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Tissue homeostasis demands regulatory feedback, suggesting that hematopoietic stem cell (HSC) activity
is controlled in part by HSC progeny. Yet, cell extrinsic HSC regulation has been well characterized only in
niche cells of non-hematopoietic origin. Here we identify feedback regulation of HSCs by megakaryocytes
(Mks), which are mature hematopoietic cells, through production of thrombopoietin (Thpo), a cytokine
pertinent for HSC maintenance. Induced ablation of Mk cell population in mice perturbed quiescent HSCs
in bone marrow (BM). The ablation of Mks resulted in decreased intra-BM Thpo concentration
presumably due to Thpo production by Mks. Thpo administration Mk ablated mice restored HSC
functions. Overall, our study establishes Mk as an essential cellular component of the HSC niche and
delineates cytokine-oriented regulation of HSCs by their own progeny.

� 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Consistent production of mature hematopoietic cells requires
both stringent maintenance and appropriate differentiation of
HSCs [1]. While intrinsic mechanisms govern HSC activity, HSCs
reside in a niche composed primarily of non-hematopoietic cells,
which provide direct and indirect regulatory cues for HSC integrity
[2]. Upon differentiation, HSCs produce large numbers of lineage-
committed progenitor cells, which give rise to mature hematopoi-
etic cells [3]. Feedback among cells is a fundamental property of a
hierarchical system of tissue stem cells [4,5]. As predominant
residents of the BM, mature hematopoietic cells, such as macro-
phages, regulate HSC mobilization [6,7] or modulate activities of
non-hematopoietic niche cells, such as osteoblasts (OB) [6]. How-
ever, it is not clear whether and how mature hematopoietic cells
residing in the BM directly influence HSC cell cycle quiescence, a
property that determines the fundamental stemness of HSCs [8].
Here we show that Mks, which are mature hematopoietic cells
are essential for HSC maintenance. Our data implies that Mks
produce and secrete of thrombopoietin (Thpo) to drive their own
maturation and maintain HSC quiescence.
2. Methods

2.1. Mice

All mice were on a C57BL/6 background. PF4-Cre transgenic
mice were kindly provided by Prof. Radek C. Skoda (University
Hospital, Basel, Switzerland) [9]. Mos-iCsp3 transgenic mice [10],
a gift of Dr. Masato Fujioka of Keio University were crossed with
PF4-Cre transgenic mice to obtain PF4-Cre:Mos-iCsp3 mice. A chem-
ical homodimerizer, AP20187, was intraperitoneally injected
(10 mg/kg body weight) into PF4-Cre:Mos-iCsp3 mice to ablate
Mk and equivalently to control mice. C57BL/6-Ly5.1 or C57BL/6-
Ly5.2 mice were used for competitive repopulation assays. Unless
specified, 10–12-week-old mice were used in each experiment.
All animal experiments were approved by Keio University and per-
formed in accordance with the Guidelines of Keio University for
Animal and Recombinant DNA experiments.
2.2. Antibodies

Primary antibodies used for immunohistochemistry (IHC) and
flow cytometry are summarized in the Supplementary Table 1.
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Secondary antibodies for IHC were Alexa 488 fluorescence-
conjugated IgGs (Molecular Probes) or Cy3/Cy5/DyLight549/
DyLight649-conjugated IgGs (Jackson ImmunoResearch). IHC
specimens were treated with DAPI (Molecular Probes) for nuclear
staining.

2.3. Immunostaining of bone marrow

Frozen sections prepared according to the Kawamoto method
[11] were used to stain Lin�CD41�CD48�CD150+ cells in the BM.
Fluorescence images were obtained using a confocal laser-
scanning microscope (FV1000; Olympus). Scanning was performed
in sequential laser emission mode to avoid scanning at other wave-
lengths. Images obtained from BM sections were analyzed using
TissueQuest imaging analysis software (Tissuegnostics).

2.4. Flow cytometric analysis, cell cycle analysis and competitive
repopulation assays

Flow cytometric analysis and competitive repopulation assays
were performed as described [12]. Cell cycle analysis of hemato-
poietic cells was performed using Pyronin Y staining and short
term BrdU incorporation assays [13].

2.5. BM transplantation

BM MNCs (4 � 105 cells) from C57BL/6-Ly5.1 mice together
with 500 LT-HSCs from indicated mice (Ly5.2) were transplanted
into lethally-irradiated C57BL/6-Ly5.1 congenic mice. Recipient
mice were sacrificed for analysis 4 months after BMT.

2.6. In vitro HSC and Mk co-cultures

Mature Mks (Ter119�CD41+) were obtained from mouse BMs as
described [14]. LT-HSCs (Lin�c-Kit+Sca-1+Flt-3�CD34�) sorted from
Ly5.1 mice were co-cultured with Mks in SF-O3 medium supple-
mented with murine recombinant SCF (100 ng/ml) and with or
without human recombinant Thpo (100 ng/ml) for 3 days and ana-
lyzed [12]. LT-HSCs and Mks were cultured at 1:1 ratio. To inhibit
Thpo, a recombinant mouse Thpo receptor (Mpl)-Fc fusion protein
(0.4 lg/ml) (R&D systems) was added to the culture. An IgG Fc
fragment (0.4 lg/ml) (Jackson ImmunoResearch) served as a con-
trol. For Thpo knock down in Mks, MISSION custom vectors
(Sigma) were used.

2.7. In vivo Thpo assays

Thpo concentrations of obtained BM and blood serum were
measured using a mouse Thpo ELISA kit (R&D systems). For
in vivo stimulation of Thpo signaling, recombinant human
thrombopoietin (PEG-rHuMGDF) [15] (donated from Kyowa Hakko
Kirin Co., Ltd.) was administered. Mice were treated either with
100 lg/kg (i.v.) PEG-rHuMGDF or a human IgG Fc fragment
(Jackson ImmunoResearch). For rescue experiments, mice were
treated for 2 consecutive days starting on the day of dimerizer
administration.

2.8. Quantitative PCR assay

Isolated RNA was reverse transcribed with Superscript VILO
(Invitrogen). Quantitative PCR assays were performed using an
ABI 7500 Fast Real-Time PCR System, SYBR� Premix Ex Taq™
(TaKaRaBio), and primer sets for each gene (TakaraBio). Values
obtained were normalized to b-actin expression and expressed as
fold-induction relative to control samples.
2.9. Statistical analysis

All results are expressed as the mean ± SD unless otherwise
specified. Statistical significance was determined by Tukey’s multi-
ple comparison test. The two-tailed Student’s t-test and log rank
test were used for two-group comparisons.
3. Results and discussion

3.1. Long-term reconstituting HSCs (LT-HSCs) reside closely to Mks

LT-HSCs [16] and mature Mks [17] reportedly reside close to
blood vessels within the BM. We utilized immunohistochemical
staining to analyse the location of mature Mks and LT-HSCs within
the BM. LT-HSCs (CD150+CD41�CD48�Lineage(Lin)�Sca-1+cKit+)
(Fig. 1A) were located significantly closer to Mks (average: 2.33 cell
diameters apart) than were BM mononuclear cells (MNCs) (aver-
age: 5.17 cell diameters apart), and more than half of all LT-HSCs
resided near Mks (<3 cell diameters apart) (Fig. 1B).

3.2. Acute Mk depletion affects quiescent HSCs in BM

We next evaluated Mk maintenance of HSCs by inducing Mk
depletion in transgenic PF4-Cre:Mos-iCsp3 mice, which express a
genetically modified dimerizable caspase gene upon latelet factor
4 (PF4) induced Cre expression [10]. Although it has been reported
that PF4 is expressed on HSCs [18], gene expressions of Pf4 in
LT-HSCs was significantly lower that Mks (Supplementary
Fig. 1a) and PF4 expression was not detected in HSCs from PF4-
Cre:flox-CAG-GFP mice (Supplementary Fig. 1b). GFP expressions
were prominent in platelets of PF4-Cre:flox-CAG-GFP mice (Supple-
mentary Fig. 1b). Mk depletion was induced through activation of
caspase upon administration of AP20187 to PF4-Cre:Mos-iCsp3
(herein Mk-depleted mice). Mk-depleted mice analyzed 36 h after
AP20187 injection exhibited significant decrease in BM Mk num-
bers compared to controls (Fig. 1C, Supplementary Fig. 2a and b).
Caspase-induced apoptosis did not alter the number of anuclear
platelets (Supplementary Fig. 2c) there by circumvented the effect
of thrombocytopenia. Acute Mk depletion significantly lowered the
number of BM LT-HSCs (Fig. 1D), while hematopoietic cell popula-
tions in the BM, spleen and thymus were unaffected (data not
shown). Functionally, HSPCs from Mk-depleted BMs exhibited
higher colony formation activity (Supplementary Fig. 3a and b),
indicative of increased cell proliferation capacity. Mk depletion
increased HSPC mobilization to PB (Supplementary Fig. 4a–d),
suggesting that defective retention of HSCs in the BM underlies
LT-HSC loss. Cell cycle analysis of HSCs from Mk-depleted mice
exhibited higher fractions of Pyronin-Y positive HSCs signifying a
loss of HSC quiescence (Fig. 1E and F). Competitive BM transplan-
tation of HSCs from Mk-depleted mice (Ly5.2) resulted in signifi-
cantly lower chimerisms in both PB and BM hematopoietic cells
compared to HSC from control mice (Ly5.2) (Fig. 1G and H). Taken
together, acute Mk depletion revealed that Mks regulated both
retention in and quiescence of BM HSCs.

3.3. Mks produce Thpo for the maintenance of HSCs

We next assessed Mk production of niche factors. While Mks
expressed genes of various niche factors (including KitL, SPP, Tgfb1,
Tgfb3 [19] and Pf4) (data not shown), Mks exhibited significant
expression of Thpo expression (Fig. 2A). Compared to other non-
hematopoietic niche cells (osteoblasts (OB), endothelial cells (EC)
or mesenchymal stem cells (MSC)), especially OBs which have been
reported to produce Thpo in the BM [20], Mks expressed signifi-
cantly high amounts of Thpo transcripts (Fig. 2A). Thpo transcript
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Fig. 1. Mk-specific depletion cause a decline in HSC number and function. (A) Lineage (Lin)�CD41�CD48�CD150+ HSCs (arrowheads) residing adjacent to an Mk (asterisk).
HSCs were identified using TissueQuest software. Scale bar = 50 lm. (B) Distribution of the distances of LT-HSCs and BM MNCs from Mks. Relative number of Mks (C) and
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after AP20187 injection (n = 5). (E) Representative flow cytometric plot of Pyronin-Y staining for CD34+/�LSK cells in Mk-depleted and control mice (n = 4). (F) Percentage of
Pyronin-Y-negative cells in CD34� LSK cells (mean ± SD) (n = 4). Percentage of donor-derived cells in PB (g) and BM HSPCs (h) at indicated intervals after BMT (mean ± SEM)
(n = 6). ⁄p < 0.05, ⁄⁄p < 0.01.
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levels also increased with Mk ploidy (Fig. 2B). Thpo protein expres-
sion in Mks was confirmed by IHC (Fig. 2C and D).

ELISA assays indicated remarkably low Thpo concentrations in
the BM but not serum of Mk-depleted mice (Fig. 2E and F). To deter-
mine whether functional defects seen in HSCs from Mk-depleted
mice are attributable to decreased Thpo levels, we administered
recombinant Thpo (PEG-rHuMGDF) to both Mk-depleted and con-
trol mice. Thpo administration restored the number and frequency
of quiescent HSCs (Fig. 2G and H). In vitro analysis confirmed the
effect of Mk-derived Thpo on HSCs: addition of Mks to HSCs cul-
tured in the absence of Thpo increased the number of LT-HSCs
(Fig. 2I). Addition of a recombinant Mpl-Fc protein that inhibits
Thpo function to the Mk culture abolished this effect, indicating that
HSCs require Mks for Thpo production (Fig. 2I). Furthermore, Mks
knocked down of Thpo with shRNA, could not maintain the number
of co-cultured LT-HSC (Fig 2J and Supplementary Fig. 5).

In summary, we have identified Mks as an active cellular com-
ponent of the BM niche. Mks reportedly co-localize with HSCs [14]
and indirectly regulate HSCs by stimulating OBs post-transplanta-
tion [21]; however, our findings identify direct Mk regulation of
HSCs in steady state hematopoiesis. The decline in HSC number
and their loss of quiescence upon acute Mk-specific ablation in
the BM indicates that retention and maintenance of quiescent
HSCsin the BM requires the presence of Mks. We show that Mk
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production of Thpo is one mechanism for Mk regulation on HSCs.
Our study strongly indicates that Mks function as niche cells and
confirms that HSC quiescence is directly regulated by HSC progeny.
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Supplementary data associated with this article can be found, in
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