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Metabolic Regulations in Hematopoietic Stem Cells
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Abstract Hematopoietic stem cells (HSCs) are one of the important adult stem cells, which can further

self-renewal and differentiate to all the blood cell types. HSCs have been widely used for the treatments of many
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hematopoietic disorders. Increasing evidence shows that many intrinsic and extrinsic regulatory factors are involved
in the cell fate determinations of HSCs, although the underlying mechanisms remains largely unknown and may im-
pede the HSC applications in the clinic. In this review, we summarize the current findings in HSC metabolisms and
its related regulatory networks: adult HSCs reside in the relatively hypoxic bone marrow niches and prefer to utiliz-
ing glycolysis as the main energy sources; oxidative phosphorylation may also play a role in HSC activities; other
nutrient metabolisms (such as lipid and amino acid) are reported to be critical for HSC stmenss as well; MEIS1/
HIF1A and ROS signals have been found to be critical in the maintenance of HSC metabolic profiles and activities;

it is urgent to develop novel precise metabolic techniques withlimited HSC amounts, which will definitely benefit

for the understanding the temporal and spatial metabolic properties of HSCs.
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Bone marrow niche contains many different types of niche cells, including endothelial cell (EC), mesenchymal stem cell (MSC), osteoblast (OB), adi-

pocyte, sympathetic nerve system (SNS), megakarycyte, et al. HSCs prefer residing close to the sinusoid (perivascular niche) mainly constituted by en-

dothelial cells and other niche cells. Some lymphoid progenitor cells localize in the endosteal niche comprised by the osteoblasts. Other types of niches
may be formed by different stromal cells, including CAR cells, LEPR" MSC, et al.

&1 BfEnicheHI2ERK

Fig.1 Components of bone marrow niches
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HSCs localizes in a unique bone marrow niche and tends to utilize glycolysis, but not ricarboxylic acid cycle (TCA), as main energy sources, which is
fine-tuned by MEIS1/HIF-10/HIF-2a at transcriptional levels. In addition, MEIS1 is regulated through ubiquitination pathways by PPM1K/CDC20 and
HIF-1o level is tightly controlled by several other regulators including Notch and Wnt.

E2 HSCsAHEBRMEAETERBHHR

Fig.2 HSCs mainly utilizes glycolysis as energy sources



WRIB SHLAG: 3 -2 I A0 A QA s e

1257

2.4 SUHABRILFNHSCsINREH S

R DL 22 BT 70 5% 45 T HSCs 1 A 15T b
T2 R 3 4% 148 7 T HSCsLABE B MR /E o - B s &>
TRV, (ERERR B 22 R IE 35 1 B /R HS CsH 15 47
1E— s B IRk, HIhRemiz A& . &8N
I, BT [ —LE B AL ER R, TEHSCsHIAN R & & B B
BN [F] S 50, HSCs ] RS W45 M T~ 8 AL B iR 1k
T 4E 7 HTh . finManesiaZE 1) #F 58 3F W1, G I
WIHSCsE A BERR 1L /KT B 2 w8, 1T 3% ] RE 5 Rl A
HSCsH i A . I 4h, FOXO3X%T 4t £ HSCs 4 AL
A0 0 e 2 2 O B 271, g o 0 7 K L - A% i BT
(1 37, B A7 RISP I ] 5 S50 H: B 1 B 4 ) e 11 3l 2R 149
XA RE BT IR AT IHSCs 7> 24 75 B N B 2 RE B
AERL, T4 22 K01 /& RVE T = SRR PR 1 v )
U9, W EACEER 1k T 564 B FHSCsH IE#
iz e . B, M4F S IHSCs NG BLIB
IR IT AR R AT P T A I e N R
T, HSCsH Ze R AR A BB AR 1508 BRI E = A 2D A 1
Ak, Wi R IERE E A& FIVE . Hib—2, &Ik
— R R, RARHSCs & A B H KT B2k
s A IR R g elHE 58, B 7E R 2
B LT RPEIX S LR PR 1) T B A it — 0 [ BRI,
XECER AR N, BRI A I AR T DL JE P AR ATP
RNVEZ AR5 16 i FE SR AL BT 75 e, (3 5
(17 200 B384 5 e 77 [ B A0t T S AL B IR e 7= 2B A
[ 22 (1 AR =4

H AT, 2R AU a2 5 HSCs T Re 4ERF 11
TR LI, (HHOR R MIER R Y, ARES
ER % T LA 3ok 5 e AL B R A 17T IR HS Cs 1 1
] 155 M A A Y T A2 4 TR - &5 B 1 SR 4 RR LR A
JIE F A7 A HSCs ) H 3 587 AR SOIR 5%, PGC-1a
AT I S5 38 BV 22 P A A R IR 1) Rk IR B BRROS /K
M 4EFFHSCs A Fa 256", LKB1XF 4 FFHSCsH 28 ki 44
K fa g AW OB, LKB1H Bk 2k th £ S FHSCs#
ROIRES 3l 0 R0 8 B A Be ) I 4019, R B S5 HIF-
ot 2 5 R B AR — 5. Bhah, U2 SR 1L
Toh R O A g 11 9% A8 56 4 REHSCs 1 Th BE, H 22 HSCs
()G MR A 35 R Ok, Y A= ZWIDH 1 AHIDH2
Pa: b= vam a2 N GTRA ES Y TR NS AP e Y e J e =L
Fo-B 1% R, 1 9878 B IDH 1 ANIDH2:K 4745 e 14
- ¥R R % 1R . o I R 2 VF 2 0 AR
TETs) ) 5 4 R 7, TET2f Lho-BH % — B i

77 ¥ SmCHE AL N ShmCH: J5 DN A 2 F A& {02,
IDH 1 FIIDH2 ) R AL T U ARl 2- 2 5 I IR 1
P, JE G K TET2 D) fg 1 251 14 # HS Cs Y 5 % 1
B B AE 71, AT E0E B8 AR T SR A AR B
SHRARAMRRRLE. B2 HarMmAEREAES
2R A Th e e A5 U HS Cs A2 75t B A 5 R RE T
IR, DA AR A 3 0 BEOIR 25 T 42 L Ak g W A0
BRI AR SR AT R AT B R R AU 1Y . (R, 4R
FR R A W W E HS Cs ) 41 B iy 38 1k 52 A A 4 i i
GLLLER
2.5 SUNIBAIHSCsIhRE4E

TG M VA H R (ROS) 2 AL B R 1 3o 72
Ll R T BRI, R A, LR
A A HAESA . A ZEET A BEM BT
A& 30 B R TR R B H T 22 TR PR A EAE FH = A2 1, AT
W ALY B R A I AR, R E B B
HK I S A S B A A Y s S B A A R S
— AN R EEEE . BAR— B K ROS
X 25 Fh A B AR B T e 4E R B A AR EEEH,
{HSEROS/K - 1) 7 3 FF 1 1T e 5 BUA L8 i Al
WS SRR R, EARERS TORNE
b, IS ERMBIE T, EE BN E, PR
B, 58 T+ FIROS AT T BHS Cs 11 % 2Kk J 41 g i
T-. WROS/KF & MHSCsH N Z 6 /N5, Bf
B S B AR o A AT AR PR SR E R AR Y.
Z HSCs A A ¥ i FIROS/K -, F-{8i ] T i & 4
o SHSCsH FIROSIK 1 1 15 AH ¢ (1) 18 1% = 24,
UL JLFR. (1)DNATRGZ E : ATM Dy Re ik 2% ]
S HROS/K- T = FIDNAF & & Th gk 2k, M
S 1E 5 M /1. ()2 MR B E AR G
BMI1): BMI1{EHSCsH 2 I i 3Rk, FE it ~ i
ROS/KTF A Kepl6™4/p 19152 ik DL 4E FFHS Cs i 1454,
(3)FOXO0sf5 5: FOXO03a5ATM P [A] #11 | ROS 1] =
A T BTEDNATR 73 15 52 LA 4E RFHSCs T REP. (4)1fiL
21 = N4 1 (hemeoxygenase 1, HO-1)55 b UK #fi 14
i A AL B NRF2AIKEAP] A 3 it O HO- 1% 3 5k
HIHIROSA: i L 4k - HSCs T- 15, BRI 7 22 W,
F HROS/K - 1] B Wi 3 52 W HSCs ) B W EHr . &
o VAR B A aris e P, {HAE, T ROSIK
EA PR LA SRR s, ROSUIAT R i U 425
HSCsI g iR AN 4, BRI 18 ) 75 2% e (4
AR LUK HE W ITHS Cs FHROS /K - (1) 4 1 12 5h 2528 4k,



1258

UL

FRIR, CAAR 7R FLAE 3% 1 0 4= 38 Th B AR IE LA o
2.6 HAupi 750/ @ FHSCsIh RE4E 5

UbAbh, 3R K 2 Ht 5T R AE S A HS Cs )
PEAR T R, Rr 1) 2 W T A A SR AL B R AL, (X T
HSCsA R & M B(AGMEA. AT, B
)R ) LA AR i 1R (L IR R 14 2 5 ) Bk
F A S 772 AR =3 R AR AN B AR 25 IR
WHE GLF LI . O ARSI LR, A RIS
FEARIX T AR IHSCs T 4E R B e B H,
YukiZ5EB8 DL K FeA TR R AV B, S R R R AR i
A DU HEHSCs 144 28 B DL S A2 PYHS Csith 1) 24 £
Nina%6P VR I, 445 RAN FE 555 THSCsH
BUIRZ B 4+ TtoZ5 % i, PML-PPARS-FAO/ &
(1) g 17 B2 Ak, AT A AR FTHSCs ] BR 4 24 R 3R
FOH RS 7, SignerZF R B, b B 1 &R (R
B K P E A5 EHSCs I AR BE TN RE, aX — b 72 57 3
PTEN RS A i 42 X L6 RF S g8, AN (18 7= i
] LB I AN [FME 5 i85 2 HHSCs T 1 4 Fr .
A, VF 2 HoAhAE 5ol % Bl 4% 70, WIPIBK/AKT/
mTOR. LKBI/AMPK. WNT. FOXOs. OCT1 flI
MYC, tH AT G825 5% it LA 58 LA A HSCs B I A 1
S AR 7 2R B HAE SC BARHL I Fy i
— BB, N TR PR AR MHSCs R A 415 22 A
KA W 48, TR FH T 22 52 0 A AN RV 8 7= AR 168
T HBHE AR FE S E T, X 2 H TR 7 R i

3 RE
3.1 FE%BMEHSCsHIX S
ZAMEYESR, B THSCshc R E T AGMIX ],
B JE B B G ), 52 e & B E BE A S 7,
BRI, HAE KA 1T, P, RRSMEZEAFK
B M B rT B B AN [F] B AR AR R R 428 R 2861981, g
FPERTE BRI R, 1 2 DI TE R R R AME o TS
A2 5 THSCsRUPIRAS 1A 1. a4
HSCsH] §e B A A F T BUAHSCs AR EIRFE, I DA%
R A AE N E R B R IEM . Wipl n] #p [F]p53 &
mTORIHE % Jk ZZHSCsH = & . qHSCs i B &R
HE 4 T I i %) 4L 20 PR B R A i o AL I, G g
AR 77 2 RT MR 7 fifp 2 4 0 SR A S AL 15 TR AL,
FEINHSCs ) 73 PO AR KRR BE A T S A T 1R A 72,
WA AL B R Ak TR 45 5L Rl PTPMT T (¥ k2R 2= H1H HS Cs
o4k, I 2 T EOE T RE I BRAT), b4, HIF-

Lot BT 45 26 . 8 L Bl 4 26 i T ) L AT B
BER, Kk SEBUN RIS, 584
R4/IN BRAH B, HIF-1of k25 0] 5 800 500 35 JE 1) 5
4/ UL R 40 B AR I SR U0 B R B,
HSCsHHIF-1a % 55 4 5 N 2 18] 78 53 - 41 i A iR
fE T4 v 2 AL LY, R, AR R B
B BEHSCs AR AL, A BT & 48 Hh 2 HSCs iy
1B e R R
3.2 HSCsKBfRMBEARAN L RIEE

B FHSCsE & i />, V5 2 % MARH 70 i T B
B AR B AR A& & RALHSCsHIAS TG . I 4F K
VE 22 58 B AR AR AR 1 K S A HSCsAR T A 72
FCAT RS, 2 T HSCsHIA 578 F- AT 40 B i)
SR i i 48 i Seahorse XF 2 # 4% 5 & W MIHSCs
S i 411 7 R e RN AT FE 2R (AR Ak, T DU B I AR
TR H ) LR A A AL B FR 10 11 7K P19, Seahorse XF
S BT A AT T 0 0 R AR A0 AR B
T 2 1% — 5 3 (LC-MS) 25 15 AR 2% 14 i FF R ALK,
LC-MSH] FH 460l 21> 5 41 B P 25 A e (A 4 1 7K
F, X AHAFHSCsAR M 20 M43 LS. S5l R A
FFM, T LAAEZI 104 HSCs FR kAT G 2H 22 73 4 DA
PR R BE TR R AR AR b, o AR
A A AR TE AR 5 2 — b SR A3 iR AR ) S 8
AL A o o A T LA T fie s P2 4 — A% 1 FR(NAD)
SO Fie AR MEE 0 A% 1 R B3 FR (NADP ) 141 3 R AN [ JEG
Yz a) () oA 3 DA R B )& S R, S 1)
W50 B, 38 3 8 A% 4 S FINAD /NADHE{NADP"/
NADPH/BZ %% 1 5% 6 FE AR A, W DAAE A4 21 e il
G T )R A ) A ARG AR A FET T AT AT
R B, 1K LA G AL 11 8% 57 4% 7] PP A HS Cs B8
1 I 975 200 PR 190 7 0 W B R R AR AT, X
AR FLB AR AR — P E y REBORURS i 1) F
B UL BN AS DA HSCs B L Ath 28 84 40 i Hh 40 3 4R 4
Ak} 5 Hofiris v g BN AE SR BE
3.3 HbRFERAAYC)RE

H - THSCsHT AL (AN [F] & & B R AR ZS, HSCs
IRRERME DL SRR ARG R = KE R AR
WS FEAH ERCR . A B R, S EHSCsAR A
FUAFI VR P ML 22 4 AR5 LA I B . s (1)
H ATHSCsAR T 7t 32 LA T XA PR 1),
AN 5] 8 75 4 5T R A R A AT I 45 HS Cs 1) T 1
YERF, IS5 AU A BAE A U B HSCs I dris, A



WRIB SHLAG: 3 -2 I A0 A QA s e

1259

Rtk — 4240, (Q)F WA (s — s o Ar. $L 2
BRI FE s AR 2 DA R AR B 52 98 55 45 A 1 T 4
H AR LR, FR0F A PR A 50 A [R] s HIHS Cs
{180 2 A A R R 428 AL i) 34 A7 5 AH B 1 B A
#t; (3) H BTHSCs AR E A 78 32 ZL IR T % /)N B HSCs
J7 T AR, #87~ AN & B B Be NHSCs AN A7 7
YR AR TR PR X S HSCs T-HE4ERF I BE R, 145
76 EUR B b AN R XE; (4)HSCsH i (198 /b AR5 1
=, 2 H R R MR IR T 1 R BRI —, &
3] DUIE i P 4 HS Cs AU R T 2 2 HS Cs 44
ANFIAR N3G, DL AT 2 05 20 IRTHS Cs LA A2 1
PRI R, A fpidk— 2 1 W5 (5)4E#RA FHSCs
AR AR 1) 508 5 93 Y AR () N TE IR R AR AT
H o o R I PR RERE A TP 5 R T SR AL L
[FTHSCs3K Y5 A1 5 i, A PR ARHSCs T 1 4 #7752 4157
(I Ff 5 . HSCs S HoAh 2R R T4 AR ik 7, 2k
CEARHTE R A AT AU 2 —, X — U R
A BT M A A B AT B A AT R R R

A
ot}

2 E W #k (References)

1 Parmar K, Mauch P, Vergilio JA, Sackstein R, Down JD, Dis-
tribution of hematopoietic stem cells in the bone marrow accord-
ing to regional hypoxia. Proc Nat Acade Sci USA 2007; 104(13):
5431-6.

2 Suda T, Takubo K, Semenza GL. Metabolic regulation of
hematopoietic stem cells in the hypoxic niche. Cell sStem Cell
2011; 9(4): 298-310.

3 Chow DC, Wenning LA, Miller WM, Papoutsakis ET. Modeling
pO(2) distributions in the bone marrow hematopoietic compart-
ment. II. Modified Kroghian models. Biophys J 2001; 81(2):
685-96.

4 Bryder D, Rossi DJ, Weissman IL. Hematopoietic stem cells:
The paradigmatic tissue-specific stem cell. J Pathol 2006; 169(2):
338-46.

5 Blank U, Karlsson G, Karlsson S, Signaling pathways governing
stem-cell fate. Blood 2008; 111(2): 492-503.

6 Simsek T, Kocabas F, Zheng J, Deberardinis RJ, Mahmoud Al,
Olson EN, et al. The distinct metabolic profile of hematopoietic
stem cells reflects their location in a hypoxic niche. Cell Stem
Cell 2010; 7(3): 380-90.

7 Kocabas F, Zheng J, Thet S, Copeland NG, Jenkins NA,
DeBerardinis RJ, ef al. Meisl regulates the metabolic phenotype
and oxidant defense of hematopoietic stem cells. Blood 2012;
120(25): 4963-72.

8 Khan JA, Mendelson A, Kunisaki Y, Birbrair A, Kou Y, Arnal-
Estape A, et al. Fetal liver hematopoietic stem cell niches
associate with portal vessels. Science 2016; 351(6269): 176-80.

9 Schofield R. The relationship between the spleen colony-forming

10

11

12

13

14

16

17

18

19

20

21

22

23

24

25

26

cell and the haemopoietic stem cell. Blood Cells 1978; 4(1/2):
7-25.

Calvi LM, Adams GB, Weibrecht KW, Weber JM, Olson DP,
Knight MC, et al. Osteoblastic cells regulate the haematopoietic
stem cell niche. Nature 2003; 425(6960): 841-6.

Ding L, Saunders TL, Enikolopov G, Morrison SJ, Endothelial
and perivascular cells maintain haematopoietic stem cells. Nature
2012; 481(7382): 457-62.

Ellis SL, Grassinger J, Jones A, Borg J, Camenisch T, Haylock D,
et al. The relationship between bone, hemopoietic stem cells, and
vasculature. Blood 2011; 118(6): 1516-24.

Kunisaki Y, Bruns I, Scheiermann C, Ahmed J, Pinho S, Zhang D,
et al. Arteriolar niches maintain haematopoietic stem cell quies-
cence. Nature 2013; 502(7473): 637-43.

Zhou BO, Yue R, Murphy MM, Peyer JG, Morrison SJ, Leptin-
receptor-expressing mesenchymal stromal cells represent the
main source of bone formed by adult bone marrow. Cell sStem
Cell 2014; 15(2): 154-68.

Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Ma-
carthur BD, Lira SA, ef al. Mesenchymal and haematopoietic
stem cells form a unique bone marrow niche. Nature 2010;
466(7308): 829-34.

Zhao M, Perry JM, Marshall H, Venkatraman A, Qian P, He XC,
et al. Megakaryocytes maintain homeostatic quiescence and pro-
mote post-injury regeneration of hematopoietic stem cells. Nat
Med 2014; 20(11): 1321-6.

Naveiras O, Nardi V, Wenzel PL, Hauschka PV, Fahey F, Daley
GQ Bone-marrow adipocytes as negative regulators of the hae-
matopoietic microenvironment. Nature 2009; 460(7252): 259-63.
Eliasson P, Jonsson JI. The hematopoietic stem cell niche: Low
in oxygen but a nice place to be. J Cell Physiol 2010; 222(1): 17-
22.

Harrison JS, Rameshwar P, Chang V, Bandari P. Oxygen satu-
ration in the bone marrow of healthy volunteers. Blood 2002;
99(1): 394.

Kubota Y, Takubo K, Suda T. Bone marrow long label-retaining
cells reside in the sinusoidal hypoxic niche. Biochem Biophys
Res Commun 2008; 366(2): 335-9.

Koller MR, Bender JG, Miller WM, Papoutsakis ET. Reduced
oxygen tension increases hematopoiesis in long-term culture of
human stem and progenitor cells from cord blood and bone mar-
row. Exp Hematol 1992; 20(2): 264-70.

Laluppa JA, Papoutsakis ET, Miller WM. Oxygen tension alters
the effects of cytokines on the megakaryocyte, erythrocyte, and
granulocyte lineages. Exp Hematol 1998; 26(9): 835-43.

Takubo K, Goda N, Yamada W, Iriuchishima H, Ikeda E, Kubota
Y, et al. Regulation of the hif-lalpha level is essential for
hematopoietic stem cells. Cell Stem Cell 2010; 7(3): 391-402.
Miharada K, Karlsson G, Rehn M, Rorby E, Siva K, Cammenga
J, et al. Cripto regulates hematopoietic stem cells as a hypoxic-
niche-related factor through cell surface receptor grp78. Cell
Stem Cell 2011; 9(4): 330-44.

Spencer JA, Ferraro F, Roussakis E, Klein A, Wu J, Runnels JM,
et al. Direct measurement of local oxygen concentration in the
bone marrow of live animals. Nature 2014; 508(7495): 269-73.
Hochachka PW, Buck LT, Doll CJ, Land SC. Unifying theory
of hypoxia tolerance: Molecular/metabolic defense and rescue



1260

UL

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

mechanisms for surviving oxygen lack. Proc Nat Acade Sci USA
1996; 93(18): 9493-8.

Arai F, Hirao A, Ohmura M, Sato H, Matsuoka S, Takubo K, et
al. Tie2/angiopoietin-1 signaling regulates hematopoietic stem
cell quiescence in the bone marrow niche. Cell 2004; 118(2):
149-61.

Spangrude GJ, Johnson GR. Resting and activated subsets of
mouse multipotent hematopoietic stem cells. Proc Nat Acade Sci
USA 1990; 87(19): 7433-7.

Unwin RD, Smith DL, Blinco D, Wilson CL, Miller CJ, Evans
CA, et al. Quantitative proteomics reveals posttranslational
control as a regulatory factor in primary hematopoietic stem
cells. Blood 2006; 107(12): 4687-94.

Jang Y'Y, Sharkis SJ. A low level of reactive oxygen species se-
lects for primitive hematopoietic stem cells that may reside in the
low-oxygenic niche. Blood 2007; 110(8): 3056-63.

Kocabas F, Xie L, Xie J, Yu Z, DeBerardinis RJ, Kimura W, et
al. Hypoxic metabolism in human hematopoietic stem cells. Cell
Biosci 2015; 5: 39.

Piccoli C, D’Aprile A, Ripoli M, Scrima R, Boffoli D, Tabilio
A, et al. The hypoxia-inducible factor is stabilized in circulating
hematopoietic stem cells under normoxic conditions. FEBS Lett
2007; 581(16): 3111-9.

Wang YH, Israelsen WJ, Lee D, Yu VW, Jeanson NT, Clish CB,
et al. Cell-state-specific metabolic dependency in hematopoiesis
and leukemogenesis. Cell 2014; 158(6): 1309-23.

Takubo K, Nagamatsu G, Kobayashi CI, Nakamura-Ishizu A,
Kobayashi H, Ikeda E, et al. Regulation of glycolysis by pdk
functions as a metabolic checkpoint for cell cycle quiescence in
hematopoietic stem cells. Cell Stem Cell 2013; 12(1): 49-61.
Vukovic M, Sepulveda C, Subramani C, Guitart AV, Mohr J,
Allen L, et al. Adult hematopoietic stem cells lacking hif-1alpha
self-renew normally. Blood 2016; 127(23): 2841-6.

Li Z, Wang D, Messing EM, Wu G, Vhl protein-interacting
deubiquitinating enzyme 2 deubiquitinates and stabilizes hif-
lalpha. EMBO Rep 2005; 6(4): 373-8.

Jeong JH, Kang JH, Hwang SL, Cho HJ, Park KK, Park YY, et
al. 4-o-methylascochlorin, methylated derivative of ascochlorin,
stabilizes hif-1alpha via ampk activation. Biochem Biophys Res
Commun 2011; 406(3): 353-8.

Rehn M, Olsson A, Reckzeh K, Diffner E, Carmeliet P, Landberg
G, et al. Hypoxic induction of vascular endothelial growth factor
regulates murine hematopoietic stem cell function in the low-
oxygenic niche. Blood 2011; 118(6): 1534-43.

Ichihara S, Yamada Y, Gonzalez FJ, Nakajima T, Murohara T,
Ichihara G. Inhibition of ischemia-induced angiogenesis by
benzo[a]pyrene in a manner dependent on the aryl hydrocarbon
receptor. Biochem Biophys Res Commun 2009; 381(1): 44-9.
Zheng J, Lu Z, Kocabas F, Bottcher RT, Costell M, Kang X, et
al. Profilin 1 is essential for retention and metabolism of mouse
hematopoietic stem cells in bone marrow. Blood 2014; 123(7):
992-1001.

Kaidi A, Williams AC, Paraskeva C, Interaction between beta-
catenin and hif-1 promotes cellular adaptation to hypoxia. Nat
Cell Biol 2007; 9(2): 210-7.

Dunwoodie SL. The role of hypoxia in development of the mam-
malian embryo. Devl Cell 2009; 17(6): 755-73.

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Zhou F, Li X, Wang W, Zhu P, Zhou J, He W, et al. Tracing hae-
matopoietic stem cell formation at single-cell resolution. Nature
2016; 533(7604): 487-92.

Azcoitia V, Aracil M, Martinez AC, Torres M. The homeodomain
protein meis|1 is essential for definitive hematopoiesis and vascu-
lar patterning in the mouse embryo. Dev Biol 2005; 280(2): 307-
20.

Liu X, Zhang F, Zhang Y, Li X, Chen C, Zhou M, ef al. Ppmlk
regulates hematopoiesis and leukemogenesis through cdc20-
mediated ubiquitination of meis! and p21. Cell Rep 2018; 23(5):
1461-75.

Manesia JK, Xu Z, Broekaert D, Boon R, van Vliet A, Eelen G,
et al. Highly proliferative primitive fetal liver hematopoietic stem
cells are fueled by oxidative metabolic pathways. Stem Cell Res
2015; 15(3): 715-21.

Charitou P, Rodriguez-Colman M, Gerrits J, van Triest M, Groot
Koerkamp M, Hornsveld M, et al. Foxos support the metabolic
requirements of normal and tumor cells by promoting idhl ex-
pression. EMBO Rep 2015; 16(4): 456-66.

Anso E, Weinberg SE, Diebold LP, Thompson BJ, Malinge S,
Schumacker PT, ef al. The mitochondrial respiratory chain is
essential for haematopoietic stem cell function. Nat Cell Biol
2017; 19(6): 614-25.

de Almeida MJ, Luchsinger LL, Corrigan DJ, Williams LJ,
Snoeck HW. Dye-independent methods reveal elevated mito-
chondrial mass in hematopoietic stem cells. Cell Stem Cell 2017;
21(6): 725-9,e4.

Chen Y, Yu M, Dai X, Zogg M, Wen R, Weiler H, et al. Critical
role for gimap5 in the survival of mouse hematopoietic stem and
progenitor cells. J Exp Med 2011; 208(5): 923-35.

Gan B, Hu J, Jiang S, Liu Y, Sahin E, Zhuang L, ef al. Lkbl regu-
lates quiescence and metabolic homeostasis of haematopoietic
stem cells. Nature 2010; 468(7324): 701-4.

Ko M, Huang Y, Jankowska AM, Pape UJ, Tahiliani M, Banduk-
wala HS, et al. Impaired hydroxylation of 5-methylcytosine in my-
eloid cancers with mutant tet2. Nature 2010; 468(7325): 839-43.
Guo Z, Kozlov S, Lavin MF, Person MD, Paull TT. Atm activation
by oxidative stress. Science 2010; 330(6003): 517-21.

Park IK, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL, et
al. Bmi-1 is required for maintenance of adult self-renewing hae-
matopoietic stem cells. Nature 2003; 423(6937): 302-5.

Storz P. Forkhead homeobox type o transcription factors in the
responses to oxidative stress. Antioxid Redox Signal 2011; 14(4):
593-605.

Cao YA, Wagers AJ, Karsunky H, Zhao H, Reeves R, Wong RJ,
et al. Heme oxygenase-1 deficiency leads to disrupted response to
acute stress in stem cells and progenitors. Blood 2008; 112(12):
4494-502.

Ito K, Hirao A, Arai F, Takubo K, Matsuoka S, Miyamoto K, et al.
Reactive oxygen species act through p38 mapk to limit the lifespan
of hematopoietic stem cells. Nat Med 2006; 12(4): 446-51.

Taya Y, Ota Y, Wilkinson AC, Kanazawa A, Watarai H, Kasai
M, et al. Depleting dietary valine permits nonmyeloablative
mouse hematopoietic stem cell transplantation. Science 2016;
354(6316): 1152-5.

Cabezas-Wallscheid N, Buettner F, Sommerkamp P, Klimmeck D,
Ladel L, Thalheimer FB, ef al. Vitamin a-retinoic acid signaling



WRIB SHLAG: 3 -2 I A0 A QA s e

1261

60

62

63

64

65

66

67

regulates hematopoietic stem cell dormancy. Cell 2017; 169(5):
807-23,¢19.

Ito K, Carracedo A, Weiss D, Arai F, Ala U, Avigan DE, et al. A
pml-ppar-delta pathway for fatty acid oxidation regulates hema-
topoietic stem cell maintenance. Nat Med 2012; 18(9): 1350-8.
Signer RA, Magee JA, Salic A, Morrison SJ. Haematopoietic
stem cells require a highly regulated protein synthesis rate.
Nature 2014; 509(7498): 49-54.

Fan Y, Dickman KG, Zong WX. Akt and c-myc differentially
activate cellular metabolic programs and prime cells to
bioenergetic inhibition. J Biol Chem 2010; 285(10): 7324-33.
Shakya A, Cooksey R, Cox JE, Wang V, McClain DA, Tantin D.
Octl loss of function induces a coordinate metabolic shift that
opposes tumorigenicity. Nat Cell Biol 2009; 11(3): 320-7.
Tothova Z, Kollipara R, Huntly BJ, Lee BH, Castrillon DH,
Cullen DE, et al. Foxos are critical mediators of hematopoietic
stem cell resistance to physiologic oxidative stress. Cell 2007;
128(2): 325-39.

Mariani SA, Li Z, Rice S, Krieg C, Fragkogianni S, Robinson
M, et al. Pro-inflammatory aorta-associated macrophages are
involved in embryonic development of hematopoietic stem cells.
Immunity 2019; 50(6): 1439-52,e5.

Jassinskaja M, Johansson E, Kristiansen TA, Akerstrand
H, Sjoholm K, Hauri S, et al. Comprehensive proteomic
characterization of ontogenic changes in hematopoietic stem and
progenitor cells. Cell Rep 2017; 21(11): 3285-97.

Morrison SJ, Scadden DT. The bone marrow niche for haema-

68

69

70

71

72

73

74

75

topoietic stem cells. Nature 2014; 505(7483): 327-34.

Tothova Z, Gilliland DG. Foxo transcription factors and stem cell
homeostasis: Insights from the hematopoietic system. Cell Stem
Cell 2007; 1(2): 140-52.

Yu WM, Liu X, Shen J, Jovanovic O, Pohl EE, Gerson SL, ef al.
Metabolic regulation by the mitochondrial phosphatase ptpmt!
is required for hematopoietic stem cell differentiation. Cell Stem
Cell 2013; 12(1): 62-74.

Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E, Wenger RH,
et al. Cellular and developmental control of 02 homeostasis by
hypoxia-inducible factor 1 alpha. Genes Dev 1998; 12(2): 149-62.

Kim CG, Lee JJ, Jung DY, Jeon J, Heo HS, Kang HC, et al.
Profiling of differentially expressed genes in human stem cells by
cdna microarray. Mol Cells 2006; 21(3): 343-55.

Agathocleous M, Meacham CE, Burgess RJ, Piskounova E, Zhao
Z, Crane GM, et al. Ascorbate regulates haematopoietic stem cell
function and leukaemogenesis. Nature 2017; 549(7673): 476-81.

Zhao Y, Jin J, Hu Q, Zhou HM, Yi J, Yu Z, et al. Genetically
encoded fluorescent sensors for intracellular nadh detection. Cell
Metab 2011; 14(4): 555-66.

Tao R, Zhao Y, Chu H, Wang A, Zhu J, Chen X, et al. Genetically
encoded fluorescent sensors reveal dynamic regulation of nadph
metabolism. Nat Methods 2017; 14(7): 720-8.

Hao X, Gu H, Chen C, Huang D, Zhao Y, Xie L, et al. Metabolic
imaging reveals a unique preference of symmetric cell division
and homing of leukemia-initiating cells in an endosteal niche.
Cell Metab 2019; 29(4): 950-65,¢6.





