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CD41 Marks the Initial Myelo-Erythroid Lineage
Specification in Adult Mouse Hematopoiesis:
Redefinition of Murine Common Myeloid
Progenitor

KoHTA Mivawaki,® Yosiro ARINOBU,b Hiromi IWASAl(l,h KenTARO KOHNO,? HIROFUMI Tsuzuki,®

TADAFUMI IINO,® TAKAHIRO SHIMA,? YOSHIKANE KIKUSHIGE,> KATSUTO TAKENAKA,*®
TosHIHIRO MiYaMOTO,® KOICHI AKASHI?

Key Words. Common myeloid progenitors « Hematopoietic stem cells « GATA-1 transcription factor
* CD41 » Sepsis * Myeloid leukemia

ABSTRACT

Previous studies have predicted that reciprocal activation of GATA-1 and PU.1 regulates myelo-
erythroid versus myelo-lymphoid lineage commitment in early hematopoiesis. Such PU.1-activat-
ing myelo-lymphoid progenitors exist within the lymphoid-primed multipotent progenitor
(LMPP) population at the primitive Lineage Sca-1*c-Kit* (LSK) stage. We here show that the
counterpart of GATA-1-activating myelo-erythroid progenitor resides also at the LSK stage,
expressing CD41 at a high level. Purified cD41" LSK cells showed exceedingly strong and pro-
longed myelo-erythroid-restricted reconstitution, and primed myelo-erythroid gene expression
with a more primitive molecular signature as compared to the original common myeloid pro-
genitor (CMP). The CD41" LSK cells more strongly contributed to emergent and malignant mye-
lopoiesis than LMPPs, and produced the original CMP by downregulating Sca-1 and CD41,
suggesting that they are the earliest CMPs. Thus, the hematopoietic developmental map should
be revised by integrating the primary branchpoint comprised of the new, isolatable CD41" CMP

and the LMPP populations. STEM CELLS 2015;33:976-987

INTRODUCTION

In murine hematopoiesis, cells multipotent for
all hematopoietic lineages have been found
within the Lin~Sca-1%c-Kit™ (LSK) fraction
[1-3]. CD34™ and/or Thy-1'° LSK cells (LSKs) are
hematopoietic stem cells (HSCs) that can recon-
stitute all lineage cells for a long-term, and
CD34* or Thy-1~ LSKs mainly contain multipo-
tent progenitors (MPPs) that show multilineage
reconstitution only transiently [4]. In contrast,
the oligopotent or bipotent lineage-restricted
progenitors such as common myeloid progeni-
tors (CMPs), megakaryocyte-erythrocyte pro-
genitors  (MEPs),  granulocyte-macrophage
progenitors (GMPs), and common lymphoid
progenitors (CLPs) do not express Sca-1, and
therefore reside outside the LSK fraction [5, 6].
However, recent studies have shown that
LSKs are heterogeneous, containing early
lineage-restricted progenitor populations with
strong expansion potential [7]. For example,
lymphoid-primed multipotent progenitor
(LMPP), a subpopulation of CD34" LSK with a
high level of Flt3 expression, has been isolated,
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and this population differentiates mainly into
granulocyte/monocyte (GM) and lymphoid, but
not into megakaryocyte/erythroid (MegE) lineage
[1-3, 8]. Importantly, the competitive interplay of
GATA-1 and PU.1 plays a critical role in lineage
commitment at the CD34™ LSK stage [7, 9, 10]. In
mice harboring a green fluorescent protein (GFP)
reporter knocked into the PU.1 locus [11], a frac-
tion of the CD34™" LSK population expressed a
high level of GFP, and this population was capa-
ble of differentiation into both GM and lymph-
oid, but not into MegE cells. The PU.1-GFP"
CD34"% LSK population was Flt3*, belonging to
the CD34™FIt3* LMPP population. These data
suggest that the first myelo-lymphoid lineage
restriction initiates within the LMPP fraction [10].

In contrast, in mice having a transgenic
GFP reporter driven by a GATA-1 promoter
[12], GFP expression was found in FIt3~ frac-
tion of the CD34™ LSK population [10]. GATA-
1-expressing CD347Flt3~ LSKs have GM and
MegE potential but are unable to produce
lymphoid cells as CMPs do, while their expan-
sion after transplantation was much stronger
than that of CMPs, suggesting that the GATA-

©AlphaMed Press 2014
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1-expressing CD34*FIt3~ LSK population is more immature
than the original CMP. Collectively, the GATA-1-
GFP*CD34"FIt3™ LSK population appeared to be more primi-
tive CMP, and this population and LMPP (or PU.1" LSK) might
constitute an early myelo-erythroid versus myelo-lymphoid lin-
eage branchpoint [10], presumably based on competitive
interplay of GATA-1 and PU.1 [7, 9, 13].

We wished to prospectively isolate the population corre-
sponding to the GATA-1-GFP*CD34"FIt3™ LSK CMP from wild-
type mouse bone marrow (BM). By differential expression
analysis using cDNA microarray, we here identified CD41 as a
positive marker for this population. Purified CD41" LSKs dis-
played robust myelo-erythroid lineage potential and gave rise
to the original CMP, suggesting that this population should be
the earliest CMP. Successful identification of the redefined
primitive CMP in wild-type mouse BM should facilitate further
analysis of developmental mechanisms in early hematopoiesis.

Mice

Eight to twelve-week-old mice were used in this study. Mice
were bred and maintained in the Research Animal Facility at
Kyushu University Graduate School of Medical Sciences in
accordance with the guidelines. C57BL/6J (Ly5.2) and congenic
B6.SJL-Ptprc® Pepc®/Boy) (Ly5.1) mice were purchased from
Charles River Laboratories Japan, Inc. C57BL/6-Tg (CAG-EGFP)
mice were purchased from Japan SLC, Inc. All experiments
were conducted following the guideline in the Institutional
Animal Committee of Kyushu University.

Antibodies, Cell Staining, and Sorting

Mouse BM cells were obtained from ilia, femurs, tibias, and
humeri. In order to isolate hematopoietic stem/progenitor
populations, BM cells were stained with FITC-conjugated
anti-CD34 (RAM34) (eBioscience, San Diego, CA, www.ebio-
science.com) monoclonal antibodies, PE- or Brilliant Violet
421-conjugated anti-CD41 (MWReg30), PE/Cy7-conjugated
anti-Sca-1 (D7), APC-conjugated anti-FIt3 (A2F10), APC/Cy7-
conjugated anti-c-Kit (2B8), PE-conjugated anti-FcyRII/lIl (93),
and PerCP/Cy5.5-conjugated rat antibodies specific for IL-7Ra
(A7R34) and the following lineage markers: CD3 (17A2), CD4
(RM4-5), CD8a (53-6.7), B220 (RA3-6B2), Gr-1 (RB6-8C5),
CD11b (M1/70), TER-119 (TER-119), and CD19 (6D5) (Biole-
gend, San Diego, CA, www.biolegend.com). LT-HSCs were
defined as CD34~ LSK and LMPPs were sorted as 25% highest
FIt3* LSK. Myeloid progenitors were sorted as IL-7Ro.” Lin~ Sca-
1~ cKitTCD34 ™ FeyRIl/NNI® (CMPs), IL-7Ro. " Lin~Sca-1"c-
KittcD34TFeyRI/M  (GMPs),  and  IL-7Ra Lin~Sca-1~
c-Kit"CD34 FcyRII/IN® (MEPs). These stem/progenitor popula-
tions were double-sorted using BD FACS Aria lll cell-sorting sys-
tem (BD Biosciences, San Jose, CA, www.bdbiosciences.com).

In Vitro Cultures

To test myelo-erythroid potential, single cells were sorted
directly into 60-well Terasaki plates with Iscove’s Modified
Dulbecco’s Medium (IMDM) containing 20% fetal bovine
serum (FBS). Cytokines such as murine Stem Cell Factor (SCF,
20 ng/ml), IL-3 (20 ng/ml), IL-11 (10 ng/ml), Granulocyte/
Macrophage-Colony Stimulating Factor (GM-CSF, 10 ng/ml),
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Thrombopoietin (TPO, 10 ng/ml), and human Erythropoietin
(EPO, 4 unit/ml) (R&D Systems, Minneapolis, MN,
www.rndsystems.com) were added at the initiation of cul-
tures. Cell components of each cultures were determined
morphologically and cytochemically by May-Giemsa staining.
To evaluate B-cell differentiation potential, cells were sorted
onto irradiated (25Gy) OP9 stromal layers in the presence of
IL-7 (20 ng/ml) and SCF (20 ng/ml). To test T-cell differentia-
tion potential, cells were sorted onto irradiated (25 Gy) OP9-
DL1 stromal layers in the presence of IL-7 (5 ng/ml) and FIt3L
(5 ng/ml) [14]. To evaluate the lineal relationships, 200 cells
of HSC (CD34~ LSK) were cultured in 96-well plates with
IMDM containing 20% FBS in the presence of SCF (50 ng/ml)
and TPO (50 ng/ml). Ten thousand cells of CD41M LSK or
LMPP were cultured on OP9 stromal layers in 96-well plates
with IMDM containing 20% FBS in the presence of myelo-
erythroid cytokines. All cultures were incubated at 37°C in a
humidified chamber under 5% CO,.

In Vivo Reconstitution Assays

Five hundred cells of each population (Ly5.1) were transplanted
via intrafemoral injection into congenic mice (Ly5.2) after lethal
irradiation (10 Gy). In some experiments, 250 LSKs purified
from recipient-type (Ly5.2) mice were cotransplanted to rescue
transplanted mice. For competitive transplantation assay, we
used Ly5.1/5.2 hybrid mice as recipient. Absolute cell numbers
of progeny in blood were calculated as leukocyte count (cells
per microliter) X GM frequency (%) X chimerism (%)/100.

The CeLP Surgery

The cecal ligation and puncture (CelLP) as a model for bacte-
rial infection was performed according to previously reported
procedures [15]. Briefly, under general anesthesia, the cecum
was extracted through 1-cm-long incision site of abdomen.
The cecum was ligated about 15 mm proximal to the cecal
pole and then punctured once with a 23-gauge needle, con-
firming that the needle penetrated both sides of cecal wall.
The procedure was completed with abdominal closure.

The Mouse Model for Human Chronic Myelogenous
Leukemia

To generate human chronic myelogenous leukemia (CML)
model, BCR-ABL oncogene was transferred to LSK cells. For
transfection, retroviruses carrying p210 BCR-ABL were preloaded
onto RetroNectin-coated plates (Takara Shuzo, Shiga, Japan,
www.takara-bio.co.jp) and centrifuged at 3,000g for 120
minutes. After discarding supernatant, preincubated LSK cells,
which were sorted from Ly5.1 murine BM cells and cultured in
the presence of SCF (100 ng/ml), IL-6 (20 ng/ml), sIL-6R (100
ng/ml), and Leukemia Inhibitory Factor (LIF, 20 ng/ml), were
cocultured with RetroNectin-bound retroviruses at 37°C for 24
hours. Ly5.1 LSKs carrying BCR-ABL were intravenously injected
into lethally irradiated Ly5.2 mice with rescue Ly5.2 BM cells.
Three weeks after transplantation of transfected Ly5.1 LSK cells
into Ly5.2 mice, BM cells were analyzed and neoplastic BCR-
ABL" cells could be identified as Ly5.1" Ly5.2~ GFP™ cells.

c¢DNA Microarray Analysis

Target populations ranging in number from 2,000 to 5,000 cells
were sorted directly to Trizol (Life Technologies, Carlsbad, CA,
www.lifetechnologies.com). Total RNA extracted and purified
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CDA41 is the specific surface marker for GATA-1" LSKs. (A): Phenotypic characteristics of early stem and progenitor populations

in GATA-1-GFP transgenic reporter mice. Note that in contrast to LMPP that resides in the CD34" FIt3™ LSK fraction, GATA-1-GFP™ cells
are found exclusively in the CD34*FIt3~ LSK fraction. (B): Microarray analysis of stem/progenitor populations purified from the bone mar-
row of GATA-1-GFP transgenic reporter mice. Candidate genes highly expressed (red) in GATA-1" LSKs as compared to GATA-1~ LSKs were
shown. Note that most of them were downregulated (green) in LMPP population (Supporting Information Fig. S1). (C): The expression pat-
tern of candidate cell surface proteins in GATA-1-GFP™ LSKs. Among 18 proteins tested, only CD41 is exclusively expressed in GATA-1-GFP™
LSKs. Numbers in the quadrants indicate the percentage of the corresponding populations. Representative dot plots of three independent
experiments are shown (Supporting Information Table S1). Abbreviations: CMP, common myeloid progenitor; GFP, green fluorescent pro-
tein; HSC, hematopoietic stem cell; LMPP, lymphoid-primed multipotent progenitor; LSK, Lineage ™ Sca-1"c-Kit™.

using RNeasy Micro Kit (QIAGEN, Venlo, Netherlands, www.gia-
gen.com) was subjected to mRNA amplification by Messa-
geAmp Il aRNA Amplification Kit and Illlumina TotalPrep RNA
Amplification Kit (Ambion, Carlsbad, CA, www.lifetechnologies.-
com/us/en/home/brands/ambion.html). cRNA (1.5 pg) from
each sample was hybridized to the Illlumina BeadChip. Gene
expression data were imported and analyzed using GeneSpring
GX software (Agilent Technologies, Santa Clara, CA, www.agi-
lent.com). The microarray data are deposited into Gene Expres-
sion Omnibus as GSE55076. Genes that serve as key regulators
of lineage determination were selected as lineage affiliated
genes from the review articles [9, 16]. Genes actively expressed
in HSCs but not in downstream progenitor populations were
obtained by Expression Pattern Search function of Gene Expres-
sion Commons (http://gexc.stanford.edu) [17], comprehensive
web-based open platform, which contained microarray data of
highly purified hematopoietic stem/progenitor populations in
BM and enabled absolute gene expression profiling [18-20].
With this platform, genes actively expressed in HSCs but inac-
tive in all other populations except MPPs were searched and
159 genes were matched to the query (https://gexc.stanford.
edu/model/3/pattern/gene/IFjO170tHKA).
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Single-Cell Gene Expression Profiling

Single cells of target populations were sorted into each well of
96-well PCR plates. After sorting, reverse transcription and pre-
amplification were performed with CellsDirect One-Step qRT-PCR
Kit (Invitrogen, Waltham, MA, www.lifetechnologies.com/us/en/
home/brands/invitrogen.html). Then cDNA sample was loaded
onto Fluidigm Dynamic Array Integrated Fluidic Chip and sub-
jected to quantitative Real-Time PCR by Biomark system (Fluid-
igm, South San Francisco, CA, www.fluidigm.com). Expression of
18s rRNA gene was used for normalization. Primers and probes
used in this assay are obtained from Applied Biosystems
(MmO01352636_m1 for Gatal and Mm00488140_m1 for PU.1).

Statistical Analysis

Data were presented as the mean * SD. The significance of
the differences between groups was determined by Student’s
t test for comparing differences between two groups, and
one-way ANOVA followed by Tukey’s honestly significant dif-
ference (HSD) test for comparing differences between multi-
ple groups. In some experiments, Dunnett’s test was
performed. Statistical analysis was performed with JMP (ver-
sion 10.0, SAS Institute, Cary, NC. www.sas.com) software.
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