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SUMMARY

During acute myelosuppression or thrombocyto-
penia, bone marrow (BM) hematopoietic cells
respond rapidly to replenish peripheral blood plate-
lets. While the cytokine thrombopoietin (Thpo) both
regulates platelet production and maintains HSC
potential, whether Thpo controls megakaryocyte
(Mk)-lineage differentiation of HSCs is unclear.
Here, we show that Thpo rapidly upregulates mito-
chondrial activity in HSCs, an activity accompanied
by differentiation to an Mk lineage. Moreover, in un-
perturbed hematopoiesis, HSCs with high mitochon-
drial activity exhibit Mk-lineage differentiation in vitro
and myeloid lineage-biased reconstitution in vivo.
Furthermore, Thpo skewed HSCs to express the tet-
raspanin CD9, a pattern correlated with mitochon-
drial activity. Mitochondria-active HSCs are resistant
to apoptosis and oxidative stress upon Thpo stimula-
tion. Thpo-regulated mitochondrial activity associ-
ated with mitochondrial translocation of STAT3
phosphorylated at serine 727. Overall, we report an
important role for Thpo in regulating rapid Mk-line-
age commitment. Thpo-dependent changes in mito-
chondrial metabolism prime HSCs to undergo direct
differentiation to an Mk lineage.
INTRODUCTION

In stress conditions, the blood system requires a rapid and pliant

response by hematopoietic stem cells (HSCs) to restore homeo-

stasis. Efficient and rapid production of megakaryocytes (Mks)

and platelets is an essential response during stress hematopoi-

esis, as defective hemostasis is life-threatening. To meet this

demand, bone marrow (BM) HSCs may commit directly or pref-

erentially to the Mk-lineage (Woolthuis and Park, 2016). Recent

studies revealing heterogeneity in HSC differentiation patterns

have identified cells directly committed to the Mk-lineage within

phenotypic HSC populations (Yamamoto et al., 2013; Notta
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This is an open access article under the CC BY-NC-ND license (http://
et al., 2016). Moreover, the use of combinations of cell markers,

including CD41, cKit, CD105, and von Willebrand factor (vWF),

have identified multilineage repopulating HSCs with Mk-line-

age-biased differentiation (Gekas and Graf, 2013; Shin et al.,

2014; Grinenko et al., 2014; Pronk et al., 2007; Sanjuan-Pla

et al., 2013). Nonetheless, mechanisms underlying direct HSC

differentiation to the Mk-lineage remain unknown.

HSCs reside in ahypoxic nicheand rely onanaerobicglycolysis

for maintenance (Spencer et al., 2014; Simsek et al., 2010). Evi-

dence suggests that mitochondrial metabolism is therefore sup-

pressed in quiescent HSCs, as increased mitochondrial activity

parallels the loss of HSC potential (Simsek et al., 2010; Mantel

et al., 2010; Piccoli et al., 2005). Mitochondrial activity may also

be correlated with HSC differentiation to specific hematopoietic

lineages. For example, Atg7 knockout mice exhibit decreased

stem cell potential and abnormal myeloid proliferation due to

decreased clearance and subsequent overload of mitochondria

in the cytoplasm (Mortensen et al., 2011). Deletion of mitofusin,

which results in defective mitochondrial fusion and tethering of

mitochondria to the endoplasmic reticulum, blocks HSC

lymphoid differentiation (Luchsinger et al., 2016). However, it is

not known whether or how changes in mitochondrial activity

affectMk-lineage differentiation of HSCs, an activity that requires

relatively high energy production for endomitosis and platelet

production (Chen et al., 2013).

Thrombopoietin (Thpo) signaling in HSCs has a double-edged

effect. During steady-state hematopoiesis, Thpo signaling main-

tains HSCs in a quiescent state (Yoshihara et al., 2007; Qian

et al., 2007). However, Thpo is also considered an acute phase

protein rapidly upregulated in inflammation and various stress

hematopoietic conditions (Ceresa et al., 2007; Cerutti et al.,

1999). Among cytokines, signaling by Thpo is the most potent

stimulator of HSC entry into the cell-cycle entry, resulting in

self-renewal divisions (Walter et al., 2015; Kovtonyuk et al.,

2016). Thpo is also a major stimulator of megakaryopoiesis

(Kaushansky, 2016). Thpo reportedly stimulates Mk-biased

vWF+ HSCs to rapidly proliferate, indicating that Thpo is a key

regulator of rapid Mk production from Mk-biased HSCs (San-

juan-Pla et al., 2013). However, mechanisms underlying this

activity have not been investigated.

Here, we report that in vivo Thpo administration to mice

rapidly differentiated BM HSCs to Mks and upregulated HSC
uthor(s).
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Figure 1. Thpo Signaling Rapidly Upregulates Mk Differentiation

(A) Relative cell number of SLAM (CD150+CD48� LSK) HSCs and Flt3�CD34�HSCs obtained frommice treated with PBS (control) or recombinant Thpo at day 1.

Means ± SDs; n = 4; **p < 0.01 by Student’s t test.

(B) Relative cell number of SLAM HSCs and endothelial protein C receptor-positive (EPCR+) (CD150+CD48�EPCR+ LSK) HSCs obtained from mice treated with

PBS (control) or romiplostim (Romi) at day 1. Means ± SDs; n = 4; **p < 0.01 by Student’s t test.

(C) Mk colony assay of 750 HSCs obtained from control or Thpo-treated mice. Means ± SDs; n = 4; **p < 0.01 by Student’s t test.

(D) Monthly PB chimerisms of competitive BM transplantation of 500 HSCs from mice treated with Romi or PBS (Ctrl) for 1 day. HSCs were obtained from UBC-

GFPmice (Ly5.2) and transplanted to Ly5.1 recipients with Ly5.1 competitor cells (mean ±SEM) (n = 5); *p < 0.05; **p < 0.01, ns, not significant by Student’s t test.

(legend continued on next page)
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mitochondrial function. HSCswith highmitochondrial activity ex-

hibited preferential differentiation to Mk-lineage in vitro. Trans-

plantation of BM harboring a small number of HSCs with high

mitochondrial activity resulted in myeloid lineage-biased recon-

stitution. HSCs showing high mitochondrial activity were resis-

tant to apoptosis and oxidative stress, predisposing them to

rapid Mk differentiation upon Thpo stimulation. Our findings sug-

gest that Thpo-induced mitochondrial activity primes HSCs to

exit dormancy and directly differentiate along the Mk-lineage.

These findings provide insight into the potential manipulation

of HSCs ex vivo and could be particularly relevant to the produc-

tion of Mk and platelets for blood transfusion.

RESULTS

Thpo Signaling Rapidly Upregulates Mk Differentiation
Cytokines are key players in recovery from hematopoietic stress.

Among them, systemic Thpo levels fluctuate during acute stress

hematopoiesis conditions, accompanied by thrombocytopenia.

To assess changes in HSCs upon Thpo stimulation, we adminis-

tered recombinant Thpo intravenously to adult wild-type

(WT) mice and 1 day later analyzed cell populations by flow

cytometry. In agreement with previous reports (Kabaya et al.,

1996), Thpo administration promoted an increase in the number

of peripheral blood (PB) platelets and Mk cells, which became

apparent at day 5 of administration (Figures S1A–S1C). Although

a single dose of Thpo did not alter PB platelet and BM Mk

numbers (Figures S1A–S1C), the number of BM HSCs

(CD150+CD48� LSK [lineage negative, Sca1+, c-kit+] and

CD34-Flt3-LSK) decreased after a single dose of Thpo adminis-

tration (Figure 1A). Mice treated in vivo with romiplostim, a

Thpo receptor (cMpl) agonist, showed similar changes in HSC

number (Figures 1B and S1D). However, the number of cells in

progenitor cell fractions, including Mk-lineage-committed Pre-

MegE (CD150+CD105�FcgRII/III�CD41�LKS�) and Mk-progen-

itor (MkP) (CD41+CD150+LKS�), remained unchanged on day 1

after Thpo stimulation (Figure S1E). The decreased BM HSC

number following a single dose of Thpo was not due to HSC

mobilization from the BM (Figure S1F).

PB platelets are rapidly replenished during stress hematopoi-

esis (Li and Slayton, 2013). We therefore asked whether a single

dose of Thpo promoted HSC differentiation toward an Mk-line-

age. To do so, we assessed in vitro colony formation and found

that BM HSCs obtained from Thpo-treated mice showed

increased Mk colony output relative to HSCs from untreated

mice (Figure 1C). A comparable analysis of mice treated with a

single romiplostim dose also indicated increased Mk colony

output (Figure S1G).
(E) BM HSC chimerism in recipient mice. Means ± SDs; n = 5; ns, not significant

(F–H) Competitive BM transplantation of 20 HSCs from mice treated with Rom

and transplanted to Ly5.1 recipients with Ly5.1 competitor cells. (F) Percentage o

n > 10; *p < 0.05 by Student’s t test. (G) Monthly PB chimerisms; n > 10. (H) BMHS

by Student’s t test.

(I) t-SNE analysis on CD41+ HSCs obtained from control and Thpo-treated mice

(J) Overrepresentation of Reactome pathways gene sets among the differentially

(K) Relative expression of mitochondria-related genes to B2m expression in HSC

**p < 0.01 by Student’s t test.
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To assess lineage output in vivo, we derived HSCs from romi-

plostim-treated or -untreated ubiquitin (UBC)-GFP transgenic

mice and competitively transplanted them into lethally irradiated

Ly5.1 mice (Figure S1H). Donor HSCs from these mice harbor a

GFP tag, enabling the evaluation of all hematopoietic lineages in

recipients (Schaefer et al., 2001; Oguro et al., 2013). We first

transplanted 500 HSCs from treated or untreated mice plus

43 105 competitor cells. Recipient mice transplanted with romi-

plostim-treated HSCs exhibited repopulation skewed toward

platelet-lineage differentiation with a significant decrease in

white blood cell (WBC) and red blood cell (RBC) reconstitution

(Figure 1D). However, BM chimerism of HSCs at 4 months

post-transplantation was comparable in romiplostim-treated

and -untreated groups (Figure 1E). HSCs sorted by flow cytom-

etry are heterogeneous and differ in repopulation and differenti-

ation potential (Carrelha et al., 2018; Forsberg et al., 2005; Crisan

and Dzierzak, 2016). Thus, we transplanted 20 HSCs from

treated or untreated mice plus 2 3 105 competitor cells. Two

weeks later, romiplostim-treated HSCs exhibited a high output

of PB platelets relative to controls (Figures 1F and 1G). In terms

of long-term reconstitution, romiplostim treatment generally

reduced HSC reconstitution in WBCs, RBCs, and platelets (Fig-

ures 1G, S1I, and S1J); only one recipient in the romiplostim-

treated group more than five recipients in the control group

exhibited long-termmultilineage repopulation. Overall, however,

BMchimerismofHSCs,MkPs, andother progenitors at 4months

post-transplantation was comparable in romiplostim-treated

and -untreated groups, although the former tended to repopu-

late recipient BM less efficiently than did control HSCs (Figures

1H and S1K). These data indicate that Thpo signaling rapidly

reduces HSC potential and may promote differentiation to an

Mk-lineage.

Thpo-Treated CD41+ HSCs Show an Enhanced
Mitochondrial Gene Signature
As Thpo injection rapidly alters the Mk-lineage output of

HSCs, we asked whether Thpo signaling modulated genetic

signatures seen in HSCs. Platelet integrin CD41 (aIIb) marks

HSCs with myeloid-biased lineage differentiation potential

(Gekas and Graf, 2013). Thus, we performed RNA sequencing

of 96 single CD41+ HSCs from control or Thpo-treated WT

mice after 1 day and observed differential expression of 692

genes between groups (Figure S2A). Dimensionality reduction

analysis using t-distributed stochastic neighbor embedding

(t-SNE) (van der Maaten and Hinton, 2008) revealed no distinct

clusters of cells within treatment groups but rather a broad

shift in gene expression following Thpo stimulation (Figure 1I).

Furthermore, CD41+HSCs from Thpo-treated mice did not
by Student’s t test.

i or PBS (Ctrl) for 1 day. HSCs were obtained from UBC-GFP mice (Ly5.2)

f donor-derived platelets at 2 months after BM transplantation. Means ± SEMs;

C andMkP chimerism in recipient mice. Means ±SDs; n > 10; ns, not significant

.

expressed genes between Thpo-treated and -untreated CD41+ HSCs.

s sorted from PBS- (Ctrl) or Thpo-treated mice. Means ± SDs; n = 4; *p < 0.05,



Figure 2. Thpo Induces Mitochondrial Activity in HSCs

(A) Representative flow cytometry plots and mean fluorescence intensity (MFI) of Dendra2 fluorescence and TMRE staining on HSCs obtained from treated with

PBS (control) or romiplostim (Romi). Means ± SDs; n = 4; **p < 0.01, ns, not significant by Student’s t test.

(B) Confocal images of single HSCs obtained from MitoDendra2 mice treated with PBS (control) or romiplostim (Romi). Scale bar, 5 mm. Pink regions highlight

Dendra2+ regions used for volume and surface area measurements. Total volume and surface area of Dendra2+ mitochondria were quantified. Means ± SDs;

n > 10; **p < 0.01 by Student’s t test.

(C) Oxygen consumption rate (OCR) of LSK cells obtained frommice treated with PBS (control) or romiplostim (Romi). Means ± SDs; n = 3; *p < 0.05, **p < 0.01 by

Student’s t test. Cells were subjected to stimulation with oligomycin, FCCP, and rotenone and antimycin A (R&A).

(D) Transmission electron microscopy images of HSCs sorted from mice treated with PBS (control) or romiplostim (Romi). Scale bar, 2 mm (upper) and 0.2 mm

(lower). Note that Romi-treated HSCs have mitochondria with clearer cristae structure in enlarged images (lower).

(E) Representative flow cytometry plot andmean fluorescence intensity (MFI) of TMRE staining on HSCs obtained from Thpo�/� and Thpo+/+ HSCs.Means ±SDs;

n = 4; *p < 0.05 by Student’s t test.
exhibit significant changes in the expression of MkP- or Mk/

erythrocyte progenitor (MEP)-associated gene sets (Sanjuan-

Pla et al., 2013) relative to control HSCs (p = 0.7 and 1, respec-

tively, with Fisher’s exact test) (Figures S2B and S2C). However,

gene set enrichment analysis (GSEA) of Reactome pathways us-

ing PANTHER (Mi et al., 2017) and Gene Ontology terms using

GSEA (Broad Institute) (Mootha et al., 2003; Subramanian

et al., 2005) revealed significant overrepresentation of mitochon-

dria-associated gene sets (Figures 1J and S2D). qPCR of

romiplostim-treated HSCs revealed a significantly high ex-

pression of genes related to mitochondrial biosynthesis and

function, among them Ppargc1a, Nrf1, Sdfb, and Sdhc (Fig-

ure 1K). These data show that Thpo signaling rapidly enhances

a mitochondrial genetic signature, while functionally encour-

aging an Mk-lineage bias.
Thpo Induces Mitochondrial Activity in HSCs
To confirm whether enhanced Thpo signaling alters mitochon-

drial mass or activity in HSCs, we assessed those activities in

WT mice administered romiplostim or PBS (control). Mitochon-

drial mass, assessed using MitoTracker green (MTG) staining

(Thermo Fisher Scientific), significantly increased in HSCs

1 day after romiplostim administration (Figure S3A). Because

MitoTracker dyes are subject to dye efflux (de Almeida et al.,

2017), we also assessed these changes in Mito-Dendra2 trans-

genic (photo-activatable mitochondria [Pham]) mice. HSCs

from Mito-Dendra2 mice did not show change in the Dendra2

fluorescence signal detected with flow cytometry after a single

dose of romiplostim (Figure 2A). Romiplostim-treated HSCs

did, however, show a significantly greater mitochondrial volume

and surface area per cell when assessed not using fluorescence
Cell Reports 25, 1772–1785, November 13, 2018 1775



signal intensity but by the calculation of total volume using

confocal microscopy (Figure 2B).

We next evaluated mitochondrial activity in various assays in

HSCs from romiplostim-treated mice. First, we assessed

changes in mitochondrial membrane potential using tetrame-

thylrhodamine ethyl ester (TMRE) staining of BM HSCs from

mice treated with one dose of romiplostim. One day after drug

treatment, HSCs showed upregulated TMRE staining relative

to untreated controls (Figure 2A), indicating increasedmitochon-

drial membrane potential. Moreover, 1 day after romiplostim

treatment, HSCs from treatedmice showed significant upregula-

tion in reactive oxygen species (ROS) levels, based on CellROX

staining (Figure S3B). Seahorse analysis (Agilent) of 330,000

hematopoietic stem and progenitor cells (HSPCs) from romiplos-

tim-treated versus control mice confirmed increased mitochon-

drial metabolism (oxygen consumption rate [OCR]) (Figure 2C).

In addition, analysis of mitochondrial ultrastructure by transmis-

sion electron microscopy indicated that mitochondria in HSCs

from romiplostim-treated mice exhibited more clear cristae

structure compared to the mitochondria of untreated HSCs (Fig-

ure 2D). In agreement, HSCs derived from adult Thpo�/� mice

exhibited significantly decreased TMRE staining relative to

HSCs from Thpo+/+ (Figure 2E). To determine whether signaling

by other cytokines alters mitochondrial activity, we cultured

HSCs from WT mice for 2 days with stem cell factor (SCF) or

Thpo. HSCs cultured with Thpo showed significantly upregu-

lated TMRE staining compared to HSCs cultured with SCF (Fig-

ure S3C). Furthermore, HSCs obtained frommice treated 5 days

with granulocyte-colony-stimulating factor (G-CSF) showed

mitochondrial mass comparable to that from untreated mice

(Figure S3D). Overall, these data indicate that Thpo is a specific

and potent stimulator of HSC mitochondrial synthesis and

activity.

HSCswith HighMitochondrial Activity Exhibit aMyeloid-
Lineage Bias
Steady-state HSCs are quiescent and remain in a low metabolic

state (Nakamura-Ishizu et al., 2014). However, when we as-

sessed steady-state HSCs for mitochondrial activity, we

observed populations of cells with high and low mitochondria

function (Figure S4A). Purified TMREhi HSCs exhibited lower

electron density and more clear cristae structure compared to

TMRElo HSCs under transmission electron microscope imaging

(Figure 3A). Given that Thpo stimulates Mk-lineage differentia-

tion and mitochondrial function, we asked whether mitochon-

drial activity in steady-state HSCs was correlated with Mk-line-

age-biased hematopoiesis. To do so, we cultured TMREhi or

TMRElo HSCs from WT mice for 4 days and assessed Mk differ-

entiation usingCD41 staining. LargeCD41+Mkswere seen in the

TMREhi HSC population but were not apparent in TMRElo HSC

cultures (Figures 3B and S4B). Colony-forming assays also re-

vealed higher numbers of Mk colonies from TMREhi HSCs

compared to TMRElo HSCs (Figure 3C). To compare in vivo

reconstitution potential between groups, we competitively trans-

planted 20 TMREhi or TMRElo HSCs purified from UBC-GFP

mice into lethally irradiated Ly5.1 recipients. TMRElo HSCs re-

constituted highly for all three blood lineages, yet TMREhi

HSCs exhibited generally high reconstitution of platelets and
1776 Cell Reports 25, 1772–1785, November 13, 2018
RBC compared to WBC (Figures 3D, S4C, and S4D). Among

WBC lineages, TMREhi HSCs exhibited higher repopulation in

myeloid lineages than in lymphoid lineages (Figures S4E and

S4F). TMREhi HSCs exhibited low but statistically not significant

reconstitution of BM HSCs (Figure 3E). While reconstitution of

BM MkP cells, along with GMP and erythroid progenitors, did

not differ between TMREhi and TMRElo HSCs, TMREhi HSCs ex-

hibited a significantly low repopulation of common lymphoid pro-

genitor (CLP) cells compared to TMRElo HSCs (Figures 3E and

S4G). These data indicate that high mitochondrial activity may

prime HSCs toward myeloid-biased reconstitution and rapid

Mk-lineage differentiation.

Thpo Signaling Upregulates CD9 Expression in HSCs
Single-cell RNA sequence analysis (Figure 1) did not reveal

distinct clustering of HSC populations within myeloid-biased

CD41+ HSCs. Therefore, to further characterize Thpo-stimulated

HSCs and better subfraction these cells, we used single-cell

mass cytometry (CyTOF) for the expression of various HSC-,

Mk- and metabolism-related markers in BM cells obtained

from control or romiplostim-treated mice. t-Distributed stochas-

tic linear embedding (t-SNE) analysis of LSK cells from romiplos-

tim-treated mice indicated a shift in expression of 27 markers

(Figures 4A and S5A). Relevant to individual markers, the expres-

sion of HSC markers (Tie2, CD150, EPCR, CD105, and Mpl) was

concentrated in two clusters (Figure 4A). One dose of romiplos-

tim significantly decreased the number of cells in the cluster

marked with a blue line, but the cells in the cluster marked with

a red line remained unchanged (Figure 4A). Expression of Mk-

lineage markers (CD41, CD9, and CD61) was concentrated in

the bottom cluster, alongwith expression of several factors func-

tioning in metabolism-related pathways (phospho-50 AMP-acti-

vated protein kinase [pAMPK], pMAPKAPK2, and phosphoAKT

[pAKT]). To further assess the effect of romiplostim administra-

tion on the expression of individual proteins, a simple machine-

learning classifier known as Random Forest was trained to

distinguish between HSCs from the two treatment groups. This

classifier was able to predict whether a cell had been exposed

to romiplostim with high certainty (area under the curve

[AUC] = 0.92; see Figure S5B) and ranked features based on their

discriminative power using the mean decrease in the Gini index.

This analysis confirmed that the protein expression of multiple

Mk-associated markers (CD9, CD41, cMpl, and CD61) were

strong indicators of the early segregation of MK-primed HSCs

following romiplostim treatment (Figure S5C). While the greatest

change was in decreased cMpl expression, we observed a sig-

nificant increase in CD9 expression in romiplostim-treated

HSCs relative to control HSCs (CD150+CD48�LSK cells) (Fig-

ure 4B). We confirmed upregulated CD9 expression on HSCs

treated with either romiplostim or recombinant Thpo by flow

cytometry (Figures 4C and S5D). These data indicate that Thpo

signaling robustly alters protein expression in HSCs and skews

them toward Mk-related phenotypes.

CD9hi HSCsAreMitochondria Rich andDifferentiate into
Mk Cells
Given that Thpo signaling enhances CD9 expression, we as-

sessed a potential correlation between CD9 expression and



Figure 3. HSCs with High Mitochondrial Activity Differentiate to Mks

(A) Transmission electron microscopy images of TMREhi or TMRElo HSCs. Note that TMREhi HSCs have mitochondria with clear cristae structure in enlarged

images (lower). Scale bar, 2 mm (left) and 0.2 mm (right).

(B) Culture images of 5000 TMRElo or TMREhi HSCs cultured for 3 days in Thpo-containing medium. Enlargement of blue square areas at right. Scale bar, 500 mm

(left) and 50 mm (right).

(C) Mk colony assay of 750 TMREhi and TMRElo HSCs obtained from mice. Means ± SDs; n = 4; *p < 0.05, **p < 0.01 by Student’s t test.

(D) Monthly PB chimerisms of competitive BM transplantation of 20 TMREhi or TMRElo HSCs. HSCs were obtained from UBC-GFPmice (Ly5.2) and transplanted

to Ly5.1 recipients with Ly5.1 competitor cells. Means ± SDs; n > 10.

(E) BM HSC and MkP chimerism in recipient mice. Means ± SDs; n > 10; ns, not significant by Student’s t test.
mitochondrial activity. Compared to CD9lo HSCs, CD9hi HSCs

showed significantly high TMRE staining but comparable

Dendra2 fluorescence (Figures 4D and S5E). CD9hi HSCs were

also significantly positive for MTG and CellROX staining (data

not shown). Furthermore, we observed upregulation of mito-

chondrial biosynthesis and function-related genes (Tfam,

Atp5a, Cox5a, and Cyc1) in CD9hi relative to CD9lo HSCs (Fig-

ure 4E). CD9hi HSCs also exhibited relatively higher levels of

intracellular ATP, which is indicative of increased mitochondrial

activity (Figure S5F). Moreover, ultrastructural analysis revealed

mitochondria in the cytoplasm of CD9hi HSCs, themorphology of

which resembled that of TMREhi or romiplostim-treated HSCs

(Figure 4F).

We next characterized Mk-lineage differentiation of CD9hi

HSCs in vitro and found that CD9hi HSCs formed a significantly

greater percentage of Mk colonies than did CD9lo HSCs (Fig-

ure S5G). CD9hi HSCs also gave rise to a greater number of
Mk cells than did CD9lo HSCs when cultured with Thpo for

3 days (Figures S5H and S5I). These data indicate that CD9hi

HSCs correspond to a subgroup of Mitohi HSCs enriched in

Mk-lineage differentiation potential and are metabolically acti-

vated by Thpo.

High Mitochondrial Function Is Critical for Mk
Differentiation
To assess how high mitochondrial activity in HSCs correlates

with Mk differentiation, we inhibited mitochondrial synthesis

by culturing HSCs for 3 days with or without carbonyl cyanide

p-trifluoromethoxyphenylhydrazone (FCCP), which uncouples

mitochondrial oxidative phosphorylation and ATP synthesis

(Guimar~aes et al., 2012). FCCP treatment reduced HSC TMRE

staining and ATP production (Figures 5A and 5B) and sig-

nificantly decreased HSC and Mk frequency in the culture (Fig-

ures 5C and 5D). Functionally, FCCP-treated HSCs exhibited
Cell Reports 25, 1772–1785, November 13, 2018 1777



significantly decreasedMk colony output (Figure 5E). We also in-

hibited AMPK, which stimulates mitochondrial biosynthesis in

conditions of energy deprivation and cytokine stimulation (Bur-

kewitz et al., 2014), by treating HSCs for 1 day with the AMPK

inhibitor Compound C at 0.1 and 1 mMor vehicle (DMSO) (Mihay-

lova and Shaw, 2011; Stetler et al., 2012). Compound C treat-

ment decreased MitoTracker staining as well as CD9hi HSC

frequency within the culture (Figures S6A and S6B). Compound

C-treated HSCs also produced fewer Mk colonies relative to

DMSO-treated controls (Figure S6C). These data indicate that

enhanced mitochondrial synthesis may drive HSCs toward Mk-

lineage differentiation.

High Mitochondrial Function following Thpo Signaling Is
Associated with HSC Proliferation and Survival
As Thpo induces HSCproliferation (Walter et al., 2015), we asked

whether mitochondrial activity is related to HSC cell-cycle sta-

tus. To avoid fixation-related problems with staining (Guimar~aes

et al., 2012), we used Fucci transgenic mice, in which hemato-

poietic cells express Azami-Green (mAG) in S/G2/M phase

(Tomura et al., 2013). One day after the administration of romi-

plostim to mice, we observed an increased frequency of mAG+

HSCs in BM (Figure 5F). When TMREhi and TMRElo HSCs were

cultured for 1 day, TMREhi HSCs exhibited significantly higher

mAG frequency compared to TMRElo HSCs (Figure 5G). Also,

steady-state CD9hi and CD9lo HSCs showed a comparable fre-

quency of cells in S/G2/M phase (Figure S6D), while upon

Thpo stimulation, CD9hi HSCs exhibited significantly increased

mAG positivity (Figure S6D). These data indicate that upon

Thpo stimulation, mitochondria-active HSCs respond rapidly

and exhibit greater proliferation than other HSC subpopulations.

Cytokine signaling canprovoke apoptosis alongwith cell-cycle

progression (Croker et al., 2015; Ruscetti and Bartelmez, 2001).

We therefore asked whether Thpo-stimulated HSC cell-cycle

progression was accompanied by apoptosis and whether mito-

chondrial activity regulated apoptotic activity. BMHSCs showed

significantly increased annexin V staining and caspase-3 expres-

sion after 1 day of romiplostim administration, indicating that

Thpo signaling induces apoptosis (Figure 5H). TMREhi HSCs ex-

hibited a significantly lower frequency of annexin V+ cells

compared to TMRElo HSCs (Figure 5I). The pro-apoptotic genes

Bax, Bak1, and Bcl2 were also downregulated in TMREhi HSCs

(Figure 5J). Mitochondrial activity induces oxidative stress, pro-

moting apoptosis (Ott et al., 2007). TMREhi HSCs cultured in

Thpo for 3 days exhibited significantly higher levels of the antiox-

idant genes Prdx1, Prdx3, Gpx1, Gpx4, and Txn2 compared to

TMRElo HSCs (Figure S6E), suggesting that TMREhi HSCs are

resistant to the oxidative stress associated with proliferation.

These data indicate that mitochondria-active HSCs are highly

proliferative but survive proliferative stress.

Mitochondria-Associated pSTAT3 Is Upregulated in
Mitochondria-Active HSCs
Thpo signals by binding its receptor Mpl (Gurney et al., 1994).

Therefore, we asked whether Mpl expression correlates with

Thpo-induced mitochondrial function. We cultured Mplhi and

Mpllo HSCs with or without Thpo for 3 days and found that Mplhi

HSCs showed high TMRE staining when cultured without Thpo,
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but that the addition of Thpo to cultures increased TMRE staining

in both Mplhi and Mpllo HSCs (Figure 6A). Mk colony output of

Mplhi or Mpllo HSCs cultured with Thpo was comparable (Fig-

ure 6B). We conclude that both Mplhi and Mpllo HSCs respond

equally to Thpo in vitro.

Finally, we asked what downstream signals mediate HSC

mitochondrial function in response to Thpo. Selinexor (KPT-

330) has been used recently to confine phospho-signal trans-

ducer and activator of transcription 3 (pSTAT3) to the HSC

nucleus by inhibiting exportin 1 (XPO1)-mediated translocation

to the cytoplasm and alter Mk differentiation (Machlus et al.,

2017). HSCs purified from WT mice were cultured 3 days with

or without KPT-330. KPT-330 treatment significantly inhibited

mitochondrial activity based on TMRE staining and decreased

HSC ATP production (Figures 6C and 6D). Treatment also signif-

icantly decreased the frequency of CD41+ cells within the culture

(Figure 6E), and HSCs cultured with KPT-330 exhibited signifi-

cantly reduced Mk colony output (Figure 6F).

While acting primarily as nuclear transcription factors, STAT

proteins reportedly exert extranuclear functions (Meier and

Larner, 2014). STAT3 phosphorylated at serine 727 (S727) is

transported to mitochondria and stimulates mitochondrial func-

tion by activating complexes I and II of the electron transport

chain (Wegrzyn et al., 2009; Kramer et al., 2015). We therefore

asked whether Mk-biased HSCs express higher levels of

pSTAT3 (S727) using flow cytometry. pSTAT3 (S727) expression

was significantly upregulated in HSCs obtained from romiplos-

tim-treated mice relative to controls (Figure 6G), and pSTAT3

(S727) expression was comparable in TMREhi and TMRElo

HSCs from WT mice (Figure 6H). However, when sorted TMREhi

or TMRElo HSCs were cultured in the presence of Thpo,

TMREhi HSCs significantly upregulated pSTAT3 (S727) ex-

pression relative to TMRElo HSCs (Figure 6I). We next used

super-resolution imaging (stochastic optical reconstruction

microscopy [STORM]) to define the subcellular localization of

pSTAT3 (S727) in HSCs. Mitochondria-rich (TMREhi) HSCs

treated with Thpo exhibited pSTAT (S727) signals in mitochon-

dria, which were stained with the TOMM20 antibody (Figure 6J).

The complex I subunit, gene associated with retinoid interferon

(IFN)-induced cell mortality-19 (GRIM-19), recruits STAT3 to

mitochondria (Tammineni et al., 2013). TMREhi HSCs exhibited

higher expression of GRIM-19 (Ndufa13) relative to TMRElo

HSCs (Figure 6K). Moreover, mitochondria-rich HSCs exhibited

significantly higher expression of GRIM-19 protein (Figure 6L).

These data suggest that upregulated mitochondrial function

following Thpo stimulation may be associated with non-nuclear

pSTAT3 signaling.

DISCUSSION

Here, we show that upon upregulation of Thpo signaling, HSCs

rapidly upregulate mitochondrial activity, an activity accompa-

nied by the induction of Mk-lineage differentiation. We observed

that HSC mitochondrial activity is also correlated with myeloid-

biased hematopoiesis and Mk-lineage output in steady-state

HSCs. Mitochondria-rich HSCs rely on high energy production

for Mk-lineage differentiation and cell proliferation. Mito-

chondria-rich HSCs resist apoptosis and oxidative stress upon



Figure 4. Thpo-Stimulated and Mitochondria-Abundant HSCs Express CD9

(A) Representative t-SNE plot showing the distribution of various HSCs, Mk surface markers, and downstream pathway molecules in LSK cell fractions obtained

from mice treated with PBS (control) or romiplostim (Romi). Note that HSC populations (Tie2+, CD150+, EPCR+, CD150+, and Mpl+) cells concentrate in two

cellular clusters marked within red and blue lines; n = 4.

(B) Average difference in means and p values between control and Romi-treated HSCs (CD150+CD48� LSK cells); n = 4.

(C) Representative flow cytometry plots and MFI for CD9 in HSCs obtained from mice treated with PBS (control) or romiplostim (Romi). Means ± SDs; n = 4;

**p < 0.01 by Student’s t test.

(legend continued on next page)
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Figure 5. High Mitochondria Function Is Critical for HSC Survival and Mk Differentiation

(A) Mean fluorescence intensity (MFI) of TMRE staining on HSCs cultured with or without FCCP. Means ± SDs; n = 5; **p < 0.01 by Student’s t test.

(B) Luminescence showing cellular ATP content in HSCs cultured with or without FCCP. Means ± SDs; n = 5; **p < 0.01 by Student’s t test.

(C and D) Percentage of HSCs (C) and CD41+ cells (D) after 3-day culture of HSCs with or without FCCP. Means ± SDs; n = 5; *p < 0.05 by Student’s t test.

(E) Mk colony assay of 750 HSCs obtained from FCCP (�) or (+) culture. Means ± SDs; n = 4; *p < 0.05 by Student’s t test.

(F) Percentage of HSCs that are mAG+ in control or days 1 and 4 of romiplostim injection. Means ± SDs; n = 5; **p < 0.01 by Tukey’s test.

(G) Percentage of TMREhi or TMRElo HSCs that are positive HSCs in control (Ctrl) or day 1 after romiplostim injection. Means ± SDs; n = 5; **p < 0.01 by

Tukey’s test.

(H) MFI of annexin V and cleaved caspase-3 expression in HSCs obtained from mice treated with PBS (Ctrl) or romiplostim (Romi) at day 1; n = 4; *p < 0.05,

**p < 0.01 by Student’s t test.

(I) Percentage of annexin V+ cells in TMREhi or TMRElo HSCs cultured in medium containing recombinant Thpo; n = 4; *p < 0.05 by Student’s t test.

(J) Relative expression of apoptosis-related genes to B2m expression in TMREhi or TMRElo HSCs cultured in medium containing recombinant Thpo. Means ±

SDs; n = 4; **p < 0.01 by Student’s t test.
replicative stress induced by Thpo. Finally, we characterized

signaling downstream of Thpo that may enhance mitochondrial

function in HSCs.

HSCs reside in a hypoxic niche and rely on glycolysis for

steady-state energy production (Spencer et al., 2014; Takubo

et al., 2010). Nevertheless, past work has shown that steady-

state HSCs have variable mitochondrial content (Simsek et al.,

2010; Vannini et al., 2016). Furthermore, HSC function signifi-
(D) Mean fluorescence intensity (MFI) of Dendra2 fluorescence and TMRE stai

romiplostim (Romi). Means ± SDs; n = 5; *p < 0.05; ns, not significant by Studen

(E) Relative expression of mitochondria-related genes to B2m expression in CD9l

n = 4; *p < 0.05, **p < 0.01 by Student’s t test.

(F) Transmission electron microscopy images of CD9lo and CD9hi HSCs. Scale b
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cantly declines in mice with defective mitochondrial respiration

(Ansó et al., 2017; Liu et al., 2017), indicating that mitochondrial

activity is essential for HSC maintenance. We also report that, in

addition to repopulation potential, the heterogeneity of mito-

chondrial activity in HSCs also affects lineage output. We also

observed that HSC mitochondrial biosynthesis and Mk-lineage

bias was driven post-5-fluorouracil (5-FU) administration (data

not shown), supporting the idea that this pathway is essential
ning on CD9lo and CD9hi HSCs obtained from treated with PBS (control) or

t’s t test.
o and CD9hi HSCs sorted from PBS- (Ctrl) or Thpo-treated mice. Means ± SDs;

ar, 2 mm (upper) and 0.2 mm (lower).



Figure 6. Mitochondria-Associated pSTAT3 Is Upregulated in Mk-Differentiating HSCs

(A) Mean fluorescence intensity (MFI) of TMRE staining on Mpllo and Mplhi HSCs cultured in medium with or without recombinant Thpo. Means ± SDs; n = 5;

**p < 0.01, ns, not significant by Tukey’s test.

(B) Mk colony assay of 750 HSCs obtained from Mpllo and Mplhi HSCs cultured in medium with or without recombinant Thpo. Means ± SDs; n = 4; **p < 0.01 by

Student’s t test.

(C) Mean fluorescence intensity (MFI) of TMRE staining on HSCs cultured with or without KPT-330. Means ± SDs; n = 5; *p < 0.05 by Student’s t test.

(D) Luminescence showing cellular ATP content in HSCs cultured with or without KPT-330. Means ± SDs; n = 5; **p < 0.01 by Student’s t test.

(E) Percentage of CD41+ cells after 3-day culture of HSCs with or without KPT-330. Means ± SDs; n = 5; **p < 0.01 by Student’s t test.

(F) Mk colony assay of 750 HSCs obtained from KPT-330 (�) or (+) culture. Means ± SDs; n = 4; **p < 0.01 by Student’s t test.

(G) Representative flow cytometry plots and MFI of pSTAT3 (S727) on HSCs obtained from treated with PBS (control) or romiplostim (Romi). Means ± SDs; n = 4;

*p < 0.05 by Student’s t test.

(H) MFI of pSTAT3 (S727) on TMREhi or TMRElo HSCs. Means ± SDs; n = 5; ns, not significant by Student’s t test.

(I) MFI of pSTAT3 (S727) on TMREhi or TMRElo HSCs cultured for 3 days in Thpo containing medium. Means ± SDs; n = 5; *p < 0.05 by Student’s t test.

(J) Representative image of pSTAT3 (S727) localization in mitochondria in MTGhi (Mitohi) andMTGlo (Mitolo) cells. TOMM20 (green) stained for mitochondria along

with pSTAT3 (S727) (red). Dotted lines represent the location of the cell membrane. Scale bar, 2 mm (upper) and 0.2 mm (lower).

(K) Relative expression of GRIM-19 (Ndufa13) gene to B2m expression in TMREhi or TMRElo HSCs. Means ± SDs; n = 4; *p < 0.05 by Student’s t test.

(L) MFI of GRIM-19 on MitoTracker Redhi (Mitohi) or MitoTracker Redlo (Mitolo) HSCs. Means ± SDs; n = 5; *p < 0.05 by Student’s t test.
and active during stress hematopoiesis. Furthermore, we have

unpublished data showing that mitochondrial metabolism in

neonatal HSCs, which are highly proliferative, differs from that

of adult HSCs. Therefore, HSCs are likely heterogeneous in

terms of metabolic state, particularly in terms of mitochondrial

activity. Such metabolic heterogeneity may be relevant to the
platelet reconstitution potential of human HSCs in BM transplan-

tation from different donors.

Recent advances in single-cell-based analyses support HSC

heterogeneity and confirm that a hallmark of such hetero-

geneity is preferential differentiation to an Mk-lineage. Others

have identified some HSC subpopulations that retain long-term
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repopulation potential but preferentially differentiate along the

Mk-lineage (Pronk et al., 2007; Shin et al., 2014; Sanjuan-Pla

et al., 2013; Carrelha et al., 2018). Our transplantation of small

numbers of HSCs (Figure 3C) revealed that mitochondrial activity

is positively correlated with myeloid-biased differentiation.

Furthermore, we found that HSCs from Thpo�/� mice exhibit

significantly lower mitochondrial activity than those from WT

mice, supporting the idea that Thpo signaling functions in the

maintenance of mitochondria-active HSCs.

HSCs purified with flow cytometry based on surface marker

expression may be restricted to Mk-lineage differentiation

(Yamamoto et al., 2013). CD41high HSC subsets have been iden-

tified as Mk-committed progenitor cells during inflammatory

stress (Haas et al., 2015). CD41high HSCs rapidly expand to

compensate for thrombocytopenia in a mouse inflammation

model using polyinosinic:polycytidylic acid (pIpC). While mito-

chondria-active HSCs show myeloid bias in unperturbed hema-

topoiesis, our data indicate that Thpo-activated HSCs show

mitochondrial activation but are not Mk biased because they

do not exhibit robust multilineage long-term reconstitution (Fig-

ure 1D). In fact, because Thpo stimulation rapidly decreases

HSC number and stem cell potential but increases Mk-lineage

output of the stem cell pool, Thpo may accelerate the formation

of Mk-biased progenitors. Thpo signaling did upregulate CD41

expression in HSCs (Figure 4A). pIpC-induced IFN signaling

modulates protein synthesis in a manner that subsequently ac-

tivates Mk-biased progenitors, resulting in rapid Mk and platelet

formation (Haas et al., 2015). We provide data showing that HSC

Mk-lineage differentiation is stimulated by Thpo-dependent

mitochondrial activation. However, it remains unclear whether

steady-state, Mk-biased, mitochondria-rich HSCs directly give

rise to Mk-committed progenitors in stress conditions. Never-

theless, our observations provide strong evidence that a high

energy profile requiring mitochondrial activity shifts HSCs to-

ward an Mk-lineage. Others report that mitochondrial biosyn-

thesis induced by non-invasive low-level laser therapy enhances

Mk maturation and platelet formation (Zhang et al., 2016).

Further understanding of mitochondrial metabolic pathways

may provide methods useful to manipulate HSCs in vivo to

treat thrombocytopenia and ex vivo to produce transplantable

platelets.

Among the Mk cell surface markers, we found that expression

of the tetraspanin CD9 was positively correlated with HSC mito-

chondrial activity. CD9 has been used as a marker to identify

MkP, and it also regulates activities including cell fusion, migra-

tion, and morphogenesis in various cell contexts (Hemler, 2005;

Iwasaki et al., 2013; Suzuki et al., 2009). However, the function of

CD9 on MkPs during Mk differentiation and whether CD9 defi-

ciency perturbs adult hematopoiesis are not known. Here, we

used CD9 solely as a cell surface marker to identify Mk-HSCs.

Its function in Mk-biased hematopoiesis should be addressed

in future studies.

pSTAT translocation to mitochondria reportedly enhances

metabolism in cells of various tissues or in cancer cells, including

T cell leukemia cells (Wegrzyn et al., 2009; Chueh et al., 2010).

Mitochondrial STAT translocation is implicated in cell turnover,

especially in cardiac tissue, where mitochondrial STAT3 acti-

vates complexes I, II, and V of the electron transport system;
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improves complex I respiratory activity and calcium retention;

and inhibits apoptosis by blocking mitochondrial permeability

transition pore (MPTP)-mediated cytochrome c release (Boen-

gler et al., 2010; Heusch et al., 2011). Nevertheless, we suspect

that multiple signaling pathways, including the nuclear effect of

pSTAT3, stimulate de novo energy generation and may be

activated during Mk-lineage differentiation. Ultimately, STAT

translocation may be manipulated to enhance HSC mitochon-

drial metabolism. Moreover, our observations encourage future

analysis of the role played by mitochondrial STAT translocation

in hematopoietic disease involving abnormal Mks, such as

myeloproliferative diseases or acute megakaryocytic leukemia

(Papadantonakis et al., 2012).

In conclusion, we show that HSCs are heterogeneous meta-

bolically and that, during steady-state hematopoiesis, they are

primed toward Mk-lineage differentiation when mitochondrial

content is elevated. Thpo rapidly stimulated mitochondrial acti-

vation and Mk-lineage differentiation during stress hematopoie-

sis. Our study provides evidence that the stem cell metabolic

state is a factor in both multipotency and cell fate determination.

Our work provides insight into Thpo function, suggests that

metabolic regulators could be useful to treat pathologies marked

by abnormal Mks, and sheds light on howHSCs could bemanip-

ulated to generate transplantable platelets.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
All mice were on a C57BL/6N background. C57BL/6-Ly5.1 mice were used for competitive repopulation assays. Fucci Tg mice

(GMNN-mAG mice (B6.Cg-Tg(FucciS/G2/M)#474Bsi)) were obtained from RIKEN (Sakaue-Sawano et al., 2008)(Tomura et al.,

2013). UBC-GFP (C57BL/6-Tg(UBC-GFP)30Scha/J) mice and Mito-Dendra2 transgenic (Gt(ROSA)26Sortm1.1(CAG-COX8A/

Dendra2)Dcc) mice were obtained from Jackson Laboratory. Thpo�/� mice were produced inhouse by floxing exons 2 and 3 of

the Thpo gene using CRISPR/Cas9 and subsequent germline excision by breeding with CMV-Cre mice. The CMV-Cre transgene

was then bred out to generate Thpo�/� mice. Unless specified, 8 to 12-week-old mice were used in each experiment. Littermates

of the same sex were randomly assigned to experimental groups. All animals were handled in strict accordance with good animal

practice as defined by the Institution of Animal Care and Use Committee. All animal work was approved by the Institution of Animal

Care and Use Committee and the Office of Safety, Health, and Environment at the National University of Singapore.

METHOD DETAILS

Flow cytometric analysis
Flow cytometric analysis was performed as described previously (Nakamura-Ishizu et al., 2012). Briefly, suspensions of bonemarrow

(BM) cells from the femurs, tibiae, spine and iliac crest of 8- to 12-week-old C57BL/6NTac mice were isolated and depleted of red

bloodcells by anammoniumchloride solution. The following antibodieswere used for flowcytometric analysis. c-Kit (2B8)(Biolegend),

Sca-1 (D7)(Biolegend), CD4 (RM4-5)(BD Bioscience), CD8 (53-6.72) (BD Bioscience), B220 (RA3-6B2) (BD Bioscience), TER-119

(TER-119)(BD Bioscience), Gr-1 (RB6-8C5) (BD Bioscience), CD34 (RAM34)(eBioscience), Mac-1 (M/70) (BD Bioscience), Flt-3

(A2F10.1)(eBioscience), CD41 (MWReg30)(BD Bioscience), CD45.2 (104)(Biolegend), CD45.1 (A20) (Biolegend), CD16/32 (2.4G2)

(BD Bioscience), CD48 (HM48-1)(Biolegend), CD150 (TC15-12F12.2) (Biolegend), IL-7Ra (A7R34)(eBioscience), Endoglin (MJ7/18)

(Biolegend), CD9 (KMC8)(BD Bioscience), Mpl (AMM2)(IBL), Ki67 (B56)(BD PharMingen), pSTAT3 (S727)(49)(BD Phosflow),

GRIM19 (6E1BH7)(Abcam). For intracellular antigen staining, IntraPrep (Beckman Coulter) was used prior reaction with antibody.

For mitochondrial staining, MitotrackerTM Green FM (ThermoScientific) and TMRE (Enzo) were used at concentrations specified

by manufacturer. For intracellular ROS measurement CellROX (ThermoScientific) was used. For measuring ATP cell content,

50-1000HSCswere sorted in 96-well plates containing 100ml of SFEMandassayed for luminescence using aCellTiter-Glo�2.0Assay

(Promega) kit.We confirmed a linear relationship betweenHSCcell number and luminescence (R2= 0.9995). Flow cytometric analysis

and sorting was conducted on BD FACSAria II cell sorter.

BM Transplantation
BM MNCs (2 3 105 cells) from C57BL/6-Ly5.1 mice together with 20 LT-HSCs from mice C57BL/6N-Ly5.2 or UBC-GFP mice

(Ly5.2) were transplanted into lethally-irradiated C57BL/6-Ly5.1 congenic mice. Secondary transplantations into lethally-irradiated

C57BL/6-Ly5.1 congenic mice were performed using 23 106 BMMNCs from primary recipients. PB donor chimerism was analyzed

monthly. Data was recorded for 10000 to 30000 MNCs for WBC chimerism (depending on the recovery of the PB) and 50000 events

for RBC and platelet chimerism. Recipient mice were sacrificed for analysis 4 months after BMT.

In vitro HSC and Mk cultures
HSCs were sorted from WT mice were cultured in SFEM medium (Stem Cell technologies) supplemented with or without murine re-

combinant SCF (100ng/ml) and murine recombinant Thpo (100ng/ml) for 3 days and analyzed (Yoshihara et al., 2007). For inhibition

experiments, FCCP (10uM) and KPT-330 (1uM) were supplemented to SFEM culture medium containing sorted HSCs 1-3 days. For

Mk colony assay, 750 HSCs were plated for colony assay with MegaCult (Stem Cell Technologies) supplemented with rmThpo

(50ng/ml), IL-3 (10ng/ml), IL-6 (20ng/ml) and IL-11 (50ng/ml) or MethoCult M3434 (Stem Cell Technologies). For myeloid colonies,

500uL of PB was pooled from 4 mice and plated for colony assay with MethoCult (M3234) (Stem cell Technologies). Colony counts

for Mk colonies was assessed on day 10.

In vivo assays
Tissue samples from BMs were obtained as previously described (Petit et al., 2002). For in vivo stimulation of Thpo signaling, recom-

binant human Thpo (PEG-rHuMGDF) (Kabaya et al., 1996) (donated from Kyowa Hakko Kirin Co., Ltd.) was administered intrave-

nously daily. Mice were treated with either 100 mg/kg (i.v.) PEG-rHuMGDF or human IgG Fc fragment (Jackson Immunoresearch).

Romiplostim (Kyowa Kirin) or PBS for control was administered intravenously at a dose of 100 mg/kg (Léon et al., 2012). For

G-CSF stimulation, 125mg/kgBW of Filgrastim (Kyowa Kirin) was subcutaneously injected to wild-type mice twice daily for 5 days.

Quantitative PCR assay
Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) and was reverse transcribed with Superscript VILO (Invitrogen). Quan-

titative PCR assays were performed using an ABI 7500 Fast Real-Time PCR System, Taqman gene expression assays and Taqman

Fast Universal PCR Master Mix (Applied Biosystems). Taqman gene expression assays (Applied Biosystems) used were Ppargc1a
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(Mm01208835_m1), Tfam (Mm00447485_m1),Nfe2l2 (Mm00477784_m1),Nrf1 (Mm01135606_m1), Sdhb (Mm00458272_m1), Sdhc

(Mm00481172_m1), Atp5a (Mm00431960_m1), Cox5a (Mm00432638_m1), Cyc1 (Mm00470540_m1), Ndufa13 (Mm00445751_m1)

and B2m (Mm03003532_u1). Gene expression values were calculated using DDCt method for the target genes by normalizing their

expression to the Ct values for B2m.

Seahorse analysis
XF sensor cartridges were hydrated in XF Calibrant overnight at 37�C. HSPCs (LSK) were isolated from control and Romiplostim-

treated mice into SFEMmedium. Cells were cultured in SFEM at 37�C for 1 hour; cells from Romiplostim-treated mice were cultured

in medium containing recombinant murine Thpo. Subsequently, HSPCs were washed and resuspended in Agilent Seahorse XF Base

Medium. 330K cells were plated on onto one well of a Seahorse XFp culture plate coated with Cell-Tak reagent according to man-

ufacturer’s protocol. Cells were immobilized by centrifugation at 200xg for 3min at room temperature and were equilibrated in a hu-

midified non-CO2 incubator for 20min. Cells were treated with 2.5uM of oligomycin, FCCP, rotenone and antimycin for analysis of

mitochondrial respiration. Oxygen consumption rate (OCR) and extracellular acidification (ECAR) were measured with Seahorse

XFe24 Analyzer (Seahorse Biosciences, North Billerica, MA).

RNA sequencing and gene set enrichment analysis
For single cell RNA sequencing, CD41+CD150+CD48-LSK cells from control and Thpo-treatedmicewere sorted into SFEMmedium,

centrifuged and re-suspended at a cell concentration of 600 cells per ml. Single cells were loaded on to C1 Single-Cell Auto Prep IFC

(5-10mm diameter) for messenger RNA sequence using the Fluidigm C1 system. Cell viability of the loaded cells was assessed using

LIVE/DEAD Viability/cytotoxicity Kit (Life Technologies) and imaging. Cells were lysed and whole transcriptome amplified cDNA was

prepared using SMARTer Ultra Low RNA Kit for Fluidigm C1 system (Clonetech). Harvested cDNA samples were quantitated using

Qubit Illumina libraries were constructed using Illumina Nextera XT DNA Sample Preparation Kit (Illumina) according to the manufac-

turer’s protocol. Libraries were pooled, cleaned using Agencourt AMPure XP beads and sequenced onNextSeq500 system (Illumina)

using Next-seq 500/550 High output Kit (75 cycles, single-end). 96 samples from a single group were placed on a single run to pro-

duce 4x108 reads.

Transmission Electron microscopy
Transmission Electron Microscopy was conducted as previously described with some modifications (Nakamura-Ishizu et al., 2008).

In order to image small number of FACS sorted cells, cells were pre-stained with Evans blue for better detection of cell pellet (Kumar

et al., 2014). Cell pellets were processed and embedded in Araldite resin and sectioned at 80nm using ultramicrotome Leica EMUC6.

Sections were placed on a 200 mesh copper grid and imaged by JEOL JEM-1010.

Confocal microscopy and quantification of fluorescent images
Time lapse imaging for cell cycle analysis was conducted using cells isolated from Fucci transgenic mice. Isolated cells were placed

on CytoCapture H20-10 chamber plates (Miltenyi Biotec) with SFEM medium supplemented with recombinant murine Thpo

(100ng/ml) and SCF (100ng/ml) to reduce cell movement during imaging. Live cell imaging of was conducted using N-STORM/

TIRF+ Live Cell Microscope. Cell analysis was conducted using NIS elements or ImageJ.

Super-resolution imaging
Sample preparation for STORM imaging was conducted as reported previously with some modifications (Dani et al., 2010). Briefly,

sorted HSCs were stained for intra-cellular antigens using IntraPrep reagents (Beckman Coulter). Primary antibody for pSTAT3

(S727)(AlexaFluro647-conjugated)(BDPhosflow) and TOMM20 (Abcam) along with secondary antibody, AlexaFluro555 donkey

anti-rabbit antibody (ThermoFisher Scientific) was used. Stained cells were seeded on aH250-100 cytocapture dish (Miltenyi). Imme-

diately before imaging, cells were mounted with Permafluro medium (ThermoFisher Scientific) and covered with imaging medium

freshly prepared. Imaging medium contained 7.7mg/ml Cysteamine (MEA), 0.7 mg/ml glucose oxidase, and 0.03 mg/ml catalase

in 50mM Tris-HCl (pH8.0), 10mM NaCl and 10% glucose solution. Images were obtained using N-STORM/TIRF+ Live Cell micro-

scope (Nikon) at Nikon Imaging Centre at Singapore Bioimaging Consortium. STORM imaging was performed for up to 3 hr after

application of imaging medium. STORM images were analyzed using NIS elements NSTORM analysis software.

Mass cytometry
Heavymetal labeled antibodies were either purchased from Fluidigm or labeled usingMaxpar antibody labeling kit (Figure S5A). Line-

age marker negative (Lin-: CD4, CD8, B220, Gr1, Mac1, Ter119 negative) cells were isolated from control or Romiplostim-treated

mice using MACS beads isolation. Isolated Lin- cells were stained for heavy metal labeled antibodies according to manufacturer’s

protocol. Briefly, cells were washed once with PBS and then stained with 1 mMcisplatin (Cell-ID Cisplatin, Fluidigm) for 5 min at room

temperature to exclude dead cells. Cells were then fixed with MaxPar Fix I buffer (Fluidigm) and stained with anti-lineage-biotin an-

tibodies in 50 mL of cell staining buffer (Fluidigm) for 30min at room temperature (RT). Cells were washed withMaxPar cell stain buffer

(Fluidgm) and stained with heavy-metal labeled surface marker antibodies in 50 mL of cell staining buffer for 30 min at RT. Cells were

washed twice and permeabilized with 500 mL of methanol on ice for 15 min. Cells were then stained with heavy-metal labeled
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cytoplasmic and nuclear antibodies in 50 mL of cell staining buffer for 30 min at RT, washed and resuspended in 1ml of intercalation

solution containing Cell-ID Intercalator-Ir (Fluidigm) for 1hr at RT, washed and resuspended in Maxpar water for data acquisition on

Helios (Fludigm). tSNE analysis was conducted using Cytobank.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell RNA sequencing analysis
Single-end readswere aligned to theMusmusculus genome (mm10) using Bowtie 2 (Langmead andSalzberg, 2012) and differentially

expressed genes (DEGs) between Thpo treatment groups were determined using Cufflinks v2.2.1 (Trapnell et al., 2013). In order to

reduce the number of spurious results due to low overall expression within either population, a minimum expression threshold was

imposed to exclude DEGs that were absent in > 50% of cells. Cells with less than 375 expressed genes were considered of low qual-

ity and removed. Dimensionality reduction and visualization were performed using the Rtsne package (version 0.13) with standard

parameters in the software package R (version 3.3.2).

Gene-set and gene-ontology enrichment analyses
Enrichment of cell type specific gene sets among DEGs was determined using Fishers exact test. Mk gene sets (MkP and PreMEGE)

were retrieved from a previously published dataset by Sanjuan-Pla et al. (Sanjuan-Pla et al., 2013). Furthermore, enrichment of

pathway specific gene sets was performed using PANTHER (release 20160715) (Mi et al., 2017) using Reactome version 58 and a

significance level of a < 0.05with Bonferroni correction for multiple testing. More general over-representation of gene-ontology terms

was assessed using GSEA v2.0.13 software (Subramanian et al., 2005). Here, the number of permutations was set at 1000 and gene

sets with a nominal p value < 0.05, and false discovery rate q value (FDR-q) < 0.25 were considered statistically significant.

Mass Cytometry data analysis
Raw CyTOF data was processed in R (version 3.4.2) using the flowCore, flowViz and flowUtils packages. Data was transformed with

Data was transformed with

fðxÞ=
asinh

�
t +

x

g

�

logð10Þ + c

where t = 0.43429448190325176, g = 5.8760059682190064 and c = 0 and gates defined in Cytobank were applied to data. To deter-

mine the effect of Romiplostim treatment on individual features, a Random Forest consisting of 500 trees was grown using the

R-package randomForest. To account for differences in cell numbers across replicates, stratified re-sampling of 1000measurements

with replacement from four untreated and four treated replicates was employed to obtain a training dataset consisting of 8000 single-

cell protein expression profiles and corresponding treatment labels. Classification certainty was determined as the area under the

curve (AUC) of the receiver operator characteristic (ROC) curve using the out-of-bag samples and importance of features was deter-

mined using the Gini index.

Statistical analysis
Statistical details of experiments can be found in Figure legends. All results are expressed as the mean ± SD unless otherwise spec-

ified. Statistical significance was determined by Tukey’s multiple comparison test. The two-tailed Student’s t test was used for two-

group comparisons. All experiments were repeated in at least two independent experiments.

DATA AND SOFTWARE AVAILABILITY

The accession number for the raw single cell RNA-sequencing data reported in this paper is GEO: GSE121001.
Cell Reports 25, 1772–1785.e1–e6, November 13, 2018 e6


	Thrombopoietin Metabolically Primes Hematopoietic Stem Cells to Megakaryocyte-Lineage Differentiation
	Introduction
	Results
	Thpo Signaling Rapidly Upregulates Mk Differentiation
	Thpo-Treated CD41+ HSCs Show an Enhanced Mitochondrial Gene Signature
	Thpo Induces Mitochondrial Activity in HSCs
	HSCs with High Mitochondrial Activity Exhibit a Myeloid-Lineage Bias
	Thpo Signaling Upregulates CD9 Expression in HSCs
	CD9hi HSCs Are Mitochondria Rich and Differentiate into Mk Cells
	High Mitochondrial Function Is Critical for Mk Differentiation
	High Mitochondrial Function following Thpo Signaling Is Associated with HSC Proliferation and Survival
	Mitochondria-Associated pSTAT3 Is Upregulated in Mitochondria-Active HSCs

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Animal models

	Method Details
	Flow cytometric analysis
	BM Transplantation
	In vitro HSC and Mk cultures
	In vivo assays
	Quantitative PCR assay
	Seahorse analysis
	RNA sequencing and gene set enrichment analysis
	Transmission Electron microscopy
	Confocal microscopy and quantification of fluorescent images
	Super-resolution imaging
	Mass cytometry

	Quantification and Statistical Analysis
	Single cell RNA sequencing analysis
	Gene-set and gene-ontology enrichment analyses
	Mass Cytometry data analysis
	Statistical analysis

	Data and Software Availability



