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Cited2 Is Required for the Maintenance of Glycolytic
Metabolism in Adult Hematopoietic Stem Cells
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Mammalian adult hematopoietic stem cells (HSCs) reside in the hypoxic bone marrow microenvironment and
display a distinct metabolic phenotype compared with their progenitors. It has been proposed that HSCs
generate energy mainly through anaerobic glycolysis in a pyruvate dehydrogenase kinase (Pdk)-dependent
manner. Cited2 is an essential regulator for HSC quiescence, apoptosis, and function. Herein, we show that
conditional deletion of Cited2 in murine HSCs results in elevated levels of reactive oxygen species, decreased
cellular glutathione content, increased mitochondrial activity, and decreased glycolysis. At the molecular level,
Cited2 deficiency significantly reduced the expression of genes involved in metabolism, such as Pdk2, Pdk4, and
lactate dehydrogenases B and D (LDHB and LDHD). Cited2-deficient HSCs also exhibited increased Akt sig-
naling, concomitant with elevated mTORC1 activity and phosphorylation of FoxOs. Further, inhibition of PI3/
Akt, but not mTORC]1, partially rescued the repression of Pdk4 caused by deletion of Cited2. Altogether, our
results suggest that Cited2 is required for the maintenance of adult HSC glycolytic metabolism likely through
regulating Pdk2, Pdk4, LDHB, LDHD, and Akt activity.

Introduction

MAMMALIAN ADULT hematopoietic stem cells (HSCs)
primarily reside in the hypoxic bone marrow microen-
vironment, and preferentially utilize anaerobic glycolysis to
obtain energy and maintain quiescence, self-renewal, and
function [1-3]. Compared with more differentiated hemato-
poietic progenitor cells, HSCs contain fewer mitochondria
and display lower mitochondrial membrane potential (A%¥'m)
[3-6]. Mitochondria are the major source of reactive oxygen
species (ROS), which are detrimental to HSCs when their
levels are too high [7], and experimental data have shown that
HSCs have much lower levels of ROS than differentiated
progenitor cells [4,8]. While the mechanisms that control HSC
quiescence and self-renewal have been extensively investi-
gated, the underlying regulation of glycolytic metabolism in
these cells is just beginning to be understood.

Studies in the mouse have revealed several factors impli-
cated in the metabolic regulation of HSCs. Hypoxia of bone
marrow microenvironment stabilizes the hypoxia inducible
factor HIF-1o, which regulates the quiescence and function of
HSCs in a dose-dependent manner and maintains HSC me-
tabolism through Cripto/GRP78 signaling [9,10]. In addi-
tion, various studies showed that homeobox protein Meisl is

required for optimal transcriptional activation of HIF-1
[3,11,12]. Recently, Takubo et al. revealed that activation of
pyruvate dehydrogenase kinase (Pdk) by HIF-1 inhibits py-
ruvate dehydrogenase (PDH) activity, reduces supply of
acetyl-CoA to mitochondria, and thus results in the mainte-
nance of glycolytic flow in HSCs [13]. Further, glycolytic
metabolism governed by Pdk acts as a cell cycle checkpoint
that modulates HSC quiescence and function.

Multiple lines of evidence also suggest critical roles of Akt,
mTOR, and FoxOs signaling pathways in HSC homeostasis
by tightly regulating ROS levels [14-24]. mTOR is negatively
regulated by the adenosine monophosphate-activated pro-
tein kinase, which can be activated by the tumor suppressor
Lkb1. Loss of Lkbl results in more HSC cycling and rapid
HSC depletion, unexpectedly, not through mTOR but pos-
sibly by peroxisome proliferator activated receptor gamma
coactivator (PGC)-la [25-27]. In addition, promyelocytic
leukemia (PML)—peroxisome proliferator-activated receptor
(PPAR)-8 pathway for fatty acid oxidation is reported to
control the asymmetric division of HSCs [28]. Deletion of
PPAR-6 or PML as well as inhibition of fatty acid oxidation
by etomoxir, a pharmacological inhibitor of mitochondrial B-
oxidation of long-chain fatty acids, results in the symmetric
commitment of HSC daughter cells, whereas PPAR-§
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activation by GW-501516 increases asymmetric cell division.
Further, PTPMT1, a phosphatase and tensin homolog-like
mitochondrial phosphatase, is required for HSC differentia-
tion and mitochondrial metabolism, and phosphatidylinosi-
tol phosphate substrates of PTPMT1 directly enhance fatty-
acid-induced activation of mitochondrial uncoupling protein
2 [29].

Cited?2 is a cytokine-inducible gene, which plays various
roles during mouse development [30-37]. In particular,
Cited?2 is essential for hematopoiesis in fetal liver and adult
bone marrow [38-40]. Loss of Cited2 in differentiating mouse
embryonic stem cells leads to disturbance in differentiation
toward various cell types, including hematopoietic cells [41].
Fetal liver cells from Cited2-deleted murine embryos give
rise to reduced number of colonies in the colony-forming
unit assay and display markedly compromised reconstitu-
tion capacity in transplantation studies [38]. In adult mouse
bone marrow, Cited2 is highly expressed in long-term (LT-)
HSCs but much less abundant in short-term (ST-) HSCs and
multipotent progenitors [39,42]. Further, conditional deletion
of Cited2 in adult mouse results in loss of quiescence, in-
creased apoptosis, and impaired HSC function. Cited2 is
dispensable for the maintenance of committed myeloid and
lymphoid cells, suggesting a crucial role of Cited2 primarily
in HSCs [39]. Mechanistically, deletion of Cited?2 significantly
elevates the activity of p53 and decreases the expression of
HSC-quiescence-related genes, such as p57 and Hesl medi-
ated by enhanced activity of HIF-1 [39,40]. Altogether, these
independent studies suggest a crucial role of Cited2 in he-
matopoiesis and the maintenance of HSC function. However,
the role of Cited2 in the metabolic regulation of HSCs is
unclear. In the present study, by using a conditional knock-
out (KO) strategy, we showed that loss of Cited2 in adult
HSCs results in attenuated glycolytic metabolism and ele-
vated mitochondrial activity, thus suggesting a critical role of
Cited2 in HSC metabolic regulation.

Materials and Methods
Mice

As described in our previous work [40], the Cited2/ *
mouse line, the HIF-1¢f/* mouse line, and the Mx1-Cre
transgenic mouse line (The Jackson Laboratory) were main-
tained on the C57/BL6 background and bred to generate
Cited2™/1 (referred to as wild-type, WT), Cited2":Mx1-Cre
(referred to as KO), and Cited2®/®:HIF-16/%:Mx1-Cre (re-
ferred to as double KO) mice. Genotyping of mice was per-
formed by PCR using genomic DNA isolated from mouse
tails with the following primers: Cited2™/* (forward) 5’-GTC
TCA GCG TCT GCT CGT TT-3, Cited2? (reverse) 5-CTG
CTG CTG CTG GTG ATG AT-3’; HIF-1a®/% (forward) 5'-
ATA TGC TCT TAT GAA GGG GCC TAT GGA GGC-3,
HIF-1o® (reverse) 5-GAT CTT TCC GAG GAC CTG GAT
TCA ATT CCC-3’; and Cre (forward) 5-GCA TTA CCG GTC
GAT GCA ACG AGT GAT GAG-3’, Cre (reverse) 5-GAG
TGA ACG AAC CTG GTC GAA ATC AGT GCG-3'. Mice at
the age of 5-6 weeks were treated every other day with five
doses of 16 mg/kg body weight polyinosinic-polycytidylic
acid (Sigma-Aldrich) via intraperitoneal injection and anal-
ysis was performed 2-3 weeks after the last injection. All
animal studies were approved by the Institutional Animal

DU ET AL.

Care and Use Committee at Case Western Reserve
University (CWRU).

Antibodies

Rat monoclonal antibodies (mAbs) against Ter119, B220,
CD3, Gr-1, Mac-1, c-Kit, Sca-1, Flt3, and CD34 were
purchased from BD Biosciences, or eBiosciences. Cocktail
of biotin-conjugated mAbs against lineage markers was
purchased from Miltenyi Biotec. Rabbit polyclonal anti-
body against phospho-PDH-Ela (Ser293) was purchased
from EMD Millipore. Phycoerythrin-conjugated rabbit mAbs
against phospho-S6 Ribosomal protein (Ser235/236) and
phospho-Akt (Thr308), rabbit polyclonal antibodies against
phospho-FoxO1 (Ser256) and phospho-FoxO3a (Ser253), and
rabbit IgG isotype control were purchased from Cell Sig-
naling Technology.

Flow cytometry

Flow cytometry analysis was performed on an LSR II (BD
Biosciences), and cells were sorted using FACSAria (BD
Biosciences). In some cases of HSC sorting, magnetic lineage
depletion (autoMACS separator; Miltenyi Biotec) was used,
followed by additional fluorescent surface marker staining.

For intracellular staining and flow cytometry analysis,
cells were fixed and permeabilized using nuclear factor fix-
ation and permeabilization buffer set purchased from
BioLegend, Inc., stained with respective antibodies according
to the manufacturer’s instructions, and then analyzed on LSR
II flow cytometer (BD Biosciences).

Analysis of ROS, mitochondrial mass,
and membrane potential

For measurement of intracellular ROS levels, cells were
incubated at 37°C in the dark for 20 min with 10 uM 2’,7’-
dichlorodihydrofluorescein diacetate (DCFDA; Invitrogen),
and then analyzed by flow cytometry. DCFDA rapidly dif-
fuses through the cell membrane as a colorless probe. Upon
cleavage of the acetate groups by intracellular esterases and
oxidation, the nonfluorescent DCFDA is converted to the
highly fluorescent 2’,7’-dichlorofluorescein.

For measurement of mitochondrial mass, cells were incu-
bated at 37°C in the dark for 15 min with 50 nM MitoTracker
Green (Invitrogen), and then analyzed with flow cytometry.
MitoTracker Green is a nonproton gradient sensitive dye that
binds to the mitochondrial lipid membrane independent of
mitochondrial membrane potential [43].

For measurement of mitochondrial membrane potential,
cells were incubated at 37°C in the dark for 20 min with 100 nM
tetramethylrhodamine methyl ester (TMRM; ImmunoChem-
istry Technologies) and then analyzed by flow cytometry.

Determination of cellular glutathione

Monochloromobimane is nonfluorescent until conjugated,
more selectively reacts with glutathione (GSH), and has
been extensively used for the measurement of GSH by flow
cytometry [44,45]. Bone marrow cells were harvested and
incubated in Iscove’s modified Dulbecco’s media com-
plemented with 15% fetal bovine serum (FBS; Hyclone)
and 50puM monochlorobimane (Sigma-Aldrich) at room
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temperature in the dark for 30 min. Then, bone marrow cells
were washed once with phosphate-buffered saline solution
supplemented with 2% FBS, stained with various phenotypic
surface markers, and analyzed by flow cytometry.

Determination of mitochondrial DNA copy number

Total DNA (mitochondrial and genomic DNA) was ex-
tracted from cells using DNeasy Blood & Tissue Kit (Qiagen).
The copy number of mitochondrial DNA (estimated by the
ND1 gene) was measured by quantitative real-time PCR and
normalized to genomic DNA (estimated by the 185 rRNA gene).

Measurement of glucose uptake and intracellular
ATP content

For flow cytometric analysis of glucose uptake, bone
marrow cells were preincubated for 30min at 37°C in
glucose-free Dulbecco’s modified Eagle’s medium (DMEM)
with 50 uM 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-
deoxyglucose (2-NBDG; Invitrogen) and stained with surface
markers. Intracellular adenosine triphosphate (ATP) was
measured using the Luciferase ATP Determination Kit
(Sigma-Aldrich) following the manufacturer’s instructions.

Determination of lactate production

Lactate production was measured by gas chromatography—
mass spectrometry using a modification of the previously
described methods [46]. Sorted cells (5x10% were cultured in
5% CO, at 37°C for 12h in 80pL of glucose-free DMEM
supplemented with 10mM D-['*Cq] glucose (Cambridge Iso-
tope Labs, Inc.) and 6% dialyzed FBS (Hyclone). Then, the
samples were analyzed for glucose-derived lactate amount on
an Agilent 5973 mass spectrometer, linked to a Model 6890
gas chromatograph at the Mouse Metabolic Phenotyping
Center of CWRU. Concentration of lactate was calculated
using a standard curve of lactate relative to internal standard
d6-BHB. The final results are presented as the '*C-lactate
abundance per 1x10* cells. General chemicals were pur-
chased from Sigma-Aldrich.

Determination of mitochondrial

Mitochondrial nicotinamide adenine dinucleotide +hydrogen
(NADH) was determined by the method described previ-
ously [3]. In brief, fresh bone marrow cells were stained di-
rectly with surface markers to define LT- and ST-HSCs, and
then analyzed on LSR II flow cytometer (BD Biosciences) to
set the baseline NADH fluorescence gate using the UV440/
40nm channel. Next, cells were treated with 2 uM antimycin
A (AMA; Sigma-Aldrich) at room temperature for 5min and
analyzed for NADH fluorescence.

Electron microscopy

Sorted cells were pelleted and fixed with 2.5% glutaralde-
hyde, and then embedded as previously described [47]. Stan-
dard transmission electron microscopy ultrastructural analysis
was performed at Electron Microscopy Facility of CWRU.

Gene expression analysis

RNA was isolated from sorted cells using the PicoPure
RNA Isolation Kit (Applied Biosystems, Invitrogen) and
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cDNA was prepared with the GoScript Reverse Transcrip-
tion System (Promega) according to the manufacturer’s in-
structions. Real-time quantitative PCR was performed using
FastStart SYBR Green Master (Roche) and CFX Connect™
Real-Time PCR Detection System (Bio-Rad). Data were nor-
malized by the abundance of an internal control, 185 RNA.
Sequences of primers used are available upon request.

Statistics

The significance of differences was determined by two-
tailed Student’s t-test. P<0.05 was considered statistically
significant (ns: not significant; *P <0.05; **P <0.01).

Results

Loss of Cited2 alters HSC mitochondrial activity
and metabolism

We have shown previously that Cited? is essential for the
regulation of HSC apoptosis, quiescence, and function in
adult mice [40]. To determine its role in the maintenance of
HSC metabolism, we examined metabolism-related param-
eters in LT-HSCs (Flt3~ CD34~ Lineage~ Sca-1" c-kit";
FIt3~CD34~ LSK) and ST-HSCs (Flt3~CD34* LSK) of Cited2
KO mice. First, mitochondrial mass was determined by
staining cells with MitoTracker Green that localizes to mi-
tochondria regardless of mitochondrial membrane potential
and has been used extensively [3,16]. As shown in Fig. 1A
and B, deletion of Cited2 resulted in a significant increase in
mitochondrial mass in both LT- and ST-HSCs but not in the
whole bone marrow (WBM) cells. We further examined
whether deletion of Cited2 affects mitochondrial copy
numbers in HSCs by real-time PCR using primers for a mi-
tochondrial gene and a genomic sequence. No significant
difference was observed in mitochondrial DNA copy num-
ber between Cited2 KO and WT HSCs (Fig. 1C).

To reveal the morphological changes of mitochondria in
Cited2 KO HSCs, we sorted fresh Flt3~LSK cells (containing
LT- and ST-HSCs) and performed electron microscopy ul-
trastructural analysis. Consistent with the observations by
Warr et al. [48], mitochondria in WT HSCs were mostly
small, round or oval, and dark (Fig. 1D). However, Cited2
KO HSCs displayed markedly elongated and brighter mi-
tochondria, similar to that in older WT HSCs (20-24 months
of age) observed previously [48]. The differences in mito-
chondrial size and structure may partly explain the increased
mitochondrial mass despite similar mitochondrial DNA copy
number in Cited2 KO versus WT HSCs.

HSCs have been shown to exhibit low mitochondrial po-
tential and low rates of mitochondrial respiration. Staining
with fluorescent dye TMRM showed that, in contrast to
WBM cells, more than 80% of WT HSCs displayed low mi-
tochondrial membrane potential (Fig. 1E, F), which is in
agreement with previous findings [3]. However, Cited2 KO
HSCs displayed a significant population of cells with
heightened mitochondrial potential compared with the WT
control.

GSH is a tripeptide, which has multiple biological roles,
including protection against ROS. We found that cellular
GSH content was significantly decreased in Cited2 KO
LT- and ST-HSCs, compared with WT controls (Fig. 2A, B).
In the meantime, ROS levels in Cited2 KO HSCs were
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Cited2 knockout (KO) hematopoietic stem cells (HSCs) display altered mitochondrial activity. (A) Representative plot of

MitoTracker Green staining on long-term (LT-) HSCs, short-term (ST-) HSCs, and whole bone marrow (WBM) analyzed by flow
cytometry. (B) Quantitative analysis of MitoTracker Green median fluorescence intensity (MFI) (mean*SD, n=>5). AU, arbitrary
unit. (C) Quantitative analysis of mitochondrial DNA copy number relative to genomic DNA (mean*SD, n=4). (D) Electron
microscopy images of HSCs. One wild-type (WT) and two KO representative HSCs are shown. Note that the mitochondria
indicated by white arrowheads in the WT HSCs were small and dark, while a number of mitochondria in the KO HSCs indicated
by white arrows were markedly elongated and brighter. Bottom panels are enlarged images of the square areas from wupper panels.
Scale bars=1 um. (E) Representative plot of tetramethylrhodamine methyl ester (TMRM) staining on LT-HSCs, ST-HSCs, and
WBM analyzed by flow cytometry. SSC, side scatter. (F) Quantitative analysis of cells that exhibit high levels of TMRM stain in

LT-HSCs, ST-HSCs, and WBM (mean*SD, n=5). Asterisks are explained in Materials and Methods Statistics section.

significantly higher than in WT controls (Fig. 2C, D). To-
gether, these results suggest that depletion of Cited2 in HSCs
increases mitochondrial activity and reduces GSH content,
leading to the elevated level of ROS.

Loss of Cited2 attenuates HSC
glycolytic metabolism

To further understand the metabolic changes in Cited2 KO
HSCs, we measured glucose uptake using fluorescent indi-
cator 2-NBDG. In contrast to the increased mitochondrial
activity, glucose uptake was unchanged in Cited2-deleted
HSCs (Fig. 3A, B), which is similar to HSCs with HIF-1o
deficiency [13]. In addition, the ATP content in Cited2 KO
LT-HSCs was maintained at the normal level; however,
Cited2 KO ST-HSCs displayed moderately increased ATP
levels (Fig. 3C).

Previous work showed that HSCs prefer the utilization of
glycolysis than oxidative phosphorylation (OXPHOS) to
generate energy [3,11,13]. Therefore, we continued to ex-
amine the glycolytic flux as determined by glucose-derived
*C-lactate production. As shown in Fig. 3D, the rate of
3C-lactate production was significantly lower in both LT-
and ST-HSCs that lack Cited2 than in WT controls. To fur-
ther confirm this finding, we treated WT and Cited2 KO
HSCs with 2uM AMA, a specific inhibitor of mitochondrial
electron transport chain, for 5 min as described elsewhere [3].
The principle of this assay is that inhibition of the complex III
of mitochondria electron transport chain by AMA results in
NADH accumulation only in cells that rely on mitochondrial
respiration for NADH production. We found that Cited2 KO
HSCs displayed increased NADH after AMA treatment,
compared with the WT control, indicating that mitochon-
drial respiration was increased in Cited2 KO HSCs (Fig. 3E,
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F). Taken together, these results indicate that loss of Cited2
attenuates HSCs’ glycolytic metabolism while simulta-
neously enhancing their overall OXPHOS.

Loss of Cited2 affects the expression
of metabolism-related genes

To further understand the metabolic dysregulation of
HSCs that lack Cited2, we performed quantitative real-time
PCR to determine the expression of genes involved in glu-
cose metabolism (Fig. 4A). Lactate dehydrogenase (LDH)
converts pyruvate to lactate and is highly expressed in HSCs
[13]. We found that the expression of both LDHB and LDHD
was significantly reduced in Cited2 KO LT-HSCs but not in
ST-HSCs. The expression of the other two LDH family
members, LDHA and LDHC, was not affected. Pdk is a

A PYGL
2

Relative expression

FIG. 4. Loss of Cited2 affects expression
profile of genes involved in metabolism. (A)
Gene expression analysis of HSCs by real-
time quantitative PCR. The results are pre-
sented as expression levels relative to that of
WT LT-HSCs (meanx=SD, n=6). LT: LT-

Relative expression
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kinase that phosphorylates and thereby inactivates PDH, an
enzyme that converts pyruvate into acetyl-CoA. In LT-HSCs,
Pdk2 and Pdk4 are highly expressed and act as major reg-
ulators of glycolysis. Glycolytic metabolism governed by
Pdk acts as a cell cycle checkpoint that modulates HSC
function [13]. PDH-Elo, the Elo subunit of PDH complex,
contains the E1 active site and plays a key role in the function
of the PDH complex. Meanwhile, previous studies showed
that PDH-Ela is more phosphorylated in LT-HSCs than in
their differentiated progeny [13]. Notably, we found that loss
of Cited2 significantly reduced the expression of Pdk2
(~20% decrease) and Pdk4 (~85% decrease) in both LT- and
ST-HSCs. Accordingly, the phosphorylation of PDH-Ela was
significantly decreased in Cited2 KO LT-HSCs (Fig. 4B, C).
The expression of PYGL (phosphorylase, glycogen, liver), a
regulator of glycolysis in epiblast stem cells [49], was significantly
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decreased in Cited2 KO HSCs (Fig. 4A). In addition, GPX1
(glutathione peroxidase 1), which encodes an antioxidant en-
zyme, was dowregulated in Cited2 KO ST-HSCs (Fig. 4A). In
agreement with the increased mitochondrial activity, the ex-
pression of Atp5gl (ATP synthase lipid-binding protein, mito-
chondrial) was significantly higher in Cited2 KO HSCs (Fig. 4A).

Loss of Cited? affects AktymTOR/FoxOs activities

mTOR signaling pathway is a well-studied nutrient/en-
ergy/redox sensor controlling protein synthesis and mito-
chondrial function. To assess the mTORC1 activity in Cited2
KO HSCs, we examined phosphorylation of the S6 ribosomal
protein, an indicator of the mTORC1 activity [50]. As shown
in Fig. 5A and B, S6 phosphorylation was significantly higher
in Cited2 KO HSCs than WT controls. In addition, phos-
phorylation of Akt, an upstream positive regulator of
mTORC1, was significantly increased as well (Fig. 5C, D).
We then tested whether the elevated mTORCI signaling
contributes to the dysregulation of metabolism-related genes
in Cited2 KO HSCs. Fresh bone marrow cells from WT and
KO mice were cultured under hypoxia (2% O,) with or
without 20 nM rapamycin (Sigma-Aldrich) for 6h. LT-HSCs
were then sorted for gene expression analysis. As shown in
Fig. 5E, inhibition of the mTORCI activity by rapamycin
increased the expression of LDHB, LDHD, Pdk2, and Pdk4 in
WT, but to a lesser extent in Cited2 KO LT-HSCs, suggesting
that elevated mTORC1 activity may not be the major con-
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tributor to the downregulation of glycolysis-related genes in
Cited2 KO LT-HSCs.

FoxO transcription factors are critical for the maintenance
of HSCs [23,24]. Phosphorylation of FoxOs by Akt causes
FoxOs’ nuclear export, thus lowering their transcriptional
activity. Pdk4 is a known target of FoxOl and FoxO3a
[51-55]. To understand the alterations of FoxOs in Cited2 KO
HSCs, the levels of gene expression as well as phosphorylation
of FoxO1 and FoxO3a were examined by real-time PCR and
intracellular staining with flow cytometry, respectively. Loss
of Cited2 did not significantly affect the mRNA levels of
FoxO1l and FoxO3a in HSCs (data not shown). However,
concomitant with the increased phosphorylation of Akt and
S6 (Fig. 5A-D), Cited2 KO HSCs exhibited markedly in-
creased phosphorylation of FoxO1 and moderately increased
phosphorylation of FoxO3a (Fig. 6A-D). Further, treatment of
HSCs with PI3K/ Akt inhibitor LY294002 partially rescued the
expression of Pdk4 although did not significantly affect the
expression of LDHB, LDHD, and Pdk2 (Fig. 6E). Together,
these findings suggest that the downregulation of Pdk4 in
Cited2 KO HSCs is likely mediated by the inactivation of
FoxOs caused by the elevated Akt activity.

Cited2/HIF-1o double KO HSCs display
altered metabolism

We previously showed that deletion of Cited2 results in
loss of HSC quiescence that can be partially rescued by

WT BKO

'

LT-HSC ST-HSC

FIG. 5. Cited2 KO HSCs display elevated
Akt-mTOR signaling activity. (A) Rep-
resentative plot of p-S6 (Ser235/236) stain-
ing. (B) Quantitative analysis of p-S6 MFI
on cells. (C) Representative plot of p-Akt
(Thr308) staining. (D) Quantitative analysis
of p-Akt MFI on cells. (E) Relative expression
of genes determined by real-time quantita-
tive PCR. Fresh bone marrow cells were
cultured at 37°C under hypoxia (2% O) for
6h in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 15% fetal bo-
vine serum (FBS), 50ng/mL recombinant
murine stem cell factor (rmSCF), 20 ng/mL
recombinant murine interleukin-3 (rmlIL-3),
and 50 ng/mL recombinant human interleu-
kin-6 (rhIL-6; R&D Systems), with or without
20nM rapamycin. LT-HSCs were then sorted
for RNA extraction and gene expression
analysis. The results are shown as mean+SD
(n=4). Asterisks are explained in Materials
and Methods Statistics section.
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E

*
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additional deletion of HIF-1a [40]. Thus, we further deter-
mined whether deletion of HIF-1a could partially rescue the
dysregulation of LDHB, LDHD, Pdk2, and Pdk4 observed in
Cited2 KO HSCs. As shown in Fig. 7A, expression of none of
these genes was rescued in Cited2/HIF-1o. double KO LT-
HSCs. In addition, AMA treatment led to comparable accu-
mulation of NADH in double KO LT-HSCs as seen in Cited2
KO LT-HSCs (Fig. 7B), suggesting that deletion of HIF-1o
could not rescue dysregulated glucose metabolism caused by
the Cited2 deficiency.
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Discussion

Compared with lineage-specific progenitors, mammalian
adult HSCs exhibit distinct metabolic features, including
more utilization of glycolysis, less mitochondrial activity,
lower mitochondrial membrane potential, and lower ATP
levels [3,5,11,13,29,56]. In this study, we revealed for the first
time an essential role of Cited2 in the metabolic regulation
of HSCs. Deletion of Cited2 in HSCs resulted in increased
mitochondrial mass, elevated mitochondrial membrane
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FIG. 7. Cited2/HIF-1a double KO LT-HSCs display reduced glycolytic metabolism. (A) Gene expression analysis of LT-
HSCs by real-time quantitative PCR (mean=*SD, n=4). (B) Percentage of LT-HSCs that display increased NADH fluorescence
in response to AMA treatment (mean+SD, n=4). Asterisks are explained in Materials and Methods Statistics section.
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potential, elongation of mitochondrial shape, decreased cellular
GSH content, and elevated ROS production (Figs. 1 and 2).
Mitochondrial copy number remained unchanged, which is
similar to PTPMT1-depleted HSCs [29]. Interestingly, an in-
crease in mitochondrial mass but not copy number has been
observed previously in other cell types. Apostolova et al.
reported that human hepatic cells display increased mito-
chondrial mass during Efavirenz-induced apoptosis, which
is not paralleled by an increase in the ratio of mitochondrial
DNA /nuclear DNA copy number [57].

We found that, in comparison with WT HSCs, Cited2-
deficient HSCs display elongated and brighter mitochondria,
resembling those in older WT HSCs shown previously [48].
In fact, dysfunction of mitochondria and abnormal levels of
ROS have been implicated in aging HSCs [58]. It will be
interesting to investigate the relationship between Cited2
and HSC aging in the future. On the other hand, increasing
evidence has indicated that tight regulation of mitochon-
drial homeostasis is critical for HSC integrity. Indeed, Lkb1-
deficient HSCs display defective mitochondrial function and
are prone to exhaustion [25-27]. Conversely, abnormally
increased mitochondrial biogenesis in Tscl1 KO HSCs leads
to elevated levels of ROS and impaired self-renewal capac-
ity [16]. These findings underscore the need of precisely
controlling mitochondrial homeostasis to ensure HSC
maintenance. Moreover, the mitochondrial fusion/fission
dynamics, which regulates mitochondrial morphology, is
closely related to the survival and differentiation of stem
cells. For instance, overexpression of Gfer (growth factor
ervl-like) in mouse embryonic stem cells results in decreased
levels of Drpl (the mitochondrial fission GTPase dynamin-
related protein 1), elongated mitochondria, and protection
from apoptosis [59]. Elongated mitochondria are also found
during differentiation of mouse embryonic stem cells to
epiblast stem cells [49]. Therefore, mitochondrial elongation
observed in Cited2 KO HSCs could result from increased
fusion and/or decreased fission of mitochondria. Although
no significant changes were observed in the mRNA levels of
mitochondrial fusion proteins Mfnl and Mfn2, and fission
protein Drpl (data not shown), their roles could not be ex-
cluded in this context because their activities are largely
modulated at the post-translational level.

Glycolysis in Cited2 KO HSCs was markedly reduced as
indicated by decreased '*C-lactate production and increased
NADH accumulation upon AMA treatment (Fig. 3D-F). In-
terestingly, the steady-state cellular ATP level was main-
tained in Cited2 KO LT-HSCs (Fig. 3C). It has been shown
that in PTPMT1-depleted LT-HSCs where mitochondrial
metabolism is altered, the steady-state level of ATP is
maintained [29]. In HIF-1a-deficient LT-HSCs, mitochondrial
activity is increased while the overall ATP level is decreased
[13]. Given that about 18-fold more ATP is generated by
mitochondrial OXPHOS than by glycolysis (36-38 vs. 2
ATP), the finding that LT-HSCs fail to produce more ATP
upon switch from glycolysis to OXPHOS suggests a limited
ability of LT-HSCs to utilize OXPHOS, a hallmark of quies-
cent HSCs, and highlights an essential role for anaerobic
glycolysis in energy production by LT-HSCs [60].

Akt-mTOR signaling was elevated in Cited2 KO HSCs
(Fig. 5A-D). We previously showed that the expression of
Egrl, an early response transcription factor, is significantly
decreased in Cited2 KO HSCs [40]. In addition, Egrl has
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been shown to block the PI3K/Akt signaling pathway [61].
Therefore, the elevated Akt activity in Cited2 KO HSCs may
be, at least in part, due to the reduced level of Egrl. Loss of
Cited2 significantly decreased the expression of LDHB,
LDHD, Pdk2, and Pdk4, which encode critical enzymes for
the maintenance of glycolysis (Fig. 4A). Although mTORC1
plays important roles in the regulation of mitochondrial ac-
tivity and the maintenance of HSCs, inhibition of mTORC1
activity by rapamycin did not rescue the expression of
LDHB, LDHD, Pdk2, and Pdk4 in Cited2 KO HSCs (Fig. 4E),
which is similar to the observations in Lkb1 KO HSCs. HSCs
with deletion of Lkbl lose quiescence and metabolic
homeostasis in an mTOR-independent manner [25-27].

FoxO proteins play essential roles in HSCs in response to
physiologic oxidative stress [23,24]. In addition to the ele-
vated activity of mTORCI, Cited2 KO HSCs displayed in-
creased phosphorylation of FoxO1 and FoxO3a (Fig. 6A-D),
which are known to regulate transcription of the Pdk4 gene.
More importantly, inhibition of PI3/Akt signaling partially
rescued the expression of Pdk4 (Fig. 6E), thus suggesting that
inactivation of FoxO1 and FoxO3a may partially contribute
to the reduced expression of Pdk4 in Cited2 KO HSCs. On
the other hand, loss of Cited2 has been shown to increase the
p53 protein level and the expression of its target gene p21
[39]. Interestingly, p53 negatively regulates the expression of
Pdk2 in a p2l-dependent manner [62]. Therefore, the
downregulation of Pdk2 in Cited2 KO HSCs could be me-
diated through the increased p53 activity. The expression of
numerous metabolism-related genes was not significantly
affected in Cited2 KO HSCs, such as PGC-1, Lkb1, PTPMT1,
Esrrb, Pfkm, Pklr, Tpil, and Tfam (data not shown). Since
many of these molecules are regulated by post-translational
modifications, their roles in Cited2 KO HSCs cannot be ex-
cluded.

Cited2 KO HSCs exhibit loss of quiescence that can be
partially rescued by additional deletion of HIF-1a [40]. An
important question is whether the altered metabolism ob-
served in Cited2 KO HSCs is the cause or the consequence of
loss in quiescence? Interestingly, deletion of HIF-1a did not
rescue the metabolic dysregulation caused by Cited2 defi-
ciency (Fig. 7), indicating that metabolic alterations in Cited2
KO HSCs are not likely consequent to loss of quiescence,
which is consistent with our recent finding that deletion of
Cited2 in mouse embryonic stem cells results in changes in
metabolic activities (unpublished data). Because deletion of
HIF-1o only partially rescues the defects caused by Cited2
deficiency [40], suggesting the involvement of both
HIF-la-dependent and -independent pathways in regulating
quiescence of HSCs by Cited2, we cannot rule out the pos-
sibility that the increased mitochondrial activity in Cited2
KO HSCs is triggered to support increased proliferation
and/or differentiation in these cells. On the other hand,
Takubo et al. [13] showed that Pdk4, a target of HIF-1,
functions as a metabolic checkpoint in HSCs. In this study,
we found that Pdk4 expression was markedly reduced in
Cited2 KO HSCs, which was partially rescued by PI3/Akt
inhibitor under normoxia (Fig. 6E). In Cited2 KO HSCs, we
also observed increased phosphorylation of FoxOl and
FoxO3, which are known regulators of Pdk4 expression
[51-55]. Although HIF-1 has been shown to induce the ex-
pression of FoxO3 [63], the FoxO3 mRNA level remains
unchanged in Cited2 KO HSCs, suggesting that Cited2
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controls the level of Pdk4 independent of HIF-1. Collectively,
these results favor the notion that Cited2 has a direct role on
metabolic regulation of HSCs, and further studies are hence
required to thoroughly address this issue.

Together, our results suggest a critical role of Cited2 in the
maintenance of glycolytic metabolism in murine adult HSCs.
This finding has significant implications for clinical medi-
cine. Emerging evidence has shown that quiescent leukemic
stem cells (LSCs) display low glycolysis rate and depend
more on mitochondrial respiration to meet their energy de-
mands and maintain their survival, in contrast to prolifer-
ating leukemia cells that utilize anaerobic glycolysis (referred
to as “Warburg effect”) [64]. Meanwhile, downregulation of
Cited2 has been implicated in various types of leukemia [65].
Therefore, it will be interesting to explore whether down-
regulation of Cited2 favors the survival of LSCs through
facilitating mitochondrial metabolism and whether manip-
ulation of Cited2 activities could be a potential therapeutic
alternative that targets metabolism of LSCs.
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