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Abstract

Previous studies have shown that expression of steady-state c-myb mRNA was regulated primarily by a block in intron 1
during transcription elongation. This study shows that the block site maps approximately 1700 bp from the start of the
intron. Studies based on a reporter construct containing c-myb flanking region and intron 1 suggest that the flanking region
is not important in the regulation of the cell type-specific expression of c-myb. RNA splicing of intron 1 may enhance the
expression in a non-cell type-specific manner. A conserved intron domain comprising the block site is required for defining
this site, but this function of the domain is independent of cell type. The cell type-specific regulation of c-myb transcription
elongation is mediated by a 5P intron sequence. A mechanism for down regulation of c-myb gene expression by the block to
transcription elongation has been proposed. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In eukaryotic systems, gene regulation through
transcription elongation by RNA polymerase II
(pol II) has been reported for a number of cellular
genes, such as c-myc [1], c-fos [2], c-myb [3], adeno-
sine deaminase (ADA) [4], K-tubulin [5], hsp70 [6]
and others [7]. A newly proposed mechanism of ac-
tion for the von Hippel^Lindau tumor suppressor
gene (VHL) product in its interaction with transcrip-
tion elongation factor elongin (TFSIII) further sug-
gests a crucial role for the transcription elongation
step in cellular control and oncogenesis [8]. The con-

trol in transcription elongation often involves the
conditional use of a block site located in the prox-
imal region, as well as within the ¢rst exon or ¢rst
intron. The recognition of such a site as a block to
transcription elongation by the pol II elongation
complex represses gene expression, while the pol II
complex reads through the site upon modulation
through certain elongation factors resulting in the
expression of the gene.

The c-myb proto-oncogene encodes a nuclear
transactivator that plays a central role in the regula-
tion of hematopoietic cell development [9,10]. Ab-
normal expression of c-myb is involved in tumor
progression in hematopoietic malignancies. The syn-
thesis, and consequently, the steady-state levels of c-
myb mRNA are high in immature hematopoietic
cells, and are down-regulated during terminal di¡er-
entiation.
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Previous nuclear run-on studies in di¡erent cell
types suggest that transcription of the endogenous
c-myb initiates constitutively, and that di¡erential
levels of c-myb steady state mRNA correlate primar-
ily with a block to transcription elongation within
the middle of the ¢rst intron [3,11,12]. This transcrip-
tion block occurred at the same region in di¡erent
cell types which expressed di¡erent levels of c-myb
mRNA, and in erythroid cells induced toward di¡er-
entiation by dimethyl-sulfoxide (DMSO). The precise
mechanisms regulating this transcription block are
not yet understood.

In order to study molecular mechanisms involved
in regulation of the transcription block in the c-myb
gene, a reporter construct MybCAT3 was used con-
taining 6.5 kilobases (kb) of the c-myb 5P £anking
region and intron 1 that was able to regulate cell
type-speci¢c expression at the level of transcription.
MybCAT3 was used further as a basic vector to in-
vestigate the sequences required for the regulation in
vivo and in vitro. Transient transfection assays were
carried out in di¡erent cell types to study the roles of
the £anking and intron 1 regions in the di¡erential
expression. A Xenopus oocyte system was used to
map the transcription block site in intron 1 and the
sequences responsible for the block. The intron re-
gions required for de¢ning the block site and for
regulating the block to transcription elongation
were studied both in vivo and in vitro.

2. Materials and methods

2.1. DNA constructs

MybCAT1 is a myb-CAT fusion construct con-
taining 2.3 kb of the £anking and exon 1 regions,
4.2-kb intron 1 and the ¢rst 31 basepairs (bp) of
exon 2 of the mouse c-myb gene. This 6.5-kb myb
sequence was derived from a 7.5-kb c-myb EcoRI
genomic fragment via introducing a SalI site at the
5P end by subcloning, and CalI^AvrII sites at the 3P
end by polymerase chain reaction (PCR). The SalI^
AvrII fragment of the 6.5-kb c-myb sequence was
subcloned into pCAT basic vector (Promega) be-
tween SalI and XbaI. The CAT protein in MybCAT1
is in frame with the upstream c-myb open reading
frame (34 amino acid residues), but this large fusion

protein has no detectable enzymatic activity. In order
to force translation to start from the CAT start co-
don, the myb translation start codon at NcoI site in
exon 1 was replaced with an 18-bp insert containing
XhoI and AvrII sites, and three other ATGs in exon
2 were also mutated to ATCs. This modi¢ed con-
struct was named MybCAT3.
vPromoter was a deletion of the 2.3-kb SalI^XhoI

£anking region from MybCAT3. To make TKC3,
190-bp HindIII^BglII thymidine kinase (TK) pro-
moter region of herpes simplex virus was subcloned
into the pBluescript vector (Stratagene) between
HindIII and BamHI as pBSTK. The 2.3-kb SalI^
AvrII region of MybCAT3 then was replaced by
196-bp SalI^SpeI fragment of pBSTK. To make
AdC3, 300-bp XhoI^XbaI PCR fragment containing
adenovirus major late promoter (Ad-MLP) replaced
the SalI^AvrII portion of MybCAT3. To make
CMVC3, 845-bp StuI^HindIII fragment containing
the immediate early promoter^enhancer sequences
of cytomegalovirus (CMV) was subcloned into the
pBluescript vector between EcoRV and HindIII as
pBSCMV. An 862-bp SmaI^XhoI fragment of
pBSCMV then was subcloned into MybCAT3 to re-
place the Eco47III^XhoI c-myb region. MybpCAT,
TKCAT and AdCAT were made by subcloning the
2.3-kb SalI^AvrII region of MybCAT3, the SalI^
AvrII TK promoter region, and the SalI^XbaI Ad-
MLP region respectively into pCAT basic vector be-
tween SlaI and XbaI. The intron 1 deletions of Myb-
CAT3 were made either by digestion with restriction
enzymes and religation or by PCR and subcloning.
In vitro transcription templates, CMVXhBg,
CMVPmBg and CMVBsBg, were made by PCR
from CMVC3 with two primers (one derived from
the CMV promoter at the NcoI site and the other
derived from the sequences at the distal BglII restric-
tion site of c-myb intron 1) or from CMVCAT and
MybCAT3 with an additional fusion primer. All con-
structs have been con¢rmed by restriction enzyme
analyses and/or sequencing.

2.2. Transient transfection and chloramphenicol acetyl
transferase (CAT) assay

Two million 7OZ/3B cells growing in log phase in
Roswell Park Memorial Institute 1640 medium con-
taining 10% fetal bovine serum were transfected with
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20 Wg of test DNA plus 1 Wg of RSV-L-galactosidase
(gal) expression plasmid and 330 Wg/ml diethylami-
noethyl (DEAE)-dextran as described [13]. Eighty
percent con£uent mouse ¢broblast NIH3T3 cells
growing in a 60-mm Petri dish in Dulbecco's modi-
¢ed Eagle's medium containing 5% calf serum were
transfected with 10 Wg of test DNA plus 1 Wg of
RSV-L-gal expression plasmid by the calcium phos-
phate precipitation method [14]. The transfected cells
were harvested, normalized by L-gal activity, and
assayed for CAT activity [15,16].

2.3. Xenopus oocyte microinjection and total RNA
preparation

The adult female frog (Xenopus laevis) was anes-
thetized with 0.15% Tricaine (Sigma) for 45 min. The
ovary was removed surgically, rinsed three times in
ND96 solution (5 mM HEPES pH 7.6, 100 mM
NaCl, 1 mM KCl, 1 mM CaCl2, 1 mM MgCl2,
2.5 mM sodium pyruvate, and 100 Wg/ml penicillin/
streptomycin), once in OR2 solution (5 mM HEPES
pH 7.6, 82.5 mM NaCl, 2.5 mM KCl, and 1 mM
MgCl2), and incubated for 3 h at room temperature
in 5 vols. of 2.5 mg/ml Collagenase B in OR2 solu-
tion. Oocytes were then rinsed once in OR2, and ¢ve
times in ND96. Healthy stage-5 and -6 oocytes were
selected and incubated overnight in ND96 at room
temperature. Germinal vesicles of the oocytes were
microinjected with closed circular double stranded
DNA (0.6^1.0 ng per oocyte). After incubation in
ND96 at room temperature for 18^24 h, Xenopus
oocytes were lysed in guanidinium solution (4 M
guanidinium isothiocyanate, 20 mM sodium citrate,
0.1 mM dithiothreitol, 0.5% Sarkosyl) (40 per ml) by
vigorous vortexing. The lysate was loaded onto 9 ml
of CsCl2 cushion (4.7 M CsCl2, 100 mM sodium
acetate, pH 5.0 and 5 mM ethylene diamine tetra-
acetic acid (EDTA)) in a centrifuge tube for Beck-
man SW41 rotor, and centrifuged at 35 000 rpm,
20³C for 16 h. The RNA pellet was resuspended in
10 mM Tris-Cl (pH 7.4), 5 mM EDTA and 0.5%
sodium dodecyl sulfate (SDS), extracted with chloro-
form/butanol (4:1), and precipitated with ethanol.

2.4. Nuclear run-on

Isolation of nuclei and nuclear run-on reactions

were performed as described [17]. Log-phase 7OZ/
3B cells were lysed in 5 vols. of lysis bu¡er (10
mM Tris-Cl pH 7.5, 10 mM NaCl, 3 mM MgCl2,
0.1 mM EDTA, 0.5% Nonidet P-40) using a B-type
pestle glass Dounce homogenizer. The cell lysate was
mixed with an equal volume of sucrose solution (2 M
sucrose, 10 mM Tris-Cl pH 7.5, 5 mM magnesium
acetate, 0.1 mM EDTA, 1 mM dithiothreitol), lay-
ered on a cushion of the sucrose solution, and cen-
trifuged at 4³C, 30 000Ug for 45 min. The nuclear
pellet (108 nuclei) was resuspended in 1 ml of nuclear
bu¡er (50 mM Tris-Cl, pH 8.0, 5 mM MgCl2, 0.1
mM EDTA, and 40% glycerol). For nuclear run-on,
100 Wl of nuclear preparation and 100 Wl nuclear run-
on bu¡er (10 mM Tris-Cl pH 8.0, 5 mM MgCl2, and
300 mM KCl) were added along with 10 Wl of unla-
beled rNTPs (10 mM each) including either 32P-la-
beled or cold UTP. After incubation 30 min at 30³C,
the reaction was terminated with 5 vols. of the gua-
nidinium solution by passing through no. 26 syringe
needles, RNA was prepared as described above. Hy-
bridization of the 32P-labeled nuclear run-on RNA to
the complimentary oligonucleotides and the cDNA
was carried out as described [11,18].

2.5. Northern analysis

Northern blot analysis was carried out essentially
as described [19]. Brie£y, RNA (10 Wg) was separated
on 1% agarose/5% formaldehyde gel and blotted
onto a nitrocellulose ¢lter in 100 mM Tris (pH 7.5)
and 1USSC (1.5 M NaCl, 0.15 M sodium citrate, pH
7.0). The ¢lter was then dried, UV cross-linked, and
baked at 80³C for 2 h. Prehybridization and hybrid-
ization reactions were performed at 42³C in 50%
formamide, 5USSC, 1UDenhardt's solution, 1%
SDS, 0.25% non-fat dry milk and 1 mg/ml of dena-
tured salmon sperm DNA. Hybridization was carried
out overnight in the presence of 10% dextran sulfate
and 32P-labeled probe (107 cpm). After hybridization,
the ¢lter was washed at room temperature twice in
2USSC/0.1% SDS and twice at 37³C in 0.5USSC/
0.1% SDS, air-dried, and visualized by autoradio-
graphy.

2.6. RNase protection assay

32P-labeled RNA probe was synthesized using T3
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or T7 RNA polymerase as described [20], and hy-
bridized (105ÿ6 cpm) to 5^10 Wg of total oocyte
RNA or RNA extracted from two nuclear run-on
reactions. Hybridization (30 Wl) was carried out at
50³C for 3^18 h in 40 mM PIPES (pH 6.4), 0.4 M
NaCl, 1 mM EDTA and 80% formamide. The reac-
tion mixture was diluted with 350 Wl of 10 mM Tris-
Cl (pH 7.5) containing 300 mM NaCl, 5 mM EDTA,
40 Wg/ml RNase A and 20 U/ml RNase T1 and in-
cubated for 45 min at 30³C. The reaction was
stopped by adding 10 Wl of 20% SDS and 2.5 Wl of
20 mg/ml proteinase K, incubated 15 min at 37³C,
and then extracted with phenol/chloroform/isoamyl
alcohol (25:24:1). RNA was precipitated in 3 vols.
of ethanol, dissolved in 6^10 Wl of sample bu¡er, and
analyzed on 8 M urea/4% acrylamide gels.

2.7. Nuclear extract preparation and in vitro
transcription

Nuclear extract preparation and in vitro transcrip-
tion were carried out essentially as described [21].
Brie£y, log-phase cells were washed in phosphate-
bu¡ered saline (137 mM NaCl, 2.7 mM KCl, 4.3
mM Na2HPO4-7H2O, and 1.4 mM KH2PO4) and
hypotonic solution containing 10 mM HEPES (pH
7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM phenyl-
methylsulfonyl £uoride (PMSF) and 0.5 mM dithio-
threitol (DTT), and lysed in 3 vols. of the same so-
lution using a B-type pestle Dounce homogenizer.
Nuclei were centrifuged 15 min at 500Ug. The pellet
was resuspended in a half volume of Bu¡er B (20 mM
HEPES pH 7.9, 1.5 mM MgCl2, 20 mM KCl,
0.2 mM EDTA, 25% glycerol, 0.5 mM PMSF, and
0.5 mM DTT), mixed slowly by stirring with another
half volume of Bu¡er C (same as Bu¡er B except
using 20% glycerol and 1.0 M KCl), and continued
to stir at 4³C for 30 min. Nuclear extract was centri-
fuged 30 min at 25 000Ug. The supernatant was dia-
lyzed for 3 h against 50 vols. of Bu¡er C with
100 mM KCl, and centrifuged again.

The in vitro transcription reaction (25 Wl) included
11 Wl of nuclear extract (20 Wg of proteins) plus re-
action bu¡er (20 mM HEPES pH 7.6, 100 mM KCl,
0.2 mM EDTA, 20% glycerol, 0.5 mM DTT), 1 Wl of
50 mM MgCl2, 1 Wl of 25X rNTP mix (10 mM ATP,
10 mM GTP, 10 mM CTP, and 0.1 mM UTP), 1 Wl
[K-32P]UTP (3000 Ci/mmol, 10 mCi/ml), 0.2 pmol

gel-puri¢ed template DNA fragment, 20^40 U RNa-
sin, and dH2O. The reaction was incubated at 30³C
for 60 min, stopped by adding 175 Wl of stop mix
(0.3 mM Tris-Cl pH 7.4, 0.3 M sodium acetate, 0.5%
SDS, 2 mM EDTA, 3 Wg/ml tRNA), extracted with
200 Wl of phenol:chloroform:isoamyl alcohol
(25:24:1), and precipitated in 500 Wl of ethanol.
RNA was analyzed on 8 M urea/4% acrylamide gel.

3. Results

3.1. The 5P £anking sequence and intron 1 of the
c-myb gene are su¤cient to regulate di¡erential
expression at the level of transcription elongation

To study the regulation of c-myb expression, a
myb-CAT fusion plasmid (MybCAT3) was con-
structed, which contained the 5P £anking region
and intron 1 of c-myb (Fig. 1). After transient trans-
fection, MybCAT3 expressed considerable CAT ac-
tivity in 7OZ/3B (pre-B-cell lymphoma), but not in
NIH3T3 cells (Fig. 1A, lanes 3 and 6), as is the case
for expression of endogenous c-myb in each cell line
[3,11]. Deletion of the £anking region in the vPro-
moter construct further demonstrated that the re-
porter protein was expressed from the transcript ini-
tiated from the c-myb promoter (Fig. 1A, lanes 7 and
8). These results suggest that the transcript of Myb-
CAT3 was processed properly, and that the c-myb
promoter and intron 1 are su¤cient to regulate cell
type-speci¢c gene expression. To examine whether
transcription from the MybCAT3 construct was ini-
tiated in both 7OZ/3B and NIH3T3 cells as observed
for endogenous c-myb [3,11], nuclear run-on studies
were carried out further, using two MybCAT3-spe-
ci¢c oligonucleotides complementary to an exon 1
and a CAT sequences. As shown in Fig. 1B, after
transient transfection of the MybCAT3 DNA, the
transcript synthesized from the MybCAT3-speci¢c
exon 1 region was detected in both cell lines, but
the transcription was elongated through the intron
1 to the reporter region only in 7OZ/3B cells. These
results suggest that transcription of the MybCAT3
construct is initiated constitutively and the di¡eren-
tial expression of CAT reporter in MybCAT3 is
regulated at the level of transcription elongation. In
conclusion, expression of the MybCAT3 construct is
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regulated similarly to that of the endogenous c-myb
gene.

3.2. The c-myb intron 1 rather than the £anking
region regulates cell type-speci¢c expression by a
di¡erential repression

To examine the role of the c-myb promoter in
di¡erential expression, the £anking region of c-myb
in MybCAT3 was replaced by the TK promoter re-
gion in TKC3 and by the Ad-MLP region in AdC3.
These £anking regions also were fused directly to
CAT reporter in MybpCAT, TKCAT and AdCAT.
These constructs were transfected into 7OZ/3B and
NIH3T3 cell lines, followed by assays for transient
expression of CAT reporter. As shown in Fig. 2A,
MybpCAT (the £anking region alone) did not sup-
port a signi¢cant di¡erential expression as did Myb-
CAT3. The di¡erential levels of the reporter expres-
sion from TKC3 and AdC3 in two cell lines were not
changed when compared with MybCAT3, though
strength of three promoters were di¡erent as shown
in the constructs without intron 1. These results sug-
gest that the c-myb £anking region, including pro-
moter, does not play a regulatory role in the cell
type-speci¢c expression. Instead, c-myb intron 1 ap-
pears crucial in the regulation.

To examine whether this intron 1 function is
caused by an RNA splicing event, a construct vIu-
Id was made by deleting the majority of the intron 1
sequences from MybCAT3 except the 5P 45 bp and
the 3P 53 bp. These remaining intron sequences in
vIu-Id contain all the consensus sequences necessary
for RNA splicing, including the 5P splice site, the 3P
splice site and the branch point (20^50 bp upstream
of the 3P splice site) [22]. It is proposed that this
small intron in the transcript of vIu-Id would be
spliced normally. Interestingly, relative CAT activity
measured from expression of vIu-Id was markedly
higher in both cell lines in contrast with those from
both MybpCAT and MybCAT3 (Fig. 2B). The re-
maining intron sequences in vIu-Id did not show any
enhancer activity when inserted at the 5P end of
MybpCAT construct (data not shown). The large
increase in expression of the c-myb promoter prob-
ably was caused by the splicing event in a non-cell
type-speci¢c manner.

Compared with vIu-Id, MybCAT3 containing the

Fig. 1. The £anking region and intron 1 of c-myb is su¤cient
to regulate cell type-speci¢c expression at the level of transcrip-
tion. In the bottom diagram for MybCAT3, boxes represent the
fusion construct of c-myb and CAT sequences, ¢lled boxes rep-
resent c-myb exons, and horizontal line represents other vector
sequence that is not drawn to scale. pA, the SV40 polyadenyla-
tion signal, is approximately 1.5 kb from the junction of the
myb-CAT fusion. The region of transcription block suggested
by previous nuclear run-on data is indicated. (A) DNA con-
structs were transiently transfected into cells and assayed for
CAT activity as described in Section 2. (B) Nuclei were isolated
from the cells either non-transfected or transfected for 36 h
with MybCAT3 DNA. RNA probes were prepared by nuclear
run-on using 32P-UTP, and hybridized to slot blots containing
oligonucleotides complementary to the transcription products
and L-actin cDNA. `Exon 1' represents a MybCAT3-speci¢c
oligonucleotide (38 bases) in the c-Myb exon 1 region. It con-
tains an 18-nucleotide insert (replacing original Myb translation
start codon ATG) plus upstream 11 bases and downstream
9 bases of Myb exon 1 sequences. `CAT' represents the oligo-
nucleotide derived from CAT sequence (bases 93^144).
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entire intron 1 expressed near half of CAT activity in
7OZ/3B cells but a basal level in NIH3T3 cells (Fig.
2B), indicating that c-myb intron 1 regulated gene
expression through a di¡erential repression. The dif-
ferential levels of repression mediated by the major
intron 1 sequence is very close to the di¡erential
transcription block in the middle of intron 1 demon-
strated by previous nuclear run-on assays. This in-
tron 1-regulated repression probably is associated

with the conditional block to transcription elonga-
tion in intron 1.

3.3. Transcription elongation of c-myb is blocked at a
site Tm, approximately 1700 bp from the start of
intron 1

The transcription block observed within intron 1
by previous nuclear run on assays suggested a possi-
ble occurrence of short transcripts of c-myb that ar-
rested in intron 1. To detect the potential short tran-
scripts, MybCAT3 was injected into oocytes for
Northern analysis with a 693-nucleotide (nt) DNA
probe derived from the reverse strand of the 5P
myb intron 1 sequence.

Northern analysis revealed the presence of four
major transcripts in the injected, but not in the un-
injected, oocytes (Fig. 3, lanes 3 and 1). Hybridiza-
tion of these transcripts with the reverse strand probe
indicates their sense strand origin. These transcripts
were synthesized by pol II because coinjection of the
template with K-amanitin (2 ng/Wl) eliminated their
appearance (lane 2). Hybridization of these tran-
scripts with the 5P intron 1 probe implied that their
5P ends lay upstream of the intron. When the c-myb
promoter in MybCAT3 was replaced by either the
TK core promoter in TKC3 or the CMV immediate
early promoter/enhancer regions in CMVC3, the four
major transcripts were detected consistently (Fig. 3,
lanes 5 and 6). Stronger expression of CMVC3 than
the other two constructs probably was due to the
function of enhancer sequences in the CMV £anking
region. The transcripts of TKC3 and CMVC3 were
also pol II-speci¢c as demonstrated by coinjection of
K-amanitin (data not shown). Because all these com-
mon transcripts are the same size, and because the
inserted regions containing TK and CMV sequences
and the replaced myb sequences were all di¡erent in
size, initiation of transcription must occur at the pro-
moter regions, rather than in the upstream sites.

Hybridization with the intron probe also indicated
that these transcripts were either unspliced or not
completely spliced. The larger 6-kb transcript corre-
sponded with the full length of the unspliced tran-
script to the polyadenylation sites in the vector. The
other two larger transcripts were generated from the
full-length transcripts by splicing a portion of the 3P
intron region and/or a SV40 small intron in the vec-

Fig. 2. Intron 1, but not the £anking region of c-myb, plays a
regulatory role in the di¡erential expression. (A) The constructs
in each group di¡er by their 5P £anking sequences containing
promoter and are drawn on the left. Each construct was transi-
ently transfected into cells and assayed for CAT activity. The
values represent relative CAT activity compared with vector
alone as 1 and standard deviation as n = 3. (B) The portion of
myb intron and exons in each construct is drawn on the left.
The ¢lled boxes represent exons.
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tor region (data not shown). Because these two tran-
scripts were not of interest in this investigation, they
were not analyzed further.

The shortest major transcript detected in Northern
analysis was about 1.8 kb corresponding with the
region from exon 1 to the transcription block in in-
tron 1, which was observed in the nuclear run-on

assays. This short transcript probably was not gen-
erated from the longer transcripts by speci¢c pro-
cessing in the oocytes because the in vitro transcribed
and capped intron 1 RNA (4.3 kb) was not processed
to a stable and smaller form after injection into oo-
cyte nuclei (Fig. 3, lane 8). It is believed that this 1.8-
kb short RNA represents the transcript produced by
the block during transcription elongation. The site
for this block is designated Tm.

In further experiments to map the 3P end of this
short transcript with RNase protection assays, ¢rst,
total RNA isolated from oocytes after injection with
MybCAT3 was used. When riboprobe 1 derived
from a 516-nt BstEII^BglII fragment was used, a
distinct doublet of RNA fragments of approximately
260 and 265 nt was detected (Fig. 4A, lane 3). The
size of these protected RNA fragments allowed us to
de¢ne the 3P end of the transcript at Tm, approxi-
mately 1700-bp downstream from the start of intron
1.

To con¢rm that this region does in fact represent
the 3P end of the 1.8 kb RNA detected in Northern
analysis, the 1.8-kb RNA band was puri¢ed from
agarose/formaldehyde gels, and hybridized with ri-
boprobe 2 (which is 30 nt shorter at the end than
riboprobe 1), followed by RNase digestion. A dis-
tinct short RNA fragment was protected with a
size of approximately 230 nt (Fig. 4B, lane 4). The
size of this protected fragment from the gel-puri¢ed
1.8-kb RNA fraction indicated that the Tm site
mapped with riboprobe 1 was responsible for the
generation of this transcript.

Injection of a DNA template in an over-dosage
amount into oocytes could cause non-speci¢c tran-
scriptional arrests. However, the dosage of the c-myb
reporter constructs used here in the oocyte injection
was not an over-dosed amount that had been deter-
mined by an initial calibration experiments (data not
shown). Based on the previous publications
[3,11,18,23], the conditions used in this oocyte injec-
tion study supported a speci¢c measure. The real
question would be whether the transcription block
site Tm identi¢ed in oocytes occurs in vivo.

To examine whether the Tm site is used also in
mammalian cells, cold nuclear run-on RNA was pre-
pared from 7OZ/3B and NIH3T3 cells and used in
RNase protection assays with labeled riboprobe 1.
The results in both cells revealed the protection of

Fig. 3. Detection of short transcripts that are arrested in c-myb
intron 1 in injected Xenopus oocytes. In lanes 1^6, RNA was
extracted from oocytes either uninjected or injected with each
construct, and was subject to Northern with a 32P-labeled 693-
nt single-stranded antisense DNA probe as indicated in the bot-
tom diagram. Lane 2, coinjection with 2 Wg/ml K-amanitin.
Numbers on the side indicate approximate sizes of RNA in kb.
The three larger common transcripts that were synthesized from
CMVC3 (lane 6) were distinguished in a shorter exposure.
Lanes 7 and 8 are processing control. The entire intron 1 RNA
transcribed in vitro from the XhoI and ClaI fragment of Myb-
CAT3 (Fig. 1) was capped, gel-puri¢ed and injected into oo-
cytes (103 cpm/oocyte). After incubation for 18 h, RNA (lane
8) was extracted and analyzed on a 1% agarose/formaldehyde
gel. Lane 7, gel-puri¢ed RNA before injection into oocytes.
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fragments about 260 and 265 nt (Fig. 4C, lanes 5, 8
and 9), identical with the results obtained from the
injected oocyte's RNA (lane 4). These results
strongly suggest that the same transcription block
site, Tm, is utilized in vivo during elongation. In
addition to the short transcripts, the protection of
the full-length probe was observed only in 7OZ/3B
cells, but not in NIH3T3 cells, consistent with the
di¡erential expression of mature c-myb mRNA in
these two cell lines and the results obtained from
above transfection assays. For 7OZ/3B cells the in-
tensity of the fully protected probe was approxi-
mately half of the sum of the 260 and 265 length
bands, and the short protected RNA contained
about half the amount of the labeled U residues
compared with the fully protected probe. This sug-
gest that approximately 25% of the pol II molecules
read through the Tm site in this cell line.

3.4. Sequences in intron 1 not only de¢ne the block
site, but also mediate cell type-speci¢c regulation
of the block to transcription elongation

Identi¢cation of the transcription block site Tm
allows the examination of the sequences responsible
for this block. The 1.8-kb short transcript as shown
in Fig. 3 was synthesized from all three promoters
and ended at the identical Tm site, suggesting that
the c-myb promoter did not participate in de¢ning
Tm.

To examine the intron sequences required for the
transcription block, ¢rst, it was brie£y checked if any
changes in transcription elongation could be detected
when intron 1 deletion constructs were injected into
oocytes. Results from these experiments showed that
two deletions (vIm^NheI and vNheI^BglII) altered
the block site and also increased polymerase read-

Fig. 4. Transcription block site Tm of c-myb resides approximately 1700 bp from the start of intron 1. (A) Total RNA (10 Wg) ex-
tracted from oocytes either uninjected or injected with each construct was subject to RNase protection assay with 105 cpm 32P-labeled
riboprobe 1 (indicated in the bottom diagram). (B) The 1.8-kb short transcript synthesized from each construct in injected oocytes
was puri¢ed from 1% agarose/formaldehyde gel with Bio101 RNaid kit, and then subject to RNase protection assay with labeled ri-
boprobe 2 (indicated in the bottom diagram). Lane 2, a control in which yeast tRNA instead of gel-puri¢ed RNA was used. (C).
7OZ/3B (lanes 5 and 8) and NIH3T3 (lane 9) nuclei were isolated and used for preparation of cold nuclear run-on RNA followed by
RNase protection assay. 106 cpm of 32P-labeled riboprobe 1 was used in the hybridization at 50³C for 18 h. Lanes 3 and 4 are RNA
prepared from the oocyte either uninjected or injected with MybCAT3. The protected transcripts ended at Tm (Tm) and the full
length-protected transcripts are indicated.
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through frequency, i.e. percent transcripts synthe-
sized beyond Tm (Fig. 5). This result suggested
that the deleted regions participated in de¢ning
Tm. These intron regions contain a 500-bp sequence
that is conserved between mouse and human (about
86% identity, high for introns) [24,25] con¢rming

their important function. Surprisingly, none of the
deletions eliminated the transcription block, which
suggested that the transcription block of c-myb
may be intrinsic to a larger region of the intron
though the identi¢ed conserved intron region may
de¢ne the speci¢city of the block site.

Deletion of the 5P intron 1 regions as in vXhoI^Bst
EII, vXhoI^PmlI, and vPmlI^Im decreased read-
through frequency though it did not alter the Tm
site (Fig. 5). The positive role of the deleted intron
sequences in transcription elongation may be caused
by an anti-block activity within the 5P intron regions.

To investigate if these active intron sequences ac-
tually function in a mammalian system, assays were
carried out both in vivo and in vitro. Transfection
assays in 7OZ/3B and NIH3T3 cells with reporter
constructs containing various intron 1 deletions are
shown in Fig. 6A. In 7OZ/3B cells, deletion of por-
tions at the conserved intron region in vNheI^BglII
and vIm^NheI increased the reporter expression,
while deletion of a small 5P intron region in
vPmlI^Im decreased the expression signi¢cantly. De-
letion of nearly 5P half of the intron, including the
conserved region in vNsiI^BglIId, released repression

Fig. 5. The intron 1 sequences are involved in transcription
block at Tm in oocytes. Total RNA (5 Wg) prepared from oo-
cytes either uninjected or injected with each construct was ana-
lyzed by RNase protection with 32P-labeled riboprobe 1 (Fig.
4). For the purpose of quantitation, a molar amount of each
construct was injected into oocyte's nuclei, an equal amount of
each input RNA used in the assay was con¢rmed based on the
amount of 18S and 28S RNA, and an excess amount of the
probe (106 cpm) was used in hybridization. DNA marker is
shown on the left in nt. The major bands are indicated on the
right. P, undigested probe; F, the full protection (516 nt) of in-
tron RNA by the probe; Fnb, the full protection (285 nt) of
vNheI^BglII transcripts ; Fbn, the full protection (234 nt) of
vIm^NheI transcripts; Tm, the protected transcripts ended at
Tm; Td, the protected RNA ended downstream from Tm for
vIm^NheI (lane 8); Tu, the protected RNA ended upstream of
Tm for vNheI^BglII (lane 9). In maps of intron deletion con-
structs generated from MybCAT3, Im is a site for a primer
used in making the deletions, striped box represents the intron
region conserved between human and mouse. `Readthrough fre-
quency' is measured by the ratio between the amount of the
transcripts readthrough Tm and that of both arrested and read-
through Tm, and this ratio has been normalized to the ratio of
the labeled U residues in both full-length and the short RNA-
protected probes. Standard deviation is based on three inde-
pendent experiments.
6
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caused by the intron 1 to a level of expression fully
equivalent with vIu-Id's. These results are consistent
with the observation in oocytes suggesting that the
conserved region in the middle of intron 1 functions

in c-myb expression by repression, and that the 5P
intron region functions by derepression in 7OZ/3B
cells. However, in NIH3T3 cells, these deletions at
the 5P half of intron 1 caused nearly no change in
expression, instead deletion of the conserved region
with the 3P half of intron 1 as in vNheI^SpeI and
vBglII^SpeI released the repression markedly. It ap-
pears that the conserved region comprising Tm is
important in the repression of c-myb expression but
this property of the conserved region is not cell type-
speci¢c even though its requirement for additional
intron regions in this repression may vary with cell
types.

Transcription assays were carried out in crude nu-
clear extracts prepared from 7OZ/3B and NIH3T3
cells using templates of c-myb intron 1 sequences
fused at the 5P ends to the CMV immediate early
promoter. In both nuclear extracts, transcription
was pol II-speci¢c demonstrated by adding K-amani-
tin into the reaction (Fig. 6B, lanes 1 and 5). Short
transcripts ending at the Tm region (con¢rmed by
RNase protection assays, data not shown) were de-
tected on the template CMVBsBg containing the in-
tron sequence only covering the conserved region in
the middle of intron 1 (lanes 4 and 8). In both nu-
clear extracts, considerable amounts of run-o¡ tran-
scripts were detected, and a majority of the short

Fig. 6. The intron 1 sequences are involved in regulation of
c-myb expression at the stage of transcription elongation.
(A) Analysis of c-myb intron 1 function in vivo. The diagram
shows the portion of c-myb exons and intron 1 in the con-
structs. The size of deletion is indicated in bp in parentheses.
Each construct was transfected into 7OZ/3B and NIH3T3 cells
and assayed for CAT activity. The values listed on the right are
relative CAT activity compared with vector alone as 1 and
standard deviation as n = 3. (B) Analysis of the intron 1 func-
tions in in vitro transcription assays. In vitro transcription was
carried out in crude nuclear extracts (NE) on templates
CMVXhBg (lanes 1, 2, 5 and 6), CMVPmBg (lanes 3 and 7),
and CMVBsBg (lanes 4 and 8). Lanes 1 and 5, 2 Wg/ml of
K-amanitin was added to the reactions. Lane M, DNA marker
indicated in nt on the left. Maps of the templates used in assays
are diagrammed on the bottom. Open box represents CMV im-
mediate early core promoter. The £ag with an arrow indicates
the transcription start site +1 and the direction of transcription.
Filled box represents the spacer sequence that is derived from
pBluescript vector. The horizontal line represents c-myb intron
1 sequence. Striped box represents the conserved intron region.
Numbers indicate the nucleotide positions relative to +1.
6
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transcripts ended at the Tm region although the ends
of the transcripts were found at additional other sites
in NIH3T3 nuclear extracts. In agreement with the in
vivo data, these results suggested that the conserved
intron region de¢nes transcription block at Tm dur-
ing elongation, and this function is independent of
cell type.

When the intron portion in the template was
extended at the 5P end as in CMVPmBg and
CMVXhBg, almost all pol II read through Tm and
reached the ends of the templates in 7OZ/3B nuclear
extracts (Fig. 6B, lanes 2 and 3). Conversely, almost
all pol II was arrested before reaching the ends of the
templates in NIH3T3 nuclear extracts (lanes 6 and
7). It appears that the intron region between PmlI
and BstEII sites is necessary to induce this cell type-
speci¢c transcription elongation. This regulatory in-
tron region has been shown to function in anti-block
to transcription elongation in oocytes and in dere-
pression of the reporter expression in 7OZ/3B cells.
The di¡erence in transcription elongation in di¡erent
extracts observed in this study is consistent with the
di¡erential expression for MybCAT3, and with the
di¡erential levels of c-myb mRNA between these cell
lines, suggesting that this regulatory intron region
plays a crucial role in expression of c-myb in imma-
ture hematopoietic cells.

4. Discussion

It is believed that di¡erential expression of c-myb
gene is regulated mainly at the transcription elonga-
tion stage because of constitutive initiation of its
transcription and observation of the transcription
block in intron 1. Constitutive transcription initia-
tion of c-myb has been speculated because of resem-
blance of the promoter sequences between the c-myb
and the house-keeping genes [26], and has been sup-
ported by the observations here and others via nu-
clear run-on assays of transcripts of exon 1 and the
5P intron 1 region in immature and mature hemato-
poietic cells and ¢broblasts (NIH3T3) [3,11]. Expres-
sion of construct vIu-Id with minimum intron se-
quences su¤cient for RNA splicing in di¡erent cell
types supports this contention also.

A di¡erential density of pol II observed in c-myb
intron 1 in nuclear run-on assays [3,11] suggests that

a fraction of c-myb transcripts are arrested in intron
1 during elongation. In Xenopus oocytes, a 1.8-kb
short transcript was detected that was initiated
from the c-myb promoter by pol II and ended at
Tm in the intron. Similar short pol II transcripts
were also detected in 7OZ/3B and NIH3T3 nuclear
extracts suggesting that this short transcript arrested
at the intron Tm site is synthesized in vivo. The short
transcripts ending at Tm are detected in large
amounts both in vitro and in vivo. In 7OZ/3B nuclei,
approximately 75% of the detected transcripts are
arrested at Tm. This amount of the short transcript
detected by RNase protection assays is consistent
with the density of pol II at the block site observed
in nuclear run on analysis.

In Watson's nuclear run-on assays [11] density of
pol II dropped sharply from the intron fragment f
(XbaI^BamHI), suggesting that the transcription
block may occur near the XbaI site. The transcrip-
tion block site Tm mapped in this study is located 30
bp upstream of the XbaI site. In contrast, the tran-
scription block studied in many eukaryotic cellular
genes during elongation has been promoter-proxi-
mal. Similar to the distal transcription block occur-
ring in the c-myb gene, a unique premature arrest site
in the c-fos gene resides within its intron 1, 385 bp
downstream from the promoter [2]. In Escherichia
coli V-phage, expression of the delayed early genes
from the promoter pL is regulated by transcription
blocks at the promoter-distal terminators tL1, tL2
and tL3 [27]. The major transcription terminator at
tL1 is located 850 bp from the transcription start,
and the transcript terminated at tL3 is over 4 kb.

The two termination sites that mapped at the exon
1/intron 1 boundary of the c-myc gene in Xenopus
oocytes correlated only with the transcription block
detected by nuclear run-on assays in proliferating,
but not in di¡erentiating, human HL60 cells [18].
In fact, transcription elongation of c-myc in down-
regulated di¡erentiating cells was blocked in the pro-
moter-proximal region found in proliferating cells
and in nuclear extracts [18,28], but not found in oo-
cytes [23]. However, only one transcription block re-
gion has been detected in c-myb gene, and this region
in the middle of intron 1 is identical both in various
cell types that express di¡erential levels of c-myb and
in proliferating and DMSO-induced di¡erentiating
erythroid cells [11,12]. The Tm site mapped here in
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various systems is consistent with the region of the
transcription block demonstrated by the nuclear run-
on assays, suggesting strongly that the site Tm rep-
resents the site for block to transcription elongation
of c-myb.

In many cases of prokaryotic genes, the sites for
block to transcription elongation are de¢ned by ter-
minator sequences, and the most typical one contains
a stem-loop structure followed by a stretch of U
residues at the 3P end of arrested transcripts [27]. It
is not yet clear, however, whether this type of sec-
ondary structure plays a role in transcription block
during elongation in eukaryotic cellular genes. It is
found in this study that the conserved domain in the
middle of c-myb intron 1 plays a crucial role in de-
¢ning Tm, but none of this type of RNA structure
correlated with Tm. Other portions of the intron also
showed participation in the blockage. This situation
was also found in the c-myc and ADA genes in dele-
tion analyses [4,23]. Thus, although the transcription
block site occurring in c-myb appears intrinsic to a
larger intron region, the de¢ned and conserved in-
tron region may be responsible for specifying the
block site.

Conditional block to transcription elongation usu-
ally is not regulated by the terminator sequences in
prokaryotes. Similarly, the conserved region in the
middle of c-myb intron 1 participates in de¢ning
the transcription block site in di¡erent cell types,
but it does not regulate the cell type-speci¢c usage
of the block site. Conditional block to transcription
elongation in eukaryotic cellular genes is often medi-
ated by sequences at the promoter, such as in the c-
myc gene [23,29] and in the K-tubulin gene [5]. How-
ever, in the c-myb gene, the 5P £anking region con-
taining promoter is not only dispensable for the tran-
scription block site Tm but neither is it important for
regulation of the cell type-speci¢c gene expression, as
shown in Fig. 2. Instead, intron 1 of c-myb plays a
crucial role in this cell type-speci¢c regulation.

By using the construct vIu-Id, it was shown that
splicing of c-myb intron 1 could greatly enhance gene
expression in a non-cell type-speci¢c manner. En-
hancement of gene expression by splicing of 5P in-
trons from transcripts has been observed in many
eukaryotic genes [30]. Splicing factors bind to the
consensus sequences in introns to form spliceosomes
shortly after the transcription of introns [31], which

not only specify splicing, but also signal, transcripts
to be processed and exported from the nucleus e¤-
ciently [31,32,33]. Thus, one of the probable roles of
c-myb intron 1 is to enhance gene expression via the
post-transcriptional events.

Previously, cell type-speci¢c interactions between
nuclear factors and three c-myb intron sequences at
the transcription block site and its downstream re-
gion were observed [25,34]. However, the conserved
intron region comprising the block site did not func-
tion in cell type-speci¢c regulation of the block, and
deletions of the downstream nuclear factor-binding
sites from MybCAT3 failed to a¡ect the level of
reporter activity in transient transfection assays
(data not shown). Toth et al. [35] showed that c-
myb intron 1 contained two NF-UB sites, and a re-
porter similar to MybCAT3 was activated when NF-
UB family proteins were cotransfected into a thymo-
ma cell line. Both NF-UB sites reside outside the
regulatory region mapped here, and their role in
cell type-speci¢c expression of c-myb is not known.
Their function in activation of the reporter may be
associated with their enhancer activity, rather than
with their direct in£uence in conditional transcrip-
tion block at Tm.

The in vivo and in vitro data suggest that the
regulatory intron region upstream of the conserved
region is directly responsible for the cell type-speci¢c
regulation of transcription elongation of c-myb gene.
This cell type-speci¢c anti-block activity of the regu-
latory region may be associated with certain positive
nuclear factors in c-myb-expressing cells. In E. coli V-
phage, the antiterminator N protein binds to a nut
site in RNA between the promoter pL and the distal
termination sites and modulates the RNA polymer-
ase to read through the termination sites [36]. The
HIV tat protein binds to the TAR element on tran-
scribed RNA to modulate transcription initiation
and elongation through the downstream termination
site [36]. It has been suggested that eukaryotic cellu-
lar transcription elongation factor elongin (TFSIII)
probably regulates transcription elongation of certain
oncogenes through its interacting with nascent RNA
and polymerase, and this function of elongin can be
disrupted by the VHL tumor suppressor [8,37,38].
The model for regulation of c-myb transcription
elongation tells us that the regulatory intron region
of c-myb may be responsible for recruiting the 7OZ/
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3B-speci¢c nuclear factors to the pol II elongation
complex to allow transcription to elongate through
the downstream Tm site resulting in expression of c-
myb in this cell line. Loss of activity of these anti-
block factors may cause blocking of the pol II com-
plex at Tm resulting the down-regulation of c-myb
expression.
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