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RED CELLS, IRON, AND ERYTHROPOIESIS
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expression in subsets of tissue macrophages and
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The erythropoietin receptor (EpoR) has traditionally been thought of as an erythroid-specific

e Functional EpoR is gene. Notably, accumulating evidence suggests that EpoR is expressed well beyond ery-

expressed in subsets of
tissue macrophages and
hematopoietic cells.

©® EpoR-tdTomato-Cre
mouse line provides a
powerful tool for
identification of EpoR
expression and gene
manipulation in EpoR-
expressing cells.

throid cells. However, the expression of EpoR in non-erythroid cells has been controversial.
In this study, we generated EpoR-tdTomato-Cre mice and used them to examine the expres-
sion of EpoRin tissue macrophages and hematopoietic cells. We show that in marked contrast
to the previously available EpoR-eGFPcre mice, in which a very weak eGFP signal was
detected in erythroid cells, tdTomato was readily detectable in both fetal liver (FL) and
bone marrow (BM) erythroid cells at all developmental stages and exhibited dynamic changes
during erythropoiesis. Consistent with our recent finding that erythroblastic island (EBI) mac-
rophages are characterized by the expression of EpoR, tdTomato was readily detected in both
FL and BM EBI macrophages. Moreover, tdTomato was also detected in subsets of hemato-
poietic stem cells, progenitors, megakaryocytes, and B cells in BM as well as in spleen red

pulp macrophages and liver Kupffer cells. The expression of EpoR was further shown by the EpoR-tdTomato-Cre-mediated
excision of the floxed STOP sequence. Importantly, EPO injection selectively promoted proliferation of the EpoR-
expressing cells and induced erythroid lineage bias during hematopoiesis. Our findings imply broad roles for EPO/EpoR
in hematopoiesis that warrant further investigation. The EpoR-tdTomato-Cre mouse line provides a powerful tool to facil-
itate future studies on EpoR expression and regulation in various non-hematopoietic cells and to conditionally manipulate

gene expression in EpoR-expressing cells for functional studies.

Introduction

Erythropoietin (EPO) and its cognate receptor, the erythropoietin
receptor (EpoR), are indispensable for the proliferation, survival,
and maturation of erythroid progenitors and early-stage erythro-
blasts." Mice lacking either EPO or EpoR die of severe anemia
at embryonic day 13.> The dependence of erythropoiesis on
EPO/EpoR led to the initial notion that EpoR expression is
restricted to erythroid lineage. However, accumulating evidence
suggests broad expression of EpoR in non-erythroid cells.* In
the hematopoietic system, it has been reported that EPO stimu-
lated bone morphogenetic protein expression by hematopoietic
stem cells (HSCs),” guided multipotent hematopoietic progenitor
cells toward an erythroid fate,® promoted differentiation of mega-
karyocytes,” stimulated immunoglobulin production and prolifera-
tion of B cells,’" and promoted dying cell clearance by
macrophages.'? Other well-documented non-erythropoietic roles
of EPO include angiogenesis,”>'* neuroprotection,’>'® brain
development,'”?? and metabolism/energy homeostasis.” These
functional studies strongly suggest EpoR expression in the related
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tissues and cell types. However, in many cases, the expression of
EpoR has either been assessed only at the messenger RNA level?
or not examined at all, largely due to lack of monoclonal antibody
for detecting surface expression of mouse EpoR.

Genetically engineered mouse models with knock-in of a fluores-
cent protein under the promoter of the gene of interest provide
powerful tools for monitoring gene expression. Previously, Hein-
rich et al** generated an EpoR-eGFPcre knockin mouse model
by knocking in the eGFPcre at the EpoR locus. Specifically, the
coding sequence of the eGFPcre was inserted in exon 1, replacing
the translational start codon ATG of the EpoR by the translational
start site of the eGFPcre complementary DNA, leading to replace-
ment of the endogenous EpoR by the eGFPcre. Because the
homozygous eGFPcre allele results in a lethal EpoR knock-out at
the embryonic stage, the viable EpoR-eGFPcre mice are hetero-
geneous for EpoR and eGFPcre. Using this mouse line, the authors
showed that weak enhanced green fluorescent protein (eGFP)
fluorescence was detected in erythroid progenitors but not in
other hematopoietic cells. Moreover, the EpoR-eGFPcre mice
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may be haploinsufficient because it has been reported that
EpoR™~ mice are haploinsufficient.?®

Here we found that the EpoR-eGFPcre mice were indeed haploin-
sufficient, raising the concern about use of this mouse line for
functional studies. To address this issue, we generated an EpoR-
tdTomato-Cre mouse line in which tdTomato and Cre were
knocked in at the end of the EpoR coding sequence, and a P2A
sequence was inserted between EpoR and tdTomato, as well as
between tdTomato and Cre, to allow independent expression
of EpoR, tdTomato, and Cre under the control of the EpoR
promoter.?®?” We show that the EpoR-tdTomato-Cre mice
had normal hematologic parameters. We further show that
EpoR-tdTomato was expressed in subsets of tissue macro-
phages and hematopoietic cells. Importantly, EPO injection
selectively promoted proliferation of the EpoR-expressing
cells and induced erythroid lineage bias during hematopoiesis.
Our findings imply previously unanticipated broad roles for
EPO/EpoR in hematopoiesis. The EpoR-tdTomato-Cre mouse
model should facilitate future studies of EPO/EpoR biology
beyond hematopoiesis.

Materials and methods

Antibodies and mice

Antibodies used in this study are listed in supplemental Table 1
(available on the Blood Web site). EpoR-eGFPcre knockin mice
were described previously.24 Gt(ROSA)26Sor™m1EYFPICos 128
and Gt(ROSA)26Sor ™ 4CAGtdTomatolHze ;029 \yare purchased
from The Jackson Laboratory. EpoR-tdTomato-Cre mice were
generated by using CRISPR/Cas? technology at Biocytogen. Ani-
mal protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of New York Blood Center
and Zhengzhou University.

Blood parameter measurement and colony assay
Blood was analyzed by using an ADVIA 120 hematology analyzer
(Siemens Healthineers). Burst-forming unit-erythroid (BFU-E) and
colony-forming unit-erythroid (CFU-E) assays were performed in
MethoCult GF M3434 or MethoCult M3334 (Stemcell Technolo-
gies) medium, respectively. Colonies were counted as previously
described.®

Preparation of single-cell suspension, depletion of
lineage™ cells

For bone marrow (BM), cells were flushed with phosphate-
buffered saline (PBS)/2% fetal bovine serum/2 mM EDTA. For fetal
liver (FL) or spleen, FL or spleen was placed into a cell strainer and
smashed through the cell strainer into a petri dish. For liver, the
shredded tissues were first digested with digestion buffer. For lin-
eage" cell depletion, cells were suspended at the concentration
of 1077100 L and incubated with biotin-conjugated anti-lineage
antibodies, followed by incubation with anti-biotin beads, as
described in detail in the supplemental Materials and methods.

Enrichment of macrophages, B cells, EPO
treatment, and western blot

BM EpoR-tdTomato™ macrophages or B cells were sorted on a
BD FACSAria Fusion cell sorter. Spleen and liver macrophages
were enriched by using F4/80 beads. The cells were starved for
6 hours on ice, then stimulated with EPO for 10 minutes at
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37°C. Details are described in the supplemental Materials and
methods.

Staining and flow cytometric analysis of lineage™
cells and erythroblasts

The lineage™ cells were suspended at the concentration of 0.1 X
10%/35 pL and stained with multiple antibodies. The erythroid cells
in BM and FL were stained as previously described,*'33 with some
modifications. The details of antibody usage and instrument
voltage settings are described in the supplemental Materials
and methods.

Flow cytometric analyses of macrophages,
hematopoietic stem and progenitor cells,
megakaryocytes, and lymphocytes

BM and FL macrophages were stained as described in our
previous publication,*® with some modifications. Spleen and
liver macrophages, BM hematopoietic stem, and progenitor
cells, megakaryocytes, and B cells were stained by using the
combination of known surface markers for these cell popula-
tions.®>3 Details are described in the supplemental Materials
and methods.

Fluorescence-activated cell sorting

To sort F4/80"EpoR-tdTomato™ macrophages, CD19"EpoR-
tdTomato™® B cells or BFU-E, CFU-E and erythroblasts, BM or FL
single cells were stained as described in the supplemental Materi-
als and methods. The cells were sorted on a BD FACSAria Fusion
cell sorter.

Amnis imaging flow cytometry of native EBIs
Native mouse EBIs were prepared as previously described.3*4°
The enriched EBIs were stained with fluorescein
isothiocyanate—conjugated ~ anti-mouse  Ter119,  AF647-
conjugated anti-mouse F4/80, and Hoechst33342 at 37°C for 1
hour. The cells were analyzed by using an Amnis ImageStream
Mark Il instrument at X60 magnification. IDEAS software was
used to analyze imaging flow data.

Statistics

FlowJo software was used to analyze flow cytometry data; ImageJ
was used to analyze band signal intensities; and GraphPad Prism
software was used for statistical analysis. All data are reported as
mean = standard error of the mean. Differences among 2 groups
were calculated by using an unpaired Student t test.

Results

EpoR-eGFPcre mice were haploinsufficient

The EpoR-eGFPcre transgenic mouse line was generated 16 years
ago®* and has been widely used for conditional gene deletion
thought to be of erythroid lineage.*'° However, due to the
nature by which the EpoR-eGFPcre mouse line was generated
(Figure 1A), it is likely that the EpoR-eGFPcre mice are haploinsuf-
ficient. To test this possibility, we measured blood parameters.
Figure 1B shows that EpoR-eGFPcre mice exhibited mild but sig-
nificant decreases in hemoglobin, red blood cell (RBC) count, and
hematocrit. We also quantified erythroid colonies and erythro-
blasts in the BM. Although no difference was noted in the
numbers of BFU-E colonies (Figure 1C-a), CFU-E colonies
(Figure 1C-b) and erythroblasts (Figure 1C-c) were significantly
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decreased in the BM of the EpoR-eGFPcre mice compared with
that of the littermate control. Furthermore, phosphorylation levels
of Stat5 in EpoR-eGFPcre BM cells were significantly lower than
that of the littermate control (Figure 1D), particularly at low EPO
concentrations. These findings show that the EpoR-eGFPcre
mice are haploinsufficient.

Generation and phenotypic characterization of
EpoR-tdTomato-Cre mice

The finding that the EpoR-eGFPcre mice are haploinsufficient
raises the concern for the use of this mouse line as a tool for func-
tional studies. To address this issue, we generated an EpoR-tdTo-
mato-Cre mouse line. As shown in the schematic model
(Figure 1E), tdTomato and Cre were knocked-in at the end of

the EpoR coding sequence, and a P2A sequence was inserted
between EpoR and tdTomato, as well as between tdTomato
and Cre, to allow independent expression of EpoR, tdTomato,
and Cre under the control of the EpoR promoter. Genotype
was confirmed by polymerase chain reaction (Figure 1F). West-
emn blots show that tdTomato and Cre recombinase were
expressed in BM cells from the EpoR-tdTomato-Cre mice but
not from wild-type mice (Figure 1G). EpoR-tdTomato-Cre
mice were born at the Mendelian ratio, viable, and did not
exhibit any gross defects. Analyses of peripheral blood red
cell parameters (Figure 1H), BM erythroid colonies, and
erythroblasts (Figure 1) revealed no differences between
EpoR-tdTomato-Cre mice and the littermate control mice.
These findings show that the EpoR is fully functional in the
EpoR-tdTomato-Cre mice.
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Figure 1. EpoR-eGFPcre mice were haploinsufficient. (A) Schematic model of EpoR-eGFPcre mouse model. (B) RBC parameters as indicated. N = 10. (C) (a) The number
of BFU-E colonies in 5 X 10% BM cells. (b) The number of CFU-E colonies in 5 X 10* BM cells. (c) The number of erythroblasts in 2 tibia and 2 femur. N = 3. (D) Representative
western blot (a) and quantitative results (b) of pSTATS5 levels. STATS level was used as loading control. N = 3. (E) Schematic model for generation of EpoR-tdTomato-Cre
mice. (F) Polymerase chain reaction analysis showing the genotypes of EpoR-tdTomato-Cre mice. (G) western blot analysis showing the expression of tdTomato and Cre in
BM cells of the EpoR-tdTomato-Cre mice. (H) Peripheral blood red cell parameters exhibiting no differences between EpoR-tdTomato-Cre mice and littermate control mice.
N = 10. (I) BM erythroid colonies and erythroblasts showing no differences between EpoR-tdTomato-Cre mice and littermate control mice. N = 3. *P < .05; **P < .01; ***P <

.001. HCT, hematocrit; HGB, hemoglobin; WT, wild type.
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tdTomato but not eGFP was readily detected in FL
and BM erythroid progenitors

Erythropoiesis contains 8 morphologically and functionally distinct
developmental stages: BFU-E, CFU-E, proerythroblast (Pro), baso-
philic erythroblast (Baso), polychromatic erythroblast (Poly), ortho-
chromatic erythroblast (Ortho), reticulocyte (Retic), and RBC. We
first examined the expression of EpoR in mouse FL BFU-E and
CFU-E using the EpoR-tdTomato-Cre mice. According to the
method developed by Flygare et al,*' FL BFU-E and CFU-E cells
were defined as 10% Lin"cKit"CD71*" and 20% Linwc-
Kit*CD71"9", respectively. Figure 2A shows that tdTomato was
readily detected in the FL BFU-E (population 1), CFU-E (population
1), and the cell population in between (population I, which should
be a mixture of BFU-E and CFU-E cells).

Next, we sought to assess the expression of EpoR in BM BFU-E
and CFU-E. For this, we first examined whether the method for
isolating FL BFU-E and CFU-E can also isolate BM BFU-E and

CFU-E cells. The gating procedure is presented in supplemental
Figure 1A, which shows that, different from FL, there was a c-
Kit"CD71~ population within the c-Kit™ fraction (population I).
Within the c-Kit"CD71" population, 2 clusters can be separated,
c-Kit"CD71%" (population Il) and c-Kit" CD719" (population IlI).
Cytospin images of the sorted populations are presented in sup-
plemental Figure 1B, which displays clear morphologic differences
of these 3 populations. Supplemental Figure 1C shows that the
BM cKit"CD717, c-Kit"CD71"", and c-Kit"CD71"9" cells pre-
dominantly gave rise to BFU-E colonies (with >70% purity), mix-
ture of BFU-E/CFU-E colonies, and CFU-E colonies (with >90%
purity), respectively. It is interesting to note that although both
population | and Il gave rise to BFU colonies, the sizes of colonies
given by population | were generally bigger than those by popu-
lation II, suggesting they are early and late BFU-E, respectively.
Figure 2B shows that tdTomato was readily detected in all subpo-
pulations of the c-Kit" cells, although it was not detected in the
c-Kit™ population (population 1V).
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Figure 2. Expression of EpoR-tdTomato in mouse FL and BM erythroid cells. FL (A) and BM (B) progenitors. (a) Plot of CD71 vs c-Kit of 7AAD Lina-
ges CD16°CD32°CD417CD34 Scal™ cells revealing 3 populations in FL (I: BFU-E; Il: BFU-E/CFU-E mixture; and Ill: CFU-E) and 4 populations in BM (I: c-Kit"CD717; II: c-
Kit"CD71%%; III: c-Kit*CD71™9"; and IV: c-Kit CD71). (b) Histogram of EpoR-tdTomato showing EpoR-tdTomato expression levels in indicated cell populations. (c) Quan-
tification of mean fluorescence intensity of EpoR-tdTomato . (C) BM erythroblasts. (a) Left panel: Representative plot of CD44 vs FSC-A of Ter119™" cells revealing different
staged erythroid cells; right panel: histogram of EpoR-Tdtomato of the indicated cell population revealing progressive decrease of EpoR-tdTomato from Pro to RBC. (b)
Representative images of IFC analysis showing expression of EpoR-tdTomato as well as changes in cell size, Ter119, and CD44 from Pro to RBC. (D) FL erythroblasts. (a) Left
panel: Representative plot of CD44 vs FSC-A of Ter119" cells revealing different staged erythroid cells. Right panel: histogram of EpoR-Tdtomato of the indicated cell
populations. (b) Composite representative cytospin images of the sorted erythroblasts. (c) Representative images of IFC analysis. (E) Quantification of mean fluorescence
intensity of EpoR-tdTomato. N = 3. FSC-A, forward scatter area; WT, wild type; IFC, imaging flow cytometry.
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We next examined the expression of EpoR using the EpoR-
eGFPcre mice. Supplemental Figure 2 shows that, in marked con-
trast to the clear detection of tdTomato in both FL and BM ery-
throid progenitor cells, eGFP was barely detected in these cells.
This finding indicates that the weak fluorescence of the eGFP lim-
its the use of the EpoR-eGFPcre mice for detection of EpoR
expression.

Progressive changes of EpoR expression during
terminal erythroid differentiation revealed by
EpoR-tdTomato expression but not by EpoR-
eGFP expression

During terminal erythroid differentiation, Pro sequentially differen-
tiate to Baso, Poly, and Ortho. Ortho extrude the nucleus to
become Retic, which mature into red cells in the blood stream.
Our laboratory has documented that these 6 cell populations in
BM can be clearly separated.® Figure 2C-a shows that tdTomato
was most abundantly expressed in Pro and decreased progres-
sively, reflecting the progressive decrease of EpoR expression dur-
ing terminal erythroid differentiation. Images from ImageStream
analyses also show that tdTomato fluorescence was progressively
decreased and that tdTomato was diffusely distributed in the cell
(Figure 2C-b). Notably, tdTomato was also detected in reticulo-
cytes and RBCs. Given the fact that reticulocytes/RBCs are report-
edly devoid of EpoR®" and that tdTomato has a long half-life,>? we
reasoned that a long half-life of tdTomato could account for the
low level of tdTomato expression after EpoR is no longer
expressed. To test this theory, we monitored the changes of tdTo-
mato in peripheral blood RBCs with time. As expected, the fluo-
rescence of tdTomato remained at the same level during the
20-day period (supplemental Figure 3).

We used the same method to examine the expression of EpoR-
tdTomato in day 14.5 FL erythroid cells. Figure 2D-a shows that
day 14.5 FL Ter119" erythroid cells were clearly separated into
5 clusters. Cytospin images of the sorted erythroblast populations
revealed that morphologically they resemble Pro, Baso, Poly, and
Ortho, respectively (Figure 2D-b), showing that the method for
isolating BM erythroblasts at the distinct developmental stage
can be used to isolate FL erythroblasts as well. ImageStream anal-
yses revealed progressive decease of tdTomato fluorescence
from Pro to Retic (Figure 2D-c). Quantification of tdTomato fluo-
rescence intensity revealed that similar levels of tdTomato were
detected in BM and FL erythroblasts (Figure 2E).

We next used the EpoR-eGFPcre mice to examine the expression
of EpoR in the terminally differentiated erythroid cells in both BM
and FL. In contrast to the clear detection of tdTomato in erythro-
blasts, the fluorescence of eGFP in different staged erythroid cells
was barely detectable and overlapped, failing to resolve progres-
sive changes in EpoR expression (supplemental Figure 4A). Con-
sistent with the flow cytometric analyses, ImageStream analyses
also showed that the eGFP fluorescence in erythroblasts was faint
(supplemental Figure 4B).

EpoR-tdTomato was expressed in subsets of BM
and FL macrophages

Using the EpoR-eGFPcre mice, we recently documented that
EpoR-eGFPcre is expressed in subsets of BM and FL macrophages
and that EBIs are predominantly formed by the F4/80"EpoR-
eGFPcre™ macrophages.®® Here we further confirm the expres-
sion of EpoR in subsets of BM and FL macrophages using the
EpoR-tdTomato-Cre mice. The gating procedure for the EpoR-
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Figure 3. Expression of EpoR-tdTomato in BM and FL macrophages. (A) Flow cytometric analyses of EpoR-tdTomato in BM (left panels) and day 14.5 FL (right panels)
macrophages showing expression of EpoR-tdTomato in subsets of BM and FL F4/80" macrophages. (B) Flow cytometric analyses of the sorted BM F4/80" EpoR-tdTomato™
macrophages showing expression of F4/80 and EpoR-tdTomato but not Ter119 or Ly46G. (C) Composite representative cytospin images of the sorted BM F4/80"EpoR-
tdTomato™ and F4/80*EpoR-tdTomato™ macrophages. Scale bar, 10 um. (D) western blot analysis of pSTATS5 of the sorted macrophages stimulated with EPO showing
dose-dependent phosphorylation of pSTAT5 in F4/80*EpoR-tdTomato™ but not F4/80" EpoR-tdTomato macrophages. N = 3.
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tdTomato " macrophages is essentially the same procedure used
for gating the EpoR-eGFP" macrophages in our recent publica-
tion,** except that the SSC™9" population was gated out for fur-
ther analysis (supplemental Figure 5). Figure 3A shows that,
similar to F4/807 EpoR-eGFP™ macrophages, the F4/80EpoR-
tdTomato " macrophages account for ~6.5% of BM and ~36%
of day 14.5 FLF4/80™ cells, respectively. Flow cytometric analyses
of the sorted BM F4/80"EpoR-tdTomato" macrophages show
that they express F4/80"EpoR-tdTomato™ but not erythroid
marker Ter119 (Figure 3B), indicating that the observed EpoR-
tdTomato expression in macrophages is not due to contamination
by erythroid cells. Cytospin images of the sorted BM macro-
phages show that the F4/80"EpoR-tdTomato” macrophages
are morphologically distinct from the F4/80"EpoR-tdTomato™
macrophages and that no erythroid cells are seen inside the mac-
rophages (Figure 3C), indicating that detection of EpoR-tdTomato
in macrophages is not due to phagocytosized erythroid cells.
More cytospin images of the sorted BM macrophages are pro-
vided in supplemental Figure 6. Importantly, EPO trigged Stat5
phosphorylation in the sorted F4/80"EpoR-tdTomato™ macro-
phages but not in the F4/80"EpoR-tdTomato™ macrophages
(Figure 3D), providing direct evidence that F4/80+EpoR—
tdTomato " macrophages express EpoR on their surface.

EpoR-tdTomato-Cre-mediated recombination in
erythroid cells

The EpoR-tdTomato-Cre mouse line was generated to serve 2
purposes, monitoring the expression of EpoR using the strong
fluorescence of the tdTomato and conditional gene manipulation
in EpoR-expressing cells in conjunction with the Cre-loxP recombi-
nation system. To examine the Cre activity of the EpoR-tdTomato-
Cre mice, we crossed the EpoR-tdTomato-Cre™* mice with
GHROSA)26Sor™EYFR Cos ice, also known as R26R-EYFP
mice, which have a loxP-flanked STOP sequence followed by
the EYFP inserted into the Gt(ROSA)26Sor locus.?® When bred
to mouse expressing Cre recombinase, the STOP sequence is
cleaved, and EYFP expression is observed in the Cre-expressing
cells of the double-mutant offspring. As shown in Figure 4A-B,
EpoR-tdTomato-Cre led to cleavage in almost 100% of both FL
and BM erythroblasts, as shown by expression of R26R-EYFP in
these cells. In contrast, the cleavage in erythroid progenitors
seems to be dependent on the levels of Cre. While EpoR-tdTo-
mato-Cre™’” led to cleavage in ~86% and ~73% of FL and BM
population | cells, respectively, EpoR-tdTomato-Cre™" led to
cleavage in ~97% and ~86% of the same population
(Figure 4C-D). Moreover, although both EpoR-tdTomato-Cre ™/~
and EpoR-tdTomato-Cre™* led to the expression of R26R-EYFP
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Figure 4. EpoR-tdTomato-Cre-mediated cleavage in erythroid cells. FL (A) and BM (B) erythroblasts. Left panels: representative plots of FSC-A vs CD44 of Ter119* cells.
Erythroblasts were gated. Right panels: expression of EpoR-tdTomato or R26R-EYFP in erythroblasts of different mouse strains as indicated. FL (C) and BM (D) progenitors.
Left panels: representative plots of c-Kit vs CD71 of 7AAD Linages"CD16 CD32"CD41"CD34 Sca™ cells revealing 3 populations of the c-Kit" cells. Right panels: expression
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in almost 100% of FL population Il and IIl cells, EpoR-tdTomato-
Cre™” and EpoR-tdTomato-Cre™" led to the expression of
R26R-EYFP in ~82% and ~94% of BM population Il cells and
~96% and ~99% of BM population III.

We next examined cleavage by EpoR-eGFPcre in which Cre was
fused with eGFP. For this analysis, we crossed the EpoR-eGFPcre
mouse with the Cre reporter strain Gt(ROSA)26Sor™ 1 4(CAG-tdToma-
oHze mice.?? Although EpoR-eGFPcre™ ™ led to cleavage in
almost 100% of erythroblasts, the cleavage in erythroid progeni-
tors was less efficient (supplemental Figure 7A-B). Notably,
R26R-tdTomato was only detected in ~25% of FL population | cells
(supplemental Figure 7C) and in ~31% of BM population | cells,
respectively (supplemental Figure 7D). This shows that the cleav-
age mediated by EpoR-eGFPcre*’™ in population | cells is much
lower than that by EpoR-tdTomato-Cre*/”, indicating that the
Cre activity was affected by fusion with eGFP.

EpoR-tdTomato-Cre-mediated recombination in
BM and FL EpoR* macrophages

We next examined EpoR-tdTomato-Cre-mediated excision in
macrophages. Figure 5 shows that EpoR-tdTomato-Cre*’~ and
EpoR-tdTomato-Cre*’" led to cleavage in ~80% and ~90% of
both FL and BM EpoR-tdTomato™ macrophages, respectively,
as shown by the expression of R26R-EYFP in these cell
populations.

tdTomato was readily detected in the surrounding
erythroid cells of native EBIs from the EpoR-
tdTomato-Cre mice

We recently documented that both mouse and human EBIs are
predominantly formed by the EpoR™ macrophages.* However,
in analyzing the native EBIs of the EpoR-eGFPcre mice, it was dif-
ficult to detect eGFP fluorescence in the surrounding erythroid
cells of most EBIs. In the current study, we found that this might

be due to the weak fluorescence signal of the eGFP in erythroid
cells. Having shown much stronger tdTomato fluorescence in ery-
throid cells, we expected that tdTomato would be readily
detected in the surrounding erythroid cells of the native EBIs
from the EpoR-tdTomato-Cre mice. As expected, tdTomato was
indeed readily seen in both the central F4/80" macrophages
and the surrounding Ter119" erythroblasts (supplemental Figure
8A). Quantitative analyses found that >90% of both FL and BM
native EBIs were formed by the F4/80"EpoR-tdTomato-Cre™
macrophages (supplemental Figure 8B). Together, these results
further confirm our recent finding that EBI macrophages are char-
acterized by the expression of EpoR.

Functional EpoR is expressed in spleen red pulp
macrophages and liver Kupffer cells

Our recent finding that the key molecules involved in iron recycle
are highly expressed in BM F4/80" EpoR-eGFP" macrophages®*
suggests the potential role of the EpoR™ macrophages in iron
recycle. Given the well-established role of spleen and liver macro-
phages in the process of iron recycle,***® we reasoned that EpoR
may be expressed in these tissue macrophages. Figure 6A-a and
6B-a shows that tdTomato was expressed in ~7% of spleen and
~23% of liver CD45*F4/80" macrophages, respectively. Interest-
ingly, in both spleen and liver, tdTomato was only expressed in
the CD45" F4/80"9"CD11b"*" population (Figure 6A-b and 6B-
b) but not in the CD45*F4/80°CD11bMe" and CD45"F4/
80" CD11b"9" populations (supplemental Figure 9). Spleen red
pulp macrophages and liver Kupffer cells are defined as
CD45%F4/80"8"CD116%.*>3 Our findings show that EpoR is
expressed in spleen red pulp macrophages and liver Kupffer cells,
which are known to be involved in iron recycle.***® To show that
EpoR is functional, we examined EPO/EpoR signaling in these
cells. For this, we enriched macrophages from spleen and liver
by using F4/80 beads. The representative cytospin images of
the enriched macrophages are shown in supplemental Figure
10A. Flow cytometric analyses revealed that all the enriched
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Figure 5. EpoR-tdTomato-Cre mediated recombination in macrophages. FL (A) and BM (B). Left panels: representative plots of F4/80 vs forward scatter height (FSC-H) of
Ly6G Ter119™ cells revealing F4/80" macrophages; middle panels: representative plots of EpoR-tdTomato vs FSC-H of F4/80" cells revealing EpoR-tdTomato™® macro-
phage population; right panel: representative plots of R26R-EYFP vs FSC-H of the EpoR-tdTomato™ macrophages revealing EpoR-Cre-mediated recombination efficiency

in EpoR-tdTomato™ macrophages. N = 3.
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macrophages express both F4/80 and tdTomato (supplemental supplemental Figure 11. EpoR-tdTomato was expressed in
Figure 10B). Western blot analyses show that EPO stimulated ~33% of megakaryocytes (Figure 6F) and ~3% of B cells (Figure
Stat5 phosphorylation in the enriched spleen and liver F4/ 6G). Moreover, EPO stimulated phosphorylation of Stat5 in the
80" tdTomato" macrophages (Figure 6C-D), indicating EpoR sig- sorted CD19"tdTomato™ cells (Figure 6H). These results show
naling in these cells. wide expression of EpoR in hematopoietic cells.
EpoR is expressed in subsets of HSCs, progenitors, | EPO leads to changes in EpoR-expressing
megakaryocytes, and B cells cells in vivo
Previous studies have suggested EpoR expression in multipotent We next examined the effects of EPO on EpoR-expressing hema-
hematopoietic cells,”® megakaryocytes,” and B cells.’® However, topoietic cells in vivo. EPO injection was administered as previ-
use of the EpoR-eGFPcre mice failed to detect EpoR expression in ously described.?*>* The scheme of the EPO dosing schedule is
any hematopoietic cells.?* Using EpoR-tdTomato-Cre mice, we shown in supplemental Figure 12A. Flow cytometric analyses of
show here that EpoR-tdTomato was expressed in ~98% of HSCs and various progenitors are shown in supplemental Figure
HSCs, ~9% of multiple potent progenitors (MPPs), ~20% of com- 12B. As positive controls, the effects of EPO injection on erythroid
mon myeloid progenitors (CMPs), and 97% of megakaryocyte progenitors and erythroblasts were examined. As expected, EPO
erythrocyte progenitors  (MEPs) but not in granulocyte- injection led to a significant increase in CFU-E (supplemental Fig-
macrophage progenitors (GMPs) or common lymphoid progeni- ure 12C) and erythroblasts (supplemental Figure 12D). Quantifica-
tors (CLPs) (Figure 6E). The hematopoietic hierarchy and gating tion of cell numbers and their proportions in BM is summarized in
strategies for HSC and various progenitors are shown in Table 1, which shows that all EpoR-tdTomato-expressing cells
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Figure 6. Expression of EpoR-tdTomato in subsets of spleen and liver macrophages, BM HSCs, progenitors, megakaryocytes, and B cells. (A) Flow cytometric anal-
ysis of EpoR-tdTomato in spleen macrophages. (a) Left panel: representative plot of F4/80 vs forward scatter height (FSC-H) of CD45™" cells revealing F4/80* macrophages;
right panel: plot of EpoR-tdTomato vs FSC-H of the F4/80" cells revealing EpoR-tdTomato* macrophages. (b) Left panel: representative plot of F4/80 vs CD11b of the
CD45" cells; right panel: plot of EpoR-tdTomato vs FSC-H showing the expression of EpoR-tdTomato in the CD11bM9" population. (B) Flow cytometric analysis of
EpoR-tdTomato in liver macrophages. (a) Left panel: Representative plot of F4/80 vs FSC-H of CD45" cells revealing F4/80" macrophages; right panel: plot of EpoR-
tdTomato vs FSC-H of F4/80" cells revealing the EpoR-tdTomato® macrophage population. (b) Left panel: Representative plot of F4/80 vs CD11b of CD45™ cells; right
panel: plot of EpoR-tdTomato vs FSC-H of F4/807'9"CD11b"*" showing the expression of EpoR-tdTomato in CD11b™" population. (C) western blot analysis of pStat5
of the enriched spleen F4/80" macrophages stimulated with various concentrations of EPO. (D) western blot analysis of pStat5 of the enriched liver F4/80" macrophages
stimulated with various concentrations of EPO. (E) Expression of EpoR-tdTomato in HSCs, MPPs, CMPs, MEPs, GMPs, and CLPs. (F) Left panel: representative plot of CD41
vs FSC-H of CD45™ cells revealing BM megakaryocytes; right panel: plot of EpoR-tdTomato vs FSC-H of CD417 cells showing the expression of EpoR-tdTomato in subsets
of megakaryocytes. (G) Left panel: representative plot of CD19 vs FSC-H of CD45™" cells; right panel: plot of EpoR-tdTomato vs FSC-H of B cells showing the expression of
EpoR-tdTomato in subsets of B cells. (H) western blot analysis of pStat5 of the sorted BM CD19" EpoR-tdTomato™ cells stimulated with various concentrations of EPO. N =
3. WT, wild type.
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were increased upon EPO injection. In contrast, CLPs and GMPs,
which do not express EpoR, were decreased. Furthermore,
although EPO injection led to increases in the percentage of
CD41" megakaryocytes within CD45" cells (supplemental Figure
12E), it led to decreases in the percentage of CD19" B cells (sup-
plemental Figure 12F). Together, these findings indicate that EPO
induces changes biased toward EpoR-tdTomato-expressing cells
and induces erythroid lineage bias at all lineage bifurcations dur-
ing hematopoiesis (supplemental Figure 13).

EPO promotes proliferation of the EpoR-
expressing cells in vivo

To investigate the mechanisms for EPO-induced increases in
EpoR-expressing cells in vivo, we next examined the effect of
EPO on cell proliferation using an in vivo Edu incorporation
assay.>> As expected, EPO injection led to an increase in the per-
centage of EpoR™ cells within the Lin™ cells (Figure 7A, left panels).
Importantly, EPO injection led to a significant increase in the Edu™
percentage of EpoR™ cells but not EpoR™ cells (Figure 7A, right
panels). Further analyses of various cell types show that the per-
centages of Edu™ BFU-E (Figure 7B), CFU-E (Figure 7C), proery-
throblasts (Figure 7D), basophilic erythroblasts (Figure 7E), and
MEPs (Figure 7F) were increased upon EPO injection. In contrast,
EPO injection had no effect on Edu uptake by GMPs (Figure 7G),
which do not express EpoR. Within CMPs, EPO injection led to an
increase in the Edu™ percentage of EpoR" CMPs but not EpoR™
CMPs (Figure 7H). Similarly, EPO injection led to an increase in

the Edu™ percentage of EpoR" but not EpoR™ B cells (Figure
71). Unexpectedly, EPO had no effects on Edu uptake either on
EpoR™ or EpoR™ megakaryocytes (Figure 7J). Unfortunately, due
to the rarity of HSC, MPP, and CLP populations in conjunction
with the complexity of multicolor staining as well as fixation and
permeabilization, we were unable to detect Edu uptake by these
populations. Nevertheless, our findings show that EPO selectively
promotes proliferation of the EpoR-expressing cells.

Discussion

EPO is the required cytokine for erythropoiesis, and the expres-
sion of its receptor EpoR was originally thought to be restricted
in erythroid lineage. Notably, functional studies have shown that
EPO plays important roles well beyond erythropoiesis. These
include angiogenesis,'®'* neuroprotective activity,' brain devel-
opment,?'?? heart development,®*~>8 regulation of apoptotic cell
clearance by macrophages,'? B-cell proliferation and antibody
production,'®""3? megakaryocyte maturation,” regulation of
energy homeostasis,” and others.>’%? Although the expression
of EpoR in non-erythroid cells has been strongly suggested by
the functional studies, whether EpoR is expressed in non-
erythroid cells has been controversial. In the current study, using
the EpoR-tdTomato-Cre mouse model, we readily detected the
expression of EpoR-tdTomato in subsets of hematopoietic cells
that failed to be detected by using EpoR-eGFPcre mice.?*

Table 1. Effect of EPO injection on hematopoietic stem/progenitor cells, erythroid progenitors, and erythroblasts

Proportion in BM

Cell type PBS EPO Cell type
HSC (/10%) 3.55+0.48 6.02 = 0.73 .02541 HSC (x10%) 4,57 = 0.52 9.16 = 1.40 .02200
EpoR- 3.66 = 0.88 13.66 = 3.07 .02137 EpoR- 0.47 = 0.12 1.92 + 0.38 .01200
tdTomato™* tdTomato™®
MPP (/10%) MPP (X 10%)
EpoR- 33.07 = 6.99 95.25 = 20.41 .02857 EpoR- 4.28 = 0.93 13.55 = 2.53 .01513
tdTomato™ tdTomato™
MPP (/10%) MPP (x10%)
EpoR- 0.05 = 0.01 0.12 = 0.02 .00984 EpoR- 0.86 = 0.03 1.934 = 0.20 .00132
tdTomato™ tdTomato™
CMP (/103 CMP (x10%
EpoR- 0.22 = 0.05 0.36 = 0.04 .03540 EpoR- 3.68 = 0.29 5.92 + 0.49 .00191
tdTomato™ tdTomato™
CMP (/103 CMP (x10%
GMP (/10%) 0.54 = 0.08 0.26 = 0.03 .00863 GMP (x10% 7.56 = 0.78 3.72 = 0.41 .00326
MEP (/10%) 0.51 = 0.09 1.34 £ 0.18 .00433 MEP (x10% 6.88 = 1.32 18.73 = 2.55 .00370
CLP (/10%) 4.66 = 0.37 2.06 = 0.10 .03809 CLP (x10%) 6.99 = 1.14 2.88 =+ 0.78 .03564
BFU-E (/10% 0.24 = 0.03 0.12 = 0.01 .03541 BFU-E (x10% 2.94 + 0.38 1.93 £ 0.27 .09798
CFU-E (/10% 0.19 = 0.03 0.88 = 0.06 .00062 CFU-E (x10% 2.49 + 0.38 13.7 £ 0.12 .00090
Erythroblasts 17.87 = 0.93 33.28 = 1.99 .00039 Erythroblasts 23.15 = 1.59 50.07 = 2.64 .00010
(/10%) (x10%

Multicolor staining of HSCs and various progenitors were performed by using the enriched lineage™ cells. The proportion of HSCs and various progenitor cells in BM was calculated by:
proportion of the enriched lineage™ cells in total BM cells X proportion of the target cell cluster in the lineage™ cells. The numbers of each cell population were calculated by: proportion

in BM cells X total BM cells. N = 3. PBS, phosphate-buffered saline.
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Our findings have addressed the long-standing controversy on
expression of EpoR in hematopoietic cells.

EpoR-eGFPcre mice have been widely used to conditionally
delete gene expression, assumed to be selectively in erythroid
cells.*™° Our finding that EpoR was also expressed in other
hematopoietic cells challenges this assumption. Moreover, our
finding that the EpoR-eGFPcre mice themselves were haploinsuf-
ficient raises the concem for use of the EpoR-eGFPcre mouse line
for functional studies. These findings suggest that the interpreta-
tions of some previous studies using the EpoR-eGFPcre mice as
a tool to study the gene function in erythropoiesis may need to
be revisited. Particularly, if a gene is expressed in both erythroid
cells and EBI macrophages, it will be important to consider
whether the altered erythropoiesis is due to changes in erythroid
cells, or EBI macrophages, or both cell types.

We recently documented that EBI macrophages are characterized
by the expression of EpoR.>* This may seem contradictory to a
study by Wang et al,>* the title of which may have given readers
the impression that EBI macrophages do not expression EpoR.
However, it is important to clarify that the authors did not draw
such a conclusion. Instead , based on the finding that EpoR-
eGFP was expressed in only ~5% of BM macrophages,® it was
stated clearly that we did not identify EpoR expression in most
of the macrophages and that we still cannot exclude, however,
the possibility that a subpopulation of macrophages (the central
macrophages binding to erythroblasts) express EpoR on their
cell surface.>

Several new findings from the current study further help to clarify
this issue. These findings include that EpoR-tdTomato was
readily detected in subsets of BM and FL macrophages, the native
EBIs were predominantly formed by the F4/80* EpoR-tdTomato™
macrophages, EpoR-Cre led to cre-mediated recombination, and
EPO stimulation led to Stat5 phosphorylation in the F4/80™ EpoR-
tdTomato™ macrophages. A very recent finding from the
Paulson laboratory that EpoR signaling in macrophages alters
the splenic niche to promote stress erythroid differentiation
also supports the notion that EBI macrophages express EpoR.®*
Furthermore, the findings that EpoR is expressed in spleen
red pulp macrophages and liver Kupffer cells suggest that
EPO may enhance iron recycle by red pulp macrophages and
Kupffer cells.

It was previously reported that high levels of EPO guide multipo-
tent hematopoietic progenitor cells toward an erythroid fate.?
However, the cellular basis for this effect was not clear. Our find-
ings that EpoR is expressed in HSCs, MPPs, CMPs, and MEPs,
that EPO injection led to increases in these EpoR-expressing cells
accompanied by decreases in CLPs and GMPs, and that EPO
selectively promoted proliferation of the EpoR-expressing cells
strongly suggest that high levels of EPO induce erythroid lineage
bias at all lineage bifurcations during hematopoiesis via its direct
effects on the EpoR-expressing HSCs and progenitor cells. It
should be noted that we could not exclude the possibility that
the effects of our EPO dosing regimen on HSCs and progenitors
are likely to be the consequence of several factors operating dur-
ing a situation of stress-induced erythropoiesis.
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Figure 7. EPO promotes proliferation of EpoR-expressing cells in vivo. (A) Left panels: flow cytometric analyses showing the proportion of EpoR-tdTomato™* and EpoR-
tdTomato™ populations within lineage™ cells with phosphate-buffered saline (PBS) or EPO injection; right panels: flow cytometric analyses showing Edu® cells of EpoR-
tdTomato™ and EpoR-tdTomato™ cells with PBS or EPO injection. Flow cytometric analyses displaying proportion of Edu™ cells in BFU-E (B), CFU-E (C), Pro (D), Baso
(E), MEP (F), GMP (G), CMP (H), CD19" B cells (), and CD41" megakaryocytes (J) with PBS or EPO injection. N = 3. *P < .05; **P < .01; ***P < .001. FSC-H, forward scatter

height; N.S., not significant.
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In summary, we generated EpoR-tdTomato-Cre mice that have
fully functional EpoR and that enabled identification of EpoR
expression in cells that failed to be detected by using the EpoR-
eGFPcre mice. The findings that EpoR is expressed in various
hematopoietic cells and that EPO injection leads to changes in
the EpoR-expressing cells in vivo indicate broad roles of EPO/
EpoR in hematopoiesis, which warrant further investigation. We
expect that the EpoR-tdTomato-Cre mice will facilitate future
studies in the identification of EpoR expression and gene manip-
ulation in many other non-erythroid cells. These studies will ulti-
mately lead to much improved understanding regarding the
biology of the EPO/EpoR system.

Acknowledgments

This work was supported in part by grants from the National Institutes
of Health, National Heart, Lung, and Blood Institute (HL140625 and
HL149626), the Natural Science Foundation of China (U1804282,
81530005, 81570099, and 81770112), and the Rose M. Badgeley
Residuary Charitable Trust.

Authorship

Contribution: H.Z., SW., and D.L. designed experiments, performed
research, analyzed the data, and drafted materials and methods; Y.H.,

CG., XG., XQ, WL, SZ, JG., and LZ performed research; AM.,
K.Y., and L.C. analyzed the data and edited the manuscript; and X.A.
designed experiments, analyzed data, and wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no competing financial
interests.

ORCID profiles: A.M., 0000-0002-1120-9593; L.C., 0000-0001-7785-2496.

Correspondence : Xiuli An, New York Blood Center, 310 E 67th St, New
York, NY 10065; e-mail: xan@nybc.org.

Footnotes

Submitted 23 February 2021; accepted 22 May 2021. prepublished
online on Blood First Edition 7 June 2021. DOl 10.1182/
blood.2021011410.

*H.Z., S.W., and D.L. contributed equally to this work.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

REFERENCES 10. Kimata H, Yoshida A, Ishioka C, Mikawa H. 19. lwai M, Cao G, Yin W, Stetler RA, Liu J, Chen

1. Lin CS, Lim SK, D'Agati V, Costantini F. Effect of recombinant human erythropoietin J. Erythropoietin promotes neuronal
Differential effec_ts of an erythro_pgi.etin on human IgE production in vitro. Clin Exp replacement through revascularization and
recgptgr gene d|srupt|9n on primitive and Immunol. 1991:83(3):483-487. neurogenesis after neonatal hypoxia/
definitive erythropoiesis. Genes Dev. 1996; ischemia in rats. Stroke. 2007;38(10):
10(2):154-164. 11. Kimata H, Yoshida A, Ishioka C, Masuda S, 2795-2803.

) . . . Sasaki R, Mikawa H. Human recombinant ) ) . )

2. ‘I}/Ia;zhkt.:], Klm'AtR, Txl;t? Klilax, Che:ul(unt/:R, Palis erythropoietin directly stimulates B cell 20. Shingo T, .Sqrokan ST, Sh|ma;ak{ T, We|5§ S.

térn:)i/na[onS:tljr;:i;: Ic;‘an'\yu:ier?euaanceishurian immunoglobulin production and proliferation E'rythropdtsletl'n regfulates thel n V|tro.and ;:
P : . in serum-free medium. Clin Exp Immunol. vivo production of neuronal progenitors oy

primitive erythroblasts. Haematologica. 2013; 1991-85(1):151-156 mammalian forebrain neural stem cells. J

98(11):1778-1787. 85(1):151-156. Neurosci. 2001;21(24):9733-9743.

3. Wu H, Liu X, Jaenisch R, Lodish HF. 12. Luo B, Gan W, Liu Z, et al. Erythropoeitin 21. Liu C, Shen K, Liu Z, Noguchi CT. Regulated
Generation of committed erythroid BFU-E signaling in macrophages promotes dying cell human erythropoietin receptor expression in
and CFU-E progenitors does not require clearance and immune tolerance. Immunity. mouse brain. J Biol Chem. 1997:272(51):
erythropoietin or the erythropoietin receptor. 2016;44(2):287-302. 32395-32400.

Cell. 1995;83(1):59-67.
, ' 13. Kertesz N, Wu J, Cheﬁ TH( Sucov HM' Wu H. 22. Yu X, Shacka JJ, Eells JB, et al. Erythropoietin

4. Noguchi CT, Wang L, Rogers HM, Teng R, Jia The role of erythropoietin in regulating receptor signalling is required for normal
Y. Survival and proliferative roles of angiogenesis. Dev Biol. 2004;276(1):101-110. brain development. Development. 2002;
erythropoietin beyond the erythroid lineage. 129(2):505-516.

Expert Rev Mol Med. 2008;10:36. 14. Yasuda Y, Masuda S, Chikuma M, Inoue K,
Nagao M, Sasaki R. Estrogen-dependent 23. Anagnostou A, Liu Z, Steiner M, et al.

5. Wang L, Di L, Noguchi CT. Erythropoietin, a production of erythropoietin in uterus and its Erythropoietin receptor mRNA expression in
novel versatile player regulating energy implication in uterine angiogenesis. J Biol human endothelial cells. Proc Natl Acad Sci U
meta;oglism beyon(d)the erythroid system. Int Chem. 1998;273(39):25381-25387. S A. 1994;91(9):3974-3978.

J Biol Sci. 2014;10(8):921-939.
15. Fischer HS, Reibel NJ, Biihrer C, Dame C. 24. Heinrich AC, Pelanda R, Klingmiiller U. A

6. Suresh S, Rajvanshi PK, Noguchi (;T. The Prophylactic early erythropoietin for mouse model for visualization and conditional
manybfafets of erythropouetlnhphy7|olog|? an-d neuroprotection in preterm infants: a meta- mutations in the erythroid lineage. Blood.
;nse;’tz olic response. Front Physiol. 2020;10: analysis. Pediatrics. 2017;139(5):620164317. 2004;104(3):659-666.

' f ! - 25. Jegalian AG, Acurio A, Dranoff G, Wu H.
) : 16. Ostrowski D, Ehrenreich H, Heinrich R. g e § o
T Enopeicin casples hematoporess wih Erythropoietin promotes sunvival and i s mrploy et aranutocyie.
ryeroporet P |O. . regeneration of insect neurons in vivo and in and n vivo interplay with granuiocyte-
bone formation. PLoS One. 2010;5(5):e10853. o, N ] 2011:188:95-108 macrophage colony-stimulating factor and
6 Grover A M © Moore S, ot al vitro. Neuroscience. 2011;186:75-105. interleukin 3. Blood. 2002;99(7):2603-2605.
. rover A, Mancini E, Moore S, et al. - .
Erythropoietin guides multipotent 17. Miljus N, I_—|e|.beck S_’ Jarrar M, et_al' . 26. Kim JH, Lee SR, Li LH, et al. High cleavage
hematopoietic progenitor cells toward an Erythropoietin-mediated protection of insect efficiency of a 2A peptide derived from
erythroid fate. J Exp Med. 2014;211(2):181- brain neurons |_nvo|ves JAK and STAT_bUt not porcine teschovirus-1 in human cell lines,
188. PI3K transduction pathways. Neuroscience. zebrafish and mice. PLoS One. 2011;6(4):
2014;258:218-227. e18556.

9. Ishibashi T, Koziol JA, Burstein SA. Human
recombinant erythropoietin promotes 18. Ostrowski D, Heinrich R. Alternative 27. Szymczak AL, Workman CJ, Wang Y, et al.
differentiation of murine megakaryocytes in erythropoietin receptors in the nervous Correction of multi-gene deficiency in vivo
vitro. J Clin Invest. 1987,79(1):286-289. system. J Clin Med. 2018;7(2):E24. using a single ‘self-cleaving’ 2A peptide-

1996 & blood” 18 NOVEMBER 2021 | VOLUME 138, NUMBER 20

ZHANG et al

%20z AeIN 61 U0 3sanb Aq ypd 0L ¥ 10120ZPIGPO0|d/8085781/9861/02/8€E L /Pd-a1o1e/poojg/jeusuonedligndyse//:dpy woly papeojumoq


https://orcid.org/0000-0002-1120-9593
https://orcid.org/0000-0001-7785-2496
mailto:xan@nybc.org

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

EpoR IN TISSUE MACROPHAGES AND HEMATOPOIETIC CELLS

based retroviral vector [published corrections
appear in Nat Biotechnol. 2004;22(12):1590
and Nat Biotechnol. 2004;22(6):760]. Nat
Biotechnol. 2004;22(5):589-5%94.

Srinivas S, Watanabe T, Lin CS, et al. Cre
reporter strains produced by targeted
insertion of EYFP and ECFP into the ROSA26
locus. BMC Dev Biol. 2001;1(1):4.

Madisen L, Zwingman TA, Sunkin SM, et al. A
robust and high-throughput Cre reporting
and characterization system for the whole
mouse brain. Nat Neurosci. 2010;13(1):133-
140.

Lee HY, Gao X, Barrasa MI, et al. PPAR-a and
glucocorticoid receptor synergize to promote
erythroid progenitor self-renewal. Nature.
2015;522(7557):474-477.

Flygare J, Rayon Estrada V, Shin C, Gupta S,
Lodish HF. HIF1alpha synergizes with

glucocorticoids to promote BFU-E progenitor
self-renewal. Blood. 2011;117(12):3435-3444.

Chen K, Liu J, Heck S, Chasis JA, An X,
Mohandas N. Resolving the distinct stages in
erythroid differentiation based on dynamic
changes in membrane protein expression
during erythropoiesis. Proc Natl Acad Sci U S
A. 2009;106(41):17413-17418.

Liu J, Zhang J, Ginzburg Y, et al. Quantitative
analysis of murine terminal erythroid
differentiation in vivo: novel method to study
normal and disordered erythropoiesis. Blood.
2013;121(8):e43-e49.

LiW, Wang Y, Zhao H, et al. Identification and
transcriptome analysis of erythroblastic island
macrophages. Blood. 2019;134(5):480-491.

Matsumura-Takeda K, Sogo S, Isakari Y, et al.
CD41+/CD45+ cells without
acetylcholinesterase activity are immature
and a major megakaryocytic population in
murine bone marrow. Stem Cells. 2007;25(4):
862-870. .

Kohyama M, Ise W, Edelson BT, et al. Role for
Spi-C in the development of red pulp macro-
phages and splenic iron homeostasis. Nature.
2009;457(7227):318-321.

Taylor PR, Reid DM, Heinsbroek SE, Brown
GD, Gordon S, Wong SY. Dectin-2 is
predominantly myeloid restricted and
exhibits unique activation-dependent
expression on maturing inflammatory mono-
cytes elicited in vivo. Eur J Immunol. 2005;
35(7):2163-2174.

Krenkel O, Tacke F. Liver macrophages in
tissue homeostasis and disease. Nat Rev
Immunol. 2017;17(5):306-321.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Singbrant S, Russell MR, Jovic T, et al.
Erythropoietin couples erythropoiesis,
B-lymphopoiesis, and bone homeostasis
within the bone marrow microenvironment.
Blood. 2011;117(21):5631-5642.

Seu KG, Papoin J, Fessler R, et al. Unraveling
macrophage heterogeneity in erythroblastic
islands. Front Immunol. 2017;8:1140.

Xu J, Peng C, Sankaran VG, et al. Correction
of sickle cell disease in adult mice by
interference with fetal hemoglobin silencing.
Science. 2011;334(6058):993-996.

Kerenyi MA, Shao Z, Hsu YJ, et al. Histone
demethylase Lsd1 represses hematopoietic
stem and progenitor cell signatures during
blood cell maturation. eLife. 2013;2:e00633.

Sankaran VG, Orkin SH, Walkley CR. Rb
intrinsically promotes erythropoiesis by
coupling cell cycle exit with mitochondrial
biogenesis. Genes Dev. 2008;22(4):463-475.

Dumitriu B, Patrick MR, Petschek JP, et al.
Soxé cell-autonomously stimulates erythroid
cell survival, proliferation, and terminal matu-
ration and is thereby an important enhancer
of definitive erythropoiesis during mouse
development. Blood. 2006;108(4):1198-1207.

Maetens M, Doumont G, Clercq SD, et al.
Distinct roles of Mdm2 and Mdm4 in red cell
production. Blood. 2007;109(6):2630-2633.

Alhashem YN, Vinjamur DS, Basu M,
Klingmiiller U, Gaensler KM, Lloyd JA.
Transcription factors KLF1 and KLF2 positively
regulate embryonic and fetal beta-globin
genes through direct promoter binding. J Biol
Chem. 2011,286(28):24819-24827.

Xu J, Bauer DE, Kerenyi MA, et al.
Corepressor-dependent silencing of fetal
hemoglobin expression by BCL11A. Proc Nat!
Acad Sci U S A. 2013;110(16):6518-6523.

Mullally A, Poveromo L, Schneider RK, Al-
Shahrour F, Lane SW, Ebert BL. Distinct roles
for long-term hematopoietic stem cells and
erythroid precursor cells in a murine model of
Jak2V617F-mediated polycythemia vera.
Blood. 2012;120(1):166-172.

Ma S, Cahalan S, LaMonte G, et al. Common
PIEZO1 allele in African populations causes
RBC dehydration and attenuates plasmodium
infection. Cell. 2018;173(2):443-455.e12.

Liu X, Zhang Y, Ni M, et al. Regulation of
mitochondrial biogenesis in erythropoiesis by
mTORC1-mediated protein translation. Nat
Cell Biol. 2017;19(6):626-638.

Broudy VC, Lin N, Brice M, Nakamoto B,
Papayannopoulou T. Erythropoietin receptor

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

characteristics on primary human erythroid
cells. Blood. 1991;77(12):2583-2590.

Muzumdar MD, Tasic B, Miyamichi K, Li L, Luo
L. A global double-fluorescent Cre reporter
mouse. Genesis. 2007;45(9):593-605.

Tosello-Trampont AC, Landes SG, Nguyen V,
Novobrantseva Tl, Hahn YS. Kuppfer cells
trigger nonalcoholic steatohepatitis
development in diet-induced mouse model
through tumor necrosis factor-a production.
J Biol Chem. 2012;287(48):40161-40172.

Wang J, Hayashi Y, Yokota A, et al. Expansion
of EPOR-negative macrophages besides
erythroblasts by elevated EPOR signaling in
erythrocytosis mouse models. Haematolog-
ica. 2018;103(1):40-50.

Salic A, Mitchison TJ. A chemical method for
fast and sensitive detection of DNA synthesis
in vivo. Proc Natl Acad Sci U S A. 2008;105(7):
2415-2420.

Suzuki N, Ohneda O, Takahashi S, et al.
Erythroid-specific expression of the
erythropoietin receptor rescued its null
mutant mice from lethality. Blood. 2002;
100(7):2279-2288.

Wu H, Lee SH, Gao J, Liu X, Iruela-Arispe ML.
Inactivation of erythropoietin leads to defects
in cardiac morphogenesis. Development.
1999;126(16):3597-3605.

Yu X, Lin CS, Costantini F, Noguchi CT. The
human erythropoietin receptor gene rescues
erythropoiesis and developmental defects in
the erythropoietin receptor null mouse.
Blood. 2001;98(2):475-477.

Suresh S, de Castro LF, Dey S, Robey PG,
Noguchi CT. Erythropoietin modulates bone
marrow stromal cell differentiation. Bone Res.
2019;7(1):21.

Anagnostou A, Lee ES, Kessimian N, Levinson
R, Steiner M. Erythropoietin has a mitogenic
and positive chemotactic effect on
endothelial cells. Proc Natl Acad Sci U S A.
1990;87(15):5978-5982.

Ogilvie M, Yu X, Nicolas-Metral V, et al.
Erythropoietin stimulates proliferation and
interferes with differentiation of myoblasts.
J Biol Chem. 2000;275(50):39754-39761.

Teng R, Gavrilova O, Suzuki N, et al.
Disrupted erythropoietin signalling promotes
obesity and alters hypothalamus
proopiomelanocortin production. Nat
Commun. 2011;2(1):520.

Chen'Y, Xiang J, Qian F, et al. Epo receptor
signaling in macrophages alters the splenic
niche to promote erythroid differentiation.
Blood. 2020;136(2):235-246.

€ blood® 18 NOVEMBER 2021 | VOLUME 138, NUMBER 20 1997

%20z AeIN 61 U0 3sanb Aq ypd 0L ¥ 10120ZPIGPO0|d/8085781/9861/02/8€E L /Pd-a1o1e/poojg/jeusuonedligndyse//:dpy woly papeojumoq



	TF1

