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Flow Cytometric Analysis of Mouse Hematopoietic Stem Cells

CHEN Lin, LI Jingjing, ZHOU Bo*
(State Key Laboratory of Cell Biology, Center for Excellence in Molecular Cell Science,
Chinese Academy of Sciences, Shanghai 200031, China)

Abstract Hematopoietic stem cells represent a rare population with an estimated frequency of 0.01% of
total nucleated cells in bone marrow. Isolating and separating HSCs from bone marrow has been the focus of in-
tense investigation for decades. Flow cytometry has been critical in establishing methods to isolate and identify
hematopoietic stem cells and their progenitors. For more than 30 years, researchers have been uncovering and
combining emerging markers used for improving the purification of hematopoietic stem cells from mouse bone
marrow. This article summarizes all the phenotypic markers and strategies used to purify HSCs and details the most
acknowledged and widely adopted SLAM family isolation protocol. However, in vitro flow cytometric analysis of
hematopoietic stem cells does not provide a true description of the behavior of HSCs in their native physiologi-

GFP an d

cal state. The application of genetic lineage tracing in HSCs has bridged the gap. This article uses a-catulin
Fgd5-CreERT2; Rosa26-Tomato mice to detail instructions on how to use flow cytometry to analyze and quantify
reporter fluorescent protein signals in HSCs.
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18 IfiL 41 g (hematopoietic stem cell, HSC) /2 Ifil
TR G b B AR T4, 56 ) B FRE R g
MR SR M M B BE . B2 H RTWT 7T
S Ha IR A — R AR T 41 . HSCHIWT T
xof At 40, LG R A, #A S EE NS

N BSARHSCIE & E M T EhE, 5% ERE
YHA0.01%. FI A HRAK, FRATRT LS 353
BSHHSC.  H HIH I QA0 B A 25 E HSCHI P 365K
P 2 B THSCAS & I RRAE, — =2 F4H& buikok
Wi EHSC, — 2 F HIHSCA & 1 A TR, 451 f Sk e
FIGGLRHI kPSR € HSC .

HEPUIATT T EHE T Lineage. Sca-1Hlc-Kit
Fric, Wik 2 “LSK”(Lineage « Sca-1"Hl c-Kit")#
PRI, Lin(Lineage) R 8Pt i 32 B 30K T il i 24
MRG0, Lin e £ 0] BL2% B 48 K38 73 () Bt
M A Sca-13EZRKIE T H il HSCHIEE R 41 i
i, c-Kit R ERIA T A4 . LSK4H
205 BT A B BRI 0.1%, Hodr s K8 o A2 i 1
#H41 B2 (hemopoietic progenitor cell, HPC), HHSC
295 LSKHY 10%. Ja 85I N 1 2 MhAS [A] 1) 2K 1 47t
1 CD34P), Tek™FI EPCRE, PAIX 4 HSCHI4r1k
FEL4H ..

SLAM(signaling lymphocyte activation mol-
ecule) F 1) 4 1 145 CD150. CD48F1CD244, ‘&
TR A F B X 5 HSCHITHPC . H A CD1504% 57
PR TA7 K136 1 5 2 g U i HSCHY, T CDA48
BRI B 20 o Je K 913 1L §E 7, P BAAEH] LinSca-1"c-
Kit"CD150°CD48 HIHTAR L & 7] LUK = FR 10
2L FJHSC,

SLAMZC R 73 15 SR H A ) )72 HAA W]
£ S5t v PRI QA A 2 A R 85 SRS o AR ST R4 E
fift 7 a0 1 FISLAM R S 5T A W HSCREAT 70 . it
ERRICTHSC R U T4 91030 o T4 S5,
WA LAFE SR 1% 5 F TS vi b . AR S0

5y — R AR HSCX L6 58t Yk T DNA
454 ekl Hoechst 333427k 2 ki 44 45 45 44l Rhoda-
minel123M ) S PR IR HSC. HSCRR I e ik
ZRhiE R, Bl ATPSE & &% 12 5 1 [ATP-binding
cassette (ABC) transporters], 1Ml # 1z /4 0] DLHFFEE L H
WGkl B HEM 2 Hoechst 33342940 )5, 14
AMEEOR TR, SRl E A A KIS, MHSCS

DM fikHoechst 33342 44RHR B, TR ILRE. HEZ
T 12 A 1Y) 2 15 2 Bt A A 8 3G K T T 3R AR 1
BEAE L35 /) B A AR A 213X — 3 3

MAE N 73 B HSCI AT AR S8, 7870 ESk [
HSCHIAFAE, BIW] THSCHA BIREH ML % 27010
(IREST, JEMARE T HSCHY M. (HI21X 28 HSCHR
RSN AS BAE AR AR BRI RS R I O T 2 A A P
BHEGIN T — A EER AR, R0 A )
BEIREE R B ok, ARG RS e . SERR b, fEIEH
AFRFRE N, HSCE I H 885 HF A2 8 H 2588
T HARAT A RUE R M B8 e, 5 A5 FH e S 119 /)
SAE 2R RO E] 7 AR A B R, N ER
i 7 AEFARESUY, thAb, FEAE 5 RTHSCIH: 5 A1 T fg
BEAT 234, /b 1 S

A A R AR BRRRL I AN Re AR AR BRS T
I3 M A EALHSC. e 2 PR 17 R (Transgenic, Tg)Fl &
N A (knock-in, KDFEAE T 571K 5 m . FRATH]
DLEHER 26 E AP A 5l NFe R B8 30 J5, 1X A
HAn gl AR 2 BRR IR RO BE 5 LA
A7 R e e R EZH I, WiCre B AH BRSO\ H 24 K 1Y
JRENTJE, TG R E BN R, X FEURT A H
MR S RO AT R R . IR A P S A
ZH I, 15 W CreERAZ {4 (Cre Ml Estrogen receptor [ il &
)M, SR TR A 5 S S I ], U AT DAY
N2 20 B AE AN =] I 8] o 3G GE A A A 2 o

— NI RN IR R G0N R I SR R 4
FERTERCRE . H, Cre AN I A R8T 3A
ORI FAHA N, AR Mgt . ik, HE
BRI A E HSCH A i R IC 80 . ARSI 2, I
B RREE RGR /D R UL E PR FA 18
AU . HATOA2ME 7 2 MA R HSC
FEF I B TeakK N AR (R ). HZ, R AR L)
FA, W Cmnall™), Hoxb3"'¥, Tek'™19, Krt18'7, —
FRCER AR, AR 1 B e R 2k (K] Figd 517181,
Pdzklipl", MdsPO YA TE4 K. WANEE — ek
K vwf 720, GpreScP EH B T IE L R, B
AT AR S AR HSCIH — 26 P . B 1 AR S PR
FEPRISR T —#E B HSCIHTARIC IR ER AL, Sl K Je
HRAE RS2 M A AR R BRY B DNA/ER 5 SR T RS SRon
HSCHEAT 7~ ER BT EORE 4,

X R AT BT a-catulin®" (K1) F Fgds-
CreERT2; Rosa26-Tomato(K1)K Ji& 7~ EA 1% HSCH]
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Table 1 Mouse model for labeling and lineage tracing of HSC

£ ) S XTHSCI AR 2% Faki

Gene Construction strategy Labeling efficiency in HSCs Expression pattern
Ywf BAC Tg: EGFP2" About 60% HSC, Mk, EC

Fgd5 KI: mCherry!® About 80% HSC, EC

Ctnnall KI: GFp™*! About 50% HSC, EC

Hoxb3 KI: tri-mCherry!¥ About 22% HSC

Pdzklipl BAC Tg: EGFP!" About 27% HSC

Tek Tg: GFPU' About 5% HSC and other cells
Gprese BAC Tg: EGFP™*! About 28% HSC

Mds KI: GFp?! About 12% HSC, MPP, MkP
Fgd5 KI: CreERT2!"® About 30%, tdTomato HSC, EC

Krtl8 Tg: CreERT2!" About 2%, YEP HSC

Pdzklipl BAC Tg: CreERT2!" About 20%-30%, tdTomato HSC

Tek KI: Mer-Cre-Mer!"! About 0.5%, YEP HSC and other cells
Ywf KI: CreERT2!"" About 12%, tdTomato HSC, Mk, EC

CreERT2: il & | T2RAARMER R SZ (A4 ML 14

W Cre EALE 1; EC: A B2 4HJH; EGFP: H5m R 43 (08 % 1R 11 GFP: G075

B H; KL FEEE; Mk: ERZ AR MP: EUZ 40140, MPP: 2 Bt A0, Te: HeIED; YFP: B OUOLEH.
CreERT2: Cre recombinase fused to estrogen receptor ligand-binding domain with T2 mutation; EC: endothelial cell; EGFP:

enhanced green fluorescent protein; GFP: green fluorescent protein; KI: knock-in; Mk: megakaryocyte; MkP: megakaryocyte

progenitor; MPP: multipotent progenitor; Tg: transgenic; YFP: yellow fluorescent protein.

PRICARER TG L o

1 SRHRES
1.1 ¥zh4)

a-catulin®"(JAX#028342). Fgd5-CreERT2;
Rosa26-Tomato(JAX#027789) i 14 7 A= 71 /N {14 K
H 25 B AN vedh S50 ==, B A 1Rk 4k FE/ECSTBL/6JIS
FE S o SREG/IN BRI I i s o R B R B 43 T 4 i
Bl 2 B O (R SPERZR BT i Bt . A Ay A
B B 5 ) 7 it A G B A RE(B 5 10100100), YL 5
R 2 ) TRA R IHE AR L. UK ERE
FK, N ERER HpHIE £2.8~3.0, SR )5 & m i A B
W & e shsess i R4 ak v ERFER T 40
o} 2 LR AN 0 SIS B M A S A 4 R (A
51 SIBCB-S372-1901-005).
1.2 EZEFIFLEE

Jii 2F L7 (fetal bovine serum)(% 5 : FSP500)1
H ExCell Bioa &l ; 20x BEFRZE Mk (20x PBS)(15 %5 :
B548117) 4 TAEY TR (L) AR A ;
75% B ($25 : G73537TW)Il [ L ifFZeH L2417 R
A PR IR 2 TR o

BY U]\ BT 23/25GHE S A% 5 mLiat i (Falcon®™
Round Bottom Polystyrene Tubes)(57 5 : 352008)4 H 3

[ELife Sciences A7 .

IR 0L (5804R . 5424R)IH H 3 [ Eppen-
dorf/y & ; it 40 i 53 Hr 4% (FACSFortessa) Fl it 24
Ji1 53 %A (FACS SORP Aria)¥)Ily H SE[EBDA ;i
TR A 8 (VORTEX-2) H 3 [H Scientific Industries
AF
1.3 PMREEEMMET &

T 6 A AR IR B STUME B 1 AR BE /N R
T 75% LW, 75 R IR BT B 5, 2R
JREBALP o B W7 /I BB O 59 55 BROC T, #4470 BB
AN BUH, 8 TE A ARORE B AL R B, IR R
TFHE B T UK FPBSH . Wit 4T LR Y,
RGBSR, S8 5 F BY TR iz fh o 55 25, R
ENCIR e N

15 FH 23/25 Gt Sk A fln i Jie e N4, 25 R 25 B
B )] B BN N E, FHFACSZZ M (1< PBS,
2% A 4 L35 ) 1 BE SE R 2 TR 1 4 mL g O
G A R R T A R G P S T
MBI, MEERE kL, T LAESEE LK, DU
TRATAE B BEAN AT O . — HU/N R BE A0
SELZIN1084 o RTHSCH 238 22 /0 75 EE 10541 M
I 100 pwm IO BES IR BT 4 8 S mLi A
o R SAE VK EREAT, DMRIEGEIRRES . FETR
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AR 0L T 500 r/min, 4 °CEL05 min, /1.4 AR RINEE
MEZFZAH EiE£ER, JFH FACSZE iUk 41 i = T Je i IR &2 U] 4% Lineagell G (3R 3), A5
BOEAZE100 pLo MR AR IR TR S, Pk gty 8T LU R

=2 ik
Table 2 Flow cytometry antibody
EAREN pjee il S W
Antibody Fluorophores Clone Concentration
Terl19 FITC Ter-119 0.5 mg/mL
CD3 FITC 17A2 0.5 mg/mL
CD5 FITC 53-7.3 0.5 mg/mL
CD8a FITC 53-6.7 0.5 mg/mL
B220 FITC RA3-6B2 0.5 mg/mL
Grl FITC RB6-8C5 0.5 mg/mL
Terl19 APC780 Ter-119 0.2 mg/mL
CD3 APC780 145-2C11 0.2 mg/mL
CD5 APC780 53-7.3 0.2 mg/mL
CD8a APC780 53-6.7 0.2 mg/mL
B220 APC780 RA3-6B2 0.2 mg/mL
Grl APC780 RB6-8C5 0.2 mg/mL
CD117 (c-Kit) APC-cy7 2B8 0.2 mg/mL
CD117 (c-Kit) BV421 2B8 50 pg/mL
Sca-1 (Ly6a) PerCP-cy5.5 E13-161.7 0.2 mg/mL
CD48 APC HM48-1 0.2 mg/mL
CD150 (SLAM) PE TC15-12F12.2 0.2 mg/mL
CD150 (SLAM) BV605 TC15-12F12.2 100 pg/mL
CD150 (SLAM) Biotin TC15-12F12.2 0.5 mg/mL
Streptavidin BV650 None 0.1 mg/mL
%<3 LineagelR & &RHECEL

Table 3 Lineage mix ingredient ratio
EAREN ToRE S Joi & Lk
Antibody Clone Weight ratio
Ter119 Ter-119 4
CD3 17A2 2
CD5 53-7.3 2
CD8a 53-6.7 2
B220 RA3-6B2 2
Grl RB6-8C5 1

4 SLAMZIES) B 5k RE
Table 4 SLAM family isolation protocol

EAREN kS POt POk 2= (ng/1x10°4 41 if)
Antibody Clone Fluorophores Dosage of antibody (ng/1x10° cells)
Lineage mix - FITC 600
CD117 (c-Kit) 2B8 APC-cy7 100
Sca-1 (Ly6a) E13-161.7 PerCP-cy5.5 200
CD48 HM48-1 APC 100
CDI150 (SLAM) TC15-12F12.2 PE 200

“FIR LM PURRR G, AR B RS,

« 2

represents the mixture of multiple antibodies, and the detailed information is shown in Table 3.
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I HAE—AN B IE 5 TAE % 0 R [ Y T 4Aon) B
BRI M.

44 LT UK 3E K 5 B 30 min, £EBBS5~10 min
PRPE— R, WU IE TG’ — PB4 G,
ININS mL FACSZE il #¢ 1k e iy, 7EAR IR & 0oL
1 500 r/min. 4 °CE.0»5 min, i ] B2 52 % Lg%
Fro FHFACSZE I 40 i B 808 25 22100 pl, A
“hi. K4 T UK BRI E 30 min, BEFH5~10 min
PRPE— UK, B AL T 45

FT A Gt 45 35 I NS mL FACSZE il % 1k 4
fa, FEAREE O 500 t/min. 4 °CE.0S min,
ki

FH#% Il DAPI(4°,6-diamidino-2-phenylindole) ]
FACSZE (1 ng/mL)TE #7277 40 i 2 75 IR
T BT A0 A R B S N 1094 /mL . 7573 & DAPI
YebHE R LK N 405 nm, K STIEAE 350~470 nm,
FE R 43I A A FR A BVA2 1 L3 3E , i FH 87
G RIS o RN B ()07 & S R Rp S A B 40 B AR T,
2 FEAPIE R, 75 EE O 100 pm 38 PR 4
HL e P8 BT 4510 5 mLy 8 . R R 4n i
I FH B FR PR PR TR, AR e AT B e
Wtk .

2 H#R
2.1 FEBRU/NRHSCRI AL R
SLAMZ ik 43 & SR W& K HSC 2 X ALinSca-1"c-
Kit'CD150"CD48 {4l . 14 4% i Fil Lineage % 41l 41t
JEHERR B e RS L RN . c-Kit B RIAAE I
M4 b, Sca-133% T/ BB $EHSCHIHE 5 41
i, BT PASca-1"c-Kit" &4 v BA T T 58 48 K58 4 it
MFAH4E . CD150%F 57 FiE T4 K i if 2 2

AE JJHTHSCH . 1 CD48Kic () 40 it U] JG < it i
fit 71, NHPC. CD150°CD48 )40 i 4 5 X N % fig
FH 41 M (multipotent progenitor, MPP).

PO 0 B S HE (1 41 51 S W3R 4, R AE
SCURTT 2 L R TH (1 5256 751, I 240 b 8 4y 32 11 Pl
1% (Gating) FEWE WL . {8 FHSLAMYZ) B S0, W] fE5F
B/ B R 4 B 4 50~100NHSC
2.2 THRAFRICHIHSCHIZR I 2 #rF0 40 i% SR

5 FH A a-catulin® /N R & E BE0 R, ]
DLt — D & £ HSC. W 2fr, X& fEgn i k47
SLAM#fAGL 0, BBl HL Lin Sca-1"c-Kit'CD150°CD48"
Y5 7 T GFPIIERIA, W] LA b & Bl a-catulin®™”
e S PEEE R TE HSCRER Y, 20 (5 HSCHEAR 11 52%, 1X
e GFPFH 4 1) HSC /2 e % K B 1f = 2 Y HSC, T
GFPRAME I HSCIANGE MY, (AL, 7R3 2043 H Al 4y
% 5| Na-catulin®"H R+ & 4B #EHSC.

FHEVEEMSE, BT GFPRIFITCA ML K
RSP, AGESLH, R Uik 1) 5% ) 2 A ik
PR — IR, BT RiES &S
2.3 HSCiEZARER/DNBRRRI 7 F1 5T IE SR B

HSCA2 B /)N BRI 40 B R SRR, e AEAS R AR
P B BORAS F H3h /1 FAEE 2 5, HSCHE S
PER B RN R R G A BRATRAE TR I ik i T A
KAt 5 HSCHI L ia fiE R, Hob Fgd5-CreERT?
AN HSCHE R 7R B TR U8, Xf Fgd5-
CreERT?2; Rosa26-Tomato’)> 5 I8 Ji 13 S Ath i 2 2553
175 5, FedS 4l f H AR & 3R 18 TomatoZL t4.%%¢
Jo B 3FTRN, A JE R BELH M1 T SLAMEBTAAR
Yeft, B HYLin Sca-1"c-Kit"'CD150°CD48 4 il J5 73 #r
Tomato ) 1A , 7] PAIE 7 Hb i 4% 31 Tomatoh 7 P4
FR{EHSCREA R, 29 & HSCREA131%, HAEMPPA!

Wild type
" L, HPC 70%
(E) - : % O o
< DAPI 95% = 1 @ & &
Q  — é’n ] =¥ |
A =3 < X
n 3 |
g : : 4: Q -
o Lin 5% © MPP 15% HSC 10%
FSC-A DAPI c-Kit-APC-cy7 Sca-1-PerCP-cy5.5 CD150-PE

AN B EE AT B (TE R BE TP A 40 L) LSK: Lineage s Sca-17. c-Kit's
The relative number of each cell population (percentage in the parent group). LSK: Lineage™, Sca-17, c-Kit".
Bl BFAE RN RIE M 4RI 3 20 4 o B 2B B A% Bl SR R

Fig.1 Flow cytometry gating strategy for wild type mice hematopoietic stem cells
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HPCH A — &%,

FHEFEAZ, BT Tomatofl PEA ALK
BRI, ARedE A, PR i ok o

GFP

a-catulin

Ho I R R E M — AR, BAAT RIS
#£ 6. WA, Fgd5-CreERT2; Rosa26-Tomato 5 77
Zsgreené ), 1EI 2 AH HAX LA AR Ay AU AS 21

()
L1 <5 O ]
O
5 7 Z 1 <1
@] | m 1
Q | (2]
172] ) =1 =
« 5 v ] A
R= ) @)
A
Sca-1-PerCP-cy5.5 CD150-BV650
O 1 & O 1
%) & &
T 1 = T
£ ] 51.80% .E 4.35% £ ] 1.01%
X —_— N —_— X [ —
GFP GFP GFP
E2 a-catulin®"INEIABEAFRIKIER
Fig.2 Fluorescent protein expression of a-catulin®" mice
%S5 A GFPRISLAMZKI& S Bk
Table 5 SLAM family isolation protocol with GFP
E/NCS SRS FOthRE Pk B (ng/1x 1041 fiE)
Antibody Clone Fluorophores Dosage of antibody (ng/1x10° cells)
Lineage mix - APC780 600
CD117 (c-Kit) 2B8 BV421 100
Sca-1 (Ly6a) E13-161.7 PerCP-cy5.5 200
CD48 HM48-1 APC 100
CD150 (SLAM) TC15-12F12.2 Biotin 200
Streptavidin None BV650 50

IR LI RR G, AR B L3,

ITIR)

SSC-A

% in HSC

Fgd5-CreERT2;

represents the mixture of multiple antibodies, and the detailed information is shown in Table 3.

Rosa26-Tomato

=)

2 — O
S) 3 I < E
= > <
13 m o0 o
) o X
8 M g 1
£ 5
'4 ™ T ~r

FSC-A CD150-BV650
[T O
& &
= T

30.50% R 5.29% R=IR 2.94%
—_— = —_— —
Tomato Tomato Tomato

&3 Fgd5-CreERT2; Rosa26-Tomato/NFR R FEARIEER
Fig.3 Fluorescent protein expression of Fgd5-CreERT2; Rosa26-Tomato mice
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<6 & TomatoRFSLAMERIZ 57 & R G
Table 6 SLAM family isolation protocol with Tomato

EAREN TeRES FhRIL Btk i (ng/1x 10411 )
Antibody Clone Fluorophores Dosage of antibody (ng/1x10° cells)
Lineage mix - APC780 600

CD117 (c-Kit) 2B8 BV421 100

Sca-1 (Ly6a) E13-161.7 PerCP-cy5.5 200

CD48 HM48-1 APC 100

CD150 (SLAM) TC15-12F12.2 BV605 200

“IFIR LM PUARNR G, 1A B K3

“— represents the mixture of multiple antibodies, and the detailed information is shown in Table 3.

AN HFITCHEIE K AT, 75 BIREE RN, 1 LUE
a-catulin®"—FAE N HSCHI T8 7R 15 5 (reporter) i
H .

3 g
3.1 RIARRERREIE

It 22 G AT R 3 1) 5 il A2 B 4 i R TR
() 6, R FH B 00 ) 5 5 4 BB SRR X 1T 5 L
B B, (R AT SR B E AR AR AN P8, S g AT T2
Flo — et /I B R A B 0 AR 2 5 AR HE 1Y)
B 29 91084, R OHSCHIR b 1, & 41 sz 56 5
/D FHE10YME a4, 53R KZJ100MHSC.
3.2 miERE

FACSZE M 75 B8 INFBS, K 45 FF 41 i % 1,
TXFEBE AT LA/ AR S P et R T (B 3k AT
JE SRR BULORIE B (A A B K AR AN BRI A, 5
H K, JERE T B 2 Bk G R R I
B, Pt ATy, RONEBE S . ERERNE,
Ui & I T AR AR OS . BRATT— AR UK L0 &
30 min. EEE T, — AT LL4ARE 215 min, 223
Rt T oL, EBHE—NEENNE B
()] LA 5 B2t K 5 S i i e . Jefud fE
PRREAR 23 0, BE W] LA RoB e A R AE T 45 ],
Al DA G e A TR 57
33 fuiiEsE

SEIG = W 9% 6 FITC. PE. APC. PE-
cy7~ APC-cy7. PerCP-cy5.555 . FA1IX BLAF X AH]
T e, AaEREEN . AAaFOLEN,
Iyl T HEE PR S B TN A8 Rl B AR ] 5
B 5 1) S Ath ¢ e i A 1) 2 e A 2 AH TR A 45
Ro EPURIERE R BB BGUR, # 24EH
RN PE-cyS. PE-cy7. PerCP-cy5.5F1 APC-

cy 75, MR IR, HFE B PUARGLRPIRES, B bk
R AR E B EA Y SR BRI R -
34 RAAMEET

FEI AR A A, 8 i 8 ' R e i
ELYE M BOR AUR S A (HE, MR ES
i, SR Bk E 2 R e gkl R SR . R,
FE IR B B, 2T ROCAME . IR
A 3 A7 B0 328 S 5 S e 22y b R Y A0 44 0t HE DA
i 2 A5 T I FeE . X — ik 2 TR R M i
TE ARSI B ) 260k B B bR 64kl . SLAMGL
SEWG RAE ] T 2 Rk, R xR 2k N R
X Fo S5 F B 1 BT 7 0B bR, MY
FEPUARTOE, A BT 158 6 R H bR
SAEAS SRS, WA BRI . SRR R T B R
T E I PMT S 56 2H 37 5 %) R ZH AR F— 2
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