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HEMATOPOIESIS AND STEM CELLS

Prolonged maintenance of hematopoietic stem cells that
escape from thrombopoietin deprivation
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Hematopoietic stem cells (HSC) rarely divide, rest in quiescence, and proliferate only upon
stress hematopoiesis. The cytokine thrombopoietin (Thpo) has been perplexingly described
to induce quiescence and promote self-renewal divisions in HSCs. To clarify the contradictory
effect of Thpo, we conducted a detailed analysis on conventional (Thpo=/~) and liver-specific
(Thpo™f; AlbCre*/~) Thpo-deletion models. Thpo~/~ HSCs exhibited profound loss of qui-
escence, impaired cell cycle progression, and increased apoptosis. Thpo~/~ HSCs also
exhibited diminished mitochondrial mass and impaired mitochondrial bioenergetics. Ab-
normal HSC phenotypes in Thpo~/~ mice were reversible after HSC transplantation into wild-
type recipients. Moreover, Thpo~/~ HSCs acquired quiescence with extended administration
of a Thpo receptor agonist, romiplostim, and were prone to subsequent stem cell exhaustion
during competitive bone marrow transplantation. Thpo™f;AlbCre*/~ HSCs exhibited similar
stem cell phenotypes but to a lesser degree compared with Thpo~/~ HSCs. HSCs that survive
Thpo deficiency acquire quiescence in a dose-dependent manner through the modification of

® A subgroup of HSCs
that escapes from
Thpo deprivation
gains quiescence and
retains stem cell
potential with a high
dose of romiplostim.

® Liver-specific Thpo
deficient-mice exhibit
residual HSC stem cell
potential, suggesting
the extrahepatic Thpo
production for
hematopoiesis.

_/  their metabolic state. (Blood. 2021;137(19):2609-2620)

Introduction

Hematopoietic stem cells (HSCs) residing in the bone marrow
(BM) are essential for life-long hematopoiesis. To sustain a
substantial pool of healthy stem cells in the BM, HSCs rarely
divide and are quiescent.’® Preservation in a quiescent state
protects HSCs from functional exhaustion by limiting the ac-
cumulation of replicative stress-induced insults, such as reactive
oxygen species and DNA damage.* Therefore, cell cycle qui-
escence is a fundamental property of HSCs, and loss of quies-
cence parallels the loss of long-term regenerative potential
in HSCs®.

The cytokine thrombopoietin (Thpo) stimulates HSCs through
binding to its receptor myeloid proliferative leukemia (Mpl).¢
Thpo has been characterized as one of the few cytokines that
directly regulates quiescent HSCs.”® Thpo™/~ and Mpl~/~ mice
exhibit severe loss of quiescent HSCs.” Nonetheless, Thpo-Mpl
signaling also stimulates proliferation and self-renewal of HSCs.
Exogenous administration of Thpo mimetic drugs allows HSCs
to exit quiescence and proliferate.* High-resolution single
HSC divisional tracking indicated that, among various receptor
agonists, only Mpl receptor agonists stimulated self-renewal
divisions of HSCs.? Although Thpo-Mpl signaling effectuates
opposing cell cycle states on HSCs, no study has addressed how
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these outcomes are differentiated and whether the effects are

dose dependent.

Although HSCs rely on glycolysis for immediate energy pro-
duction, they harbor considerable amounts of mitochondria.'!!
To avoid production of reactive oxygen species (ROS) and
metabolic stress, HSCs lower their mitochondrial activity.'?
Mitochondria membrane potential (MMP) paradoxically re-
lates to stem cell potential; HSCs with high MMP are low in
stem cell potential. However, a recent analysis of HSCs from
mito-dendra2 mice, in which mitochondrial mass is quantified
with dendra2 fluorescence expression, revealed that HSCs
possess higher mitochondrial mass compared with progenitor
cells.’® Also using mito-dendra2 mice, we reported that HSCs
expressing higher dendra2 fluorescence are quiescent and
repopulate at a higher efficiency than do HSCs expressing low
dendra2. Moreover, mitochondria fusion regulated lymphoid-
biased differentiation potential in HSCs."® We recently identified
that rapid stimulation of Thpo-Mpl signaling enhances megakar-
yocyte lineage differentiation through the upregulation of mito-
chondria metabolism in HSCs.'® However, it is not clear whether
and how Thpo-Mpl signaling regulates HSC potential and quies-
cence through changes in mitochondria bioenergetics.
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The quiescent state of HSCs relies on intrinsic and extrinsic
regulators. Extrinsic factors are produced locally in the BM HSC
niche or remotely in extramedullary organs.’”” Recently, it was
reported that Thpo for HSC regulation was produced solely in
the liver.”® Cell-specific deletion of Thpo in megakaryocytes,
osteoblasts, and mesenchymal stromal cells did not alter HSC
stem cell potential, whereas Thpo depletion in liver cells emu-
lated the reduction in HSCs observed in Thpo™"~ mice. However,
although the reduction in HSC number indicates decreased HSC
stem cell potential in the whole BM, stem cell potential or the cell
cycle state of individual stem cells that survive Thpo deficiency
has not been investigated. Also, Thpo messenger RNA (mRNA)
expression has been reported in other organs (eg, kidney), cells
(eg, smooth muscle cells), and macrophages.'”?° Furthermore,
in clinical settings, aplastic anemia is an infrequent complication
of liver failure.?'22 These facts offer the possibility that Thpo
production is regulated by sites other than the liver.

To gain a detailed understanding of Thpo-Mpl signaling on
regulating HSC quiescence, we analyzed Thpo™~ and Thpo™#;
AlbCre*’~ HSCs in detail. Thpo™~ HSCs were apoptotic and
impaired in mitochondria bioenergetics. Thpo®*;AlbCre*/~
HSCs exhibited a similar HSC phenotype yet with a lesser extent
of damage. Administration of romiplostim restored mitochondria
function and regulated quiescence in Thpo™~ HSCs. Moreover,
Thpo ™~ HSCs retained reconstitution potential, even after con-
tinuous stimulation with romiplostim. Our data reveal that a sub-
population of HSCs that escapes Thpo deprivation acquires
quiescence through Thpo-Mpl signaling in a dose-dependent
manner that involves the modification of metabolism.

Methods

Animal models

mito-dendra2 transgenic [Gt(ROSA)26Sortm1.1(CAG-COX8A/
dendra2)Dcc] mice and Alb-Cre [B6.Cg-Speer6-ps1Tg(Alb-cre)
21Mgn/J] mice were obtained from The Jackson Laboratory.
Thpo™ mice were produced in-house® and crossed with Alb-
Cre mice to generate liver-specific Thpo conditional-knockout
mice. Details about mouse models and study design are provided
in supplemental Methods, available on the Blood Web site.

Flow cytometric analysis

Flow cytometric analysis was performed as described previously.?*
Information about antibodies and detailed method are available
in supplemental Methods. Flow cytometric analysis and sorting
were conducted on BD FACSAria Il Cell Sorter.

BM transplantation

Competitor cells (Ly5.1) plus 500 long-term HSCs (Ly5.2) were
transplanted into lethally irradiated C57BL/6-Ly5.1 congenic
mice. Secondary transplantations were performed using 2 X 10¢
BM mononuclear cells (MNCs) from primary recipients. Pe-
ripheral blood (PB) donor chimerism was analyzed monthly.
Recipient mice were euthanized for analysis 4 months post-BM
transplantation.

Droplet digital polymerase chain reaction for
mitochondrial quantification and qPCR assay
Total RNA was isolated using an RNeasy Mini Kit (QIAGEN) and
was reverse transcribed with SuperScript VILO (Invitrogen).
Quantitative polymerase chain reaction (qPCR) assays were
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performed using an Applied Biosystems 7500 Fast Real-Time
PCR System. Details about primers and analysis are available in
supplemental Methods.

RNA sequencing and gene set enrichment analysis
For RNA sequencing, RNA from up to 5000 HSCs was purified
and extracted. Library preparation and sequencing were con-
ducted at Novogene on a HiSeq 4000 System (150-bp paired-
end; lllumina). Details are available in supplemental Methods.

Statistical analysis

Statistical details about experiments are provided in the figure
legends. All results are expressed as the mean = standard de-
viation unless otherwise specified. All experiments were repeated
at least twice as independent experiments.

Results

Thpo deficiency inhibits cell cycle progression,
induces apoptosis, and impairs mitochondrial
function in HSCs

HSCs from Thpo ™/~ mice lose quiescence and diminish signif-
icantly in number with age.” We generated a Thpo™~ mouse
model by deleting exons 2 and 3 from the Thpo gene using
a CRISPR/Cas9 system.' Identical to previous reports, adult
Thpo™~ mice exhibited a significant decrease in the numbers of
PB platelets and BM HSCs (Figure 1A-B). Cell cycle analysis using
Ki-67 and Hoechst 33342 staining also revealed a significant
decrease in Gg phase HSCs (Figure 1C-D). Despite the decrease
in frequency in the Gg phase, HSCs from Thpo™"~ mice failed to
enter the S/G,/M phase; instead, they exhibited an increase in
frequency during the subG4 phase, suggestive of a preapoptotic
state (Figure 1C-D). A significant increase in Annexin V staining
confirmed that Thpo™~ HSCs were apoptotic (Figure 1E). Con-
sistent with increased apoptosis, Thpo™/~ HSCs decreased sig-
nificantly in cell size, an indication of the cell shrinkage associated
with early apoptosis and functional failure of cells (Figure 1F).%
Increased apoptosis in HSCs has not been reported for Thpo™~
mice. Given that Thpo-Mpl signaling enhances mitochondria
function'® and apoptosis involves changes in mitochondria, we
next examined the mitochondria volume of Thpo "~ and Thpo*/*
HSCs. Thpo™~ and Thpo'* mice were crossed with mito-
dendra2 mice to detect fluorescence-labeled mitochondria.
HSCs from Thpo™~;mito-dendra2 mice exhibited significantly low
dendra2 fluorescence (Figure 1G). Also, Thpo™"~ HSCs exhibited
significantly low mitochondrial copy number (Figure 1H) and
adenosine triphosphate (ATP) content (Figure 11). These data
suggest that Thpo deficiency induced apoptosis and degraded
the mitochondria profile of HSCs.

Stem cell phenotype of HSCs from Thpo~/~ mice
is reversible

BM HSCs are not completely depleted in Thpo™~ mice; Thpo™"~
mice exhibited less than one tenth of the total HSC number
observed in Thpo*/* mice. Therefore, we assessed whether the
stem cell phenotype of residual HSCs in Thpo ™/~ mice
responded to Thpo receptor agonist stimulation. Romiplostim
was administered IV to Thpo*’* mice (Thpo*/* Ro mice) or
Thpo~"~ mice (Thpo™"~ Ro mice) for 10 days. PB platelet countin
Thpo™’~ mice started to increase after 4 days of administration
(data not shown) and recovered to physiological levels by day 10
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Figure 1. Thpo deficiency inhibits cell cycle progression, induces apoptosis, and impairs mitochondrial function in HSCs. (A) PB platelet counts in Thpo*/* and Thpo™/~
mice (n > 5). (B) Representative flow cytometric plot of BM HSCs (Lin™ cKit* Scal* CD48~ CD150* CD34") and quantification of BM HSC number in Thpo*/* and Thpo~/~ mice
(n > 5). (C) Representative flow cytometric plot of cell cycle analysis of Thpo™* and Thpo™'~ HSCs using Ki-67 and Hoechst 33342 staining. (D) Frequency of cell cycle states (Go,
G4, S/G2/M and subGy) in Thpo*/* and Thpo™~ HSCs (n = 4). (E) Representative flow cytometric plot and quantification (mean fluorescence intensity [MFI]) and percentage of
positively gated cells) of Annexin V staining in Thpo™* and Thpo™/~ HSCs (n = 4). (F) Representative flow cytometric plot and MFI of FSC parameter in Thpo*/* and Thpo ™/~
HSCs (n = 4). (G) Representative flow cytometric plot and MFI of dendra2 fluorescence in Thpo'/*;mito-dendra2*/~ and Thpo~/~;mito-dendra2*/~ HSCs (n = 4). (H) Ratio of
mitochondrial DNA (mtDNA)/nuclear DNA (nucDNA) quantified using gPCR in Thpo*/+ and Thpo=/~ HSCs (n = 4). (I) ATP content measured in luminescence of Thpo*/* and
Thpo /= HSCs (n > 5). *P < .05, **P < .01, ***P < .001, Student t test (A-B,E-I), Fisher's least significant difference test (D).
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Figure 2. Stem cell phenotype of HSCs from Thpo~/~ mice is reversible. (A) PB platelet count fold change in Thpo™/*, Thpo~/~, Thpo™/* Ro, and Thpo~/~ Ro mice (n > 5). (B)
Fold change in HSC number in BM (2 femurs and 2 tibias) of Thpo*/*, Thpo~/~ with romiplostim treatment. (C) Representative flow cytometric plot of cell cycle analysis Thpo*/*
Ro and Thpo='~ Ro HSCs and percentage of HSCs in the Gg stage in Thpo™’*, Thpo™'~, Thpo™'* Ro, and Thpo~'~ Ro HSCs. (D-F) Primary competitive BM transplantation of 500
HSCs isolated from Thpo*/*, Thpo™/~, Thpo™’* Ro, or Thpo™/~ Ro mice (n = 5). (D) PB chimerism of total mononuclear cells. (E) PB chimerism of GM cells (Mac1* Gr17), B cells
(B220*), and T cells (CD4* CD8*). (F) BM chimerism of HSCs (Lin~ cKit* Scal* CD48 CD150* CD34"). (G-I) Secondary competitive BM transplantation of 2 X 10° BM
mononuclear cells isolated from recipients of primary BM transplantation. (G) PB chimerism of total mononuclear cells (n = 5). (H) PB chimerism of GM cells, B cells, and T cells
(n = 5). () BM chimerism of HSCs (n = 5). *P < .05, **P < .01, Student t test (A-B), Fisher's least significant difference test (C), Tukey test (D-I).

(Figure 2A; supplemental Figure 1A). Thpo*/* HSCs initially
expanded but then declined and did not exhibit any change
after 10 days of romiplostim administration (Figure 2B; sup-
plemental Figure 1B-C). HSCs from Thpo ™/~ mice expanded
approximately fivefold with 10 days of romiplostim administra-
tion (Figure 2B). Romiplostim induced a significant increase in
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the percentage of S/G,/M and G4 phase cells in Thpo*/* mice
(Figure 2C; supplemental Figure 1D). Interestingly, although
romiplostim stimulated proliferation and significantly decreased
the percentage of Gg HSCs in Thpo™* mice, it increased the
percentage of Gg HSCs in Thpo™~ mice (Figure 2C). This in-
dicates that the restoration of Thpo signaling in Thpo™"~ mice
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stimulates HSCs to enter quiescence. The percentage of S/G,/M
phase HSCs from Thpo™~ mice did not exhibit a significant change,
indicating that quiescent HSCs preferentially increased in number
with romiplostim in Thpo™" mice (supplemental Figure 1D).

To assess changes in stem cell potential with Thpo deficiency
and romiplostim rescue, we performed competitive BM trans-
plantation using 500 highly purified HSCs (Lin~ cKit* Scal*
CD150* CD48~ CD34") from 4 groups of donor mice: Thpo*/*
mice, Thpo™’~ mice, Thpo™* Ro mice, and Thpo ™/~ Ro mice.
Donor-derived cell chimerism in all PB MNCs revealed that
Thpo™~ HSCs repopulated recipient mice, with no significant
difference compared with Thpo** HSCs (Figure 2D). Thpo /"~
HSCs repopulated similarly to Thpo™* HSCs in all PB white
blood cell lineages (granulocyte-monocyte [GM cells], B cells,
and T cells) (Figure 2E). PB chimerism of Thpo*/* Ro HSCs was
reduced significantly compared with Thpo** or Thpo™/~ HSCs
(Figure 2D-E). On the contrary, Thpo™'~ Ro HSCs exhibited a
repopulation potential that was comparable to Thpo*/* or
Thpo~"~ HSCs for PB chimerism (Figure 2D-E). BM chimerism of
donor-derived cells analyzed at 4 months after BM trans-
plantation exhibited the same pattern as PB chimerism, in which
Thpo*”* Ro HSCs had decreased repopulation potential com-
pared with the other groups (Figure 2F; supplemental Figure 1E).
The reconstitution pattern of various BM lineages revealed a
decrease in megakaryocyte progenitors (MkPs) and erythroid
reconstitution (primitive erythroid cells) in Thpo'* Ro HSCs
compared with Thpo** HSCs (supplemental Figure 1F). Thpo™"~
Ro HSCs exhibited high repopulation for common lymphoid
progenitor cells (supplemental Figure 1F). Secondary BM trans-
plantation of the 4 groups resulted in similarly decreased PB and
BM HSC reconstitution of Thpo** Ro HSCs (Figure 2G-I; sup-
plemental Figure 1G). Compared with Thpo™*, Thpo™~, and
Thpo™~ Ro HSCs, Thpo*/* Ro HSCs exhibited low chimerism in
myeloid, lymphoid, and erythroid lineages upon secondary BM
transplantation (supplemental Figure 1H). There was no difference
between lineage repopulation among Thpo**, Thpo™, and
Thpo™~ Ro HSCs (supplemental Figure 1H). Collectively, these data
indicate that, although Thpo™~ HSCs are reduced in number, they
can retain stem cell potential. Also, Thpoo™~ HSCs can enter qui-
escence, resist exhaustion, and retain repopulation potential upon
continuous stimulation with romiplostim.

HSC phenotype is mitigated in Thpo®/#;AlbCre+/-
knockout mice

To investigate whether tissue-specific deletion of Thpo altered
the cell cycle state of HSCs, we generated a Thpo™ mouse
model using CRISPR/Cas? to simultaneously insert 2 loxP sites
flanking exons 2 and 3 of the Thpo gene.® Loss of Thoo mRNA
expression in the liver of Thpo™#; AlbCre*/~ mice was confirmed
by gPCR (supplemental Figure 2A). In agreement with previous
reports, Thpo™; AlbCre*~ mice exhibited marked thrombocyto-
penia, but they had significantly higher platelet counts compared
with Thpo™ mice (Figure 3A). Thpo™; AlbCre*~ mice also exhibited
a significant decrease in BM HSC, premegakaryocytic/erythroid
progenitor, and MkP numbers but to a lesser extent compared with
Thpo™~ mice (Figure 3B; supplemental Figure 2B-C). Short-term
repopulating HSC and multipotential progenitor cell numbers were
unaffected in Thpo":AlbCre*”~ mice and Thpo™~ mice (supple-
mental Figure 2D). Thpo™AlbCre*~ mice exhibited a significant
increase in BM common myeloid progenitor, granulocyte/monocyte
progenitor, and primitive erythroid cells compared with Thpo™~ mice

HSCs THAT ESCAPE THROMBOPOIETIN DEPRIVATION

(supplemental Figure 2E). Thpo™;AlbCre~"~ mice did not exhibit
any change in platelet count or BM hematopoietic stem and
progenitor cell numbers compared with Thpo*™/* mice (Figure
3A-B; supplemental Figure 2B-E).

We next assessed the cell cycle state of Thpo™*;AlbCre*/~,
Thpo*/*, and Thpo™~ HSCs (Figure 3C). Thpo™";AlbCre™’~ mice
exhibited a significantly higher percentage of HSCs in the Gg
phase compared with Thpo™~ mice, whereas the frequency was
comparable to that in Thpo™* mice. G and S/G,/M phase cells
were not altered in Thpo*/*, Thpo™~, or Thpo™!;AlbCre*/~ mice
(supplemental Figure 2F). The percentage of HSCs in the subG;
phase was significantly higher in Thpo™;AlbCre*’~ and Thpo™~
mice compared with Thpo™* mice (supplemental Figure 2F);
however, Thpo™;AlbCre*/~ mice exhibited a significantly lower
percentage compared with Thpo™~ mice (supplemental Figure
2F). Annexin V staining confirmed an increase in apoptotic HSCs in
Thpo™:AlbCre*/~ mice but to a lesser extent than in Thpo™~
mice (Figure 3D). Cell size of HSCs forward scatter was unaltered
in Thpo™;AlbCre*~ mice compared with Thpo™* mice (Figure
3E). Because the HSC phenotype in Thpo”®;AlbCre*/~ mice was
mitigated compared with Thpo™~ mice, we analyzed whether
systemic Thpo levels differed between the groups. Although
Thpo™:AlbCre*/~ and Thpo™~ mice exhibited a significantly
lower concentration of Thpo in plasma compared with Thpo*/*
mice, the levels in Thpo"AlbCre*/~ mice were significantly
higher than in Thpo™~ mice (Figure 3F). These data indicate that
the stem cell phenotype in Thpo™;AlbCre*~ mice is ameliorated
compared with Thpo™~ mice and suggest Thpo regulates HSC
quiescence in a dose-dependent manner. Furthermore, the data
imply the possibility of a secondary source of Thpo production
other than the liver.

HSCs from Thpo~/~ mice exhibit attenuated
oxidative stress upon romiplostim administration
We next assessed whether altered mitochondria bioenergetics in
Thpo™~ HSCs was affected by romiplostim administration.
Thpo™/~;mito-dendra2 HSCs exhibited an increase in mito-
dendra2 fluorescence intensity after 10 days of romiplostim ad-
ministration (Figure 4A). A recovery in the mitochondrial state of
Thpo™/~ HSCs with romiplostim was also apparent upon analysis
of mitochondrial DNA and ATP content (Figure 4B-C). These data
indicate that mitochondria bioenergetics is normalized when
Thpo™'~ HSCs regain quiescence.

ROS production increased in Thpo™" Ro HSCs compared with
Thpo*”* HSCs, yet it was unchanged in Thpo™~ Ro HSCs compared
with Thpo™~ HSCs (Figure 4D). Both Thpo™~ Ro HSCs and Thpo*/*
Ro HSCs showed significantly increased staining with ThiolTracker,
which reflected an increase in reduced glutathione-mediated
elimination of ROS (Figure 4E). Thpo™~ Ro HSCs also exhibited a
decline in Annexin V staining compared with Thpo™~ Ro HSCs
(Figure 4F). These data suggest that Thpo™~ HSCs may possess
protective mechanisms against oxidative stress that facilitate qui-
escence regulation upon romiplostim stimulation.

Rapid response of HSCs from Thpo™f;AlbCre*/~
mice to romiplostim

We next examined the response of Thpo™";AlbCre*~ HSCs to
romiplostim administration. Because we observed a rapid response
of platelet counts in ThpoAlbCre*~ mice compared with
Thpo™~ mice, mice were analyzed at 5 days after romiplostim
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Figure 3. HSC phenotype is mitigated in Thpo™f; AlbCre*/~ knockout mice. (A-B) PB platelet (PIt) counts (A) and BM HSC number (per femur) (B) in Thpo**, Thpo™'~, Thpofl/f,
AlbCre~'~ Thpofl/fl; AlbCre*’~, and mice (n > 5). (C) Representative flow cytometric plot of cell cycle analysis and quantification of percentage of HSCs in the G phase of Thpot/*,
Thpo"":AlbCre*’~, and Thpo™~ mice (n > 5). (D) Representative flow cytometric plot and quantification (mean fluorescence intensity [MFI] and percentage of positively gated cells) of
Annexin V staining in Thoo**, Thpo"AlbCre*~, and Thpo™~ HSCs (n = 4). (E) MFI of FSC parameter in Thpo™*, Thpo™;AlbCre*/~, and Thpo™~ HSCs (n = 4). (F) Thpo concentration in
blood plasma of Thoo™*, Thpo™";AlbCre*’~, and Thpo™~ mice (n > 5). *P < .05, **P < .01, Tukey test (A-B,D-F), Fisher's least significant difference test (C).

administration rather than at 10 days. Although Thpo™"~ mice did
not exhibit a significant change in platelet count after 5 days
of romiplostim administration, the platelet count of Thpo™#;
AlbCre*/~ mice recovered to physiological levels (Figure
5A).Total BM MNC count was comparable among Thpo*/*,
Thpo™~, and Thpo"",AlbCre™~ mice (supplemental Figure 3A).
MkP count and percentage recovered rapidly in Thpo;
AlbCre*’~ mice compared with Thpo™~ mice (supplemental
Figure 3B). Thpo™®,AlbCre*/~ Ro mice exhibited a significantly
higher HSC count compared with Thpo™~ Ro mice (Figure 5B;
supplemental Figure 3C). Although an increase in quiescence
percentage was not observed in Thpo =~ HSCs at day 5,
Thpo™*;AlbCre*/~ mice exhibited a significant upregulation of
quiescent HSCs compared with Thpo*/* Ro and Thpo™"~ Ro
mice (Figure 5C). Thpo™*;AlbCre*/~ Ro HSCs also exhibited a
decrease in frequency during the Gy and S/G,/M phases
compared with Thpo™* Ro and Thpo™~ Ro HSCs (Figure 5C).
Thpo™*;AlbCre*/~ HSCs decreased significantly in the subG,
phase compared with Thpo™~ HSCs (Figure 5D). In vitro as-
sessment of the differentiation potential (in vitro limiting

2614 & blood® 13 MAY 2021 | VOLUME 137, NUMBER 19

dilution assay) through the colony formation of 1 to 3 HSCs was
comparable in Thpo"";AlbCre*/~ HSCs and Thpo™* HSCs
(supplemental Figure 3D). MMP assessed with tetramethylrho-
damine, ethyl ester staining was not significantly different
among Thpo*/* Ro, Thpo™~ Ro, and Thpo™"AlbCre*’~ Ro
HSCs (Figure 5E). Thpo™";AlbCre*/~ Ro HSCs exhibited a
significantly higher level of ROS compared with Thpo™"~ Ro
HSCs (Figure 5F). Therefore, mitochondrial changes may
predispose HSCs to enter a quiescent state because mito-
chondrial changes occurred before Thpo™/~ HSCs entered
quiescence.

Thpo deficiency broadly impairs organelle function
and turnover

To gain insight into the cellular and genetic changes associated
with Thpo deficiency and quiescence regulation, RNA se-
quencing was performed on Thpo*/*, Thpo™/~, Thpo*/* Ro, and
Thpo™~ Ro HSCs. Although the Thpo~~ HSC signature de-
viated from that of Thpo™* and Thpo™* Ro HSCs, romiplostim
administration to Thpo™/~ mice shifted the HSC gene signature

NAKAMURA-ISHIZU et al
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Figure 4. HSCs from Thpo~/~ mice exhibit attenuated oxidative stress upon romiplostim administration. (A) Representative plots and mean fluorescence intensity (MFI) of
dendra2 fluorescence expressed in HSCs from mito-dendra2*/~;Thpo*/* and mito-dendra2*/~;Thpo~/~ mice, with or without administration of romiplostim (n = 5). (B) Ratio of
mitochondrial DNA (mtDNA)/nuclear DNA (nucDNA) quantified by gPCR in Thpo*/*, Thpo™'~, Thpo*/* Ro, and Thpo™~ Ro HSCs (n = 4). (C) ATP content measured in
luminescence of Thpo*/*, Thpo /-, Thpo™/* Ro and Thpo/~ Ro HSCs (n > 5). Representative plots and MFI of CellROX staining (D) and ThiolTracker staining (E) in Thpo*/*,
Thpo™/~, Thpo™* Ro, and Thpo™~ Ro HSCs (n = 5). (F) Representative flow cytometric plot, MFI, and percentage of positively gated cells based on Annexin V staining in
Thpo*’*, Thpo™~, Thpo™* Ro, and Thpo™~ Ro HSCs (n = 4). *P < .05, **P < .01, Student t test.

toward that of Thpo*/* HSCs (Figure 6A-B). The Thpo /= HSC
signature exhibited a high number of differentially expressed
genes compared with Thpo™*, Thpo™’~ Ro, and Thpo*/* Ro
HSCs (Figure 6C; supplemental Figure 4A). Compared with
Thpo™* HSCs, Thpo/~ HSCs exhibited a loss of HSC gene
signature and an enrichment in progenitor cell gene signature
(Figure 6D). Enrichment in the HSC gene signature was also
observed when Thpo ™/~ HSCs were compared with the other
3 groups (Thpo*’*, Thpo*’* Ro, and Thpo™'~ Ro [REST]) (Figure
6E; supplemental Figure 4B). Expression of individual HSC-
related genes (Eng, Mecom, Procr, Slamf1, Tek, and Vwf) was
decreased in Thpo™~ HSCs (supplemental Figure 4C), whereas
it was upregulated in Thoo ™~ Ro HSCs. In agreement with the
increased apoptosis in Thpo ™/~ HSCs, apoptosis-related gene

HSCs THAT ESCAPE THROMBOPOIETIN DEPRIVATION

signature was upregulated in Thpo™~ HSCs compared with
Thpo™* and REST (Figure 6F). Furthermore, Thpo™~ HSCs
exhibited a downregulation of gene sets associated with mi-
tochondria function (supplemental Figure 4D-E) compared
with REST.

Protein synthesis levels are stringently regulated for the main-
tenance of highly potent HSCs.?¢ Reduction and upregulation
result in loss of HSC functions. Some of the highly enriched gene
sets in Thpo /=~ HSCs involved ribosome-related gene sets
(Figure 6G). Therefore, we analyzed protein synthesis in Thpo™"~
HSCs using an O-propargyl-puromycin (OPP) incorporation as-
say. Although the gene expression of ribosomal proteins was
downregulated in Thpo™~ HSCs, Thpo/~ HSCs exhibited
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Figure 5. Rapid response of HSCs from Thpo™f; AlbCre*/~ mice to romiplostim. Romiplostim was administered IV to Thpo*/*, Thpo™";AlbCre*/~, and Thpo~/~ mice for 5
consecutive days. (A) PB platelet countin Thpo™/*, Thpo™";AlbCre*/~ and Thpo~/~ mice treated with romiplostim (Thpo*/* Ro, Thpo™";AlbCre*/~ Ro, and Thpo™"~ Ro) (n = 5). (B)
BM HSC number in Thpo™’*, Thpo*/* Ro, Thpo™";AlbCre*/~ Ro, and Thpo™~ Ro mice (n = 5). (C) Representative flow cytometric plot and percentage of Gy, G, and S/G,/M
HSCs in Thpo*’* Ro, Thpo":AlbCre*/~ Ro, and Thpo ™~ Ro mice (n = 5). (D) Percentage of subG; HSCs in Thpo*/* Ro, Thpo";AlbCre*’~ Ro, and Thpo ™~ Ro mice (n = 5). Mean
fluorescence intensity (MFI) of tetramethylrhodamine, ethyl ester staining (TMRE) (E) and CellROX staining (F) in Thpo*/*,Thpo*/* Ro, Thpo™#;AlbCre*/~ Ro, and Thpo™'~ Ro

mice (n = 5). *P < .05, **P < .01, ***P < .001. Student t test (A-B,D-F), Fisher's least significant difference test (C).

increased incorporation of OPP compared with Thpo*/* HSCs
(Figure 6H). Thpo™"~ Ro HSCs exhibited significantly decreased
OPP incorporation, indicating that protein synthesis was down-
regulated with entry to quiescence. These data indicate that
Thpo-Mpl signaling regulates protein tumover for the regulation
of quiescence.

The quiescent state of HSCs is also governed by autophagic
clearance of healthy mitochondria and reduction of metabolic
stress.?” Thpo™/~ HSCs exhibited an enrichment in the expres-
sion of autophagy-related genes, especially in the genes as-
sociated with inhibition of autophagy (Figure 6l). Supporting the
expression pattern of autophagy-related genes, Thpo™/~ HSCs
and Thpo™AlbCre*~ HSCs exhibited decreased staining with
Cyto-ID, indicating decreased autophagy (Figure 6J). Furthermore,
Thpo™~ Ro HSCs exhibited higher Cyto-ID staining compared to
Thpo™~ HSCs (Figure 6K). These data indicate that Thpo-Mpl
signaling is involved with normalization of autophagocytic pro-
cesses in HSCs for the entry to quiescence. Collectively, Thpo-Mpl
signaling maintains HSC numbers and quiescence through the

fine-tuned regulation of organelle homeostasis.

2616 & blood® 13 MAY 2021 | VOLUME 137, NUMBER 19

Discussion

Among the few cytokines that directly regulate HSCs, Thpo has
been paradoxically characterized to promote quiescence and
self-renewal proliferation in HSCs. We show here that the
function of Thpo to induce HSC quiescence is dose dependent
and involves the modification of metabolic processes.

Cell cycle quiescence is a fundamental property of HSCs that
allows the formation of an HSC reserve pool within the BM.® Loss
of quiescence forces HSCs to proliferate and eventually undergo
exhaustion.?® Reports have identified Thpo as the major cytokine
that governs HSC quiescence. In vivo inhibition of Thpo sig-
naling using an antibody that inhibits Mpl (AMM2) resulted in an
increase in quiescent in HSCs.® Moreover, HSCs from Thpo™/~
mice lose cell cycle quiescence, and expression of the cell cycle
regulator gene p57Kip2 decreases.” However, Thpo has also
been well characterized for its ability to promote HSC self-
renewal proliferation, in vitro and in vivo, with Thpo doses
above physiological levels.#?? Failure of HSCs to expand in vivo
has also been reported in Thpo ™~ and Mpl~"~ mice.”* Our
analysis of the cell cycle state of Thpo "~ HSCs revealed that

NAKAMURA-ISHIZU et al
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Figure 6. Thpo deficiency broadly impairs organelle function and turnover. (A-C) Principal component analysis of RNA sequence on Thpo™/* (wt), Thpo™/~ (ko), Thpo™/* Ro
(wtr), and Thpo™~ Ro (kor) HSCs. Heat map analysis (B) and Venn diagram (C) for differentially expressed genes in Thpo*/* (wt), Thpo™/~ (ko), Thpo*/* Ro (wtr), and Thpo™~ Ro
(kor) HSCs. (D) Gene set enrichment analysis (GSEA) analysis of HSC- and progenitor-related gene sets in Thpo™* and Thpo™~ HSCs. (E) GSEA analysis for enrichment in HSC-
related gene set for Thpo™/~ and REST (Thpo™/*, Thpo™/* Ro, and Thpo~~ Ro HSCs). (F) GSEA analysis of apoptosis-related gene set for Thpo™/*, Thpo~/~, and REST HSCs. (G)
Table and GSEA plots showing enrichment in ribosome-associated gene sets upregulated in REST compared with Thpo~/~ HSCs. (H) Mean fluorescence intensity (MFI) of OPP
incorporation in Thpo™’*, Thpo~/~, and Thpo™/~ Ro HSCs (n = 5). (I) Analysis of autophagy-related gene set enrichment in Thpo~/~ and REST HSCs. (J) Representative plots and
MFI of Cyto-ID staining in Thpo*/*, Thpo™",AlbCre*/~, and Thpo~~ HSCs (n = 5). (K) Representative plot and MFI of Cyto-ID staining in Thpo™/~ and Thpo~~ Ro HSCs (n = 5).
*P < .05, **P < .01, Student t test. FDR, false discovery rate; NOM, nominal; p-val, P value; g-val, g value.
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Thpo deficiency leads to a loss of quiescence, but without cell
cycle progression and exhaustion. A majority of Thpo™~ HSCs
fail to enter the S/G,/M phase; rather, they succumb to apo-
ptosis, suggesting an antiapoptotic function in Thpo signaling
for the maintenance of BM HSCs. Although Thpo™~ HSCs ex-
hibit a high frequency of apoptosis, a subpopulation of HSCs
survived ex vivo manipulation and were capable of long-term
repopulation upon competitive BM transplantation. Further-
more, given that Thpo-Mpl signaling protects DNA damage
through nonhomologous end-joining repair,*" failure of Thpo™/~
HSCs to progress in the cell cycle may involve these pathways.
Our data clarify that Thpo-Mpl signaling is essential for HSC
quiescence and maintenance of BM HSC numbers through
preventing apoptosis.

Although a large number of HSCs do not survive Thpo deficiency,
the HSC pool in Thpo™~ mice was not completely depleted. In
fact, although romiplostim administration predominantly stimu-
lated proliferation in Thpo™* HSCs, we observed that Thpo™~
HSCs responded and entered quiescence with romiplostim. We
showed that romiplostim administration for 10 days regulates
quiescence in Thpo™~ HSCs, which were previously void of Thpo
signaling. The same dose of romiplostim induced cell cycle
progression and proliferation in Thpo** HSCs. The increase in
quiescence was not observed in Thpo™* or Thpo™~ HSCs after
5 days of romiplostim administration (Figure 5C). Furthermore,
HSCs from Thpo®*;AlbCre*/~ mice, which exhibited higher levels of
plasma Thpo compared with Thpo™~ mice, also exhibited quies-
cence after 5 days of romiplostim injections. The difference in re-
sponse between Thpo'/* and Thpo™~ HSCs may be attributed to
the initial exposure of Thpo-Mpl signaling. Therefore, Thpo™~
HSCs' response to romiplostim suggests that quiescence regulation
and the switch to proliferation may depend on the dose and cu-
mulative exposure history of Thpo.

The number of self-renewal divisions in adult HSCs is reported to
be limited during the life span.3 However, the difference in re-
sponse between Thpo™~ HSCs and Thpo*/* HSCs is not attrib-
uted to less divisional history due to the lack of Thpo, given that
young mice (8-10 weeks old) were analyzed. Thpo™~ mice exhibit
significantly higher levels of stem cell factor (SCF) in the BM,
possibly as compensation for low Thpo levels (data not shown).
The compensatory increase in BM SCF suggests that Thpo-
deficient HSCs may rely on SCF/cKit signaling for survival. Fur-
thermore, Thpo™~ mice present normal HSC numbers during
fetal and neonatal hematopoiesis,” indicating that HSC expansion
during development is intact. Interestingly, fetal and neonatal
HSCs are highly proliferative, with enhanced mitochondria bio-
energetics (data not shown). The fact that fetal and neonatal HSCs
expand regardless of Thpo deficiency indicates an HSC sub-
population that propagates independently of Thpo signaling
during development. It is questioned whether Thpo-independent
HSCs remain through adulthood and whether they make up the
small fraction of HSCs remaining in Thpo™~ mice. Similar to
Thpo™~ mice, prolonged injection of romiplostim to neonatal
mice increased the number of quiescent HSCs (data not shown).
HSCs that survive Thpo-deficient conditions repopulate normally
and gain quiescence upon restoration of Thpo signaling, sug-
gesting HSC heterogeneity in response to cytokine signaling. HSC
phenotype may be altered during romiplostim treatment, and it is
possible that our transplantation assays fail to assess these HSCs.
Unbiased assessment with whole BM transplantation assays could

2618 & blood® 13 MAY 2021 | VOLUME 137, NUMBER 19

be used to identify alterations in stem cell potential. HSCs that are
less sensitive to Thpo may represent a subpopulation of HSCs that
is resistant to replication and may be the origin of a stable HSC
pool in the BM.

The site of Thpo production and how systemic levels of Thpo are
maintained for HSC regulation have been controversial. Thpo
mRNA has been detected in various organs and tissue cells, such
as the liver, BM stromal cells, kidney, and macrophages.?334
However, during thrombocytopenia, Thpo mRNA levels in
the liver and kidney are not affected,® and binding of Thpo to
Mpl-expressing platelets primarily regulates circulating Thpo
levels.353¢ Recently, a study using Thpo™" mice for conditional
deletion of Thpo in liver (Thpo™AlbCre*/-), osteoblasts
(Thpo™";Col2.3Cre*/"), and megakaryocytes (Thpo™;Pf4Cre*/")
revealed that Thpo deletion from hepatocytes impaired HSCs.
The report concluded that Thpo production was regulated
systemically solely by hepatocytes. Through our comparison of
Thpo";AlbCre*/~ HSCs with the Thpo™/~ HSC phenotype, we
observed that Thpof;AlbCre™”~ HSCs exhibit less severe
damage. Thpo™*;AlbCre*/~ mice exhibited a significantly higher
number of PB platelets, as well as quiescent HSCs that were less
apoptotic than Thpo™~ HSCs. Plasma Thpo levels in Thpo™#;
AlbCre*’~ mice were significantly higher than in Thpo "~ mice,
suggesting a source of Thpo production other than the liver.
Furthermore, romiplostim regulated quiescence in Thpo™;
AlbCre*’~ HSCs more rapidly than in Thpo™~ HSCs, which also
confirms that HSCs’ response to Thpo signaling is dose de-
pendent. Therefore, systemic Thpo production for HSC main-
tenance is regulated by organs and tissue cells other than
hepatocytes. Future research should address which organs and
cells produce Thpo, as well as how this production is regulated.

Our data indicate significantly higher mitochondrial activity in
Thpo™/* HSCs than in Thpo™~ HSCs, this suggests that physio-
logical levels of Thpo may metabolically prime HSCs to proliferate
upon stress. RNA-sequencing data revealed that various meta-
bolic processes are affected in Thpo™~ HSCs. Protein synthesis
increased in Thpo™~ HSCs and normalized with romiplostim
administration. Autophagy was diminished in Thpo™~ HSCs and
also upregulated in romiplostim-treated Thpo™~ HSCs. The fact
that Thpo™;AlbCre*/~ HSCs did not exhibit any change in MMP
compared with Thpo™~ HSCs after 5 days of romiplostim ad-
ministration suggests that mitochondrial changes may exist before
entry to quiescence. High mitochondrial mass has been consid-
ered a parameter that is associated with high stem cell potential in
physiological HSCs.">* Although we observed that mitochondrial
mass and ATP content in Thpo™~ HSCs recovered with romi-
plostim, we did not observe an increase in mitochondrial mass or
ATP content in Thpo™”* HSCs upon romiplostim administration.
Also, ROS production was minimal and accompanied by a redox
response in Thpo™~ HSCs upon romiplostim administration. Al-
terations in HSC mitochondrial mass and function have not been
well monitored during nonphysiological stress hematopoiesis.
Our report analyzed various mitochondrial parameters under
replicative stress (Thpo™* Ro HSCs) and highlights the changes in
mitochondrial mass and function upon loss and restoration of
Thpo signaling in Thpo™~ HSCs. The difference in metabolic state
upon romiplostim administration in Thpo** and Thpo/~ HSCs
suggests that HSCs may be heterogeneous in response to cy-
tokine signaling. Nevertheless, our data clearly indicate that
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changes occur in a wide range of metabolic processes upon
quiescence acquisition.

Thpo deficiency does not obliterate adult HSC populations
completely, and HSCs that survive Thpo deficiency regain and
retain stem cell potential with Thpo signaling. HSCs that escape
Thpo deprivation acquire quiescence through modifications of
mitochondrial bioenergetics and other metabolic processes. As
the indication for Thpo mimetic drugs in various hematopoietic
diseases expands, assessing the effects of these drugs on BM
HSCs is crucial. The fact that Thpo primes HSCs metabolically
may provide new insights into the optimal use of Thpo mimetic
drugs in hematopoietic diseases.
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