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IMMUNOBIOLOGY

Cooperative binding of c-Myb and Pax-5 activatesRiA¢s5-2
promoter in immature B cells

Hiroyuki Kishi, Zhe-Xiong Jin, Xing-Cheng Wei, Takuya Nagata, Tadashi Matsuda, Shigeru Saito, and Atsushi Muraguchi

The recombination activating gene-1
(RAG-1) and RAG-2 are expressed specifi-
cally inimmature lymphoid cells undergo- promoter activity in B-cell lines. Coopera-
ing the recombination of antigen receptor tive activation of the RAG-2 promoter was
genes. The regulation of murine  RAG-2 seen by a combination of c-Myb and
promoter was studied and it was revealed Pax-5 in a human embryonic kidney cell
thatthe —41/—17 RAG-2 promoter region, line (293T), via their synergistic DNA-
which is conserved between humans and binding. Deletion experiments showed
mice, was indispensable for the = RAG-2 that the C-terminus of c-Myb was respon-
promoter activity in B-cell lines. The re- sible for their interaction. Furthermore,
gion contained 2 cis elements that bound the dominant-negative c-Myb mutant sup-

c-Myb and Pax-5. Mutation in the c-Myb—
binding site in the promoter reduced the

pressed the activation of the  RAG-2 pro-
moter in a pre-B-cell line as well as in
293T cells. These results suggest that
cooperative binding of c-Myb and Pax-5
to the RAG-2 promoter is one of the
mechanisms to direct the restricted ex-
pression of the RAG-2 in immature B
cells. (Blood. 2002;99:576-583)
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Introduction

Immunoglobulin (Ig) and T-cell recepto(TCR) variable genes complementatiod These results suggest that expression of
consist of germline variable (V), diversity (D), and joining (J)RAGis regulated by theis-element, such as enhancer. At the
segments and are assembled during lymphocyte developmentpbymoter level, it was reported that the hunRAG-1promoter
V(D)J recombination. The recombination activating gef®AG-1) region does not confer the lymphocyte-specific expression of
and RAG-2encode the essential and lymphocyte-specific compBAG-1121517Regarding the promoter ®®AG-2 about 300 bp
nents of V(D)J recombination machinery. Their products arf® upstream region from the major transcription initiation site of
sufficient for the recognition and initial cleavage of DNA containmouse RAG-2 is conserved between mice and huméah¥,

ing recombination signal sequences that flank each coding séwdicating that this region is important for the promoter activity
ment!2 During lymphocyte development, expression RAG-1 of RAG-2 It was also demonstrated that the humRAG-2
and RAG-2 is tightly regulated.RAG genes are expressed inpromoter is activated not only in lymphoid cells but also in
immature B- or T-lineage cells undergoing or TCR gene nonlymphoid cells” Concerning the mousBAG-2 promoter,
rearrangements® The failure of functional expression ®@AG Schlissel and his colleagues and Kishi et al have demonstrated
causes a defect in the formation of the functional antigen receptbat the core promoter of mousRAG-2 confers lymphoid

of lymphocytes, and hence causes the block of lymphocyspecificity and may be regulated with distinct transcription
development in mice and humah¥’ factors: Pax-51%n B cells and GATA38 or c-Myb?%in T cells.

The transcription oRAGIs regulated at different levels. At  ¢c-Myb protein is a transcription factor that is predominantly
the chromatin level, Fuller and Std#and Kitagawa et & have expressed in immature hematopoietic cells of all lineages and
demonstrated that alteration of chromatin structure detected t®gulates cell proliferation and differentiatiéhc-Myb antisense
DNase | hypersensitivity was noted in the promoter region afligonucleotide inhibited hematopoietic colony forma#&bmand
mouse and humaRAG-1only in RAG-expressing lymphocytes, mice deficient for c-Myb showed defective hematopoiesis in
indicating that chromatin remodeling is one of the mechanisnfstus?® To activate lineage-specific genes in different hematopoi-
for regulatingRAGexpression. At theis-element level, Yu et al etic precursor cells, c-Myb functioned in a combinational manner
have demonstrated that about 10 kb @pstream region of with other transcription factor®.Some transcription factors, such
RAG-2is necessary for the expressionRAGIn B-lineage cells as core-binding factor/PEBP2,C/EBRx, or PU.125 have been
and in CD4 CD8 thymocytes, and that further upstream regioshown to cooperate with c-Myb to activate enhancer or promoter
is required for the expression &RAG in CD4"CD8" thymo- without specifically binding to c-Myb. The other transcription
cytes!® Monroe et al have demonstrated that about 10 kb %actors, such as C/ERP have been reported to directly bind to
upstream region oRAG-2is enough for rescuing B- and T-cell c-Myb and cooperatively activate the transcription. It was also
development inRAG2/~ mice by usingRAG-2/~ blastocyst reported that c-Myb interacted with coactivators, such as CBP, to
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activate transcriptio”® Here we extended the study on transeripthe consensus binding site for c-Myb, mutated c-Myb binding site, Pax-5 binding
tional regulation of mous®AG-2in B-lineage cells and demon- site, mutated Pax-5 binding site, and the GATA binding site used for competition
strated that c-Myb interacts with Pax-5 and activates the mou4@® S-TTACAGGCATAACGGTTCCGTAGTGA-3, 5-TACAGGCATAT-
RAG-2promoter in B cells. CGGTTCCGTAGTGA-3, 5-TACCCTTGATCAAAGCAGTGTGACGG-
TAGC-3, 5-GACCCTTGATCAAAGCAGTATGATGGTAGC-3, and B-
CACTTGATAACAGAAAGTGATAACTCT-3', respectively.

Materials and methods Precipitation of c-Myb and Pax-5 by DNA-sepharose

Cells and cell culture To prepare DNA-sepharose beads, oligonucleotides containéiy—17
. . . sequences of MouSAG-2promoter, 5ATGCATGCATGAGGTCACAGT-
The 18.8.1 pre-B cell lin€ and the BAL17 B cell liné8 both of which C/SGTTACTCCCGTT -gpand 5 ATGCATGCATAACGGGAGTAACT-
express endogenous r.nurlﬁ(ng-l and RAG-2 were cuiltured |n' R'_DMI ACTGTGACCTC-3, were annealed and coupled to cyanogen bromide—
iggo s;JpEIemented W.'th 1()3¢°I:et.al SC;” serum, 1(;0 U/rglE_)SpTemc:Im, aNfctivated sepharose 4B (Amersham Pharmacia Biotech, Uppsala, Sweden)

*g m streptomycm ?t in>% cgtmOSp ere. ,__a uman g previously described.As a control, oligonucleotides containing the
embryonic kidney cell line, was grown in Dulbecco modified EagI%TAT3 binding site (5TCGACTCGTTCCCAGCAGCAC-3 were coupled
medium containing 10% fetal calf serum, 100 U/mL penicillin, and 1090 the beads. A quantity of 1Q6L nuclear extracts was added to 100 of
ng/mL streptomycin at 37°C and 5% GO 1x binding buffer (4% ficoll, 20 mM HEPES, pH 7.9, 50 mM KCI, 1 mM

) ethylenediaminetetraacetic acid [EDTA], 1 mM dithiothreitol [DTT], 0.25

Plasmid constructs mg/mL bovine serum albumin [BSA]) and precleared with 10 of

Luciferase constructs used for promoter assay were prepared using Picac&Rbiarose 4B beads at 4°C for 1 hour. Thepb@xtracts was diluted to 90

basic vector 2 (Nippon Gene, Tokyo, Japan) as described previbLilyiferase ML in 1x binding buffer containing 0.18g/uL poly(di-dC) and incubated
constructs containing the mutation in putative c-Myb binding sites (c-Myb1 aNyth 10 M'—_ DNA-s_epI_warose beads_ at 4°C for 3 hour.s. The beads were
c-Myb2 in Figure 2A) were prepared by producing the promoter fragment by’¥Shed with 1x binding buffer 5 times. Bound proteins were eluted by
sequential polymerase chain reaction (PCR). First, &dgment and a '3 boiling in sodlum dodecyl sulfate (S_DS)—sampIe buffer, resolved in
fragment containing the mutated sequence were prepared by PCR usip—Polyacrylamide gel electrophoresis (PAGE), and transferred to Poly-
oligonucleotide 1 (5TTCTGTCTCCCTCAACCATC-3 —85/—66 of RAG-3 Screen polyvinylidenefluoride (PVDF) membrane (NEN Life Science
and either oligonucleotide 2 ACGGGAGTAAATCACTGTGACCT-3, for ~ Products, Boston, MA). The membrane was incubated with c-Myb mono-
c-Myb1m,—19/~41 ofRAG-3 or oligonucleotide 3 (5STGCTGGTGTAAAGC- clonal antibody (clong 1.1; Upstat.e Biotechnology, Lake Placid, N.Y) or
GAGTAACTGA-3, for c-Myb2m, —9/—32 of RAG-3, and by PCR using polyclonal Pax_-5 antibody descrl_bed above, follqwed by peromda;e-
either oligonucleotide 4 (SAGGTCACAGTGATTTACTCCCGT-3, for conjugated anti-mouse 1gG or antl—g_oat !gG, and finally developed using
c-Myb1m,—41/—19 ofRAG-3 or oligonucleotide 5 (STCAGTTACTCGCTT-  the ECL system (Amersham Pharmacia Biotech).

TACACCAGCA-3, for c-Myb2m, —32/—9 of RAG-3 and oligonucleotide 6
(5'-GGGGTACCATGGCCAGAGGGGCTGCTTATC 3+147+118 of RAG-
2), respectively. Then the full length86/+147 fragments containing mutated sults
sequences were prepared by PCR using oligonucleotides 1 and 6 and clone(fi\)n?o

PicaGene basic vector 2. MoysECR 3 enhancer was cloned into the luciferaserne —41/—17 region is essential for the murine

constructs as described previodslgnd used for transfection into B-cell lines. RAG-2 promoter

Luciferase constructs without enhancer were used for transfection into 293T

cells. The mouse c-Myb expression vector (pAct—c-Myb) and its métamse  To determine the minimal region for activation of the murine
kindly provided by Dr Ishii at Riken, Tsukuba, Japan. Pax-5 expression veclRinG-2 promoter, the luciferase reporter gene connected to the
(PEFBOS-Pax-5) was generated by preparing the Pax-5 cDNA by reversq 1 yp, 10+ 147 region of the murinRAG-2or its serial deletion
transcriptase (RT)-PCR and cloning itto the pEF-BOS véttor. was transfected into the 18.8.1 pre—B-cell line or the BAL17 B-cell
line (Figure 1). Luciferase constructs linked tol.1 kbH147
showed the luciferase activity about 8-fold to 10-fold higher than
For transfection into B-cell lines, luciferase constructs were transfectédat of the promoterless construct. Deletion of B%&G-2promoter
using diethylaminoethyl (DEAE) dextran method as described previétislyfrom —1.1 kb to —65 did not affect the promoter activity in both
pSRe-LacZ gene was used as an internal control. When the expressigg]| lines. Deletion to-41 reduced the promoter activity to about
vectoren_codlng dominant-negative mutant c-Myb (pA@A) was co_trans- half, and deletion to—16 completely abolished the promoter
fectgd with different doses, the total amount of DNA was adjusted bé(ctivity, showing that the-41 to —16 region was essential for
adding pAct vector DNA. Twenty-four hours after transfection, cells WerrenurineRAG-Zpromoter activity,
harvested, and luciferase activity afiejalactosidase activity were mea- '

sured as described previoudfyFor transfection into 293T cells, the

calcium/phosphate method was used as described previ§Fyty-eight ¢-Myb and Pax-5 bind the  —41/—17 region
hours after transfection, cells were harvested, and luciferase activity adfdhe RAG-2 promoter

B-galactosidase activity were measured. When c-Myb or Pax-5 expression . .
vectors were transfected with different doses, the total amount of DNA w¥¥ and others have previously shown that thél/—17 region of
adjusted by adding either pAct vector DNA or pEF-BOS vector DNA.  theRAG-2promoter is highly conserved between humans and mice

(Figure 2A and see Kishi et*8land Lauring and Schlissé) and
Electrophoresis mobility shift assay that Pax-5 binds the-41/-17 regiont’-*° A database search for
putative binding sites of transcription factors in the mumieG-2

Luciferase reporter assay

Nuclear extracts were preparédElectrophoresis mobility shift assay (EMSA)

was performed by incubating nuclear extracts with radiolabeled oIigonucIeoti(%ri)énigglil ng?wed 2t;1€ &Utsfve g_Mylb8_ binl\iinbgz ellem?jms_ &
and then subjecting them to electrophoresis as described previy. -3') at—27 (c-Myb1) and at-18 (c-Myb2). In order to

supershift assay, 045g polyclonal Pax-5 antibody (Santa Cruz Biotechnology€X@Mine whether c-Myb as well as Pax-5 bind thd1/-17

Santa Cruz, CA) or control IgG was added to the extract prior to oligonucleotifi®AG-2 promoter, the DNA-sepharose precipitation assay was
addition. Where indicated, the radioactivity of the DNA/protein complex wagerformed. Nuclear extracts prepared from 18.8.1 cells or 293T
measured by BAS2000 (Fuji Film, Tokyo, Japan). Oligonucleotides containitignsfectant which had been transfected with mock, pAct—c-Myb,
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A Promoter +1 +147  Luciferase indicate that c-Myb and Pax-5 in nuclear extracts of the B-cell line
% concurrently bind the—41/—17 RAG-2 promoter region. The
mobility of this complex was almost similar to that of the complex
formed with recombinant Pax-5 or recombinant c-Myb produced in
B 293T cells (Figure 2C). This may be due to the similar electrostatic
properties of the DNA/protein complexes formed with Pax-5 alone,

c-Myb alone, and their combination. The similar observation was
9 2 4 6 8 1.0 12 reported in glucocorticoid-responsive element (GRE) that the

1.1K+147 _(—I mobility of the complex of GRE and glucocorticoid receptor
VK (GR) alone was the same as that of the tertiary complex of
GRE/GR/STAT3%
639/+147 [
-430/+147 M—{ c-Myb activates the RAG-2 promoter by binding
to the c-Myb1 site in the promoter region
-251/+147 Fll . E To determine which putative c-Myb elements are involved in the
activation of the RAG-2 promoter in B-cell lines, luciferase
-86/+147 construct with the wild-type-86/+147 region or its mutation at
the c-Myb1 or c-Myb2 site (Figure 2A) was transfected into 18.8.1
-65/+147 or BAL17 cells (Figure 3A). The mutation at the c-Myb1l site

markedly reduced the promoter activity of theB86/+147 frag-

Promoter Luciferase Activity

-41/+147 ment, although mutation of the c-Myb2 site did not affect its
promoter activity. To verify whether c-Myb binds the c-Mybl
-16/+147 element at—27 of the murineRAG-2 promoter, a radiolabeled
—41/-17 fragment was incubated with nuclear extracts prepared
+44/+147 Il 18.8.1 from 293T cells which had been transfected with pAct-c-Myb
[ BAL17 (Figure 3B). The complex formation (C1) was noted in the gel,
None which was inhibited by an excess of unlabeled wild-type oligonu-

cleotides, but not mutant oligonucleotides for c-Myb1. This result
Figure 1. The —41/-17 region is essential for the murine  RAG-2 promoter in  indicates that c-Myb binds the c-Myb1 site in th&1/—17 region.
ol s, () D of emotriise st Mowse 162 7  Recombinant Pax- also bound thd /17 fragment and formed
shaded box for +1 to +147) was linked to 5’ of luciferase reporter gene (closed box). th_e complex_ (CZ)_' which WaS. inhibited by the _unlabEI_ed _pr_obe
+1 indicates major transcription initiation site. (B) Promoter activity in B-cell lineswith  oligonucleotide (Figure 3B). This complex formation was inhibited
Iselr(ia('j'y de':eted RﬁGj lpfog‘O‘er region.GA2 quantity of 10 MJ( 'L;Cifefaje Cfinfst;fums by oligonucleotide containing consensus Pax-5 binding site, but
inked to the serially deleted mouse RAG-2 promoter region (indicated on left) was . . I _ P .
transfected into 18.8.1 cells or BAL17 cells. pSRa-LacZ was included as an internal not t.)y o“gOHUdeOtlge containing mUtat_ed .Pax > blndmg .Slte as
control. Twenty-four hours later, luciferase and B-galactosidase assays were per- previously reported- Importantly, the binding of recombinant
formed on cell extracts. The activity of the luciferase construct without promoter in  Pax-5 was completely inhibited by an excess of unlabeldd/

each cell is set to 1. Error bars indicate deviation of 3 experiments. —17 oligonucleotide containing mutant c-Myb1 site (Figure 3B)

. . indicating that mutation of c-Myb1 site did not affect the binding of
or pEFBOS-Pax-5 were incubated with the sepharose begls ¢ togthe mousBAG-Zprom{)ter g

conjugated with the-41/—17 fragment, and the binding of c-Myb
or Pax-5 to the fragment was assessed by Western blot analys,ia b and Pax.5 tivelv activate th
using an antibody against either c-Myb or Pax-5. As a controﬁ: yb and Fax-s cooperatively aciivate the

sepharose beads conjugated with oligonucleotide containing STAf& examine the effect of c-Myb and Pax-5 on the activation of the
binding site were used. As shown in Figure 2B, thd1/~17 RAG-2 promoter, 293T cells were transfected with luciferase
fragment precipitated c-Myb and Pax-5 from nuclear extracts ghnstruct with—86/+147 RAG-2promoter or its mutants alone, or
18.8.1 cells as well as from c-Myb or Pax-5 transfectant, but N@igether with either pAct—c-Myb or pEFBOS—Pax-5, or both, and
from Mock transfectants. On the contrary, the control fragment djdciferase activity was determined (Figure 4). Each Pax-5 or c-Myb
not precipitate either c-Myb or Pax-5. maximally activated theRAG-2 promoter about 3-fold when

In order to verify the binding of c-Myb and Pax-5 in the nucleagompared with the promoter activity without Pax-5 and c-Myb, and
extracts of B-cell lines to the-41/-17 fragment, EMSA was thejr combination maximally activated the promoter about 9-fold
performed using nuclear extract prepared from 18.8.1 cells (Figt{pagure 4A). This cooperation between c-Myb and Pax-5 was
2C) or BAL17 cells. A specific complex (C) was detected in the g@bund by the wild-type promoter (WT) and c-Myb2 site-mutant
and the complex formation was completely inhibited by an exceggomoter (c-Myb2m). However, the cooperation was significantly
of the oligonucleotide containing consensus binding site for c-Myladuced when the c-Myb1 site-mutant promoter (c-Myblm) was
or Pax-5, but not by an excess of oligonucleotides containing thged (Figure 4B). These results show that c-Myb and Pax-5

mutant c-Myb, the mutant Pax-5, or unrelated GATA binding sitegooperatively activate thRAG-2promoter and that the c-Mybl
The addition of Pax-5 antibody shifted the majority of this Comp|3§ite in the promoter is important for the cooperation.

higher in the gel, whereas control IgG had no effect, suggesting that

Pax-5is present i_n this complex. We cou_ld not det_ect a supe_rshifthiﬂyb and Pax-5 synergistically bind the
the complex using several commercially available antibodies

against c-Myb, probably because these antibodies were unsuitafidaest the possibility that c-Myb and Pax-5 synergistically bind the
for the supershift assays (data not shown). Nevertheless, the resBis5-2promoter, a radiolabeled41/—17 fragment was incubated

RAG-2 promoter

RAG-2 promoter
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Figure 2. c-Myb with Pax-5 binds —41/—17 region of the RAG-2 promoter. (A) DNA sequence of the mouse RAG-2 promoter region of —65 to +4. Putative binding sites for
Pax-5 and c-Myb (c-Mybl and c-Myb2) are shown by arrows under the sequence. Nucleotides used for c-Myb binding site mutation are indicated above the sequence.
Nucleotides conserved between humans and mice are shown by capital letters. +1 indicates major transcription initiation site. (B) DNA-sepharose precipitation assay. Nuclear
extracts were prepared from 293T cells transfected with pAct vector (Mock) or pAct—c-Myb (r-c-Myb), or from 18.8.1 cells (top panel) or 293T cells transfected with pEF-BOS
vector (Mock) or pEFBOS—Pax-5 (r-Pax-5), or 18.8.1 cells (bottom panel). Extracts were incubated with sepharose beads conjugated with either oligonucleotides containing
the STAT3 binding site (control) or —41/—17. Bound proteins were eluted and resolved in SDS-PAGE and detected by immunoblotting using c-Myb or Pax-5 antibody.
(C) Binding of c-Myb and Pax-5 in nuclear extracts from 18.8.1 cells to the —41/—17 region. Nuclear extracts were prepared from 18.8.1 cells or 293T cells transfected with
either pAct—c-Myb (r-c-Myb) or pEFBOS—Pax-5 (r-Pax-5) and subjected to EMSA with a radiolabeled —41/—17 oligonucleotide. Oligonucleotide competition was carried out
with 200-fold excess of unlabeled —42/—17 oligonucleotide, the oligonucleotide containing the consensus c-Myb binding sequence (c-Myb) or its mutant binding sequence
(c-Mybm), the oligonucleotide containing the consensus Pax-5 binding sequence (Pax-5) or its mutant binding sequence (Pax-5m), or the oligonucleotide containing the
consensus GATA binding sequence (GATA). For supershift assay, EMSA was performed in the presence of 0.5 ug polyclonal Pax-5 antibody or control IgG. Specific
protein/DNA complex is indicated as C and free probe as F. Supershifted band is indicated by an asterisk.

with various amounts of nuclear extracts prepared from 293T cediatibody. Anti—c-Myb antibody, but not control antibody, coprecipi-
transfected with pAct-c-Myb or pEFBOS-Pax-5, or with théated Pax-5 together with c-Myb (Figure 5C). The result demon-
combination of these extracts (Figure 5A). Although c-Myb alonstrates that c-Myb and Pax-5 directly bind each other.

or low doses of Pax-5 alone produced the faint bands of the |
complex, their combination markedly augmented the compl&)m'nam'

formation. This complex formation by recombinant c-Myb angh order to examine the role of c-Myb in the activation of the
Pax-5 was specifically blocked by the oligonucleotide containingaG-2promoter in vivo, 293T cells were transfected with lucif-
either the consensus c-Myb binding site or the Pax-5 binding siigase construct with 86/+147RAG-2promoter alone, or together
but not by the oligonucleptide containing the GATA binding sitgyith pEFBOS-Pax-5 plus pAct-c-Myb and various amounts of
(data not shown). The mobility of the complex formed with th‘:ﬁé\“ct-ATA, which encodes transactivation domain-deleted c-Myb
combination of recombinant c-Myb and recombinant Pax-5 was thg,tant (\TA) (Figure 5B). After transfection, luciferase activity
same as that of the complex formed with each recombinant protgias determined. As shown in Figure 6ATA suppressed c-Myb—
(Figure 5A) as shown in Figure 3C. and Pax-5-dependerRAG-2 promoter activation in a dose-
To determine the functional domain in c-Myb necessary for thgapendent manner. To verify the role of c-Myb in the activation of
interaction with Pax-5, a radiolabeled41/~17 fragment was the RAG-2promoter in B cells, 18.8.1 cells were transfected with
incubated with nuclear extracts prepared from 293T cells tranggiferase construct with-86/+147 RAG-2 promoter alone, or
fected with expression vectors for wild-type c-Myb or its deletioqlogether with pAct—c-Myb and various amounts of pAGA, and
mutants in the absence or presence of that of Pax-5 (Figure 5B) |yciferase activity was assess&dA dose-dependently sup-
Deletion of the C-terminus of c-Myb (CT1) abolished the Cooperagyessed th&RAG-2promoter activation in the B-cell line (Figure

tion of c-Myb and Pax-5 for DNA binding (Figure 5B, middle gg) The result indicates the involvement of endogenous c-Myb in
panel), although the amount of CT1 in the nuclear extract W@$e activation of th&®AG-2promoter in a B-cell line.

comparable to that in the other mutants or wild type (Figure 5B,

lower panel). Deletion of the DNA-binding domain (NTADB),

the transactivation domainATA), or the negative regulation Discussion

domain ANR) of c-Myb did not affect the cooperative binding of

c-Myb mutant and Pax-5 to the41/—17 fragment. The result We and others have shown that the moR#&«5-2promoter region

shows that the C-terminal of c-Myb is involved in the interactiowonfers lymphocyte-specificit§:'° In B-lineage cells, it was

with Pax-5. demonstrated that Pax-5 plays an important role for activation of
To explore whether c-Myb and Pax-5 physically interactnouseRAG-2promoter8? In T-lineage cells, we indicated the

nuclear extracts prepared from 293T cells transfected with expresle of GATA-3 in the activation of the promoté&t,and recently

sion vectors for both c-Myb and Pax-5 were incubated with eith&ang et al have demonstrated the possible involvement of c-Myb

control antibody or anti-c-Myb antibody, then precipitated witlin the promoter activatiof. The present study demonstrates that

protein G beads. Immunoprecipitates were resolved by SD&operative binding of c-Myb and Pax-5 to tRAG-2promoter

PAGE, transferred to nylon membrane, and probed with anti-PaxdBected expression of tHRAG-2in immature B cells.

negative c-Myb suppresses ~ RAG-2 promoter activity
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A 18.8.1 B-cell nuclear extracts to the41/—17 fragment is dependent on
BAL17 c-Myb in the extracts. This notion was confirmed by the following
© _— findings: (1) ectopic expression of c-Myb and Pax-5 cooperatively
activated the promoter in 293T cells (Figure 4), and (2) recombi-
nant c-Myb and Pax-5 synergistically bound thell/~17 se-
g‘ e quences (Figure 5). These results indicate that c-Myb and Pax-5
5 cooperatively bind and activate thRAG-2 core promoter in
< . B-lineage cells. As to the-65/—41 of RAG-2 B upstream region,
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Figure 3. c-Myb activates the RAG-2 promoter by binding the c-Myb1 site in the 2]
promoter region. (A) Promoter activity of wild-type versus c-Myb binding site— E
mutated RAG-2 promoter. A quantity of 10 pg luciferase constructs linked to the E
—86/+147 promoter fragment or that with mutation in c-Myb binding sites (c-Myb1m ]
or c-Myb2m) together with pSRa-LacZ was transfected into 18.8.1 cells or BAL17 3
cells, and luciferase activity was analyzed as in Figure 1. Error bars indicate deviation
of 3 experiments. (B) Effect of mutation in c-Myb1 site on binding of recombinant
c-Myb and Pax-5 to the —41/—17 region. Nuclear extracts were prepared 48 hours c-M b1 m c-Mvb2m
after transient transfection of 293T cells with pAct vector (Mock), pAct-c-Myb Promoter wT y y
(r-c—Myb), orpEFBO_S—Eax—S (r-Pax-5) DNA and subjected to EMSAas_in Figure ZC. Pax-5 - 4 = 4 o § = g w o o= &
To verify specific binding, 50-fold excess of unlabeled —41/—17 oligonucleotide
(WT), or 50-fold or 200-fold excess of a similar oligonucleotide containing mutations c-Myb S T

at the c-Myb1 site (c-Myb1m) was included in EMSA. Specific DNA/protein complex
is indicated as C1 (for c-Myb) and C2 (for Pax-5), and free probe as F. Two bands are  Figure 4. c-Myb and Pax-5 cooperatively activate the ~ RAG-2 promoter in 293T
detected for c-myb (C1), probably reflecting the monomer (lower band) and dimer  cells. (A) RAG-2 promoter activity in 293T cells with expression vector for Pax-5,
(upper band) formation of c-Myb protein(s) in the gel Pax-5.29 c-Myb, or both. A quantity of 5 pg luciferase construct linked to the —86/+147
promoter region was transfected into 293T cells in the presence of 0.04 ng, 0.2 p.g,

The sequences of the41 to —16 region of mous®AG-2and 1mg.0or5ug of pPEFBOS—Pax-5 alone or with 0.2 g of pAct—c-Myb (indicated as +),

. . or 0.008 pg, 0.04 pg, 0.2 ng, or 1 g of pAct—c-Myb alone or together with 1 g of
that of humarRAG-2are almost identical and confer core promOteﬁEFBOS—Pax—S (indicated as +). pSRa-LacZ was included as an internal control.

activity in B-cell lines (Figure 1 and Figure 2A). c-Myb and Pax-5otal amount of DNA was adjusted with either pAct vector or pEF-BOS vector.

in the nuclear extract of the pre—B-ceII line bound thd1/—17 Luciferase and B-galactosidase activities were assayed 48 hours later. The luciferase

. . activity without Pax-5 and c-Myb was set to 1. Error bars indicate deviation of 3
fragment‘ and the formation of DNA/prOtem complex was Comexperiments. (B) Promoter activity of wild-type versus c-Myb binding site—mutated

pletely inhibited by either oligonucleotide containing consSensy$ .2 promoter in the presence of Pax-5, c-Myb, or both. Luciferase construct linked
c-Myb or Pax-5 binding site (Figure 2B-C). However, the formate —86/+147 promoter region containing wild-type c-Myb binding site (WT) or its
tion of the complex by arecombinant Pax-5 alone was not inhibit@wtaﬂon (c-Myb1m or c-Myb2m) was transfected into 293T cells in the absence or

. . .. . . resence of Pax-5, c-Myb, or both Pax-5 and c-Myb expression vectors, and the
by ollgonucleotlde containing consensus C'Myb bmdmg site (daEﬁJmoter activities were assessed as above. Error bars indicate deviation of 3
not shown). The results suggested that the binding of Pax-5 eiperiments.
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Figure 5. c-Myb and Pax-5 synergistically bind the RAG-2 promoter. (A) Binding of c-Myb and Pax-5 to the —41/—17 region. Aradiolabeled —41/—17 oligonucleotide was
incubated with various doses of nuclear extract containing either Pax-5, c-Myb, or their combinations, and subjected to EMSA as in Figure 2. Radioactivity of complexes seenin
the left gel were measured by BAS2000 and are shown on the right panel. (B) Effect of various c-Myb mutants on the synergistic binding to —41/—17 region with Pax-5.
Expression vectors for various c-Myb mutants shown on the top were transfected into 293T cells, and nuclear extracts were prepared 48 hours later. A quantity of 0.1 L of the
nuclear extract containing recombinant c-Myb was incubated with a radiolabeled —41/—17 oligonucleotide in the absence or presence of 0.01 L 293T cell nuclear extract
containing Pax-5, and subjected to EMSA as in Figure 5A (middle panel). Protein concentrations of the nuclear extracts containing c-Myb, c-Myb mutants, or Pax-5
corresponded to those used above. Expression of wild-type or mutant c-Myb in nuclear extracts was verified by Western blot analysis using monoclonal antibody (clone 1.1),
which binds to the negative regulation domain of c-Myb (lower panel). ANR could not be detected by this antibody. (C) Direct binding of Pax-5 with c-Myb. Expression vectors
for both c-Myb and Pax-5 were transfected into 293T cells. After 48 hours, the nuclear extract was prepared and incubated with anti—c-Myb antibody or control antibody.
Immunoprecipitates were resolved in SDS-PAGE, transferred to nylon membrane, and probed with anti-Pax-5 antibody or anti-c-Myb antibody. Lysate was applied to
SDS-PAGE as a positive control for Western blotting.

the promoter activity became about half when th85/—42 region Expression of the dominant-negative c-Myb mutant in the T-
was deleted (Figure 1). The65/—42 region was not conservedlineage in mice partially blocked T-cell differentiation in thynits,
between mice and humans as previously sh&WhWhen we and in homozygous nulkc-Myb/RAG1 chimeric mice, T-cell
compared this region between mice and humans in more detdiévelopment was blocked at the COZD8™ stage®® The results
guanine in—53 to —42 in the mouse RAG2 promoter region wasndicate the inevitable role of c-Myb in T-cell development. In
substituted to adenine in the human RAG2 promoter (Figure Z#ccordance with these results, Wang et al indicated that c-Myb is
and Kishi et al® and Lauring and Schlissé). This indicates that essential foRAG-2promoter activity in T-lineage cel.c-Myb
some transcription factor(s) might bind this site, although it is onlgxpression during B-cell development remains controversial. Bender
speculation. and Kuehl have demonstrated that c-Myb is expressed in pre-B-
It was demonstrated that c-Myb was expressed in the cortexasll lines at high levels but its expression is significantly low or
thymus, comprised of immature T-cells, but not in the mediilla.undetectable in mature B-cell lines or plasmacytoma cell Ffes.

A 8 B 8

Figure 6. Dominant-negative c-Myb suppresses RAG-2
promoter activity. (A) Effect of dominant-negative c-Myb on
RAG-2 promoter activity in 293T cells. A quantity of 5 pug
luciferase construct linked to the —86/+147 promoter region
was transfected into 293T cells with or without 1 pg Pax-5
expression vector and 0.2 pg c-Myb expression vector,
along with various amounts (0.013 ng, 0.32 pg, 8 pg) of
pAct-ATA. Forty-eight hours later, luciferase activities were
determined as in Figure 4. Error bars indicate deviation of 3
experiments. (B) Effect of dominant-negative c-Myb on i
RAG-2 promoter activity in 18.8.1 cells. A quantity of 10 g
luciferase construct linked to —86/+147 promoter region
was transfected into 18.8.1 cells together with various
amounts (0.013 pg, 0.32 pg, and 8 pg) of pAct-ATA. Pax-5 - + 4+ pAct-ATA - - é
Luciferase construct without promoter (None) was trans- + o+

fgcted as a control. Fony;eight hours later, Iuciferasg af:tivi- c-Myb - Promoter None -86/+147
ties were assayed as in Figure 1. Error bars indicate - - é
pAct-ATA

deviation of 3 experiments.

Luciferase Activity
Luciferase Activity
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Recently, Akashi et al have reported that c-Myb is not expresseddsviyb, we demonstrated that interaction between c-Myb and Pax-5
freshly isolated pro-B or pre-B populatiofsHowever, Allen et al  required the C-terminal region of c-Myb (Figure 5B). Although the
have shown that in homozygous naiMyb/RAGIchimeric mice, DNA-binding domain and transactivation domain of c-Myb have
B-cell development is blocked at the pre—B-cell stage in the bobeen reported to be necessary for the interaction of c-Myb with
marrow3® The result verifies an important role of c-Myb in earlyother transcription factor®,the role of the C-terminal region has
B-cell development and is consistent with our present results.  not been described. Thus, this study demonstrates for the first time

Regarding the expression of Pax-5, it initiated from the earlye functional role of the C-terminal of c-Myb.
B-lineage precursor cells and persisted to mature B-cells. It was Regarding the transcriptional role of c-Myb functional domains
down-regulated in terminally differentiated plasma cé&li®. In (Figure 5)?42°it has been demonstrated that the transactivation
Pax-5 mutant mice, B-cell development was completely arresteddammain of c-Myb directly or by binding to a coactivator, such as
the pro-B stagé? Precursor cells in the bone marrow of Pax-8CBP or p30(* activates transcription. In the present study, we
mutant mice could give rise to pre-B cells, in which thg-00-J, showed that the c-Myb mutant of the transactivation domairA)
rearrangement occurred at normal frequency, but the frequencysappresse®RAG-2promoter activation in B-cell lines (Figure 6).
the Vy-to-DJ, rearrangement reduced about 50-fidshowing The result indicates thatTA functioned as a dominant-negative
that Pax-5 is dispensable foryR0-J4 recombination. Concerning c-Myb mutant and implies that the transactivation domain of
the role of Pax-5 foRAGexpression, Lauring and Schlis¥ednd c¢-Myb may play a role in activation of thRAG-2promoter in B
Kishi et al'® have demonstrated that Pax-5 plays an important robells. Alternative interpretation of the result would be tAStA
for activation of mous&®AG-2promoter in B-lineage cells. In this bound the promoter and inhibited the binding of Pax-5 to the
study, we have demonstrated that not only Pax-5 but also c-Mybgsomoter. This is unlikely, because tAdA mutant did not block
involved in the promoter activation in B-cell lines. It is conceivabldéut rather augmented the binding of Pax-5 to the promoter (Figure
that the activation of the mou$®AG-2promoter is regulated with 5B). The DNA-binding domain of c-Myb also plays a role in the
cooperation of multiple transcription factors including c-Myb angiromoter activation, because mutation of c-Myb binding sites in
Pax-5. It is worthy to note that in the’ hipstream region of the the promoter reduced the promoter activity in B cells (Figure 3A).
mouse and humaRAG-2promoter, up to 300 bp from the major However, as shown in Figure 5B, the c-Myb deletion mutant of the
transcription initiation site are conservEd?® These promoter DNA-binding domain, NT4, could also bind the promoter by
sequences must have been conserved because of their inevitabtgerating with Pax-5, indicating that the DNA-binding domain
roles inRAG-2expression, although the in vitro luciferase systermay play a role other than DNA-binding iRAG-2 promoter
so far failed to demonstrate its essential roles (Figure 1). With thastivation. In this context, it is noteworthy that NT4 inhibited the
regard, some regulatory regions such as the local control regiBAG-2 promoter activation in B cells (data not shown). The
(LCR)*2 may exist which control chromatin remodeling as well a®NA-binding domain of c-Myb not only binds DNA but also
transcriptional activity in vivo, but show very low transactivatiorinteracts with other transcription factors or coactivators, such as
activity in vitro as employed in this study. C/EBP3 or p100%* Thus, the DNA-binding domain of c-Myb may

In the present study, we showed that c-Myb and Paxjiay a role not only in DNA-binding but also in interacting with
cooperatively bind to synergistically activate the mols&G-2 other transcription factors to activate tRAG-2promoter. Taken
core promoter in B-cell lines (Figure 2-Figure 5). Concerning thimgether, the hematopoietic but not lineage-specific transcription
interaction of c-Myb and Pax-5, we observed the synergistfactor, c-Myb, cooperates with the B-cell-specific transcription
activation, albeit reduced, of the RAG-2 promoter with the mutatdedctor, Pax-583° and activates thdRAG-2 transcription in B-
c-Myb binding site (c-Myb1 site) by recombinant Pax-5 and c-Mylineage cells. Further study is necessary to clarify whether other
(Figure 4B). We also found that the c-Myb mutant without itsranscription factors are involved RAG-2promoter activation in
DNA-binding domain (NT4 and\DB) could augment the binding B-lineage cells.
of Pax-5 to the promoter (Figure 5B). Finally, we demonstrated that
c-Myb and Pax-5 were coprecipitated by an antibody to c-Myb in
the absence of target DNA (Figure 5C). These observatiopa;knomedgment
strongly suggest the direct protein-protein interaction between
c-Myb and Pax-5. With respect to the interaction of Pax-5 and/e thank S. Ishii for c-Myb and its mutant expression vectors.

References
1. Fugmann SD, Lee Al, Shockett PE, Villey 1J, 6. Wilson A, Held W, McDonald HR. Two waves of tion of the murine Rag1 promoter. Mol Immunol.
Schatz DG. The RAG proteins and V(D)J recom- recombinase gene expression in developing thy- 1997,34:939-954.
bination: complexes, ends, and transposition. mocytes. J Exp Med. 1994;179:1355-1360. 12. Kitagawa T, Mori K, Kishi H, et al. Chromatin
Annu Rev Immunol. 2000;18:495-527. 7. Mombaerts P, lacomini J, Johnson RS, Herrup K, structure and transcriptional regulation of human
2. Ramsden DA, van Gent DC, Gellert M. Specificity Tonegawa S, Papaioannou VE. RAG-1-deficient RAG-1 gene. Blood. 1996;88:3785-3791.
in V(D)J cleavage by high mobility group proteins. mice have no mature B and T lymphocytes. Cell. 13. Yu W, Misulovin Z, Suh H, et al. Coordinate regu-
Curr Opin Immunol. 1997;9:114-120. 1992;68:869-877. lation of RAG1 and RAG2 by cell type-specific
3. Borgulya P, Kishi H, Uematsu Y, von Boehmer H. 8. Schwarz K, Gauss GH, Ludwig L, et al. RAG mu- DNA elements 5" of RAG2. Nature. 1999;285:
Exclusion and inclusion of « and g T cell receptor tations in human B cell-negative SCID. Science. 1080-1084.
alleles. Cell. 1992;69:529-537. 1996:274:97-99. 14. Monroe RJ, Chen F, Ferrini R, Davidson L, Alt

4. Grawunder U, Leu TM, Schatz DG, et al. Down- 9. Shinkai Y, Rathbun G, Lam KP, et al. RAG-2 defi- FW. RAG2 s regulated differentially in B and T
regulation of RAG1 and RAG2 gene expression . ] R X cells by elements 5’ of the promoter. Proc Natl
. B cells after functional i lobuli cient mice lack mature lymphocytes owing to in- Acad Sci U S A. 1999:96:12713-13718
In pre B cels aiter lunctional Immunogiobufin ability to initiate V(D)J rearrangement. Cell. 1992; ) " )

heavy chain rearrangement. Immunity. 1995;3: 15. Brown ST, Miranda GA, Galic Z, Hartman 1Z,

68:855-867.

601-608. ) ) ) Lyon CJ, Aguilera RJ. Regulation of the RAG-1
5. Monroe RJ, Seidl KJ, Gaertner F, et al. RAG2: 10. VillaA, Santagata S, Bozzi F, et al. Partial V(D)J promoter by the NF-Y transcription factor. J Im-
recombination activity leads to Omenn syndrome. munol. 1997;158:5071-5074.

GFP knockin mice reveal novel aspects of RAG2 .
expression in primary and peripheral lymphoid Cell. 1998;08:885-896. 16. Kurioka H, Kishi H, Isshiki H, et al. Isolation and
tissues. Immunity. 1999;11:201-212. 11. Fuller K, Storb U. Identification and characteriza- characterization of a TATA-less promoter for the

%20z AeN 61 uo 3senb Aq 4pd-9/50020208Y/+LE0891/9.5/2/66/4Ppd-8[0NE/POO|qARU SUOKEDIIgNdYSE//:d]Y WOl papeojumoq



BLOOD, 15 JANUARY 2002 - VOLUME 99, NUMBER 2

17.

18.

19.

20.

21.

22.

23.

24.

25.

human RAG-1 gene. Mol Immunol. 1996;33:
1059-1066.

Zarrin AA, Fong |, Malkin L, Marsden PA, Berin-
stein NL. Cloning and characterization of the hu-
man recombination activating gene 1 (RAG1) and
RAG2 promoter regions. J Immunol. 1997;159:
4382-4394.

Kishi H, Wei X-C, Jin Z-X, et al. Lineage-specific
regulation of the murine RAG-2 promoter:
GATA-3in T cells and Pax-5 in B cells. Blood.
2000;95:3845-3852.

Lauring J, Schlissel MS. Distinct factors regulate
the murine RAG-2 promoter in B- and T-cell lines.
Mol Cell Biol. 1999;19:2601-2612.

Wang Q-F, Lauring J, Schlissel MS. c-Myb binds
to a sequence in the proximal region of the
RAG-2 promoter and is essential for promoter
activity in T-lineage cells. Mol Cell Biol. 2000;20:
9203-9211.

Liuscher B, Eisenman RN. New light on Myc and
Myb, II: Myb. Genes Dev. 1990;4:2235-2241.

Gewirtz AM, Calabretta B. A c-myb antisense oli-
godeoxynucleotide inhibits normal human hema-
topoiesis in vitro. Science. 1988;242:1303-1306.

Mucenski ML, McLain K, Kier AB, et al. A func-
tional c-myb gene is required for normal murine
fetal hepatic hematopoiesis. Cell. 1991;65:677-
689.

Ness SA. Myb binding proteins: regulators and
cohorts in transformation. Oncogene. 1999;18:
3039-3046.

Hernandez-Munain C, Krangel MS. c-Myb and
core-binding factor/PEBP2 display functional syn-
ergy but bind independently to adjacent sites in
the T-cell receptor & enhancer. Mol Cell Biol.
1995;15:3090-3099.

26.

27.

28.

29.

30.

31.

32.

33.

COACTIVATION OF RAG-2PROMOTER BY C-MYB AND PAX-5 583

Oelgeschlager M, Nuchprayoon I, Luscher B,
Friedman A. C/EBP, c-Myb, and PU.1 cooperate
to regulate the neutrophil elastase promoter. Mol
Cell Biol. 1996;16:4717-4725.

Verbeek W, Gombart AF, Chumakov AM, Muller
C, Friedman AD, Koeffler HP. C/EBPe directly
interacts with the DNA binding domain of c-myb
and cooperatively activates transcription of my-
eloid promoters. Blood. 1999;93:3327-3337.

Oelgeschlager M, Janknecht R, Krieg J, Schreek
S, Lischer B. Interaction of the co-activator CBP
with Myb proteins: effects on Myb-specific trans-
activation and on the cooperativity with NF-M.
EMBO J. 1996;15:2771-2780.

Sakura H, Kanei-Ishi C, Nagase T, Nakagoshi H,
Gonda TJ, Ishii S. Delineation of three functional
domains of the transcriptional activator encoded
by the c-myb protooncogene. Proc Natl Acad Sci
U SA. 1989;86:5758-5762.

Mizushima S, Nagata S. pEF-BOS, a powerful
mammalian expression vector. Nucleic Acids
Res. 1990;18:5322.

Kerrigan LA, Kadonaga JT. Purification of se-
quence-specific DNA-binding proteins by affinity
chromatography. In: Ausbel FM, ed. Current pro-
tocols in molecular biology. Vol 2. New York, NY:
John Wiley & Sons; 1994:12.10.1-12.10.18.

Zhang Z, Jones S, Hagood JS, Fuentes NL,
Fuller GM. STAT3 acts as a co-activator of glu-
cocorticoid receptor signaling. J Biol Chem. 1997;
272:30607-30610.

Ess KC, Witte DP, Bascomb CP, Aronow B. Di-
verse developing mouse lineages exhibit high-
level c-Myb expression in immature cells and loss
of expression upon differentiation. Oncogene.
1999;18:1103-1111.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Badiani P, Corbella P, Kioussis D, Marvel J,
Weston K. Dominant interfering alleles define a
role for c-Myb in T-cell development. Genes Dev.
1994;8:770-782.

Allen RD IIl, Bender TP, Siu G. c-Myb is essential
for early T cell development. Genes Dev. 1999;
13:1073-1078.

Bender TP, Kuehl WM. Differential expression of
the c-myb proto-oncogene marks the pre-B cell/B
cell junction in murine B lymphoid tumors. J Im-
munol. 1987;139:3822-3827.

Akashi K, Traver D, Miyamaoto T, Weissman IL. A
clonogenic common myeloid progenitor that gives
rise to all myeloid lineages. Nature. 2000;404:
193-197.

Adams B, Dorfler P, Aguzzi A, et al. Pax-5 en-
codes the transcription factor BSAP and is ex-
pressed in B lymphocytes, the developing CNS,
and adult testis. Genes Dev. 1992;6:1589-1607.

Barberis A, Widenhorn K, Vitelli L, Busslinger M.
A novel B-cell lineage-specific transcription factor
present at early but not late stages of differentia-
tion. Genes Dev. 1990;4:849-859.

Urbanek P, Wang ZQ, Fetka |, Wagner EF, Bus-
slinger M. Complete block of early B cell differen-
tiation and altered patterning of the posterior mid-
brain in mice lacking Pax5/BSAP. Cell. 1994;79:
901-912.

Nutt SL, Urbanek P, Rolink A, Busslinger M. Es-
sential functions of Pax5 (BSAP) in pro-B cell de-
velopment: difference between fetal and adult B
lymphopoiesis and reduced V-to-DJ recombina-
tion at the IgH locus. Genes Dev. 1997;11:476-
491.

Crossley M, Orkin SH. Regulation of the 3-globin
locus. Curr Opin Genet Dev. 1993;3:232-237.

%20z AeN 61 uo 3senb Aq 4pd-9/50020208Y/+LE0891/9.5/2/66/4Ppd-8[0NE/POO|qARU SUOKEDIIgNdYSE//:d]Y WOl papeojumoq



