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SUMMARY

Blood cell generation depends on continuous cellular output by the sequential hierarchy of hematopoietic stem cell (HSC) and progenitor
populations that all contain quiescent and actively cycling cells. Hematopoietic stem and progenitor cells (HSPCs) express the surface
molecule Stem cell antigen 1 (SCA-1/LY6A). Using histone 2B-red fluorescent fusion protein label retention and cell-cycle reporter
mice, we demonstrate that high SCA-1 expression (SCA-1™) identifies not only quiescent HSCs but quiescent cells on all hierarchical
levels within the lineage"SCA-1*KIT* (LSK) population. Each transplanted SCA-1" HSPC population also displayed self-renewal potential
superior to that of the respective SCA-1'° population. SCA-1 expression is inducible by type I interferon (IFN). We show, however, that
quiescence and high self-renewal capacity of cells with brighter SCA-1 expression at steady state were independent of type I IFN signaling.

We conclude that SCA-1 expression levels can be used to prospectively isolate functionally heterogeneous HSPC subpopulations.

INTRODUCTION

The multi-potent and self-renewing hematopoietic stem
cells (HSCs) at the top of the hierarchy give rise to
hematopoietic progenitor cell (HPC) populations with gra-
dually narrowing differentiation and self-renewal potential
(Eaves, 2015). Murine HSCs and uncommitted progenitors
express the glycosyl phosphatidylinositol-anchored cell
surface protein Stem cell antigen 1 (SCA-1/LY6A) (Holmes
and Stanford, 2007) and reside within the lineage™
SCA-1*KIT* (LSK) population (Okada et al., 1992; Purton
and Scadden, 2007; Spangrude et al., 1988) of the bone
marrow (BM).

Numerous studies have demonstrated heterogeneity
within each of the hematopoietic stem and progenitor
cell (HSPC) populations with regard to cell-cycle activity
(Wilson et al., 2008), lineage specification (Dykstra et al.,
2007; Miiller-Sieburg et al., 2002), and repopulation acti-
vity (Foudi et al., 2008; Qiu et al., 2014). Multiple cell-sur-
face markers allowing for prospective isolation of the quies-
cent subset of HSCs (Balazs et al., 2006; Grinenko et al.,
2014; Kiel et al., 2005; Osawa et al.,, 1996; Shin et al.,
2014; Sudo et al., 2012) have been proposed. However, a
marker uniformly associated with quiescence among the
LSK population has been lacking so far. Two recent studies
(Sawén et al., 2016; Wilson et al., 2015) showed increased
quiescence and repopulation activity of immunopheno-
typic HSCs with high expression of SCA-1 (SCA-1™).

While the function of the SCA-1 molecule remains enig-
matic (Holmes and Stanford, 2007), it is well established
that SCA-1 is strongly upregulated by type I (Essers et al.,
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2009; Pietras et al., 2014) and type II (de Bruin et al.,
2014) interferon (IFN). SCA-1 seems to regulate cellular re-
sponses to type I IFN as loss of SCA-1 abrogates type I IFN-
induced proliferation of HSCs (Essers et al., 2009; Walter
et al., 2015).

In the present work, we show that type I IFN-indepen-
dent high expression of SCA-1 identifies quiescent cells
with elevated repopulation activity not only in the HSC
compartment but also in LSK progenitor populations.

RESULTS

High SCA-1 Expression Identifies Quiescent Cells Not
Only in HSCs but Also in Progenitor Populations

To identify the most quiescent HSPCs, we induced expres-
sion of histone 2B-red fluorescent fusion protein (H2B-RFP)
by doxycycline (DOX) treatment of R26""/Col1A1"?5-RFP
mice (Egli et al., 2007) for 8 weeks and analyzed the BM
after different chase periods for retention of H2B-RFP by
flow cytometry (Figures S1A and S1B). In accordance with
previous studies (Foudi et al., 2008; Qiu et al., 2014; Sawén
etal., 2016; Wilson et al., 2008), we observed rapid dilution
of H2B-RFP from HPCs (HPC-1, LSK CD48"™CD150",
HPC-2, LSK CD48™MCD150*) (Oguro et al., 2013) (see Fig-
ure S1C for gating), while a proportion of the HSC (LSK
CD48 "'°CD150"*) and multipotent progenitor (MPP) pop-
ulations (LSK CD48/1°CD1507) (Kiel et al., 2005) retained
the label for up to 19 weeks (see Figure S1D). We compared
the expression of surface antigens between quiescent H2B-
RFP* cells and their respective parental populations. Most
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Figure 1. Quiescent Hematopoietic Stem and Progenitor Cells Express High Levels of SCA-1

(A-C) R26™™/Col1A1""?2R* mice were DOX-pulsed, chased for either 4, 6, 13, or 19 weeks, and HSPC populations were analyzed by flow
cytometry for retention of H2B-RFP (see also Figures S1A-S1D). (A) Representative histograms of BM HSCs (LSK CD48~/'°CD150*, upper
row) or MPPs (LSK CD48/'°CD150~, middle row) from mice (n = 9) chased for 19 weeks are shown. H2B-RFP* label retaining cells (black
lines) were overlaid on to the total parental population (solid gray histograms). Antigen median fluorescence intensities (MFI, lower row,
normalized to the mean MFI of HSCs) of the total or H2B-RFP* populations were determined and compared. (B) Representative histograms
for SCA-1 expression of BM HSCs (left column) and MPPs (middle column) isolated from R26™™/Col1A1"?5%* mice chased for either
4 (upper row, n = 2), 6 (middle row, n = 4), or 13 weeks (lower row, n = 8) are shown and H2B-RFP* (black lines) and H2B-RFP~ cells
(solid gray histograms) were overlaid. SCA-1 MFIs (right column, normalized to total HSC population) of H2B-RFP~ and H2B-RFP* HSPCs
were compared. (C) Representative SCA-1 expression histograms of BM HPC-1 (LSK CD48"CD150~, left column) or HPC-2 cells (LSK

(legend continued on next page)

Stem Cell Reports | Vol. 8 | 14721478 | June 6,2017 1473




prominently, we observed significantly higher expression
of SCA-1 on label-retaining HSCs and MPPs after 4, 6, 13,
and 19 weeks of chase (Figures 1A and 1B). Moreover,
elevated SCA-1 expression was also detectable in both
H2B-RFP* HPC populations after 4 and 6 weeks of chase
(Figure 1C). In addition, we found a significant down-
regulation of endothelial cell-specific adhesion molecule
(ESAM) (Yokota et al., 2008), CD117 (Grinenko et al.,
2014; Shin et al., 2014), CD34, and CD48 (Qiu et al.,
2014) on 19-week label-retaining HSCs and MPPs, while
CD150 (Beerman et al.,, 2010; Kiel et al., 2005; Morita
et al., 2010) was slightly, but significantly, upregulated on
H2B-RFP* HSCs (Figure 1A).

Next, we analyzed the BM of Ki67-RFP*"*" cell-cycle
reporter mice (Basak et al., 2014), in which a KI67-RFP
fusion protein faithfully reports quiescent (KI67-RFP™)
and cycling (KI67-RFP*) HSPCs (Figure ST1E). RFP expression
did not alter hematopoiesis in this model as judged by
HSPC compartment size and competitive transplantation
(Figures S1F and S1G). Cells with bright SCA-1 expression
were significantly enriched among quiescent KI67-RFP™
HPC-1, MPP, and HSC populations, while cycling KI67-
RFP* HSPCs expressed lower SCA-1 levels (Figure 1D).

To identify alternative markers of HSPC quiescence, we
correlated expression of CD201 (EPCR) and CD27 (Balazs
et al., 2006; Vazquez et al., 2015; Wiesmann et al., 2000)
to SCA-1 and KI67-RFP expression (Figures S1H and S1I).
We found CD201 expression level to be extremely useful
for prospective enrichment of KI67-RFP~ HSPCs, and
expression of CD201 and SCA-1 showed a strong positive
correlation. In contrast, CD27 expression appeared to be
independent of cell-cycle activity and SCA-1. We did not
observe any link between ESAM and KI67-RFP expression
among HSCs, as the latter uniformly expressed a high level
of ESAM (Figure S1J), while ESAM expression was heteroge-
neous among HPC-1 and MPP and without correlation to
KI67-RFP expression.

SCA-1" HSPCs Have High Repopulation Activity upon
Transplantation

To investigate whether repopulation activity of donor
HSPCs correlates with SCA-1 expression, we fractionated

HSCs, MPPs, and HPCs-1 into either SCA-1™ or SCA-1'°
populations (Figure S2A) and competitively transplanted
these cells into lethally irradiated congenic recipients (Fig-
ure 2A). We observed a range of SCA-1 fluorescence inten-
sity of approximately two decades among BM LSK cells
and arbitrarily divided these SCA-1" cells into two popula-
tions, in which the SCA-1'° fraction comprised events from
the lower decade, while the SCA-1" fraction consisted of
events from the higher decade. The sorting gates were
placed to discriminate SCA-1-negative outliers as well as
avoiding overlap between SCA-1'° and SCA-1™ populations
after sorting (Figures S2A and S2B).

SCA-1" donor HSCs displayed durable multi-lineage repo-
pulation of recipient peripheral blood (PB) and BM (Fig-
ure 2B, columns I and II; Figures S2B-S2D), while SCA-1°
HSC:s either contributed to a much lower extent in primary
(Figure 2B) and secondary recipients (Figure S2E) or were
devoid of long-term and serial repopulation activity (Fig-
ure S2D). In contrast to HSCs, SCA-1" MPPs did not harbor
stable multi-lineage repopulation potential as evidenced
either by a decline in PB neutrophil and BM chimerism at
16 weeks after transplantation (Figure 2C, columns I and
II) or by secondary transplantation (Figure S2E). However,
the intermediate-term repopulation of all leukocyte lineages
by transplanted SCA-1" MPPs was significantly enhanced
compared with SCA-1'° donor MPPs. Likewise, SCA-1™
donor HPC-1 cells exhibited significantly elevated B-cell
chimerism 3 weeks after transplantation in contrast to the
corresponding SCA-1'° population (Figure 2D, column I).

The comparison of SCA-1 expression among donor-
derived (CD45.2%) BM cells isolated from primary recipi-
ents of SCA-1™ or SCA-1'° donor cells (B6 HSCs or MPPs)
revealed that SCA-1'° donor cells or their progeny can
reacquire high expression of SCA-1 (Figures 2B and 2C,
columns III and IV; Figure S2F).

Higher SCA-1 Expression and Increased Repopulation
Activity of Quiescent HSCs Does Not Depend on Type I
IFN Signaling

SCA-1 expression is strongly upregulated by type I IFN (Ess-
ers et al., 2009), and Ifinar1%/#* mice, which lack type I IFN
signaling (Kamphuis et al.,, 2006), showed on average

CD48"CD150*, middle column) from R26"™/Col1A1"?5R* mice (as in B) are shown. H2B-RFP* populations (black lines) were overlaid onto
the respective parental population (solid gray histograms). SCA-1 MFI (right column, mean MFI of total HPC-1 set to 1) of total and H2B-

RFP* populations was calculated.

(D) BM of Ki67-RFP/** mice (n = 4, see also Figures S1E-S1G) was analyzed by flow cytometry. Representative contour plots of HPCs-1,
MPPs, and HSCs are shown (upper row; dotted line shows threshold for KI67-RFP gating, set according to Ki67-RFP*"** control). Lower row
compares SCA-1 expression between KI67-RFP™ cells (solid gray histograms) and KI67-RFP~ (black lines) cells among the respective
parental population. Right data plot quantifies SCA-1 MFI of HSPC populations separated by KI67-RFP expression. SCA-1 MFI was
normalized to the mean MFI of the total HSC population, which was set to 1.

Means + SD are shown throughout the figure. Significance was calculated by paired Student’s t test and Bonferroni-Holm error correction
for multiple testing. *p = 0.01-0.05, **p = 0.001-0.01, ***p < 0.001; ns, not significant. See also Figure S1.
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Figure 2. Type I IFN-Independent SCA-1
Expression Predicts Repopulation Activity
(A) HSPCs (either HSCs, MPPs, or HPCs-1
isolated from B6 mice or Ifnari@eV/de!
HSCs, all CD45.2%) were fractionated ac-
cording to SCA-1 expression (see Fig-
ure S2A) and 100 cells were transplanted
together with 5 x 10° B6.CD45.1
competitor WBMCs into lethally irradiated
B6.CD45.1/.2 recipients.

(B-E) Each row shows analysis of primary
recipient mice transplanted with either B6
HSCs, B6 MPPs, B6 HPCs-1, or Ifnar17eV/@!
HSCs (n 3-4/group). (Column I) PB
chimerism of recipient mice was monitored
longitudinally (red circles, neutrophils; blue
triangles, B cells; green boxes, T cells.
Continuous line, filled symbols: SCA-1"
donor cells; dotted line, open symbols:
SCA-1'° donor cells. Means + SD are shown,
significance calculated with repeated-mea-
sures two-way ANOVA with Bonferroni error
correction). (Column II) BM analysis of
recipient mice revealed LSK donor chimerism
(individual recipients and means are shown,
unpaired Student’s t test, BM chimerism of
B6 HPC-1 recipients was not analyzed due to
complete lack of PB neutrophil reconstitu-
tion). (Column III) Representative contour
plots of donor-derived (CD45.2*) lin~/'°
cells are depicted. Frequency (mean + SD)
of the CD45.2" LSK population among
total WBMCs is shown. (Column IV) SCA-1
MFL of CD45.2* LSK cells was calculated
(individual recipients and means are
shown, mice showing <0.001% of CD45.2"
LSK cells among total WBMCs were excluded
from analysis, unpaired Student’s t test).
*p 0.01-0.05, **p 0.001-0.01,
***p < 0.001; ns, not significant.

(F) Representative contour plots of cell-
cycle analysis of either SCA-1" or SCA-1°

IV. CD45.2* LSK
SCA-1 MFI

BM LSK cells isolated from Ifnar1%/?! mice (n = 5). Right data plot shows frequencies of LSK cells in Go, G4, or S/G,/M phase
(mean + SD, paired Student’s t test with Bonferroni-Holm error correction). **p = 0.001-0.01.

See also Figure S2.

decreased steady-state SCA-1 expression, albeit similar
maximum levels (Figure S2G). The frequency of LSK cells
was reduced in Ifirar1%/#* mice, but the frequency as well
as cell-cycle activity of HSCs was unchanged in comparison
with control mice. However, there was still heterogeneity
of SCA-1 expression levels within the various LSK HSPC
populations of Ifnar1*”/* mice. To investigate whether
the superior repopulation activity of SCA-1" HSPCs de-
pends on type I IFN, we competitively transplanted either
SCA-1" or SCA-1'° Ifinar1%/#' HSCs (Figure S2A). The PB re-
population activity of SCA-1™ Ifinar1%#! donor HSCs was

significantly elevated compared with their SCA-1'° coun-
terparts (Figure 2E, column I). However, the chimerism
level of SCA-1'° Ifinar19°/#! recipients started to rise at the
end of primary transplantation (Figure 2E, columns I and
II) and upon secondary transplantation (Figure S2E,
columns I and II). SCA-1"° Ifinar1%%" derived LSK cells of
recipients showed reacquisition of bright SCA-1 expression
(Figures 2E and S2E, columns III and IV). At the end
of secondary transplantation, PB and BM chimerism as
well as SCA-1 expression of both donor cell entities were
indistinguishable (Figure S2E, columns I-IV). However, as
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recipients of SCA-1™ Ifinar1%/*" donor HSCs displayed
significantly higher PB chimerism throughout primary
transplantation and in the initial phase of secondary
transplantation, we conclude that constitutive type I [FN
signaling does not account for the superior repopulation
potential of HSPCs with high SCA-1 expression. Moreover,
cell-cycle analysis of LSK cells from Ifinar19*/* mice cor-
roborated our finding that the increased quiescence of
SCA-1" HSPCs was type I IFN independent (Figure 2F).

DISCUSSION

We showed that high SCA-1 expression allows for prospec-
tive isolation of quiescent and potent hematopoietic pro-
genitor cells. As previously reported, transplanted LSK
CD48 "'°CD150~ MPPs did not exhibit long-term reconsti-
tution, but showed robust intermediate-term contribution
to all blood cell lineages (Oguro et al., 2013). We showed
that the vast majority of this repopulation potential was
confined to those cells which expressed the highest levels
of SCA-1 within the MPP population. These cells were
rarely dividing in situ, as evidenced by label retention
characteristics similar to those of SCA-1" HSCs as previ-
ously reported (Foudi et al., 2008; Sdwén et al., 2016). Like-
wise, the B-lymphoid potential of the HPC-1 population
was strongly enhanced among SCA-1" cells. In addition,
we confirmed the recent finding (Sawén et al., 2016; Wil-
son et al., 2015) that the majority of functional HSCs
resided within the SCA-1™ LSK CD48 /'°CD150* popula-
tion, while HSCs seemed to be rare or weak among those
cells expressing lower amounts of SCA-1. However, SCA-1'°
donor cells could give rise to progeny with a SCA-1M
phenotype, demonstrating plasticity of SCA-1 expression
levels.

The BM lin"CD201°CD27* population significantly
overlaps with LSK cells in B6 mice and consists of early
HSPCs. Lin”"CD201*CD27* cells have been proposed for
alternative HSPC identification in mouse strains (e.g.,
BALB/c or NOD strains) or under stress conditions, which
lack a distinct LSK immunophenotype (Vazquez et al.,
2015). Our result that CD201 expression level correlates
with quiescence of HSPCs similar to SCA-1 facilitates
identification and isolation of quiescent subsets among
lin~"CD201*CD27* HSPCs.

In contrast, ESAM, which was proposed to label HSCs
under stress conditions in a cell-cycle-specific manner
(Sudo et al., 2012), did not seem to be useful for prospective
enrichment of quiescent HSPCs at steady state, as KI67-RFP
and ESAM expression showed poor correlation.

We demonstrate that the properties of SCA-1™ cell popu-
lations were not a result of constitutive type I IFN signaling.
The latter was surprising, as steady-state type I IFN partially
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accounted for SCA-1 expression (Figure S2G) and “tonic”
(basal or constitutive) type I IFN signaling has been implied
in HSC maintenance (Gough et al., 2012). However, our
transplantation data revealed that SCA-1" as well as
SCA-1'° Ifnar1%#* HSCs outgrew wild-type (wt) competitor
cellsin secondary recipients, which may be explained either
by a general competitive advantage of Ifinar19*/*' HSCs over
wt competitor HSCs or, due to lower overall SCA-1 expres-
sion in Ifnar1%# mice, potent HSCs still reside in the
SCA-1'° sorted population. The latter is very likely, as our
SCA-1 sorting strategy for Ifinar1%”#*" donor cells separated
only the brightest fraction of HSCs into the SCA-1" subset,
while SCA-1'° cells contained the majority of the cell popu-
lation. Nevertheless, purified SCA-1™ Ifinar1?/** donor cells
repopulated primary recipients faster and more robustly.
Moreover, cell-cycle analysis of Ifirar1%/#* HSPCs revealed
that the increased quiescence of the SCA-1™ population
was type I IFN independent.

Hematopoietic contribution, differentiation pattern, and
the relationship between the HSPC subpopulations and
diverse SCA-1 expression have not been addressed in situ
so far. We speculate that discrepancies between recent
studies reporting high (Sawai et al., 2016) or low (Busch
etal., 2015; Schoedel et al., 2016; Sun et al., 2014) contribu-
tion of HSCs to steady-state hematopoiesis might reflect
lineage tracing of exclusive HSC subpopulations that differ
by SCA-1 expression and cell-cycle activity.

SCA-1 is already one of the most widely used markers for
prospective isolation of murine HSPCs, and our finding
that quiescent subpopulations are identified by differential
SCA-1 expression easily allows for refined purification and
analysis strategies.

EXPERIMENTAL PROCEDURES

Mice
C57Bl/6 wt, B6.CD45.1, B6CD45.1/.2, Ifnar1?/#* (Kamphuis et al.,
2006), R26™/Col1AT2EREP (Egli et al., 2007) and Ki67-RFP*/"
(Basak et al., 2014) mice were housed at the Experimental Center,
TU Dresden. R26/Col1A1"?5RFP mice were induced by drinking
water containing 1 mg/mL doxycycline (Applichem) and 1%
sucrose ad libitum for 8 weeks.

All animal experiments were carried out in accordance with
institutional guidelines and were approved by Landesdirektion
Dresden Ref. No. 24-9168.11-1/2012-39.

Cell Preparation

Whole bone marrow cells (WBMCs) were isolated by crushing
long bones with mortar and pestle using PBS/2% fetal calf serum
(FCS)/2 mM EDTA and filtered through a 100-um mesh. After
erythrocyte lysis in NH4CI buffer, cells were filtered through a
40-pm mesh. Hematopoietic lineage* cells were removed with
the lineage cell depletion kit (Miltenyi Biotec).

PB was drawn by retrobulbar puncture.



BM Transfer

B6.CD45.1/.2 recipient mice received a single dose of 9 Gy of total
body irradiation (Yxlon Maxi Shot Source). Donor cells (purified
CD45.2" test cells mixed with B6.CD45.1 competitor WBMCs)
were administered via intravenous injection into the retro-
orbital sinus. For secondary transplantation, equal numbers of
WBMCs from all primary transplanted individuals were pooled
and 4 x 10° cells were transplanted into each lethally irradiated
secondary recipient.

Flow Cytometry

Cells were stained for 30 min with fluorochrome-labeled antibodies
(see Table S1) diluted in PBS/2% FCS/2 mM EDTA, washed twice, and
analyzed or sorted on BD FACSAria or Miltenyi MACSquant flow
cytometers. Data were analyzed using Flow]o 9.9.4 (Treestar). Nega-
tive and positive populations were identified by fluorescence-
minus-one (FMO) controls. For gating of H2B-RFP* and H2B-RFP~
HSPC populations, the respective population from uninduced
R26™ /Col 1A 1"25RFF mice served as background H2B-RFP controls.
KI67-RFP* and KI67-RFP~ HSPCs were identified using antibody-
stained HSPCs from Ki67-RFP*"*! animals as negative controls.

For cell-cycle analysis, cells were incubated with antibodies
against extracellular markers, fixated/permeabilized (BD Cytofix/
Cytoperm kit), and intracellularly stained with anti-KI67 and
FxCycle Violet DNA stain (Thermo Fisher Scientific). KI67~ cells
were gated according to FMO isotype controls.

Statistical Analysis

Statistical analysis was conducted with Prism 5 (GraphPad). Sig-
nificance of results is indicated in the figures by *p = 0.01-0.05,
**p =0.001-0.01, ***p < 0.001, and ns (not significant).
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