater proportions at later timepoints. The
appearance of output myeloid cells before lymphoid following a HSC transplant is consistent
with studies demonstrating LT-HSCs predominantly express myeloid over lymphoid genes
[19, 20] and appear primed for myelopoiesis over lymphopoiesis in vivo [9, 20], and also
reflects cellular emergence during ontogeny [25] and evolution [26]. A closer analysis of
reconstitution frequencies at the longest timepoint examined (16 weeks) revealed a clear trend
for reduced B/T lineage output as the transplanted LT-HSC aged across seven days of fetal
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development (from E12.5 to E18.5), with the mirror image seen for myeloid output with
proportionally more donor-derived Mac1+ cells as the fetal LT-HSC aged.

CD150 as a Positive Marker of FL HSCs in Place of Thy1.1
Expression profiling and in vivo engraftment assays identified the SLAM family receptors as
markers of HSCs/progenitors in both mouse BM [13,14] and FL [15]. With CD34 unavailable
for use in mouse FL to distinguish highly cycling LT-HSCs and Thy1.1 useful as a positive
marker for LT-HSCs within the KLS fraction in only mouse strains expressing the Thy1.1
allele [2], CD150 represented the first marker to be positively expressed on LT-HSCs in a
conserved manner across multiple mouse strains [13] including Trp53 null mice [27,28].

We sought to combine the use of CD150 as a positive FL LT-HSC marker with the established
cKit+Lin-Sca1 (KLS) phenotype readily analyzed in the majority of mouse strains and so
FACS sorted and competitively transplanted 10 CD45.2+ KLS(CD150+) E14.5 FL cells into
lethally irradiated CD45.1+ animals. Peripheral blood analysis of donor-derived hematopoietic
cells up to 18 weeks post transplant showed that KLS(CD150+) cells successfully engrafted
adult recipients (5/9 mice long-term multilineage reconstituted) (Fig. 3A) at rates comparable
to prior studies [15]. With 13% mean long-term donor engraftment levels (Fig. 3B), the
hematopoietic lineage kinetics – primarily myeloid readout early and later B/T lymphocytes –
from KLS(CD150+) cells was in agreement with E14.5 KTLS LT-HSCs (Fig. 3C). These data
confirm KLS(CD150+) cells as bona fide LT-HSCs and that CD150 can substitute Thy1.1 as
a positive marker of LT-HSCs in FL.

KTLS(CD150+) Cells are the Most Robustly-Engrafting, Long-Term Reconstituting, Self-
Renewing HSCs

We next sought to gain insight as to which fraction, CD150+ or CD150−, of the cKit+Thy1.1
(lo)Lin-Sca1+Flk2- (KTLS) population the long-term HSC potential predominantly resided
within by directly comparing the function of these cells as LT-HSCs in vivo. A corresponding
analysis we undertook using Ikaros point mutant mice [29] had found that homozygous mutant
E14.5 FLs were selectively and significantly reduced in KTLS(CD150+) but not KTLS(CD150
−) cells (P. Papathanasiou, unpublished observations). We sorted 100 donor
CD45.2+CD45.1− KTLS(CD150+) and 100 donor CD45.2−CD45.1+ KTLS(CD150−) cells
from either wild-type E15.5 FL or 8 week BM and competitively transplanted these into lethally
irradiated CD45.2+CD45.1+ recipients. To safeguard against any engraftment advantages
conferred by one CD45 allotype over the other, reciprocally-labelled transplants were also
performed with a second cohort of purified KTLS(CD150+) and KTLS(CD150−) cells. In both
cases, 300,000 recipient-type CD45.2+CD45.1+ whole BM cells were also transplanted for
radioprotection. Peripheral blood analysis of donor-derived hematopoietic cells (see
Supplementary Figure 1) up to 36 weeks post transplant showed KTLS(CD150+) cells
engrafted at significantly higher levels compared to KTLS(CD150−) cells (Fig. 4A). At 36
weeks, KTLS(CD150+) consistently engrafted at 5-fold higher levels than KTLS(CD150−)
cells, with peak donor reconstitution rates (~60%) from FL KTLS(CD150+) cells. Both KTLS
(CD150+) and KTLS(CD150−) cells showed multilineage engraftment and an archetypal
timecourse of mature blood cell production from precursor cells with primarily myeloid readout
first followed later by lymphocytes (Fig. 5A).

After 9 months primary engraftment, donor E15.5 FL KTLS(CD150+) and KTLS(CD150−)
cells (100 from each population) were re-harvested from BM of reconstituted recipients and
secondary transplants were performed. As with primary transplants, CD45 reciprocally-
labelled transplants were set up, and 300,000 recipient-type BM cells were transplanted for
radioprotection. Peripheral blood analysis of donor-derived hematopoietic cells up to 22 weeks
post secondary transplant showed KTLS(CD150+) cells had continued to engraft at 5-fold
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significantly higher levels compared to KTLS(CD150−) cells (p = 0.001) (Fig. 5C). At 58
weeks post first harvest and transplant, the contribution to the donor-derived hematopoietic
compartment from KTLS(CD150+) cells was ~80% (Fig. 4B). As with primary adoptive
transfer experiments, both transplanted populations multilineage engrafted and showed
temporal lineage reconstitution as would be expected of multilineage stem/precursor cells (Fig.
5B).

We also examined the ontogeny relationship between KTLS(CD150+) and KTLS(CD150−)
cells. At 28 weeks post primary transplant, we used the original HSC marker panel and CD45
allelic markers to analyze the BM compartment of recipients reconstituted with donor KTLS
(CD150+) and KTLS(CD150−) cells. We first gated on KLS cells, second on either
CD45.2+CD45.1− or CD45.2−CD45.1+ donor experimental cell populations, and third
examined the Thy1.1 versus CD150 flow cytometric profile (Fig. 4C). We found KTLS(CD150
+) cells from either FL or BM self-renewed and also equally gave rise to KTLS(CD150−) cells,
whereas KTLS(CD150−) cells preferentially self-renewed (Fig. 4D). FL KTLS(CD150−)
cells, in particular, were significantly skewed towards self-renewal (p = 0.002). Together, it
was clear from these results that KTLS(CD150+), and not KTLS(CD150−), cells were the
more ancestral HSC population by virtue of their superior self-renewal and long-term
engraftment properties.

Reports of changes in expression of the integrin family of cell adhesion molecules affecting
engraftment of LT-HSCs within the niche [30] prompted us to examine whether KTLS(CD150
+) cells differed from KTLS(CD150−) cells in their integrin expression. A comparison of α1,
α2, α4, α5, α6, and β1 integrin expression levels did not reveal any differences between the
CD150+ and CD150− subunits (Supplementary Figure 2), thus suggesting altered cellular
trafficking was not the underlying factor for the enhanced hematopoietic reconstitution by
KTLS(CD150+) cells.

Bisulfite Sequencing of Gata1 Enhancer Reveals Heterogeneity Within KTLS HSCs Which
Can be Separated with CD150

There is clear evidence of a functional link between gene expression, active histone
modifications and CpG methylation states and, in turn, the maintenance of cellular identity,
including at the stem cell level. To provide an epigenetic layer of molecular resolution beyond
mRNA transcript levels as a representation of gene expression, we performed bisulfite genomic
DNA sequencing of the Gata1 enhancer region in KTLS HSCs. We chose to focus on an
erythroid-specific locus by virtue of data implicating the positioning of the HSC toward an
erythroid fate (Table 1), as well as the corresponding lack of only KTLS(CD150+) LT-HSCs
in anemic Ikaros mutants (P. Papathanasiou, unpublished observations).

The Gata1 enhancer is located approximately 700bp upstream from the transcriptional start
site and contains eight CpGs [31]. Unlike other lineage-specific loci we examined [18],
Gata1 was notable in its bimodal epigenetic profile in purified HSCs: bisulfite analysis of
purified wild-type KTLS cells from BM revealed a clear heterogeneity within a pool of
sequenced templates with half the clones (6/12) appearing as heavily methylated (>80%
methylated CpGs) and the other half (6/12) not heavily methylated (<80% methylation) (Fig.
6A). By contrast, all other bipotent progenitor populations examined showed a distinct skewing
of methylation profile consistent with function: in CLPs and GMPs the Gata1 enhancer region
was heavily methylated and reflected the dearth of erythroid potential from these progenitors,
whereas in CMPs and MEPs it was unmethylated and thus accessible for gene transcription
and resultant erythropoiesis (Fig. 6C). Having discerned from earlier experiments the KTLS
population can be functionally separated according to CD150 expression, we re-purified the
KTLS subset and repeated bisulfite sequencing on the CD150+ and CD150− cell fractions.
The resultant 48 sequencing profiles showed the Gata1 enhancer was dramatically more
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accessible in KTLS(CD150+) cells (heavily methylated clones: 6/24, or 25%) compared to
KTLS(CD150−) cells (12/24, or 50%) (Fig. 6B). Each individual CpG (8/8) showed
consistently lower methylation levels in KTLS(CD150+) cells compared to KTLS(CD150−)
cells and unfractionated KTLS cells (Fig. 6D). The -651 CpG site had the lowest overall
methylation in KTLS(CD150+) (29%), KTLS(CD150−) (42%), and bulk KTLS (42%) cells.
The methylation levels in CMPs (8%) and MEPs (0%) were also lowest at the -651 CpG.

Discussion
Here, we have shown the long-term reconstituting subset of cKit+Thy.1.1(lo)Lin(-/lo)Sca1
+Flk2- hematopoietic stem cells are CD150+. We defined and characterized this cell fraction
according to: (a) six cell surface parameters; (b) long-term in vivo engraftment; (c) multilineage
reconstitution in primary and secondary transplants; (d) self-renewal; and (e) chromatin
accessibility. We also provided a snapshot of the kinetic variability of LT-HSCs across age
and their gene expression pattern.

Mouse HSCs capable of long-term reconstitution develop at ~E10.5 (humans at E30-40) from
the aorta-gonad-mesonephros (AGM) and have been prospectively isolated by flow cytometry
[32]. These HSCs, and others from yolk sac [33], subsequently migrate to and colonize the FL
around a day later when their cell surface phenotype changes to more resemble postnatal LT-
HSCs. Although fetal HSCs have been largely characterized at ~E14.5, these cells can clearly
transplant as LT-HSCs and differentiate to progenitors at a much earlier time during FL
development. Although reconstitution rates were low in a competitive setting, overall levels
were high from wild-type E12.5-13.5 donor KTLS cells, showing that these cells are capable
of robust engraftment upon successful migration to the BM niche. An elimination of radiation-
resistant host natural killer cell surveillance from residual embryonic MHC class I expression
at low levels [34] through the use of alternate transplantation strategies such as Rag2-γc double
knockout recipients could be one strategy by which to further improve engraftment by the
youngest LT-HSCs.

Given the late fetal onset of hepatic growth factors [35], it was surprising that KTLS cells
sourced from FLs older than E15.5 transplanted at levels higher than younger cells. However,
the hematopoietic seeding of BM and spleen during late gestation is progressive rather than
sudden [36], whilst many age-related changes of the hematopoietic system result directly from
intrinsic changes at the HSC level [20,37]. Our experiments with FL over individual
developmental days in the embryo revealed clear trends in mature lineage output skewing with
predominantly lymphoid potential from younger HSCs and primarily myeloid cells from older
HSCs. This snapshot of short-term aging in the FL microenvironment was reminiscent of more
dramatic differences in long-term aging previously seen across much larger expanses of time
comparing young (1-2 month) and old (12-24 month) BM-derived HSCs [20]. This aging on
a miniature scale in FL highlights the striking changes occurring in hematopoiesis over so short
as a week of embryonic ontogeny that can also be seen in other developmental processes such
as primitive erythroblast maturation [38]. Such rapid developments in blood cell production
become further exaggerated following mutation of a critical genetic regulator in the cells
supporting tissue generation, for example, by the rapid exhaustion of the KTLS(CD150+) pool
and subsequent accumulation of all non-stem cell subsets within two developmental days in
Ikaros point mutant homozygous mice (P. Papathanasiou, unpublished observations). This
includes KTLS(CD150−) cells which only engraft for a limited time before system stress
through serial transfer or genetic mutation. The finding of bona fide LT-HSC activity in CD150
+ cells has also been demonstrated by numerous other studies [11,13-15,39], while another
series of experiments has suggested CD150− cells combined with side population sorting
parameters represent a functionally distinct population of LT-HSCs [40]. As with the gradual
loss of developmental potential with cell maturation, we feel the very minor engraftment
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potential of KTLS(CD150−) cells is likely due to a progressive rather than sudden down-
regulation of stem cell potential from KTLS(CD150+) cells, and is thus residual from these
cells. The loss of CD150 expression from LT-HSCs may thereby represent one of the very first
changes occurring with stem cell differentiation out of the self-renewing state.

Several mutant phenotypes provide the first evidence for a more intimate connection between
LT-HSCs and non-lymphoid cells, in particular the erythrocyte/megakaryocyte lineage. PU.
1 germline [41] and Scl/Tal-1 conditional [42] deletion HSCs were found to only give rise to
MEPs, implying selective corruption of all but this cell fate. Second, the daily demands for the
production of immense numbers of erythrocytes (~2 × 1011) [43] and platelets (~1011) [22]
compared to other mature cell types and studies of asymmetric division and lineage
commitment of HSC daughter cell pairs have called into question the number of cell divisions
between HSCs and erythrocytes/megakaryocytes and the hitherto status of the CMP as
precursor along this differentiation pathway. However, an alternate argument could equally be
made that many intermediate, highly-proliferative progenitors are in fact needed to produce
these mature cells which predominantly comprise blood in steady-state. Third, the isolation of
cell subsets having diminished megakaryocyte/erythrocyte but retained lymphomyeloid
potential by prospective purification [9,11] is consistent with the erythrocyte/megakaryocyte
fate as an early branchpoint from the HSC, although different experimental protocols have
questioned this interpretation [44]. Perhaps both pathways are present, one acting in steady-
state, the other in particular hematopoietic high-demand states; for example, single HSCs
respond in serum-free medium to produce megakaryocytes but few other cell types [45]. Our
qRT-PCR data here show that at the population level LT-HSCs are most primed for the
erythrocyte/megakaryocyte lineages, and that this pattern of transcription also correlates with
switching on of the CD150 gene (P. Papathanasiou, unpublished observations).

The usefulness of bisulfite DNA sequencing in assaying cell purity is pertinent with regard
both aforementioned topics discussing the stem cell identity of CD150 cells and the priming
of the LT-HSC fraction for particular developmental lineages. Not only were these data from
the Gata1 enhancer congruent with progentior cell surface phenotype, qRT-PCR expression
data, and the distribution of histone modifications at the Gata1 enhancer in small numbers of
purified primary HSCs and progenitors [18], but the lowest overall methylation levels were
most notably observed at the −651 CpG dinucleotide. This particular CpG site is adjacent to a
functionally critical Gata1 binding motif [31] which raises the possibility that this zinc finger
transcription factor binds to this site and primes the LT-HSC to readily develop into erythroid
cells. Given that Gata1 is essential for the formation of the β-globin active chromatin hub
[46], chromosome conformation capture assays have found Ikaros plays an essential role in
the formation of this complex [47], and the synchronous LT-HSC and anemia phenotype of
Ikaros point mutant embryos (P. Papathanasiou, unpublished observations), alternate isoforms
of Ikaros could act as binding partners participating in the lineage choice of the KTLS(CD150
+) LT-HSC through simultaneously silencing or activating important, lineage-affiliated
developmental loci.

The findings presented here demonstrate that in both fetal liver and adult bone marrow, the
long-term reconstituting subset of cKit+Thy1.1(lo)Lin(-/lo)Sca1+Flk2- hematopoietic stem
cells reside in the CD150+ subfraction. These cells boast long-term competitive engraftment
on both primary and secondary transplant against CD150− cells, robust self-renewal, and
multilineage differentiation kinetics consistent with the previously well-utilized KTLS fraction
of LT-HSCs. The use of additional cell surface markers within the CD150+ subpopulation will
be an important future area of research to further resolve precise lineage relationships within
the hematopoietic hierarchy and facilitate the identification of genes that control LT-HSC self-
renewal and differentiation.
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Figure 1.
FACS gating strategy used to purify mouse wild-type LT-HSCs for transplantation. Mouse
LT-HSCs were purified with the phenotype cKit+Thy1.1(lo)Lin(-/lo)Sca1+Flk2- (KTLS cells)
(red box). Multipotent progenitors (MPPs) are also highlighted as the cKit+Thy1.1(lo)Lin(-/
lo)Sca1+Flk2+ population (black box in the far right KLS plot). E12.5, E15.5, and E18.5 fetal
liver (FL) samples and 8 week bone marrow (BM) are shown. The percentage of total white
blood cells (WBCs) within the gates is shown, with the exception of the KLS plots (far right)
which show percentage of the KLS population. PI, propidium iodide.
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Figure 2.
LT-HSCs differ in their engraftment levels and lineage potential throughout fetal development
and early adulthood reminiscent of long-term stem cell aging reconstitution kinetics. (A):
Quantitative (mean ± s.e.m.) and kinetic analysis of the percentage of donor-derived total WBC
in the peripheral blood of lethally irradiated CD45.1+ mice transplanted with 25 KTLS cells
from donor CD45.2+ animals (E12.5, E13.5, E14.5, E15.5, E16.5, E17.5 and E18.5 FL, and 8
week BM) and 3×105 recipient-type competitor adult whole BM (WBM). Donor cell
reconstitution was assayed via readout in lysed, TER119- peripheral blood cells of recipients
up to 16 weeks post transplantation. (B-C): Quantitative (mean ± s.e.m.) and kinetic analysis
of the lineage potential of differently-aged KTLS cells showing the percentage of Mac1+
(myeloid, M lineage) (B), B220+ (B lineage) and CD3/TCRβ+ (T lineage) (C) cells within the
donor-derived WBC compartment. The number of animals for which each of these statistics
was calculated is shown in Table S1.
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Figure 3.
KLS(CD150+) cells from E14.5 FL are long-term, multilineage engrafting HSCs. (A): 10
donor CD45.2+ E14.5 FL cells were sorted as cKit+Lin(-/lo)Sca1+CD150+ and transplanted
into lethally irradiated CD45.1+ recipient animals along with recipient-type 2×105 competitor
cells from adult WBM for radioprotection. Recipient animals were considered positive for
engraftment if they boasted a robust population of large (SSC(med-hi)) myeloid (Mac1+) donor
cells above background (>0.3%). (B): Quantitative (mean ± s.e.m.) and kinetic analysis of the
percentage of donor-derived total WBC in the peripheral blood of positively-engrafted
recipient mice transplanted with 10 KLS(CD150+) cells. (C): Quantitative (mean ± s.e.m.) and
kinetic analysis of the lineage potential of KLS(CD150+) cells showing the percentage of Mac1
+ (myeloid, M, lineage), B220+ (B lineage) and CD3/TCRβ+ (T lineage) cells within the donor-
derived WBC compartment.
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Figure 4.
KTLS(CD150+) cells, and not KTLS(CD150−) cells, are the more ancestral HSC population.
(A): Quantitative and kinetic analysis of the percentage (mean ± s.e.m.) of donor-derived total
WBC in peripheral blood of lethally irradiated recipients engrafted with KTLS(CD150+) and
KTLS(CD150−) cells from E15.5 FL or 8 week BM on primary transplant (n = 7 per
experimental group; n = 28 total). Statistically significant differences (p < 0.05) at only the
long-term (36 week) timepoint are indicated by an asterisk (*); multiple asterisks indicate
significant differences to more than one experimental group. (B): Quantitative and kinetic
analysis of composition of the donor-derived WBC compartment from secondary adoptive
transfer experiments comparing contribution of KTLS(CD150+) and KTLS(CD150−) E15.5
FL cells to hematopoietic recovery in lethally-irradiated recipients (n = 7 per experimental
group; n = 14 total). Donor reconstitution was assayed via readout in lysed, TER119- peripheral
blood cells of recipient mice at 4 (40), 10 (46), 14 (50), and 22 (58) weeks post secondary
(primary) transplantation. (C): BM analysis at 28 weeks post transplantation of lethally
irradiated CD45.2+CD45.1+ recipients reconstituted with 100 CD45.2+CD45.1− KTLS
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(CD150+) and 100 CD45.2−CD45.1+ KTLS(CD150−) donor cells from E15.5 FL or 8 week
BM. (D): Quantitative analysis of percentage (mean ± s.e.m.) of donor experimental
populations KTLS(CD150+) or KTLS(CD150−) from E15.5 FL or 8 week BM that in vivo
give rise to either KTLS(CD150+) or KTLS(CD150−) in recipient BM (n = 4 per experimental
group; n = 16 total) at 28 weeks post transplantation. Statistically significant differences (p <
0.05) between KTLS(CD150+) and KTLS(CD150−) groups are indicated by an asterisk (*).
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Figure 5.
Lineage potential of KTLS(CD150+) and (CD150−) cells on primary and secondary transplant
show initial myeloid and later lymphoid cell output. (A): Primary transplant data (n = 7 per
experimental group; n = 28 total) shows the percentage (mean ± s.e.m.) of Mac1+ (myeloid,
M, lineage), B220+ (B lineage) and CD3/TCRβ+ (T lineage) cells within the donor-derived
white blood cell compartment. (B): Secondary transplant data (n = 7 per experimental group;
n = 14 total) shows the percentage (mean ± s.e.m.) of M, B and T lineage cells within the donor-
derived white blood cell compartment. (C): Quantitative and kinetic analysis of the percentage
(mean ± s.e.m.) of donor-derived WBC reconstitution levels in the peripheral blood of
irradiated recipient mice engrafted with 100 KTLS(CD150+) and 100 KTLS(CD150−) cells
on secondary transplant.
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Figure 6.
Bisulfite sequencing of the Gata1 enhancer reveals heterogeneity within the KTLS subset
which can separated with CD150. (A): Bisulfite analysis of a 182-bp Gata1 enhancer in wild-
type KTLS cells from 8 week BM. Each horizontal line represents an independently sequenced
template with methylated (filled circles) and unmethylated CpGs (open circles). A heavily
methylated clone (red) was classified as having >80% CpG dinucleotides methylated whereas
a clone that was not heavily methylated (green) had <80% CpGs methylated. (B): Bisulfite
analysis of Gata1 enhancer in KTLS cellular subsets purified according to expression of CD150
from BM. (C): Bisulfite analysis of Gata1 enhancer in five purified progenitor populations
from BM. (D): Heatmap summary of the DNA methylation profile for the Gata1 enhancer in
purified HSCs and progenitors. Methylation levels are represented in a gradation of colors from
green (0-20%), olive (21-40%), yellow (41-60%), orange (61-80%), and red (81-100%). The
number of methylated clones over total clones selected for sequencing (10-24 clones) is
expressed as a percentage.
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