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Fig. 1 Schematic diagram of hematopoietic cell lineage
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Tab. 1 Boolean values for all cell types

HH G2 MP CLP GMP EryB B MAC Gran HH G2 MP CLP GMP EryB B MAC Gran
Egr2(EgrNab) 0 0 0 0 1 1 0 17ra(117r) 0 1 0 0 1 0 0
Cebpa(C/EBP) 0 0 1 0 0 1 1 Tef3(E2A) 1 1 0 0 1 0 0
Spil (PU.1) 1 1 1 0 1 2 2 Foxol 0 1 0 0 1 0 0

Gfil 1 1 1 0 1 0 1 Ebf1 0 0 0 0 1 0 0
Itgam(Macl) 0 0 0 0 0 1 1 Pax5 0 0 0 0 1 0 0
1d2 0 0 0 0 0 1 0 Cd19 0 0 0 0 1 0 0
Cebpb 0 0 0 0 0 1 1 Zfpm1(FOG-1) 0 0 0 1 0 0 0
Csflr 1 1 1 0 0 1 1 Flil 0 1 0 0 1 0 0
Runxl 1 1 1 1 1 1 1 GATA1 0 0 0 1 0 0 0
Tkzf1 1 1 0 0 1 0 0 GATA2 0 0 0 0 0 0 0
Flt3 1 1 0 0 0 0 0 Tall(SCL) 0 0 0 1 0 0 0
Mef2¢ 1 1 0 0 1 0 0 KIf1(EKLF) 0 0 0 1 0 0 0
Etsl 1 1 0 0 1 0 0 Jun(cJun) 0 1 0 0 0 1 0
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Tab. 2 Boolean regulation rules of integrated regulation network

e | A3 SR IR 4 H )
Egr2 (Spil:1 & Jun &1 Gfil) | (Spil:2 &1 Gfil)|(Pax5 &1 1d2)
Cebpa Spil & Runxl &.! Foxol &1 (GATA1 & Zfpml & Tall)
) ((Spil & Runxl &.! ((Cebpa & Cebpb & Csflr) | (Foxol &1 Ikzf1)|! Gfil))|(Foxol & Ebfl & Ikzfl &1
Spit e (Spil | Runx1)))& (Cebpa | Spil)&.1 GATAL &1 GATA2
Spil : 2 Runxl & Spil &1 GATAL &1 GATA2 & ((Cebpa & Cebpb & Csflr) ! (Gfil | (Foxol & Tkzf1)))
Giil ((Ikzf1 | Cebpa)&.1 Egr2)|(Pax5 & ! 1d2)
ITtgam Spil:2
1d2 Cebpa & Cebpb &. Spil &1 Ebfl &.1 Gfil
Cebpb Spil:2 &.(Cebpa | Cebpb)
Csflr Spil &1 (Pax5 &1 1d2)
Runx1 Spil | GATA1
Tkzf1 Mef2¢ | (Pax5 &.! 1d2)
Flt3 Tkzf1 & Spil &1 (Pax5 &1 1d2)
Mef2c Spil &.1 (Cebpa | Cebph)
Etsl Tef3 &1 1d2
17ra ((Spil & Mef2¢) | (Ebfl &. Foxo1))&.1 (Cebpa | Cebpb)
Tef3 Tkzf1 &.(Spil | (Ebfl & Pax5 &1 1d2))
Foxol Tef3 &1 1d2 &.1 (Cebpa | Cebpb)
Ebfl Tcf38.1 1d2 & Foxol & Etsl & ((Runxl & Spil & Il7ra & 117) [ (Pax5 &.1 1d2 & Ebf1))&.1 (Cebpa | Cebpb)&. Mef2c
Pax5 Ebfl &1 (Cebpa | Cebpb)
Cd19 Pax5 &1 1d2 &1 Cebpa
Zipm1 GATAL
Flil (GATAL | EtsD &1 KIfl
GATAI1 ! Spil & (GATA1 | GATA2 | Flil)
GATA2 GATA2 &1 (GATA1 & Zipm1)&.1 Spil
Tall GATAL &1 Spil
KIf1 GATA1

Jun Spil & (1 Gfil | Flt3)
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Tab. 3 The simplest perturbation strategies for directional differentiation

ayaEil HA B Hng L ah s FH AR
MP Cebpa-1T (or Cebpa--17) GMP [28]
MP Foxol-1T (or Foxol—17) CLP [29]
CLP 17-17 Cor 1U7-17) B [30]
MP GATAIL-17,Spil-0T Cor GATA1-1",Spil-KO) EryB [25,31—32]
GMP Cebpb-1T,Spil-0" (or Cebpb-17,Spil-27) Gran [33—34]
CLP Ebfl1-17,Pax5-17 (or Ebfl-17,Pax5-1F) B [35—36]
GMP Egr2-17,Spil-27 ,Gfi1-07 (or Egr2-17 ,Spil-2" , Gfil-KO) MAC [37—40]
GMP Egr2-1T7 ,Gfi1-0T ,Jun-17 (or Egr2-1",Gfil-KO, Jun-1") MAC [41]

3 % i

AR SO I A P BB R4 R T — A T T A e DAL 9 4 0 2% ok o3 M 7 B B sl 4L S 403l T A
] 52 BEAN [] 2 5 1ty 40 Jtd =22 18] 69 2 15 70 AL . 25 8 & P AS 5 R IE L BR T & JF P A 5 9 26 o S50 B9 942 B0 00 41, 38
Ty B AN FE — S A B0 A2 DU A A A X 4 0 5 R R T A ) A A S I B R — B X R —
BOPE UL T AR SCRS FRC R B 5 I 47 0 2 R 02 A AL R R 45 B AL AR L ol i E /NI B SR L il 2 B B Y
Fe /N B LUK RE AR I Bl e AT S DT AT LA S BEAS [] 4 1 40 it 256 78 22 18] 4 17 A L X 4 45 R TR G RS o
Z598 T LA 3 H Al SCHK P A9 S5 18 HEAT R 0 B S BT, BE LR E A 0 B s 0 BT SR ) A6 A

e A A 48 1 B 5 I 45 RZ BRI AT DL Sy HSC R 73 Ak i £ 42 30 R4 9 1 5 D98 5, ol LU T 20 i
B HSC % 73 Al 72 PEBL AR OC 89 22 W (R 32 55 SRS T A1 1o B 8 5 i et ] LI 5 3 22 B9 3 L 23 Ak
IR 3 A VR 2 LI A R A LR 8 0 35 L K AR ) S A T A T AL e b L 8 R BB S S AT L O gk — 2 A 5
5653 Mt B s B AE DL B0 1 bR B2 3t — 65 WL T AT S5 18 AT L IO B BIF S S TR T S A

2 % X #

[1] SEITA J,WEISSMAN I L.Hematopoietic stem cell;self-renewal versus differentiation[ J]. Wiley Interdisciplinary Reviews: Systems Biol-
ogy and Medicine,2010,2(6) ;640-653.

[2] ZHANG Y,GAO S,XIA J,et al. Hematopoietic hierarchy-an updated roadmap[ ] ].Trends in Cell Biology,2018,28(12):976-986.

[3] CHIORAZZI N,CHEN S S, RAI K R.Chronic lymphocytic leukemia[ J].Cold Spring Harbor Perspectives in Medicine, 2021, 11(2):
a035220.

[4] MENDOZA L, THIEFFRY D,ALVAREZ-BUYLLA E R.Genetic control of flower morphogenesis in Arabidopsis thaliana:a logical anal-
ysis[ J].Bioinformatics,1999,15(7) :593-606.

[5] LIF,LONG T,LU Y.et al. The yeast cell-cycle network is robustly designed[ J ].Proceedings of the National Academy of Sciences,2004,
101(14) :4781-4786.

[6] ALBERT R,OTHMER H G.The topology of the regulatory interactions predicts the expression pattern of the segment polarity genes in
Drosophila melanogaster[ J].Journal of Theoretical Biology.2003,223(1) :1-18.

[7] COLLOMBET S,VAN OEVELEN C,ORTEGA ] L S,et al.Logical modeling of lymphoid and myeloid cell specification and transdiffer-
entiation[ ] ].Proceedings of the National Academy of Sciences,2017,114(23):5792-5799.

[8] KRUMSIEK J,MARR C,SCHROEDER T.et al. Hierarchical differentiation of myeloid progenitors is encoded in the transcription factor
network[ J].Plos One,2011,6(8) ;e22649.

[9] ORKIN S H.Diversification of haematopoietic stem cells to specific lineages[ ] ].Nature Reviews Genetics,2000,1(1) :57-64.

[10] HOCK H.HAMBLEN M J,ROOKE H M.et al.Intrinsic requirement for zinc finger transcription factor Gfi-1 in neutrophil differentia-
tion[J].Immunity,2003,18(1) ;:109-120.

[11] KASTNER P,CHAN S.PU.1:a crucial and versatile player in hematopoiesis and leukemial J]. The International Journal of Biochemistry
&. Cell Biology»2008.40(1) ;:22-27,



1 EHE L F AT AR MLY% b IO 7 LR AE AT 65

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

MOROY T.The zinc finger transcription factor Growth factor independence 1(Gfil)[J].The International Journal of Biochemistry &. Cell
Biology.2005.37(3) : 541-546.

MORRIS E E,AMRIA M Y,KISTNER-GRIFFIN E,et al. A GA microsatellite in the Flil promoter modulates gene expression and is as-
sociated with systemic lupus erythematosus patients without nephritis[J]. Arthritis Research & Therapy.2010,12(6) :1-9.

SVENSON J L,CHIKE-HARRIS K, AMRIA M Y,et al. The mouse and human Flil genes are similarly regulated by Ets factors in T
cells[J].Genes & Immunity,2010,11(2):161-172.

HARTMAN A D, WILSON-WEEKES A,SUVANNASANKHA A, et al.Constitutive c-jun N-terminal kinase activity in acute myeloid
leukemia derives from Flt3 and affects survival and proliferation[ J ].Experimental Hematology,2006,34(10) :1360-1376.

KONG N R,DAVIS M,CHAI L.et al.Mef2c and Ebfl co-regulate B cell-specific transcription[ J ].Plos Genetics,2016,12(2) :e1005845.
ELAGIB K E,GOLDFARB A N.Regulation of Runx1 transcriptional function by GATA-1[]].Critical Reviews™ in Eukaryotic Gene Ex-
pression,2007,17(4) :271-280.

STARCK J,COHET N,GONNET C,et al.Functional cross-antagonism between transcription factors Fli-1 and EkIf[ J]. Molecular and
Cellular Biology,2003,23(4):1390-1402.

LARA-ASTIASO D, WEINER A, LORENZO-VIVAS E, et al. Chromatin state dynamics during blood formation[ ]]. Science, 2014,
345(6199) :943-949.

BUSSMANN L H,SCHUBERT A.MANH T P V,et al.A robust and highly efficient immune cell reprogramming system[J].Cell Stem
Cell,2009,5(5) :554-566.

IEDA M,FU J D,DELGADO-OLGUIN P, et al.Direct reprogramming of fibroblasts into functional cardiomyocytes by defined factors
[1].Cell,2010,142(3) : 375-386

MOSSADEGH-KELLER N,SARRAZIN S, KANDALLA P K,et al. M-csf instructs myeloid lineage fate in single haematopoietic stem
cells[J].Nature,2013,497(7448) : 239-243.

TAKAHASHI K, TANABE K,OHNUKI M, et al.Induction of pluripotent stem cells from adult human fibroblasts by defined factors[J].
Cell,2007,131(5) :861-872.

PANZENBOCK B,BARYUNEK P,MAPARA M Y,et al. Growth and differentiation of human stem cell factor/erythropoietin-dependent
erythroid progenitor cells in vitro[ J ].Blood.1998,92(10) :3658-3668.

CHIBA T,IKAWA Y, TODOKORO K.GATA-1 transactivates erythropoietin receptor gene,and erythropoietin receptor-mediated sig-
nals enhance GATA-1 gene expression[ ] ].Nucleic Acids Research.1991,19(14) :3843-3848.

LECUYER E,HERBLOT S,SAINT-DENIS M, et al. The Scl complex regulates c-kit expression in hematopoietic cells through functional
interaction with Sp1[J].Blood,2002,100(7) :2430-2440.

LE CLECH M,CHALHOUB E,DOHET C,et al.PU.1/Spi-1 binds to the human Tal-1 silencer to mediate its activity[ J ].Journal of Mo-
lecular Biology,2006,355(1) :9-19.

ZHANG P,IWASAKI-ARAI J,IWASAKI H,et al. Enhancement of hematopoietic stem cell repopulating capacity and self-renewal in the
absence of the transcription factor C/EBPa[ ] ].Immunity,2004,21(6) :853-863.

CHOUKRALLAH M A,MATTHIAS P.The interplay between chromatin and transcription factor networks during B cell development:
who pulls the trigger first?[ J].Frontiers in Immunology,2014,5:156.

MILLER J P,IZON D,DEMUTH W,et al. The earliest step in B lineage differentiation from common lymphoid progenitors is critically
dependent upon interleukin 7[J].The Journal of Experimental Medicine,2002,196(5);705-711.

KONISHI Y, TOMINAGA A.PU.1 is degraded in differentiation of erythrocytes through a proteasome-dependent pathway[ J].DNA and
Cell Biology,2006,25(6) :340-345.

PEVNY L,SIMON M C,ROBERTSON E,et al.Erythroid differentiation in chimaeric mice blocked by a targeted mutation in the gene for
transcription factor GATA-1[J].Nature,1991,349(6306) :257-260.

DALO F,DI RUSCIO A,GUIDI F,et al.PU.1 and Cebpa expression in acute myeloid leukemia[ ]J]. Leukemia Research,2008,32(9):
1448-1453.

HIRAI H, ZHANG P,DAYARAM T, et al. C/EBPB is required for’emergency’granulopoiesis[ ] ]. Nature Immunology, 2006, 7 (7):
732-739.

MEDINA K L,PONGUBABA ] M R,REDDY K L,et al. Assembling a gene regulatory network for specification of the B cell fate[ ] ].De-
velopmental Cell,2004,7(4) :607-617.

NUTT S L.KEE B L.The transcriptional regulation of B cell lineage commitment[ J].Immunity,2007.26(6) :715-725.

CIROVIC B,SCHONHEIT J,KOWENZ-LEUTZ E,et al.C/EBP-induced transdifferentiation reveals granulocyte-macrophage precursor-
like plasticity of B cells[J].Stem Cell Reports.2017,8(2) :346-359.

LASLO P,SPOONER C J,WARMFLASH A,et al. Multilineage transcriptional priming and determination of alternate hematopoietic cell
fates[J].Cell,2006,126(4) : 755-766



66 AHEIFERFFRCRHF R 2022 4

[39] SPOONER C J,CHENG ] X,PUJADAS E.et al. A recurrent network involving the transcription factors PU.1 and Gfil orchestrates in-
nate and adaptive immune cell fates[ J].Immunity,2009,31(4) :576-586.

[40] WEIGELT K,LICHTINGER M.,REHLI M,et al. Transcriptomic profiling identifies a PU.1 regulatory network in macrophages[ ] ].Bio-
chemical and Biophysical Research Communications,2009,380(2) :308-312.

[41] YANG Y.QIN J.LAN L,et al. M-CSF cooperating with NF«B induces macrophage transformation from M1 to M2 by upregulating c-Jun
[I].Cancer Biology & Therapy.2014,15(1):99-107.

Analysis of hematopoietic cell differentiation selection based on Boolean network

Wang Ruiqi, Chen Qingxi, Ye Jianting
(College of Sciences, Shanghai University, Shanghai 200444, China)

Abstract: Mature hematopoietic stem cells can differentiate into different blood cell types. By integrating two reported
gene networks and incorporating more regulatory information, we construct a comprehensive regulatory network related to
hematopoietic stem cells. Furthermore, a qualitative systems-level logical model is presented to understand the mechanism of
cell specification with different genes. In agreement with ChIP-seq data, steady states predicted by the model correspond to ter-
minally differentiated cell types, which includes most of cell types in the two subnetworks. Next, we explore possible mecha-
nisms of how each lineage differentiation is realized by two kinds of systematic perturbations, i. e. , transient and persistent
perturbations. Two kinds of perturbations give rise to the same results, indicating the robustness of the integrated network and
logical model. The integrated network and the logical model presented here might be a good candidate for providing qualitative
mechanisms of cell fate specification involved in hematopoietic stem cells. The identified perturbation strategies can also provide

some suggestion about choosing perturbation targets for further experimental analysis.

Keywords: hematopoietic hierarchy; gene regulation network; Boolean network; perturbation analysis
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