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The murine l5-VpreB1 locus encodes two proteins that form part of the pre-B-cell receptor and play a key role
in B-lymphocyte development. We have identified a locus control region (LCR) which is responsible for
coordinate activation of both genes in pre-B cells. Analysis of mice with single and multiple copies of transgenes
shows a clear difference in the expression behavior of the genes depending on the transgene copy number.
While expression of both l5 and VpreB1 in single- and two-copy integrations requires the presence of a set of
DNase I hypersensitive sites located 3* of the l5 gene, small fragments containing the genes have LCR activity
when arranged in multiple-copy tandem arrays, indicating that additional components of the LCR are located
within or close to the genes. The complete LCR is capable of driving efficient copy-dependent expression of a
l5 gene in pre-B cells even when it is integrated into centomeric g-satellite DNA. The finding that activation
of expression of the locus by positively acting factors is fully dominant over the silencing effect of heterochro-
matin has implications for models for chromatin-mediated gene silencing during B-cell development.

The generation of multiple cell types in metazoans requires
the establishment of diverse patterns of tissue-specific gene
expression. It is now clear that the mechanisms by which this is
achieved involve the action of transcription factors in conjunc-
tion with changes in chromatin structure. Sequence-specific
DNA binding factors, such as MyoD, are capable of determin-
ing entire differentiation programs, while chromatin structure
is thought to play an important role in the maintenance of
specific patterns of expression and transmission of these pat-
terns through the cell cycle. Locus control regions (LCRs) are
sequences that mediate reorganization of chromatin and acti-
vation of transcription by sequence-specific transcription fac-
tors. The defining characteristic of an LCR is the ability to
drive gene expression in transgenic mice at any site of integra-
tion at levels that are equivalent to those of the gene in its
natural location (11). LCRs were first described in the human
b-globin and CD2 loci (10, 11). They are composed of clus-
tered DNase I hypersensitive sites (HS) containing binding
sites for tissue-specific and ubiquitous factors (3, 33, 38). In the
multigene b-globin locus, the LCR HS are located outside the
gene cluster and are responsible for activation of all of the
genes. In the absence of the sites, the genes give low levels of
expression in transgenic mice and expression is highly sensitive
to the position of integration of the transgene. Naturally oc-
curring deletions of the b-globin LCR result in inactivation of
the locus and conversion to a DNase I-insensitive configura-
tion (8). Rather than insulating the gene from position effects,
the b-globin and CD2 LCRs activate expression in a dominant-
positive manner.

Differentiation of B cells from the hematopoietic stem cell
involves a number of stages characterized by the sequential
rearrangement and expression of the heavy- and light-chain

immunoglobulin (Ig) loci. The l5 and VpreB genes are early
markers of B-cell commitment. They are expressed at the pro-
and pre-B-cell stages and silenced in immature and mature B
cells. VpreB1 and l5 are related to the V and C genes of the l
Ig locus but are expressed in the germ line configuration (19,
20). The two proteins associate to form the surrogate light
chain. In pre-B cells, following rearrangement of the heavy-
chain locus, the surrogate light chain acts as a chaperone,
mediating transport of the newly synthesized heavy chain m to
the cell surface (35) and together with m forms part of the
pre-B-cell receptor (27). This receptor is thought to mediate
signalling by an unknown ligand, which leads to proliferation of
pre-B cells that have a productive heavy-chain rearrangement
(26). Mice that lack a functional l5 gene show a drastic reduc-
tion in the number of B cells (18). Mutations in l14.1, the
human homologue of l5, are associated with a severe immu-
nodeficiency and almost complete absence of B cells (29).

Expression of the l5 and VpreB genes is B-lineage restricted
(27) and is also subject to stage-specific regulation during B-
cell development. Although a number of transcription factors
have been implicated in B-lineage-specific gene regulation,
there is no clear correlation between gene expression at dif-
ferent stages and the presence or absence of specific factors.
Binding sites for the transcription factors EBF, E47, Pax-5, and
Ikaros are present in the l5 and VpreB1 promoters (36, 39).
Ectopic expression of EBF and E47 has been shown to activate
the genes in an early pro-B-cell line, where they are normally
silent (36). In a recent study, the Ikaros protein was shown to
form a complex which colocalizes with centromeric g-satellite
DNA, the major component of centromeric heterochromatin
in mice (2). The l5-VpreB1 locus was found to be associated
with the Ikaros-centromere complex in a mature B-cell line
that does not express the genes but not in an expressing pre-
B-cell line, suggesting that Ikaros might act as a repressor of l5
and VpreB1 expression during B-cell development.

In this paper, we describe the identification of a multicom-
ponent LCR in the l5-VpreB1 locus. Part of the LCR activity is
found in a set of HS located 39 of the locus, while additional
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components are present in small fragments containing either
the l5 or the VpreB1 gene. Analysis of a transgene integration
into centromeric g-satellite DNA provides information on the
relationship between positively acting factors and chromatin-
mediated silencing.

MATERIALS AND METHODS

DNA fragments used for generation of transgenic mice. Cosmid 2.41, contain-
ing a 30-kb region of the l5-VpreB1 locus extending from 8 kb 59 of VpreB1 to 15
kb 39 of l5, was isolated from a mouse 129SV cosmid library. A 36-bp tag (59
GAGCAAAAGCTGATTTCTGAGGAGGATCTGGAATTC 39) was inserted
immediately downstream of the first ATG of the l5 gene by the PCR overlap
extension method described previously (15). The following fragments were used
to generate transgenic mice: L5F1 (4.5-kb PstI fragment), L5F2 (5.5-kb BamHI-
PstI fragment), L5F3 (10-kb PstI-BamHI fragment), L5F4 (11-kb BamHI frag-
ment), L5F5 (12-kb EcoRI-SphI fragment), L5F6 (19-kb EcoRI-BamHI frag-
ment), and Vp1 (8-kb EcoRI-BamHI fragment). The l5–b-globin construct
contains 410 bp extending from the PstI site at 2298 to the l5 ATG fused to the
3.4-kb NcoI-BglII fragment of the human b-globin gene. L5F5, L5F6, and Vp1
each contain a 35-bp tag (59 GTACCCATACGACGTCCCAGACTACGCGA
ATTCGG 39) in the PstI site of VpreB1 exon 2.

Transgenic mice. DNA fragments were purified and injected into the pronu-
clei of C57BL6/CBA F1 mouse eggs as previously described (5). Fetuses were
dissected at 16.5 days posttransfer and analyzed as described below. Mosaic
animals were excluded from the analysis by measuring the transgene copy num-
bers in three tissues (placenta, head, and liver). For some constructs, transgenic
lines were established and individual transgenics were identified by Southern
blotting of tail DNA.

Abelson virus transformation of fetal liver cells. Abelson virus transformation
of fetal liver cells was carried out by a modification of the procedure described
by Waneck and Rosenberg (41). Fetal livers were disaggregated by multiple
passages through a 25-gauge needle in 13 RPMI, 20% fetal calf serum (FCS), 50
mM 2-mercaptoethanol, 50 mg of gentamicin/ml. A 1-ml aliquot of fetal liver cells
(2 3 106/ml) in 13 RPMI medium was infected with 1 ml of filtered supernatant
of a culture of Abelson murine leukemia virus producer line ABO10 grown to
saturation in Dulbecco modified Eagle medium–10% FCS–50 mg of gentamicin/
ml. The infection was carried out at 37°C and 5% CO2 for 4 h in the presence of
4 mg of Polybrene/ml. The infected cells were then plated in 13 RPMI–20%
FCS–50 mM 2-mercaptoethanol–0.3% agar (Noble-Difco). After 8 to 12 days,
colonies were picked from the agar and expanded in liquid culture in 13 RPMI
medium.

Pre-B-cell primary culture system. The 16.5-day fetal livers were disaggre-
gated, and the fetal liver cells were resuspended in a solution of 13 RPMI, 20%
FCS, 50 mM 2-mercaptoethanol, 50 mg of gentamicin/ml, and 1 ng of interleukin
7 (IL-7)/ml. The cell suspensions were allowed to form their own feeder layers
and were cultured for up to 11 days. When cultures were maintained for longer
periods (up to 3 weeks), the cells were subcultured onto ST-2 stromal cell feeder
layers (32, 34).

DNA analysis. DNA was extracted from one-fourth of each fetal liver as well
as from the fetal head and placenta. After phenol extraction and digestion with
restriction enzymes, 5 mg of each sample was separated on 0.6% agarose gels.
The transgene fragments were distinguished from the endogenous genes by the
presence of an EcoRI site in the l5 and VpreB1 tags. Southern blotting and
hybridization with nick-translated probes was carried out by standard proce-
dures. The blots were scanned with a phosphorimager, and the results were used
to calculate the transgene copy number. Single-copy integrations were confirmed
by end fragment analysis (5). Transgene integrity was verified by a combination
of Southern blotting with restriction fragments specific for the transgene and
PCR analysis with one primer derived from the oligonucleotide tag and a second
primer from the 59 or 39 region of the gene.

RNA analysis. RNA was obtained from 16.5-day fetal livers or transgenic
pre-B-cell lines by lithium chloride extraction (reference 1; described in detail in
reference 5) and subjected to RNase protection analysis. The riboprobes were
synthesized from 1 mg of pGEMT-derived DNA template by using the Promega
riboprobe system-Sp6 kit. The Promega RNase ONE kit was used for the RNase
protection assay, following conditions of hybridization and RNase ONE diges-
tion suggested by the manufacturer. Briefly, the riboprobe was resuspended in
100 ml of hybridization buffer, and the RNA samples were dried under vacuum
and resuspended in 25 ml of hybridization buffer–5 ml of riboprobe. The hybrid-
ization was carried out overnight at 42°C. Digestion was carried out with 1.5 U
of RNase ONE per mg of RNA, in RNase ONE buffer at 33°C for 1 h. The
digested RNA samples were ethanol precipitated and separated by electrophore-
sis on a 4% polyacrylamide–8 M urea sequencing gel. The protected bands were
quantified on a phosphorimager, and the transgene expression level was normal-
ized to the expression derived from a single endogenous allele. RNA analysis in
tissues that do not express the endogenous l5 and VpreB1 genes was carried out
with the b-actin transcript as a loading control. For this purpose, a riboprobe
complementary to a 305-bp region of b-actin mRNA (obtained by PCR with
primers 59 GGGCGCCCGGTTCTTTTTG 39 and 59 ACACCCAGCCGGCCA

CAGTCG 39 and cloned in pGEMT) was labelled at 1/10 of the specific activity
of the l5 probe and was added to the hybridization mixture.

DNase I HS mapping. Nuclei were prepared from a minimum of 2 3 108 cells
as described previously (8), using 20 strokes of a B-type Dounce homogenizer.
The nuclei were resuspended in 1 ml of 13 reticulocyte standard buffer, and
aliquots of 100 ml were digested with increasing volumes of 0.05 mg of DNase
I/ml (from 0.5 to 10 ml) for 4 min at 37°C. The reactions were stopped, the
products were digested with proteinase K, and the DNA was phenol-chloroform
extracted and ethanol precipitated. The DNA was resuspended in 100 ml, and 20
ml was digested with restriction enzymes and separated by electrophoresis on a
0.6% agarose gel in 13 Tris-borate-EDTA and analyzed by Southern blotting
(see the legend to Fig. 2 for details of the probe).

PCR analysis of transgene integration in g-satellite DNA. The strategy used
for PCR analysis of transgene integration in g-satellite DNA was based on the
tagged-primer method of Jeffreys et al. (16). The sequences of the primers used
were as follows: primer 1, 59 TCATGCGTCCATGGTCCGGGGACCTGGAA
TATGGCGAG 39; primer 2, 59 CCGGTTGTGGTTGGGATGC 39; and primer
3, 59 TCATGCGTCCATGGTCCGG 39. Thirty picomoles of primers 2 and 3
and 0.5 pmol of primer 1 were used in a 30-ml PCR to amplify 25 ng of genomic
DNA in PCR buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl, 1.5 mM MgCl2,
0.001% gelatin), 0.2 mM deoxynucleoside triphosphates, and 0.5 U of Amplitaq
(Perkin-Elmer). The PCR conditions of amplification were derived from the
protocol of Jeffreys et al. (16). The first nine cycles (94°C for 45 s; 55°C for 1 min;
72°C for 2 min 30 s) allowed amplification between the g-satellite-specific primer
1, containing at the 59 end a tag of 19 nucleotides (nt), and the l5-specific primer
2. These were followed by 11 cycles (94°C for 45 s; 66°C for 1 min; 72°C for 2 min
30 s, with an increment of 10 s/cycle). The higher annealing temperature used for
the second round of cycles favored amplification from primer 2 and primer 3
(corresponding to the tag of oligonucleotide 1) of the product generated in the
first nine cycles.

FISH. For fluorescence in situ hybridization (FISH) cells were hypotonically
swollen in 0.056 M KCl and fixed in 3:1 methanol-acetic acid, and slides were
made. The slides were pretreated with 100 mg of RNase A/ml in 23 SSC (13
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 1 h at 37°C, washed in 23
SSC, and put through an ethanol dehydration series (70, 90, and 100% ethanol).
The chromosomes were denatured at 70°C for 5 min in 70% formamide–23 SSC,
plunged into ice-cold 70% ethanol, and dehydrated as before. One hundred
nanograms of probe (fragment L5F4 labelled with biotin by nick translation) was
precipitated with 1 mg of cot-1 DNA and 5 mg of salmon sperm DNA; resus-
pended in 50% formamide–23 SSC–1% Tween 20–10% dextran sulfate; dena-
tured at 75°C; preannealed for 15 min at 37°C; and applied to the slides. Hy-
bridization was carried out overnight at 37°C. The slides were washed four times
for 3 min each time in 50% formamide–23 SSC at 45°C, four times for 3 min
each time in 23 SSC at 45°C, and four times for 3 min each time in 0.13 SSC at
60°C. After being washed for 5 min in 43 SSC–0.1% Tween 20, the slides were
blocked for 5 min in 43 SSC–5% low-fat skim milk. The biotin was detected by
30 min of incubation at 37°C with each of the following: avidin-conjugated
fluorescein isothiocyanate (FITC) (Vector) followed by biotinylated anti-avidin
(Vector) and avidin-conjugated FITC. Between every two incubations, the slides
were washed three times for 2 min each time in 43 SSC–0.1% Tween 20. The
slides were mounted and counterstained with 1.25 mg of DAPI (49,6-diamidino-
2-phenylindole) in Vectashield (Vector). Images were examined with an oil 3100
objective on a Leica DMRB fluorescence microscope with a Pinkel no. 1 filter
set. The images were captured with a Photometrics cooled charge-coupled device
camera and Vysis Smartcapture software.

RESULTS

A minimal l5 transgene expresses efficiently in mice with
multiple copies of transgenes but not in mice with single-copy
integrations. In order to identify the control elements involved
in the transcriptional regulation of the l5 gene, we carried out
a functional analysis in transgenic mice, using fragments con-
taining the gene and various amounts of flanking sequence. A
36-bp sequence tag was inserted immediately downstream of
the ATG, allowing a direct comparison of the levels of trans-
gene and endogenous transcripts by RNase protection analysis.
Since the fetal liver contains large numbers of pro- and pre-B
cells, expression was measured in livers from fetuses dissected
at 16.5 days postinjection, when l5 expression was maximal. In
addition, pre-B cells from some transgenic livers were immor-
talized with Abelson murine leukemia virus to produce clonal
transgenic pre-B-cell lines. A third approach involved culturing
cells directly from fetal livers in the presence of IL-7. Culture
under these conditions results in preferential expansion of
pre-B cells (see Materials and Methods). The use of trans-
formed cell lines and primary cultures containing relatively
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pure populations of l5- and VpreB1-expressing cells gave an
increased signal for both the endogenous genes and the trans-
genes, facilitating quantitation of transgene expression.

Figure 1A shows the analysis of a fragment (L5F1) contain-
ing the l5 gene with 410 bp of sequence upstream of the ATG

and 1 kb downstream of the poly(A) site. It can be seen that a
proportion of the transgenics (e.g., L-26, L-42, and C-11) ex-
press the l5 gene at levels (per transgene copy) that are com-
parable to the levels from the endogenous gene. In addition to
the expressing transgenics, a number of animals (L-24, L-28,
L-29, and L-41) either fail to express the transgene at all or
express it only at very low levels. Inspection of the transgene
copy numbers (Fig. 2) shows that the expressing animals con-
sistently carry three or more copies of the gene while those that
fail to express the transgene or express it at low levels have one
or two copies. Multiple-copy transgenes in mice are arranged
as head-to-tail tandem repeats, raising the possibility that some
of the signal might be the result of readthrough transcription
through the array. This possibility was excluded by analyzing
the l5 transcripts with a probe that extends across the pro-
moter (Fig. 1B). The results obtained with fragment L5F1 lead
us to conclude that the tandem arrangement of the transgene
creates a structure which can drive efficient position-insensitive
expression in chromatin and therefore has some of the prop-
erties of an LCR. Expression of the l5 gene in this and other
constructs analyzed in this study reached a plateau in animals
with high copy numbers (.20 copies). This plateau effect,
which has also been observed for the b-globin LCR (37), could
be due to limiting levels of transcription or RNA stabilization
factors.

To determine whether expression from L5F1 showed correct
tissue-specific regulation, lines of transgenic mice carrying the
fragment were generated. Figure 1C shows the analysis of

FIG. 1. (A) Expression analysis of l5 in mice transgenic for fragment L5F1.
The map shows the l5-VpreB1 locus and the location of fragment L5F1. B,
BamHI; E, EcoRI; P, PstI; S, SphI. Analysis was carried out on 25 mg of RNA
from 16.5-day fetal livers (samples L2) and 3 mg of RNA from Abelson virus-
transformed pre-B-cell lines (samples C2). The probe was a 498-bp sequence
(probe A) derived from the l5 cDNA, extending from the BglII site at 165
(downstream of all mapped transcription initiation sites) to the RsaI site in exon
3 and including a 36-nt tag immediately downstream of the first ATG of the gene
(see Materials and Methods). The protected fragments were 498 bp for the l5
transgene (tg) and 412 bp for the endogenous l5 (wild type [wt]). The transgene
copy number is indicated at the bottom of each lane. Band intensities were
quantified with a phosphorimager. The histograms show the expression level
(normalized to the expression of one allele of the endogenous l5) versus the
copy number of each transgenic mouse. (B) Mapping of transcription initiation
sites of the l5 transgene in cell lines (C-11 and C-12) transgenic for the L5F1
fragment. The pattern of initiation was compared with that of a cell line (C-21)
transgenic for the complete locus (2 kb 59 of VpreB1 to 15 kb 39 of l5) and with
the nontransgenic pre-B-cell line 122-1 (ntg). RNase protection was carried out
with 5 mg of RNA for line C-21 (which contains 16 copies of the large locus
fragment) and 10 mg of RNA for lines C-11, C-12, and 122-1. The probe (probe
B) extends from 281 bp upstream of the first ATG of the gene to the end of the
36-nt tag (see Materials and Methods). The segment of the probe downstream of
the ATG is derived from the l5 cDNA and extends to the AvrII site 305 bp from
the ATG. This probe includes all previously mapped l5 transcription initiation
sites. The numbers refer to the sizes of the marker bands. As the riboprobe
contains the tag, all the transcripts derived from the endogenous l5 give rise to
a protected fragment of 305 bp (endog.). The major transcription starting sites
correspond to those mapped for the wild-type l5 (11, 113, and 135) (23, 25).
Readthrough transcripts would give an additional protected fragment of 622 bp
and are not present in significant amounts. (C) RNA was analyzed from brain,
liver, spleen, muscle, and thymus tissues obtained from 10-week-old animals
from line 42 and was compared with expression in 16.5-day fetal liver (L-42) from
the same line. In the RNase protection assay, 25 mg of RNA from fetal liver and
40 mg of RNA from the other tissues were hybridized to probe A. A b-actin-
specific riboprobe was added to each reaction mixture as a loading control.

FIG. 2. Transgene copy number analysis for L5F1 and L5F3 transgenic mice.
Five micrograms of fetal liver DNA (samples L2) or pre-B-cell line DNA
(samples C2) was digested with EcoRI, Southern blotted, and hybridized to a
446-bp l5 probe extending from the PstI site at position 2296 to the EcoRI site
at the 39 end of the tag. Since the probe is located at the ends of the constructs,
it detects end fragments of different sizes, depending on the location of EcoRI
sites close to the site of integration, and joining fragments resulting from diges-
tion of multiple-copy head-to-tail tandem repeats. The intensities of the bands
were measured by phosphorimager. endog., endogenous l5 band; J-L5F1 and
J-L5F3, joining fragments for the two constructs; ntg, nontransgenic cell line.
Mice with a single copy of the transgene give one end fragment (indicated by the
arrows) and no joining fragment. The integrity of the single- and two-copy
integrations was verified as described in Materials and Methods. The presence of
more than one end fragment indicates that there have been additional integra-
tions (although some of the smaller fragments observed in mice with multiple
copies of the transgene are likely to be degradation products). Since copy num-
bers of animals with multiple copies have been calculated from the intensities of
the joining bands, they refer only to the number of copies in the tandem array.
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different tissues from one of these lines, which carried three
copies of the transgene. Copy-dependent expression of the
transgene was observed in fetal liver, while no expression was
observed in the spleen, thymus, liver, muscle, and brain. We
conclude from this that fragment L5F1 contains sufficient in-
formation to give efficient, tissue-specific expression of the l5
gene. Since immature and mature B cells make up 50% of
spleen cells, we can also conclude that transgene expression is
silenced at these stages and is therefore subject to stage-spe-
cific regulation during B-cell development.

A 410-bp l5 promoter fragment is capable of giving high-
level expression of a reporter gene. A recent study has shown
that the ectopic expression of the transcription factors EBF
and E47 activates endogenous l5 and VpreB1 expression in an
early pro-B-cell line (36). Since the l5 promoter contains bind-
ing sites for these factors, we considered the possibility that the
promoter directly contributes to the LCR-like activity observed
with tandem repeats of L5F1. To test whether this was the
case, a 410-bp fragment 59 of l5 (from the PstI site to the ATG
of the gene) was cloned upstream of the coding region of a
human b-globin gene. This region contains approximately 300
bp upstream of the main transcription initiation site for l5
(Fig. 3). Pre-B cells from livers of 16.5-day fetuses transgenic
for this construct were cultured in the presence of IL-7 (see
Materials and Methods and the legend to Fig. 3). Fluores-
cence-activated cell sorter analysis of the cultured cells showed
that they were .99% B220 positive. The four transgenics ob-
tained carried the fragment in multiple-copy tandem arrays
(between 3 and 30 copies), and all expressed the l5-b-globin
fusion transcript (Fig. 3). Three animals (PC-6, PC-7, and
PC-8) gave an expression per copy that was between two- and
eightfold higher than that of endogenous l5. The stronger
signal observed for the transgene could be due in part to
differences between the hybridization efficiencies of the two
probes, but it could also be caused by the greater stability of
the b-globin transcript. The fourth transgenic (PC-9), which
had the highest copy number (30 copies), expressed the trans-
gene at a level that was much lower than expected. Thus, the
promoter alone is able to drive high-level expression of the
transgene in pre-B cells of mice with multiple copies of the
transgene, although this expression is more sensitive to posi-
tion effects than that obtained with the 4.5-kb minimal l5
transgene (L5F1). As with all experiments using reporter gene
constructs, we cannot say whether the increased sensitivity to

position is due to the absence of sequences in the l5 gene or
the introduction of foreign sequences in the reporter gene that
might interfere with interactions in the tandem repeats.

Location of candidate LCR sequences by DNase I HS map-
ping. The minimal 4.5-kb l5 gene fragment, while displaying
LCR activity in multiple-copy integrations and giving tissue-
specific expression of l5, was unable to promote efficient tran-
scription in transgenic mice carrying one or two copies of the
transgene. Since the gene in its normal location is present as a
single copy, we set out to determine whether additional flank-
ing sequences could give efficient expression at low copy num-
bers. Previous reports of a series of DNase I HS 39 of the l5
gene (42) suggested to us that this region might contain part of
the LCR. To determine the precise location of the HS sur-
rounding the gene, we carried out DNase I sensitivity analysis
on the flanking sequences in nuclei from the pre-B-cell line
122-1 (obtained by Abelson virus transformation of fetal liver
cells) and the B-cell line WEHI-231. The results are shown in
Fig. 4.

In the pre-B-cell line 122-1, the region containing the l5

FIG. 3. Expression analysis of the human b-globin gene under the control of
the l5 promoter. The level of human b-globin transcript was compared to the
level of the endogenous l5 by using probes specific for the two genes. RNase
protection was carried out by hybridizing 20 mg of RNA extracted from fetal liver
cell primary cultures (PC2) grown in the presence of IL-7 to a b-globin-specific
probe (probe D) containing the 296-bp NcoI-BamHI fragment of the b-globin
cDNA. The l5-specific probe A was also included in the hybridizations. The
table shows the level of expression of b-globin normalized to the expression of
one endogenous (endog.) l5 allele. The schematic diagram of the l5 promoter
shows binding sites for EBF, E47, and Ikaros (Ik) together with their positions
relative to the major transcription start site. ntg, nontransgenic cell line.

FIG. 4. DNase I HS mapping of the regions flanking the l5 gene. (A) Map
of the l5 gene and surrounding regions. B, BamHI; Bg, BglII; P, PstI; S, SphI. (B)
DNase I HS 59 of l5. Pre-B-cell line 122-1 and B-cell line WEHI-231 nuclei were
digested with increasing amounts of DNase I, and genomic DNA was extracted
and digested with SphI, followed by electrophoresis and Southern blotting. The
blot was hybridized to a probe spanning the third exon of l5 (0.6-kb SacI-SphI
fragment). (C) DNase I HS 39 of l5. DNase I-treated DNA was digested with
BglII and probed with the 0.6-kb SacI-SphI fragment. HS1 to -6 were mapped
against restriction fragments derived from partial digestion of the BglII fragment
with HindIII (H), PstI (P), and SphI (S).
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promoter is strongly hypersensitive and two additional HS
(HS6 and HS7) are detected approximately 1.5-kb 59 of the
gene (Fig. 4B). No HS were found in the 59 region of l5 in the
B-cell lines WEHI-231, J558L, and Bal-17 (Fig. 4B and data
not shown). A total of five HS were detected between 2 and 6
kb downstream of the l5 gene in cell line 122-1 (Fig. 4C). The
strongest of these sites, HS1, is also found in IgM-producing
WEHI-231 cells, which are derived from a B-cell lymphoma
and represent the immature-B-cell stage (21) (Fig. 4C). HS1
was also observed in the Ig l-expressing myeloma cell line
J558L (13) and in the mature-B-cell line Bal-17 (17), which do
not express l5 or VpreB (data not shown). The remaining sites
(HS2 to -5) are only observed in the pre-B-cell line. A set of
HS were previously identified in the same region in the early-
pre-B-cell line 70Z/3 (42), while no HS were found 39 of l5 in
J558L cells in the same study. Our finding that HS-1 is present
in WEHI-231, Bal-17, and J558L cells shows that this site is
present after the genes have been silenced during B-cell mat-
uration. The discrepancy between our results and those of
Yang et al. may be due to the use of different sublines of J558L.

Position-insensitive expression of l5 in mice with one and
two copies of the transgene requires the presence of the 3* HS.
To investigate the sequence requirements for expression of l5
in single-copy integrations, constructs containing additional 59
and 39 flanking sequences (Fig. 5) were analyzed in transgenic
fetal livers and Abelson virus-transformed cell lines. The ad-
dition of 1 kb of 59 sequence (L5F2) failed to rescue the
impaired expression in animals with one and two copies of the

transgene, as was observed in L5F1. In fact, the additional
sequences appeared to further reduce the functioning of the
transgene, with low expression observed in four of five mice
with multiple copies of the transgene (L-19, L-21, C-4, and
C-9). The 59 region does not include HS6 and -7, and no other
HS have been mapped within it. The weak expression of L5F2
suggests that the LCR effect of tandem repeats may be quite
sensitive to the configuration and/or sequence composition of
the repeated fragment.

In contrast, the addition of a 6-kb region containing the HS
39 to the minimal l5 gene gave good expression in an animal
with a single copy of the transgene and in an animal with two
copies (L5F3, L-13, and L-9; see Fig. 2 for copy number de-
termination). Fragment L5F4, which contains both 59 and 39
flanking sequences, also expressed the gene efficiently in two
animals carrying two transgene copies (L-1 and L-4). Both
constructs gave copy-dependent expression in mice with mul-
tiple copies of the transgene. Expression of L5F4 in adult
animals from line L8 was also found to be tissue and stage
specific (data not shown). A strong positive position effect was
observed in one of the L5F3 transgenics (C-1). This was not
unexpected, since it is known that LCRs do not insulate trans-
genes from positive position effects (4). We conclude from
these results that the presence of the 39 HS rescues expression
of l5 in single- and two-copy integrations and counteracts the
inhibitory effect of the 59 sequences in mice with multiple
copies of the transgene. Our data indicate that the 10-kb frag-

FIG. 5. Expression analysis of l5 in mice and Abelson virus-transformed pre-B-cell lines transgenic (tg) for fragments L5F2, L5F3, and L5F4. A map of the
fragments is shown at the top. The RNase protection assay was carried out as described in Materials and Methods and in the legend to Fig. 1. wt, wild type; cn, copy
number.
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ment containing the 39 HS together with the l5 gene and 300
bp of promoter sequence has the properties of an LCR.

Coordinate regulation of the VpreB1 and l5 genes. The prox-
imity of the l5 and VpreB1 genes to one another and the fact
that they are coexpressed raises the possibility that they are
coordinately regulated by shared elements. To compare the
regulation of the two genes, we generated transgenics by using
a fragment containing only the VpreB1 gene (Fig. 6). Because
the smaller probe used to analyze VpreB1 expression gave a
weak signal for RNA extracted from whole fetal liver, VpreB1
expression was analyzed only in cell lines and primary fetal
liver cell cultures. Five transgenics were obtained for the frag-
ment Vp1 and analyzed by culturing pre-B cells from fetal liver
in IL-7. Four of the transgenics contained the gene in multiple-
copy tandem arrays (3 to 14 copies) and gave efficient copy-
dependent expression, apart from one positive position effect
(PC-3). A fifth animal (PC-2) contained two copies of the
transgene and expressed it at very low levels. Thus, the VpreB1
transgene appears to behave in a way similar to that of l5,
suggesting that it might also depend on the presence of the 39
HS for efficient expression in single-copy integrations. To di-
rectly test whether this is the case, we analyzed the functioning
of large constructs containing both genes in the presence and
absence of the 39 HS (L5F6 and L5F5) (Fig. 7). The analysis of
l5 expression for the two constructs is shown in Fig. 7A. A
single-copy transgene containing the 39 HS gave good expres-
sion (Fig. 7A, L5F6, lane C-20), while a single-copy integration
lacking the 39 HS gave expression that was sevenfold lower
(Fig. 7A, L5F5, lane C-15). Expression of VpreB1 was reduced
by a similar amount in the single-copy integration that lacked
the 39 HS (Fig. 7B, compare lanes C-20 and C-15). Interest-
ingly, the relative levels of VpreB1 observed in the mouse with
14 copies of the transgene L5F5, C-13, are 2.5-fold lower than
those of l5, suggesting a loss of coordinate regulation of the

genes in this construct. The finding that VpreB1 alone and in
conjunction with l5 fails to express efficiently in transgenics
with low copy numbers (Fig. 6, lane PC-2, and Fig. 7B, lane
C-15) leads us to conclude that the 39 HS are involved in
activating both genes and form part of an LCR for the entire
locus. The importance of the 39 region is further illustrated by
the summarized data for all of the constructs shown in Table 1.

FIG. 6. Expression analysis of VpreB1 in primary cultures of fetal liver cells
transgenic for fragment Vp1. The primary cultures were grown as described in
Materials and Methods. Twenty micrograms of each RNA was used in the RNase
protection assay. The VpreB-specific probe (probe C) spanned the KpnI-AccI
region of VpreB1 exon 2 and contained a 35-bp tag (see Materials and Methods)
inserted in the PstI site. The size of the protected fragments is 288 bp for the
VpreB1 transgene (tg) and 146 bp for the endogenous VpreB1 (wt). Mice have a
second VpreB gene (VpreB2), which differs from VpreB1 by a single-base substitu-
tion in the protected region. We cannot exclude the possibility that some of the
endogenous signal arises from VpreB2 as a result of incomplete RNase digestion
at the base mismatch. cn, copy number.

FIG. 7. (A) Analysis of l5 expression in mice transgenic for fragments L5F5
or L5F6. The RNase protection assay for the analysis of l5 expression was
carried out as described in Materials and Methods and in the legend to Fig. 1. (B)
RNase protection analysis to measure VpreB1 expression. Ten micrograms of
RNA from transgenic pre-B-cell lines was hybridized to probe C (see the legend
to Fig. 6). The histograms compare the expression of VpreB1 (solid bars) with that
of l5 (shaded bars) for each cell line. tg, transgene; wt, wild type; ntg, nontrans-
genic cell line; cn, copy number.

TABLE 1. Transgene expression levels in mice or cell lines
transgenic for L5F1-6 and Vp1

39 HSa Expression levelb
No. expressing/total mice with:

,3 repeats $3 repeats

2 None 8/19 0/21
Low 7/19 7/21c

Good 4/19 14/21

1 None 0/5 0/19
Low 0/5 2/19
Good 5/5 17/19

a 1, present; 2, absent.
b Low expression is defined as a level of expression per copy which is less than

half the level of the endogenous gene.
c Four of the seven low expressors in this category were transgenic for frag-

ment L5F2.
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Of 19 transgenics with low copy numbers for constructs that
lack the 39 HS, 15 either failed to express the transgenes or
expressed them at low levels. In the presence of the HS, five of
five transgenics with low copy numbers gave good expression.

The l5 LCR can activate transcription in centromeric het-
erochromatin. A defining feature of LCRs is the fact that they
are dominant over inhibitory position effects, including those
that result from integration close to heterochromatin (7, 28).
In order to test whether the l5 LCR can function efficiently in
centromeric heterochromatin, we used a novel PCR-based as-
say to screen the l5 transgenics for integrations into g-satellite
DNA, the major satellite component of centromeric hetero-
chromatin in the mouse. The advantage of this approach is that
it detects transgenes that are directly integrated into centro-
meric satellite DNA and provides an extremely stringent test of
whether an LCR can function in heterochromatin. Amplifica-
tion of DNA from cell line C-3 (L5F3) gave a ladder of frag-
ments which was diagnostic for the presence of g-satellite
repeats flanking the transgene (Fig. 8A). Cloning and sequenc-
ing of the PCR product showed that l5 and g-satellite se-
quences were present on the same fragment. FISH analysis
confirmed that the transgene was indeed located in centro-
meric DNA (Fig. 8B). Transgenic C-3 contains seven copies of
the transgene and expresses it at 10 times the level of each
endogenous l5 allele (Fig. 5). This is within the range of
variation for the RNase protection assay and shows that the l5

LCR gives full copy-dependent expression even when inte-
grated into constitutive heterochromatin.

DISCUSSION

LCRs are dominant activating sequences that are able to
activate gene expression at any location in the genome. In this
study we describe the identification of an LCR in the pro- and
pre-B-cell-specific l5-VpreB1 locus. Detailed characterization
of the LCR involved a comparison of expression in transgenic
mice with low copy numbers (one or two copies) and with
multiple copies of the transgene (greater than three copies).
This analysis has revealed two quite different types of behavior,
depending on the transgene copy number. In transgenic mice
with one or two copies, efficient and position-independent ex-
pression of both genes requires the presence of a region lo-
cated 39 of the locus. This region resembles previously de-
scribed LCRs, which are composed of clusters of DNase I HS.
However, a shorter fragment containing the l5 gene and lack-
ing the 39 HS gave full position-independent and copy-depen-
dent expression when present in tandem repeats of three or
more copies. Similar behavior was observed with a fragment
containing the VpreB1 gene. We conclude from these results
that the shorter fragments contain elements that are capable of
functioning as LCRs when they are reiterated in multiple-copy
tandem repeats. Since these elements can cooperate to give

FIG. 8. (A) PCR amplification of the l5 transgene integrated in g-satellite DNA in pre-B-cell line C-3. A scheme of the PCR procedure described in Materials and
Methods is shown. The PCR product was detected by Southern blotting and probing with a l5-specific probe. (B) Centromeric localization of the l5 transgene in
pre-B-cell line C-3 by FISH.
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rise to an LCR effect, it is reasonable to suppose that they form
part of the LCR for the complete locus.

What are the sequences that are responsible for the LCR-
like behavior of the minimal gene fragments in tandem re-
peats? Within the minimal l5 gene fragment, the strong HS on
the l5 promoter is the only HS that has been detected, making
it a good candidate for mediating the LCR effect observed with
tandem repeats of this fragment. This is supported by the
observation that the promoter has enhancer activity in tran-
sient expression assays (25, 42) and the observation in this
study that a 410-bp l5 promoter fragment linked to a b-globin
reporter gene gave expression in all of the multiple-copy trans-
genic mice analyzed. The levels of expression observed were
also much higher than is generally observed with minimal pro-
moter fragments. For example, the promoter of the related l1
Ig gene gives no expression in mice with multiple copies of the
transgene in the absence of additional distal HS (6, 12, 22a).
However, the expression from the l5 promoter was not com-
pletely position insensitive, possibly because of interference by
the b-globin sequences within the repeated unit. A similar
interference is also observed when a region of 1 kb 59 of the
gene is added to the minimal l5 fragment (L5F2), indicating
that the configuration of the repeated unit is critical for the
LCR effect in tandem repeats.

The organization of the l5-VpreB1 LCR has a number of
important implications for ideas about LCR organization and
function in general. The distribution of the LCR components
throughout the locus is quite different from that of the human
b-globin locus, where the LCR is a discrete unit located some
distance from the gene cluster (11). The difference between
the l5-VpreB1 and b-globin LCRs highlights two different as-
pects of LCRs, namely, their role as dominant-positive activa-
tors and the specific organization of LCR HS in individual loci.
The dominant activation function is clearly a widespread phe-
nomenon and is arguably the most important and defining
feature of LCRs. On the other hand, the arrangement of LCR
components appears to be quite flexible and is likely to be as
much a product of evolutionary contingency as of selection for
specific functions.

A second implication of our results is the need to analyze
single- and multiple-copy integrations when analyzing gene
regulation in transgenic animals. An analysis that included only
integrations of three or more transgene copies would have
given a quite different picture of the organization of the reg-
ulatory elements in the l5-VpreB1 locus and would not have
detected the role of the 39 HS. An additional conclusion from
our study relates to recent findings that suggest that arrange-
ment in multiple-copy tandem repeats has an intrinsic silencing
effect on transgene expression (9, 14). Our results indicate that
the opposite effect (repression at single-copy levels and acti-
vation at multiple-copy levels) is just as likely to be observed,
suggesting that repeats amplify the effects of inhibitory or
activating sequences present in the repeated sequence.

The complete unit required for efficient expression of the l5
and VpreB1 genes at single copy extends over a 19-kb region and
includes the five HS located 39 of l5. What are the determi-
nants of tissue and stage specificity within this functional unit?
Four of the 39 sites are present only in pre-B cells, while the
strongest site, HS1, is also detected in later stages of the B-cell
lineage. The efficient expression that is observed with the tan-
demly repeated minimal l5 transgene (L5F1) is also fully tis-
sue and stage specific, implying that sequences that are impor-
tant for cell type specificity reside in this fragment. A recent
study showed that a 720-bp l5 promoter fragment gave tissue-
and stage-specific expression when placed upstream of a
CD25-b-globin reporter gene in transgenic mice (24), although

expression of the transgene was highly position sensitive, with
only three of nine transgenic lines with multiple copies giving
expression. Taken together, these results indicate that efficient
tissue- and stage-specific expression at single-copy levels in-
volves both the promoter and the 39 HS. Binding sites for EBF,
E47, and Ikaros are present in the promoter (22, 36), and
ectopic expression of EBF and E47 has been used to demon-
strate the importance of these factors for activating l5 and
VpreB1 expression (36). Sequence analysis has also revealed the
presence of consensus binding sites for EBF, E47, and Ikaros
in HS1 (data not shown). Further studies will be required to
analyze the dynamics of the interactions between these ele-
ments and the roles played by the different regulatory elements
in the locus.

Recent studies have shown that the b-globin and CD-2
LCRs can give efficient nonvariegated expression even when
integrated in pericentromeric regions (7, 28). In this study, we
have taken this type of analysis a step further by using a PCR
assay to identify a centromeric integration that is directly
flanked by centromeric g-satellite DNA. The fact that the
transgene in this integration gives full copy-dependent expres-
sion demonstrates that the l5 LCR is able to activate expres-
sion in pre-B cells even when directly flanked by heterochro-
matin-forming sequences. Nuclear-localization studies have
shown that the l5-VpreB1 locus colocalizes with Ikaros-centro-
meric g-satellite clusters in nonexpressing mature-B-cell lines
but not in expressing pre-B-cell lines (2). This finding raises the
possibility that nuclear localization plays a role in silencing and
cellular memory. Our results provide important additional in-
formation on this phenomenon by showing that localization to
the heterochromatin compartment is not in itself sufficient to
give silencing when the full spectrum of factors is present. The
available data supports a model where silencing is the product
of a combination of changes in the factor profile and the
position of the gene in the nucleus.

The identification of the l5-VpreB1 LCR provides the means
for obtaining reproducible levels of expression of the l5 and
VpreB1 genes. This should facilitate studies that aim to test this
type of model. In particular, it will now be possible to carry out
mutagenesis studies to determine the precise role of Ikaros and
other transcription factors in regulating expression of the lo-
cus.
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