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SUMMARY
Mitochondria are fundamental but complex determinants for hematopoietic stem cell (HSC) maintenance. However, the factors

involved in the regulation of mitochondrial metabolism in HSCs and the underlying mechanisms have not been fully elucidated.

Here, we identify sterol regulatory element binding factor-1c (Srebf1c) as a key factor inmaintaining HSC biology under both steady-state

and stress conditions. Srebf1c knockout (Srebf1c�/�)mice display increased phenotypic HSCs and less HSCquiescence. In addition, Srebf1c

deletion compromises the function and survival of HSCs in competitive transplantation or following chemotherapy and irradiation.

Mechanistically, SREBF1c restrains the excessive activation of mammalian target of rapamycin (mTOR) signaling and mitochondrial

metabolism in HSCs by regulating the expression of tuberous sclerosis complex 1 (Tsc1). Our study demonstrates that Srebf1c plays an

important role in regulating HSC fate via the TSC1-mTOR-mitochondria axis.
INTRODUCTION

Hematopoietic stem cells (HSCs), which sit at the top of the

hematopoietic hierarchy, can self-renew and differentiate

into all kinds of blood cells over the lifespan (Carrelha

et al., 2018; Pinho and Frenette, 2019). During the steady

state, the majority of HSCs are retained in a specific bone

marrow (BM) microenvironment and are maintained in a

quiescent state (Cabezas-Wallscheid et al., 2017; Mendel-

son and Frenette, 2014). It has been well established that

the loss of quiescence may impair the long-term repopula-

tion capability of HSCs, eventually resulting in the pertur-

bation of hematopoietic homeostasis (Hou et al., 2015).

Previous studies have identified many cell-intrinsic and

cell-extrinsic factors that are involved in regulating HSC

function (Pinho and Frenette, 2019). In recent years,

increasing attention has been focused on cell metabolism,

such as mitochondrial metabolism, fatty acid oxidation,

glutamine metabolism, and amino acid catabolism, in

adult stem cells (Khoa et al., 2020; Ludikhuize et al.,

2020; Tohyama et al., 2016; Villegas et al., 2019), but

how metabolic changes affect the fate of HSCs remains

incompletely understood.

In the hypoxic microenvironment, quiescent HSCs

mainly use glycolysis to generate energy, which is required

to preserve their self-renewal ability (Takubo et al., 2010,

2013). In response to various stress signals, anaerobicmeta-

bolismwill switch tomitochondrial respiration tomeet the

energy demands for HSC proliferation (Wang et al., 2021).
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Previous studies reported that the mammalian target of ra-

pamycin (mTOR), AMP kinase (AMPK), peroxisome prolif-

erator-activated receptor-gamma coactivator 1a (PGC-1a),

and Ca2+ play a central role in mitochondrial energy meta-

bolism (Cantó et al., 2009; Cunningham et al., 2007; Ume-

moto et al., 2018). These pathways mediate the partial role

of other factors, such as TSC-1, TWIST1, LKB1, Dlk1-Gtl2,

SRC-3, andMEK1, in regulating HSC biology (Baumgartner

et al., 2018; Chen et al., 2008; Gan et al., 2008, 2010; Hu

et al., 2018; Qian et al., 2016; Wang et al., 2021). Despite

considerable study, the exquisite modulation of mitochon-

drial metabolism is still incompletely characterized.

Sterol regulatory element binding factor-1c (Srebf1c; also

called SREBP1c/ADD1) is one of the highly conserved basic

helix-loop-helix-leucine zipper family members. It has

been shown that Srebf1c is an indispensable metabolic

regulator in both humans and mice (Wang et al., 2015).

As a transcription factor, SREBF1c can control the expres-

sion of key enzymes for fatty acid synthesis, such as fatty

acid synthase (FAS), acetyl coenzyme A (CoA) carboxylase

1 (ACC1), and stearoyl-CoA desaturase 1 (SCD1), in adipo-

cytes and liver cells (Wang et al., 2015). In addition, Srebf1c

was reported to repress fatty acid metabolism and mito-

chondrial function in peripheral nerve cells by regulating

the expression of peroxisome proliferator-activated recep-

tor a (Ppara) ligands (Cermenati et al., 2015). Interestingly,

another study showed that Srebf1c modulates glucose

metabolism in natural killer (NK) cells (Assmann et al.,

2017). These findings indicate that Srebf1c functions in a
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cell context-dependent manner. However, it is still unclear

whether Srebf1c can regulate HSC function by affecting spe-

cific metabolic processes.

To elucidate the role of Srebf1c in HSCs, we used a Srebf1c

knockout (Srebf1c�/�) mouse model and found that loss of

Srebf1c leads to significant proliferation and activation of

phenotypic HSCs, accompanied by impairment in their he-

matopoietic reconstitution capacity. Mechanistically,

SREBF1c inhibited the hyperactivation of the mTOR

pathway and mitochondrial metabolism via transcrip-

tional control of Tsc1 expression. Overall, our study pro-

vides new insight into the role of Srebf1c in maintaining

HSC function and survival by modulating the TSC1-

mTOR-mitochondria axis.
RESULTS

Srebf1c is enriched in HSCs, and its deficiency slightly

affects mature hematopoiesis in mice

To understand the role of Srebf1c in hematopoiesis,

we analyzed its expression pattern in the BM of mice.

Quantitative real-time-PCR analysis showed that Srebf1c

expression was relatively higher in hematopoietic stem

and progenitor cells (HSPCs), especially in long-term

HSCs (LT-HSCs), than in lineage-positive (Lin+) cells (Fig-

ure 1A). Then, a Srebf1c+/LacZ mouse model (Liang et al.,

2002), which expresses the lacZ gene after Srebf1c deletion,

was used in our study. Similar expression profiling was

observed by flow cytometric analysis with fluorescein di-

b-D-galactopyranoside (FDG) staining (Figure 1B). These

findings suggest that Srebf1c may play a distinctive role in

HSC biology. By analyzing Srebf1c�/� and their littermate

wild-type (WT) control mice, we found that the depletion

of Srebf1c resulted in splenomegaly with increased B cell

numbers (Figures 1C–1F and S1A–S1C). However, other

conventional hematopoietic parameters were largely un-

changed after Srebf1c knockout (Figures 1G–1I and S1D).

Thus, these data indicate that Srebf1c deficiency has only

a slight effect on mature hematopoiesis.
Srebf1c deletion disturbs normal HSPC pool

To further acquire insight into the role of Srebf1c in hema-

topoiesis, we conducted flow cytometric analysis on the

HSPC compartment. Deletion of Srebf1c significantly

increased the percentage and absolute number of Lin�

Sca1+ c-Kit+ cells (LSKs), but not myeloid progenitors

(MPs), in the BM (Figures 2A and 2B). We then examined

the LSK subpopulation and observed that despite the un-

balanced proportion of LT-HSCs, short-term HSCs (ST-

HSCs), and multipotent progenitors (MPPs), the absolute

number of all of the subpopulations was increased after

Srebf1c deficiency (Figures 2C and 2D). Similar results
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were obtained using another combination of HSCmarkers,

CD48 and CD150 (Figures 2E and 2F). In addition,

Srebf1c�/� mice showed an increased number of megakar-

yocyte-erythroid progenitors (MEPs) but a decreased num-

ber of commonmyeloid progenitors (CMPs) in the BM (Fig-

ures 2G and 2H). In contrast, no significant alteration was

observed in the number of granulocyte-macrophage pro-

genitors (GMPs) or common lymphoid progenitors

(CLPs) when Srebf1c was deleted (Figures 2G and 2H).

Consistent with the HSC expansion in the BM, a marked

increase in LSK number was found in the spleen and pe-

ripheral blood (PB) of Srebf1c-null mice (Figures 2I and

S2). However, we observed increased numbers of MEPs

and CLPs in the spleens of Srebf1c�/� mice (Figure 2J).

Thus, Srebf1c is required to sustain a normal HSPC pool in

mice.

Srebf1c knockout leads to the loss of HSC quiescence

To determine whether Srebf1c deficiency affects HSC cell-

cycle status, we performed Ki67 and Hoechst 33342

staining. Flow cytometric analysis revealed that the fre-

quency of HSCs in G0 phase was reduced and the fre-

quency in G1 and S/G2/M phases was increased in

Srebf1c�/� mice (Figures 3A–3C and S3A). Consistently,

the bromodeoxyuridine (BrdU) incorporation assay

showed that Srebf1c deficiency promoted the proliferation

of HSCs (Figures 3D and S3B). Next, quantitative real-

time-PCR analysis showed that the expression of cell-cycle

inhibitors, such as Cdkn1a and Cdkn1c, was downregu-

lated, whereas the expression of Ccnb1, Ccne1, and Cdk2

was upregulated in Srebf1c�/� HSCs (Figure 3E). Prolifera-

tive active cells are more sensitive to genetic insults, such

as ionizing radiation (IR) and chemotherapy (Sinha et al.,

2019; Wang et al., 2016). As expected, Srebf1c�/� mice dis-

played reduced survival compared withWTmice following

sequential 5-fluorouracil (5-FU) treatment (Figure 3F) or a

lethal dose of total body irradiation (Figure 3G). Further-

more, annexin V and 7-aminoactinomycin D (7-AAD)

staining showed an increased apoptosis rate in Srebf1c�/�

HSCs (Figures 3H and S3C). Collectively, Srebf1c knockout

drives the proliferation and accelerates the apoptosis of

HSCs.

Srebf1c deficiency compromises the hematopoietic

reconstitution ability of HSCs

To investigate whether deletion of Srebf1c affects HSC func-

tion, we conducted a homing assay and found that the

homing efficiency was comparable between WT and

Srebf1c�/� HSCs (Figure S4A). Then, we performed serial

competitive BM transplantation (BMT) assays (Figure 4A).

The percentages of Srebf1c�/� donor-derived cells were

significantly reduced in recipients’ PB after primary and

secondary BMT, accompanied by a defect in long-term



Figure 1. Srebf1c is enriched in HSCs, and its deficiency slightly affects mature hematopoiesis in mice
(A) Relative expression levels of Srebf1c in long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), multipotent progenitors (MPPs), LSKs,
myeloid progenitors (MPs), and lineage-positive (Lin+) cells sorted from normal WT mice were detected by quantitative real-time-PCR (n =
3). The gating strategies are shown in Figure S1A.
(B) Flow cytometric analysis with FDG staining to detect Srebf1c expression in LT-HSCs, ST-HSCs, MPPs, LSKs, MPs, and Lin+ cells from WT
and Srebf1c+/LacZ mice (n = 3).
(C–F) Spleen parameters, including (C) size, (D) weight, (E) total cell number, and (F) mature cell numbers (T cells, B cells, and myeloid
cells) in WT and Srebf1c�/� mice (n = 3–6).
(G and H) Total BM cell number of 2 femurs and tibias (G) and thymus weight (H) in WT and Srebf1c�/� mice (n = 6).
(I) T cell, B cell, and myeloid cell numbers in the BM of WT and Srebf1c�/� mice (n = 6). **p < 0.01.
multilineage reconstitution (Figures 4B–4E). Consistently,

Srebf1c�/� HSCs formed significantly fewer colonies

in vitro than WT HSCs (Figure S4B). As Srebf1c was globally

deleted in mice, we performed reciprocal BMT assays to

assess how Srebf1c regulates HSC biology (intrinsic and/or
extrinsic) (Figures 4F and 4I). Consistent with the pheno-

type of HSCs in Srebf1c-null mice, recipients transplanted

with Srebf1c�/� BM cells showed increased HSC numbers

and proliferation (Figures 4G, 4H, and S4C). In contrast,

no significant difference in HSC phenotype was observed
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between WT and Srebf1c�/� mice that received CD45.1 BM

cells (Figures 4J, 4K, and S4D). These results suggest that

Srebf1c is required for maintaining HSC long-term repopu-

lation possibly in a cell-intrinsic manner.

Srebf1c ablation leads to significantly increased

mitochondrial metabolism in HSCs

To further explore the underlying mechanism by which

Srebf1c regulates HSC quiescence and function, we con-

ducted RNA sequencing (RNA-seq) using LSKs from WT

and Srebf1c�/� mice. Bioinformatics analysis showed that

595 genes were upregulated and 1,542 genes were downre-

gulated in Srebf1c�/� LSKs relative to WT controls (Figures

5A and 5B). Notably, the upregulated genes were signifi-

cantly enriched in metabolic pathways (Figure 5C). Subse-

quently, we performed gene set enrichment analysis

(GSEA) and found that proliferation-relatedHSC signatures

were enriched in Srebf1c�/� HSCs, while quiescence-related

signatures were enriched inWTHSCs (Figures 5D and S5A),

consistent with the above findings. Although previous

studies reported that Srebf1c regulates lipid synthesis

(Wang et al., 2015), the expression of two key enzymes in

this pathway was not significantly altered in HSCs

following Srebf1c deficiency (Figure S5B). Interestingly,

Srebf1c-deleted HSCs presented a significant upregulation

of metabolic signatures, including the citrate cycle, carbon

metabolism, oxidative phosphorylation, and mitochon-

drial organization compared to WT cells (Figure 5E). It

has been shown that cell proliferation is always associated

with a large cell size and active metabolism (Suda et al.,

2011). HSCs from Srebf1c�/� mice showed a larger cell size

(Figure S5C). Given that mitochondria play a central role

in energy metabolism, which is closely associated with he-

matopoietic homeostasis (Liang et al., 2020; Mansell et al.,

2021; Wang et al., 2021), we thenmeasured the mitochon-

drial properties of HSCs. Mitochondrial mass, membrane
Figure 2. Srebf1c deletion disturbs normal HSPC pool
(A) Representative flow cytometric plots of the percentage of HSPCs
(B) The percentage (left) and absolute number (2 femurs and tibias; rig
(C) Representative flow cytometric plots of the percentage of HSC su
(D) The percentage of subpopulations in LSKs (left) and the absolute n
(right) of WT and Srebf1c�/� mice (n = 5).
(E) Representative flow cytometric plots of the percentage of signaling
in WT and Srebf1c�/� LSKs.
(F) The percentage of SLAM-HSCs in LSKs (left) and the absolute num
Srebf1c�/� mice (n = 5).
(G) Representative flow cytometric plots of the percentage of GMPs, M
mice.
(H) The absolute number (2 femurs and tibias) of GMPs, MEPs, CMPs,
(I) Representative flow cytometric plots of the percentage of splenic L
WT and Srebf1c�/� mice (n = 6).
(J) The absolute number of GMPs, MEPs, CMPs, and CLPs in the splee
**p < 0.01.
potential, and the expression of mitochondria-related

genes, such as Cyc1, Atp4a, Cox5a, Cox6a2, Ndufc1, and

Idh3a, were increased in Srebf1c-null HSCs (Figures 5F, 5G,

and S5D–S5G). Notably, mitochondrial metabolism was

comparable between WT and Srebf1c�/� MPs (Figures 5F

and 5G), revealing that Srebf1c may play a unique role in

HSCs (to a greater extent in LSKs). In addition, transmis-

sion electron microscopy (TEM) revealed that mitochon-

drial number and folds of cristae were increased in

Srebf1c�/� HSCs (Figure 5H). Furthermore, we observed

increased glucose uptake, oxygen consumption rate

(OCR), and pyruvate dehydrogenase (PDH) activity in

Srebf1c�/� HSCs (Figures 5I, S5H, and S5I), accompanied

by elevated ATP and reactive oxygen species (ROS) levels

(Figures 5K and 5L). In contrast, decreased extracellular

acidification rate (ECAR), lactate dehydrogenase (LDH) ac-

tivity, and pyruvate and lactate levels were found in

Srebf1c�/� HSCs (Figures 5J, 5M, S5J, and S5K). Overall,

these data suggest that Srebf1c maintains HSC function

by suppressing mitochondrial activity.

SREBF1c inhibits the hyperactivation of mTOR

signaling via the transcriptional control of Tsc1

mTOR signaling plays a critical role in regulating mito-

chondrial metabolism and HSC maintenance (Liu et al.,

2019; Qian et al., 2016). Notably, a markedly enriched

mTOR complex 1 (mTORC1) signaling in Srebf1c�/� HSCs

was observed in ourGSEA data (Figure 6A). To further verify

whether the mTOR pathway is activated in Srebf1c�/�

HSCs, we examined the key points of this pathway. As

anticipated, the phosphorylation levels of mTOR, S6, and

4E-BP1 and the expression of PGC-1a, a master regulator

of mitochondrial metabolism, were significantly increased

in HSCs after Srebf1c deletion (Figures 6B–6D and S6A). Akt

is an upstreamactivator ofmTOR, but the level of p-Aktwas

not altered in HSCs in the absence of Srebf1c (Figure S6B).
in WT and Srebf1c�/� BM.
ht) of MPs and LSKs in the BM from WT and Srebf1c�/�mice (n = 5).
bpopulations in WT and Srebf1c�/� LSKs.
umber (2 femurs and tibias) of LT-HSCs, ST-HSCs, and MPPs in the BM

lymphocyte activation molecule (SLAM)-HSCs (CD150+ CD48� LSKs)

ber (2 femurs and tibias) of SLAM-HSCs in the BM (right) of WT and

EPs, CMPs (left), and CLPs (right) in the BM of WT and Srebf1c�/�

and CLPs from WT and Srebf1c�/� BM (n = 6).
SKs (left) and the absolute number of LSKs in the spleens (right) of

ns of WT and Srebf1c�/� mice (n = 6).
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However, studies have shown thatmTOR signaling is nega-

tively regulated by tuberous sclerosis proteins 1 and 2

(TSC1/2) (Hay, 2005; Lee et al., 2007). In fact, the mRNA

and protein levels of TSC1, but not TSC2, were lower in

Srebf1c�/� HSCs than in control cells (Figures 6E–6G and

S6C–S6E). Moreover, we noticed that Srebf1c�/� mice ex-

hibited HSC phenotypes similar to those of Tsc1�/� mice

(Chen et al., 2008; Gan et al., 2008). Therefore, we specu-

lated that SREBF1c restricts mTOR activity and mitochon-

drial metabolism in HSCs by modulating TSC1 expression

(Figure 6H). Subsequently, bioinformatic prediction re-

vealed that there was a potential binding site of SREBF1c

in the Tsc1 promoter region (Figure 6I), which was further

confirmed by chromatin immunoprecipitation (ChIP) as-

says (Figure 6J). These results demonstrate that SREBF1c

suppresses mTOR signaling and downstream mitochon-

drial metabolism by directly controlling the transcription

of Tsc1.
Inhibition of mTOR activation or scavenging ROS

improves HSC defects in Srebf1c-deleted mice

To further determine whether hyperactivation of the

mTOR pathway is responsible for HSC defects, Srebf1c�/�

micewere administered themTORC1 inhibitor rapamycin.

We found that rapamycin treatment significantly inhibited

mTOR activity, mitochondrial mass, mitochondrial mem-

brane potential, glucose uptake, and ROS production in

Srebf1c-null HSCs (Figures 7A–7G andS7A). In addition,

phenotypic expansion and aberrant proliferation of HSCs

in Srebf1c�/� mice were largely reversed after rapamycin

treatment (Figures 7H, 7I, and S7B). Inhibition ofmTOR ac-

tivity by rapamycin significantly rescued the impaired

function of Srebf1c�/� HSCs (Figures 7J and S7C). Finally,

to confirm whether the elevated ROS levels caused by

mitochondrial activation contribute to HSC defects in

Srebf1c�/� mice, the effective ROS scavenger N-acetyl-L-

cysteine (NAC) was applied (Figure S7D). We found that

NAC treatment partially reversed the phenotypic and func-
Figure 3. Srebf1c knockout leads to the loss of HSC quiescence
(A) Representative flow cytometric plots of cell-cycle distribution of
33342 staining.
(B) The frequency of LSKs (left) and LT-HSCs (right) in G0, G1, and S
(C) Flow cytometric analysis of cell-cycle distribution of SLAM-HSCs f
(D) Representative flow cytometric plots of cell proliferation with BrdU
LT-HSCs of WT and Srebf1c�/� mice (n = 5).
(E) The relative expression levels of cell-cycle-related genes in LT-HSCs
real-time-PCR (n = 3).
(F and G) Kaplan-Meier survival analysis of WT and Srebf1c�/�mice fol
(n = 9–10).
(H) Representative flow cytometric plots of apoptosis with annexin V/
(right) in LSKs and LT-HSCs from WT and Srebf1c�/� mice (n = 5).
**p < 0.01.
tional defects of Srebf1c-deficient HSCs (Figures S7E–S7I).

Our data demonstrate that Srebf1c maintains HSC homeo-

stasis via the limitation of mTOR activation andmitochon-

drial metabolism (Figure 7K).
DISCUSSION

HSC homeostasis needs to be exquisitely regulated for the

replenishment of all blood cells under both steady-state

and stress conditions (Mendelson and Frenette, 2014;

Pinho and Frenette, 2019). It has been reported that tran-

scription factors, epigenetic factors, multiple RNAs (micro-

RNAs, long-length noncoding RNAs, circular RNAs), and

cytokines participate in the modulation of HSC biology

(Hou et al., 2015; Hu et al., 2021; Li et al., 2018; Qian

et al., 2016; Xia et al., 2018; Yamashita and Passegue,

2019). Notably, energy metabolism is emerging as a regula-

tory element of HSCmaintenance, whereas the underlying

mechanism remains elusive. Here, we reported for the first

time that SREBF1c inhibits the mTOR pathway and down-

stream mitochondrial metabolism by regulating the tran-

scription of Tsc1, which is required for promoting HSC

maintenance in mice.

The Srebfs family, including Srebf1a, Srebf1c, and Srebf2

isoforms, displays incompletely overlapping functions for

regulating several metabolic processes (Wang et al., 2015).

For example, Srebf2 and Srebf1a can participate in choles-

terol biosynthesis, while Srebf1c preferentially governs

lipogenesis (Liang et al., 2002). Cholesterol-induced Srebf2

activation promotes HSPC expansion in atherosclerotic

cardiovascular disease in zebrafish (Gu et al., 2019). Howev-

er, less attention has been focused on the role of Srebf1c in

hematopoiesis. In the present study, we showed that

Srebf1c is relatively enriched in HSCs in the hematopoietic

system, suggesting that Srebf1cmay participate in the regu-

lation of HSC behavior. Using a Srebf1c�/� mouse model,

we found that Srebf1c deficiency leads to an expansion of
LSKs and LT-HSCs from WT and Srebf1c�/� mice by Ki67/Hoechst

/G2/M phases of WT and Srebf1c�/� mice (n = 5).
rom WT and Srebf1c�/� mice (n = 5).
staining (left) and the proportion of BrdU+ cells (right) in LSKs and

sorted from WT and Srebf1c�/�mice were measured by quantitative

lowing (F) sequential 5-FU administration and (G) 7.5 Gy irradiation

7-AAD staining (left) and the percentage of annexin V+ 7-AAD� cells
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Figure 4. Loss of Srebf1c compromises the long-term reconstitution ability of HSCs
(A) Schematic for competitive transplantation with WT and Srebf1c�/� BM cells.
(B–E) Flow cytometric analysis of the donor percentages (B and D) and multilineage (T cells, B cells, myeloid cells) reconstitution (C and E)
in the PB of CD45.1+ recipient mice at 16 weeks after the first (B and C) and second (D and E) transplantations (n = 6–8).

(legend continued on next page)
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phenotypic HSCs in the BM. In addition, increased HSPC

and mature cell numbers in the spleen, accompanied by

an enlarged spleen, were observed in Srebf1c�/� mice,

implying that the loss of Srebf1cmay promote extramedul-

lary hematopoiesis. In the steady state, HSCs with robust

self-renewal potency are in a quiescent state. This property

can protect HSCs from stress-induced injury and prevent

their premature aging and exhaustion during long-term

hematopoietic output (Takubo et al., 2010; Wang et al.,

2021). Previous studies have shown that Srebf1c maintains

the quiescence of hepatic satellite cells, but promotes the

proliferation of pancreatic b cells (Lee et al., 2019; Su

et al., 2020). In our study, we observed that the deletion

of Srebf1c significantly impaired HSC quiescence, resulting

in increased sensitivity to 5-FU and irradiation and

decreased long-term repopulation capacity. HSC biology

is co-regulated by cell-intrinsic or -extrinsic regulators in

the BM niche (Pinho and Frenette, 2019). In our study,

Srebf1c is globally deleted in mice. Although the reciprocal

BMT assays and the in vitro colony-forming assay suggest

that the defective function of Srebf1c�/� HSCs is probably

cell intrinsic, we could not rule out the possibility of

engraftment defect, developmental effects, or delayed

environmental effect. To bring a deeper understanding of

mechanism, a conditional knockout mouse model would

be better.

Our previous studies and others have indicated that

mitochondria emerge as drivers of HSC fate (Hu et al.,

2018;Wang et al., 2021). Activemitochondrialmetabolism

is not compatible with quiescent HSCs, which mainly rely

on glycolysis for energy production (Takubo et al., 2013). It

has been reported that Srebf1c is involved inmultiplemeta-

bolic processes, including lipid synthesis, fatty acid catabo-

lism, and glycolysis (Wang et al., 2015), whereas whether

Srebf1c regulates energy metabolism in HSCs remains un-

known. Here, we showed that Srebf1c deletion results in a

markedly increased mitochondrial function in HSCs,

accompanied by elevated ROS levels. However, HSC

impairment may be uncoupled from ROS elevation caused

by mitochondrial abnormalities in some circumstances

(Filippi and Ghaffari, 2019). In our study, scavenging ROS

by NAC treatment partially rescued the defects of Srebf1c-

null HSCs. These results demonstrate that elevated ROS

levels induced by mitochondrial activation may be an

important factor for HSC impairment in Srebf1c�/� mice.

mTOR is a serine/threonine kinase that exists in two

complexes, mTORC1 and mTORC2 (Saxton and Sabatini,
(F and I) Schematic for reciprocal transplantation.
(G–K) The absolute number (2 femurs and tibias) of LSKs and LT-HSCs a
and H) recipient mice (CD45.1) injected with 13 106 WT or Srebf1c�/

CD45.2) transplanted with 1 3 106 CD45.1 BM cells at 16 weeks afte
*p < 0.05, **p < 0.01.
2017). It is known that mTORC1, sensitive to rapamycin,

participates in cell growth, mRNA translation, and protein

synthesis (Inoki et al., 2002). In contrast,mTORC2 is insen-

sitive to rapamycin, regulating cell survival, cytoskeleton

organization, and gluconeogenesis (Hagiwara et al., 2012;

Jacinto et al., 2004). Specifically, mTORC1 also controls

mitochondrial biogenesis and activity by 4E-BP-dependent

translational regulation or activating PGC-1a (Cunning-

ham et al., 2007; Morita et al., 2013). Interestingly, either

inhibition or activation of mTORC1 impairs HSC quies-

cence and hematopoietic potential (Ghosh et al., 2016; Ka-

laitzidis et al., 2012), suggesting that mTORC1 activity

should be exquisitely regulated. Here, our findings revealed

that the loss of Srebf1c leads to the hyperactivation of

mTORC1 signaling and increased downstream protein

levels in HSCs. As a result, rapamycin treatment largely cor-

rected the increasedmitochondrial activity and rescued the

defective quiescence and function of Srebf1c�/� HSCs, sug-

gesting that the hyperactive mTORC1 and mitochondrial

metabolism may occur earlier than HSC proliferation and

impairment. Overall, we demonstrate that Srebf1c main-

tains HSC homeostasis mainly by limiting the activity of

mTORC1 signaling.

Researchers have reported that Akt plays a central role in

the activation of the mTORC1 pathway (Hay, 2005; Qian

et al., 2016). However, no significant difference in p-Akt

levels was observed between WT and Srebf1c�/� HSCs, sug-

gesting that Srebf1c deficiency-induced mTORC1 activa-

tion is not mediated by increased Akt activity. In addition,

TSC1 and TSC2 are recognized as suppressing mTORC1 ac-

tivity inmany tissues (Hay, 2005; Lee et al., 2007). Previous

studies reported that Tsc1 deletion increases HSC prolifera-

tion due to the abnormal activation of the mTORC1

pathway, leading to short-term expansion but loss of

long-term hematopoietic function (Chen et al., 2008;

Gan et al., 2008). Interestingly, the phenotypes of HSCs

were comparable between Srebf1c�/� and Tsc1�/� mice.

Both the mRNA and protein levels of TSC1 were signifi-

cantly reduced after Srebf1c deletion. Furthermore, ChIP as-

says revealed that SREBF1c controls the transcription of

Tsc1 by directly binding to its promotor region. Although

TSC1 and TSC2 are homologous proteins, little is known

about the role of TSC2 in HSCs. Moreover, our study

showed that the expression of TSC2 was not altered in

HSCs following Srebf1c ablation. Srebf1c is well known to

regulate the expression of many lipid metabolism-related

target genes, such as Fasn and Acc1 (Wang et al., 2015).
nd the frequency of BrdU incorporation in LSKs and LT-HSCs from (G
� BM cells (n = 7–8) or (J and K) recipient mice (WT or Srebf1c�/�;
r transplantation (n = 5–6).
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However, we did not observe any changes in Fasn and Acc1

expression in Srebf1c�/� HSCs. However, previous studies

reported that SREBF1c acts downstream of mTORC1 to

facilitate lipid biosynthesis in liver and Schwann cells

(Norrmen et al., 2014; Yecies et al., 2011). Combined

with these findings, we reasonably speculate that there

may be a negative feedback loop between SREBF1c and

mTORC1, which controls the metabolic balance in HSCs.

In conclusion, our study demonstrates that Srebf1c plays

an important role in orchestrating HSC fate via restriction

of the hyperactivation of mTORC1 activity and mitochon-

drial metabolism by regulating Tsc1 transcription.

These findings improve our understanding of HSC biology

and will give rise to novel avenues to facilitate HSC

maintenance.
EXPERIMENTAL PROCEDURES

Mice
C57BL/6J mice were purchased from the Institute of Zoology (Chi-

nese Academy of Sciences, Beijing, China). Srebf1c�/� mice were

obtained from the Jackson Laboratory (Bar Harbor, ME, USA),

and littermate WT mice served as controls. B6 SJL mice (CD45.1)

were a kind gift from Prof. Jinyong Wang (Guangzhou Institutes

of Biomedicine and Health, Chinese Academy of Science, Guangz-

hou, China). All of themice used were 8–10 weeks old. The animal

experiments were performed according to the experimental pro-

cedures approved by the Animal Care Committee of the ThirdMil-

itary Medical University (Chongqing, China).

Flow cytometric analysis and sorting
Single-cell suspensions of mouse BM, spleen, and PB samples were

prepared as we described previously (Hu et al., 2018, 2021). For he-

matopoietic cell phenotype analysis, cells were stained with anti-

bodies identifying the following surface markers: Sca-1, c-Kit,

CD34, Flk2, CD150, CD48, CD127, CD16/32, Gr-1, Mac-1, B220,

CD3e, CD45.1, CD45.2, and the lineage cocktail (CD3e, Mac-1,
Figure 5. Srebf1c ablation leads to significantly increased mitoch
(A–E) Transcriptomic profiling of WT and Srebf1c�/� LSKs.
(A) Venn diagram of the upregulated gene number (red box) and the do
(B) Heatmap analysis of representative differentially expressed gene
(C) KEGG enrichment analysis of upregulated genes in LSKs after Sreb
(D and E) GSEA of (D) HSC-related signatures (proliferation, mobilizati
cycle, carbon metabolism, oxidative phosphorylation, and mitochond
(F) Flow cytometric analysis of mitochondrial mass in MPs, LSKs, and
(G) Flow cytometric analysis of mitochondrial membrane potential i
staining (n = 5).
(H) Representative transmission electron microscopy (TEM) images o
(I and J) Seahorse analysis of the (I) oxygen consumption rate (OCR)
LSKs (n = 3).
(K) Relative ATP levels in LT-HSCs and Lin+ cells sorted from WT and
(L) Flow cytometric analysis of ROS in MPs, LSKs, and LT-HSCs from W
(M) Relative lactate levels in LT-HSCs and Lin+ cells sorted from WT a
*p < 0.05, **p < 0.01.
Gr-1, B220, and Ter-119). Apoptosis, cell cycle, BrdU incorporation

assay, and intracellular staining were performed as we described

previously (Hu et al., 2018, 2021). All monoclonal antibodies

(mAbs) were purchased from eBioscience (San Diego, CA, USA)

or BioLegend (San Diego, CA, USA). Samples were detected by

flow cytometry using a FACSVerse (BD Biosciences, San Jose, CA,

USA) or FACSFortessa (BD Biosciences) and the data were analyzed

using FlowJo 10.0 software (TreeStar, San Carlos, CA, USA).

For HSPC sorting, BM cells were first enriched by a Direct Lineage

Cell Depletion Kit (Miltenyi Biotec, Bergisch Gladbach, Germany)

following the manufacturer’s instructions. Then, enriched Lin�

cells were stained with the above surface markers. 40,6-Diami-

dino-2-phenylindole (DAPI; Sigma, St. Louis, MO, USA) and try-

pan blue (Thermo Fisher Scientific, Grand Island, NY, USA) were

used to confirm cell viability. Samples were sorted by a FACSAria

II or FACSAria III sorter (BD Biosciences). Further details of flow cy-

tometric antibodies are provided in Table S1.

Transplantation assays
The homing assaywas performed as previously described (Gu et al.,

2016). Briefly, 2 3 104 LSKs isolated from WT or Srebf1c�/� mice

(CD45.2) were transplanted into lethally irradiated (10 Gy)

CD45.1+ mice. After 16 h, the homing efficiency was analyzed by

flow cytometry. For competitive transplantation assays, 1 3 106

BM cells fromWTor Srebf1c�/�mice (CD45.2) alongwith an equiv-

alent number of CD45.1+ BM cells were injected intravenously

into recipient mice (CD45.1) after lethal irradiation (10 Gy). At

16 weeks after transplantation, the recipient mice (CD45.1/

CD45.2) from the first transplantation were euthanized and then

1 3 106 BM cells were transplanted into new lethally irradiated

(10 Gy) recipients (CD45.1). The chimerism level in the PB of

the recipient mice was measured at the indicated time after trans-

plantation. For reciprocal transplantation assays, 1 3 106 BM cells

from WT or Srebf1c�/� mice (CD45.2) were transplanted into

lethally irradiated (10 Gy) recipients (CD45.1), and 1 3 106 BM

cells from CD45.1 mice were transplanted into lethally irradiated

(10 Gy) WT or Srebf1c�/� recipients (CD45.2). At 16 weeks after

transplantation, HSC phenotypes in the recipient mice were de-

tected by flow cytometry.
ondrial activity and metabolism in HSCs

wnregulated gene number (blue box) in LSKs after Srebf1c deletion.
s between WT and Srebf1c�/� LSKs.
f1c deletion. Listed are the top 10 enriched pathways.
on, and quiescence) and (E) metabolism-related signatures (citrate
rial organization) in the RNA-seq data from WT and Srebf1c�/� LSKs
LT-HSCs from WT and Srebf1c�/� mice by MTG staining (n = 5).
n MPs, LSKs, and LT-HSCs from WT and Srebf1c�/� mice by TMRM

f mitochondria morphology in LSKs from WT and Srebf1c�/� BM.
and (J) extracellular acidification rate (ECAR) in WT and Srebf1c�/�

Srebf1c�/� mice (n = 5).
T and Srebf1c�/� mice by DCFH-DA staining (n = 5).
nd Srebf1c�/� mice (n = 5).
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Figure 6. SREBF1c inhibits the hyperactivation of mTOR signaling via the transcriptional control of Tsc1
(A) GSEA of mTORC1 pathway in RNA-seq data from WT and Srebf1c�/� LSKs.
(B–D) Flow cytometric analysis of the expressions of (B) p-mTOR (S2448), (C) p-4E-BP1 (T37/46), and (D) PGC-1a in MPs, LSKs, and LT-
HSCs of WT and Srebf1c�/� mice (n = 5).
(E) Quantitative real-time-PCR analysis of Tsc1 expression in WT and Srebf1c�/� LT-HSCs (n = 3).
(F) Western blot analysis of TSC1 protein expression in LSKs sorted from WT and Srebf1c�/� mice. Representative Western blot of 3
biological replicates is shown at left and quantitative analysis of the relative TSC1:glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
ratio is shown at right.
(G) Flow cytometric analysis of the expression of TSC1 in MPs, LSKs, and LT-HSCs from WT and Srebf1c�/� mice (n = 5).
(H) Immunofluorescence staining of TSC1 (green) and TOMM20 (red) in the LT-HSCs sorted from WT and Srebf1c�/� mice. Nuclei were
stained with DAPI (blue). The scale bar represents 5 mm.

(legend continued on next page)
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Mitochondrial mass, mitochondrial membrane

potential, ROS levels, and glucose uptake analysis
WT and Srebf1c�/� cells were first incubated with HSPC markers.

Then, samples were stained with 20 nM Mito Tracker Green

(MTG; Thermo Fisher), 20 nM tetramethylrhodaminemethyl ester

(TMRM; Thermo Fisher), 10 mM 20,70-dichlorodihydrofluorescein
diacetate (DCFH-DA; Beyotime, Shanghai, China) or 20 mM 2-

deoxy-2-((7-nitro-2,1,3-benzoxadiazol-4-yl) amino) (2-NBDG;

Thermo Fisher) as previously described (Hu et al., 2018; Mansell

et al., 2021).

ATP measurement
ATPmeasurement was performed as previously described, withmi-

nor modifications (Mansell et al., 2021). In brief, 1 3 104 LT-HSCs

or Lin+ cells sorted fromWTand Srebf1c�/� mice were resuspended

in 100 mL PBS containing 2% fetal bovine serum (FBS), and then

transferred into a 96-well plate, followed by the addition of

50 mL detergent and substrate solution. Finally, the ATP level was

measured using the Luminescent ATP Detection Assay Kit (Abcam,

Cambridge, UK).

Seahorse assays
The OCR and extracellular acidification rate were detected using

the Agilent Seahorse XFp Cell Mito Stress Test Kit or the Glycolysis

Stress Test Kit (Agilent Technologies, Santa Clara, CA, USA) as pre-

viously described (Hu et al., 2018; Rao et al., 2019). Briefly, sorted

LSKs (5 3 104) were plated into miniplates precoated with Cell-

Tak (BD Biosciences). For theMito Stress Test, cells were suspended

in XF assay medium containing 1 mM pyruvate, 10 mM glucose,

and 2 mM glutamine (pH 7.4), and then incubated in a CO2-free

incubator at 37�C. Finally, respiration was measured by an Agilent

Seahorse XFp analyzer (Agilent Technologies) after sequential

addition of 1 mMoligomycin, 1 mM carbonilcyanide p-triflourome-

thoxyphenylhydrazone (FCCP), and 0.5 mM rotenone/antimycin

A (Agilent Technologies). For the glycolysis stress test, cells were

suspended in XF base medium supplemented with 1 mM gluta-

mine (pH 7.4) and then incubated in a CO2-free incubator at

37�C. Finally, the glycolysis stress test was measured by an Agilent

Seahorse XFp analyzer after the sequential addition of 10 mM

glucose, 2 mM oligomycin, and 50 mM 2-deoxy-D-glucose (2-DG)

(Agilent Technologies).

RNA-seq
Transcriptome sequencing was conducted at Shanghai Sinomics

(Shanghai, China). In brief, LSKs (1 3 105 per sample) were

sorted from WT and Srebf1c�/� mice by flow cytometry, and total

RNA was extracted using the RNAqueous Kit (Ambion, Darm-

stadt, Germany). Paired-end libraries were synthesized by using

the TruSeq RNA Sample Preparation Kit (Illumina, San Diego,

CA, USA) following the user manuals. After purification and

enrichment, library fragments were loaded into cBot to generate
(I) Schematic diagram of the predicted SREBF1c binding site in the T
(J) ChIP-PCR analysis of the binding of SREBF1c to the promoter region
as a negative control.
**p < 0.01.
clusters, followed by sequencing on an Illumina NovaSeq 6000.

Differentially expressed genes were defined by fold change >2.0

and p < 0.05, and then used for Gene Ontology (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway enrich-

ment analysis. GSEA was performed using GSEA_4.0.3 software,

and gene sets were summarized from previous studies (Cabezas-

Wallscheid et al., 2017; Nakagawa and Rathinam, 2018). The

sequencing data were submitted to the BioProject database:

PRJNA723365.
Statistical analysis
Data analysis was performed using GraphPad Prism 6.0 software

(La Jolla, CA, USA). All of the experiments were independently per-

formed at least three times. Unpaired Student’s t test (two-tailed)

was used for two group comparisons, and one-way ANOVA was

used for multiple group comparisons. The log rank test and Ka-

plan-Meier curve were used for survival analysis. All of the data

were shown as themean ± SD. *p < 0.05 and **p < 0.01 are depicted

as statistically significant differences.
Data and code availability
The data that support the findings of this study are available from

the BioProject database: PRJNA723365.
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Figure 7. Inhibition of mTOR activation improves HSC defects in Srebf1c-deleted mice
(A–I) WT and Srebf1c�/�mice were administered intraperitoneally (i.p.) vehicle or rapamycin (4 mg/kg) every other day for 2 weeks. Mean
fluorescence intensities (MFIs) of (A) p-mTOR (S2448), (B) p-S6 (Ser235, Ser236), (C) p-4E-BP1 (T37/46), (D) PGC-1a, (E) MTG, (F) TMRM,
and (G) DCFH-DA in LT-HSCs from WT and Srebf1c�/�mice were analyzed by flow cytometry (n = 5). (H) The absolute number (2 femurs and
tibias) and (I) cell-cycle distribution of LT-HSCs from WT and Srebf1c�/� mice were analyzed by flow cytometry (n = 5).

(legend continued on next page)
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