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Hematopoietic stem cells temporally transition 
to thrombopoietin dependence in the fetal liver
Yeojin Lee, Emily DiMaulo-Milk, Juliana Leslie, Lei Ding*

Tissue stem cells temporally change intrinsic mechanisms to meet physiological demands. However, little is 
known whether and how stem cells rely on distinct extrinsic maintenance mechanisms over time. Here, we found 
that hematopoietic stem cells (HSCs) temporally transition to depend on thrombopoietin (TPO), a key extrinsic 
factor, from E16.5 onward in the developing liver. Deletion of Tpo reduced mTOR activity, induced differentiation 
gene expression, and preferentially depleted metabolically active HSCs. Ectopic activation of the JAK2 or MAPK 
pathway did not rescue HSCs in Tpo−/− mice. Enforced activation of the mTOR pathway by conditionally deleting 
Tsc1 significantly rescued HSCs and their gene expression in Tpo−/− mice. Lin28b intrinsically promoted mTOR 
activation in HSCs, and its expression diminished over time. Conditional deletion of Lin28b further reduced mTOR 
activity and strongly exacerbated HSC depletion in Tpo−/− mice. Therefore, HSCs temporally transition from intrinsic 
LIN28B-dependent to extrinsic TPO-dependent maintenance in the developing liver.

INTRODUCTION
Tissue stem cells change their properties and function throughout 
life. However, how stem cells transition through these changes over 
time is still elusive. In the hematopoietic system, hematopoietic 
stem cells (HSCs) with robust engraftment capacity first appear in 
the liver at around embryonic day (E) 12.5 in mice (1). These fetal 
HSCs rapidly self-renew to amplify the stem cell pool. Around 
birth, HSCs seed the bone marrow, assume the adult identity, and 
become largely quiescent (1). In addition to cell cycle status and 
tissue residence, HSCs also undergo changes of surface markers, 
differentiation potential, transcriptome, and epigenome across 
ontogeny (2, 3). It has been proposed that the HSC fetal-to-adult 
identity transition occurs precisely at 3 to 4 weeks postnatally (4). 
However, recent single-cell data suggest that HSCs begin the transi-
tion at the transcriptome level during late embryonic stages in a 
nonsynchronized manner (3).

The changing properties of HSCs during ontogeny suggest that 
HSCs engage in distinct regulatory mechanisms over time. A num-
ber of genes have been shown to regulate either adult or fetal HSCs 
in cell-intrinsic manners. Bmi1 (5), Gfi1 (6), Etv6 (7), Eed (8), and 
Ash1l (9) are required for adult but not fetal HSCs. In contrast, 
Sox17 is required for fetal and neonatal but not adult HSCs (10). 
RNA binding protein LIN28B is a master regulator controlling fetal 
HSC properties, and its expression gradually declines over time 
(11). Enforced Lin28b expression in adult HSCs and progenitors 
confers fetal properties, suggesting that it is an intrinsic master 
regulator of fetal HSC identity (11, 12). However, it is not clear how 
Lin28b governs fetal HSC identity.

Compared with intrinsic mechanisms, little attention has been 
paid to temporal changes in HSC extrinsic mechanisms. The peri-
natal cross-organ liver-to–bone marrow migration indicates that 
HSCs may markedly change their niche and extrinsic mechanisms 
in this setting. However, some HSCs start to transition to adult 
identity at late embryonic stages in the fetal liver (3), raising the 

questions of whether and when HSCs temporally rely on distinct 
extrinsic mechanisms during development without changing their 
residence. In addition, how HSCs make the temporal transition and 
rely on different molecular mechanisms without losing their stem 
cell potential has not been addressed.

By signaling through its cognate receptor, myeloproliferative 
leukemia virus proto-oncogene (MPL), cytokine thrombopoietin (TPO) 
is a key extrinsic maintenance factor for adult HSCs through regu-
lating their quiescence (13–15). Here, we report that HSCs transition 
to TPO dependence at around E16.5 in the fetal liver. Metabolically 
active HSCs particularly relied on TPO in a specific temporal manner. 
Janus kinase 2 (JAK2), mitogen- activated protein kinase (MAPK), 
and mammalian target of rapamycin (mTOR) all have been proposed 
to be downstream of MPL in cell lines (16). Our systemic genetic epi-
static analyses identified mTOR as the major pathway downstream of 
TPO in HSCs during development in vivo. Extrinsic TPO promoted 
mTOR activity and HSC maintenance cooperatively with intrinsic 
LIN28B. As intrinsic Lin28b expression diminishes over time, extrinsic 
Tpo expression gradually increases to maintain mTOR activity and 
HSCs. Thus, HSCs temporally change their extrinsic maintenance 
mechanisms by transitioning to TPO dependence in the fetal liver. 
Our work reveals a mechanism by which extrinsic factors can tempo-
rally gain control on HSCs by coupling to an existing intrinsic pathway.

RESULTS
HSCs transition to depend on TPO from E16.5 onward
TPO is required by adult bone marrow HSCs (15). We thus tested 
whether HSCs differentially require TPO for their maintenance 
across ontogeny by analyzing Tpo−/− mice at several time points 
before the adult stage. Because it has been proposed that HSCs 
switch from fetal to adult identity postnatally at 3 to 4 weeks old (4), 
we first tested whether Tpo is required for the maintenance of HSCs 
before this transition. Three-week-old Tpo−/− mice had signifi-
cant reductions in bone marrow cellularity, Lin−Sca1+cKit+ (LSK)– 
restricted hematopoietic progenitors, and CD150+CD48−LSK HSCs 
(fig. S1, A to C), suggesting that HSCs start to rely on TPO from an 
earlier time point. These mice also had significant reductions in 
CD41+ megakaryocytic cells and platelet counts (fig. S1, D and E).

Columbia Stem Cell Initiative, Department of Rehabilitation and Regenerative 
Medicine and Department of Microbiology and Immunology, Columbia University 
Irving Medical Center, New York, NY 10032, USA.
*Corresponding author. Email: ld2567@cumc.columbia.edu

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:ld2567@cumc.columbia.edu


Lee et al., Sci. Adv. 8, eabm7688 (2022)     16 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 14

To pinpoint the exact time at which HSCs transition to Tpo 
dependence, we analyzed mice at several earlier pre- and postnatal 
stages. At E14.5, Tpo−/− mice had normal cellularity, HSC, Flt3−LSK 
hematopoietic progenitor, LSK, and CD41+ megakaryocytic cell 
frequencies (Fig. 1, A to D, and fig. S1F). E13.5 Tpo−/− mice also had 
normal cellularity, LSK, and HSC frequencies (fig. S1, G to I). Liver 
cells from E14.5 mice gave normal long-term multilineage reconsti-
tution when transplanted into lethally irradiated recipient mice 
with normal levels of donor-derived HSCs (Fig. 1, E and F), suggest-
ing that E14.5 HSCs do not rely on TPO. At E16.5, 2 days later, 
Tpo−/− mice had normal liver cellularity (Fig. 1G). However, these 
mice had a significant reduction in HSC frequency, with normal 
Flt3−LSK or LSK hematopoietic progenitor frequencies and a modest 
reduction in CD41+ cells (Fig. 1, H to J, and fig. S1J). At postnatal 
day (P) 0, livers from Tpo−/− mice had a nearly 10-fold reduction in 
HSC frequency with normal cellularity compared with littermate 
Tpo+/+ controls (Fig. 1, K and L, and fig. S1K). Notably, Tpo+/− 
heterozygous mice had an intermediate HSC frequency reduction 
phenotype, suggesting haploinsufficiency. Flt3−LSK, LSK, CD41+ 
megakaryocytic lineage cells, and platelet counts were also signifi-
cantly reduced (Fig. 1, M and N, and fig. S1, L and M), while other 
blood cell counts were relatively normal (fig. S1, N and O). Liver 
cells from P0 Tpo−/− mice formed significantly fewer colonies in 
methylcellulose and had a significant decrease in their capacity of 
reconstituting lethally irradiated recipient mice (Fig. 1, O and P, 
and fig. S1P). Limit dilution assay revealed a notable 14-fold reduc-
tion in functional HSCs in P0 Tpo−/− livers compared with Tpo+/+ 
littermate controls (Fig. 1Q). The reduction in liver HSCs could be 
due to enhanced egress, as HSCs actively seed the spleen and bone 
marrow at the perinatal stage. To address this, we also analyzed 
mice at P5, when HSCs are in migration from the liver to the bone 
marrow (17). HSC frequency was significantly reduced to a similar 
extent in P5 Tpo−/− livers, bone marrow, and spleens (fig. S1, Q to 
V). Thus, the reduction in HSCs in Tpo−/− mice was not due to 
enhanced migration out of the liver. Together, our data suggest that 
HSCs temporally transition to depend on TPO from E16.5 during 
fetal development.

Tpo is primarily expressed by hepatocytes, and its 
expression increases over time
To identify the source of TPO, we treated TpocreER/+; Rosa26LSL-ZsGreen 
mice (15) with tamoxifen at E13.5 and E15.5 and performed 
fluorescence microscopy analysis at E17.5. The liver was the major 
source of TPO, with little if any expression by the kidney or spleen 
(fig. S2, A and B). Within the liver, hepatocytes were the major 
producer of TPO (fig. S2, C to U). Consistently, deletion of Tpo 
from fetal hepatocytes using Alb-cre or Afp-cre led to a significant 
reduction in HSC frequency in P0 livers (fig. S2, V and W). Thus, 
hepatocytes are the major source of TPO during development. Con-
sistent with the gradual dependence of HSCs on Tpo (Fig. 1, A to Q), 
its expression level gradually increased over time in the liver (Fig. 1R).

Tpo deletion leads to gene expression changes associated 
with HSC differentiation
We investigated the mechanisms by which TPO maintains perinatal 
HSCs. TPO sustains adult HSC quiescence by regulating the expres-
sion of key cell cycle inhibitors, p19 and p57 (13, 14). Thus, we 
assessed whether TPO regulates cell cycle of P0 HSCs. Compared with 
adult counterparts, P0 HSCs cycle significantly more (fig. S3A), 

but P0 HSCs from Tpo−/− mice had normal cell cycle status with 
normal expression of p19 and p57, compared with littermate 
controls. P0 HSCs from Tpo−/− mice also had normal annexin V 
staining (Fig. 2D), suggesting that HSCs were not depleted because 
of excessive cell death. It has been reported that TPO regulates adult 
HSC DNA damage response (18). However, we did not observe a 
significant alteration of H2AX levels in P0 HSCs from Tpo−/− mice 
compared with littermate controls (fig. S3B).

To investigate further the mechanisms of HSC depletion, we 
performed RNA sequencing (RNA-seq) analysis on sorted HSCs. 
Compared with controls, P0 HSCs from Tpo−/− mice had a signifi-
cant down-regulation of HSC gene signature (e.g., Esam, Procr, 
Mecom, and Egr1) and a concurrent up-regulation of hematopoietic 
progenitor gene signature (e.g., Mpo, Itgal, and Cd48) (Fig. 2, E and F, 
and fig. S3C). Consistent with the observed normal cell cycle, cell 
death status, and H2AX levels (Fig. 2, A to D, and fig. S3B), HSCs 
from Tpo−/− mice had similar expression of proliferation, apoptosis, 
and DNA damage response gene sets compared with controls 
(fig. S3, D to F). Our data collectively suggest that HSCs are most 
likely depleted because of differentiation in P0 Tpo−/− mice.

Tpo deletion preferentially depletes metabolically 
active HSCs
We observed a notable depletion of a subset of cells with larger size 
[higher forward scatter (FSC) in flow cytometry analyses] within 
the HSC pool from P0 but not E14.5 Tpo−/− mice (Fig. 2, G and H). 
To further characterize these large HSCs, we performed RNA-seq 
analyses. Compared with HSCs of smaller sizes, large HSCs had 
1154 up-regulated and 1471 down-regulated genes (fig. S3G). Genes 
associated with a metabolically active state, such as Pdk4, Mrpl42, 
and Eif3m, were among the up-regulated ones (fig. S3G). Gene set 
enrichment analysis (GSEA) revealed that large HSCs represented 
metabolically active HSCs with a significant enrichment of expressed 
gene sets associated with ribosome biogenesis, translation, oxidative 
phosphorylation, energy production, and mTOR pathway activa-
tion (Fig. 2, I and J, and fig. S3, H and I). Since the mTOR pathway 
is the major cell size and metabolism regulator (19), we directly 
assessed the activity of this pathway by probing its downstream 
targets, pS6 and p4EBP1. The levels of both of them were signifi-
cantly down-regulated in P0 but not in E14.5 LSKs from Tpo−/− 
mice (Fig. 2, K and L), suggesting that TPO promotes the mTOR 
pathway activation. In addition, we found that Tpo deletion led to a 
significant reduction in overall protein translation in P0 but not in 
E14.5 HSCs (Fig. 2, M and N). We also evaluated mitochondria 
mass and activity. P0 HSCs from Tpo−/− mice had normal mito-
chondria mass but reduced activity (fig. S3, J to L). Thus, TPO 
maintains perinatal HSCs by regulating the mTOR pathway and 
metabolic activation.

Ectopic activation of the JAK2 pathway does not rescue  
HSCs in P0 Tpo−/− mice
We reasoned that revealing the mechanisms mediating the signaling 
in HSCs is the key to understand the temporal changes of TPO 
dependence. After binding to its receptor MPL, TPO can activate 
multiple pathways (JAK2, MAPK, and mTOR) (16). We systematically 
assessed the contribution of these candidate downstream pathways 
in mediating the TPO pathway in HSCs in vivo.

Constitutively active mutations in Jak2, Mpl, or overexpression 
of Tpo all lead to myeloproliferative neoplasms (20, 21), suggesting 
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Fig. 1. Tpo is not required for HSCs at E14.5 but is required from E16.5 onward. (A to D) Cellularity (A), CD150+CD48−LSK HSC frequency (B), Flt3−LSK cell frequency 
(C), and LSK cell frequency (D) in E14.5 livers from Tpo−/− embryos compared with littermate controls (n = 4 to 6). (E) E14.5 liver cells (5 × 105) from Tpo−/− embryos gave 
normal reconstitution in irradiated recipient mice (three independent experiments with a total of n = 8 to 12 recipients for each condition). (F) Donor-derived HSC 
frequencies in recipient mice of (E) 16 weeks after transplantation (n = 4 for each condition). (G to N) Cellularity (G), HSC frequency (H), Flt3−LSK cell frequency (I), and LSK 
cell frequency (J) in E16.5 and P0 livers, respectively (n = 4 to 11 for each condition). (O) A total of 5 × 105 P0 liver cells from Tpo−/− mice gave significantly lower levels of 
reconstitution in irradiated recipient mice (three independent experiments with a total of n = 12 to 14 recipients for each condition). (P) Donor-derived HSC frequencies 
in recipient mice of (O) 16 weeks after transplantation (n = 12 for each condition).(Q) Limit dilution assays show a 14-fold reduction in long-term multilineage reconstituting 
cells in the P0 liver from Tpo−/− mice compared with controls (data represent two independent experiments). (R) Tpo transcript levels in the liver at different time points 
revealed by quantitative reverse transcription polymerase chain reaction (qRT-PCR) analyses (n = 3 for each condition). +, wild-type allele; −, germline-deleted allele. All 
data represent means ± SD, except in (E) and (O), where data represent means ± SEM. Two-tailed Student’s t tests were used to evaluate statistical significance. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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rescence intensity of HSCs in P0 (M) or E14.5 livers (N). Histograms show representative FACS plots. The fluorescence intensity of OP-Puro in Tpo+/+ HSCs was used for 
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Student’s t tests were used to evaluate statistical significance. *P < 0.05; **P < 0.01.



Lee et al., Sci. Adv. 8, eabm7688 (2022)     16 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 14

that the JAK2 pathway acts downstream of MPL and TPO at least 
under adult pathological conditions. We ectopically activated JAK2 
by recombining a conditional Jak2V617F allele (Jak2CA) (22) in the germ 
line (Jak2VF). Adult, but not P0, Jak2VF/+ mice had increased HSC 
frequency and number (fig. S4, A to J). It was possible that one allele 
of Jak2VF did not sufficiently activate the pathway in P0 HSCs. Thus, 
we looked for ways to further increase the activity of JAK2 by gener-
ating mice with two Jak2VF  alleles. Because homozygous Jak2VF/VF mice 
are embryonic lethal (22), we increased the dose of Jak2V617F by con-
ditionally recombining the other Jak2 allele through generating Jak2VF/ 
mice using Vav1-cre (23) specifically in the hematopoietic system ( in-
dicates Jak2V617F expression specifically in the hematopoietic system 
induced by Vav1-cre). The Jak2CA allele was efficiently recombined, 
leading to significant up-regulation of phospho–signal transducer 
and activator of transcription 5 (STAT5) in P0 HSCs from these mice 
(fig. S4, F and G). P0 Jak2VF/ mice had normal liver cellularity, 
HSC frequency, number, and CD150−CD48−LSK multipotent pro-
genitor (MPP) and LSK frequencies (fig. S4, H to L), indicating that 
ectopic JAK2 activation does not significantly affect perinatal HSCs.

To test whether the JAK2 pathway mediates TPO signaling in 
HSCs during development, we generated Tpo−/−; Jak2VF/+, or Tpo−/−; 
Vav1-cre; Jak2VF/ mice. Relative to littermate Tpo−/− mice, P0 mice 
with ectopic activation of JAK2 had comparable liver cellularity, 
HSC frequency, number, and CD150−CD48−LSK MPP and LSK 
hematopoietic progenitor frequencies (Fig.  3, A  to E). P0 Tpo−/−; 
Vav1-cre; Jak2VF/ mice had a significant reduction in liver CD41+ 
megakaryocytic cells and a significant increase in platelet counts 
compared with Tpo−/− controls, suggesting that the JAK2 pathway 
mediates TPO signaling in platelet production (Fig. 3, F and G). P0 
liver cells from mice with ectopically activated JAK2 also had a similar 
capacity to form hematopoietic colonies in vitro in methylcellulose 
assays (Fig. 3H). Compared with littermate Tpo−/− controls, P0 liver 
cells with ectopic activation of JAK2 in Tpo−/−; Jak2VF/+ or Tpo−/−; 
Vav1-cre; Jak2VF/ mice had a significant decrease in reconstitution 
capacity when transplanted into lethally irradiated recipient mice 
(Fig. 3I), indicating a lack of HSC rescue. Instead, a further deple-
tion of HSC function was observed in a dose- dependent manner. 
Together, these data suggest that JAK2 is not a major pathway mediat-
ing the TPO signaling for HSC maintenance during development.

Ectopic activation of the MAPK pathway does not rescue 
HSCs in P0 Tpo−/− mice
The MAPK pathway has also been proposed to mediate the TPO 
signaling (16). We tested whether the MAPK pathway mediates 
HSC maintenance downstream of TPO by expressing BRAFV600E, 
which constitutively activates the MAPK pathway (24). Germline 
BrafV600E expression leads to E7.5 lethality (25), and hematopoietic 
BrafV600E expression driven by Vav1-cre causes E12.5 lethality (26), 
preventing a direct assessment of the role of BrafV600E in HSCs 
throughout development. Using a Cre-activatable BrafV600E (BrafCA) 
allele (27), we circumvented these issues by conditionally express-
ing BrafV600E through treating Rosa26creER; BrafCA mice with tamoxifen 
after E12.5. Because of delivery-related neonatal lethality associated 
with tamoxifen (28), we analyzed treated mice at perinatal stage 
E18.5. Tamoxifen administration resulted in efficient recombination 
of BrafCA and expression of the BrafV600E allele in HSCs (fig. S4M). 
Compared with littermate nonrecombined BrafCA controls, conditional 
expression of BrafV600E alone did not affect E18.5 liver cellularity 
but led to significant reductions in HSC frequency and number 

(Fig. 4, A to C). It also led to significant increases in MPP and LSK 
hematopoietic progenitor frequencies (Fig. 4, D and E). However, the 
expression of BrafV600E in Tpo−/− mice did not lead to any significant 
increases in HSC frequency or number in Tpo−/− mice (Fig. 4, B and C). 
CD41+ megakaryocytic cells were significantly increased in tamoxifen- 
treated E18.5 Tpo−/−; Rosa26creER; BrafV600E mice, suggesting that 
the MAPK pathway mediates TPO signaling in megakaryocytic cell 
production (Fig. 4F). Liver cells from tamoxifen-treated E18.5 
Tpo−/−; Rosa26creER; BrafV600E formed similar numbers and types of 
colonies as those from Tpo−/− littermate controls (Fig. 4G). In addi-
tion, ectopic expression of BrafV600E did not lead to higher reconsti-
tution capacity of HSCs from Tpo−/− mice when transplanted into 
lethally irradiated recipient mice (Fig. 4H). These data suggest that 
the MAPK pathway is not a major mediator of the TPO signaling 
for HSC maintenance during development.

Ectopic activation of the mTOR pathway rescues HSCs  
in P0 Tpo−/− mice
mTOR has been proposed to act downstream of the TPO signaling 
(16). However, it is not known whether it mediates TPO signaling 
in HSCs in vivo. To test this, we ectopically activated the mTOR 
pathway by conditionally deleting Tsc1, a negative regulator of the 
pathway, from HSCs through generating Vav1-cre; Tsc1fl/fl mice. 
Tsc1 was effectively recombined from HSCs (fig. S5A). Compared 
with wild-type littermate controls, P0 Vav1-cre; Tsc1fl/fl mice had 
normal liver cellularity but significantly increased HSC and 
hematopoietic progenitor frequencies, numbers, and HSC cell size 
(Fig. 5, A to E, and fig. S5B). Conditional deletion of Tsc1 led to 
a significant 3.5-fold increase in HSC frequency and a threefold 
increase in HSC number in P0 livers from Tpo−/−; Vav1-cre; Tsc1fl/fl 
mice relative to Tpo−/− controls, respectively (Fig. 5, B and C, and 
fig. S5C). The magnitude of the increase was significantly more 
than that of Vav1-cre; Tsc1fl/fl mice compared with wild type, sug-
gesting a cooperative effect between Tpo and Tsc1 deletion on HSCs 
(Fig.  5B). We observed a significant rescue of HSC cell size in 
Tpo−/−; Vav1-cre; Tsc1fl/fl mice to an extent similar to that of 
wild-type controls (Fig. 5F). Tsc1 deletion also led to an increase in 
CD41+ cell frequency but a decrease in platelet counts in P0 Tpo−/−; 
Vav1-cre; Tsc1fl/fl mice compared with Tpo−/− mice (Fig. 5, G and H). 
The bone marrow and spleens from Tpo−/−; Vav1-cre; Tsc1fl/fl mice 
had comparable HSC frequencies and numbers relative to Tpo−/− 
controls (fig. S5, D to G), suggesting that the rescue of HSCs in P0 
livers was not due to abnormal migration.

P0 liver cells from Tpo−/−; Vav1-cre; Tsc1fl/fl mice formed signifi-
cantly more hematopoietic colonies, particularly multipotent 
granulocyte, erythroid, macrophage, and megakaryocyte (GEMM) 
colonies, compared with Tpo−/− mice (Fig.  5I). Consistent with 
previous reports that deletion of Tsc1 depletes adult HSCs (29, 30), 
liver cells from P0 Vav1-cre; Tscfl/fl mice had a significant reduction 
in reconstituting lethally irradiated recipient mice after transplanted 
into an adult environment (fig. S5H). HSCs from P0 Tpo−/−; Vav1-cre; 
Tsc1fl/fl mice had an initial increase in reconstitution activity com-
pared with Tpo−/− controls (Fig. 5J). However, over time, the effect 
diminished, likely due to the transition of perinatal HSCs to adult 
identity in the environment of the adult recipient mice (Fig. 5J), 
since adult HSCs require Tsc1 (fig. S5H) (29, 30). At the end of the 
transplantation, we confirmed high deletion efficiency by performing 
genotyping polymerase chain reaction (PCR) on colonies formed 
from single donor-type HSCs (fig. S5I).



Lee et al., Sci. Adv. 8, eabm7688 (2022)     16 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 14

To understand the underlying molecular mechanisms of HSC 
rescue, we performed RNA-seq analyses on sorted HSCs from P0 
Tpo−/−; Vav1-cre; Tsc1fl/fl and control Tpo−/− mice. We identified 
208 down-regulated and 363 up-regulated genes in HSCs from 
Tpo−/−; Vav1-cre; Tsc1fl/fl mice compared with Tpo−/− mice (fig. S6A). 
Tsc1 was significantly down-regulated (fig. S6B), validating high 
deletion efficiency in HSCs from Tpo−/−; Vav1-cre; Tsc1fl/fl mice. 
Conditional deletion of Tsc1 led to up-regulation of gene sets related 
to translation and amino acid metabolism associated with the mTOR 
pathway (fig. S6, C and D), suggesting a rescue of the metabolically 
active state. We found that deletion of Tsc1 from HSCs significantly 

rescued the expression of HSC signature genes caused by Tpo 
deletion in Tpo−/−; Vav1-cre; Tsc1fl/fl mice (Fig. 5K). Together, our 
data suggest that ectopically activating mTOR rescues HSC deple-
tion in P0 Tpo−/− mice in vivo. Therefore, the mTOR pathway is a 
major mediator of the TPO signaling for HSC maintenance during 
development.

TPO and LIN28B cooperate to promote mTOR activation 
and HSC maintenance during development
Our data suggest that TPO maintains metabolically active HSCs 
through promoting the mTOR pathway at P0 but not E14.5 (Fig. 2). 
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Fig. 3. Ectopic activation of the Jak2 pathway does not rescue HSCs in Tpo−/− mice. (A to F) Cellularity (A), CD150+CD48−LSK HSC frequency (B), number (C), 
CD150−CD48−LSK MPP frequency (D), LSK cell frequency (E), and CD41+ cell frequency (F) in P0 livers from Tpo−/−, Tpo−/−; Jak2VF/+, and Vav1-cre; Jak2VF/CA (Tpo−/−; 
Jak2VF/) mice (n = 5 to 10 mice for Tpo−/−, n = 5 to 11 mice for Tpo−/−; Jak2VF/+, and n = 4 to 6 mice for Tpo−/−; Jak2VF/). (G) P0 Tpo−/−; Jak2VF/ mice had significant in-
crease in platelet counts compared with Tpo−/− or Tpo−/−; Jak2VF/+ littermates (n = 3 to 6 mice for each condition). (H) Numbers of colonies formed by 10,000 P0 liver 
cells, scored as CFU-GM, CFU-GEMM, CFU-MK, or BFU-E (n = 3 to 6 mice for each condition). (I) A total of 5 × 105 P0 liver cells from Tpo−/−; Jak2VF/ mice gave signifi-
cantly lower levels of reconstitution in irradiated mice relative to Tpo−/− control mice (data represent means ± SEM from two independent experiments with a total 
of n = 7 to 10 recipients for each genotype). +, wild-type allele; −, germline-deleted allele; CA, unrecombined Jak2V617F conditional allele; VF, recombined 
Jak2V617F germline allele; and , Vav1-Cre–recombined Jak2V617F conditional allele. Tpo−/− includes Vav1-cre; Tpo−/−, Tpo−/−; JakCA/+, and Tpo−/−. Tpo−/−; Jak2VF/+ includes 
Vav1-cre; Tpo−/−; Jak2VF/+ and Tpo−/−; Jak2VF/+. All data represent means ± SD unless noted. Two-tailed Student’s t tests were used to evaluate statistical significance. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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This raised the question of whether and how the mTOR pathway is 
activated at E14.5. We performed RNA-seq analyses on E14.5 and 
P0 HSCs and found that E14.5 HSCs expressed higher levels of 
mTOR target genes, indicating that the mTOR pathway is more 
activated at E14.5 (fig. S7A). This is consistent with a prior report 
showing that HSCs have higher mTOR activity at E14.5 compared 
with P14 (31). This activation does not depend on Tpo (Figs. 1 and 2), 
and there is residual mTOR activity in P0 HSCs without Tpo 
(Fig. 2K), suggesting that mTOR activation in perinatal liver HSCs 
also relies on Tpo-independent mechanisms.

To elucidate the Tpo-independent mechanisms of mTOR activation, 
we mined our RNA-seq data and observed significant down- regulation 

of Lin28b and its target genes in P0 HSCs compared with E14.5 
(Fig. 6A). These results were independently confirmed by quanti-
tative PCR (qPCR) analyses (Fig. 6B). Since LIN28B is a master regu-
lator of fetal HSC identity (11) and it promotes mTOR activation in 
other cell types (32, 33), we investigated whether Lin28b intrinsically 
maintains mTOR activity and HSCs during development in cooper-
ation with extrinsic TPO in vivo. We generated Vav1-cre; Lin28bfl/fl 
mice to conditionally delete Lin28b from HSCs. Vav1-cre efficiently 
recombined and deleted Lin28b from the hematopoietic system, 
including HSCs (fig. S7, B and C). Although Lin28b deletion alone 
has no effect on the numbers of hematopoietic progenitors, includ-
ing HSCs, it led to significant reductions in P0 liver cellularity, HSC 
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Fig. 4. Ectopic activation of BRAF does not rescue HSC number in Tpo−/− mice. (A to F) Cellularity (A), CD150+CD48−LSK HSC frequency (B), number (C), CD150−CD48−LSK MPP 
frequency (D), LSK cell frequency (E), and CD41+ cell frequency (F) in E18.5 livers from BrafCA/+, BrafVE/+, Tpo−/−; BrafCA/+, and Tpo−/−; BrafVE/+ embryos (n = 4 to 7 embryos for each condi-
tion). (G) Numbers of colonies formed from 20,000 E18.5 liver cells, scored as CFU-GM, CFU-GEMM, CFU-MK, or BFU-E (n = 4 to 6 embryos for each condition). (H) Competitive 
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Fig. 5. Ectopic activation of the mTOR pathway rescues HSCs in Tpo−/− mice. (A to E) Cellularity (A), CD150+CD48−LSK HSC frequency (B), number (C), CD150−CD48−LSK 
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Control includes Tsc1+/+ (+, wild-type allele), Vav1-cre; Tsc1+/+, Tsc1fl/+, and Tsc1fl/fl. Tpo−/− includes Tpo−/−; Tsc1+/+, Tpo−/−; Tsc1fl/+, and Tpo−/−; Tsc1fl/fl. All data represent 
means ± SD unless otherwise noted. Two-tailed Student’s t tests or two-way analysis of variance (ANOVA) [in (B)] was used to evaluate statistical significance. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. NS, not significant.
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Fig. 6. TPO and LIN28B cooperatively maintain perinatal HSCs. (A) RNA-seq analysis showing expression levels of Lin28b and its target genes in P0 compared with 
E14.5 HSCs. (B) qRT-PCR analysis showing expression levels of Lin28b and its target genes (n = 4 to 5). (C and D) Cellularity (C) and HSC frequency (D) in P0 livers from 
control, Vav1-cre; Lin28bfl/fl (Lin28b/), Tpo−/−, and Tpo−/−; Vav1-cre; Lin28bfl/fl (Tpo−/−; Lin28b/) mice (n = 4 to 12 mice for each condition). (E) Representative FACS plots 
showing CD150−CD48−LSK MPP and CD150+CD48−LSK HSC frequency in P0 livers. (F) HSC number in P0 livers (n = 4 to 12 mice for each condition). (G) Normalized FSC-A 
of P0 liver HSCs (n = 4 to 5 mice for each condition). (H) Quantification of the mean fluorescence intensity (MFI) of pS6 in P0 HSCs (n = 3 mice for each genotype). (I) Normalized 
FSC-A of P0 liver HSCs (n = 5 to 12 mice for each condition). (J) Quantification of the MFI of pS6 in HSCs with representative FACS plots (n = 4 mice for each condition). 
(K) Numbers of colonies formed from 20,000 P0 liver cells (n = 4 to 5 mice for each condition). (L) Competitive transplantation of sorted HSCs from P0 Tpo−/− mice or Tpo−/−; 
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Vav1-cre; Lin28b+/+, Lin28bfl/+, and Lin28bfl/fl. Tpo−/− includes Tpo−/−; Lin28b+/+, Tpo−/−; Vav1-cre; Lin28b+/+, Tpo−/−; Lin28bfl/+, and Tpo−/−; Lin28bfl/fl. All data represent means ± SD 
unless noted. Two-tailed Student’s t tests were used to evaluate statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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frequency, and number without affecting MPP and LSK frequencies 
in Tpo−/−; Vav1-cre; Lin28bfl/fl mice compared with Tpo−/− littermate 
controls (Fig. 6, C to F, and fig. S7, D and E). A similar cooperation 
between Lin28b and Tpo deletion on HSCs was also observed at E14.5 
(fig. S7, F to H), indicating that the Tpo signaling is active at this stage. 
Consistently, Mpl was expressed by E14.5 HSCs, albeit at a lower 
level compared with P0 (fig. S7I). There was a significant reduction in 
platelet counts in P0 Tpo−/−; Vav1-cre; Lin28bfl/fl mice compared with 
Tpo−/− littermate controls, although no significant reduction in CD41+ 
megakaryocytic cells was observed (fig. S7, J and K).

Consistent with the role of LIN28B in promoting mTOR activity, 
we observed modest but significant reductions in HSC cell size and 
pS6 levels in P0 Vav1-cre; Lin28bfl/fl mice compared with littermate 
controls (Fig. 6, G and H). Compared with Tpo−/− mice, deletion of 
Lin28b led to a further reduction in HSC cell size in Tpo−/−; Vav1-cre; 
Lin28bfl/fl mice (Fig. 6I). We also observed a significant reduction 
in pS6 staining in P0 HSCs from Tpo−/−; Vav1-cre; Lin28bfl/fl mice 
compared with Tpo−/− controls (Fig. 6J), suggesting that LIN28B 
cooperatively promotes mTOR activity with TPO. P0 liver cells 
from Tpo−/−; Vav1-cre; Lin28bfl/fl mice had an equivalent capacity 
to form hematopoietic colonies in vitro, except for a significant 
reduction in megakaryocyte colony, compared with Tpo−/− mice 
(Fig. 6K). Deletion of Lin28b alone led to a modest reduction in 
the capacity of P0 liver cells in reconstituting lethally irradiated 
recipient mice (fig. S7L), suggesting that substantial HSC activity 
is still present without Lin28b. Deletion of both Lin28b and Tpo 
resulted in a complete depletion of HSC reconstitution activity in 
livers from P0 Tpo−/−; Vav1-cre; Lin28bfl/fl mice compared with 
Tpo−/− controls (Fig. 6L). These data strongly indicate that extrinsic 
TPO signaling maintains appropriate mTOR activity and promote 
HSC maintenance during development by cooperating with intrinsic 
LIN28B in vivo (fig. S7M).

DISCUSSION
Although it has been reported that TPO is required by adult but not 
E14.5 fetal HSCs, the specific stage of the transition was not identi-
fied (13). This fetal versus adult difference has been attributed to the 
role of TPO in maintaining adult HSC quiescence, hinting that the 
transition may occur at the fetal-to-adult cell fate shift. Here, we 
found that during fetal development, HSCs transition to depend on 
extrinsic TPO around E16.5 in the liver (Fig. 1), when HSCs begin 
to express adult gene signatures (3). Thus, our work demonstrates 
that HSCs rely on distinct extrinsic factors during development 
and provides functional evidence of a prenatal fetal-to-adult HSC 
identity transition. TPO promotes adult HSC quiescence. We show 
that independent from regulating cell cycle, extrinsic TPO path-
way gradually gains control on HSCs through regulating mTOR, 
metabolism, and differentiation by cooperatively functioning with 
intrinsic factor LIN28B during development (Figs. 2, 5, and 6). 
Further investigation is needed to reveal the underlying mechanisms 
of distinct effects of TPO on fetal versus adult HSCs. Many studies 
in the field used germline Tpo−/− mice to study the role of TPO 
on adult HSCs. Given that TPO has a role on fetal/neonatal HSCs, 
caution is needed when interpreting the data. LIN28B negatively reg-
ulates Let-7 microRNA biogenesis, which, in turn, represses the ex-
pression of several mTOR pathway components in other cellular 
context (33). It remains to be shown whether LIN28B regulates the 
mTOR pathway through similar mechanisms in HSCs. Nonetheless, 

since Tpo expression gradually increases (Fig. 1R) while Lin28b 
diminishes (Fig. 6, A and B) over time, our work provides a mecha-
nism of how tissue stem cells can readily gain extrinsic regulation 
(TPO) across ontogeny by tapping into an existing intrinsic pathway 
(LIN28B-mTOR) (fig. S7M).

It has been reported that E14.5 fetal liver cells from Mpl−/− mice 
have diminished reconstitution activity when transplanted into 
adult recipient mice (34). In contrast, consistent with our data, 
another report shows that E14.5 fetal liver cells from Tpo−/− mice 
have normal reconstitution activity (13). Although long-term re-
constitution in adult recipients is the gold standard for assaying 
HSC function in vivo, it has limitation when assessing fetal HSC 
function, as HSCs will inevitably assume an adult identity quickly 
after the transplantation. Therefore, the long-term reconstitution 
defects of E14.5 Mpl−/− liver cells are likely due to an intrinsic role of 
Mpl on adult HSCs after transplantation. In addition, other studies 
have shown that the numbers of hematopoietic progenitors are sig-
nificantly reduced at neonate but not E12 or E14.5 fetal livers from 
Mpl−/− mice, although HSCs were not analyzed (35, 36). While our 
work shows that deletion of Tpo alone at E14.5 does not affect HSC 
maintenance in the fetal liver, the Tpo signaling still contributes 
to HSC maintenance at this stage as revealed in Tpo and Lin28b 
double knockout mice (fig. S7F). Because Tpo and Mpl expression 
increases during ontogeny (Fig. 1R and fig. S7I), it is likely that a 
combination of low expression of both Tpo and Mpl limits the Tpo 
signaling in HSCs at early developmental stages. Additional work 
is needed to address the role of TPO in hematopoiesis at earlier de-
velopmental stages.

Although several pathways have been proposed to mediate the 
TPO signaling, it was not clear what pathway is downstream of TPO 
in HSCs in  vivo. We systematically investigated downstream 
mediators of the TPO signaling for HSC maintenance in vivo by 
ectopically activating several candidate pathways. Our work shows 
that enforced activation of mTOR leads to a rescue of HSCs in P0 
Tpo−/− mice (Fig. 5). In contrast, enforced activation of the JAK2 or 
MAPK pathway does not rescue but exacerbates HSC depletion in 
Tpo−/− mice (Figs.  3 and 4), suggesting that mTOR is the major 
pathway mediating the TPO signaling in HSCs during development. 
More work is needed to explore whether similar downstream 
pathway preference is at play in adult HSCs. Although TPO regu-
lates both thrombopoiesis and HSCs, the downstream mechanisms 
appear to be different. Ectopic activation of the JAK2 or MAPK 
pathway increases platelet counts in Tpo−/− mice, suggesting that 
these pathways may be downstream of TPO signaling in thrombo-
poiesis. These data suggest that HSCs have unique signaling 
mechanisms from differentiated cells, highlighting the importance 
of studying signaling in HSC-specific cellular context.

Lin28b overexpression in adult HSCs confers fetal identity (11). 
Our results suggest that deletion of Lin28b alone in perinatal HSCs 
only causes a mild phenotype (Fig. 6 and fig. S7). Genetic redundancy 
with Lin28a may be one of the underlying mechanisms (37). None-
theless, deletion of Lin28b in Tpo−/− background leads to a severe 
depletion of P0 HSC function (Fig. 6L), suggesting that these two 
pathways cooperatively maintain HSCs during development in vivo. 
An HSC depletion phenotype is already evident in these mice at 
E14.5, although mice with single Tpo or Lin28b deletion have 
normal HSC frequencies at this stage (fig. S7, F to H). These results 
further strengthen the notion that the cooperation between these 
pathways promotes HSC maintenance during development.
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MATERIALS AND METHODS
Mice
Tpofl, Tpo−, Tpogfp, and TpocreER mice were described previously 
(15). Tpogfp mice were used as Tpo−. Vav1-cre (23), Alb-cre (38), 
loxp-ZsGreen (39), and BrafCA (27) mice were obtained from the 
Jackson Laboratory and maintained on C57BL/6 background. 
Afp-cre (40) was purchased from Mutant Mouse Resource & Research 
Centers. Rosa26creER mice (41) were generated and provided by 
T. Ludwig at Columbia University. Jak2V617F mice (22) were generated 
by B. L. Ebert at Dana-Farber Cancer Institute, Harvard Medical 
School, and provided by N. Wang at Columbia University. Tsc1fl 
mice (42) were a gift from X. Zhang at Columbia University. Tsc1fl 
mice were backcrossed at least six times onto C57BL/6 background 
before analysis. Lin28bfl mice (43) were a gift from J. Magee at 
Washington University School of Medicine. To induce Cre activity 
in TpocreER mice, 1 to 2 g of tamoxifen dissolved in corn oil was 
administered one to two times to pregnant females. In the case of 
RosacreER, Cre activity was induced by oral gavaging 2 to 4 g of 
tamoxifen at E13.5, E15.5, and E17.5 to pregnant females. All mice 
were housed in specific pathogen–free, Association for the Assess-
ment and Accreditation of Laboratory Animal Care International–
approved unit at Columbia University Medical Center. All protocols were 
approved by Columbia University Committee on the Institutional 
Animal Care and Use. Unless otherwise noted, data are means ± SD, 
and two-tailed Student’s t tests were used to evaluate statistical 
significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Genotyping PCR primers
The following primers were used for genotyping: Tpofl, 5′-CATCTC-
GCTGCTCTTAGCAGGG-3′ and 5′-GAGCTGTTTGTGTTC-
CAACTGG-3′; Tpo−, 5′-TTAGGGAGCAGGAGGGATCT-3′ and 
5′-CCCAGCTAACAACCAATGCT-3′; Tpogfp, 5′-CGGACAC-
GCTGAACTTGTGG-3′, 5′-ACTTATTCTCAGGTGGTGACTC-3′, 
and 5′-AGGGAGCCACTTCAGTTAGAC-3′; TpocreER, 5′-CCAC-
CACCATGCCTAACTCT-3′, 5′-GTTCTCCTCCACGTCTCCAG-3′, 
and 5′-TCGCTAGCTGCTCTGATGAA-3′; Vav1-cre, 5′-AGATG-
CCAGGACATCAGGAACCTG-3′ and 5′-ATCAGCCACACCAG-
ACACAGAGATC-3; Cre, 5′-GCATTTCTGGGGATTGCTTA-3′ 
and 5′-ATTCTCCCACCGTCAGTACG-3′; loxp-ZsGreen, 5′-GG-
CATTAAAGCAGCGTATCC-3′ and 5′-AACCAGAAGTGGCACCT-
GAC-3′; Jak2fl, 5′-CGTGCATAGTGTCTGTGGAAGTC-3′ and 
5′-CGTGGAGAGTCTGTAAGGCTCAA-3′; Jak2VF, 5′-TCACAAG-
CATTTGGTTTTGAAT-3′ and 5′-GACCAGTTGCTCCAGGGT-
TA-3′; BrafCA, 5′-TGAGTATTTTTGTGGCAACTGC-3′ and 
5′-CTCTGCTGGGAAAGCGGC-3′; Tsc1fl, 5′-GTCACGACCG-
TAGGAGAAGC-3′ and 5′-GAATCAACCCCACAGAGCAT-3′; 
Tsc1−, 5′-TCAGGAGGCCTCTTCTGCTA-3′ and 5′-AGCCAAAG-
CACTGTGTGATG-3′; Lin28bfl, 5′-AAAGTTAGGGGGAGGG-
GAAC-3′ and 5′-TTCATCTGGCTCCTTTCTCG-3′; and Lin28b−, 
5′-AAAGTTAGGGGGAGGGGAAC-3′ and 5′-GTAAGGGGC-
GCTTCCAGAAT-3′.

Long-term competitive reconstitution assay and limit 
dilution assay
A caesium-137 (JL Shepherd and Associates) or MultiRad 225 X-ray 
irradiator (Precision) was used to lethally irradiate (total 1050 rads 
in a split dose) adult recipient mice. After anesthetization, mice 
were retro-orbitally injected with either 5 × 105 developing liver 
cells and 5 × 105 recipient bone marrow cells or purified HSCs and 

3 × 105 recipient bone marrow cells as noted. Mice were maintained 
on antibiotic water (Baytril 0.17 g liter−1) for 14 days after trans-
plantation and then changed to regular water. Recipient mice were 
bled periodically to evaluate the level of donor-derived hematopoi-
etic lineages including myeloid, B, and T cells. For limit dilution 
assays, three doses of donor liver cells (8 × 104, 4 × 104, and 1.5 × 
104) along with 3 × 105 recipient bone marrow cells were transplanted 
into lethally irradiated mice (n = 10 mice for Tpo+/+ 8 × 104 dose, 
n = 7 mice for Tpo+/+ 4 × 104 dose, n = 10 mice for Tpo+/+ 1.5 × 104 
dose, n = 10 mice for Tpo−/− 8 × 104 dose, n = 9 mice for Tpo−/− 4 × 
104 dose, and n = 11 mice for Tpo−/− 1.5 × 104 dose). After 16 weeks, 
the percentage of mice that were not multilineage reconstituted 
(<0.5%) by donor hematopoietic cells was plotted against cell dose. 
ELDA software was used to calculate functional HSC frequency and 
to assess statistical significance. Blood was incubated with ammoni-
um chloride potassium red cell lysis before proceeding to antibody 
staining. Cells were stained with anti-CD45.2 (104), anti-CD45.1 
(A20), anti-Gr1 (8C5), anti–Mac-1 (M1/70), anti-B220 (6B2), and 
anti-CD3 (KT31.1) (BioLegend) and analyzed by flow cytometry.

Colony-forming unit assay
A total of 15,000 to 40,000 liver cells were plated in 1.5 ml of 
methylcellulose culture medium (3434, STEMCELL Technologies) 
and incubated at 37°C in 5% CO2 and constant humidity. Colonies 
were counted 10 to 12 days after plating on an Olympus CKX41 
microscope (Olympus Life Science) and scored as derived from 
granulocyte-macrophage progenitor cells [colony-forming unit 
(CFU)–GM], multipotent GEMM progenitor cells (CFU-GEMM), 
erythroid progenitor cells (BFU-E), and megakaryocyte progenitor 
cells (CFU-MK).

Flow cytometry
Liver cells were isolated by crushing the tissue between two glass 
slides. The cells were passed through 25-gauge syringes with Ca2+- 
and Mg2+-free Hanks’ balanced salt solution with 2% heat-inactivated 
bovine serum for single-cell suspension. Then, cells were filtered 
through 70-m nylon mesh. For staining HSCs, the following anti-
bodies were used: lineage markers [anti-Ter119, anti-B220 (6B2), 
anti-Gr1 (8C5), anti-CD2 (RM2-5), anti-CD3 (17A2), anti-CD5 
(53-7.3), and anti-CD8 (53-6.7)], anti-CD150 (TC15-12F12.2), 
anti-CD48 (HM48-1), anti–Sca-1 (E13-161.7), and anti-cKit (2B8) 
(BioLegend). For staining Flt3−LSKs, the following antibodies were 
used: lineage markers [anti-Ter119, anti-B220 (6B2), anti-Gr1 (8C5), 
anti-CD2 (RM2-5), anti-CD3 (17A2), anti-CD5 (53-7.3), and anti- 
CD8 (53-6.7)], anti–Sca-1 (E13-161.7), anti-cKit (2B8), and anti-Flt3 
(A2F10) (BioLegend). Anti-CD41 (MWReg30) (BioLegend) anti-
body was used to assess frequency of CD41+ cells. DAPI (4′,6- 
diamidino-2-phenylindole) was used to preclude dead cells. Samples 
were run on BD FACSAria II, BD LSR II, BD FACSCelesta, or BD 
FACSCanto flow cytometers. BD FACSDiva or FlowJo (Tree Star) 
software was used for data analysis.

Immunostaining of liver or embryo sections
Freshly dissected livers were fixed in 4% paraformaldehyde (PFA) 
for 1 to 3 hours followed by overnight incubation in 30% sucrose in 
phosphate-buffered saline (PBS). Embryos were dissected in cold 
PBS, after which the skin and limbs were removed. The embryos 
were fixed in 4% PFA overnight at 4°C. Following fixation, the 
embryos were washed three times in PBS. After wash, the embryos 
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were decalcified in 10% EDTA solution (pH 7.3) overnight at 
4°C. The following day, the embryos were moved to 30% sucrose in 
PBS and incubated overnight. The tissues and embryos were em-
bedded in OCT (optimal cutting temperature) compound and snap 
frozen on dry ice. Liver and embryo sections were cut at 10 m 
using a CryoJane system (Instrumedics) and air dried overnight at 
room temperature. Sections were rehydrated in PBS for 5 min and 
blocked using either 5% goat serum or 5% donkey serum in PBS for 
30 min. Primary antibodies were applied overnight at 4°C, and then 
slides were incubated in secondary antibodies at room temperature 
for 2 hours with washes in between. Primary antibodies were rabbit 
anti-Laminin antibody (L9393, Sigma-Aldrich), rabbit anti-Desmin 
antibody (GTX103557, GeneTex), and goat anti-HNF4 antibody 
(sc-6556, Santa Cruz Biotechnology). Secondary antibodies were 
anti-rabbit Alexa Fluor 555 (Thermo Fisher Scientific) and anti-goat 
Alexa Fluor 555 (Thermo Fisher Scientific). DAPI was used to stain 
the nuclei. Slides were mounted with ProLong Gold Antifade 
(Invitrogen), and images were acquired on a Nikon Ti Eclipse 
confocal, Leica SP8, or Zeiss Axio Observe microscope.

Quantitative PCR
Cells were sorted directly into TRIzol. Total RNA was purified 
according to manufacturer’s instructions and subjected to reverse tran-
scription using SuperScript III Reverse Transcriptase (Invitrogen). 
The levels of gene transcripts were quantified by quantitative real- 
time PCR using GoTaq qPCR Master Mix (Promega) on a CFX 
Connect Real-Time PCR Detection System (Bio-Rad). -Actin or 
Gapdh was used to normalize the expression of genes. Primers used 
in this study were the following: -actin, 5′-GCTCTTTTCCAG-
CCTTCCTT-3′ and 5′-CTTCTGCATCCTGTCAGCAA-3′; Gapdh, 
5′-AACTTTGGCATTGTGGAAGG-3′ and 5′-ATGCAGGGAT-
GATGTTCTGG-3′; p57, 5′-GGAGCAGGACGAGAATCAAG-3′ 
and 5′-GAAGAAGTCGTTCGCATTGG-3′; p19, 5′-GGAGCTG-
GTGCATCCTGACGC-3′ and 5′-TGGCACCTTGCTTCAGGAGCTC-3′; 
Lin28b, 5′-GAGTCCAGGATGATTCCAAGA-3′ and 5′-TGCTCT-
GACAGTAATGGCACTT-3′ or 5′-TGGTTCAACGTGCGCATG-
GGA-3′ and 5′-CCACTGGCTCTCCTTCTTTCAAGCT-3′; Hmga1, 
5′-GCTGGTCGGGAGTCAGAAAG-3′ and 5′-GGTGACTTTC-
CGGGTCTTGG-3′; Igf2bp1, 5′-GGCTCAGTACGGTACAGTG-
GA-3′ and 5′-ACCACAGCTGTCTCACTTTCAG-3′; Igf2bp2, 
5′-GGGAAAATCATGGAAGTTGACTA-3′ and 5′-CGGGATGTTC-
CGAATCTG-3′; Tpo: 5′-CCTTTGTCTATCCCTGTTCTGC-3′ and 
5′-ACTGCCCCTAGAATGTCCTGT-3′; and Mpl, 5′-CTGC-
CACTTCAAGTCACGAA-3′ and 5′-CACTTGAGACCTCCCTCCAG-3′.

Cell cycle and cell death analysis
For 5-bromo-2′-deoxyuridine (BrdU) incorporation analysis, P0 mice 
were intraperitoneally injected with 0.1 mg of BrdU per gram of 
body weight. The mice were euthanized 4 hours later for the analy-
sis. The frequency of BrdU+ cells was determined by flow cytometry 
using an APC BrdU Flow Kit (BD Biosciences). For Ki67 staining, 
cells were fixed and permeabilized (BD Biosciences) and stained 
with anti-Ki67 (eBioscience, SolA15) and DAPI (1 g/ml). Annexin 
V staining was performed using Annexin V Apoptosis Detection 
Kit APC (BioLegend, 640920) per the manufacturer’s instructions.

Intracellular staining
For intracellular staining, cells were fixed in BD Cytofix/Cytoperm 
buffer (BD Biosciences) for 30 min on ice, washed in Perm/Wash 

buffer (BD Biosciences), and permeabilized with BD CytoPerm 
Plus buffer (BD Biosciences) for 10 min on ice. Cells were refixed in 
BD Cytofix/Cytoperm buffer for 10 min on ice and washed in Perm/
Wash buffer. Cells were then incubated in Perm/Wash buffer with 
the following primary antibodies: rabbit anti–phospho-S6 PE (Cell 
Signaling Technology, 5316), rabbit anti–phospho-STAT5 PE (Cell 
Signaling Technology, 5387), rabbit immunoglobulin G XP Isotype 
Control PE (Cell Signaling Technology, 5742), and anti-H2AX 
(clone 2F3; BioLegend, 613405). After staining, cells were washed in 
Perm/Wash buffer and resuspended in Perm/Wash buffer, followed 
by flow cytometry analysis.

Complete blood counts
Peripheral blood was collected by decapitation or cardiac puncture 
into EDTA-coated capillary tubes. Blood samples were analyzed by 
Genesis (Oxford Science Inc.).

Mitochondrial quantification
For mitochondrial DNA quantification, 100 to 200 HSCs were sorted 
into 50 l of lysis buffer (Viagen Biotech, 102-T) with freshly added 
proteinase K (Fisher BioReagents, BP1700-100). Cells were incu-
bated for 2 hours at 56°C and 15 min at 95°C. Quantification was 
performed by qPCR using GoTaq qPCR Master Mix (Promega) on 
a CFX Connect Real-Time PCR Detection System (Bio-Rad). Five 
microliters of cell lysate was used in each reaction. Relative mitochon-
drial DNA:nuclear DNA ratio was calculated using the Ct method 
upon targeting of nuclear-encoded gene (-actin: 5′-CGGCTTGC-
GGGTGTTAAAAG-3′ and 5′-CGTGATCGTAGCGTCTGGTT-3′) 
and mitochondrial-encoded gene (Cytb: 5′-CTTCATGTCGGAC-
GAGGCTTA-3′ and 5′-TGTGGCTATGACTGCGAACA-3′). For ex-
periments with MitoTracker Green (MTG) or tetramethylrhodamine 
ethyl ester (TMRE), cells were incubated with MTG (100 nM; 
Thermo Fisher) or TMRE (20 nM; Thermo Fisher) in the presence 
of verapamil (50 M; Sigma-Aldrich) at 37°C for 20 to 30 min.

Measuring protein synthesis
For in vitro analysis, cells were cultured in 100 l of Dulbecco’s 
modified Eagle’s medium supplemented with 15% heat-inactivated 
fetal bovine serum, stem cell factor (100 ng/ml), interleukin-13 
(IL-3; 10 ng/ml), IL-6 (10 ng/ml), 50 M -mercaptoethanol, and 
O-propargyl-puromycin (OP-Puro, 20 M; Thermo Fisher Scientific) 
for 1 hour at 37°C in 5% CO2 and constant humidity. After incuba-
tion, cells were washed with PBS and fixed in 0.5 ml of 1% PFA for 
15 min on ice. Cells were washed with PBS, followed by permeabili-
zation with 200 l of PBS supplemented with 3% fetal bovine serum 
and 0.1% saponin for 5 min at room temperature. OP-Puro was 
detected using Click-iT Plus OPP Alexa Fluor 488 Protein Synthesis 
Assay Kit (Thermo Fisher Scientific, C10456) according to the 
manufacturer’s instructions.

Western blots
A total of 20,000 to 30,000 LSK cells were sorted into trichloroacetic 
acid (TCA), and the volume was adjusted to a final concentration of 
10% TCA. Samples were incubated for 15 min on ice and centri-
fuged at 14,000 revolutions per minute at 4°C for 20 min. Supernatant 
was carefully removed, and precipitates were washed in prechilled 
acetone twice. The pellets were air dried, solubilized in NuPAGE 
LDS Sample Buffer, and heated at 70°C for 10 min. Samples sub-
jected to immunoblot analysis with the indicated antibodies: rabbit 
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anti–phospho-S6 (Cell Signaling Technology, 2215S), rabbit anti–
phospho-4E-BP1 (Cell Signaling Technology, 2855S), and mouse 
anti–-Actin (Thermo Fisher Scientific, MA5-15739). The immu-
noreactive bands were detected using horseradish peroxidase– 
conjugated secondary antibodies (Jackson ImmunoResearch) and 
enhanced chemiluminescence reagents (Thermo Fisher Scientific). 
Before reprobing, blots were stripped with stripping buffer [1% SDS 
and 25 mM glycine (pH 2)].

Gene expression profiling and analysis
For RNA-seq, libraries were prepared according to the Smart-seq2 
protocol as described (44) from 100 to 200 sorted HSCs. Samples 
were sequenced by NextSeq 500 (Illumina) with single-end 75–base 
pair read length using the NextSeq 500/550 High Output v2 Kit 
(75 cycles; Illumina). The RNA-seq pipeline from Basepair (www.
basepairtech.com) was used for the analysis. Expression count was 
analyzed by STAR, and differential expression by DESeq2 (P < 0.05 
and fold change >2). GSEA analysis was conducted as previously 
described (45). Transcriptomic signatures are provided in table S1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7688

View/request a protocol for this paper from Bio-protocol.
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