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Thrombopoietin has long been known to influence megakaryo-
poiesis and hematopoietic stem and progenitor cells, although the
exact mechanisms through which it acts are unknown. Here we

show that MPL expression correlates with megakaryopoietic potential of
hematopoietic stem and progenitor cells and identify a population of
quiescent hematopoietic stem and progenitor cells that show limited
dependence on thrombopoietin signaling. We show that thrombopoietin
is primarily responsible for maintenance of hematopoietic cells with
megakaryocytic differentiation potential and their subsequent
megakaryocyte differentiation and maturation. The loss of megakaryo-
cytes in thrombopoietin knockout mouse models results in a reduction
of megakaryocyte-derived chemokine platelet factor 4 (CXCL4/PF4) in
the bone marrow and administration of recombinant CXCL4/PF4 res-
cues the loss of quiescence observed in these mice. CXCL4/PF4 treat-
ment does not rescue reduced hematopoietic stem and progenitor cell
numbers, suggesting that thrombopoietin maintains hematopoietic stem
and progenitor cell numbers directly.
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ABSTRACT

Introduction

Hematopoietic stem cells (HSC) are defined by their ability to not only differenti-
ate into all blood cell lineages, but also to self-renew and enter the non-proliferative
quiescent state.1 Maintenance of this quiescent state is thought to rely on several
spatially separated niche factors2 and there are many candidates for potential ex-vivo
maintenance of HSC quiescence including CXCL12 and thrombopoietin (THPO).3 It
has long been known that loss of THPO signaling results in reduced HSC numbers
and loss of quiescence,4,5 although the mechanisms behind this phenomenon are yet
to be identified. In addition to influencing quiescence, THPO is known to drive
megakaryocyte differentiation and maturation as well as platelet production.6

The THPO receptor, myeloproliferative leukemia (MPL), is expressed on HSC
and it has been shown that HSC require THPO for survival in vitro.7 Cells pheno-
typically similar to HSC in the hematopoietic compartment have also been shown
to differentiate directly into megakaryocytes without cell division, suggesting a
close relationship between the earliest megakaryocyte progenitors (MkP) and
HSC.8 Determining how THPO is responsible for these seemingly different effects
has been an object of much research, with several studies on mutated leukemia
cell lines suggesting that the expression ratios between MPL and its downstream
signal transducer JAK2 as well as extracellular THPO levels may determine
whether hematopoietic stem and progenitor cells (HSPC) enter quiescent or pro-
liferative pathways.9,10 Whether HSC in the bone marrow have different responses
to THPO remains to be seen. We, therefore, set out to investigate the effects of
THPO on various HSC both in vivo and in vitro. 

Methods

Experimental mice
All experiments were performed on 8- to 12-week-old mice in the C57BL/6-NTac back-



ground in accordance with Institutional Animal Care and Use
Committee protocols. Alb-Cre mice in a white background were
kindly provided by Prof. Qingde Wang of the University of
Pittsburgh Medical Center and were back-crossed with
C57BL/6-NTac mice at least five times.

Bone marrow mononuclear cell isolation
Mice were sacrificed by CO2 asphyxiation and femora, tibiae,

pelves, humeri and vertebrae were crushed in phosphate-
buffered saline (PBS). Red blood cells were lysed with NH4Cl in
PBS and bone marrow mononuclear cells (BMMNC) were
stained as described below.

Flow cytometric analysis
All flow cytometric analyses and sorting were performed on

a BD FACS Aria II cell sorter. Antibodies used were CD4 (RM4-
5, BD Biosciences), CD8a (53-6.7, eBioscience), B220 (RA3-
6B2, Biolegend), CD11b (M1/70, BD Biosciences), Ly6G/C
(RB6-8C5, Biolegend), Ter119 (TER-119, Biolegend), Sca1 (D7,
Biolegend), MPL (AMM2, Immuno-Biological Laboratories),
CD41 (MWReg30, BD Biosciences), CD150 (TC15-12F12.2,
Biolegend), cKit (2B8, Biolegend), CD34 (RAM34, eBioscience),
IL7R  (A7R34, eBioscience), Flt3 (A2F10, eBioscience),
CD16/32 (93, eBioscience) and CD105 (MJ7/18, Biolegend).
Streptavidin (eBioscience) was used to resolve biotinylated
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A
Figure 1. Thrombopoietin from liver main-
tains hematopoietic stem and progenitor
cells in the bone marrow. (A) Schematic of
Thpo flox generation. Two guide RNA were
used to simultaneously cut two sites flank-
ing exons 2 and 3 of the Thpo gene.
Single-stranded deoxyribo-oligonu-
cleotides were then used to insert loxP
sequences by homology directed repair.
(B) Quantitative polymerase chain reac-
tion analysis of Thpo mRNA from livers of
Thpofl/fl and ThpoΔ/Δ Alb-Cre mice relative to
B2M expression (n=3). (C) Flow cytometric
gating system for analysis of hematopoiet-
ic stem cells (HSC) and megakaryocyte
progenitors (MkP). Peripheral blood
platelet counts were taken for ThpoΔ/Δ

mice and Thpofl/fl littermate controls of
PF4-Cre mice (D, n=5fl/fl /6Δ/Δ), Vav-Cre
mice (E, n=5fl/fl /6Δ/Δ) Osx-Cre mice (F,
n=5fl/fl /6Δ/Δ) and Alb-Cre mice (G, n=5fl/fl

/6Δ/Δ) in addition to Thpo-/-mice and
ThpoWT/WT littermate controls (H, n=4WT/WT/6-

/-). Cell counts of MkP population in the
bone marrow of ThpoΔ/Δ mice and Thpofl/fl

littermate controls were analyzed in PF4-
Cre mice (I, n=6), Vav-Cre mice (J, n=6),
Osx-Cre mice (K, n=6) and Alb-Cre mice (L,
n=6) as well as Thpo-/-mice and ThpoWT/WT

littermate controls (M, n=6). Cell counts of
CD34-flt3-HSC populations in the bone
marrow of ThpoΔ/Δ mice and Thpofl/fl litter-
mate controls were analyzed in PF4-Cre
mice (N, n=6), Vav-Cre mice (O, n=6), Osx-
Cre mice (P, n=6) and Alb-Cre mice (Q,
n=6) in addition to Thpo-/-mice and
ThpoWT/WT littermate controls (R, n=6).
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antibodies and propidium iodide was added prior to analysis to
identify live cells.

mRNA expression
Cells were sorted into Trizol (Thermo Fisher Scientific) and

RNA was isolated according to the manufacturer’s protocol.
Complementary DNA was reverse transcribed by a SuperScript
VILO cDNA Synthesis Kit (Thermo Fisher Scientific) and mRNA
expression analyzed using TaqMan Fast Advanced Master Mix
(Thermo Fisher Scientific) in a QuantStudio 3 Real-Time PCR
system (Thermo Fisher Scientific). Expression levels were calcu-
lated relative to the expression of Gapdh. 

In vitro culture
BMMNCwere isolated as above and cKit enrichment was per-

formed using magnetic activated cell sorting (MACS)-conjugated
cKit antibodies (Miltenyi Biotec) and an AutoMACS cell sorter
according to the manufacturer’s protocol. Enriched cells were
stained with antibodies and sorted to StemSpanII (StemCell
Technologies) containing stem cell factor (SCF, 20 ng/mL,
Peprotech) and THPO (20 ng/mL, Peprotech), or SCF, THPO,
interleukin-3 (IL3, 20 ng/mL, Peprotech), interleukin-6 (IL6, 20
ng/mL, Peprotech) and erythropoietin (EPO, 10 ng/mL, R&D
Systems). On day 10 of culture colonies were stained with
CD41, CD16/32, CD71 (C2, BD Biosciences), Ter119, CD11b,
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Figure 2. Thrombopoietin maintains
hematopoietic stem and progenitor cells
with megakaryopoietic potential. (A, B)
Mature B-cell counts were analyzed in the
bone marrow of ThpoΔ/Δ Alb-Cre and Thpofl/fl con-
trol mice (A), as well as Thpo-/- and ThpoWT/WT

mice (B). (C, D) Thymus CD4+ and CD8+ T-
cell numbers were analyzed in the two mod-
els. (E-H) Peripheral blood white blood cells
(E, F) and red blood cells (G, H) were quan-
tified. (I-L) Lymphoid progenitors (I, J) and
myeloid progenitors (K, L) were quantified In
the bone marrow of the two murine models.
(n=6) PB: peripheral blood; WBC: white
blood cells; RBC: red blood cells; BMMNC:
bone marrow mononuclear cells; CLP: com-
mon lymphoid progenitors; GMP: granulo-
cyte/ macrophage progenitors; MegE:
megakaryocute/erythroid progenitors; CFU-
E: colony-forming unit erythroid. 
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Ly6C/G and propidium iodide was added to identify live cells.
Lineages were gated as shown in Online Supplementary Figure S1
and colonies were defined by the presence of >20 cells of any
one of each lineage.

Cell cycle analysis
cKit-enriched BMMNC were isolated as above and stained

with PerCP-Cy5.5 lineage cocktail, FITC-conjugated CD34, PE-
conjugated CD41, PE-Cy7-conjugated Sca1, APC-conjugated
CD150 and APC-Cy7-conjugated cKit. Cells were then fixed and
permeabilized by IntraPrep Reagent (Beckman Coulter) in accor-
dance with the manufacturer’s protocol. AlexaFluor700-conju-
gated Ki67 (SolA15, Invitrogen) antibodies and Hoechst 33342

were added after permeabilization and cells were analyzed by
flow cytometry. 

Rescue experiments
For the rescue experiments, 1 mg CXCL4/PF4 (Peprotech) or

PBS was injected intraperitoneally daily for 7 days and bone
marrow analyzed on day 7. Romiplostim (Kyowa Kirin) or PBS
as a control was administered intravenously at a dose of 100
mg/kg per day for 5 days.

Statistical analysis
All values given are mean ± standard deviation. Statistical

analyses were performed by two-tailed unpaired t-tests and the

A. O’Neill et al.

1886 haematologica | 2021; 106(7)

Figure 3. Hematopoietic stem and pro-
genitor cells show variable responses
to loss of thrombopoietin/MPL signal-
ing. (A) Flow cytometric gating system
for hematopoietic stem and progenitor
cell (HSPC) populations. (B-D) Cell
counts of populations in bone marrow
of ThpoΔ/Δ Alb-Cre, Thpofl/fl, Thpo-/- and
ThpoWT/WT mice were analyzed for long-
term hematopoietic stem cells (LT-HSC)
(B), CD150- HSPC (C) and CD41+ HSPC
(D) (n=6). (E) A representative plot of
CD48 and MPL expression in LSK cells,
with CD48 and MPL gating lines indicat-
ed. (F) Percentage of wild-type (WT)
cells from each HSPC population that
are CD48- (n=8). (G) Percentage of
CD48- cells from each population
expressing MPL (n=8). (H) MPL mean
fluorescence intensity (MFI) of CD48-
MPL+ cells from each population (n=8).
(I) MPL mRNA expression levels relative
to GAPDH (n=3). BMMNC: bone marrow
mononuclear cells.

A

C

E

G H I

F

D

B



levels of statistical significance are represented by asterisks.
*P<0.05, **P<0.01, ***P<0.001. NS represents P>0.05.

Results

Hematopoietic stem and progenitor cells in bone mar-
row require thrombopoietin from liver  
To investigate the role of THPO in HSPC we first

sought the source of THPO in the bone marrow. We gen-
erated a Thpoflox mouse using CRISPR/Cas9 to simultane-
ously insert two loxP sites flanking exons 2 and 3 of the
Thpo gene (Figure 1A). Loss of Thpo mRNA expression in
the liver of ThpoΔ/Δ Alb-Cre mice was confirmed by quantita-
tive polymerase chain reaction analysis (Figure 1B). In
agreement with Decker et al.11 we found that liver-specific
knockout (KO) of THPO caused similar loss of platelets to
that of Thpo-/-, while conditional KO models for
megakaryo-cytes, HSPCs and bone marrow stromal cells
(PF4, Vav and Osx respectively) did not show any signifi-
cant difference (Figure 1D-H).11 Similarly, the numbers of
bone marrow MkP were significantly reduced in ThpoΔ/Δ

Alb-Cre mice and Thpo-/- mice, but not in other conditional
KO models (Figure 1I-M). We also observed a similar pat-
tern in the CD34-Flt3-LSK HSC population, with a reduc-
tion in cell numbers within the bone marrow of ThpoΔ/Δ Alb-

Cre mice similar to that of Thpo-/- mice, but no reduction in
bone marrow-specific conditional KO models (Figure 1N-

R). This would suggest that steady-state HSPC in the
bone marrow mainly depend on THPO from the liver.

Thromobopoietin maintains megakaryopoietic progeni-
tor numbers
We set out to find which other hematopoietic cells are

influenced by THPO. Analysis of mature blood lineages
revealed that B cells in the bone marrow (Figure 2A and
B), T cells in thymus (Figure 2C and D) and white blood
cells in peripheral blood (Figure 2E and F) were unaffect-
ed by loss of THPO in both Thpofl/flAlb-Cre and Thpo-/- mod-
els. No effect on peripheral blood red blood cells was
seen in Thpofl/flAlb-Cre mice and although statistical analysis
showed a significant reduction in Thpo-/- mice, this
appears to be very low and may simply be an artefact of
variance within the mouse strain (Figure 2G and H). To
confirm that the loss of THPO did not affect mature lin-
eages other than megakaryocytes, progenitor popula-
tions in bone marrow were analyzed. Common lym-
phoid progenitors in the bone marrow were unaffected
by loss of THPO in both models (Figure 2I and J).
Analysis of myeloid progenitors showed that only the
previously defined Pre-GMP and Pre-MegE populations
were affected by the loss of THPO (Figure 2K and L).
Interestingly, these populations were previously shown
to give rise to megakaryocytes in vitro while the other
myeloid progenitors did not show megakaryopoietic
potential,12 suggesting that only the MkP, Pre-GMP and
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Figure 4. CD150- hematopoietic stem and progenitor cells
have reduced thrombopoietin dependence and low
megakaryopoietic potential. (A) Single cells of each
hematopoietic stem and progenitor cell (HSPC) population
were cultured in vitro with stem cell factor (SCF) or SCF and
thrombopoietin (THPO) and colonies were counted on day 10.
Bars show the percentage of sorted cells that gave rise to
colonies (n=72 single cells across 3 experiments). (B) Single
cells of each HSPC population were cultured in vitro and
colonies analyzed by fluorescence activated cell sorting on day
10. Bars show the percentage of colonies that contain specific
lineages (n=72 single cells across 3 experiments). (C, D) mRNA
expression of Vwf (C) and Gfi1 (D) relative to GAPDH in HSPC
(n=3). LT-HSC: long-term hematopoietic stem cell, Mk:
megakaryocyte; MkE: megakaryocyte-erythroid; MkEGM:
megakaryocyte-erythroid-granulocyte-macrophage; GM: granu-
locyte-macrophage.
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Pre-MegE cells that give rise to megakaryocytes are
affected by the loss of THPO. Analysis of MPL expres-
sion among these progenitor populations suggests that,
while MPL was detectable in all populations, most cell
populations showed baseline levels. Only those popula-
tions with megakaryocytic potential showed levels of
expression significantly above the baseline (Online
Supplementary Figure S2).

Thrombopoietin is required to maintain CD150+
hematopoietic stem cell numbers
To further analyze the hematopoietic compartment the

CD34-LSK HSC fraction was subdivided into three HSC
populations based on CD41 and CD150 expression
(Figure 3A). Previous studies have defined the CD34-
CD41-CD150+ LT-HSC population as being enriched for
long-term repopulating HSC, while the CD150- HSPC
population contains short-term repopulating HSC and
lymphoid-biased HSC.13,14 The CD41+ HSPC population
has been proposed to be enriched for common myeloid
progenitors with the potential to repopulate the bone
marrow of lethally irradiated mice.15 This method of
defining populations was found to be optimal for distin-
guishing those LSK populations that express high levels of
MPL from those with reduced MPL expression (Online
Supplementary Figure S3) as well as for separating popula-
tions based on differentiation potential. Analysis revealed
that the two CD150+ LSK populations, LT-HSC and
CD41+ HSPC, showed significant loss of cell numbers
with LT-HSC numbers reduced from 16.3±4.35 cells per
106 bone marrow mononuclear cells (BMMNC) to
1.8±0.89 in ThpoΔ/Δ Alb-Cre mice and from 19.9±8.21 to
1.4±0.94 in Thpo-/- mice (Figure 3B). CD41+ HSPC also
decreased drastically from 9.4±3.92 to 0.7±0.52 in ThpoΔ/Δ

Alb-Cre mice and from 10.5±3.68 to 0.2±0.08 in Thpo-/- mice,
a reduction of over 90% (Figure 3D). The CD150- HSPC

population, however, showed no significant difference in
either Thpofl/flAlb-Cre or Thpo-/- mice, suggesting that this
population may have reduced dependence on THPO sig-
naling (Figure 3C).

CD150- hematopoietic stem and progenitor cells have
reduced MPL expression
As CD48 is expressed by lineage-committed cells we

analyzed CD48 expression in the HSPC populations.
While a high proportion of LT-HSC and CD41+ HSPC did
not express CD48, the majority of CD150- HSPC were
CD48+ (Figure 3E and F). To investigate why the two
CD150+ populations were highly affected by loss of
THPO signaling while CD150- HSPC were not, we
looked at the surface expression of MPL of the three pop-
ulations. The CD48-CD150- HSPC expressed MPL, but a
significantly smaller proportion of these cells expressed
MPL compared to the other two HSC populations
(Figure 3G). Among the MPL+CD48-CD150- HSPC the
MPL mean fluorescence intensity was lower than in
MPL+CD48- LT-HSC, suggesting that MPL is being down-
regulated as LT-HSC differentiate into CD150- HSPC
(Figure 3H). To confirm that MPL expression is reduced
we sorted CD48-MPL+ LT-HSC as well as CD48-
MPL+CD150- HSPC and CD48-MPL-CD150- HSPC and
analyzed MPL mRNA expression (Figure 3I). We
observed that even in the MPL+CD150- HSPC, MPL
mRNA expression was significantly reduced compared
to that in LT-HSC and was further reduced in MPL-
CD150- HSPC. This suggests that MPL is downregulated
as LT-HSCs differentiate into CD150- HSPC and that
CD150-HSPC may therefore be less dependent on
THPO/MPL signaling. Analysis of MPL expression in the
KO models showed that smaller proportions of LT-HSC
and CD150- HSPC were expressing MPL in both Thpo-/-
mice and ThpoΔ/Δ Alb-Cre mice, while MFI of the MPL+ cells
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Figure 5. Maintenance of cell number is inde-
pendent of quiescence. (A) Quiescence was
measured as the percentage of Ki67 negative (G0)
cells within hematopoietic stem and progenitor
cell (HSPC) populations of Thpo-/- and ThpoWT/WT

control mice. (B) The concentration of CXCL4/PF4
in bone marrow of knockout mice as measured by
enzyme-linked immunosorbent assay (n=4). (C-E)
Percentage of cells in G0 at day 7 of intraperi-
toneal treatment with CXCL4/PF4 or phosphate-
buffered saline (PBS) in Thpo-/- mice and
ThpoWT/WT littermate controls (n=3). (F, G) Cell
counts of HSPC populations at day 7 of intraperi-
toneal treatment with CXCL4/PF4 or PBS in Thpo-

/- mice and ThpoWT/WT littermate controls (n=3).
BMEF: bone marrow extracellular fluid; BMMNC:
bone marrow mononuclear cells.
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was not affected (Online Supplementary Figure S4). This
suggests specific loss of MPL+ cells in the absence of
THPO. Despite this, MPL expression in CD41+ HSPC
was unaffected by loss of THPO, suggesting that this
population of HSPC is more homogeneous than the
other two HSPC populations and that MPL expression is
intrinsic to CD41+ HSPC.

CD150- hematopoietic stem and progenitor cells have
reduced dependence on thrombopoietin and low
megakaryopoietic potential
To examine whether the CD150- HSPC are dependent

on THPO signaling for proliferation, single MPL+CD48-
CD150- HSPC and MPL-CD48-CD150- HSPC were cul-
tured with THPO and SCF for 7 days. Proliferation of
CD48-MPL+ LT-HSC and CD41+ HSPC was also analyzed
(Figure 4A). A high proportion of the LT-HSC and CD41+
HSPC gave rise to colonies at day 10 in the presence of
THPO, but in the absence of THPO few colonies were
observed. This indicates that the two CD150+ popula-
tions are dependent on THPO for proliferation in vitro.
Both MPL+CD150- HSPC and MPL-CD150- HSPC pro-
duced few colonies in the presence of THPO and while
the MPL+CD150- HSPC produced slightly fewer colonies
in the absence of THPO, the colony number among MPL-
CD150- HSPC was not significantly different. This sug-
gests that the CD150- HSPC population has reduced
dependence on THPO for proliferation in vitro, with the

MPL-CD150- HSPC population showing limited depend-
ence on THPO/MPL signaling. Downregulation of MPL
expression has previously been linked to lymphoid line-
age commitment,16 suggesting that the CD150- HSPC
would have reduced myeloid differentiation potential
compared to the other LSK populations. To test this we
utilized an adapted method of a previously described in
vitro culture assay.17 The CD48- fractions of each popula-
tion were cultured with SCF, THPO, EPO, IL3 and IL6 to
assess their differentiation potentials (Figure 4B). At day
10 fewer than 50% of single cells from the two CD150-
HSPC populations produced colonies, suggesting that the
myeloid differentiation cytokines in the media were
insufficient to support the proliferation of many of the
cells in these populations. Both MPL+CD48-CD150- HSPC
and MPL-CD48-CD150- HSPC populations produced sig-
nificantly fewer Mk colonies than LT-HSC and CD41+
HSPC. Previous studies have shown that MPL is down-
regulated as HSC become lymphoid-biased. Taken
together this suggests that megakaryopoietic potential is
lost as the CD150- HSPC become lymphoid-primed. Over
50% of CD48-MPL+ LT-HSC gave rise to colonies contain-
ing megakaryocytes, while approximately 90% of CD48-
MPL+CD41+ HSPC give rise to colonies with megakary-
ocytes. Subsequent mRNA expression analysis revealed
that while LT-HSC and CD41+ HSPC both highly
expressed the megakaryocyte marker, von Willebrand
factor (Vwf), the two CD150- HSPC populations showed
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Figure 6. Proposed model of maintenance of megakaryopoietic hematopoietic stem and progenitor cell number and quiescence. Thrombopoietin (THPO) from liver
maintains megakaryopoietic cell numbers in the bone marrow. This preserves homeostatic levels of megakaryocyte-derived CXCL4, which induces quiescence in
hematopoietic stem and progenitor cell (HSPC) populations. CD150- HSPC rely on CXCL4 for quiescence but are not dependent on THPO for maintenance of cell num-
bers. LT-HSC: long-term hematopoietic stem cell; MkP: megakaryocyte progenitor; MK: megakaryocyte.



significantly lower expression, indicative of their reduc-
tion in megakaryopoietic potential (Figure 4C). Analysis
of the expression of the neutrophil/lymphoid marker
(Gfi1) revealed that the expression of Gfi1 was higher in
the CD150- HSPC population than in LT-HSC, and its
expression was reduced in CD41+ HSPC (Figure 4D).
These data suggest that the CD150- HSPC may be lym-
phoid-primed at the expense of megakaryopoietic poten-
tial, while the CD41+ HSPC may become megakaryocyte-
primed at the expense of lymphoid potential.

Loss of quiescence is not responsible for loss of cell
number
Previous studies have shown that THPO plays a role in

maintaining HSC quiescence.4 In order to investigate this,
we first looked at the quiescence levels of the HSC popu-
lations in Thpo-/- mice (Figure 5A). The frequency of qui-
escence was reduced in all three HSPC populations.
Interestingly, quiescence was reduced in CD150- HSPC
despite them having limited dependence on THPO/MPL
signaling. Previous studies have suggested that megakary-
ocytes in the bone marrow are responsible for maintain-
ing HSCs in quiescence through the megakaryocyte-spe-
cific cytokine CXCL4/PF4.18 We looked at CXCL4/PF4
levels in the bone marrow of Thpo-/- mice and found that
CXCL4/PF4 concentration is decreased on loss of THPO
(Figure 5B). This suggests that the loss of megakaryocytes
in KO mice reduces bone marrow CXCL4/PF4 concentra-
tion. To assess whether administration of recombinant
CXCL4/PF4 could rescue quiescence in Thpo-/- mice,
CXCL4/PF4 was injected daily for 7 days. Treated KO
mice showed a significant increase in the proportion of
cells in G0 in all three HSPC populations (Figure 5C-E).
The quiescence levels in treated KO mice were not signif-
icantly different from those of wild-type untreated mice,
suggesting that CXCL4/PF4 treatment rescues quiescence
back to wild-type levels in all three HSPC populations.
Taken together these data would suggest that the HSPC
require CXCL4/PF4 from megakaryocytes for mainte-
nance of quiescence. Although quiescence is rescued by
CXCL4/PF4 treatment the number of LT-HSCs and
CD150- HSPC remained unchanged (Figure 5F and G).
This would suggest that the loss of cell numbers is inde-
pendent of loss of quiescence. To confirm this we treated
Thpo-/- mice with the MPL receptor agonist romiplostim
for 5 days via tail vein injection. On day 5 platelet counts
in Thpo-/- mice had recovered to the level in wild-type
untreated mice, suggesting that thrombopoietic potential
– and by extension megakaryopoietic potential – is not
lost in the absence of THPO signaling and can return to
wild-type levels upon rescue of MPL signaling (Online
Supplementary Figure S5A).

Discussion 

We have shown that loss of THPO signaling in bone mar-
row leads to a reduction of cell numbers throughout the
hematopoietic compartment, primarily in cells that express
high levels of MPL and show potential for megakaryopoiet-
ic differentiation. We show that the CD150- HSPC popula-
tion has low MPL expression and reduced megakaryopoiet-
ic potential, findings that are consistent with previous
reports that these cells are lymphoid-biased.14,16 Previous
reports have defined the CD150- HSPC and CD41+ HSPC

populations as HSC, although strictly speaking these popu-
lations contain predominantly hematopoietic progenitor
cells, rather than true HSCs. In spite of this, it is important
to note that these populations are both capable of repopu-
lating the bone marrow of lethally irradiated mice, though
not long-term, indicating a capacity for self-renewal. Both
CD41+ HSPC and CD150- HSPC populations also show
high levels of quiescence similar to LT-HSC and express cell
surface markers very similar to those of LT-HSC, suggesting
a very close relationship between the three populations.
Indeed, previous studies have suggested that CD41+ HSPC
and CD150- HSPCs represent the earliest branch point in
the hematopoietic hierarchy, with CD41+ HSPC being the
earliest myeloid branch and CD150- HSPC being the earliest
lymphoid branch.14 The data in this study support this view. 
Despite their low levels of MPL expression and limited

dependence on THPO for cell proliferation both in vivo and
in vitro, CD150- HSPC show reduced quiescence in the
absence of THPO in the bone marrow. Previous studies
showed that loss of megakaryocytes in bone marrow
results in reduced HSC quiescence,19,20 while a subsequent
study showed that this effect is due to loss of megakary-
ocyte-derived CXCL4/PF4.18 We show that in the case of
THPO KO mouse models, the loss of quiescence in HSPC
results from the loss of CXCL4/PF4 signaling due to
reduced megakaryocyte number in the bone marrow and
that this can be rescued by administration of exogenous
CXCL4/PF4. Interestingly, CXCL4/PF4 administration in
wild-type mice does not produce an increase in quiescence,
suggesting that quiescence is not dependent on
CXCL4/PF4 signaling alone. Previous studies have shown
that CXCL12 from CXCL12-abundant reticular (CAR) cells
in the bone marrow also plays a role in HSPC quiescence.21
Other studies have provided evidence of dimerization of
CXC ligands, including CXCL12.22 One theory is that
CXCL4/PF4 and CXCL12 form heterodimers that induce
quiescence in HSC and that without an increase in
CXCL12, increased CXCL4/PF4 cannot induce further qui-
escence. Further research may clarify whether
CXCL4/PF4-dependent quiescence is co-dependent on
other signaling pathways. 
Our in vitro and in vivo data suggest that MPL expression

in HSC correlates closely with megakaryocytic differentia-
tion potential, indicating that THPO in the bone marrow is
responsible for maintaining megakaryocytic differentiation
potential in HSPC. A recent study from our own group has
shown that increased THPO/MPL signaling leads to
increased proliferation and megakaryocytic differentiation
as well as mitochondrial activation in HSCs, suggesting
that THPO drives cell division, rather than suppressing it.23
There are reports that THPO induces self-renewal division
in HSC24 and it is possible that loss of this self-renewal divi-
sion is responsible for the loss of cell numbers of
megakaryopoietic HSPC within the bone marrow. Here
we show that THPO is required for proliferation of HSPC
with megakaryopoietic potential while previous studies
showed that it is required for the maturation of megakary-
ocytes from MkP. Together, this would suggest that THPO
plays a dual role in maintaining the megakaryocyte popu-
lation and that both loss of megakaryocyte-producing
HSPC and impairment of MkP maturation lead to the acute
reduction of megakaryocytes seen in KO models. In
humans, injection of THPO leads to an autoimmune
response against the exogenous protein and even against
endogenous THPO. For this reason, the artificial recombi-
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nant romiplostim and the small molecule eltrombopag
have been approved as clinical MPL agonists. We showed
that treatment of Thpo-KO mice with romiplostim can res-
cue platelet numbers, indicating that megakarypoietic
potential is partially cell-intrinsic. Further investigation
may reveal the mechanisms through which THPO/MPL
signaling drives expansion of HSPC and its role in self-
renewal division of megakaryopoietic HSPC.
This study addresses the many conflicting reports of the

role of THPO in HSPC quiescence/self-renewal division as
well as its role in megakaryocyte differentiation. It identi-
fies specific HSPC populations that depend on THPO as
well as showing that THPO may not be directly responsi-
ble for the loss of quiescence observed in THPO KO mod-
els, resolving previous contradictory findings.
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