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ABSTRACT 

 

 

Elucidating the role of Btg1 and Btg2  

in hematopoietic homeostasis 
 

 

Sang-Hyeon Kim 
 

 

Department of Medical Science 

The Graduate School, Yonsei University  
 

(Directed by Professor June-Yong Lee) 
 

 

 

Hematopoietic homeostasis refers to the maintenance of various progenitor cells in the 

hematopoietic system at a certain ratio and is disrupted by activation in response to stress 

stimuli such as chemotherapy intervention. Progenitor cells of various lineages that exist 

in heamtopoiesis can be explained by the intrinsic net work driven by transcription factors 

and the potential for multilineage differentiation depending on the bone marrow 

microenvironment (a.k.a. bone marrow niche). Despite recent advances in the 

understanding of hematopoietic homeostasis, the regulatory mechanisms mediated by cell 

intrinsic factors still remain a challenge. Btg (B cell translocation gene)1 and Btg2 are 

important regulators of early hematopoiesis and function as cell intrinsic self-maintenance 

factors that regulate cell growth and quiescence. Here, immunophenotyping was performed 

under steady-state and 5-FU-induced stress conditions to investigate the major 

immunophenotypes of Btg1 and Btg2-mediated functions. The effect on Btg1/2-mediated 

regulation of hematopoietic homeostasis was demonstrated using flow cytometry, in vitro 

colony forming unit (CFU) assays, and complete blood count (CBC) test assays. Under 

steady-state conditions, the Btg1/2-deficient hematopoiesis showed upregulation of 
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common-myeloid progenitor (CMP) and granulocyte-macrophage progenitor (GMP), 

suggesting disruption of hematopoietic homeostasis toward myelopoiesis. Subsequent 

myeloid lineages, Neutrohil and Monocyte-Macrophage, significantly increased and 

decreased, respectively. Under 5-FU-induced stress conditions, common lymphoid 

progenitor (CLP) increased along with CMP and GMP, suggesting that Btg1/2 has a 

mediated effect on lymphopioesis as well as myelopoiesis. The neutrophil ratio was also 

upregulated, and monocyte-macrophage was decreased under stress conditions, suggesting 

a Btg1/2-mediated biphasic role. This study reveals Btg1/2-mediated hematopoietic 

homeostasis and suggests that it is an important regulator in maintaining myeloid lineage 

hematopoietic homeostasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                   

Key words : hematopoietic homeostasis,  Btg (B cell translocation gene)1, Btg2,    

Common myeloid progenitor (CMP), Granulocyte-Macrophage progenitor (GMP), 

myelopoiesis
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I. INTRODUCTION 

 

 

Hematopoiesis is the process by which all blood cells are formed in the bone 

marrow1.It’s an extremely complex and tightly regulated process. Because mature blood 

cells have a finite lifespan, cells within bone marrow are constantly being replaced2. 

During this process, progenitor blood cells must be present in the right proportions, which 

is called hematopioetic homeostasis. By maintaining this hematopoietic homeostasis, our 

body produces blood cells between 1011 to 1012 every day in a typical steady-state 

condition3,4. However, under stressful conditions, such as infection or injury, this number 

can be significantly increased. These hematopoietic events originate from multipotent 

stem cells called hematopoietic stem cells (HSCs). During differentiation, HSC progeny 

undergo a wide range of maturation stages, forming multipotent stem cells and lineage-

committed progenitor cells5.  
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Hematopoietic lineage can be broadly classified into five major types: multipotent 

stem cell, multipotent progenitor cell, lineage-commiitted progenitor cell, lymphoid cell 

and myeloid cell6. Multipotent stem cells include long-term hematopoietic stem cell (LT-

HSC), which are the fraction that maintains the strongest quiescent state and has high self-

renewal activity. It is the most primitive form of hematopoietic stem cell and is 

characterized by the presence of only a very small amount in the bone marrow7,8. 

Multipotent progenitor cells include short-term hematopoietic stem cell (ST-HSC), LSK 

(Lin-Sca1+c-kit+), LK (Lin-Sca1- c-kit+), Multipotent Progenitor cell (MPP)4, MPP3,  and 

MPP2. ST-HSCs are characterized by increased Flk-2 expression as LT-HSCs 

differenatiate9. The difference between LT-HSCs and ST-HSCs is the duraion period of 

fraction10. The LT-HSCs must survive for the duration of the organism in order to 

continuously replenish the hematopoietic system, whereas ST-HSCs or multipotent 

progenitors (MPPs) can only maintain hematopoieis in the short term11. LSK cells and LK 

cells are characterized by c-kit and Sca1 expression without the expression of lineage 

markers such as CD4, CD8, CD1912,13. Both MPP cells and lineage-committed progenitor 

cells are included in the LSK or LK cell fraction, and a higher purity of HSC can be isolated 

by combining it with CD150, which is a SLAM family marker14,15. It has been reported that 

LSK cells exist in a small amout range from 0.1% to 0.4% of bone marrow total nucleated 

cells (TNCs) and increase rapidly within 4 days upon 5-fluorouracil injection, participating 

in the repopulation of the blood pool16-18. The main difference between LSK cells and LK 

cells is the expression pattern of Sca119. LK cells differentiate into downstream subgroups 

of common-myeloid progenitors (CMPs), megakaryocte-erythrocyte progenitors (MEPs), 

and granulocyte-macrophages progenitors (GMP), which are myeloid-biased progenitor 

cells20,21. Meanwhile, MPP is a group within the LSK cell fraction and can be divided into 

MPP4, MPP3, and MPP2 depending on the surface mocule expression pattern22-24. MPP4, 

also called LMPP, is a lymphoid-primed MPP, a population with a high potential for 

differentiation toward the lymphoid lineage rather than the meyloid lineage25,26. On the 

other hand, the MPP3 and MPP2 fractions can be classified into myeloid-biased lineages. 
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Multipotent progenitor cells show highly heterogeneous properties. Therefore, unlike CMP, 

MEP, and GMP fractions, MPP fractions are not classified as lineage-committed progenitor 

cells27. CMP, MEP, and GMP are lineage-committed progenitor cells, which are 

populations with a determined fate28. Unlike the MPP fraction, they do not have 

intercellular plasticity and differentiate into myeloid lineages such as RBC, platelet, 

neutrophil, and monocyte. There are five major types of fractions that exist in the bone 

marrow and produce peripheral blood (PB) output occurs in the proper situation. For this 

reason, the balance of hematopoietic homeostasis must be maintained at all times29.  

HSC can be functionally defined by four main factors: first, the quiescence of HSC; 

second, repopulation potential; third, self-renewal activity; and lastly, multi-lineage 

differentiation potential. Theses four features of HSCs should remain constant even in the 

presence of strong proliferative stress to maintain hematopoietic homeostasis.  

Btg(B cell lymphoma translocation gene)1 and Btg2 are involved in these four features 

and are highly likely to be involved in hematopoietic homeostasis. Btg1 and Btg2 are a 

member of the B cell translocation gene/transducer of ERBB2 (BTG/TOB)family30,31, 

which has been linked to a variety of celluar functions and exhibits antiproliferative 

process31,32. It can be hypothesized that it may play a central role in homeostasis in the 

context of suppressing excessive proliferation. Btg1 and Btg2 have been reported to play 

various physiological roles in previous studies using whole knockout and conditional 

knockout systems33. The knock-out study of Btg1 and Btg2 in bone marrow and spleen 

showed that B cell development was significantly impaired, resulting in a significant 

decrease in the frequency of mature B cells. This suggests that the Btg genes are 

significantly involved in early B cell development during hematopoieis in the bone 

marrow34. Additionally, recent research has shown that quiescent T cells were significantly 

reduced in the Btg1/2_CD4-cre system35. Btg1/2 have the ability to control the global 

down-regulation of mRNAs because they interact with the proteins PABP and CNOT 

complex, which bind to mRNAs in an unspecific manner36. This suggests that both Btg1 

and Btg2 may function as cell intrinsic factors that maintain quiescence. Furthermore, this 
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feature of the Btg1 and Btg2 genes is likely to be involved in the homeostasis of 

hematopoietic stem cells that are tyring to maintain a quiescent state37. However, the 

correlation between Btg1 and Btg2 with hematopoietic homeostasis has not been revealed. 

This study therefore proposes a model wherein bone marrow maintains hematopoietic 

homeostasis, which together coordinates the output of the myeloid and lymphoid lineages 

with Btg1 and Btg2. 
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II. MATERIALS AND METHODS 

 

1. Mice 

 

Btg1 and Btg2 conditional knockout mice were generated by insertion of two loxp 

sites into Btg1/2 loci using the CRISPR/Cas9 genome editing system. Btg1f/f  Btg2f/f 

mice were crossed with Flk1-cre mice to generate Double conditional knockout mice 

because theses two genes are functionally redundant. Btg1f/f  Btg2f/f – Flk1-cre mice 

were crossed with Btg1f/f  Btg2f/f mice to get littermate wild-type control mice group 

(WT : Btg1f/f  Btg2f/f) and double conditional KO mice group (DKO : Btg1f/f  Btg2f/f 

– Flk1-cre) for experiments. All WT and DKO mice were used at 8-12 weeks of age 

unless otherwise noted. All mice required for this study were bred in specific-

pathogen-free conditions in the animal facility of the Yonsei University College of 

Medicine Avison Biomedical Research Center (ABMRC) and all corresponding 

animal procedures and protocols were approved by the Institutional Animal Care and 

Use Committee of Yonsei University (IACUC). 

 

 

 

2. Isolation of Total Nucleated Cells from Mouse Bone Marrow, Spleen and 

Thymus 

 

Femur, Tibia, Spleen and Thymus were harvested into ice cold DPBS. Bone 

marrow (BM) cells were flushed by using 10mL syringe replaced with 26g needle 

from the Femur and Tibia and passed through 70m filter (BD Falcon). The filtrate 

was centrifuged at 2000rpm for 5 min at RT and the pellet obtained was resuspended 

in 3mL 1X RBC lysis buffer (G-DEXTM IIb RBC Lysis Buffer) for 5min. This was 

stopped by addition of ice-cold DPBS with 2% FBS. Following centrifugation at 
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2000rpm after RBC lysis, the total nucleated cells were obtained for downstream 

analysis.  

Spleen and Thymus were passed through a 70m filter. The single cell suspension 

was centrifuged and resuspended in 5mL 1X RBC lysis buffer for 5min. This was 

stopped by addition of ice-cold DPBS with 2% FBS. Following centrifugation at 

2000rpm for 5min after RBC lysis, the total nucleated cells were obtained for 

downstream analysis. 

 

 

 

3. RNA isolation and relative quantitative real-time PCR 

 

Total RNA was isolated from total Bone marrow cells and Splenocytes using the 

RNeasy micro kit (QIAGEN, 74004). Oligo dT primer should have been avoided for 

cDNA synthesis because Btg1/2 could shrink the length of poly A tail via process of 

deadenylation. Total RNAs were then reverse transcribed using random hexamer. 

RNA levels of Btg1 and Btg2 genes were determined by quantitative real-time 

polymerase chain reaction (qRT-PCR) on Applied Biosystems Quant Studio 3 Real-

Time PCR System using Universal SYBR Green Master (ROX). Hprt, GAPDH, b-

actin, Rpl18, Rpl7a was used to normalize the data. The list of primer sequence is 

shown in Table 1. 

 

 

 

4. Flow cytometry 

 

For Immunophenotyping of WT and DKO mice bone marrow, spleen and thymus, 

TNCs were obtained with IMDM supplemented with 2% FBS or ice cold DPBS 
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(Hyclone). TNCs were counted with an Automated LUNA Cell Counter (Thermo 

Fisher SCIENTIFIC). Cells were then stained with antibody cocktail diluted in FACS 

buffer, at the concentration of 50uL per 1 x 106 cells at 4℃ for 30 minutes. To identify 

Hematopoietic population in the bone marrow and spleen, Lineage positive (Lin+) 

marker was conjugated with Biotin for negative selection and can be distinguished 

based on streptavidin-biotin interaction. The lineage cocktail for Hematopoietic Stem 

Progenitor cell population (LSK, LT-HSC, ST-HSC, MPP4, MPP3, MPP2, LK, MEP, 

CMP, GMP) consisting of biotin-conjugated anti-CD19, B220, CD3, CD4, Gr1, 

NK1.1, Ter119, CD11b, CD11c antibody. The lineage cocktail for common lymphoid 

progenitor cell population consisting of biotin-conjugated anti-CD4, CD8a, B220, 

Gr1, Ter119, CD3 antibody. Obtained bone marrow cells, splenocytes and 

thymocytes were stained with APC-Cy7-anti-c-kit (2B8, BioLegend), PE-Cy7-anti-

Sca1 (E13-161.7, BioLegend), APC-anti-CD150(SLAM) (W19132B, BioLegend), 

BV421-anti-Flt3 (A2F10, BioLegend) , FITC-anti-CD48 (HM48-1, BioLegend), 

Streptavidin-PerCP (BioLegend), BV421-anti-CD34 (RAM24, BD Biosciences), 

BV711-anti-FcγRⅡ/Ⅲ (2.4G2, BD Biosciences), PE-anti-IL-7Rα (A7R34, 

BioLegend), APC-anti-CD135 (A2F10, BioLegend), FITC-anti-Ly6D (49-H4, 

BioLegend), AF488-anti-CD11b (M1/70, BioLegend), AF700-anti-CD11b (M1/70), 

AF488-anti-Ly6g (1A8, BioLegend), APC-Cy7-anti-B220 (RA3-6B2, BioLegend), 

FITC-anti-CD3 (145-2C11, BioLegend), APC-Cy7-anti-CD4 (RM4-5, BioLegend), 

AF700-anti-CD8 (53-6,7, BioLegend) antibody for 30-60min at 4℃. Then cells were 

washed with FACS buffer (DPBS with 2% FBS) for twice. All flow cytometric 

analysis in this study was performed on an LSR II (BD Biosciences) or an LSR 

Fortessa (BD Biosciences) or a Symphony A5 (BD Biosciences). Data were 

processed by using FlowJo software (version 10.0, BD Bioscience).  The List of 

Hematopoietic Stem and Progenitor Cell population and mature Lymphoid, Myeloid 

lineage population’s immunophenotypes are shown in Table 2. 
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5. Complete Blood Count (CBC) Test 

 

Mice was anesthetized with 2% isoflurane, and 300-500uL peripheral blood was 

obtained with Heparinized Capillary tube (JD-S-135R) by retro-orbital venipuncture 

into BD microtainer EDTA coated tube. The collected blood was immediately used 

for analysis. Complete blood count (CBC) test was performed using automated 

hematology analyzer BC-5000vet (Mindray animal care, China). 

 

 

 

6. Colony Forming Unit (CFU) assay 

 

The CFU assay was performed to compare the capacity of Hematopoietic stem and 

progenitor cells to form Hematopoietic colonies between littermate wild-type control 

and DKO mice. 10 weeks of aged male mouse were used in CFU assay. 3 x 104 cells 

of bone marrow cells were transferred to 3mL MethoCult Media (STEMCELL 

Technologies, MethoCultTM GF M3434) containing SCF, EPO, IL-3 and IL-6. CFU-

G, CFU-M, CFU-GM, CFU-GEMM, BFU-E were counted after 10-12 days of 

culture based on the criteria of number and morphology of the colonies according to 

manufacturer’s instruction. The representative colonies were photographed using 

OLYMPUS IX71 Research Inverted Microscope and data recorded. 

 

 

 

7. Drug administration 

 

2,4-Dihydroxy-5-fluoropyrimidine (5-FU, Sigma-Aldrich, F6627-5G) was 

administrated for stress-induced Hematopoietic conditions resulting in the depletion 
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of actively proliferating hematopoietic cells. Both littermate control mice and DKO 

mice were injected with 5-FU via retro-orbital route with 150mg/kg of single dose. 

The analysis was performed on Days 10 after 5-FU administration.  

 

 

 

8. Determination of Absolute Numbers of Hematopoietic stem cell  

 

The frequency of cells in total events acquired by flow cytometric analysis was 

used to calculate absolute number of Hematopoietic lineage population. Total number 

of TNCs were counted by Automated LUNA Cell Counter. 

 

 

 

9. Bone marrow derived macrophages (BMDM) culture 

 

Macrophages were derived from the bone marrow of littermate control and Btg1/2 

DKO mice. L929 cell culture supernatant was used as BMDM culture medium for 

differentiation of bone marrow cells to macrophages. L929 cell line was kindly 

provided by Seoul National University (SNU) and incubated in 175T cell culture flask 

for 7 days. Theses were incubated at 37℃ and 5% CO2. L929 cell culture supernatant 

was collected and filtered by 0.22㎛ strainer and transfer into 15mL conical tube. 

Bone marrow cells were collected from the femur and tibia and single cell suspension 

was cultured in complete RPMI media (10% FBS, 1% L-Glutamine, 1% Penicillin-

Streptomycin) with 30% L929 supernatant at 37℃ and 5% CO2  for 7 days, changing 

the media on day 3 and 5. M0 BMDM was stained with AF700-anti-CD11b (M1/70) 

and AF488-anti-F4/80 (BM8) antibody for 30 minutes at 4℃ or 15 minutes at room 

temperature. Flow cytometry analysis was performed on BD LSR II (BD Biosciences). 
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10. Statistical analysis 

 

Differences between groups were calculated by Unpaired Student’s t-test or 

Mann-Whitney U-test with GraphPad Prism, Version 8.0 (GraphPad Software) unless 

otherwise specified. Statistical significance is displayed across figures using the 

following legend:*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Data are represented 

as mean  SEM as indicated in the figure. 
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Table 1. List of primers used in this study 

 

Gene Direction Nucleotide sequence (5’ – 3’) 

Btg1 Forward TGTCCTTCATCTCCAAGTTC 

Reverse AGAGGATCCATCTTATGGTTG 

Btg2 Forward CTGACCGATCATTACAAACAC 

Reverse AGACACTTCATAGGGATCAAC 

Hprt Forward AGGGATTTGAATCACGTTTG 

Reverse TTTACTGGCAACATCAACAG 

GAPDH Forward AGGTCGGTGTGAACGGATTTG 

Reverse TGTAGACCATGTAGTTGAGGTCA 

β-actin Forward GATGTATGAAGGCTTTGGTC 

Reverse TGTGCACTTTTATTGGTCTC 

β2M Forward GTATGCTATCCAGAAAACCC 

Reverse CTGAAGGACATATCTGACATC 

Rpl18 Forward CATCATGGGTGTTGACATTC 

Reverse CTCATGAACAACCTCTTCAG 

Rpl7a Forward CGTAGACCCCATTGAGCTGG 

Reverse GCACCCTTGTCTTCCGAGTT 
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Table 2. List of Mouse Hematopoietic Stem and Progenitor Cell Immunophenotype 

 

HSPC compartment Fraction Surface markers 

Multipotent Stem Cells LT-HSC Lin-cKit+SCA-1+FLT3-CD150+CD48- 

 

 

 

 

 

Multipotent Progenitor 

Cells 

ST-HSC Lin-cKit+SCA-1+FLT3-CD150-CD48- 

LSK Lin-cKit+SCA-1+ 

LK Lin-cKit+SCA-1- 

MPP4 

(Lymphoid-

Primed) 

Lin-cKit+SCA-1+FLT3+CD150- 

MPP3 

(Myeloid-

biased) 

Lin-cKit+SCA-1+FLT3-CD150-CD48+ 

MPP2 

(Myeloid-

biased) 

Lin-cKit+SCA-1+FLT3-CD150+CD48+ 

 

Lineage Committed  

Progenitor Cells 

CMP Lin-cKit+SCA-1-CD34lo/intCD16/32lo/int 

MEP Lin-cKit+SCA-1-CD34-/loCD16/32-/lo 

GMP Lin-cKit+SCA-1-CD34int/+CD16/32int/hi 

CLP Lin-cKit+IL7R+FLT3+Ly6D+/- 

 

Myeloid Cell 

Neutrophil CD11b+Ly6g+ 

Monocyte-

Macrophage 

CD11b+Ly6g- 

 

Lymphoid Cell 

T cell CD3ε+B220- 

B cell CD3ε-
B220+ 
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III. RESULTS 

 

1. Btg1 and Btg2 are primarily expressed in the immune system, including 

bone marrow 

A significant number of T cells, which play a central role in the adaptive immune 

system, remain in a quiescence state and remain in a poised state before encountering a 

specific antigen. The balance between quiescent T cells and effector T cells, that is, the 

homeostasis of the entire blood pool, must be maintained at all times to enable the body 

to carry out an optimal immune response to infection or injury. Previous studies have 

shown that among the BTG/TOB family, Btg1 and Btg2 have high expression levels in 

white blood cells and lymph nodes, and particularly high expression levels in quiescent 

naive T cells35. This suggests that in the immune system, Btg1/2 is a cell intrinsic 

maintenance factor that plays a central role in maintaining homeostasis by controlling 

the proliferation and differentiation of blood cells. Since hematopoiesis is predominantly 

carried out in the bone marrow29, where Btg1/2 expression was validated, it is clear that 

this quiescent state and homeostasis are also connected to hematopoietic homeostasis. 

The expression level of Btg1 was highest in the secondary lymphoid organs (spleen and 

lymph node), and confirmed to be higher in the primary lymphoid organ, bone marrow, 

compared to other organs (Fig. 1A). On the other hand, Btg2 was confirmed to be 

expressed at a higher level than in the spleen and lymph nodes, suggesting that Btg2 

plays a specific role in the bone marrow (Fig. 1B). 

 

 

 

 

 

 

 



１４ 

 

A       

B
one 

m
ar

ro
w

S
ple

en

Lym
ph n

ode

S
m

al
l i

nte
st

in
e

Lung

A
dip

ose

Liv
er

P
an

cr
ea

K
id

en
y

H
ea

rt

0

10000

20000

30000

Btg1

 

 

B 

B
one 

m
ar

ro
w

S
ple

en

Lym
ph n

ode

S
m

al
l i

nte
st

in
e

Lung

A
dip

ose

Liv
er

P
an

cr
ea

K
id

en
y

H
ea

rt

0

500

1000

1500

2000

Btg2

 



１５ 

 

Figure 1. Tissue-specific expression of Btg1 and Btg2 in multiple tissue.  (A) Tissue-

specific expression of Btg1. High-throughtput gene expression profile is adopted from 

BioGPS dataset (GeneAtlas MOE430_1426083_a) (B) Tissue-specific expression of Btg2. 

High-throughput gene expression profile is adopted from BioGPS dataset (GeneAtlas 

MOE430_1448272_a).  
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2. The assessment of Btg1 and Btg2 double conditional knockouts 

Since one of Btg1 and Btg2 loses its function, the other shows a compensatory 

mechanism in physiological condition35, Double conditional knockout system was used 

to verify its function in vivo. Btg1/2 floxed mice were crossed with Flk1-cre mice, and 

its littermate was crossed with Btg1/2-Flk1-cre mice to obtain littermate controls for the 

experiment (Fig. 2A). During the development process, the first primitive LT-HSCs are 

derived from the mesoderm at 10.5 DPC (day post coitum)38, and by 12.5 DPC, they 

migrate to the yolk sac and fetal liver and colonized for primitive hematopoiesis39. After 

12.5 DPC, Flk1 (fetal liver kinase 1) binds to vascular endothelial growth factor (VEGF) 

to initiate vasculogenesis and hematopoiesis40-42. At this time, the first primitive 

hematopoiesis from LT-HSCs begins in the yolk sac and fetal liver. Btg1/2 is 

conditionally knocked out in all blood cell lineages derived from LT-HSC, starting at 

12.5 DPC. 

To elucidate the Btg1/2-Flk1-cre system, bone marrow cells were obtained by 

harvesting femur and tibia from littermate control mice and DKO mice, and RNA was 

extracted for qRT-PCR. Since a wide range of multipotent stem and progenitor cells exist 

in the bone marrow, the relative expression of Btg1 and Btg2 was normalized through a 

total of six genes (β2M, β-actin, GAPDH, Hprt, Rpl18, Rpl7a). 
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Figure 2. Validation of Btg1 and Btg2 double conditional knockout in bone marrow.  

(A) Generation of Btg1/2 double conditional knockout mice. Schematic illustration for 

generating Btg1/2 double conditional knockout mice in bone marrow. (B) Validation of 

Btg1/2 deletion in the Flk1-cre system. Each y-axis shows normalization genes for a total 

of 6 housekeeping genes (β2M, β-actin, GAPDH, Hprt, Rpl18, Rpl7a). The primer 

sequences are shown in Table 1. 
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3. Absence of Btg1 and Btg2 in normal hematopoiesis results in no 

significant change in most of multipotent stem cells  

Multipotent stem and progenitor cells were analyzed by flow cytometry analysis to 

determine whether there were any changes in the multipotent stem and progenitor cell 

fraction (Table 2). Multipotent stem and progenitor cells are the group with the highest 

four functional characteristics of HSC: quiescence, repopulation potential, self-renewal 

activity, and multilineage differentiation potential. Because of these four functional 

properties, HSC is sustainable throughout an individual's lifespan. HSPC (Hematopoietic 

Stem and Progenitor Cell) and lymphoid-primed MPP4 can be distinguished according 

to the expression of Flt3 in the LSK (Lin-Sca1+c-kit+) cell fraction that does not express 

lineage markers (i.e., CD4, CD8, NK1.1) expressed by mature blood cells43,44. Within 

the HSPC fraction, LT-HSC, ST-HSC, myeloid-biased MPP3, and MPP2 were identified 

(Fig. 3A, Table 2). 

LT-HSC (long-term HSC), which exists in very small amounts in the hematopoietic 

lineage and maintains a constant pool from 12.5 dpc, slightly increased in frequency 

within the bone marrow, but there was no statistically significant difference. There was 

also no difference in absolute cell number within the bone marrow (Fig. 3B). Both ST-

HSC (short-term HSC) and LSK cell populations belonging to multipotent progenitor cells 

did not show statistically significant differences in frequency and absolute cell number, 

but both tended to slightly decrease (Fig. 3C). Overall, the frequency and cell number of 

the multipotent stem cell (LT-HSC) and the multipotent progenitor cell (ST-HSC, LSK) 

tended to decline when Btg1/2 was knocked out, but there was no significant difference, 

indicating that hematopoietic homeostasis remained unaffected by Btg1 and Btg2 deletion. 
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Figure 3. Loss of Btg1 and Btg2 do not affect homeostasis of multipotent stem and 

progenitor cells except for myeloid biased progenitor cells.  (A) Gating strategy of 

Control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) bone marrow for 

Lineage negative LSKs, LT-HSC, ST-HSC, MPP4, MPP3 and MPP2 cell fraction. (B) LT-

HSC, ST-HSC and LSK frequency and absolute cell number in bone marrow. (C) lineage-

primed MPP4, MPP3 and MPP2 frequency and absolute cell number in bone marrow. The 

cellular frequency panels of (B) and (C) are derived from n=5 mice per group which is 

combined from two experiments. Absolute cell number panels are derived from n=5 mice 

per group. Error bars denote the mean ± SEM. (B and C) Statistics were calculated using 

the unpaired student’s t-test. P values < 0.05 were considered significant (*P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001), ns = not significant.  
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4. Btg1 and Btg2 are involved in the homeostasis of myeloid lineage 

committed progenitor cells  

Common Myeloid Progenitor (CMP) differentiates into Megakaryocyte-Erythrocyte 

Progenitor (MEP) and Granulocyte-Macrophage Progenitor (GMP). All three fractions 

are progenitor cells in Myelopoiesis hiearchy and are a subgroup of LK (Lin-Sca1-c-kit+) 

cells45. On the other hand, Common Lymphoid Progenitor (CLP) is a progenitor cell in 

Lymphopoiesis hiearchy and is a subgroup of CD127 (a.k.a. IL-7 receptor alpha), c-kit 

double positive fraction46,47. Both the CMP and CLP lineages have no self-renewal and 

quiescent activity, unlike multipotent stem and progenitor cells48. CMP, MEP, and GMP 

can be distinguished according to the expression level of CD34 and CD16/32, and CLP 

can be identified through the expression of Flt3 (Fig. 4A, Table 2). Immnophenyping was 

carried out to see if Btg1/2 controls homeostasis for the lineage committed progenitor cell 

fraction. 

As a result, there was no significant difference in the absolute cell number of CMP 

in the bone marrow of Btg1/2 knockout mice compared to littermate controls. However, 

the frequency was significantly increased (Fig. 4B). This result suggests that Btg1/2 

regulates myelopoiesis homeostasis in steady-state condition. Next, both MEP and GMP 

were analyzed to see if there was a bias toward the erythrocyte or monocyte lineage 

because both progenitor cells have the capacity to differentiate into erythorcyte and 

macrophage respectively. As a result, the GMP fraction significantly increased in DKO 

mice but not in the MEP fraction (Fig. 4B), suggesting that the ablation of Btg1/2 in 

steady-state conditions disrupts normal homeostasis of the myeloid lineage-committed 

progenitor population. 

Meanwhile, since lymphoid lineage progenitor cells in the bone marrow show high 

expression of CD127, CLP was defined as CD127, Flt3 double-positive population, which 

is a differentiation marker for hematopoietic stem cells. But there was no alteration in the 

CLP population (Fig. 4C). Overall, Btg1/2 regulates myelopoiesis homeostasis in normal 

hematopoiesis under steady-state conditions. 
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Figure 4. Loss of Btg1 and Btg2 results in myeloid-biased hematopoiesis and disrupts 

homeostasis.  (A) Gating strategy of Control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f 

Btg2f/f – Flk1-cre) bone marrow for Lineage negative LKs, CMP, MEP, GMP and CLP 

fraction. (B) LK cell and Myeloid lineage committed cell (CMP, MEP and GMP) frequency 

and absolute cell number in bone marrow. (C) Lymphoid lineage committed cell (CLP) 

frequency and absolute cell number in bone marrow. The cellular frequency panels of (B) 

and (C) are derived from n=5 mice per group. Absolute cell number panels are derived 

from n=5 mice per group. Error bars denote the mean ± SEM. (B and C) Statistics were 

calculated using the unpaired student’s t-test. P values < 0.05 were considered significant 

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001), ns = not significant. 
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5. Loss of Btg1 and Btg2 in normal hematopoiesis alter the bone marrow 

resident myeloid and lymphoid compartment  

Since myeloid lineage-comiitted progenitor cells, especially CMP and GMP, were 

increased in Btg1/2 DKO mice, it was hypothesized that there would be changes in 

terminal differentiation into neutrophils and monocyte-macrophages. Although there was 

no difference in CLP, it was analyzed together with myeloid cells because Btg1/2 is 

known to be a key regulator of B cell differentiation. The neutrophil fraction was defined 

by using CD11b and Ly6g markers, and B cells were distinguished by using B220, which 

is an early B cell development marker (Fig. 5A). 

Consistent with previous studies, the frequency and absolute cell number of B cells 

were dramatically reduced in the bone marrow of Btg1/2-deficient mice (Fig. 5B). This 

suggests that although the loss of function of Btg1/2 does not disrupt CLP homeostasis, it 

can be a possible cell intrinsic regulator of the terminal differentiation of B cells. 

Interestingly, myeloid cell neutrophil and monocyte-macrophage homeostasis changed 

significantly. Neutrophil frequency increased by more than 10% compared to littermate 

control, and monocyte-macrophage frequency and cell number decreased (Fig. 5C). Thus, 

Btg1/2 can maintain the homeostasis of bone marrow-resident myeloid and lymphoid cells 

in vivo.  
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Figure 5. Loss of Btg1 and Btg2 alter the bone marrow resident myeloid and lymphoid 

compartment. (A) Gating strategy of Control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f 

Btg2f/f – Flk1-cre) for Lymphoid (B cell) and Myeloid (Neutrophil, Monocyte-Macrophage) 

fraction. (B) The frequency and absolute cell number of B cell, Neutrophil and Monocyte-

macrophage in bone marrow. The cellular frequency panels of (B) are derived from n=5 

mice per group. Absolute cell number panels are derived from n=5 mice per group. Error 

bars denote the mean ± SEM. (B) Statistics were calculated using the unpaired student’s 

t-test. P values < 0.05 were considered significant (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001), ns = not significant. 
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6. Btg1 and Btg2 are not involved in extramedullary hematopoiesis of 

multipotent stem and progenitor and lineage committed progenitor 

except for CLP  

Embryonic development Hematopoiesis is called primitive hematopoiesis. Red 

blood cells are mainly produced during this process in the yolk sac, fetal liver, and 

spleen49. The major purpose of primitive heamtopoiesis is the rapid growth of the embryo 

by activating tissue oxygenation. Definitive hematopoiesis, on the other hand, is a 

common hematopoiesis that occurs in the bone marrow from 12.5 dpc until adulthood. 

This refers to the process by which all blood cell lineages are generated from LT-HSC50. 

Extramedullary hematopoiesis (EMH) is the result of a physiological response to 

inefficient bone marrow production of blood cells and occurs primarily in the red pulp 

of the spleen50-52. In this study, EMH might be affected by Btg1/2 deletion because of the 

physiological defect of definitive hematopoiesis in bone marrow. However, screening 

was restricted to lineage-committed progenitor cells and mature blood cells because there 

are not enough multipotent stem and progenitor cells in the spleen. The markers for 

identifying lineage-committed progenitor cells and mature blood cells are the same as 

before (Fig. 4A, 5A).  

As a result, the overall frequency and absolute cell number of the myeloid lineage 

committed cell fraction in spleen did not show statistically significant differences, but 

showed an increasing tendency consistent with the results of the increase in GMP 

frequency in bone marrow (Fig. 4B, 6A). Even though definitive hematopoiesis is 

disrupted by ablating Btg1/2, no alteration in myeloid proenitor cells suggests that there 

is no indirect effect on EMH.  

Interestingly, the CLP fraction, which showed no difference in the bone marrow, 

increased by more than twofold in frequency due to the EMH of the spleen (Fig. 4C, 6B). 

This suggests that, even though there is no difference in bone marrow hematopoiesis, 

EMH toward the lymphoid lineage can at least be stimulated when Btg1/2 loses its 

function. 



３０ 

 

 

A  

LK

0.0

0.5

1.0

1.5

2.0

C
e
ll
s
 (

%
)

Control

DKO

p = 0.3828

LK

0

1

2

3

4

C
e
ll

 n
u

m
b

e
r 

(x
1
0

5
)

Control

DKO

ns

p = 0.2222

 

CMP

0.0

0.1

0.2

0.3

0.4

C
e
ll
s
 (

%
)

Control

DKO

p = 0.3597

CMP

0

2

4

6

8

C
e
ll

 n
u

m
b

e
r 

(x
1
0

4
)

Control

DKO

ns

p = 0.4206

 

MEP

0.0

0.2

0.4

0.6

0.8

1.0

C
e
ll
s
 (

%
)

Control

DKO

p = 0.5156

MEP

0.0

0.5

1.0

1.5

2.0

C
e
ll

 n
u

m
b

e
r 

(x
1
0

5
)

Control

DKO

ns

p = 0.1508

 



３１ 

 

GMP

0.00

0.05

0.10

0.15

0.20

0.25

C
e
ll
s
 (

%
)

Control

DKO

p = 0.1500

GMP

0

1

2

3

4

C
e
ll

 n
u

m
b

e
r 

(x
1
0

4
)

Control

DKO

ns

p = 0.9524

 

 

B  

CLP

0.000

0.005

0.010

0.015

0.020

C
e
ll
s
 (

%
)

Control

DKO

✱

CLP

0

5

10

15

20

25

C
e
ll

 n
u

m
b

e
r 

(x
1
0

2
)

Control

DKO

ns

p = 0.2347

 

 

 

 

 

 

 

 

 



３２ 

 

Figure 6. The correlation between Btg1/2 and Extramedullary hematopoiesis of lineage 

committed progenitor cells. (A) The frequency and absolute cell number of LK cell and 

myeloid lineage committed progenitor cell (CMP, MEP, GMP) of Control (Btg1f/f Btg2f/f) 

and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) Spleen. (B) The frequency and absolute cell 

number of lymphoid lineage committed progenitor cell (CLP) in Spleen. The cellular 

frequency panels of (A, B) are derived from n=5 mice per group. Absolute cell number 

panels are derived from n=5 mice per group. Error bars denote the mean ± SEM. (A, B) 

Statistics were calculated using the unpaired student’s t-test. P values < 0.05 were 

considered significant (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001), ns = not significant. 
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7. The Lack of Btg1 and Btg2 in steady state hematopoiesis results in a 

disruption of the homeostasis of spleen resident lymphoid and myeloid 

lineage cells  

Because the CLP fraction increased in the spleen, lymphoid lineage of B and T cells 

was analyzed. Intriguingly, the results showed that both B cells and T cells decreased 

significantly in frequency and absolute cell number. B cells were greatly decreased, 

consistent with the results in bone marrow (Fig. 7A). However, this is more likely to be 

caused by a decrease in peripherial blood (PB) output itself after bone marrow 

hematopoiesis rather than a result of EMH in the spleen. This is because the number of 

CLPs are exist in very small amount in the spleen. Furthermore, both T cell frequency 

and absolute cell number were significantly reduced. In fact, considering that there was 

no alteration in CLP in bone marrow (Fig. 4C) and that CLP increased in the spleen, the 

decreased phenotype of T cells is quite contradictory. Therefore, the thymus was 

examined to verify further changes in CLP’s maturation process. 

Interestingly, during the maturation process of CLP that migrated to the thymus, 

there were statistically significant differences in the DN (Double Negative), DP (Double 

Positive), CD4 SP (Single Positive), and CD8 SP (CD8 Single Positive) fractions (Fig. 

7C). Although the frequency of the DP fraction increased, it was confirmed that 

differentiation into CD4 and CD8 SP cells was strongly suppressed after medullary 

thymic epithelial cell (mTEC) migration for negative selection. These findings imply that 

Btg1/2 may function as a cofactor in both B cell terminal differentiation and negative 

selection, one of the thymus's tolerance mechanisms. 

The homeostasis of the lineage-committed progenitor cells CMP and GMP was 

preserved in the spleen (Fig. 6A), whereas the frequency of the monocyte-macrophage 

fraction was increased and the absolute cell number remained constant. Neutrophils, 

however, increased more than twofold (Fig. 7D). This results were consistent with the 

screening outcomes in bone marrow. The rise in progenitor cell stages, or CMP and GMP 

fractions, in the bone marrow accounts for the increase in Neutrophil (Fig. 4B). A further 
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possible cause was required because the CMP and GMP fractions in the spleen did not 

differ significantly.  
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Figure 7. The absence of Btg1 and Btg2 disrupts spleen resident lymphoid and myeloid 

cell homeostasis. (A) The frequency and absolute cell number of B cell and T cell in spleen. 

(B) Gating strategy of Control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) 

for DN (Double Negative), DP (Double Positive), CD4 SP (Single Positive) and CD8 SP 

fraction. (C) The frequency of thymocyte population. (D) The frequency and absolute cell 

number of Monocyte-macrophage and Neutrophils in spleen.  The cellular frequency 

panels of (A, D) are derived from n=5 mice per group and (C) is derived from n=3 mice 

per group. Absolute cell number panels of (A, D) are derived from n=5 mice per group. 

Error bars denote the mean ± SEM. (A, C-D) Statistics were calculated using the unpaired 

student’s t-test. P values < 0.05 were considered significant (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001), ns = not significant. 
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8. Disruption of hematopoietic homeostasis in the bone marrow leads to PB 

output 

As a possible reason for the previous results, firstly, the increase in neutrophils may 

be due to the EMH of the spleen; secondly, it may be due to the PB output from bone 

marrow; and thirdly, both the first and second may be the cause. To that end, the 

Complete Blood Count (CBC) test was performed to examine the peripheral blood 

composition (Fig. 8A). 

The CBC test is recommended for hematology evaluation: total WBC count, red 

blood cell (RBC) count, hematocrit (HCT), hemoglobin concentration, mean corpuscular 

volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 

concentration (MCHC), and platelet count are provided53,54. In this study, the analysis 

was divided into the WBC (Fig. 8B) and RBC groups (Fig. 8C).  

Interestingly, all WBC group parameters were consistent with the bone marrow 

screening results (Fig. 5B). Total WBC decreased in peripheral blood, and the  

lymphocyte ratio also decreased significantly in DKO mice. Neutrophils and Monocytes 

were increased in DKO mice. Eosinophil is the fraction that differentiates from GMP 

and its frequency to that of littermate control, suggesting that upregulated GMP mostly 

contributes to Neutrophil and Monocyte differentiation (Fig. 8B). Furthermore, it was 

confirmed that neutrophils increased in the spleen could be the cause of both the first and 

second cases. 

Next, the results of the RBC group present the MEP-derived PB output. The results 

of screening were consistent with the outcome of bone marrow screening, which was the 

same as in the WBC group, but MCV and MCH parameters were significantly increased 

in DKO mice (Fig. 8C). MCV and MCH are common RBC indices and provide 

information about the average amount of hemoglobin contained in one RBC55. These 

results imply that the Btg1/2 deletion likely regulates the differentiation process of bone 

marrow MEPs into erythrocytes. Meanwhile, there are restrictions on the flow cytometry 

analysis that is utilized for screening when it comes to examining RBCs and other 
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fractions like progenitor and multipotent stem cells at the same time. Therefore, in this 

study, the Colony Forming Unit (CFU) assay was performed to analyze the 

differentiation state between MEPs and RBCs. In addition, because there was a bias 

toward the myeloid lineage as a result of previous screening in bone marrow, a CFU 

assay was performed to further confirm this in an in - vitro culture system. 
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Figure 8. Complete Blood Count (CBC) Test of WBC and RBC group in steady state 

condition. (A) Schematic illustration for Complete Blood Count (CBC) Test. Peripheral 

blood were collected by retro-orbital venipuncture of 300 – 500uL per mice  (B) Number 

of cells per unit blood volume and the frequency of WBC group. (C) Number of cells per 

unit blood volume and the frequency of RBC group. (B,C) is derived from n=5 mice per 

group. Error bars denote the mean ± SEM. (B,C) Statistics were calculated using the 

unpaired student’s t-test or Mann-Whiteny U-test. P values < 0.05 were considered 

significant (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001), ns = not significant. 
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9. Loss of Btg1 and Btg2 alter the Myeloid-lineage Colony Fomring Unit of 

CFU-G and CFU-GM 

The Colony Forming Unit (CFU) assay is the most commonly used in vitro analysis 

method to evaluate the ability of multilineage differentiation in multipotent progenitor 

cells56. The CFU assay is also called the colony-forming cell (CFC) assay, and is 

performed in methylcellulose-based (e.g, MethoCultTM) semi-solid medium under 

conditions that support the differentiation of individual progenitor cells. It includes 

cytokines such as IL-3, G-CSF/M-CSF, and EPO that allow the growth of clonal progeny 

in single progenitor cells57. The five major types of CFU (CFU-GEMM, BFU-E, CFU-

GM, CFU-G, and CFU-M) can be identified58-60. Individual colonies show specific 

morphology and size (Fig. 9A). 

Interestingly, the results of the CFU assay were identical to those in bone marrow 

(Fig. 4B). The GMP fraction was significantly increased in the form of CFU-GM in the 

CFU assay, and in CFU-G, which is a later differentiation state, a greater number was 

formed in DKO mice (Fig. 9B). However, unlike the high RBC indices shown in the CBC 

Test, there was no significant difference in CFU-GEMM and BFU-E, which can be 

identified as erythroid progenitor cells in the bone marrow (Fig. 8C, 9B). Thus, this 

suggests that there are no changes in bone marrow erythropoietic homeostasis due to the 

Btg1/2 deletion. Overall, the bone marrow flow cytometry results and peripheral blood 

CBC test results are consistent, showing that Btg1/2 ultimately controls hematopoietic 

homeostasis, specifically myeloid lineage. 
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Figure 9. Colony Forming Unit (CFU) assay of bone marrow in steady state condition.  

Colony Forming Unit (CFU) assay from bone marrow of Control (Btg1f/f Btg2f/f) and 

Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) mice. (A) Representative images of different 

colony morphologies after 10 days culture of bone marrow cell. (B) Colony number of five 

major types of CFU (namely CFU-GEMM, BFU-E, CFU-GM, CFU-G, CFU-M) from 

control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) mice and is derived 

from n = 5 per group. Error bars denote the mean ± SEM. (B) Statistics were calculated 

using the unpaired student’s t-test. P values < 0.05 were considered significant (*P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001), ns = not significant. 
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10. Bias toward Myeloid hematopoiesis by Btg1 and Btg2 contributes to 

Neutrophil and Monocyte 

As a result of flow cytometry analysis, the frequency and absolute cell number of the 

monocyte-macrophage fraction decreased, but CFU-M showed no significant difference 

(Fig. 9B). This implies that a regulatory effect could exist at a later stage of differentiation 

than CFU-M. Therefore, the impact of Btg1/2 was examined on BMDM differentiation. 

Bone marrow cells differentiate into macrophages by GM-CSF secreted by L929 

cells and are called L929-derived macrophages61,62. On Day 0, there was no difference in 

bone marrow resident macrophages between littermate control and DKO, and there was 

no significant difference in L929-derived macrophages, which were 100% differentiated 

after 7 days of culture (Fig. 10). This suggests that Btg1/2 does not affect the path to 

macrophage differentiation and that Btg1/2 has a regulatory effect on monocyte 

differentiation rather than macrophage differentiation. Overall, when Btg1/2 was deleted 

under steady-state conditions, lymphoid lineage differentiation was defective and myeloid 

lineage differentiation was increased. This suggests that Btg1/2 could maintain the 

balance between lymphopoiesis and myelopoiesis in normal hematopoiesis conditions and 

can function as a regulator of hematopoietic homeostasis. 
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Figure 10. Btg1 and Btg2 cannot affect Differentiation of Bone marrow derived 

macrophage. Bone marrow derived macrophage diiferentiation rate. BMRM (Bone marrow 

resident macrophage) at Day 0 and M0 BMDM at Day 7 show no difference between control 

(Btg1f/f Btg2f/f ) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) mice and is derived from n = 3 

per group. Error bars denote the mean ± SEM. Statistics were calculated using the 

unpaired student’s t-test. P values < 0.05 were considered significant (*P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001), ns = not significant.  
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11. Btg1 and Btg2 do not contribute to Multipotent stem and progenitor cells 

in stress condition  

Next, in order to assess the ability of multipotent stem and progenitor cells to 

repopulate, hematopoiesis under stress-induced conditions was examined. 5-Fluorouracil 

(5-FU) can reorganize the bone marrow microenvironment and renew the bone marrow 

niche surrounding HSCs63,64. In other words, the multilineage differentiation capacity of 

endogenous HSC can be confirmed through 5-FU treatment. In this study, the stress 

situation through 5-FU was defined as a stress-induced condition, distinct from the 

steady-state condition.  

According to previous studies, when treated with 5-FU, all actively proliferating 

HSCs disappeared within 2 days65. Reconstitution begins on Day 4, and recovery is 

completed after 10 days (Fig. 11A). Changes in multipotent stem and progenitor cell 

fraction were evaluated in littermate control and Btg1/2 DKO bone marrow at day 10, 

when repopulation in bone marrow was completed. 5-FU was treated as a single dose of 

150 mg/kg per mouse and injected through the retro-orbital route (Fig. 11A). 

The frequency and absolute number of multipotent progenitor cells (MPP4, MPP3, 

MPP2, ST-HSC and LSK) and multipotent stem cells (LT-HSC) did not differ 

significantly (Fig. 11B, C). These results suggest that even if Btg1/2 is deleted under 

stress-induced conditions, the self-renewal activity of LT-HSCs is not impaired, and they 

can maintain their pool without any depletion. However, in the case of ST-HSC, 

frequency and absolute cell number tended to slightly decrease, which was the same as 

normal hematopoiesis in steady-state conditions (Fig. 11B). These results showed 

possibility that Btg1/2 does not affect repopulation capacity in mulipotent stem and 

progenitor cells.  
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Figure 11. Btg1 and Btg2 cannot affect stress induced hematopoiesis of multipotent stem 

and progenitor cells. (A) Schematic time line of the experiment. Both control (Btg1f/f 

Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) mice were treated with 5-Fluorouracil 

(5-FU) by retro-orbital route for single dose of 150mg/kg on Day 0 (B) LT-HSC, ST-HSC 

and LSK frequency and absolute cell number in bone marrow. (C) lineage-primed MPP4, 

MPP3 and MPP2 frequency and absolute cell number in bone marrow. The cellular 

frequency panels of (B) and (C) are derived from n=8 mice per group which is combined 

from two experiments. Absolute cell number panels are derived from n=4 mice per group. 

Error bars denote the mean ± SEM. (B and C) Statistics were calculated using the 

unpaired student’s t-test. P values < 0.05 were considered significant (*P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001), ns = not significant. 
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12. Btg1 and Btg2 regulate homeostasis of lineage committed progenitor cells 

in stress condition 

Next, to evaluate the function of Btg1/2 in stress-induced conditions, the 

myeloid lineage-comitted progenitor cell fraction was analyzed. As a result, 

myelopoiesis was still found to be upregulated in Btg1/2-deficient mice. Although 

the absolute cell number of CMP was not statistically significant, it showed a slight 

tendency to increase, and GMP increased by more than 1.5-2 times compared to 

that of littermate control (Fig. 12A). This is consistent with the screening results 

in steady-state conditions (Fig. 4B), suggesting that even if repopulation of the 

bone marrow fraction is induced through 5-FU, myelopoiesis still dominates in the 

absence of Btg1/2, disrupting hematopoietic homeostasis.  

It was anticipated that there would be little to no alteration in the lymphoid 

progenitor cell fraction because the earlier screening results showed that CMP and 

GMP increased even under stress-induced conditions as well. Interestingly, 

however, both CLP frequency and absolute cell number in the bone marrow 

increased more than two-fold after 5-FU treatment (Fig. 12B). Lineage-comitted 

progenitor cell fraction showed a significant increase in both Myelopoiesis and 

Lymphpoiesis under 5-FU-induced stress conditions. This shows that not only 

myelopoiesis but also lymphopoiesis can be enhanced in conditions where there is 

pressure for repopulation. 
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Figure 12. Btg1 and Btg2 regulates lineage committed progenitor cells in stress condition. 

(A) LK cell and Myeloid lineage committed cell (CMP, MEP and GMP) frequency and 

absolute cell number in control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) 

mice bone marrow. (B) Lymphoid lineage committed cell (CLP) frequency and absolute 

cell number in bone marrow. The cellular frequency panels of (A,B) are derived from n=8 

mice per group. Absolute cell number panels are derived from n=4 mice per group. Error 

bars denote the mean ± SEM. Statistics were calculated using the unpaired student’s t-

test. P values < 0.05 were considered significant (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001), ns = not significant. 
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13. Btg1 and Btg2 have regulatory potential in both lymphopoiesis and 

myelopoiesis 

Next, bone marrow-resident mature blood cells were investigated. As a result, 

both B cell frequency and absolute cell number decreased significantly, similar to 

normal hematopoiesis (Fig. 13). On the other hand, both the frequency and 

absolute cell number of neutorphils and monocyte-macrophage fractions increased. 

Interestingly, neutrophils increased consistent with normal hematopoiesis results, 

but monocyte-macrophage showed a contradictory pattern to the steady-state 

condition screening outcomes (Fig. 13). It decreased in normal hematopoiesis (Fig. 

5B), but increased by more than two times on average in stress-induced conditions. 

This suggests that Btg1/2 have regulatory potential as one of the mechanisms for 

maintaining hematopoietic homeostasis. Although detailed follow-up studies are 

required, the possibility of a regulatory role in both lymphopoiesis and 

myelopoiesis should be considered.  
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Figure 13. Btg1 and Btg2 increase both lymphopoiesis and myelopoiesis. The frequency 

and absolute cell number of B cell, Neutrophil and Monocyte-macrophage in control 

(Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) mice bone marrow. The cellular 

frequency panels of are derived from n=6 mice per group. Absolute cell number panels are 

derived from n=4 mice per group. Error bars denote the mean ± SEM. Statistics were 

calculated using the unpaired student’s t-test. P values < 0.05 were considered significant 

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001), ns = not significant. 
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14. Possibility that Btg1/2 regulates extramedullary hematopoiesis under 

stress conditions 

Unlike bone marrow, the spleen contains almost no multipotent stem and 

progenitor cells, so screening was limited to lineage-committed progenitor cells 

and mature blood cells. Interestingly, under steady-state conditions, the frequency 

of lineage-committed cells did not differ from control (Fig. 4B, C), but under 

stress conditions, it tended to significantly increase in all fractions except for 

mature B cells and T cells (Fig. 14A, B). Although further research is needed, this 

suggests the possibility that Btg1/2 has homeostatic control over extramedullary 

hematopoiesis under stress conditions.  
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Figure 14. Extramedullary hematopoiesis in 5-Fu induced stress condition. (A) LK cell 

and lineage committed cell (CMP, MEP, GMP and CLP) frequency and absolute cell 

number in control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-cre) mice bone 

marrow. (B) The frequency and absolute cell number of B cell, T cell, Neutrophil and 

Monocyte-macrophage in control (Btg1f/f Btg2f/f) and Btg1/2 DKO (Btg1f/f Btg2f/f – Flk1-

cre) mice bone marrow. The cellular frequency panels of (A,B) are derived from n=8 mice 

per group. Absolute cell number panels are derived from n=4 mice per group. Error bars 

denote the mean ± SEM. Statistics were calculated using the unpaired student’s t-test. P 

values < 0.05 were considered significant (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001), 

ns = not significant. 
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IV. DISCUSSION 

 

 

In this study, the effect of Btg1/2 loss of function on hematopoietic homeostasis was 

evaluated under steady state conditions and stress-induced conditions. As a result of 

investigating Btg1/2-deficient mice, CMP and GMP increased significantly under steady 

state conditions, and Neutrophil and Monocyte-Macrophage decreased. This suggests that 

Btg1 and Btg2 can be associated with myelopoiesis. In stress-induced conditions, CLP 

increased along with CMP and GMP, and both Neutrophil and Monocyte-Macrophage 

increased. This suggests that Btg1 and Btg2 are involved in both myelopoiesis and 

lymphopoiesis in proliferative condition. Therefore, this implies that Btg1/2 regulates 

hematopoietic homeostasis and is particularly involved in maintaining myeloid lineage 

homeostasis. However, follow-up studies are needed to determine the detailed molecular 

mechanism mediated by Btg1/2 in abnormally upregulated myelopoiesis. 

Meanwhile, in this study, disruption of hematopoietic homeostasis due to loss of Btg1/2 

funtion was not observed in the multipotent stem and progenitor cell fraction, including 

LT-HSC, ST-HSC, LSK, LK, MPP4, MPP3, and MPP2. Primitive LT-HSCs originate from 

the ebmryo mesoderm-derived aorta-gonad mesoderm (AGM) from the embryo 

development stage until 10.5 DPC (Day post coitum)66. After 10.5 DPC until 12.5 DPC, 

LT-HSCs migrate to the yolk-sac and fetal liver and colonize, and by this time, primitive 

hematopoiesis related to red blood cell formation progresses49. Hematopoiesis that begins 

after 12.5 DPC by Flk1-VEGF (Vasculor endothelial growth factor) interaction is called 

definitive hematopoiesis, and in the Btg1/2-Flk1-cre system, Btg1/2 is deleted from all 

blood cells from this stage67,68. Because multipotent stem and progenitor cells are derived 

from LT-HSCs at a very early stage, it is expected that there is a physiological mechanism 

that can compensate for the dysregulation of hematopoietic homeostasis due to loss of 

Btg1/2 early in fetal development. However, it seems important to identify this loss 

compensation mechanism through reproducibility experiments and molecular mechanism 
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studies. 

As a result of this study, Myelopoiesis and Lymphopoiesis increased due to loss of 

function of Btg1/2. This suggests that Btg1/2 is involved in hematopoietic homeostasis. 

Btg2, which has a high expression level in bone marrow, is involved in the proliferation 

and differentiation of hematopoietic cells, and has a high expression level in resting 

thymocytes69. The results of this study show that neagtive selection in Btg1/2-deficient 

CLP is significantly suppressed during development in the thymus. This is consistent with 

previous findings that the presence of Btg2 maintains the quiescent state of thymocytes69. 

The double positive fraction in the thymus, which maintains the most active proliferative 

status after positive selection, increased by more than 5% compared to the littermate control. 

On the other hand, as a result of Spleen screenig, the frequency of mature T cells was 

significantly reduced. In normal conditions, T cell homeostasis is maintained by 

suppressing mTOR activity by PTEN (phosphatase and tensin homologue), TSC1 

(tuberous sclerosis 1) and LKB1 (liver kinase B1)70. Since Btg2 is reported to inhibit mTOR 

activity71, it is possible that mTOR activity increases during loss of function and T cells go 

into apoptotic process before maturation. Therefore, it is important to study the correlation 

between the mTOR signaling pathway and Btg1/2 in the CLP fraction present in bone 

marrow and spleen.  

In Btg1/2 deficient mice, the greatest difference was observed in B cell fracion. Pax5 

(Paired box 5) activates 170 genes involved in differentiation into the B cell lineage, and 

Btg1 is involved as a downstream effector transcription factor72. In addition, Btg2 

maintains homeostasis by inducing cell cycle arrest in pre-B cells through PRMT1-

mediated methylation of CDK4 (Cyclin dependent kinase 4)73. Moreover, the fact that 

Btg1/2 loss in this study was accompanied by a obvious decrease in B cell frequency in 

bone marrow and spleen suggests that Btg1/2 plays a unique role in each stage of 

hematopoietic homeostasis. Although the function of Btg1/2 in B cell devleopmental stage 

throughout each step of differentiation is well understood, more research is required to fully 

understand the molecular mechanism of Btg1/2 during myeloid lineage differentiation to 
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explain outcome of this study.  

Normal differentiation of HSCs is tightly regulated by various transcription factors 

including HLX which is invovled in the formation of functional Hematopoeitic stem cell74. 

Another well-known HSC fate decision transcription factors include Runx1, Gfi1, and 

Gata275,76. The transcription factor related to myelopoiesis with disrupted homeostasis is 

Pu.1, which is reported to play a critical role in myeloid-lineage fate decision77,78. 

Meanwhile, Btg1 and Btg2 function as transcriptional coactivators that bind to various 

intracellular transcription factors. Therefore, it is expected that there are many genes 

upregulated in myelopoesis and transcription factors that can bind to Btg1/2, and more 

detailed study on the downstream regulatory pathway is required.  

Heterogeneity of hematopoietic stem and progenitor cells is the best known feature of 

hematopoiesis79. Multipotent progentitor cells are a fraction with increased gene expression 

required for fate decision to each lineage, but are reported to have high plasticity. Even 

hematopoietic cells with the same surface marker phenotype show different multi-lineage 

differentiation patterns80. This HSC heterogeneity is influenced by extrinsic factors caused 

by the bone marrow microenvironment and intrinsic factors caused by transcription factors. 

The fundamental cause of this HSPC heterogeneity, however, is not well characterized to 

date. Hematopoietic heterogenity was also observed in Btg1/2 knockout mice in this study. 

Monocyte-Macrophage fraction decreased in steady state condition, but the opposite result 

was found in stress-induced condition. In addition, CLP, which did not show significant 

differences in normal hematopoiesis, was highly upregulated in stress-induced conditions. 

This appears to be a combination of intracellular factors caused by the Btg1/2 and 

extracellular factors given proliferative pressure to form heterogenity. Indeed, Btg1 and 

Btg2 are versatile proteins that can perform unique and overlapping roles in growth 

regulation, differentiation, and apoptosis regulation. This is because PRMT1 (protein 

arginine N-methyltransferase) binds to the box C domain that Btg1 and Btg2 have in 

common and promotes methylation of a specific subset81. PRMT1 is capable of binding a 

wide variety of substrates. Given that Btg1/2 loss results in the aforementioned 
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heterogeneity-related phenotypes, it is important to find the signaling pathways 

downstream of Btg1/2-PRMT1 interaction in HSPCs, at least in part.  

In addition to hematopoietic homeostasis, research on Btg1/2-mediated functions is 

required in relation to the functional characteristics of hematopoetic stem cells, including 

quiescent state, repopulation potential, self-renewal potential, and multi-lineage 

differentiation capacity. If the Myeloid lineage bias identified in this study is proven in in 

vivo experiments (bone marrow transplantation), it is expected that the function of Btg1/2 

in Hmeatopoietic homeostasis will be more closely identified through additional molecular 

mechanism studies. 
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V. CONCLUSION 

 

 

Overall, myelopoiesis caused by Btg1/2 increased in steady state condition and stress-

induced condition. In steady state conditions, Btg1/2 regulates differentiation at various 

stages of progenitor cells. Deletion of Btg1/2 in multipotent stem and progenitor cells did 

not disrupt hematopoietic homeostasis. Btg1/2-deficient lineage committed progenitor 

cells showed elevated frequency of CMP and GMP, suggesting that there was a bias 

toward myelopoiesis. Neutrophil and Monocyte-Macrophage which is Subsequent 

differentiation cells, showed diminished level in bone marrow, and B cells were also 

significantly decreased. Lineage committed progenitor cell fraction in stress condition 

was different from that in steady state condition, suggesting that Btg1/2 plays a mediating 

role in both myeloid lineage and lymphoid lineage hematopoietic homeostasis. In 

lymphoid and myeloid cells, neutrophils commonly increased significantly, but 

Monocyte-Macrophage frequency showed opposite outcome in that of steady state 

condition. This can be explained by biphasic role of Btg1/2 in hematopoietic homeostasis. 

This study reveals Btg1/2-mediated hematopoietic homeostasis and suggests that it is an 

key regulator in maintaining myeloid lineage hematopoietic homeostasis.  



６２ 

 

REFERENCES 

 

 

1. Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell biology. 

Cell 2008;132:631-44. 

 

2. Kondo M, Wagers AJ, Manz MG, Prohaska SS, Scherer DC, Beilhack GF, et 

al. Biology of hematopoietic stem cells and progenitors: implications for 

clinical application. Annu Rev Immunol 2003;21:759-806. 

 

3. Borghesi L. Hematopoiesis in steady-state versus stress: self-renewal, 

lineage fate choice, and the conversion of danger signals into cytokine 

signals in hematopoietic stem cells. J Immunol 2014;193:2053-8. 

 

4. Goldstein JM, Sengul H, Messemer KA, Fernandez-Alfara M, Garbern JC, 

Kristl AC, et al. Steady-state and regenerative hematopoiesis occurs 

normally in mice in the absence of GDF11. Blood 2019;134:1712-6. 

 

5. Takagaki S, Yamashita R, Hashimoto N, Sugihara K, Kanari K, Tabata K, et 

al. Galactosyl carbohydrate residues on hematopoietic stem/progenitor cells 

are essential for homing and engraftment to the bone marrow. Sci Rep 

2019;9:7133. 

 

6. Mukhopadhyay M. Mapping human hematopoiesis. Nat Methods 

2021;18:714. 

 

7. Bernitz JM, Kim HS, MacArthur B, Sieburg H, Moore K. Hematopoietic Stem 

Cells Count and Remember Self-Renewal Divisions. Cell 2016;167:1296-

309 e10. 

 

8. Cheshier SH, Morrison SJ, Liao X, Weissman IL. In vivo proliferation and 

cell cycle kinetics of long-term self-renewing hematopoietic stem cells. 

Proc Natl Acad Sci U S A 1999;96:3120-5. 

 

9. Liu L, Papa EF, Dooner MS, Machan JT, Johnson KW, Goldberg LR, et al. 

Homing and long-term engraftment of long- and short-term renewal 

hematopoietic stem cells. PLoS One 2012;7:e31300. 

 

10. Cheng H, Zheng Z, Cheng T. New paradigms on hematopoietic stem cell 

differentiation. Protein Cell 2020;11:34-44. 



６３ 

 

11. Challen GA, Boles N, Lin KK, Goodell MA. Mouse hematopoietic stem cell 

identification and analysis. Cytometry A 2009;75:14-24. 

 

12. Wang J, Liu Z, Zhang S, Wang X, Bai H, Xie M, et al. Lineage marker 

expression on mouse hematopoietic stem cells. Exp Hematol 2019;76:13-

23 e2. 

 

13. Konturek-Ciesla A, Bryder D. Stem Cells, Hematopoiesis and Lineage 

Tracing: Transplantation-Centric Views and Beyond. Front Cell Dev Biol 

2022;10:903528. 

 

14. Shin JY, Hu W, Naramura M, Park CY. High c-Kit expression identifies 

hematopoietic stem cells with impaired self-renewal and megakaryocytic 

bias. J Exp Med 2014;211:217-31. 

 

15. Oguro H, Ding L, Morrison SJ. SLAM family markers resolve functionally 

distinct subpopulations of hematopoietic stem cells and multipotent 

progenitors. Cell Stem Cell 2013;13:102-16. 

 

16. Okada S, Nakauchi H, Nagayoshi K, Nishikawa S, Miura Y, Suda T. In vivo 

and in vitro stem cell function of c-kit- and Sca-1-positive murine 

hematopoietic cells. Blood 1992;80:3044-50. 

 

17. Chen J, Ellison FM, Keyvanfar K, Omokaro SO, Desierto MJ, Eckhaus MA, 

et al. Enrichment of hematopoietic stem cells with SLAM and LSK markers 

for the detection of hematopoietic stem cell function in normal and Trp53 

null mice. Exp Hematol 2008;36:1236-43. 

 

18. Morcos MNF, Schoedel KB, Hoppe A, Behrendt R, Basak O, Clevers HC, et 

al. SCA-1 Expression Level Identifies Quiescent Hematopoietic Stem and 

Progenitor Cells. Stem Cell Reports 2017;8:1472-8. 

 

19. Kwack KH, Lamb NA, Bard JE, Kramer ED, Zhang L, Abrams SI, et al. 

Discovering Myeloid Cell Heterogeneity in Mandibular Bone - Cell by Cell 

Analysis. Front Physiol 2021;12:731549. 

 

20. Paral P, Faltusova K, Molik M, Renesova N, Sefc L, Necas E. Cell cycle and 

differentiation of Sca-1(+) and Sca-1(-) hematopoietic stem and progenitor 

cells. Cell Cycle 2018;17:1979-91. 

 

21. Wara AK, Croce K, Foo S, Sun X, Icli B, Tesmenitsky Y, et al. Bone marrow-



６４ 

 

derived CMPs and GMPs represent highly functional proangiogenic cells: 

implications for ischemic cardiovascular disease. Blood 2011;118:6461-4. 

 

22. Dykstra B, Kent D, Bowie M, McCaffrey L, Hamilton M, Lyons K, et al. Long-

term propagation of distinct hematopoietic differentiation programs in vivo. 

Cell Stem Cell 2007;1:218-29. 

 

23. Yamamoto R, Morita Y, Ooehara J, Hamanaka S, Onodera M, Rudolph KL, et 

al. Clonal analysis unveils self-renewing lineage-restricted progenitors 

generated directly from hematopoietic stem cells. Cell 2013;154:1112-26. 

 

24. Pietras EM, Warr MR, Passegue E. Cell cycle regulation in hematopoietic 

stem cells. J Cell Biol 2011;195:709-20. 

 

25. Adolfsson J, Mansson R, Buza-Vidas N, Hultquist A, Liuba K, Jensen CT, et 

al. Identification of Flt3+ lympho-myeloid stem cells lacking erythro-

megakaryocytic potential a revised road map for adult blood lineage 

commitment. Cell 2005;121:295-306. 

 

26. Pietras EM, Reynaud D, Kang YA, Carlin D, Calero-Nieto FJ, Leavitt AD, et 

al. Functionally Distinct Subsets of Lineage-Biased Multipotent Progenitors 

Control Blood Production in Normal and Regenerative Conditions. Cell Stem 

Cell 2015;17:35-46. 

 

27. Cabezas-Wallscheid N, Klimmeck D, Hansson J, Lipka DB, Reyes A, Wang 

Q, et al. Identification of regulatory networks in HSCs and their immediate 

progeny via integrated proteome, transcriptome, and DNA methylome 

analysis. Cell Stem Cell 2014;15:507-22. 

 

28. Iwasaki H, Akashi K. Myeloid lineage commitment from the hematopoietic 

stem cell. Immunity 2007;26:726-40. 

 

29. Suzuki N, Yamazaki S, Ema H, Yamaguchi T, Nakauchi H, Takaki S. 

Homeostasis of hematopoietic stem cells regulated by the 

myeloproliferative disease associated-gene product Lnk/Sh2b3 via Bcl-xL. 

Exp Hematol 2012;40:166-74 e3. 

 

30. Mauxion F, Chen CY, Seraphin B, Shyu AB. BTG/TOB factors impact 

deadenylases. Trends Biochem Sci 2009;34:640-7. 

 

31. Gorshtein A, Rubinfeld H, Kendler E, Theodoropoulou M, Cerovac V, Stalla 



６５ 

 

GK, et al. Mammalian target of rapamycin inhibitors rapamycin and RAD001 

(everolimus) induce anti-proliferative effects in GH-secreting pituitary 

tumor cells in vitro. Endocr Relat Cancer 2009;16:1017-27. 

 

32. Yuniati L, Scheijen B, van der Meer LT, van Leeuwen FN. Tumor 

suppressors BTG1 and BTG2: Beyond growth control. J Cell Physiol 

2019;234:5379-89. 

 

33. Kim SH, Jung IR, Hwang SS. Emerging role of anti-proliferative protein 

BTG1 and BTG2. BMB Rep 2022;55:380-8. 

 

34. Tijchon E, van Emst L, Yuniati L, van Ingen Schenau D, Havinga J, Rouault 

JP, et al. Tumor suppressors BTG1 and BTG2 regulate early mouse B-cell 

development. Haematologica 2016;101:e272-6. 

 

35. Hwang SS, Lim J, Yu Z, Kong P, Sefik E, Xu H, et al. mRNA destabilization 

by BTG1 and BTG2 maintains T cell quiescence. Science 2020;367:1255-

60. 

 

36. Eliseeva IA, Lyabin DN, Ovchinnikov LP. Poly(A)-binding proteins: 

structure, domain organization, and activity regulation. Biochemistry (Mosc) 

2013;78:1377-91. 

 

37. Nakamura-Ishizu A, Takizawa H, Suda T. The analysis, roles and regulation 

of quiescence in hematopoietic stem cells. Development 2014;141:4656-66. 

 

38. Medvinsky A, Dzierzak E. Definitive hematopoiesis is autonomously initiated 

by the AGM region. Cell 1996;86:897-906. 

 

39. Dzierzak E, Medvinsky A. Mouse embryonic hematopoiesis. Trends Genet 

1995;11:359-66. 

 

40. de Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams LT. The 

fms-like tyrosine kinase, a receptor for vascular endothelial growth factor. 

Science 1992;255:989-91. 

 

41. Millauer B, Wizigmann-Voos S, Schnurch H, Martinez R, Moller NP, Risau 

W, et al. High affinity VEGF binding and developmental expression suggest 

Flk-1 as a major regulator of vasculogenesis and angiogenesis. Cell 

1993;72:835-46. 

 



６６ 

 

42. Quinn TP, Peters KG, De Vries C, Ferrara N, Williams LT. Fetal liver kinase 

1 is a receptor for vascular endothelial growth factor and is selectively 

expressed in vascular endothelium. Proc Natl Acad Sci U S A 

1993;90:7533-7. 

 

43. Miao R, Chun H, Feng X, Gomes AC, Choi J, Pereira JP. Competition between 

hematopoietic stem and progenitor cells controls hematopoietic stem cell 

compartment size. Nat Commun 2022;13:4611. 

 

44. Boyer SW, Schroeder AV, Smith-Berdan S, Forsberg EC. All hematopoietic 

cells develop from hematopoietic stem cells through Flk2/Flt3-positive 

progenitor cells. Cell Stem Cell 2011;9:64-73. 

 

45. Faltusova K, Chen CL, Heizer T, Bajecny M, Szikszai K, Paral P, et al. 

Altered Erythro-Myeloid Progenitor Cells Are Highly Expanded in 

Intensively Regenerating Hematopoiesis. Front Cell Dev Biol 2020;8:98. 

 

46. Karsunky H, Inlay MA, Serwold T, Bhattacharya D, Weissman IL. Flk2+ 

common lymphoid progenitors possess equivalent differentiation potential 

for the B and T lineages. Blood 2008;111:5562-70. 

 

47. Kondo M, Weissman IL, Akashi K. Identification of clonogenic common 

lymphoid progenitors in mouse bone marrow. Cell 1997;91:661-72. 

 

48. Eaves CJ. Hematopoietic stem cells: concepts, definitions, and the new 

reality. Blood 2015;125:2605-13. 

 

49. Palis J, Yoder MC. Yolk-sac hematopoiesis: the first blood cells of mouse 

and man. Exp Hematol 2001;29:927-36. 

 

50. Cumano A, Godin I. Ontogeny of the hematopoietic system. Annu Rev 

Immunol 2007;25:745-85. 

 

51. Johns JL, Christopher MM. Extramedullary hematopoiesis: a new look at the 

underlying stem cell niche, theories of development, and occurrence in 

animals. Vet Pathol 2012;49:508-23. 

 

52. Chiu SC, Liu HH, Chen CL, Chen PR, Liu MC, Lin SZ, et al. Extramedullary 

hematopoiesis (EMH) in laboratory animals: offering an insight into stem 

cell research. Cell Transplant 2015;24:349-66. 

 



６７ 

 

53. Wiedmeyer CE, Ruben D, Franklin C. Complete blood count, clinical 

chemistry, and serology profile by using a single tube of whole blood from 

mice. J Am Assoc Lab Anim Sci 2007;46:59-64. 

 

54. Weingand K, Brown G, Hall R, Davies D, Gossett K, Neptun D, et al. 

Harmonization of animal clinical pathology testing in toxicity and safety 

studies. The Joint Scientific Committee for International Harmonization of 

Clinical Pathology Testing. Fundam Appl Toxicol 1996;29:198-201. 

 

55. Hosseinpour M, Hatamnejad MR, Montazeri MN, Bazrafshan Drissi H, Akbari 

Khezrabadi A, Shojaeefard E, et al. Comparison of the red blood cell indices 

based on accuracy, sensitivity, and specificity to predict one-year mortality 

in heart failure patients. BMC Cardiovasc Disord 2022;22:532. 

 

56. Broudy VC, Lin NL, Fox N, Taga T, Saito M, Kaushansky K. Thrombopoietin 

stimulates colony-forming unit-megakaryocyte proliferation and 

megakaryocyte maturation independently of cytokines that signal through 

the gp130 receptor subunit. Blood 1996;88:2026-32. 

 

57. Monette FC, Sigounas G. Sensitivity of murine multipotential stem cell 

colony (CFU-GEMM) growth to interleukin-3, erythropoietin, and hemin. 

Exp Hematol 1987;15:729-34. 

 

58. Coulombel L. Identification of hematopoietic stem/progenitor cells: strength 

and drawbacks of functional assays. Oncogene 2004;23:7210-22. 

 

59. Wasnik S, Tiwari A, Kirkland MA, Pande G. Osteohematopoietic stem cell 

niches in bone marrow. Int Rev Cell Mol Biol 2012;298:95-133. 

 

60. Ganguly R, Anand S, Metkari S, Bhartiya D. Effect of Aging and 5-

Fluorouracil Treatment on Bone Marrow Stem Cell Dynamics. Stem Cell Rev 

Rep 2020;16:909-21. 

 

61. Pang ZJ, Chen Y, Zhou M. L929 cell conditioned medium protects RAW264.7 

cells from oxidative injury through inducing antioxidant enzymes. Cytokine 

2000;12:944-50. 

 

62. de Brito Monteiro L, Davanzo GG, de Aguiar CF, Correa da Silva F, Andrade 

JR, Campos Codo A, et al. M-CSF- and L929-derived macrophages present 

distinct metabolic profiles with similar inflammatory outcomes. 

Immunobiology 2020;225:151935. 



６８ 

 

 

63. Radley JM, Scurfield G. Effects of 5-fluorouracil on mouse bone marrow. Br 

J Haematol 1979;43:341-51. 

 

64. Wang Z, Song J, Taichman RS, Krebsbach PH. Ablation of proliferating 

marrow with 5-fluorouracil allows partial purification of mesenchymal stem 

cells. Stem Cells 2006;24:1573-82. 

 

65. Shaikh A, Bhartiya D, Kapoor S, Nimkar H. Delineating the effects of 5-

fluorouracil and follicle-stimulating hormone on mouse bone marrow 

stem/progenitor cells. Stem Cell Res Ther 2016;7:59. 

 

66. Jagannathan-Bogdan M, Zon LI. Hematopoiesis. Development 

2013;140:2463-7. 

 

67. Kappel A, Ronicke V, Damert A, Flamme I, Risau W, Breier G. Identification 

of vascular endothelial growth factor (VEGF) receptor-2 (Flk-1) 

promoter/enhancer sequences sufficient for angioblast and endothelial cell-

specific transcription in transgenic mice. Blood 1999;93:4284-92. 

 

68. Shalaby F, Ho J, Stanford WL, Fischer KD, Schuh AC, Schwartz L, et al. A 

requirement for Flk1 in primitive and definitive hematopoiesis and 

vasculogenesis. Cell 1997;89:981-90. 

 

69. Konrad MA, Zuniga-Pflucker JC. The BTG/TOB family protein TIS21 

regulates stage-specific proliferation of developing thymocytes. Eur J 

Immunol 2005;35:3030-42. 

 

70. Delgoffe GM, Kole TP, Zheng Y, Zarek PE, Matthews KL, Xiao B, et al. The 

mTOR kinase differentially regulates effector and regulatory T cell lineage 

commitment. Immunity 2009;30:832-44. 

 

71. Kim BC, Ryu MS, Oh SP, Lim IK. TIS21/(BTG2) negatively regulates 

estradiol-stimulated expansion of hematopoietic stem cells by derepressing 

Akt phosphorylation and inhibiting mTOR signal transduction. Stem Cells 

2008;26:2339-48. 

 

72. Schebesta A, McManus S, Salvagiotto G, Delogu A, Busslinger GA, 

Busslinger M. Transcription factor Pax5 activates the chromatin of key 

genes involved in B cell signaling, adhesion, migration, and immune function. 

Immunity 2007;27:49-63. 



６９ 

 

 

73. Dolezal E, Infantino S, Drepper F, Borsig T, Singh A, Wossning T, et al. The 

BTG2-PRMT1 module limits pre-B cell expansion by regulating the CDK4-

Cyclin-D3 complex. Nat Immunol 2017;18:911-20. 

 

74. Kawahara M, Pandolfi A, Bartholdy B, Barreyro L, Will B, Roth M, et al. 

H2.0-like homeobox regulates early hematopoiesis and promotes acute 

myeloid leukemia. Cancer Cell 2012;22:194-208. 

 

75. Daniel MG, Rapp K, Schaniel C, Moore KA. Induction of developmental 

hematopoiesis mediated by transcription factors and the hematopoietic 

microenvironment. Ann N Y Acad Sci 2020;1466:59-72. 

 

76. Bodine DM. Introduction to the review series on transcription factors in 

hematopoiesis and hematologic disease. Blood 2017;129:2039. 

 

77. Gutierrez L, Caballero N, Fernandez-Calleja L, Karkoulia E, Strouboulis J. 

Regulation of GATA1 levels in erythropoiesis. IUBMB Life 2020;72:89-105. 

 

78. Lieschke GJ, Oates AC, Paw BH, Thompson MA, Hall NE, Ward AC, et al. 

Zebrafish SPI-1 (PU.1) marks a site of myeloid development independent of 

primitive erythropoiesis: implications for axial patterning. Dev Biol 

2002;246:274-95. 

 

79. Jurecic R. Hematopoietic Stem Cell Heterogeneity. Adv Exp Med Biol 

2019;1169:195-211. 

 

80. Ogawa M, LaRue AC, Mehrotra M. Plasticity of hematopoietic stem cells. 

Best Pract Res Clin Haematol 2015;28:73-80. 

 

81. Bedford MT, Clarke SG. Protein arginine methylation in mammals: who, 

what, and why. Mol Cell 2009;33:1-13. 

  



７０ 

 

ABSTRACT(IN KOREAN) 

 

 

 

조혈 항상성에서 Btg1과 Btg2의 역할 규명 

 

<지도교수 이준용> 

 

연세대학교 대학원 의과학과 

 

김상현 

 

 

 

조혈 항상성은 조혈 계통에 있는 여러 전구세포들이 일정 비율로 

유지되는것을 말하며, 화학요법 개입과 같은 스트레스 자극에 대한 반응으로 

활성화 되어 항상성이 파괴된다. 조혈 계통에 존재하는 다양한 형태의 

전구세포들은 전사인자에 의해 구동되는 세포 내적 네트워크와 이들이 

존재하는 골수 미세환경에 따라 다 계통 분화에 대한 잠재력으로 설명할수 

있다. 최근 조혈 항상성에 대한 이해가 크게 발전했음에도 불구하고, 세포 

내적 인자에 의한 조절 기전은 여전히 어려운 과제로 남아있다. Btg (B cell 

translocation gene)1과 Btg2 는 초기 조혈의 중요한 조절자로서, 세포 성장과 

휴지상태를 조절하는 세포 내적 자가유지 인자로 기능한다. 본 연구에서, 

Btg1과 Btg2 매개 기능의 주요 표현형을 조사하기 위해 정상상태 조건과 5-

Fluorouracil로 유도한 스트레스 유발 조건에서 면역표현형 검사를 수행하였다.  

유세포 분석, in vitro colony forming unit (CFU) assay, 전혈 검사(CBC test)를 통해 

Btg1/2 매개 조혈 항상성 조절에 관한 영향이 입증되었다. 정상 상태 조건에서 

Btg1/2 결손 마우스 모델은 공통 골수 전구세포(CMP)와 과립구-대식세포 

전구세포(GMP)에 대한 상향조절을 보였으며, 이는 골수조혈에 대한 조혈 

항상성이 붕괴되었음을 시사한다. 후속 골수 계통 세포인 호중구, 단핵구-

대식세포는 각각 큰 폭으로 증가 및 감소하였다. 스트레스 유도 조건에서는 

CMP, GMP와 더불어 공통 림프 전구세포 (CLP)가 증가하여 골수구계 조혈 
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뿐만 아니라 림프구계 조혈에 Btg1/2 매개 효과가 있음이 입증되었다. 호중구 

비율 또한 상향 조절 되었으며, 단핵구-대식세포는 스트레스 조건에서 

감소하였는데, 이는 Btg1/2 매개 이중역할이 있음을 시사한다. 본 연구는 

Btg1/2가 조혈 항상성을 조절하고 있음을 밝히고 골수 계통 항상성 유지에 

중요 조절자임을 시사한다. 
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