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Abstract 

 

The epigenetic modification and dynamic reorganization of the local 

chromatin structure are essential to poise lineage specific genes for 

expression or repression. The key event in this process is the recruitment 

of chromatin remodeling complexes, which mediate the active 

orchestration of transcriptional activation or silencing. The mammalian 

SWI/SNF complex mobilizes nucleosomes by using the energy from ATP 

hydrolysis and is required for the expression of a number of genes. 

Hematopoiesis is hierarchical stepwise process for cell fate decisions. 

Fate decision and differentiation process is controlled by cell intrinsic 

transcription factors. E2A, PU.1 and early B cell factor (EBF-1) are 

essential in lymphoid development. In addition, GATA-binding proteins 

(GATA-1 and GATA-2), CCAAT/enhance proteins (C/EBP- , C/EBP- ) 

and Krüppel-like family of transcription factor 1 (KLF-1) are involved in 

fate decision during myeloid and erythroid lineage differentiation. 

Although transcription factors and chromatin regulators work in concert 

to direct the expression of lineage-specific genes, little has been known 

for the involvement of regulators for chromatin structure during early 

hematopoiesis. 

First, I asked whether the SWI/SNF complex is involved in the 

process of fate decisions during early hematopoiesis. To assess this 

question, I conditionally deleted Srg3, a scaffold subunit of SWI/SNF 

complex, in hematopoietic lineage cells using Mx1-Cre transgenic mice. 

A significant increase of erythroid cells was observed in both the bone 
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marrow and the periphery from Srg3
-/-

 mice, whereas myeloid cells were 

severely decreased. In accordance with the reduction of mature myeloid 

cells, numbers of granulocyte-macrophage progenitors were significantly 

downregulated in Srg3
-/-

 mice. Moreover, the deletion of Srg3 caused 

defects at the transition from pre-pro B to early pro-B cells due to the 

failure in the expression of B lineage-specific genes including Ebf1 and 

its down stream target genes. Srg3-deficient CLPs also showed impaired 

expression of B lineage-specific genes. AA4.1 expression in CLPs and 

the generation of AA4.1
+
 pre-pro B cells were defective in Srg3

-/-
 mice, 

which indicate that Srg3 is required for the development of early B cell 

progenitors including pre-pro B cells and CLPs. I also found that 

SWI/SNF complex directly regulates Ebf1 expression.  These results 

collectively suggest that the SWI/SNF complex facilitates the early B cell 

development by regulating the expression of B lineage-specific genes. 

Second, I studied the function of microRNAs regulating 

hematopoiesis by controlling of SW/SNF complex. I found that 

expression of Brg1, a catalytic subunit of the SWI/SNF complex, is 

downregulated in the bone marrow, specifically in myeloid lineage cells 

compared to other immune tissues including thymus and spleen. In 

contrast to Brg1, miR-139 is highly expressed in the bone marrow. In 

addition, miR-139 expression is gradually increased during neutrophil 

differentiation. To uncover the function of miR-139 in hematopoiesis, I 

generated knockdown mice using specific miR-139 target (miR-139T) 

sequences complementary to the seed region of this miRNA. 

Reconstituted mice expressing miR-139T showed myeloproliferative 
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phenotypes both in the bone marrow and the periphery with the marked 

increase in Gr-1
+
Mac-1

+ 
(GM) mature granulocytes. Interestingly, mir-

139 expression was significantly reduced in the bone marrow and the 

peripheral blood cells obtained from chronic myeloid leukemia (CML) 

patients compared to normal healthy donors and patients suffered from 

other types of chronic myeloproliferative diseases such as CMPD-ET. In 

contrast, the expression of Brg1 was significantly upregulated in CML 

samples, which is inversely correlated with mir-139 expression. 

Moreover, ectopic expression of Brg1 in hematopoietic progenitors 

(HPCs) led to the increase in granulocytes. These data collectively 

indicate that proper regulation of the SWI/SNF complex is essential 

during hematopoiesis for lineage-restricted gene expressions. My results 

also strongly demonstrate that dysregulation of the SWI/SNF complex 

perturbs normal lineage differentiation and this defective hematopoiesis 

could lead the malignant disease such as a myeloproliferative disorder. 

Thus, my study will be helpful to understand the importance of the 

epigenetic regulation in hematopoiesis and additionally, the relationship 

between expression of the components of SWI/SNF complex and human 

diseases induced by the malignant hematopoiesis such as leukemia. 

Moreover, finding the specific target genes directly regulated by the 

SWI/SNF complex is necessary to further understand the role of 

chromatin remodeling in lineage-restricted manners. 
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I-1. ATP-dependent Chromatin remodeling complexes  

 

In eukaryotes, DNA is organized in higher-order chromatin structure 

imposed by nucleosome. The packaged chromatin structure impedes the 

initiation of transcription that is required for the recruitment of sequence-

specific transcription factors (Narlikar et al., 2002). The chromatin status 

which is accessible or inaccessible to the transcription machinery is very 

closely related to the gene expressions (Razin, 1998). Thus, the proper 

control of DNA accessibility by altering chromatin structure is an 

important step for regulating of spatiotemporal gene expressions. Two 

classes of complexes are involved in the conformational changes of 

chromatin. Histone modifying enzymes can change the nucleosome 

architecture by altering chemical moieties in the histone tails including 

acetylation, phosphorylation and methylation, which affect the interaction 

of histones with DNA (Kouzarides, 2007; Narlikar et al., 2002). ATP-

dependent remodeling complex is the other class of enzymes that regulate 

accessibility of the chromatin structure to DNA binding transcription 

factors. ATP-dependent chromatin remodeling complexes change the 

chromatin structure by using the energy from ATP hydrolysis.  

These complexes are divided into three classes based on the main 

catalytic subunit having ATPase activity, SWI2/SNF2, ISWI and Mi-2 

complex. The ATPase subunits of ISWI family are ISWI in drosophila, 

yeast ISW1p and ISW2p, and SNF2L and SNF2H in human (Goldmark et 

al., 2000). In drosophila, NURF (Sudarsanam and Winston), CHRAC 

(Chromatin accessibility complex) and ACF (ATP-utilizing chromatin 
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assembly and remodeling factor) are grouped into ISWI family (Ito et al., 

1997; Tsukiyama et al., 1995; Tsukiyama and Wu, 1995; Varga-Weisz et 

al., 1997). The hSNF2H subunit constitutes distinct complexes including 

RSF (Remodeling and spacing factor), hACF/WCRF (Williams syndrome 

transcription factor-related chromatin remodeling factor) and hCHRAC 

(Bochar et al., 2000a; LeRoy et al., 2000; LeRoy et al., 1998; Loyola et al., 

2003; Poot et al., 2000). Two distinct complexes using Isw1p and Isw2p 

are also characterized in yeast (Tsukiyama et al., 1999).  

The second class of chromatin remodeling complex, which belongs to 

Mi-2 family, is known as NURD (Nucleosome remodeling deacetylases) 

complex. The Mi-2/NURD complex has been implicated in gene silencing 

through facilitating with histone deacetylases (HDACs), and mammalian 

MBD3 (methyl-CpG-binding domain-containing protein) subunits (Tong 

et al., 1998; Xue et al., 1998). 

 The third class of chromatin remodeling complex is SWI2/SNF2 

family including ySWI/SNF, RSC in yeast, dSWI/SNF in drosophila, and 

the hSWI/SNF complexes in human. This complex contains a highly 

conserved subunit having ATPase activity, Swi2/Snf2, Sth1, Brm, hBRM, 

and BRG1, respectively (Laurent et al., 1993; Narlikar et al., 2002; 

Tamkun et al., 1992). The SWI/SNF complex is an evolutionarily 

conserved 2MDa multi-subunit chromatin remodeling complex containing 

of eight or more subunits (Sudarsanam and Winston, 2000). The 

SWI/SNF complex was first discovered in Saccharomyces cerevisiae. The 

mutants harboring mutation in Snf and Swi genes were defective in growth 

and mating type switching. Moreover, genetic analyses and biochemical 
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studies using S.cerevisiae uncovered that the SWI/SNF complex controls 

transcriptional activation or repression via direct regulation on chromatin 

structure or recruitment of sequence-specific transcriptional regulators 

(Winston and Carlson, 1992) (Taylor et al., 1991; Workman et al., 1991).  

Mammalian SWI/SNF complex harbors one of the two proteins, Brm 

(Brahma) or Brg1 (Brahma-related gene 1), as an ATPase subunit (Eisen 

et al., 1995).  Several BAFs (Brg1-associated factors) including BAF250, 

BAF170, BAF155, BAF60, BAF57, BAF53 and BAF47 are associated 

with these ATPase subunits. Biochemical studies have shown that Brg1, 

Baf155 (also known as Srg3), Baf170 and Baf47 (also known as Snf5) are 

sufficient to induce remodeling of nucleosome in vitro (Kadam et al., 

2000). Furthermore, a similar defect, peri-implantation lethality during 

embryogenesis, has been observed in mice having mutation in these core 

components (Bultman et al., 2000; Kim et al., 2001; Reyes et al., 1998). 

Therefore, these subunits are considered as the core subunits of the 

complex. There are two distinct subfamilies of SWI/SNF complexes, BAF 

(SWI/SNF-A) and PBAF (SWI/SNF-B) complex (Nie et al., 2000; Wang 

et al., 1996b; Xue et al., 2000). Whereas they share common subunits 

such as BAF47, BAF155 and BAF170, and have similar nucleosome 

remodeling activity in vitro, BAF and PBAF complex have unique 

subunits, either BAF250 (ARID1A) or BAF180, respectively. In addition, 

BAF complex can harbor either Brm or Brg1 as a catalytic subunit having 

ATPase activity, however, PBAF complex contains only Brg1 subunit.  
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I-2. SRG3 (Swi3-related gene), a scaffold subunit of SWI/SNF 

complex  

Srg3 was fist identified as a gene that is expressed highly in thymus, but 

low in spleen by subtractive hybridization and is a murine homolog of 

yeast swi3, moira in drosophila and BAF155 in human (Jeon et al., 1997). 

In previous studies have shown that BAF155 is essential for efficient 

catalytic remodeling activity of Brg1 in vitro (Kadam et al., 2000; Phelan 

et al., 1999). Srg3 and its homolog proteins interact directly with the core 

components of SWI/SNF complex(Chen and Archer, 2005; Sohn et al., 

2007; Treich and Carlson, 1997). Moreover, Srg3 and Baf155 control the 

stability of the SWI/SNF complex by protecting from proteosomal 

degradation and, thereby, serve as a scaffold protein (Chen and Archer, 

2005; Jung et al., 2012; Sohn et al., 2007).  

 

I-3. The function of SWI/SNF complex during hematopoiesis 

The SWI/SNF chromatin remodeling complex is required for regulation of 

gene expressions during thymocyte development. Sustained expression of 

dominant negative mutant of BAF57 (BAF57 N) in the high mobility 

group (HMG) domain of BAF57, a DNA binding subunit of the SWI/SNF 

complex, resulted in the derepression of CD4 and the inactivation of CD8 

in immature T cell subsets (Chi et al., 2002). In addition, reciprocal 

expression of CD4 and CD8 in a subset of DN cells was impaired in the 

absence of Brg1 (Chi et al., 2003; Gebuhr et al., 2003). The deletion of 

Brg1 also led to a reduction of the cell viability of DP cells. 
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Figure 1. ATP-dependent chromatin remodeling complexes 
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Interestingly, mice harboring point mutation in ATPase domain of Brg1, 

recapitulate multiple defects produced by Brg1 deletion, however, Brg1 

not only represses CD4 in DN3 stage cells but also activates the 

expression of during DN DP transition (Jani et al., 2008). These results 

implicate that the SWI/SNF complex can mediate the expressions of gene 

by physical binding in the certain regulatory regions, not by the use of 

ATPase activity.  

The SWI/SNF complex is also essential for vasculogenesis in the yolk 

sac during embryogenesis. Whereas overexpression of Srg3, a scaffold 

subunit of SWI/SNF complex, into a Srg3 null mice rescues the 

embryonic lethality at peri-implantation stage, vasculogenesis in the yolk 

sac was completely impaired (Han et al., 2008). Similarly, the genetic 

ablation of Brg1 using Tie2-Cre transgenic mice, which is expressed in 

developing hematopoietic and endothelial cells, causes a embryonic 

lethality due to the defects in vascular remodeling (Griffin et al., 2008) 

(Koni et al., 2001). ENU-induced Brg1 mutant mice, Brg1
null/ENU1

, showed 

an anemia and lethality at E.14.5 (Bultman et al., 2005). These mice are 

defective in the expression of fetal -globin genes, 
maj

 (Hbb-b1) and 
min

 

(Hbb-b2), although Y and H1 that are transcribed in yolk sac-derived 

primitive erythrocytes are normally expressed in mutant mice. Previous 

studies have shown that the SWI/SNF-related complexes are involved in 

the transcription of -globin gene cooperatively with erythroid Krüppel-

like factor (EKLF) at locus control region (LCR) of -globin (Armstrong 

et al., 1998; den Boer et al., 1998; Lee et al., 1999; O'Neill et al., 1999). 

Multi-subunit containing SWI/SNF-related complex, called E-RC1 and 
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PYR, consist many subunits of SWI/SNF complex BAF170, BAF47, 

BAF57. In contrast, four subunits of SWI/SNF complex (Brg1, BAF155, 

BAF53a and BAF47) were co-purified with HDAC as a repressor 

complex in nondifferentiated MEL cells at LCR of -globin gene (Brand 

et al., 2004), which indicate that the SWI/SNF complex could repress the 

transcription of -globin. Brg1 is also associated with nuclear co-repressor 

mSin3A and HDAC2 at P4.2 gene promoter and the Brg1 occupancy 

decreased during differentiation of MEL cells in association with 

increased P4.2 transcripts (Xu et al., 2006). Furthermore, ectopic 

expression of Brg1 to MEL cells results in the reduced transcription of 

P4.2 and -globin. In addition to these results, the SWI/SNF complex 

purified from jurkat cells cannot substitute for the function E-RC1 to 

transcriptional activation of EKLF-dependent -globin expression 

(Armstrong et al., 1998). Moreover, PYR complex that are required for 

activation of -globin and repression of -globin expression in fetal liver, 

does not contain Brg1 and BAF155 (O'Neill et al., 1999). These results 

indicate that the exact function of the SWI/SNF complex in the regulation 

of erythroid-specific genes during erythropoiesis has remained elusive. 

Several evidences have been raised that the SWI/SNF complex is also 

necessary for myeloid lineage development. The SWI/SNF complex 

functionally interacts with CCAAT/enhancer binding protein  (C/EBP ) 

and regulates the expression of myeloid-specific genes including mim-1 

cooperatively with c-Myb (Kowenz-Leutz and Leutz, 1999). Brg1, an 

ATPase subunit of the SWI/SNF complex, is recruited to the GM-CSF 

proximal promoter in an NF-kB-dependent manner in vitro (Holloway et 
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al., 2003). In addition, ectopic expression of dominant-negative form of 

Brg1 into 32Dcl3 myeloid cells results in a delay in the granulocyte-

colony stimulating factor (G-CSF) induced granulocytic maturation and 

reduces the expression of both CD11b and Gr-1 on the surface, which are 

normally increased during granulopoiesis (Vradii et al., 2006). Even 

though there are many evidences that the SWI/SNF complex controls a 

large number of genes in context-dependent manner and is essential for 

normal hematopoiesis, more in vivo studies are necessary to implicate the 

specific function of the SWI/SNF complex or components of this complex 

during lineage fate decision in hematopoiesis process. 

 

I-4. Development of early hematopoietic lineage cells in the bone 

marrow 

Hematopoiesis is hierachical stepwise process for cell fate decisions. All 

types of blood cells that consist more than ten distinct mature cells are 

originated from hematopoietic stem cells (HSCs) throughout whole life 

(Cedar and Bergman, 2008). These blood cells are largely categorized into 

three classes: lymphoid, myeloid and erythroid lineages (Yoshida et al., 

2010). The lymphoid lineage includes T, B, natural killer (NK) and 

natural killer T (NKT) cells. The myeloid lineage consists distinct subsets 

of granulocytes (neutrophils, eosinophils, and basophils), monocytes, 

macrophages, megakaryocytes and mast cells. Dendritic cells (DCs) are 

able to originated from lymphoid and myeloid lineage progenitors 

(Iwasaki and Akashi, 2007). HSCs having self-renewal capacity and 

pluripotency produce early lineage-restricted progenitors with gradually 
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restricted developmental potential. The first lineage decision step is the 

generation of multipotent progenitors (MPPs), which have lost self-

renewal capacity but still retain the potentials to differentiate into multi-

lineages (Morrison and Weissman, 1994). MPPs can further differentiate 

into lymphoid-primed multipotent progenitors (LMPPs) and common 

myeloid progenitors (CMPs) (Christensen and Weissman, 2001; Morrison 

and Weissman, 1994). LMPPs express high level of tyrosine kinase 

receptor Flt3 (Flk2) and retain the capacity of producing of lymphocytes 

and myeloid lineage cells. However, LMPPs have reduced potential to 

develop into erythroid and megakaryocytic lineages (Adolfsson et al., 

2005; Karsunky et al., 2008; Lai and Kondo, 2006; Serwold et al., 2009). 

In constrast, Weissman group reported that the LMPPs contain the 

potential to differentiate toward erythroid and megakaryocyte lineage, 

which demonstrate that the fractions of CMPs and CLPs are the major 

stages for myeloid and lymphoid lineage decision (Forsberg et al., 2006). 

CMPs are able to differentiate into granulocyte-monocyte progenitors 

(GMP) and megakaryocyte-erythrocyte progenitors (MEP) (Akashi et al., 

2000; Iwasaki and Akashi, 2007). The studies in mice carrying a GFP 

reporter gene knocked into the PU.1 gene locus have shown that CMPs 

contain two separate populations (Back et al., 2005; Nutt et al., 2005). 

Whereas PU.1-expressing CMPs have myeloid potential, PU.1-deficient 

CMPs are more potent to differentiate toward erythroid and 

megakaryocyte lineages, indicating that the expression of PU.1 

determines the fate decision of CMPs. Collectively, recent studies 
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strongly suggest that the MPPs differentiate through the CMPs and 

LMPPs to give rise to myeloid and lymphoid lineages. 

 

I-5. Myeloid and erythroid lineage differentiation 

The maturation progress of various blood cells from hematopoietic 

progenitors is associated with two stepwise processes, reduction of self-

renewal capacity and acquisition of potentials to differentiate toward 

specific lineage fate (Rosenbauer and Tenen, 2007). The development of 

myeloid lineage cells is controlled by exquisite genetic programs, which is 

orchestrated by a large numbers of sequence-specific transcription factors. 

Prominent among them are PU.1, CCAAT/enhancer proteins (in particular, 

C/EBP- , C/EBP-  and C/EBP- ), runt-related transcription factor 1 

(RUNX1; also known as AML-1), GATA-binding proteins (GATA-1 and 

GATA-2), growth-factor independent proteins (GFI-1 and GFI-1B) and 

Krüppel-like family of transcription factor 1 (KLF-1; also known as 

erythroid KLF, EKLF). Mice that are deficient of RUNX1 is embryonic 

lethal. However, conditional deletion of RUNX1 in hematopoietic 

lineages using Mx1-Cre transgenic mice system, results in the defects in 

CLP generation, T and B cell development, and megakaryocyte 

maturation (Ichikawa et al., 2004). Furthermore, these mice also show 

mild myeloproliferative disease phenotypes (Growney et al., 2005).  PU.1 

is an ETS family transcription factor that is essential for early myeloid 

development and actively inhibits erythroid development by antagonizing 

the activity of GATA-1 (Voso et al., 1994). 
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                Figure 2. The hierarchical process of hematopoiesis 
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 The deficiency of PU.1 impairs the generation of CMPs and CLPs from 

HSCs and perturbs the granulocyte maturation (Dakic et al., 2005; 

Iwasaki et al., 2005; Scott et al., 1997). The presence of PU.1 binding 

motifs in the regulatory elements of almost myeloid-restricted genes 

emphasizes the important function of PU.1 as a master regulatory 

transcription factor in myeloid lineage differentiation (Tenen et al., 1997). 

C/EBP-  is a key regulator for generation of GMPs from CMPs. C/EBP-  

is a basic leucine zipper transcription factor and is expressed highly in 

granulocyte and GMPs (Akashi et al., 2000; Radomska et al., 1998). The 

genetic ablation of C/EBP-  results in normal numbers of CMPs but lack 

of GMPs and mature granulocytes. However, C/EBP- -deficient GMPs 

have potentials to differentiate to mature granulocytes in vitro, indicating 

that C/EBP-  is required for the generation of GMPs (Zhang et al., 1997; 

Zhang et al., 2004). After GMPs are generated from CMPs, GFI-1, a 

transcriptional repressor having zinc-finger domain, is required for further 

maturation programs of granulocytes. Gfi1
-/-

 mice show the defects in 

generation of lymphoid progenitors and terminally differentiated 

granulocytes, similarly to the phenotypes of C/EBP-
-/-

 mice (Hock et al., 

2003). However, in contrast to C/EBP-  mutant mice, myeloid 

progenitors including GMPs normally develop in Gfi1
-/-

 mice. 

GATA-1 and KLF-1 are key regulators that are associated with the 

differentiation programs of erythrocytes and megakaryocytes. GATA-1
-/-

 

mice show the embryo lethality due to the severe anemia (Fujiwara et al., 

1996; Pevny et al., 1991; Weiss et al., 1994). One of the target genes 

regulated by GATA-1 is FOG-1 and, moreover, GATA-1 interacts with 
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FOG-1 to activate or repress of target genes, such as -globin, gata-2, 

Myc, and kit (Crispino et al., 1999; Munugalavadla et al., 2005; Rylski et 

al., 2003; Welch et al., 2004). The binding of FOG-1 with GATA-1 

facilitates the rearrangement of chromatin loop structure between a distal 

enhancer element and promoter region (Jing et al., 2008; Vakoc et al., 

2005). FOG-1 also interacts with the chromatin remodeling regulator 

NuRD complex mediating transcriptional repression via HDAC 

recruitment and the axis of FOG-1/GATA-1/NuRD formation is essential 

for transcriptional regulation of erythroid and megakaryocytic lineage-

restricted genes (Hong et al., 2005; Miccio et al., 2010). In erythroid cells, 

Klf1 is directly regulated by GATA-1 and is required for the transcription 

of -globin gene (Crossley et al., 1994; Donze et al., 1995). Mice 

reconstituted with KLF1-/- fetal liver cells have shown that 

megakaryocytic progenitors and circulating platelets are increased and 

mice harboring point mutation in DNA binding motif of KLF1 show a 

severe anemia but marked increase in platelets (Siatecka et al., 2010; 

Tallack and Perkins, 2010). KLF1 also has a pivotal role in MEPs for 

decision fate to differentiate toward erythroid versus megakaryocytic 

lineage. KLF1 directly represses FLI-1, an essential transcription factor 

for megakaryocyte development, and inhibits FLI-1-mediated 

transcription of megakaryocytic-restricted genes (Frontelo et al., 2007).  

In addition, conditional deletion of Fli-1 in hematopoietic lineages results 

in increased erythrocytes from MEPs, which again suggest the mutual 

antagonistic actions between EKLF and FLI-1 (Starck et al., 2010). 
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In general, the expression of lineage-restricted these transcription factors 

described above is associated with lineage fate choice and a sequential 

expression of lineage-restricted transcription factors is required for the 

differentiation of specific lineages from HSCs. For instance, C/EBP-  and 

PU.1 are highly expressed in myeloid progenitors and mature granulocyte, 

whereas GATA-1 is specifically expressed in erythroid/ megakaryocytic 

progenitors. Additionally, the context-dependent combinatory actions 

with positive and antagonistic roles of the major transcriptional regulators, 

such as GATA-1 and PU.1 for erythroid/ megakaryocytic versus myeloid 

lineages and KLF1 and FLI-1 for erythroid versus megakaryocytic lineage 

choice, provide an efficient and important means for lineage fate decisions. 

 

I-6. B cell development in the bone marrow and the periphery 

Blood cells comprising the three major hematopoietic lineages – erythroid, 

myeloid and lymphoid – originate from pluripotent hematopoietic stem 

cells (HSCs) in fetal liver and bone marrow after birth (Hardy and 

Hayakawa, 2001). HSCs differentiate to multipotent progenitors (MPPs) 

that have lost the activity for self-renewal but retain the potential of multi-

lineage differentiation, which give rise to lymphoid-primed multipotent 

progenitors (LMPPs) (Adolfsson et al., 2001). LMPP populations express 

high levels of tyrosine kinase receptor Flt3 (Flk2) and have little potential 

for erythro-megakaryocyte differentiation (Adolfsson et al., 2005). 

LMPPs are followed by early lymphoid progenitors (ELPs), which are 

more restricted to lymphoid lineage, express recombination-activating 

gene (Rag1 and Rag2) and terminal deoxynucleotidyltransferase (TdT) 
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and are precursors to early T lineage progenitors (ETPs) (Bhandoola et al., 

2007). ELPs yield common lymphoid progenitors (CLPs), which are the 

precursors of B lymphocytes, natural killer (NK) cells, dendritic cells 

(DCs) and T lymphocytes (Kondo et al., 1997). After the CLP stage, B 

lineage differentiation progresses to pre-pro-B (Fr. A) cells by the 

upregulation of CD45R/B220 expression on the surface, but not yet CD19, 

CD24 and BP-1 (Hardy et al., 1991; Li et al., 1996). Pre-pro-B cells give 

rise to early-pro-B (Fr. B) cells, expressing CD19 and having complete 

DH-JH rearrangement at the immunoglobulin heavy (IgH) chain locus, 

which are considered to be finally committed B lineage cells. Late-pro-B 

(Fr. C) cells expressing pre-B cell receptors (pre-BCRs) on the surface, 

which is a critical checkpoint for the progression from pro-B cells to pre-

B cells, follow early-pro-B cells (Allman et al., 1999). Proper signaling 

from the pre-BCR is required for the allelic exclusion of the IgH chain 

and the initiation of immunoglobulin light (IgL) chain rearrangement in 

pre-B cells, eventually resulting in the expression of the BCR (Herzog et 

al., 2009). Successful expression of BCR on the surface is essential for the 

differentiation of IgM
+
 immature B cells capable of recognizing diverse 

antigens. 

B cell specification is controlled by cell intrinsic transcription factors, 

such as PU.1, E2A, Ikaros, paired box protein 5 (Pax5) and early B cell 

factor (EBF) and various cytokines produced from the local 

microenvironment including interleukin 7 (IL-7). B cell generation is 

compromised in IL-7R -deficient mice, which shows a decrease of CLP 

numbers and impairment in its ability to differentiate into early pro-B cell 
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stage, even though it is not clear whether IL-7 signaling is absolutely 

required for the generation of these cells (Dias et al., 2005; Kikuchi et al., 

2005). Mice with mutations in Sfpi1 (the gene encoding PU.1), which is 

expressed early in MPP and LMPP stages, die during embryogenesis or 

immediately after birth and show defects in the expression of Flt3/Flk2 

and IL-7R  (DeKoter et al., 2002; Scott et al., 1994). Conditional 

inactivation of PU.1 results in a perturbed pan-hematopoiesis and 

impaired generation of CLP populations (Dakic et al., 2005; Polli et al., 

2005), indicating that PU.1 is required for the generation of B lineage 

progenitors and B cell commitment. Ikaros is a family of zinc finger 

transcription factor that is essential for B lymphopoiesis (Georgopoulos et 

al., 1994). Ikaros
-/-

 mice produce significantly fewer lymphocytes 

including B, T, NK and DC cells (Wang et al., 1996a) and the transition 

from pro-B to pre-B is blocked through B cell development due to a 

reduced expression of Il-7ra and Rag1 in hypomorphic Ikaros
LacZ 

mice 

(Kirstetter et al., 2002). E2A and EBF (encoded by Ebf1) act together as 

critical transcription factors to generate early pro-B cells from CLPs 

during B cell differentiation. E2A
-/-

 mice display significantly lower 

numbers of LMPPs and CLPs and show defects in the transition from pre-

pro-B (Fr. A) to early pro-B cells (Fr. B) (Bain et al., 1997; Lin and 

Grosschedl, 1995). B cell development in EBF-deficient mice is largely 

arrested at the pre-pro-B stage (Lin and Grosschedl, 1995), similar to 

E2A
-/-

 mice. These mice fail to express the B cell lineage-specific genes 

including Rag1, Rag2, Ig  (Cd79a, mb-1), Ig  (Cd79b, B29), 5 (Igll1), 

and VpreB1 (Vpreb1) and do not initiate IgH recombination (Lin and 
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Grosschedl, 1995; Nutt and Kee, 2007). E2A and EBF also induce Pax5, a 

transcriptional regulator that is required for B cell commitment and 

maintenance but not B lineage specification.  In addition, ectopic 

expression of Ebf1 in HSCs from E2A
-/-

, pre-pro-B cells or CLPs from 

Il7r
-/-

 and HSCs from PU.1
-/-

 mice rescues B cell development in vitro 

(Dias et al., 2005; Kikuchi et al., 2005; Lin and Grosschedl, 1995; Seet et 

al., 2004; Vignali et al., 2000). 

 

I-7. The biogenesis of microRNA 

The proper regulation of gene expression is essential for survival, 

development and rapid biological responses to environmental conditions. 

The sequence-specific transcription factors and chromatin remodeling 

complex including histone modifying enzyme and ATP-dependent 

chromatin remodeling protein have been regarded as key player to control 

efficiently the timing and level of expression of various genes. 

Interestingly, Victor Ambros and colleages discovered lin-4, which has 

been known to control the timing of development in C. elegans produces a 

pair of small RNAs (Lee et al., 1993). The lin-4 RNAs matched to 3’UTR 

regions of lin-14 transcripts and mediated the translational repression. The 

short-length RNAs including lin-4 are now recognized as the family of 

tiny regulatory RNAs and are called microRNAs (Lagos-Quintana et al., 

2001; Lee and Ambros, 2001). The microRNAs are approximately 19-22 

nt in length that regulate the expression of their target genes through 

binding to complementary “seed” sequences of 3’ UTR of target mRNAs 

(Bartel, 2009). The microRNAs are transcribed by RNA polymerase II 
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( pol II) and primary transcripts of miRNAs, 5’-end capping and 3’-end 

polyadenylation, is just like as the signatures of transcripts produced by 

pol II (Lee et al., 2004). The maturation miRNAs is stepwise manner and 

the details of process are well established. At first, pri-miRNAs, which 

contain a stem-loop structure about ~60-70 nt in length, are transcribed 

and cleaved by Drosha RNase III endonuclease, which result in the 5’ 

phosphate and 2 nt 3’ overhang of the pre-microRNAs (Basyuk et al., 

2003; Lee et al., 2003). This stem-loop shaped intermediate that is 

referred to as pre-miRNAs is actively transported from the nucleus to the 

cytoplasm by Ran-GTP and the Exportin-5 (Lund et al., 2004; Yi et al., 

2003). The further cleavage process is mediated by another RNase III 

endonuclease Dicer that forms a complex with double-strand RNA 

binding proteins, TRBP and PACT in cytoplasm, yielding the RNA 

duplex of ~22nt mature miRNAs (Bernstein et al., 2001; Chendrimada et 

al., 2005; Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001; 

Lee et al., 2003; Lee et al., 2006). This mature miRNAs are incorporated 

into the RNA-induced silencing complex (Abulencia et al.) to mediate 

mRNA translational repression (Khvorova et al., 2003). The 

miRNA/RISC complex binds to 3’ UTR of the complementary target 

mRNAs, but usually not completely complementary sequences (Lai, 

2002). 
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                 Figure 3. Biogenesis of microRNAs. 
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The binding of miRNA/RISC complex results in the steric hindrance of 

the translational machinery and consequently induces the translational 

repression, and in case of incomplete binding of miRNAs with target 

mRNAs, the transcripts are degraded through RNA silencing process 

(Engels and Hutvagner, 2006; Valencia-Sanchez et al., 2006).  

 

I-8. The function of microRNA during hematopoiesis 

The pluripotent hematopoietic stem cells (HSCs) give rise to specialized 

immune cells in fetal liver and bone marrow after birth (Hardy and 

Hayakawa, 2001; Kondo et al., 2001). These immune cells are classified 

into the three major classes including erythroid, myeloid and lymphoid 

lineage cells. HSCs have self-renewal activity and are capable to 

differentiate to hematopoietic progenitors that are restricted to several or 

single lineages in hierarchical manners (Orkin and Zon, 2008). Several 

studies have shown that the process of hematopoiesis from HSCs is finely 

regulated by lineage-specific transcription factors including C/ebp-  in 

myeloid and GATA-1 in erythroid lineage. Recent studies uncovered that 

a family of small RNAs, especially microRNAs, are essential in 

development and responses of the immune system. Dicer deficient 

embryonic stem cells (ESCs) are defective in differentiation, even though 

these cells are viable (Kanellopoulou et al., 2005). The conditional 

deletion of Argonaute 2 (Ago2), a key component of RISC complex, in 

hematopoietic lineages using Mx1-cre transgenic mice results in the 

defects in development of B and erythroid lineage cells (O'Carroll et al., 

2007).  Deletion of dicer in T cells using lck-cre or CD4-cre transgenic 
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mice leads fewer T lymphocyte in the thymus and periphery (Cobb et al., 

2005; Muljo et al., 2005). In addition, the transition from pro-B to pre-B 

cells is blocked in dicer conditional knockout mice using mb1-cre 

transgenic mice and dicer-deficient B cells are defective in survival and 

antibody production (Koralov et al., 2008). In addition to these overall 

discoveries indicating the importance of miRNA during hematopoiesis, 

many miRNAs expressed in specific lineage cells are identified and the 

advances in the knowledge of the role of specific miRNA have been 

acquired with systemic approaches of gain- and loss- of-function.   

 

miR-155 

The miR-155 is processed from a primary transcript, non-coding RNAs 

called ‘BIC’ (Tam et al., 1997). The expression of BIC and mature miR-

155 is induced in B and T cells upon activation and in the condition of 

inflammation (Haasch et al., 2002; O'Connell et al., 2007; Yin et al., 

2008). Two studies of genetic ablation of miR-155 have shown that this 

miRNA is required for germinal center (GC) development and helper T 

cell differentiation (Rodriguez et al., 2007; Thai et al., 2007).  Whereas 

mice carrying a null mutation of miR-155 are normal in immune cells 

development in steady-state conditions, the generation of GC is defective 

after immunization. Furthermore, the expression of AID, an essential 

enzyme that mediates class-switch recombination (CSR) and somatic 

hypermutation (Abulencia et al.), is directly regulated by miR-155 

(Dorsett et al., 2008; Teng et al., 2008; Vigorito et al., 2007). AID was 

increased at protein levels in both miR-155
-/-

 and knockin mice 
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(AID
155mut

) harboring a mutation in the 3’ UTR of miR-155 binding 

sequences in the AID gene. Notably, even though SHM was not affected 

in both miR-155
-/-

 and AID
155mut

, CSR was increased in AID
155mut

 mice 

and normal or reduced in miR-155
-/-

 mice, which indicate that there might 

be more target genes other than AID regulated by miR-155 (Thai et al., 

2007; Dorsett et al., 2008; Teng et al., 2008). In addition, sustained 

expression of miR-155 on hematopoietic progenitor cells using retrovirus-

mediated gene transduction system caused a myeloproliferative disorder 

(O'Connell et al., 2008). These results collectively demonstrate that miR-

155 is tightly regulated in the context of different hematopoietic lineage 

cells.  

 

miR-150 

The miR-150 is highly expressed in mature B and T cells, but not in 

progenitors(Monticelli et al., 2005; Xiao et al., 2007). Ectopic expression 

of miR-150 on HSCs resulted in the blockade at the transition from pro-B 

to pre-B cells (Zhou et al., 2007). Although miR-150
-/-

 mice are 

morphological normal and the development of T and B cells is also 

normal, the subset of B1 B cells which are involved in natural defense 

against pathogens is increased in the spleen and peritoneal cavity, 

accompanied by fewer conventional B2 B cells (Xiao et al., 2007). 

Moreover, humoral immune response was increased in miR-150
-/-

 mice 

compared to control mice. In the differentiation process of megakaryocyte 

versus erythrocyte lineage commitment, ectopic expression of miR-150 on 

human CD34
+
 HSCs skewed in favor of the megakaryocyte lineage(Lu et 
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al., 2008). Mir-150 directly regulates the expression of c-myb, an essential 

transcription factors for normal lymphocyte development (Xiao et al., 

2007). The deficiency of c-myb produces more megakaryocyte 

populations and leads the defect at the transition from pro-B to pre-B cells, 

which resembles the phenotype of transgenic mice expressing miR-150 

constituvely (Xiao et al., 2007).  

 

miR-181a 

Recent studies have shown that miR-181a is essential for T cell 

development and function (Li et al., 2007). The role of miR-181a is to 

control the multiple phosphatases that regulate negatively TCR strength, 

including SHP-2, PTPN22, DUSP5 and DUSP6. Constitutive expression 

of miR-181a augments the strength of TCR signaling, and inversely, 

knockdown of miR-181a leads to the inhibition of positive and negative 

selection due the lower TCR signaling strength.  These results indicate 

that miR-181a controls the maturation of thymocyte by regulating the 

TCR strength. 

 

miR-223 

The first evidence of the function of miR-223 was the expression pattern. 

This miRNA is expressed highly in myeloid lineage cells, exceptionally in 

granulocyte (Bartel and Chen, 2004; Fazi et al., 2007; Johnnidis et al., 

2008). The transcription factor C/EBP  (CCAAT/ enhancer-binding 

proteins family) activates the expression of miR-223, whereas nuclear 

factor 1A (NFI-A) regulates the miR-223 transcription negatively though 
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the promoter regions of miR-223. Initial in vitro studies using knockdown 

of miR-223 by locked nucleic acid (Georgopoulos et al.) oligonucleotides 

complementary to miR-223 showed that granulocyte differentiation was 

abrogated in leukemic blast cell lines (Fazi et al., 2007; Fazi et al., 2005). 

However, unexpectedly, miR-223-deficient mice showed that the numbers 

of granulocytes were increased and these granulcotyes are 

morphologically hypermature (Johnnidis et al., 2008). Mef2C is one of the 

target genes that are directly regulated by miR-223. These results 

collectively indicate that the proper regulation of miR-223 is required for 

normal development and function of the granulocyte.   

 

 

miR-144/miR-451 family 

Expression of miR-144/451 gradually increases during erythropoiesis and 

GATA-1, a key transcription factor for differentiation toward erythroid 

lineage, directly regulates the transcription of these miRNAs (Dore et al., 

2008; Masaki et al., 2007). Overexpression of miR-451 in 

erythroleukemia cell lines results in the differentiation of erythroid 

differentiation (Bruchova-Votavova et al.). Similarly, ectopic expression 

of miR-451, but not miR-144, in miR- 144/451 mutant zebrafish rescues 

proper erythropoiesis (Dore et al., 2008; Pase et al., 2009). The mice 

having deletion of miR-144/451 locus or miR-451 only by Mitchell 

Weiss’ group and Eric Olson’s group respectively, exhibit a mild anemia 

(Patrick et al., 2010; Rasmussen et al., 2010). Whereas the miR-451
/

 

mice had a terminal maturation defect, the miR-144/451
/

 mice showed a 
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defect in reticulocytosis. Even though the exact reason for this 

discrepancy between two mice is unclear, both groups have shown that 

miR-144/ 451 is required for regulating of stress-erythropoiesis, just only 

a minor role during steady-state erythropoiesis. In addition, many genes 

including chaperone proteins14-3-3  are regulated by these miRNAs 

during erythropoiesis. Another microRNAs that required for 

erythropoiesis are miR-221 and miR-222. The expression of miR- 221 and 

miR-222 was downregulated during erythropoiesis, thus relieving the 

repression of c-Kit (Felli et al., 2005). These results collectively indicate 

the important functions of microRNAs as a regulator of erythropoiesis.  
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Figure 4. The role of miRNAs in hematopoiesis. 
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Mice.  Targeting constructs and strategy for the generation of conditional 

Srg3/mBAF155 knockout mice are described in Fig. 4. Mice with loxP 

sites flanking exon 4 of Srg3 (Srg3
fl
) were backcrossed onto C57BL/6 

mice for at least 8 generations and were crossed with Mx1-Cre mice for 

deletion of Srg3 at various stages of the hematopoietic lineage. Mx1-Cre 

mice were purchased from Jackson Laboratories. All mice were bred and 

maintained in specific pathogen-free barrier facilities at Seoul National 

University and were used according to protocols approved by Institutional 

Animal Care and Use Committees (IACUC) of Seoul National University.  

 

Cell culture.  HeLa, 293T and Phoenix cells were cultured in DMEM 

supplemented with 10% FBS(WelGENE), 100U/ml streptomycin and 

penicillin. NIH3T3 cell line was maintained in DMEM containing 10% 

BCS(HyClone). Murine bone marrow stromal cell line S17 (kindly 

provided by Dr. Kenneth Dorshkind, UCLA) was grown in -Minimal 

Essential Medium (MEM, WelGENE) supplemented with 5% FBS. 

 

Administration of poly(I): poly(C). For the deletion of Srg3, 6- to 8-

week-old control (Srg3
fl/fl

 or Srg3
fl/+

) and Srg3
fl/fl

 mice crossed with Mx1-

Cre mice were injected with 250 g of pIpC (GE Healthcare) three to four 

times every other day via intraperitoneal injection. Deletion efficiency 

was determined by PCR or Western blot analysis.  

 

DNA constructs. For sequence-specific knockdown of Srg3 and Brg1, 

target sequences (Srg3, 5’-CATCCTGGTTTGATTATAA-3’; Brg1, 5’-
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CCGTCAAGGTGAAGATCAA-3’) were cloned into MDH1-PGK-

GFP2.0 (kindly provided by Dr. Chang-Zhen Cheng, Stanford University) 

or MSCV-LTRmiR30-PIG (LMP, Open Biosystems) retroviral vectors. 

The FLAG-tagged BAF57 N mutant and Myc-tagged Srg3 were cloned 

into pMIG vectors (kindly provided by Dr. Warren S. Pear, University of 

Pennsylvania). The FLAG-tagged Brg1 was cloned into pMIG vectors 

(kindly provided by Dr. Warren S. Pear, University of Pennsylvania). For 

expression of miR-139, murine miR-139 hairpin sequences and ~100nt of 

5’ and 3’ flanking regions were amplified from genomic locus by PCR. 

The sequences of the primer pairs are as follows: 5’-

GGGGACCAGCTATGGTAAGGGATGA-3’ (forward) and 5’-

CTTTCTTTTGCCCACCATGCCCT-3’ (reverse). This amplicon was 

cloned into pGEM-T easy vector (Promega) and subsequently transferred 

into the pcDNA3.0 vector (Promega). For luciferase reporter assay, the 

fragments of Brg1 3’UTR containing the miR-139 binding sequences was 

amplified by PCR using the primers of 5’-

TCAGGAAGTGGCAGTGAGGAAGACTG-3’ (forward) and 5’-

TCTGGTGCTACCCATCACTGCTAAGG-3’ (reverse). It was cloned 

into the pGL3_CMV vector at XbaI site.  

 

Flow cytometry and cell sorting. Single-cell suspensions were prepared 

from the bone marrow (femur and tibia), spleen, lymph node and thymus 

by passing through a cell strainer to get rid of cell debris. To deplete the 

red blood cells, an equal volume of ACK RBC lysis buffer (155 mM 

NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA) was added to the cells, and 
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then incubated on ice for 5 mins. Then up to 10ml of PBS plus 0.1% FBS 

was added to stop the lysis reaction. Cells were counted and 1 ~ 3 X 10
6
 

cells were used for antibody staining. Then cells were stained with 

monoclonal antibodies in various combinations in 1X PBS containing 1% 

heat-inactivated FBS. Biotinylated antibodies were revealed by PerCP- or 

APC-conjugated streptavidin (BD Biosciences). Intracelluar staining was 

performed according to the manufacturer’s protocols (BD Bioscience). 

Flow cytometry analyses were performed using FACSCanto II (BD 

Bioscience) and FACSAria II (BD Biosciences) was used for cell sorting. 

Data were analyzed using FlowJo software. The antibodies used are as 

follows: Biotin-conjugated mouse lineage (Lin) panel that contains anti-

B220 (RA3-6B2), -CD3  (145-2C11), -Gr-1 (RB6-8C5), -CD11b (Mac1, 

M1/70), -Ter-119 antibodies; CD34 (RAM34)-PE ; CD117 (c-Kit, 2B8)-

PE and PE-Cy7; CD127 (IL-7R , SB/199)-PE; B220 (RA36B2)-APC; 

CD43 (S7)-PE; IgM (R6-60.2 or II/41)-PE-Cy7 and –biotin; CD19 (1D3)-

APC-Cy7; CD4 (GK1.5)-PE; CD8 (53-6.7)-FITC –biotin and –PE; CD3 

(145-2C11)-PE; TCR  (H57-597)-APC; Mac-1 (CD11b, M1/70)-PE; 

CD71 (C2)-PE; CD24 (M1/69)-biotin; BP-1 (6C3)-biotin (all from BD 

Bioscience).  The following antibody conjugates were purchased from e-

Biosciences: CD16/32 (Fc RII/III)-PeCy7; Sca-1 (Ly-6A/E, D7)-APC 

and –PE-Cy5.5; Mac-1 (CD11b, M1/70)-APC Alexa Fluor® 750; c-Kit 

(CD117, 2B8)-APC Alexa Fluor® 750; CD44 (IM7)-biotin; CD25 

(PC61.5)-APC; CD34 (RAM34)-APC. B220 (RA3-6B2)-FITC and IgD 

(11-26)-PE were purchased from Invitrogen and Southern Biotech, 

respectively. 
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Quantitative RT-PCR and northern blot analysis. Total
 
RNA was 

purified from cells with TRIzol
®

 reagent according to the manufacturer's 

instructions (Invitrogen). Equivalent quantities of total RNA was reverse 

transcribed with SuperScript III (Invitrogen) and diluted cDNAs were 

analyzed by semi-quantitative PCR. PCR products were separated on 

agarose gels and visualized by ethidium bromide. SYBR Green PCR mix 

(Applied Biosystem) or Tagman Master mix (Applied Biosystem) was 

used for quantitative real-time PCR analysis (primer sequences are 

available upon request) and the results were quantified with StepOnePlus 

(Applied Biosystem). For northern blot, total 20ug RNA was resolved on 

15% urea-polyacrylamide gel and transferred to a membrane (Zetaprobe-

GT, Bio-Rad). Antisense oligonucleotides complementary to miR-139 

were end-labeled using T4 polynucleotide kinase (Takatra) and used as 

probe to detect miR-139 expression. The sequences of the primer are as 

follows; 5-AGACACGTGCACTGTAGA-3’. BAS Image Analysis 

System (Fujifilm) was used for detection of miRNA expression. 

 

Western blot analysis. Whole cell lysates were separated by SDS-PAGE 

and transferred to Immobilon-P membrane (Millipore). Blotted proteins 

were detected using antibodies to SRG3, BRG1, -Actin (AC-15, Sigma), 

or FLAG epitope (M2, Sigma) in TBST (150 mM NaCl, 10 mM Tris-Cl, 

pH 8.0, 0.5% Tween-20) containing 5% low-fat milk. Antisera against
 

SRG3 and BRG1 were raised from rabbits in our laboratory. 
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Southern blot analysis. Genomic DNA preparation and southern blotting 

was done mainly as described (Fuxa et al., 2004). Briefly, DNA was 

purified from B220
+
CD43

+
IgM

-
 pro-B cells obtained from pIpC-treated 

control and Mx1-Srg3
fl/fl

 mice by phenol-chloroform extraction and was 

resuspended in TE buffer (10 mM Tris, pH 8, and 1 mM EDTA). PCR 

analyses of immunoglobulin genes were performed with published 

primers. The PCR product of HSS3 was used as a loading control. DNA 

products amplified by PCR were separated on 1% agarose gels by 

electrophoresis and transferred to Hybond-N membranes (Amersham).  

Southern blotting was analyzed with 
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P-labeled oligonucleotide probes.  

 

Chromatin immunoprecipitation assay (ChIP). For the ChIP assay, a 

solution of 37% (vol/vol) formaldehyde was added to the culture medium 

of PD36 cell line or primary pro-B cells to a final concentration of 1%, 

and cells were incubated for 10 min with rocking at 37°C, followed by 

washing twice with ice cold PBS. Then, cells were lysed for 10 min with 

SDS lysis buffer. The samples were sonicated to an average length of 100-

500 base pairs and the sonicated cell supernatants were diluted 10-folds in 

dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM 

Tris-HCl (pH 8.1), and Protease Inhibitor cocktail (Roche)). Afterward, to 

reduce nonspecific background, lysates were precleared for 1 hr with 

salmon-sperm DNA/Protein-A agarose (50% slurry), followed by 

incubation overnight at 4°C with isotype-control anti-rabbit IgG (Upstate), 

anti-Brg1, anti-Srg3 or anti-H3K9
me3 

(Upstate). The beads were washed 

sequentially once with a low salt buffer (0.1% SDS, 1% Triton X-100, 2 
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mM EDTA, 20 mM Tris-HCl (pH 8.1), 150 mM NaCl), a high salt buffer 

(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), 

500 mM NaCl), LiCl washing buffer (0.25 M LiCl, 1% Nonidet P-40, 1 % 

deoxycholate, 1 mM EDTA, 10 mM Tris-HCl (pH 8.1)) and twice with 

TE buffer. Crosslinked chromatin-histone complexes were eluted with 

elution buffer (1% SDS, 0.1 M NaHCO3). After washing and elution steps, 

crosslinking was reversed by heating at 65°C for 4 hr, followed by 

proteinase K treatment for an additional 1 hr. DNA was purified with a 

QIAquick Spin kit (Qiagne, CA) and eluted DNA was analyzed by PCR 

with primers within the Ebf1 or Il7ra promoter regions. The sequences of 

the primer pairs are as follows: Ebf1 promoter regions, P1, 5’- 

TCAGACTAGCTCAGAATCTCCCATA-3’, P2, 5’- 

ATCAGTAGGTTTTGCCTCTTGC-3’, P3, 5’- 

CTACAGCAACCAGCGTCCTC-3’, P4, 5’- 

GGGCTGGAGTTTCCTTTTGT-3; Il7ra promoter regions, P1, 5’-

CCACCTTGCTCAAAAGTAAGC-3’, P2, 5’-

GAAGCACGCTTGTATGTGC-3’; GAPDH intron regions, sense, 5’- 

TTACTTTCGCGCCCTGAG-3’, antisense, 5’- 

GCGGTTCATTCATTTCCTTC-3’. 

 

In vitro B cell differentiation assay pro-B cell culture. The murine OP9 

stromal cells were maintained in -MEM supplemented with 5% FBS. 

For in vitro culture, HSCs or pro-B cells were isolated from pIpC-treated 

control and Mx1-Srg3
fl/fl

 mice by FACSAria II (BD Biosciences, National 

Center for Inter-university Research Facility at Seoul National University) 
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at day 5 or 10 days after the final induction and co-cultured (BD 

Biosciences) with -irradiated (30 Gy) OP9 cells in RPMI supplemented 

with 10% FBS and cytokines; SCF (25 ng/ml; Peprotech), Flk2/Flt3 

ligand (10 ng/ml; Peprotech) and IL-7 (20 ng/ml; Peprotech) for the 

culture of LSKs and IL-7 (20 ng/ml; Peprotech) only for the culture of 

pro-B cells, respectively. After 3~6 days of culture, both suspended and 

adherent cells were harvested, stained with lineage markers including Gr-

1, B220 and CD19, and analyzed by FACSCanto II (BD Biosciences).  

 

Luciferase Reporter Assays. For reporter assay, firefly luciferase 

reporter plasmids were transfected into HeLa cells. The luciferase 

activities in the whole cell lysates were measured using luciferase kit 

(Promega) according to the manufacturer’s instruction. A -gal expression 

vector was co-transfected and -gal activities were used to normalize the 

luciferase values. 

 

S17 co-culture and in vitro neutrophil differentiation. To evaluate 

myeloid lineage differentiation in vitro, Lin
-
 c-Kit+ hematopoietic 

progenitor cells were isolated from the bone marrow of normal C57BL/C 

mice by flow cytometry and then co-cultured with -irradiated (3,000 

rads) S17murine stromal cells in complete RPMI medium containing 10% 

FBS, stem cell factor (50 ng/ml), IL-3 (10 ng/ml), IL-6 (20ng/ml) and IL-

7 (5 ng/ml). The culture media was changed every five days. After 10 

days of culture, both suspended and adherent cells were harvested, and 

analyzed 
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the lineage profiles using flow cytometry. Flow cytometry analyses were 

performed using FACSCanto II (BD Bioscience) and FACSAria II (BD 

Biosciences) was used for cell sorting. To differentiate into neutrophil in 

vitro in the absence of S17 stromal cells, purified HPCs were cultured in 

complete RPMI medium containing 10% FBS, stem cell factor (50 ng/ml), 

G-CSF (100 ng/ml). All cytokines used in these assay were purchased 

from Peprotech. 

 

Retroviral infection and bone marrow reconstitution. The preparation 

of hematopoietic progenitors-enriched cells (HPCs) from the bone 

marrow and the bone marrow transplantation were done mainly as 

described (Choi et al., 2012). Briefly, the bone marrow cells were flushed 

out of femurs and tibias after intraperitoneal injection with 5ug 5-

fluorouracil (5-FU) for 5 days. Red blood cells were removed using ACK 

lysis buffer (0.15 M NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA). Then, 

the cells were cultured overnight in -MEM (15% FBS, 100 U/ml 

penicillin, 100 U/ml streptomycin, 50 μg/ml -mercaptoethanol, 1% non-

essential amino acid (GIBCO) and 1% sodium pyruvate (GIBCO)) 

containing 5 ng/ml IL-3, 10 ng/ml IL-6, 100 ng/ml SCF and 50 ng/ml Flt3 

ligand (all from Peprotech) before the initial retroviral infection. To 

generate retroviruses for infection into HPCs, the packaging Phoenix-eco 

cells were transfected with vectors expressing empty, miR-139T or Flag-

Brg1 using a standard calcium phosphate protocol. After 48 hr, the viral 

supernatants were harvested and used to spin-infect HPCs for 1.5 hr at 

2,500 RPM and 30°C in the presence of 8 μg/ml polybrene. This 
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procedure was repeated three times, followed by the injection of 1~2 X 

10
6
 infected cells via the tail vein into each recipient that is lethally -

irradiated at 1100 rads at 2 hr intervals (
137

Cs; GC 3000 Elan, MDS 

Nordion). 

 

Morphological analysis. Bone marrow smears were prepared from the 

bone marrow of reconstituted mice and peripheral blood smears were 

prepared from tail vein bleeds. All preparations were stained with May-

Grünwald Giemsa staining solution.  

 

Statistical tests. Two-tailed Student’s t-tests were used to calculate p 

values where indicated. P values less than 0.05 were considered 

statistically significant.  
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Chapter III. Results 
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III-1. The SWI/SNF complex is essential for early hematopoietic 

lineage differentiation 

 

The dynamic expression of Srg3 in different hematopoietic lineages 

To gain insight into the role of SWI/SNF complex during hematopoiesis, I 

first examined the expression pattern of the core component, Srg3 (murine 

homolog or human Baf155) and Brg1 (a core subunit with ATPase 

activity) of SWI/SNF complex in different lineage cells in normal bone 

marrow. Hematopoietic progenitor-enriched populations (Lin
-
) and B cells 

(B220
+
) expressed Srg3 highly in protein levels when compared to Ter-

119
+ 

erythroid lineage and Gr-1
+
Mac-1

+
 myeloid lineage cells (Fig. 5A). I 

also analyzed Srg3 transcript levels throughout lymphoid, myeloid and 

erythroid lineage differentiation in highly purified subsets of progenitor 

cells and mature cells from the bone marrow. During B cell development, 

Srg3 was highly expressed in Lin
-
c-Kit

+
Sca-1

+
 hematopoietic stem cells 

(KLS), Lin
-
c-Kit

low
Sca-1

low
IL-7R

+
 common lymphoid progenitor cells 

(CLPs) and B220
+
IgM

-
CD43

+
HSA

-
BP-1

- 
pre-pro-B (Fr. A) cells (Fig. 5B). 

The expression of Srg3 was gradually increased during B cell maturation 

from early pro-B (B220
+
IgM

-
CD43

+
CD24

+
BP-1

-
) cells to pre-B 

(B220
+
IgM

-
CD43

-
CD25

+
) cells. Next, I explored the expression of Srg3 

in more detail through myeloid and erythroid lineage differentiation (Fig. 

5C). Srg3 was highly expressed from HSCs to common myeloid 

progenitors (CMPs). However, quantitative PCR analysis showed 

differential expression pattern of Srg3 in myeloid and erythroid lineages. 

Whereas Srg3 was expressed at low levels in myeloid lineage cells 
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including granulocyte/ macrophage progenitors (GMPs) and mature Gr-1
+
 

granulocytes, transcript of Srg3 was remained comparable to KLS subsets. 

Moreover, the expression of Brg1 also showed a similar pattern (Fig. 5D, 

E), indicating that SWI/SNF complex may play a distinct function during 

hematopoietic lineage differentiation. 

 

Deletion of Srg3 in the hematopoietic lineages results in the reduction 

of lymphoid and myeloid cells and the increase of erythroid cells 

 

Previous studies have shown that the complete deletion of Srg3 resulted in 

embryonic lethality during the peri-implantation stage (Jeon et al., 1997; 

Kim et al., 2001). To overcome this restriction and examine the function 

of Srg3 in hematopoietic lineage differentiation, I generated conditional 

knockout (cKO) mice (Mx1-Srg3
fl/fl

) carrying a loxP-flanked exon 4 (Fig. 

6A, B) and crossed them with Mx1-Cre transgenic mice, in which 

treatment with poly(I)-poly(C) (pIpC) induced efficient gene deletion in 

hematopoietic lineage cells (Kuhn et al., 1995). After treatment with pIpC, 

I confirmed the deletion of Srg3 alleles in genomic DNAs (Fig. 6C). I also 

confirmed a drastic reduction of Srg3 in KLS populations purified from 

the bone marrow and the spleen of the Mx1-Srg3
fl/fl

 mice compared to 

control (Fig. 6D). It has been reported that the SWI/SNF complex is 

required for thymic development. The reciprocal expression of CD4 and 

CD8 in a subset of DN cells was impaired in the absence of Brg1 (Chi et 

al., 2003; Gebuhr et al., 2003). 
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The deletion of Brg1 also led to a reduction of the cell viability of DP 

cells. In addition, sustained expression of dominant negative mutant of 

BAF57 (BAF57 N) resulted in the derepression of CD4 and the 

inactivation of CD8 in immature T cell subsets (Chi et al., 2002). To 

assess whether the functional activity of SWI/SNF complex is defective in 

Srg3
-/-

 mice, I analyzed the thymocyte development as described in 

previous studies by Brg1
-/- 

mice or transgenic mice overexpressing 

BAF57 N. Similarly, the reciprocal expression pattern of CD4 and CD8 

was altered in total thymocytes of Mx1-Srg3
fl/fl

 mice. Notably, CD4 

repression in TCR
-/lo

 cells and CD8 activation in TCR
hi

 cells was 

defective in the absence of Srg3 (Fig. 7A). I also found that CD4 was 

derepressed in CD3
-
CD25

+
CD44

-
 DN3 immature thymocytes of Mx1-

Srg3
fl/fl

 mice (Fig. 7B). Moreover, the deletion of Srg3 compromised CD4 

repression and CD8 activation beyond the DN3 stage. The fact that 

similar results were obtained by mutations in three different components 

of the SWI/SNF complex suggests that the activity of this complex is 

defective in Srg3 mutant mice. I then analyzed the effect of Srg3 

deficiency on the hematopoietic system by comparing the Mx1-Srg3
fl/fl

 

mice with control littermates. Srg3 is expressed at the early stage of 

hematopoietic progenitor cells. Thus, I investigated the function of Srg3 

in HSCs maintenance. The frequency of HSCs-enriched population, Lin
-

IL-7R
-
c-Kit

+
Sca-1

+ 
cell (KLS)

 
subset, was comparable to that of control 

mice (Fig. 8A). 
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The KLS population is largely composed of long-term HSCs (LT-HSCs; 

Lin
-
c-Kit

+
Sca-1

+
CD34

-
Flt3

-
), short-term HSCs (ST-HSCs; Lin

-
c-Kit

+
Sca-

1
+
CD34

+
Flt3

-
) and lymphoid-primed multipotent progenitors (LMPPs; 

Lin
-
c-Kit

+
Sca-1

+
CD34

+
Flt3

+
). The subsets of LT-HSCs, ST-HSCs and the 

lymphoid-primed MPPs were not significantly altered in the absence of 

Srg3, although a mild decrease of lymphoid-primed MPP subset was 

observed (Fig. 8B). Then, I assessed the role of Srg3 on the development 

of mature hematopoietic lineages including myeloid, lymphoid and 

erythroid cells. Srg3-deficient mice showed a decreased frequency of Gr-

1
+
Mac-1

+
 granulocytes that represent the majority of myeloid lineages in 

the bone marrow (Fig. 9A). In accordance with the reduction of the 

frequency, cell numbers of granulocytes were also significantly decreased 

by as much as half (Fig. 9B). Concomitant with a decline of granulocyte 

in the bone marrow, Srg3
-/- 

mice also showed a decline in the frequency 

and absolute numbers of granulocytes in the spleen (Fig. 9C, D). In 

addition, Srg3-deficient mice showed a drastic decrease in the percentage 

of B220
+
CD19

+
 B cell in the bone marrow, whereas the frequency of 

B220
hi

CD19
hi 

long-lived recirculating B cells was not much affected by 

Srg3 deletion (Fig. 10A). In accordance with the reduction of B cell 

frequency, cell numbers of the B cell population were also severely 

reduced (40.94 ± 4.493 vs. 17.51± 3.233 X10
5
) (Fig. 10B). The B cell 

generation was also defective in Srg3
-/-

 mice in the spleen and lymph node 

(Fig. 10C, D). Moreover, Srg3-deficient mice showed a significant 

reduction in B cell numbers to half of control mice in the spleen (Fig. 

10E). In contrast with the decline of myeloid and B-lymphoid cells in the 
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bone marrow, the frequency of Ter-119
+
 erythroblast cells were increased 

in Srg3
-/- 

mice compared to control mice in the mature red blood cell-

depleted bone marrow (Fig. 11A).  The increase in the percentage of 

erythroid lineage cells was not due to the declines of myeloid and B 

lineage cells, because the absolute numbers of erythrocytes were also 

increased in Srg3-deficient mice (Fig. 11B). To further analyze the effect 

of Srg3 on erythroid lineage development, flow cytometric analysis was 

performed with whole bone marrow cells. The development of erythroid 

lineage cells is usually characterized based on the surface expression of 

CD71 and Ter-119 (Socolovsky et al., 2001). CD71 is expressed at very 

high levels by early erythroid precursors including proerythroblasts 

(ProEB) and basophilic erythroblasts (Baso EB), and its levels decrease 

with erythroid maturation in polychromatophilc (PolyEB) and 

orthochromatophilic erythroblast cells (OrthoEB), whereas all erythroid 

lineage cells express Ter-119 at high levels on the surface. The Srg3
-/-

 

mice showed higher frequency and absolute numbers of early erythroid 

precursors, proEB and BasoEB, than those of control mice (Fig. 11C, D). 

To further assess the role of Srg3 at the early stages during hematopoiesis, 

Lin
-
c-Kit

+
Sca-1

-
IL-7R

-
 (LK) populations containing of CD71

+
CD34

-
 

erythroid and CD71
-
CD34

+
 myeloid lineage-restricted precursors were 

analyzed (Akashi et al., 2000; Terszowski et al., 2005).  Flow cytometirc 

analysis showed that the frequency of erythroid progenitors was increased 

in Srg3-deficient LK populations, whereas the frequency of myeloid 

progenitors was inversely decreased compared to control LK population 

(Fig. 12A). I further analyzed the myeloid and erythroid progenitors in LK 



 44 

 

Figure 5. Expression of Srg3 and Brg1, core subunits of the SWI/SNF 

complex, in hematopoietic lineage cells.  

 

(A) Western blot analysis of SRG3 expression levels from the indicated 

subsets in the bone marrow. Lin
-
, hematopoietic progenitor enriched 

population; B220
+
, B lineage cells; Ter-119

+
, erythroid lineage cells; Gr-

1
+
Mac-1

+
, myeloid lineage cells. Expression of Actin is used as loading 

control. Data are representative of three independent experiments.  

(B) Relative expression of Srg3 mRNA in sorted lymphoid lineage 

compartment in the bone marrow using Taqman real-time PCR analysis. 

The expression of gapdh serves as loading control. LSK, Lin
-
c-Kit

+
Sca-

1
+
; CLP, common lymphoid progenitor. Data are shown as mean SEM 

(n=3)  

(C) Relative expression of Srg3 mRNA in sorted myeloid lineage 

compartment in the bone marrow using Taqman real-time PCR analysis. 

Data are shown as mean SEM (n=3)  

(D) Relative expression of Brg1 mRNA in sorted lymphoid lineage 

compartment in the bone marrow using Taqman real-time PCR analysis as 

described above. Data are shown as mean SEM (n=3)  

(E) Relative expression of Brg1 mRNA in sorted myeloid lineage 

compartment in the bone marrow using Taqman real-time PCR analysis. 

Data are shown as mean SEM (n=3)  
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Figure 6. Generation of conditional knockout mice carrying loxP-

flanked exon 4 in which Cre-mediated deletion results in a Srg3 null 

allele 

 

(A) Schematic representative of the targeting strategy. Neo, neomycin-

resistance gene; DTA, diphtheria toxin A-chain gene; B, BamHI; S, SacI; 

H, HindIII.  

(B) Southern analysis of genomic DNA from wild-type (+/+) and targeted 

(flox/+) embryonic stem cells with a probe overlapping exon 3 reveals a 

different HindIII (7.5 versus 10.2 kb) fragment in the targeted cells.  

(C) PCR analysis of tail DNA from wild-type (+/+), heterozygous 

(flox/+), and homozygous (flox/flox) mice using primers in introns 3 and 

4 (P1 and P2 or P3 and P4, as indicated by arrows in (A)).  

(D) Expression of Srg3 in KLS populations from control and Mx1-Srg3
fl/fl

 

mice by quantitative RT-PCR, normalized actin. Data are mean SEM 

(n=3); *, p<0.05.  
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Figure 7. T cell development was impaired in the absence of Srg3. 

 

(A) Flow cytometry of thymic T cell development with antibodies of 

CD4, CD8, CD44 CD25 and TCR.  

(B) Reciprocal misregulation of CD4 and CD8 in Mx1-Srg3
fl/fl

 mice. CD4 

and CD8 expression on each subsets of CD3
-
CD25

+
CD44

-
DN3 and CD3

-

CD25
-
CD44 forward scatter (FSC)

hi
 post-DN3 blasts. Numbers in plots 

indicate the percentages of populations. All data are representative of 

three independent experiments.  
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Figure 8. The development of HSCs compartment in the absence of 

Srg3 

 

(A) The frequency of KLS (Lin
-
c-Kit

+
Sca-1

+
) populations.  

Numbers adjacent to the outlined area indicate subset percentages of Lin
-
 

(Borghesi et al.) or KLS populations (right). Summary of the results 

(bottom)  

(B) The KLS populations from control and Mx1-Srg3
fl/fl 

mice was further 

fractionated on the basis of CD34 and Flk2/Flt3 expression for analysis of 

LT-HSC (CD34
-
Flk2

-
), ST-HSC (CD34

+
Flk2

-
) and LMPP (CD34

+
Flk2

+
) 

subsets. Summary of the results (bottom)  
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Figure 9. The decrease of myeloid lineage cells in the absence of Srg3. 

 

(A) Flow cytometry analysis of myeloid lineage cells (Gr-1
+
Mac-1

+
) in 

the bone marrow from control and Mx1-Srg3
fl/fl 

mice. Numbers in plots 

indicate the percentage of populations (Borghesi et al.). Frequency of 

myeloid lineage cells (right). Each individual dot represents one mouse; 

the lines show the mean percentage.  

(B) Cell numbers of myeloid lineage cells (Gr-1
+
Mac-1

+
) in the bone 

marrow from control and Mx1-Srg3
fl/fl 

mice. Error bars represent a 

standard error of means (Abulencia et al.)  

(C) Flow cytometry analysis of myeloid lineage cells in the spleen from 

control and Mx1-Srg3fl/fl mice. Numbers in plots indicate the percentage 

of populations (Borghesi et al.). Frequency of myeloid lineage cells 

(right). Each individual dot represents one mouse; the lines show the 

mean percentage.  

(D) Cell numbers of myeloid lineage cells in the spleen from control and 

Mx1-Srg3fl/fl mice. Error bars represent a standard error of means 

(Abulencia et al.). **, p<0.01, and ***, p<0.001  
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Figure 10. B cell generation is impaired in the absence of Srg3 

 

(A) Flow cytometry analysis of bone marrow B cells (B220
+
CD19

+
) from 

control and Mx1-Srg3
fl/fl 

mice. Numbers in plots indicate the percentage 

of populations (Borghesi et al.). Frequency of bone marrow B cells. Each 

individual dot represents one mouse; the lines show the mean percentage 

of bone marrow B cells. Error bars represent a standard error of means 

(Abulencia et al.) (n=12); a p value is given in the figure.  

(B) Cell numbers of bone marrow B cells obtained from control and Mx1-

Srg3
fl/fl

 mice. Error bars represent a standard error of means (Abulencia et 

al.) (n=12); a p value is given in the figure.  

(C) Flow cytometry analysis of B220
+
CD9

+
 cells in the lymph node from 

control and Mx1-Srg3
fl/fl

 mice.  

(D) Flow cytometry analysis of B220
+
CD9

+
 cells in the spleen from 

control and Mx1-Srg3
fl/fl 

mice.  

(E) Total cell numbers of splenic B cells. Each individual dot represents 

one mouse; the lines show the mean value of splenic B cells (n=7 for 

control and n=9 for Mx1-Srg3
fl/fl

 mice); a p value is given in the figure.  
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Figure 11. Erythroid lineage cells were increased in the absence of 

Srg3  

 

(A) Flow cytometry analysis of Ter-119
+
 erythroid lineage cells from 

control and Mx1-Srg3fl/fl mice. Numbers in plots indicate the percentage 

of populations (Borghesi et al.). Frequency of erythroid lineage cells is 

shown. Each individual dot represents one mouse; the lines show the 

mean percentage.  

(B) Total cell numbers of Ter-119
+
erythroid lineage cells obtained from 

control and Mx1-Srg3
fl/fl

 mice. Error bars represent a standard error of 

means (Abulencia et al.)  

(C) Development of erythroid lineage was analyzed by flow cytometry. 

CD71 and Ter119 indicate successive erythroid lineage differentiation. 

R1. proerythroblasts; R2, bsophilic erythroblasts; R3, polychromatophilic 

erythroblast; R4, orthochromatophilic erythroblasts  

(D) Total cell numbers of subsets described above in (C). Error bars 

represent a standard error of means (Abulencia et al.). *, p<0.05; **, 

p<0.01; ***, p<0.001 
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population based on the expression of CD34 and Fc RIII on the surface. 

Similar to the previous results with CD34 and CD71 markers, the MEPs 

containing differentiation potential toward erythroid and megakaryocytic 

cells was increased, whereas the GMPs that are precursors of myeloid 

lineage cells including granulocytes and macrophages was decreased in 

Srg3-deficient LK populations (Fig. 12B, C). Taken together, these results 

indicate that Srg3 is critical for the developmental choice of myeloid 

versus erythroid lineage fate at the early stage of hematopoiesis.  

 

The pro-B cell development was defective in the absence of Srg3 

In the B cell development process, the B cell specification step of 

expressing the CD45R/B220 molecule on the cell surface follows the 

generation of the CLP population (Li et al., 1996). I therefore assessed the 

cell specification processes in Mx1-Srg3
fl/fl

 mice. Consistent with the 

lower numbers of B cells in the Srg3-deficient mice, B cell development 

was blocked at the early stage in the bone marrow of the Mx1-Srg3
fl/fl

 

mice. Analysis of the Mx1-Srg3
fl/fl

 mice showed that most of the B cells 

were arrested at the pro-B cell stage, resulting in a significant reduction in 

the frequency of pre-B cells and immature B cells compared to those from 

the control mice (Fig. 13A, B). The numbers of pro-B cells was decreased 

in the Mx1-Srg3
fl/fl

 mice, even though the Srg3-deficient mice had a 

higher percentage of pro-B cells (Fig. 13B). To further define the 

defective stage in pro-B cell development in Srg3-deficient mice, I 

subcategorized the pro-B cells using the following differential cell surface 

markers: either BP-1 and CD24 (HSA) or CD19.  
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The proportion of CD19
+
 cells was severely reduced in the pro-B cells of 

the Mx1-Srg3
fl/fl

 mice (Fig. 14A). In addition, the Mx1-Srg3
fl/fl

 mice had 

significantly lower frequencies of early pro-B cells (Fr. B) and late pro-B 

cells (Fr. C) but higher frequencies of pre-pro-B (Fr. A) cells than the 

control mice (Fig. 14A). In fact, the numbers of early and late pro-B cells 

were also severely decreased, whereas the number of pre-pro-B cells 

remained largely unchanged (Fig. 14B). In previous studies, Fr. A cells 

have been shown to be a heterogeneous population containing AA4.1
+
 and 

AA4.1
-
 cells. AA4.1

+
 Fr. A cells, which are further subdivided into A1 and 

A2, are considered to be the earliest B lineage population(Li et al., 1996) . 

Mx1-Srg3
fl/fl

 mice showed significantly fewer AA4.1
+
 Fr. A cells 

compared to the control mice (Fig. 14C). Overall, Srg3 deficiency leads to 

a defect in the transition from pre-pro-B to early pro-B cells during pro-B 

cell development. 
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Figure 12. Analysis of erythroid and myeloid lineage progenitors in 

Srg3
-/- 

mice. 

 

(A) Representative flow cytometry profiles of erythroid (Lin
-
IL-7R

-
c-

Kit
+
CD34

-
CD71

+
) and myeloid (Lin

-
IL-7R

-
c-Kit

+
CD34

+
CD71

-
) lineage 

progenitors 

(B)  Flow cytometry analysis of the CMP, GMP and MEP distribution in 

LK (Lin
-
IL-7R

-
c-Kit

+
) subsets from control and Srg3

-/-
 mice (Borghesi et 

al.). Summary of the frequencies of the CMP, GMP and MEP populations. 

(C)  Total cell numbers of the CMP, GMP and MEP populations. 
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Figure 13. The defects in B cell development in Srg3
-/-

 mice. 

 

(A) Flow cytometry of B cell subsets of pro-B (IgM
-
B220

+
CD43

+
), pre-B 

(IgM
-
B220

+
CD43

-
), immature B (IgM

+
B220

+
) and mature recirculating B 

(IgM
-
B220

high
) cells. Numbers adjacent to the outlined areas indicate the 

percentage of B cell subsets (Borghesi et al.). Frequency of subsets, which 

are described in (A) (right). Black circle, control mice; open circle, Mx1-

Srg3
fl/fl

 mice. The lines show the average percentages; *, p<0.05; **, 

p<0.01, and ***, p<0.001.  

(B) The numbers of cells in the B lineage subsets as described in (A). 

Filled bar, control mice; open bar, Mx1-Srg3
fl/fl

 mice. Data represent the 

average ± SEM of five to seven independent experiments. 
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The SWI/SNF complex is required for IL-7R  expression and pro-B 

cell survival 

 

Having shown that early pro-B cell development is blocked in the absence 

of Srg3, I speculated that pro-B cells of Mx1-Srg3
fl/fl

 mice would be 

defective in IL-7R signaling, which leads to more cell death and less 

proliferation (Corcoran et al., 1996; Itoh et al., 1996). In fact, I found that 

pro-B cells from Mx1-Srg3
fl/fl

 mice failed to upregulate IL-7R  

expression on the surface, especially at the stage of early-pro-B cells, 

whereas the control pro-B cells showed a high level of expression of IL-

7R  (Fig. 15A). In addition, I found that the Srg3-deficient pro-B cells 

showed a much higher frequency of Annexin V-positive apoptotic cells 

compared to the control pro-B cells (Fig. 15B). These results indicate that 

pro-B cells lacking Srg3, especially early-pro-B cells, are more 

susceptible to apoptosis, which may explain at least in part the severely 

reduced numbers of early-pro-B cells in the bone marrow of the Mx1-

Srg3
fl/fl

 mice. Notably, pro-B cells purified from the Mx1-Srg3
fl/fl

 mice 

showed higher levels of pro-apoptotic Bim expression and lower levels of 

anti-apoptotic Bcl-xL expression (Fig. 15C). To analyze the 

responsiveness of pro-B cells to IL-7 signaling, pro-B cells that were 

isolated from pIpC-treated control or the Mx1-Srg3
fl/fl

 mice were cultured 

on OP9 stromal cells with IL-7. Srg3-deficient pro-B cells were severely 

reduced on day 3 and fewer pro-B cells were observed on day 6 after 

culturing compared to what was observed in the control mice (Fig. 16A).
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In addition, the Srg3-deficient pro-B cells showed a much higher 

frequency of Annexin V-positive cells on day 3 of in vitro culture (Fig. 

16B). The Srg3-deficient pro-B cells also showed a significant reduction 

in cell proliferation compared to the control pro-B cells, as measured by 

BrdU incorporation after 3 days of in vitro culture of the pro-B cells (Fig. 

16C). These results indicate that Srg3-deficient pro-B cells were defective 

in survival due to the impairment in IL-7 signaling. 

 

Impaired B lineage-specific gene expression and V(D)J and DJ 

rearrangement in Srg3-deficient pro-B cells 

 

I next examined the expression of genes critical for early B cell lineage 

development in pro-B cells that were isolated from pIpC-treated control 

and the Mx1-Srg3
fl/fl

 mice. The Srg3-deficient pro-B cells expressed much 

less E47 (Tcfe2a) and Ebf1 and their downstream target genes, such as 

Pax5, Il7ra, Cd79a, Cd79b, Igll1, Vpreb1, Rag1 and Rag2, than the 

control pro-B cells (Fig. 17A, B). However, it is possible that the 

diminished expression of B lineage-specific genes in Srg3-deficient pro-B 

cells is due to a decreased population of early pro-B cells. To rule out this 

possibility, I analyzed gene expressions in PD36 cells ectopically 

transduced with control or Srg3-shRNAs. I found that the expression of 

Ebf1 and its target genes was decreased in the absence of Srg3 (Fig. 17C). 

Brg1-deficient B cells also showed a reduction of B lineage-specific genes 

expression (Fig 17D),  which indicated that Srg3-deficient pro-B cells fail 

to express genes that are critical for B cell lineage development. In 
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accordance with the reduced expression of Rag1 and Rag2 in the Srg3-

deficient pro-B cells, the expression of the intracellular μ-heavy chain in 

the Srg3-deficient pro-B cells was much lower than in the control pro-B 

cells (Fig. 18A). To determine whether the Srg3-deficient pro-B cells 

failed to undergo V(D)J and DJ rearrangement of the immunoglobulin 

heavy chain (Igh) genes, I analyzed the genomic DNAs isolated from pro-

B cells obtained from control and Mx1-Srg3
fl/fl

 mice by semi-quantitative 

PCR followed by southern blotting. The recombination frequencies of the 

proximal VH locus including VH7183 and VHQ52, and the more distant VH 

locus, including VHGam3.8, VH3609 and VHJ558, were reduced in the 

Srg3-deficient pro-B cells compared to control pro-B cells. Furthermore, 

the incidence of rearrangement of DH-JH was also much lower in Srg3-

deficient pro-B cells than control pro-B cells (Fig. 18B). Consistent with 

the genomic DNA analysis, the rearranged transcripts of the proximal 

VH7183 gene and the distal VHJ558 gene were also decreased in the Srg3-

deficient pro-B cells compared to the control pro-B cells (Fig. 18C). 

These results indicated that the Srg3-deficient pro-B cells had defects in 

the V(D)J rearrangement of the Igh genes, which is consistent with 

impairment of IL-7R signaling, which is required for the regulation of VH 

gene rearrangement, in pro-B cells from the Mx1-Srg3
fl/fl

 mice. 



 64 

 

 

 

Figure 14. Pro-B cell development was impaired in Srg3
-/-

 mice. 

 

(A) Expression of CD19, BP-1 and HSA (CD24) analyzed on gated 

B220
+
IgM

-
CD43

+
 pro-B cells. Pre-pro-B (Fr. B; B220

+
IgM

-
CD43

+
BP-1

-

HSA
+
) cells were analyzed for CD19 expression. Numbers adjacent to the 

outlined areas or on gates and histograms represent the percentage 

(Borghesi et al.). Frequencies of pro-B cell fractions including Fr. A, Fr. B 

and Fr. C calculated from total bone marrow cells (Right). The lines show 

the average percentage; ***, p<0.001.  

(B) Cell numbers of subsets as described in (A). Filled bar, control mice; 

open bar, Mx1-Srg3
fl/fl

 mice. Data represent the average ± SEM (n= 9~12 

mice per group).  

(C) Flow cytometry of AA4.1 expression (Borghesi et al.) and percentage 

of AA4.1
+
 cells (right) on gated pre-pro-B (Fr. A) cells. Individual dots 

represent one mouse; the lines show the mean percentages (n=5); ***, 

p<0.001.  
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Figure 15. Srg3 regulates pro-B cell survival via regulation of IL-7R  

expression on the surface.  

 

(A) IL-7R  expression on pro-B (Borghesi et al.), pre-pro-B (Fr. A) 

(middle) and early pro-B (Fr. B) (right) cells from control and Mx1-

Srg3
fl/fl

 mice (Borghesi et al.). MFI (mean fluorescence of intensity) of IL-

7R  expression on pro-B cells from control and Mx1-Srg3
fl/fl

 mice 

(Right). Data represent the average ± SEM (n= 4); **, p<0.01.  

(B) Expression of Annexin V on pro-B (B220
+
CD43

+
IgM

-
) cells from 

control and Mx1-Srg3
fl/fl

 mice. Numbers in histograms represent the 

percentage of Annexin V
+
 cells.  

(C) Quantitative real-time PCR analysis of gene expressions of Bim-EL, 

Bcl-xL and Mcl-1 in purified pro-B cells from control and Mx1-Srg3
fl/fl

 

mice by flow cytometry. Filled bar, control mice; open bar, Mx1-Srg3
fl/fl

 

mice. Data represent the average ± SEM (n= 3~6 mice per group); **, 

p<0.01.  
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Figure 16. Srg3-deficient pro-B cells are defective in survival in the 

presence of IL-7.  

 

(A) Flow cytometry of residual B220
+
 pro-B cells purified from pIpC-

treated control or Mx1-Srg3
fl/fl

 mice during 6 days after in vitro culture 

with OP9 stromal cells.  

(B) Expression of Annexin V on pro-B cells from control and Mx1-

Srg3
fl/fl

 mice at day 3 after in vitro culture (Borghesi et al.). Numbers in 

histograms represent the percentage of Annexin V
+
 cells. Summary of the 

percentage of Annexin V
+
 cells from control and Mx1-Srg3

fl/fl
 mice (right). 

Each individual dot represents one mouse; the lines show the mean 

percentage of Annexin V
+
 cells (n=4 for control and n=6 for Mx1-Srg3

fl/fl
 

mice. 

 (C) Flow cytometry of the proliferation of pro-B cells using BrdU 

(Bromodeoxyuridine) staining (Borghesi et al.); purified from pIpC-

treated control and Mx1-Srg3
fl/fl

 mice by flow cytometry and then 

cultured for 3 days on OP9 stromal cells with IL-7. Numbers in 

histograms indicate the percentage of BrdU
+
 cells. Average frequency of 

BrdU
+
 cells (right). Error bars indicate SEM of three independent 

experiments; a p value is given in the figure. 
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Figure 17. The expression of B cell lineage-specific genes was 

defective  in Srg3 -deficient pro-B cells.  

 

(A) Quantitative real-time PCR analysis of expressions of Srg3 and B 

lineage-specific genes in purified pro-B cells from control and Mx1-

Srg3
fl/fl

 mice. Data represent the average ± SEM (n= 6); ***, p<0.001.  

(B) Quantitative real-time PCR analysis of gene expression involved in 

pre-BCR signaling and Igh recombination. Filled bar, control mice; open 

bar, Mx1-Srg3
fl/fl

 mice. Data represent the average ± SEM (n= 6); ***, 

p<0.001.  

(C) Semi-quantitative PCR analysis of expression of B lineage-specific 

genes in Srg3-deficient PD36 B cells. Expression of -Actin was used as a 

loading control.  

(D) Semi-quantitative PCR analysis described above in Brg1-deficient 

PD36 B cells. 
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Figure 18. The rearrangement of IgH gene were defective  in Srg3-

deficient pro-B cells. 

 

(A) Flow cytometric analysis of the expression of intracellular μ-chain in 

pro-B cells from the bone marrow of control and Mx1-Srg3
fl/fl

 mice. 

Numbers in histograms indicate the percentage of μ-chain
+
 cells.  

(B) Southern blot analysis of genomic DNA from pro-B cells for VH7183-, 

VHJ558-, VHQ52-, VHGam3.8- or VH3609-DJH3 and DH-JH3 

rearrangement. Three-fold serial dilutions were analyzed and input DNAs 

were normalized by the PCR product of IL-4 locus hypersensitivity site 3 

(HSS3). Data are representative of three independent experiments.  

(C) Semi-quantitative PCR analysis of transcripts of rearranged VH7183 

or VHJ558 to DJH3. Expression of -Actin was used as a loading control. 

Wedges (B, C) indicate three-fold serial dilution of input DNAs. Data are 

representative of two independent experiments.  
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Impairment of B lineage potential in Srg3-deficient lymphoid 

progenitors 

 

Srg3 is expressed at the early stage of hematopoietic progenitor cells, so I 

investigated development of lymphoid progenitors. The frequency and 

cell numbers of traditional Lin
-
IL-7R

+
c-Kit

low
Sca-1

low 
CLPs, which are 

the precursors of B and T cell population, were not significantly affected 

by Srg3 deletion (Fig. 19A, B). CLP population is heterogeneous and 

genes involved in early B cell development including Ebf1 and Rag1 are 

transcribed highly in B cell-restricted CLPs (Inlay et al., 2009; Mansson et 

al., 2008; Mansson et al., 2010; Rumfelt et al., 2006). Interestingly, CLPs 

expressing AA4.1 highly on the surface were significantly reduced in 

Mx1-Srg3
fl/fl

 mice compared to control mice (Fig. 19C). AA4.1
hi

 CLPs are 

more potent in the generation of B lineage cells, but not myeloid lineage 

cells, than traditional CLPs (Izon et al., 2001). To see whether the Srg3-

deficient CLPs have normal lymphoid potential, I analyzed the expression 

of B lineage-specific genes in CLPs. Notably, CLPs purified from Srg3-

deficient mice showed less Ebf1 expression compared to those from 

control mice, whereas expressions of flt3 remained unchanged (Fig. 20A). 

It was reported that Ebf1-deficient CLPs express very low levels of B 

lineage-specific genes (Zandi et al., 2008). I also found that expression of 

B lineage-specific genes such as Cd79a (mb-1), Cd79b (B29), Rag1, Rag2, 

and FoxO1 were significantly reduced in Srg3-deficient CLPs (Fig. 20B). 

To evaluate whether the defect of B cell lymphopoiesis in bone marrow 

from Mx1-Srg3
fl/fl

 is caused by Srg3 deletion specifically in the 
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 hematopoietic lineage cells, I first used an in vitro OP9 co-culture system 

to assess the consequence of Srg3 ablation in hematopoietic progenitors. 

CLPs were purified from pIpC-treated Mx1-Srg3
fl/fl

 mice and normal 

littermate control mice using flow cytometry and cultured with OP9 

stromal cells under the condition of B cell differentiation. In the presence 

of stem cell factor (SCF), Flt3 ligand (Flt3L) and interleukin-7 (IL-7), 

about 40% of the CLPs obtained from control mice differentiated into Gr-

1
-
B220

+
CD19

+
 early pro-B cells (Figure 20C). In contrast, B220

+
CD19

+ 
B 

cell generation was severely impaired in the absence of Srg3. These 

results are consistent with the characteristics displayed by the Srg3-

deficient CLPs that expressed less B lineage-specific genes. 

 

The core components of the SWI/SNF complex directly bind to the 

promoter of Ebf1 gene 

 

My results suggest that defects in the expression of B lineage-specific 

genes including Ebf1 led to the impairment of pro-B cell development in 

Mx1-Srg3
fl/fl

 mice. It has been known that the expression of Ebf1 is 

controlled through two other promoters: a distal promoter that is regulated 

by E2A, and a proximal promoter that is regulated by PU.1 and Pax5 (Fig. 

21A) (Roessler et al., 2007). Previous studies have shown that PU.1 or 

Pax5 can cooperate with the BAF complex to activate target genes in 

various conditions (Barlev et al., 2003; Krysinska et al., 2007). These 

results led me to investigate whether SRG3 directly regulates the 

expression of Ebf1. 



 76 

 

 

 

Figure 19. The generation of CLPs was quite normal in the absence of 

Srg3. 

 

(A) Flow cytometric of CLP (traditional surface marker; Lin
-
IL-7R

+
c-

Kit
lo

Sca-1
lo

) fractions from control and Mx1-Srg3
fl/fl

 mice. Numbers 

adjacent to the outlined area indicate percentage calculated from total cells 

(Borghesi et al.). Total frequency (right) of CLP population is shown. 

(B) Total cell numbers of CLP populations. Each individual dot represents 

one mouse; the lines show the mean percentage and error bars represent 

SEM (n=14).  

(C) Surface expression levels of Flt3 and AA4.1 on CLP cells (Borghesi 

et al.) and MFI (right; mean fluorescence of intensity) of AA4.1 

expression. Data are shown as mean ± SEM (n=13); ***, p<0.001. Open 

histograms represent the expression of each surface marker and gray-filled 

histograms represent isotype-matched control antibodies, respectively.  
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Figure 20. Srg3-deficient CLPs displayed the reduced expression of  B 

lineage-specific genes. 

 

(A) Quantitative real-time PCR analysis of Srg3, Ebf1 and Flt3 in CLPs 

purified from control and Mx1-Srg3
fl/fl

 mice. Filled bar, control mice; 

open bar, Mx1-Srg3
fl/fl

 mice. Data represent the average ± SEM of four to 

six independent experiments; *, p<0.05, and ***, p<0.001.  

(B) Quantitative real-time PCR analysis of B lineage-specific genes 

including Cd79a, Cd79b, Rag1, Rag2 and FoxO1 in CLPs purified from 

pIpC-treated control or Mx1-Srg3
fl/fl

 mice. Data represent the average ± 

SEM (n=3-5). 

(C) CLP cells were isolated from the bone marrow of pIpC-treated control 

and Mx1-Srg3
fl/fl

 mice by flow cytometry, then cultured on OP9 stromal 

cells under B cell differentiation conditions with cytokines including SCF, 

Flt3L and IL-7 for 12 days. Left: Numbers in quadrants indicate the 

percentages of Gr-1
+
B220

-
 (top left), Gr-1

-
B220

+
 (bottom right) and Gr-1

-

B220
-
 (bottom left) cells, respectively. Right: Numbers in adjacent boxes 

indicate the percentage of CD19
+
B220

+ 
cells. Data are representative of 

two independent experiments.   
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Figure 21. The SWI/SNF complex binds to the promoter regions of 

Ebf1. 

 

(A) Schematic representation of Ebf1 proximal promoter regions, 

including Pax5, Ets and Pu.1 binding sites upstream of the translational 

start sites, PCR primer pairs for chromatin-immunoprecipitation analysis 

(arrow; P1-P4).  

(B) Chromatin-immunoprecipitation (ChIP) analysis of the binding of 

SRG3 and BRG1 to the Ebf1 proximal promoter locus on crosslinked 

chromatin from PD36 B cells; immunoprecipitated (IP) with anti-SRG3, 

anti-BRG1 or isotype control antibody (IgG1), followed by PCR 

amplification of input DNA or immunoprecipitated DNA with specific 

primers for the proximal promoter region. PCR product of gapdh intron 

region was used as a negative control.  

(C) ChIP analysis of crosslinked chromatin from B220
+
CD43

+
IgM

- 
pro-B 

cells, assessed as described above in (B). PCR product of gapdh intron 

region served as a negative control and immunoprecipitated chromatin 

with anti-H3K4
me3 

was used as transcriptional activation marker. Shown is 

a representative of two independent experiments 
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Figure 22. The SWI/SNF complex is required for functional activity 

of Ebf1. 

 

(A) Flow cytometric analysis of differentiation of B220
+ 

CD19
+ 

B cells 

from control or Srg3-deficient KLS cells transduced with vectors 

expressing empty or Ebf1. Numbers in quadrants indicate the percentage 

of B220
+ 

CD19
+ 

B cells.  

(B) Summary of B220
+ 

CD19
+ 

B cells differentiated from control or Srg3-

deficient KLS cells transduced with vectors expressing empty or Ebf1. 

Data represent the average ± SEM (n= 3); *, p<0.05, and ***, p<0.001.  
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To test the potential binding of SRG3, I used chromatin 

immunoprecipitation (ChIP) analysis with crosslinked chromatin 

extracted from PD36 cells. I found that immunoprecipitation with SRG3-

specific antibodies, but not isotype-control antibodies, was enriched in the 

proximal promoter regions (Fig. 21B). BRG1 was also recruited in the 

same region (Fig. 19B). In addition, ChIP analysis using primary pro-B 

cells also showed the binding of SRG3 and BRG1 to the proximal 

promoter of the Ebf1 gene (Fig. 21C).  

     The forced expression of Ebf1 in LSK cells purified from pIpC-treated 

Mx1-Srg3
fl/fl

 mice partially rescued the generation of B cells in vitro, 

whereas the generation of B cells was absent in Srg3-deficient LSKs that 

were ectopically transduced with control vectors (0.3937 ± 0.2889% vs. 

3.117 ± 0.5429% for B220
+
CD19

+
 cells) (Fig. 20A). However, about 30% 

of the LSKs obtained from control mice differentiated into B cells (Fig. 

22A). Although ectopic expression of Ebf1 produced B cell progenitors, 

the recovery of the cells was very inefficient in the absence of Srg3 (Fig. 

22B). These results indicate that Ebf1 is very inefficient in activating B 

lineage-specific genes in the absence of Srg3 and it requires SWI/SNF 

complex for its full functional activity. These results collectively indicate 

that the SWI/SNF complex is required for the transcriptional activation of 

Ebf1.   
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III-2. miR-139 is essential for proper myeloid lineage differentiation 

 

MicoRNA-139 is highly expressed in myeloid lineage cells.  

 

In order to study the function of micoRNAs (miRNAs) during 

hematopoiesis, I tried to search for miRNAs expressed lineage-restricted 

manner in the bone marrow, assuming that these miRNAs have 

developmental-specific roles during hematopoiesis. By using of northern 

blot analysis and microRNA microarray data, we identified miR-139 that 

was highly expressed in the bone marrow tissue, but not in the thymus 

containing immature and mature T cells predominantly (Fig. 23A).  The 

bone marrow is heterogeneous and consists of a number of hematopoietic 

lineage cells, so I purified specific-lineage population by flow cytometry 

based on the surface molecules expressed in lineage-restricted manners, 

followed by quantitative RT-PCR analysis for evaluation of the 

expression of this miRNA. Interestingly, expression of mature miR-139 

was much higher in Mac-1
+
Gr-1

+
 granulocytes than in erythroid and B 

lineage cells (Fig. 24B), which is consistent with a previous finding 

(Kuchen et al., 2010). Moreover, expression of this miRNA was detected 

higher in granulocyte-monocyte progenitors (GMPs), precursors of 

mature granulocytes, than in megakaryocyte-erythrocyte progenitors 

(MEPs) and hematopoietic stem cells (KLS). To evaluate the specific 

expression of miR-139 during myeloid development, I performed 

neutrophil differentiation assay in vitro using Lin
-
IL-7R

-
c-Kit

+
Sca-1

+
 

(KLS) cells purified from the normal bone marrow. Expression of miR-
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139 was continuously increased during neutrophil differentiation (Fig. 

24C). These data collectively implicate that miR-139 may play an 

important role in myeloid lineage differentiation and functions.  

 

MiR-139 deficiency causes granulocytes expansion and 

myeloproliferative disorders 

To investigate whether miR-139 is involved in the function or 

development of myeloid lineage cells, I used knockdown approaches for 

miR-139. Recent studies have shown that the ectopic expression of 

specific miRNA target (miRT) sequences complementary to the seed 

region of miRNA inhibits the functional activity of the miRNA on its 

natural target genes by acting as decoys, sponges or antogomirs (Ebert et 

al., 2007; Gentner et al., 2009; Scherr et al., 2007). For this, four 

consecutive miR-139 target sequences (miR-139T) with spacer sequences 

were cloned into a murine stem cell virus (MSCV)-based viral vectors 

containing green fluorescence protein (GFP) (Fig. 24A, B). To confirm 

the decoy effects of miR-139T, retrovirus generated from this construct 

was transduced into PD36 cells expressing miR-139. Northern blot 

analysis showed about 50% repression of miR-139 in cells stably 

expressing miR-139T (Fig. 24C). Then, I generated mice expressing this 

construct constituvely using a bone marrow plantation experiment. 

Hematopoietic progenitors-enriched bone marrow cells were infected with 

control and miR-139T vectors, and then injected into lethally irradiated 

recipient mice. 
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Figure 23. The expression of miR-139 in hematopoietic lineage cells. 

 

(A) Expression of mir-139 in various immune tissues was detected by 

northern blotting. Ethidium staining of 5.8S/5S ribosomal RNA served as 

the loading control. 

(B) Quantitative RT-PCR analysis of miR-139 expression in distinct 

hematopoietic lineage cells. Data represent the average ± SEM (n= 5). 

Expression of miR-139 was normalized to U6 small nuclear RNA (U6 

snRNA) expression. KLS, Lin
-
c-Kit

+
Sca-1

+
; CMP, common myeloid 

progenitor; GMP, granulocyte-megakeryocyte progenitor; MEP, 

megakaryocyte-erythrocyte progenitor; Ter-119
+
, erythrocytes; Gr-1

+
, 

granulocytes; pro-B, pro-B cells. 

(C) miR-139 expression was detected by quantitative RT-PCR from 

isolated  subpopulations of cells cultured in the condition of in vitro 

differentiation of  neutrophils (right). Expression of miR-139 was 

normalized to U6 snRNA expression. Representative flow cytometric plot 

used for isolating of subpopulation (Borghesi et al.). 
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Figure 24. Generation of knockdown construct.  

(A) Schematic representation of the MSCV-based retroviral vector with 

the insertion of four miR-target sequences used to decoy miR-139 

expression. The empty vector containing no insert was used as control 

vector. 

(B) Schematic representation of the four consecutive miR-139 target 

sequences (miR-139T) with spacer sequences. 

(C) The vectors expressing empty or miR-139T was transduced into PD36 

cells expressing miR-139 endogenously. The efficiency of infection was 

evaluated by green fluorescence protein (GFP). 

(D) Northern blot analysis of miR-139 in cells expressing control or miR-

139T. 
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Figure 25. Transduction efficiency in the bone marrow from 

reconstituted mice was evaluated by GFP expression. 

 

(A) The bone marrow cells of mice reconstituted with HPCs transduced of 

control or miR-139T vector were analyzed using GFP expression by flow 

cytometry. The percentage of GFP+ cells is indicated. Black line, GFP 

expression in non transduced-control bone marrow from C57BL/6 mice; 

red line, GFP expression in bone marrow from control or miR-139T 

vector-transduced mice. 

(B) Northern blot analysis of miR-139 expression was performed with the 

bone marrow cells from mice described above in (A). Expression of tRNA 

stained with ethidium bromide was used as a loading control. 
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By two month after reconstitution, mice were analyzed using flow 

cytometry and the expression of GFP and decline in the expression of 

miR-139 was detected in the bone marrow (Fig. 25A, B). Flow cytometric 

analysis by gating on GFP
+
 cells showed the significant increase in 

frequency of Gr-1
+
Mac-1

+ 
(GM) mature granulocytes in the bone marrow 

of mice expressing miR-139T compared to control vectors (Fig. 26A). 

Conversely, knockdown of miR-139 expression caused a decline in 

frequencies of B220
+
 B lymphocytes and Ter-119

+
 erythroid lineage cells 

(Fig. 26B, C). Morphological inspection of the bone marrow smears 

stained with Wright-Giemsa also revealed marked granulocytic 

hyperplasia in mice expressing miR-139T (Fig. 27A). Whereas the bone 

marrow of mice expressing miR-139T was dominated by mature 

granulocytes that appear to be morphologically normal, miR-139T-

expressing granulocytes also exhibited dysplastic features with an 

irregular segmentation and blebbing of nuclear (Fig. 27B). These 

observations indicate that dysfunction of miR-139 may be associated with 

the myeloproliferative neoplasm and the proper regulation of this 

microRNAs during hematopoiesis is essential for normal maturation of 

granulocytes. 
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Knockdown of miR-139 perturbs the myeloid development in 

periphery 

In consistent with the defects in hematopoiesis in the bone marrow in 

mice expressing miR-139T, morphological analysis of an Wright-stained 

touch-preparation of spleen showed the increase of myeloid lineage cells 

and distinct abnormalities were detected in these cells (Fig. 28A). 

Splenomegaly phenotypes were also observed in most of these mice (data 

not shown). To further corroborate these observations, I analyzed the 

states of hematopoiesis in the spleen of mice expressing miR-139T and 

control vectors using flow cytometry. Whereas the frequencies of B220
+
 

B cells and CD4
+
 T cells were comparable to that of control mice, the 

increase of Gr-1
+
Mac-1

+
 granulocytes was observed (Fig 28B). In 

addition, I found that cell proliferation was increased in mir-139T-

expressing granulocytes compared to the control cells, as measured by 

BrdU incorporation, although the frequency of Annexin V-positive 

apoptotic cells was not altered (Fig. 29A, B).  The Wright-stained 

peripheral blood smears also demonstrated the presence morphologically 

abnormal granulocytes in mice expressing miR-139T (Fig. 30A). 

Moreover, flow cytometric analysis showed the significant increase in Gr-

1
+
Mac-1

+
 granulocytes, whereas the frequency of B220

+
 B cells was 

inversely decreased in mice expressing miR-139T (Fig. 30B).  
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Figure 26. Deficiency of miR-139 results in the increase of myeloid 

lineage cells in the bone marrow. 

 

 (A) Flow cytometric analysis of granulocytes in the bone marrow cells 

from reconstituted mice with HPCs expressing control or miR-139T 

vector on GFP
+
-gated populations (Borghesi et al.), with surface markers 

Gr-1 and Mac-1. Results plotted as average percentage of Gr-1
+
Mac-1

+ 

granulocytes (right). Each individual dot represents one mouse; the lines 

show the mean percentage; **, p<0.01. 

(B) Flow cytometric analysis of B cells with surface markers CD19 and 

B220. 

(C) Flow cytometric analysis of erythrocytes with surface marker Ter-119. 
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Figure 27. Histological analysis of the bone marrow cells from 

reconstituted mice with HPCs expressing control or miR-139T vector. 

 

(A) Bone marrow smear and Wright-Giemsa staining of the bone marrow 

cells from reconstituted mice with HPCs expressing control or miR-139T 

vector. 

(B) Enlarged examples of myeloid cells observed in control- or miR-

139T-expressing bone marrow cells. Dysplastic myeloid cells were 

observed in miR-139T-expressing bone marrow cells.  
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Figure 28. Knockdown of miR-139 causes a marked expansion of 

myeloid cells  in the spleen. 

 

 (A) Wright-Giemsa stained touch preps from reconstituted mice with 

HPCs expressing control or miR-139T vector. 

(B) Flow cytometric analysis of splenocytes from reconstituted mice with 

HPCs expressing control or miR-139T vector, with Gr-1, Mac-1, B220 

and CD4 on GFP
+
-gated cells (Borghesi et al.). Frequency of Gr-1

+
Mac-

1
+ 

granulocytes in the spleen is shown (right). Each individual dot 

represents one mouse; the lines show the mean percentage; *, p<0.05. 
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Expression of miR-139 is downregulated in the subset of human CML 

patients 

The pathological phenotypes such as the massive expansion of mature 

myeloid cells and the distinct morphological features of these cells 

observed in mice expressing miR-139T seem to be associated with human 

myeloproliferative neoplasms (MPN). Therefore, I analyzed the 

expression of miR-139 in the bone marrow and peripheral blood samples 

from normal healthy donors and MPN patients including chronic myeloid 

leukemia (CML), chronic myeloproliferative disease- essential 

thrombotcythemia (CMPD-ET) and chronic neutrophilic leukemia (CNL). 

In accordance with the previous study that suggested U6 snRNA as one of 

the most stable nomalizer (Peltier and Latham, 2008), no significant 

difference in the expression levels of U6 snRNA was found between 

experimental groups by quantitative real-time PCR analysis (Fig. 31A). 

Interestingly, expression of miR-139 was downregulated significantly in 

the bone marrow of CML patients compared to that of normal and 

CMPD-ET samples (Fig. 31B). Additionally, a decline of the expression 

of miR-139 was observed in the CNL sample, which show marked 

increase of mature neutrophils, even though only one sample was 

available. The results from peripheral blood samples also showed that the 

expression of miR-139 was decreased in CML samples compared to 

normal and CMPD-ET samples, which is very similar expression pattern 

in the bone marrow (Fig. 31C). These data demonstrate that expression of 

miR-139 is significantly reduced in the bone marrow and the peripheral 

blood cells from the CML patients. 
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Brg1 is direct functional target of miR-139. 

From the experiments described above, we could know the role of miR-

139 during hematopoiesis and deduce that the proper regulation of miR-

139 expression is essential for normal myeloid lineage differentiation. I 

next asked which genes are regulated inversely by miR-139, that is what 

the direct target genes of miR-139 are. For this, I performed 

bioinformatical analysis using sequence-based prediction algorithms 

(Krek et al., 2005; Lewis et al., 2005; Xie et al., 2005) and found smarca4 

gene (also known as Brg1, a catalytic subunit of the SWI/SNF complex) 

as one of the high-scored target genes. Interestingly, the expression 

pattern of Brg1 is inversely correlated with that of miR-139 described in 

Fig 23. Expression of Brg1 is completely repressed in the bone marrow 

and Gr-1
+ 

mature granulocytes (Fig. 32A, B). In addition, expression of 

Brg1 was continuously decreased during neutrophil differentiation in vitro, 

whereas gradual increase of the miR-139 was observed (Fig. 32C). To 

investigate whether miR-139 directly regulates the expression of Brg1, 

reporter assay was performed.  I cloned the Brg1 3’UTR harboring the 

miR-139 binding sites into a luciferase reporter vector (Fig. 33A, B) and 

found that the luciferase activity was repressed by ectopic expression of 

mir-139 (Fig 33C, D). Moreover, mutation in the five nucleotides of miR-

139 binding sites abrogated the repression of reporter activity by miR-139 

(Fig. 33B, D). Furthermore, I observed a reduced expression of Brg1 in 

protein level upon ectopic expression of miR-139 on both different cells 

regardless of whether the endogenous expression of miR-139 is detected 

in cells (Fig. 34A).  
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Figure 29. Proliferation and Apoptosis analyses of granulocytes in the 

spleen from reconstituted mice with HPCs expressing control or miR-

139T vector. 

 

(A) Apoptosis was detected with Annexin-V staining 

(B) Gr-1
+
Mac-1

+ 
granulocytes were gated to determine the percentage of 

BrdU-labeled cells. 
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The transcript of Brg1 was also decreased by ectopic expression of miR-

139 (Fig. 34B). Next, I tested the inhibition of miR-139 on Brg1 

expression using locked nucleic acid (Georgopoulos et al.)-modified 

antisense oligonucleotides targeting miR-139. When I introduced the 

miR-139 inhibitors into cells expressing miR-139 endogenously, an 

increase of Brg1 expression was observed in protein levels (Fig. 34C). 

Brg1 mRNA was also increased in cells expressing miR-139 inhibitor 

(Fig. 34D), whereas expressions of Baf60a, another subunit of SWI/SNF 

complex were not altered in both mRNA and protein levels (Fig. 34C, D). 

Moreover, derepression of Brg1 protein was observed in differentiated 

cells using KLS transduced with miR-139T toward neutrophils in vitro, 

whereas expression of Brg1 was decreased in these cells (Fig. 34E). These 

findings demonstrate that miR-139 negatively regulates the expression of 

Brg1 in both protein and transcript levels through direct binding to its 3’ 

UTR. 

 

Ectopic expression of Brg1 leads a marked expansion of myeloid 

lineage cells 

 

The biological function of microRNAs is associated with the regulation of 

multiple target genes. Thus, it is not clear whether the phenotypes seen in 

miR-139 knocked down mice is functionally associated with the 

overexpression of Brg1. To examine the functional role of upregulation of 

Brg1 in myeloid cells development, I first used an in vitro differentiation 

system (Chen et al., 2004). 
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Figure 30. Myeloid cells are also increased
 
in peripheral blood  from 

reconstituted mice with miR-139T expressing-HPCs. 

 

(A) Microscopic analysis of Wright-Giemsa stained peripheral blood cells 

from reconstituted mice with HPCs expressing control or miR-139T 

vector (Borghesi et al.). Enlarged examples of myeloid cells observed in 

control- or miR-139T-expressing mice (right). 

(B) Flow cytometric analysis of peripheral blood from reconstituted mice 

with HPCs expressing control or miR-139T vector, with surface markers 

of Gr-1 and Mac-1 (Borghesi et al.). Frequency of Gr-1
+
Mac-1

+ 

granulocytes (middle) and B220
+
 B cells (right) in peripheral blood are 

shown. Each individual dot represents one mouse; the lines show the 

mean percentage; *, p<0.05; **, p<0.01. 
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Lin
-
c-Kit

+
 hematopoietic progenitor cells-enriched fractions (HPCs) 

purified from the bone marrow were transduced with viral vectors 

expressing either control or miR-139T, followed by culture onto S17 

stromal cells with cytokines. Ectopic expression of miR-139T resulted in 

an increase of Gr-1
+
Mac-1

+
 myeloid cells (Fig. 35A). However, 

knockdown of Brg1 using short-hairpin RNA targeting Brg1 (shBrg1) 

inhibited the increased frequency of myeloid cells seen in culture with 

miR-139T-expressing HPCs (Fig. 35C), which indicate that the function 

of miR-139 is mediated by negative regulation of Brg1. To address 

whether overexpression of Brg1 is able to mimic the knockdown effects 

of miR-139, I constructed vectors expressing of Brg1 with GFP (Fig. 36A, 

B) and performed in vitro differentiation assays. I found that ectopic 

expression of Brg1 also increased the myeloid cells in vitro (Fig. 37A). To 

examine the effects of Brg1 in vivo, I generated bone marrow chimeras 

overexpressing Brg1. Gr-1
+
Mac-1

+ 
granulocytes was increased, whereas a 

significant decrease of B220
+
 B cells was observed in peripheral blood 

from mice overexpressing Brg1 (Fig. 37B), similarly to the phenotypes of 

mice expressing miR-139T. In addition, because my previous data in Fig. 

31 showed that expression of miR-139 was downregulated in the bone 

marrow and the peripheral blood cells obtained from CML patients 

compared to those from normal healthy donors and CMPD-ET patients. I 

examined the expression of Brg1 in the same samples. Interestingly, on 

average, the bone marrow samples from CML patients showed a 

significant increased expression of miR-139 compared to those from 

normal and CMPD-ET patients (Fig.38A).  
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Figure 31. Expression of miR-139 in the bone marrow and peripheral 

blood cells from patients diagnosed with various myeloproliferative 

diseases. 

 

(A) RNA was collected from the bone marrow of normal healthy donors 

and patients diagnosed with CML, CMPD-ET and CMPD-CNL. 

Expression levels of U6 snRNA were assessed by quantitative RT-PCR 

analysis. 

(B) Relative expression levels of miR-139 in the bone marrow were 

compared among samples described above in (A). miR-139 expression 

was normalized to U6 snRNA expression. 

(C) Relative expression levels of miR-139 in peripheral blood cells were 

compared among samples. 
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Figure 32. Expression levels of Brg1 in various hematopoietic lineage 

cells. 

 

(A) Western blot analysis of Brg1 expression levels from different 

immune tissues. Expression of Actin is used as loading control. Data are 

representative of three independent experiments.  

(B) Relative expression of Brg1 mRNA in sorted myeloid lineage 

compartment in the bone marrow using quantitative RT-PCR analysis. 

The expression of gapdh serves as loading control. 

(C) Brg1 expression was detected by western blotting from cells cultured 

in the condition of in vitro differentiation of neutrophils (upper). Results 

plotted as mean ± standard deviation (SD); *, p<0.05. 



 104 

 

 

 

 

 

Figure 33. Brg1 is a direct target of miR-139. 

 

(A) Schematic representation of luciferase constructs used for reporter 

assays. 

(B) Alignment of the seed regions of the regions of the miR-139 sites 

within the Brg1 3’UTR of human and mouse with mir-139 (lower panel), 

mutated derivative of Brg1 3’UTR and the pairing sites of miR-139 

(upper panel).  

(C) Ectopic expression of miR-139 in HeLa cells was detected by 

northern blotting. 

(D) Reporter analysis on HeLa cells transfected with constructs described 

above. Transient transfection of miR-139 downregulates the expression of 

reporter genes containing the Brg1 3’UTR. Data are presented as mean ± 

SD (n=3); **, p<0.01; ns, non-significant.  
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Figure 34. Expression of Brg1 is negatively regulated by miR-139 at 

the transcriptional levels. 

 

(A) Ectopic expression of miR-139 in HeLa (right) and PD36 cells caused 

a decrease in Brg1 protein expression. Endogenous expression of miR-

139 is not detected in HeLa cells (Fig.33), but PD36 cells express 

endogenous miR-139 (Fig.22). Expression of -Actin is used as loading 

control. Data are representative of at least three independent experiments. 

(B) Brg1 mRNA was also decreased in PD36 cells expressing miR-139. 

(C) Ectopic expression of miR-139 inhibitor in PD36 cells increased the 

expression of Brg1 in protein levels. 

(D) Moderate increase of Brg1 mRNA was shown in transiently 

transfected Pd36 cells with miR-139 inhibitor.     

(E) Lin
-
c-Kit

+
 hematopoietic progenitors were isolated from C57BL/6 

mice and transduced with control or miR-139T vector, followed by in 

vitro differentiation into neutrophils. Brg1 expression was detected by 

western blotting from cells cultured in the condition of in vitro 

differentiation of neutrophils at day 6.  
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Figure 35. Knockdown of Brg1 rescued the effects of miR-139 

inhibition on myeloid lineage differentiation in S17 stromal culture. 

 

(A) Representative flow cytometric analysis of Gr-1
+
Mac-1

+
 myeloid cells 

among the differentiating hematopoietic progenitor cells expressing 

control only (Borghesi et al.), miR-139T (middle) or both miR-139T and 

shot-hairpin RNAs targeting Brg1 transcript (right). 

(B) Results plotted as average percentage of Gr-1
+
Mac-1

+ 
cells (right). 

The lines show the mean percentage; *, p<0.05; ***, p<0.001. n=5 
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Figure 36. Generation of overexpression construct for Brg1. 

 

(A) Schematic representation of the MSCV-based retroviral vector with 

the insertion of Flag-tagged Brg1 cDNA sequences used to express of 

Brg1 ectopically. The empty vector containing no insert was used as 

control vector. 

(B) Western blot analysis of Brg1 expression in transient transfected 293T 

cells with constructs described above in A. anti-Flag antibody was used to 

detect Flag-tagged Brg1 expression. 
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Figure 37. Ectopic expression of Brg1 causes marked increase in 

myeloid cells both in vitro and in vivo. 

 

(A) Lin
-
c-Kit

+
 hematopoietic progenitors were isolated from C57BL/6 

mice and transduced with control or Brg1 vector, followed by in vitro 

differentiation into myeloid cells on S17 stromal cells. Flow cytometric 

analysis was performed with surface markers of Gr-1 and Mac-1 

(Borghesi et al.). Results plotted as average percentage of Gr-1
+
Mac-1

+ 

cells (right). The lines show the mean percentage; *, p<0.05; n=3. 

(B-C) Flow cytometric analysis of peripheral blood from reconstituted 

mice with HPCs expressing control Brg1 vector, with surface markers of 

Gr-1, Mac-1 and B220. Frequency of Gr-1
+
Mac-1

+ 
granulocytes (B) and 

B220
+
 B cells (C) in peripheral blood are shown. Each individual dot 

represents one mouse; the lines show the mean percentage; **, p<0.01; 

***, p<0.001. 
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Figure 38. Expression of Brg1 in the bone marrow and peripheral 

blood cells from patients diagnosed with various myeloproliferative 

diseases. 

 

(A) RNA was collected from the bone marrow of normal healthy donors 

and patients diagnosed with CML, CMPD-ET and CMPD-CNL. 

Expression levels of Brg1 transcript were assessed by quantitative RT-

PCR analysis. Expression of Brg1 was normalized to gapdh expression.  

(B) Relative expression levels of Brg1 in the peripheral blood were 

compared among samples described above in (A).  
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Accordance with the results with the bone marrow samples, a significant 

increase of Brg1 expression was observed in peripheral blood samples 

from CML patients (Fig. 38B), which again indicate that expression of 

Brg1 is inversely correlated with miR-139 expression. These data 

collectively demonstrate that Brg1 is a critical functional target of miR-

139 and the dysregulation of miR-139 activity results in 

myeloproliferative phenotypes through upregulation of Brg1.  
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IV-1. The SWI/SNF complex is essential for early hematopoietic  

lineage differentiation 

 

The development of B lineage cells in the bone marrow occurs in a 

stepwise manner with critical checkpoints. The rearrangement of 

immunoglobulin genes and the proper expression of B lineage-specific 

genes are required for B cell commitment, survival and proliferation. 

Epigenetic changes in the chromatin structure are essential for controlling 

the transcriptional regulation of these genes. In addition, the chromatin 

remodeling complexes cooperate with sequence-specific transcription 

factors to promote the expression of several genes in many cell 

specification events (Phelan et al., 1999; Vignali et al., 2000). In this 

study, I demonstrated that Srg3/mBaf155, a core subunit of the SWI/SNF 

complex, is essential for normal B cell development. These data indicate 

that the SWI/SNF complex plays a pivotal role at CLP stage and the 

transition from pre-pro B to early pro-B cells by regulating the expression 

of the B lineage-specific genes (Fig. 39). 

Ebf1-deficient CLPs showed defects in the expression of B lineage-

specific genes, although the numbers of CLPs are comparable between 

WT and Ebf1
-/-

 mice (Zandi et al., 2008). E47-deficient mice showed 

severe reduction in AA4.1
hi

 CLPs (Borghesi et al., 2005) and Il-7-

deficient CLPs also displayed reduction in AA4.1 expression on the 

surface (Kikuchi et al., 2005). Notably, the surface expression of AA4.1 

on CLPs was significantly reduced in the absence of Srg3, whereas Flt3 

expression remained largely unchanged. It has been noted that AA4.1
hi
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CLPs have the ability to give rise to B and T cells but not myeloid lineage 

cells, both in vivo and in vitro (Zandi et al., 2008). Consistent with the 

defects in the expression of AA4.1 on CLPs, Srg3-deficient CLPs 

displayed the decreased expression of Ebf1 and their downstream target 

genes
 
such as Cd79a, Cd79b, Rag1, Rag2 and FoxO1 that are required for 

the early B cell development (Lin and Grosschedl, 1995; Zandi et al., 

2008). Even though it cannot be officially exclude the possibility that 

Srg3 directly regulates the expression of AA4.1, it is unlikely because 

there are still AA4.1
+/med

 subsets in CLPs in Srg3 deficient mice. AA4.1
+
 

population was not found in pre-pro B cells (Fr.A) in Srg3-deficient mice. 

AA4.1
+
 pre-pro B cells, but not AA4.1

-
 cells, could develop into 

B220
+
CD43

+
 pro-B cells (Li et al., 1996). My data showed that Srg3-

deficient pre-pro B (Fr.A) cells completely lack AA4.1
+
 cells, even 

though the cell numbers of pre-pro B cells was normal in Srg3-deficient 

mice. So, the pre-pro B cells found in Srg3-deficient mice could not 

generate pro-B cells, and these defects might be due to the impairment in 

B lineage gene expression at the stage of CLPs in the absence of Srg3.  

After all, this appears to result in the severe reduction in the number of 

early pro-B cells in these mice. The numbers of pre-pro-B cells in the 

Srg3-deficient mice and the control mice were comparable. However, the 

number of early pro-B cells was severely reduced in the absence of Srg3. 

Therefore, my results indicate that pro-B cell development was largely 

blocked at the transition from pre-pro-B to early pro-B cells in the 

absence of Srg3. 
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Figure 39. A model for the function of the SWI/SNF complex at the 

early stage of B cell development. 
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Two major defects were observed in pro-B cells comprising pre-pro-B, 

early pro-B and late pro-B cells of Srg3-deficient mice. The first defect is 

the failure in cell survival and proliferation via IL-7 signaling. I have 

clearly shown that the Srg3-deficient pro-B cells, especially early pro-B 

stage cells, failed to express IL-7R  on the surface, which resulted in 

more apoptosis and less proliferation of pro-B cells even in the presence 

of IL-7. In addition, the Srg3-deficient pro-B cells showed a higher 

expression of Bim and a significantly lower expression of Bcl-xL relative 

to the control mice. These results are consistent with the decreased 

expression of IL-7R  on the surface, which induces Bcl-xL expression 

after the activation of Stat5 by Jak-mediated phosphorylation (Herzog et 

al., 2009). Notably, the development of follicular zone (FO) B cells was 

severely impaired by Srg3 deletion, whereas marginal zone (MZ) B cells 

constituted a much higher proportion in the splenic B cell population in 

the absence of Srg3. These results are consistent with the phenotype in 

Il7ra
-/-

 mice, where the peripheral B cell defects are most apparent in the 

FO B cell compartment (Hesslein et al., 2006). Moreover, it has been 

shown that the FO B cells increase in number while the proportion of MZ 

B cells reduces in IL-7 transgenic mice (Ceredig et al., 2003).  

The second defect in the Srg3-deficient mice, which is a blockade at 

the transition from pre-pro-B to early pro-B cells, is due to the impaired 

expression of B lineage-specific genes that are required for pre-BCR 

signaling and Igh gene rearrangement. Srg3-deficient pro-B cells also 

showed a lower expression of B lineage-specific genes, such as E47 

(Tcfe2a), Ebf1 and Pax5. My data also demonstrated that Srg3-deficient 
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pro-B cells expressed less Rag1 and Rag2, which led to the failure of 

V(D)J rearrangement of the Igh genes and the expression of the 

cytoplasmic μ-chain. Moreover, the reduced expression of the 

downstream target genes of E2A and Ebf1, such as Il7ra, Cd79a, Cd79b, 

Igll1 and Pax5, was observed in the absence of Srg3. Proper functioning 

of E2A or Ebf1 is required during B lineage differentiation. The loss of 

either E2A or Ebf1 results in a developmental block at the early stage of B 

cell development (Bain et al., 1997; Dias et al., 2008; Lin and Grosschedl, 

1995). The recombination of DH-JH segments, as well as the expression of 

B lineage-specific genes, is defective in the absence of either E2A or Ebf1. 

Unlike E2A-deficient mice, which show significantly lower numbers of 

CLPs and LMPPs, Ebf1-deficient mice have normal numbers of CLPs and 

pre-pro-B cell populations (Dias et al., 2008; Izon et al., 2001; Lin and 

Grosschedl, 1995). The overt characteristics of pro-B cell development 

blockade and impaired expression of B lineage-specific genes in CLPs in 

Srg3 deficiency closely resemble those of Ebf1
-/-

 mice. Therefore, a 

decreased expression of Ebf1 itself and/or downstream target genes is a 

plausible explanation for the compromised B lineage differentiation 

potential in lymphoid progenitors and the blockade of early B cell 

development in the absence of Srg3.  

In agreement with the finding that the expression of Ebf1 and its 

downstream target genes was reduced in CLPs and pro-B cells of Srg3-

deficient mice, my results provided direct evidence that the expression of 

Ebf1 was mediated directly by the SWI/SNF complex. SRG3 and BRG1 

were found to bind to the proximal promoter regions of the Ebf1 gene in 
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pro-B cells. Even though the relative activity of distal promoter of Ebf1 

(Ebf1- ) is higher than the activity of proximal promoter (Ebf1- ) in 

PD36 cell line, Ebf1-  transcript is predominantly expressed in all B 

lineage cells, especially in CLP and pro-B cells (the relative abundance of 

Ebf1-  mRNA is over 100-fold higher than that that of Ebf- ) (Roessler et 

al., 2007). Moreover, it was previously reported that recruitment of 

SWI/SNF complex is required for the functional activity of Pax5 and the 

expression of Ebf1-  was reduced in Pax5
-/-

 pro-B cells, whereas the 

expression of Ebf1-  was comparable (Barlev et al., 2003; Gao et al., 

2009; McManus et al., 2011; Roessler et al., 2007). So, it appears that the 

SWI/SNF complex may act cooperatively with Pax5 to activate the 

expression of Ebf1 through the proximal promoter. Thus, in the absence of 

the Srg3, the Ebf1-  expression, which is reported to be transcribed by the 

proximal promoter, would be significantly decreased and this will affect 

the early B-cell differentiation process. 

Enforced expression of Ebf1 in Srg3-deficient KLS cells rescued, 

although very inefficiently, the generation of B cells in vitro (GFP
-
 

control: 0.3937 ± 0.2889% vs. GFP
+
 Ebf1: 3.117 ± 0.5429% for 

B220
+
CD19

+
 cells and control KLS cells: 29.3%). Therefore, enforced 

expression of Ebf1 drives, with very low efficiency (~10% of control), the 

recovery of B cell progenitors that lack SWI/SNF complexes. This very 

low efficiency of the recovery appeared to be due to the absence of the 

SWI/SNF activity in Srg3-deficienct mice. Therefore, I think that these 

results reflect the requirement of SWI/SNF for the functional activity of 

Ebf1, which is consistent with previous reports (Gao et al., 2009; 
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McManus et al., 2011). In summary, my results collectively establish the 

critical functions of the SWI/SNF complex in the process of early priming 

of B lineage specification. The functional requirement for the SWI/SNF 

complex at CLP stage and the transition from pre-pro B to early pro-B 

cells is correlated with defects in the expression of B lineage-specific 

genes, such as Ebf1, Il7ra, Tcfe2a and Pax5, and in the V(D)J 

rearrangement of the Igh locus in the absence of Srg3. Thus, my study 

suggests that proper control of epigenetic remodeling of chromatin is 

essential for the sequential steps of early B lineage development. 
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IV-2. miR-139 is essential for proper myeloid lineage differentiation 

 

Hematopoiesis is hierarchical stepwise process for cell fate decisions 

Recently, new evidences have been uncovered that distinct miRNAs are 

involved not only in hematopoietic lineage differentiation such as 

developmental fate decision but also in regulation of functional activity of 

hematopoietic lineage cells (Garzon and Croce, 2008). Extensive 

experiments using mice genetically engineered to deregulate the 

expression of specific miRNA have proved the direct relationship between 

the function of miRNAs and disease symptoms, and also altered 

expression of miRNAs has been observed in various types of leukemia 

and lymphoma (Johnnidis et al., 2008; Pase et al., 2009; Rodriguez et al., 

2007; Xiao et al., 2008). These findings strongly implicate the 

involvement of miRNAs in hematopoietic malignancies. In this study, I 

demonstrate that proper expression of miR-139 is required for maturation 

of myeloid lineage cells (Fig. 40). This miRNA is highly expressed in 

mature granulocytes and the inhibition of miR-139 expression by 

expressing miR-139T in hematopoietic progenitors caused a 

myeloproliferative disease, exhibiting granulocytic hyperplasia in the 

bone marrow and the periphery. 

The relevance of the myeloproliferative phenotypes observed in miR-

139T-expressing mice is substantiated by the expression of mir-139 in 

human patients with CML. CML is a malignant clonal disease of 

hematopoietic progenitors and characterized by the presence of 

Philadelphia translocation, so called BCR-ABL fusion proteins (Sawyers, 
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1999). Myeloid cells are increased in the peripheral blood, and also 

marked myeloid hyperplasia in the bone marrow is shown in CML 

patients. The significant decrease in the expression of miR-139 was 

observed both in the bone marrow and peripheral blood cells obtained 

from CML patients compared to normal and anther types of CMPD 

patients such as essential-thrombocytosis (ET) characterized by a high 

platelet count. The myeloid hyperplasia displayed in reconstituted mice 

with miR-139T-expressing HPCs and the marked downregulation of miR-

139 in samples from CML patients are suggest the correlation between the 

onset of hematopoietic malignancy and the decreased expression of miR-

139. Furthermore, this miRNA may be used as a diagnostic indicator of 

CML. It is not clear that dysregulation of miR-139 expression is able to 

induce chromosomal dislocation such as BCR-ABL (Philadelphia 

chromosome) seen in CML. However, miR-139 expression was also 

decreased in the bone marrow and the peripheral blood cells from CNL 

patient, even though only one sample was analyzed at present, and 

excessive proliferation was shown in neutrophils expressing miR-139T. 

From these data, miR-139 seems to be involved in the regulation of 

proliferation in mature neutrophils, but more extensive studies are needed 

to establish the mechanism responsible for the myeloid hyperplasia in the 

absence of miR-139. In the attempt to assess the mechanistic explanation 

for the myeloproliferative phenotypes caused by inhibition of miR-139 

function, I identified Brg1 gene as a functional target gene directly 

regulated by this miRNA. Ectopic expression of miR-139 repressed Brg1 

expression both at protein and transcriptional levels. 
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Figure 40. A model for the regulatory function of miR-139 during 

myelopoiesis. 
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 In contrast, knockdown of mir-139 derepressed the expression of Brg1. 

Notably, expression of Brg1 was significantly increased in the bone 

marrow and the peripheral blood cells from CML patients compared to 

those from normal donors, which is inversely correlated with miR-139 

expression. Previous studies have shown that Brg1 or Brg1-containing 

SWI/SNF complex mainly act as tumor suppressors. Mutation or 

inactivation of Brg1 were found in many human cancer cell lines, and 

more, Brg1 can induce growth arrest by interacting with tumor suppressor 

genes such as BRCA, Rb and LKB1(Bochar et al., 2000b; Dunaief et al., 

1994; Klochendler-Yeivin et al., 2002; Marignani et al., 2001; Roberts 

and Orkin, 2004). However, recent studies using primary human cancer 

tissue showed the discrepancy with the previous notions of Brg1 as a 

tumor suppressor.  Brg1 activity is required for proliferation of cancer 

cells, even in the SNF5-deficient tumors (Bourgo et al., 2009; Naidu et al., 

2009; Wang et al., 2009). Brg1 is also found to interact with oncoproteins 

including c-Myc and MITF to promote tumor progression and Brg1 

positively regulates expression of CD44 that are required for proliferation 

and metastasis of various tumors (Cheng et al., 1999; de la Serna et al., 

2006; Keenen et al., 2010; Strobeck et al., 2001). Interestingly, recent 

work with human CML samples showed that transcriptional activity of -

catenin is increased in myeloid progenitors from CML patient (Jamieson 

et al., 2004). Normal myeloid progenitors transduced with -catenin 

showed the high proliferative potential and self-renewal activity. Brg1 

directly interacts with -catenin and recruitment of Brg1 into Wnt-

responsive target gene loci is essential for the transcriptional function of 
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-catenin (Clevers, 2006; Mosimann et al., 2009; Stadeli et al., 2006). It 

may be possible that enhanced expression of Brg1 in HPCs caused by 

reduced expression of miR-139 positively activates the Wnt signaling in 

myeloid progenitors, therefore, miR-139-deficient progenitors gain the 

increased proliferative potential, which leads the expansion of myeloid 

cells. Thus, it will be necessary and useful to examine the gene expression 

of -catenin targets, including cyclin D1 and c-myc in myeloid 

progenitors from miR-139T-exrepssing mice. In addition, several studies 

have found that Brg1 expression is increased in various cancer tissues and 

Brg1 expression is associated with excess proliferation and the advanced 

stage of carcinomas (Lin et al., 2010; Sentani et al., 2001). It is of note 

that recent studies showed that miR-139 expression is downregulated in 

gastric carcinomas, whereas Brg1 expression is increased in gastric 

carcinomas (Guo et al., 2009; Jiang et al., 2010). These results may 

implicate the inverse correlation between Brg1 and mir-139 expression 

and also suggest the relationship between increased expression of Brg1 

and the uncontrolled proliferation of cells. Thus, it is possible that 

increased expression of Brg1 in CML is associated with excess 

proliferation of myeloid cells, which causes the neutrophilic 

myeloproliferative disorders. There is emerging evidence that individual 

miRNA can regulate cellular events by regulating multitude target genes 

concomitantly. Bioinformatical analysis using sequence-based prediction 

algorithms showed that miR-139 could potentially interact with the 

3’UTR of many genes. My data, therefore, can not completely rule out the 

possibility of other target genes directly regulated by miR-139 in 
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hematopoiesis. However, increase in myeloid cells both in vitro and in 

vivo by ectopic expression of Brg1 only implicates Brg1 as a potent 

functional target of miR-139 in hematopoiesis and dysregulation of Brg1 

might be the cause of a myeloproliferative disease in miR-139-deificient 

mice. 

Several studies have shown that the expressions of ‘host’ gene and 

microRNAs are very similar pattern and usually share the same regulatory 

regions such as promoters (Baskerville and Bartel, 2005; Kim and Nam, 

2006; Lagos-Quintana et al., 2001; Rodriguez et al., 2004). It is of note 

that miR-139 is embedded within intronic regions of coding gene, 

Phosphodiesterase 2A (PDE2A). My data also showed that the expression 

pattern of PDE2A is very similar to miR-139 expression (data not shown). 

The cyclic nucleotide phosphodiesterases (PDEs) regulate the signal 

transduction by modulating the concentrations of intracellular cyclic 

nucleotides, cAMP and cGMP (Keravis and Lugnier, 2012; Sadhu et al., 

1999). PDE2A hydrolyses both cAMP and cGMP, although cGMP is the 

preferred substrate and the activity of PDE2A is stimulated by elevated 

levels of cGMP. Several studies have shown that intracellular levels of 

cyclic nucleotides are associated with a variety of biological functions 

specifically in the proliferation and differentiation. Elevation of cGMP 

levels stimulated the proliferation of hematopoietic stem cells and the 

granulocytes growth in vitro (Oshita et al., 1977). Additionally, cGMP 

enhanced the proliferation of myeloid progenitors from both murine and 

human bone marrow, whereas high concentrations of cAMP caused the 

opposite effect (Kobsar et al., 2008; Kurland et al., 1977; Sadhu et al., 



 128 

1999; Taetle and Koessler, 1980). These results implicate PDE2A as a 

regulator of cell proliferation in myeloid progenitors by mediating the 

balance of cAMP and cGMP levels. If miR-139 expression is concomitant 

with the transcription of PDE2A, miR-139 is also associated with the 

proliferation in myeloid cells. Otherwise, miR-139 might be involved in 

the negative-feedback regulation to control the function of PDE2A. To 

assess the relationship between PDE2A and miR-139, more detailed 

mechanisms for the expression of these genes are remained to elucidate.   

It remains unclear whether miR-139 is required for normal B cell 

development. Results from my experiments and others showed that mir-

139 is expressed through B lineage differentiation, specifically in pro- and 

pre-B cells. I used knockdown system in HPCs, which precedes 

development of pro-B cells during hematopoiesis, so it is difficult to 

examine the role of miR-139 during B cell development. Therefore, 

conditional knockout system using cell type-specific cre transgenic mice 

would be extremely valuable to analyze the role of miR-139 in specific 

lineage through steady-state hematopoiesis.   

In summary, my results collectively establish the critical role of miR-

139 in hematopoiesis. Based upon reconstituted mice expressing miR-

139T to downregulate miR-139 expression, dysregulation of miR-139 in 

HPCs caused the increase in myeloid cells with the phenotype of 

myeloproliferative disorder. In accordance with these observations, the 

expression of miR-139 was decreased in CML patients. Thus, molecular 

mechanism of mir-139 action in the generation of malignancy on 

hematopoietic lineage cells such as CML is required to assess whether this 
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miRNA is a possible regulator of excess proliferation in HPCs and these 

efforts will provide specific miRNAs for potential therapeutic agents in 

malignant diseases of hematopoietic lineages. 
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