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Abstract
V gene assembly, class switch recombination, and somatic hypermutation are gene-modifying
processes essential to the development of an effective Ab response. If inappropriately applied,
however, these processes can mediate genetic changes that lead to disease (e.g., lymphoma). A series
of control elements within the Ig H chain (Igh) locus has been implicated in regulating these processes
as well as in regulating IgH gene transcription. These include the intronic enhancer (Eµ) and several
elements at the 3′ end of the locus (hs1,2, hs3a, hs3b, and hs4) known collectively as the 3′ regulatory
region. Although it is clear that the Eµ plays a unique role in V gene assembly, it has not been
established whether there are unique functions for each element within the 3′ regulatory region. In
earlier studies in mice and in mouse cell lines, pairwise deletion of hs3b and hs4 had a dramatic effect
on both class switch recombination and IgH gene transcription; deletion of an element almost
identical with hs3b (hs3a), however, yielded no discernible phenotype. To test the resulting
hypothesis that hs4 is uniquely required for these processes, we induced the deletion of hs4 within
a bacterial artificial chromosome transgene designed to closely approximate the 3′ end of the natural
Igh locus. When introduced into an Ig-secreting cell line, an Igα transcription unit within the bacterial
artificial chromosome was expressed efficiently and the subsequent deletion of hs4 only moderately
affected Igα expression. Thus, hs4 does not play a uniquely essential role in the transcription of a
productively rearranged Ig VDJCα transcription unit.

The Ig H chain and L chain (IgH and IgL) loci undergo multiple rounds of DNA recombination
and somatic hypermutation over the lifetime of cells in the B lymphocyte lineage. DNA
recombination events that result in the deletion of large segments of the genome are required
for assembly of the variable region-encoding gene segments (V-D-J and V-J joining) and for
the switch from one class of Ab to another (Fig. 1). The latter, class switch recombination
(CSR),3 follows Ag stimulation of the B cell and allows for the development of daughter clones
that can produce Ag-reactive Ab with the appropriate properties to combat the pathogen in
question (e.g., trafficking properties; ability to activate complement, etc.). Somatic
hypermutation of the assembled Ig variable region genes is another consequence of Ag
stimulation and is the process by which responding B lymphocytes develop a pool of daughter
cells producing Abs with higher affinity for the invading pathogen.
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The essential and largely lymphoid cell-restricted enzymes involved in these processes have
been identified. The recombination-activating genes RAG-1 and RAG-2 produce the proteins
that initiate the V region gene assembly process; activation-induced cytidine deaminase
initiates both CSR and somatic hypermutation of the DNA surrounding the V region genes
(1,2). Although these processes are fundamental to the development of both a diverse repertoire
of B cells and a specific and efficient Ab response to Ag, they also pose a significant threat to
the integrity of the genome. It is critical, therefore, that each process is carefully regulated to
take place only at the appropriate loci, only within the B cell, and only at the right time relative
to the B cell’s stage of maturation or state of activation. It is apparent that this regulatory
responsibility falls on a series of cis-acting elements found within and around the IgH and IgL
genes.

Five enhancer regions have been identified within the murine IgH locus (Eµ, hs3a, hs1,2, hs3b,
and hs4; Fig. 1). The first of these, Eµ, is found in an intron separating the V region and C
region coding sequences and, although initially discovered because of its ability to enhance
transcription from the promoter of an assembled IgH gene, it has since been shown to be
essential for efficient V-D-J recombination (3–9). The other four enhancers lie at the far 3′ end
of the IgH locus and have been shown to contribute substantially to IgH gene transcription in
Ig-secreting cells as well as play an important role in CSR (10,11).

Although Eµ is normally present within the JH-Cµ intron of assembled and expressed IgH
genes, numerous Ig-secreting cell tumors (myelomas) have been recovered in which Eµ is
missing and yet IgH transcription continues unabated (12–15). Reciprocal loss of the 3′ IgH
enhancers, however, had a dramatic effect on Ig transcription in an Igα-secreting cell line
(LP1.2). Igα transcription fell to 10% of wild-type levels even though Eµ remained within the
Igα transcription unit (16,17). These two findings led to the hypothesis that the role of Eµ in
promoting IgH transcription could be supplanted by the 3′ IgH enhancers. In one of the Eµ-
deficient cell lines (9921), a technical knockout of the 3′ IgH enhancer region downstream of
the active IgH locus (by replacing hs1,2 with a neor gene) abolished IgH transcription,
confirming that this region was indeed required for locus expression (10).

In more recent studies we have used an IgH minilocus to study the function of the 3′ IgH
enhancers (18). This minilocus, a reporter Igγ2b gene linked to the four 3′ IgH enhancers, was
expressed at high levels when stably integrated into the genome of an Ig-secreting cell line
(9921). Expression was unaffected by a subsequent in situ deletion of the hs3a/hs1,2 enhancer
pair, but an in situ deletion of hs3b/hs4 resulted in a dramatic decrease in reporter gene
expression, demonstrating a requirement for one or both of these enhancer elements in
sustaining IgH gene transcription (18). In an independent study, the same two enhancers were
deleted from the IgH locus of mice with the effect that CSR to all IgH classes except γ1 was
impeded to some extent, and sterile transcripts associated with and required for CSR were,
concomitantly, reduced (11). The hs3b and hs4 elements have been implicated, therefore, in
promoting both CSR and IgH gene transcription.

One of the questions that has directly arisen from both of these studies is whether the effects
seen were due to the deletion of hs3b alone, the deletion of hs4 alone, or were achievable only
after deletion of both of these regulatory sequences. Several findings have implicated hs4. First,
hs4 has several attributes that distinguish it from the other enhancers. In transient transfection
assays, hs4 is the most robust of the 3′ IgH enhancers in mature B cell lines and plasmacytoma
lines and the only one to show activity in pre-B cell lines (17,19,20). It is also the only one of
the 3′ IgH enhancers that shows DNase I hypersensitivity in both pro-B and pre-B cells; the
other enhancers become DNase I hypersensitive later, at the surface Ig+ cell stage (17,19,21,
22). Second, there was reason to doubt that hs3b was required for either CSR or Igh
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transcription, because the deletion of the highly homologous element hs3a (97% identity) had
no effect on either process (18,23).

In the present studies, we have tested the hypothesis that hs4 is essential for the 3′ regulatory
region’s (3′RR) ability to drive IgH gene transcription. For this purpose, a reporter gene system
within a bacterial artificial chromosome (BAC) was developed to mimic as closely as possible
the endogenous Igh locus (Fig. 2). The BAC was modified to include a fully functional Igα
gene with the 3′ IgH enhancers in their natural configuration downstream and with loxP sites
surrounding hs4. The Igα-BAC was efficiently expressed when integrated into the genome of
Ig-secreting cells (9921 cell line). Subsequent deletion of hs4 from the BAC by cyclization
recombination enzyme (CRE)-mediated loxP site recombination, however, gave the surprising
result that Igα gene expression was affected only minimally. We conclude that the proposed
role of Hs4 in driving IgH gene transcription can be largely supplanted by the activity of the
remaining enhancers or of other elements within the locus. As discussed below, this functional
redundancy likely serves to safeguard at least the transcriptional role of this regulatory region.
It remains to be determined whether CSR, like IgH gene transcription, will similarly show
minimal dependence upon hs4.

Materials and Methods
Cell lines

9921 is an IgG2a-producing class switch variant that was derived, through an intermediate,
from the IgG2b-producing plasmacytoma MPC11 (24). In the course of the H chain class
switch, Eµ was deleted from the γ2a H chain transcription unit in 9921. The Igh allele carrying
the γ2a H chain transcription unit is present as a single copy per cell. The nonproductive Igh
allele in this cell line (chromosome 12) has undergone reciprocal translocation with c-myc
(chromosome 15), and the product carrying the IgH 3′RR has been replicated to three copies
per cell (data not shown, and 25). J558 is an IgA-producing myeloma obtained from American
Type Culture Collection (ATCC item no. TIB-6). 9921 and J558 were maintained in DMEM
(Invitrogen Life Technologies; catalog no. 12100-061) with 10% bovine calf serum (Gemini,
catalog no 100–506). The medium contained 50 U/ml penicillin/streptomycin (Atlanta
Biologicals, catalog no. B21110), 2 mM L-glutamine (Atlanta Biologicals, catalog no.
B90310), and MEM nonessential amino acids (Invitrogen Life Technologies, catalog no.
11140050). Both cell lines were maintained at 37°C in an atmosphere of 8% CO2.

Modifications of BACs
BACs were modified by the described methods (26). The starting BAC (141el8) is ~92 kb in
size, contains part of Cε (starting from position 1430 in GenBank sequence X01857.1), and
extends 80 kb downstream of Cα (ending at position 91450 in GenBank sequence AF450245)
(see Fig. 2). This BAC was produced by Genome Systems (BAC embryonic stem cell mouse
library, 129/SVJ mouse strain) and provided by Dr. S. Janz (National Cancer Institute, National
Institutes of Health, Bethesda, MD).

B1-8α (~95 kb)—This BAC carries an assembled VH gene upstream of Cα. The VH gene
was isolated from plasmid pIVHB1-8L2neor as a 2.2-kb ClaI fragment (27). The latter plasmid
was a gift of Dr. K. Rajewsky (Harvard Medical School, Boston, MA). The VH was inserted
upstream of Cα, using two regions of homology (U and D in Fig. 2) surrounding the intronic
or cryptic promoter for sterile Cα transcripts (induced just before CSR to this CH gene). The
primers used to generate “U” by PCR were 5′-
ACGCGTCGACCAGTAGGATGTGTAGAGGAT-3′ and 5′-
CCGCTCGAGCCAGGACTCCACATGCAT-3′. The underlined sequences are restriction
endonuclease recognition sites (SalI and XhoI, respectively) added for sequence cloning.
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Sequences downstream of these added recognition sites derive from GenBank accession no.
U08933. The primers used to generate “D” were 5′-
CCGCTCGAGCTCAGTCTGACCCATCCACA-3′ and 5′-
ACGCGTCGACAGCCACAACAGCCTGAGT-3′, with XhoI and SalI sites added,
respectively (underlined sequences), and the remaining sequences were derived from GenBank
accession no. U08933.

B1–8αΔhs4—To construct a BAC with loxP-flanked hs4, hs4 was first removed from
B1-8α to generate BAC B1-8αΔhs4 (Fig. 2). The two arms of homology used for this deletion
were HS4U and HS4D. HS4U is a 768-bp fragment that lies directly downstream of hs3b (bp
25041–25809 in GenBank accession no.AF450245). This sequence was chosen instead of one
closer to hs4 because it has not been possible to clone or amplify the entire ~3-kb sequence
lying between hs3b and hs4, probably due to the highly repetitive sequences within this region.
Primers generating HS4U included sequences (underlined) derived from GenBank accession
no. AF450245: 5′-ATGCAAGCTTAATGGATGTGAGATGAGG-3′ (HS3bF) and 5′-
GATCCTAGTCTAGAACTCATTGTGTAGACC-3′ (HS4UR2). A 3-kb fragment
downstream of hs4 (starting at bp 28,364 in GenBank accession no.AF450245) was amplified
with the following primer pairs: 5′-CCTACCCACCTAACTCCAAGC-3′ (HS4DF) and 5′-
GGTAGGAAGGGCGAATTCGC-3′ (HS4DR). A smaller ~1.8-kb fragment mapping from
the 5′ end of this 3-kb fragment, was used as HS4D (nt 28382–30156 from GenBank accession
no. AF450245). Homologous recombination, using the HS4U and HS4D arms resulted in a
deletion extending from nt 25810 to nt 28381, GenBank accession no. AF450245 (actual
deletion is ~500 bp greater than this 2571 bp because of missing nucleotides in the GenBank
sequence).

Blxhs4—The BAC Blxhs4 was generated by the insertion of loxP-flanked hs4 and a DNA
“tag” into the site of the hs4 deletion in B1–8αΔhs4 (Fig. 2). The insert included a 1381-bp
SmaI/HindIII fragment encompassing HS4 (isolated from HS3.4; Ref. 19) surrounded by loxP
sites derived from ploxP2neor (18) and a downstream sequence of 420 bp (nt 1–418; Gene
Bank Accession no.V00497) derived from the cDNA of a sickle cell anemia form of human
β-globin (plasmid pcr2βS; a gift from Dr. K. Drlica, Public Health Research Institute,
International Center for Public Health, Newark, NJ). At high stringency, the latter β-globin
sequence does not hybridize to murine genomic DNA. The final size of the insert was ~1.8 kb.
It was inserted into B1-8αΔhs4 with HS4U and HS4D arms of homology similar to those used
to generate B1-8αΔhs4 (in Blxhs4 the HS4U ends at nt 25766 and the HS4D begins at nt 28406;
GenBank accession no.AF450245).

BEµ—A 1-kb XbaI fragment containing Eµ (15) was added to B1-8α (Fig. 6) using VH-derived
sequences and D as homology “arms” for homologous recombination in bacteria.

Introducing BACs into cell lines
BACs were digested with NotI to purify the insert from the 6.7-kb pBeloBAC11 vector using
gel filtration (CL-4B Sepharose beads; Amersham Biosciences, catalog no. 17-0150-01). Ten
micrograms of BAC and 400 ng of psk-2loxPneor (18) were mixed with a 1-ml suspension of
107 9921 cells. The neor plasmid was included as a means for selecting cells that had
incorporated DNA. The neor gene in this plasmid is linked to the phosphoglycerate kinase-1
promoter and upstream activating element, making it active in eukaryotic cells. Transfection
was by electroporation (in a 0.4-cm cuvette at 960 microfarad and 250 V in a Bio-Rad Gene
Pulser electroporator with capacitance extender). The cells were then diluted in nonselective
medium and plated in 96-well tissue culture plates. Fortyeight hours following transfection the
medium was supplemented with G418 (final concentration 1.5 mg/ml; Invitrogen Life
Technologies, catalog no. 11811-031). Colonies were visible ~2 wk after transfection and arose
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in ~30 to ~40% of the wells on each culture plate, indicating that most growing wells contain
the progeny of a single transformant. All lines analyzed were further subcloned to assure purity.
In prior studies we have shown that presence of psk-2loxPneor neither positively nor negatively
influences the expression of a cotransfected IgH reporter gene (18).

After the clones were established, genomic DNA was subjected to both PCR and Southern blot
analyses to determine whether the integrated BAC remained intact. To confirm that the 5′ end
of the BACs was present, genomic DNA was amplified with a T7 primer (remaining with the
BAC insert after NotI digestion) and a primer within Cε: 5′-GTAATACGACT
CACTATAGGG-3′ (T7) and 5′-GGACGACATGACTTAACCAG-3′ (CεR; GenBank
accession no. X01857.1). The 3′ end of the BAC was detected with primers for Sp6 (again, a
vector sequence that remains with the insert after NotI digestion) and a primer mapping 80 kb
downstream of Cα: 5′-GCTATTTAGGTGACACTATAG-3′ (Sp6) and 5′-GCATGTGC
ATTCAACAGTGG-3′ (Cα80F; GenBank accession no. A450245).

Inducing deletion of hs4 with CRE recombinase
pEGFP-CRE (8.8 kb) was created by ligating a CRE-containing fragment from pBS185
(Invitrogen Life Technologies, catalog no. 10347-011) into the HindIII site of pEGFP-C1
(Clontech Laboratories, catalog no. 6084-1). The resulting plasmid produces both a red-shifted
variant of the green fluorescence protein that can be detected by flow cytometry and the CRE
recombinase that mediates loxP site-specific recombination.

Blxhs4-containing cell lines were individually transfected with pEGFP-CRE (10 µg plasmid
per 107 cells; electroporation was performed as described above) and fluorescent cells were
detected and cloned by flow cytometry 48 h later. Cells from individual wells were screened
by PCR for hs4 deletion. Primers flanked the site of deletion, lying within HS4U and β-globin,
respectively (see Fig. 2, HS4U and TAG): 5′-CTAGCCAGGC AGTGATAGC-3′ (HS4UF)
and 5′-TGAGGTTGCTAGTGAACACAG-3′ (β-globinR).

After loxP recombination, the PCR product of these primers is 700 bp. In several cases the
700-bp product was gel purified and sequenced to confirm that the deletion resulted from CRE-
mediated loxP recombination. Because the cotransfected neor gene in psk-21oxPneor was also
flanked by loxP sites, it was possible for the neor gene to also be deleted in enhanced GFP
(EGFP)-CRE-transfected cells. Clones were retested for G418r after transfection, but all of
those examined (including those that had undergone hs4 deletion) remained G418r, indicating
that at least one copy of neor remained in the cells. As noted above, we have previously
demonstrated that this neor gene and its control sequences cannot supplant the 3′RR function
in a cotransfected IgH reporter gene (18).

Southern blot analyses
Restriction enzyme-digested DNAs were loaded into individual lanes of 0.7% agarose gels
(0.5~1 µg of BAC DNA; ~25 µg of cell line genomic DNA). DNA was then transferred to
nylon membranes (Micron Separations, catalog no. N00HY00010) or (Schleicher & Schuell
Bioscience, catalog no. 10415296). Blots were hybridized by traditional methods (as
previously described; for example, see Ref. 18) or with Quickhyb (Stratagene, catalog no.
201220). Probes were labeled by the random primer method (Megaprime; Amersham
Biosciences, catalog no. RPN 1605).

To estimate BAC copy number in cell lines, DNA was digested with HindIII and hybridized
with the U probe described above (also see Fig. 3). There are approximately four copies of this
region of the IgH locus in 9921 cells (one from the functional IgH locus expressing γ2a and
three replicates of the homologous but c-myc translocated Igh allele). The U probe detects a

Zhang et al. Page 5

J Immunol. Author manuscript; available in PMC 2009 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.4-kb fragment from these endogenous loci (four copies) and a 3.7-kb fragment from the BAC.
Hybridization intensity was quantified by a PhosphorImager and ImageQuant Software (GE
Healthcare). The BAC copy number was estimated from two to three Southern analyses per
clone. The SD of data obtained for individual clones did not exceed 0.5; the copy number was
rounded to the nearest whole number.

Northern blot analyses
Total cellular RNA was isolated by a TRIzol reagent (Invitrogen Life Technologies, catalog
no. 15596-026) according to the manufacturer’s instructions. Total cellular RNA (~20 µg) was
denatured with formamide and size fractionated by electrophoresis through 1% formaldehyde-
agarose gels. RNA was then transferred to a GeneScreen nylon membrane (PerkinElmer,
catalog no. 881623-1200). Blots were hybridized as previously described (for example, see
Ref. 18). The probe used to detect Igα mRNA was a 310-bp Cα fragment (cloned in pBSCα)
produced with the following primer pair: 5′-GAATGAGCTCTTGTCCCTGAC-3′ (CaCh3F)
and 5′-CATGATCACAGACACGCTGAC-3′ (CαCh3R; GenBank accession no.D11468).
The probe for the detection of Igγ2a mRNA was a 312-bp SacI fragment covering the CH3
region of γ2a (from pCH3γ2a) (28). GAPDH was detected with murine GAPDH cDNA
(Ambion, catalog no. 7330).

To quantify Igα transgene expression in the transformants, at least three separate experiments
were done (three separate sets of Northern blots) for each transformant. In each experiment,
two blots were prepared. One was hybridized sequentially with the γ2a and GAPDH probes;
the other was hybridized sequentially with the Cα and GAPDH probes. GAPDH was used to
normalize the data in each case. In some cases, γ2α and α mRNA levels were compared in
individual clones, taking advantage of the fact that the probes for these mRNAs were of
approximately the same size and GC content (estimated melting temperatures 77.5 and 80.5°
C, respectively) and taking into consideration any differences in specific activity of the labeled
probes in each experiment.

Statistical analyses of Northern blot data
Data for nine Blxhs4 transformants and 12 BEµ transformants were subjected to linear
regression analyses. BAC copy number data for each transformant were obtained from two or
three genomic Southern blots, and Igα, Igγ2a, and GAPDH mRNA levels were measured for
each transformant in three independent experiments (Northern blots). For the scatter plots
provided in Fig. 4 and Fig. 6, the expression of Igα in each clone is given relative to that of
J558 on the same blot (Igα normalized to GAPDH in every case). Because the raw data
exhibited a degree of nonnormality that would have brought decreased accuracy in the
significance tests, a square root transformation was used to bring the data close to normality
before calculating the p values. The p values are a standard statistical test of the null hypothesis
that the slope of the regression line is equal to 0. At values below 0.05, there is a >95%
probability that the slope is >0 and, therefore, that copy number is a good linear predictor of
the expression level. The coefficient of determination (R2) for each data set was also calculated;
the closer this value comes to 1, the better the correlation (e.g., in these experiments R2 is the
fraction of the variability in the expression level in Igα that is accounted for by its least squares
linear regression on the transgene copy number).

DNase I hypersensitivity assays
The DNase I hypersensitivity assay was performed as described previously (22). Briefly, cell
nuclei were isolated from cell lines (9921,137.1, 7.1, and 6.1) by Dounce homogenization and
treated with increasing amounts of DNase I (2 × 107 cells per sample; Worthington
Biochemical) for 5 min at 37°C. DNA was then isolated and ~20 µg/sample was digested
overnight with BglII and SalI (New England Biolabs). Southern blots of the digested DNA

Zhang et al. Page 6

J Immunol. Author manuscript; available in PMC 2009 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were as described above (genomic Southern blots). The probe used was from plasmid
pcr2βS (cDNA for human β-globin; TAG in Fig. 2).

Polymerase chain reactions
PCRs were conducted with either HotStart Taq polymerase (Qiagen, catalog no. 203203) (for
detection) or PfuTurbo (Stratagene, catalog no. 201220) (for cloning and sequencing) and
usually continued for 30 cycles in GeneAmp PCR system 9600 (PerkinElmer).

Results
Development of a BAC with an IgH gene and a 3′ regulatory region

In previous studies, we showed that an IgH reporter gene with linked 3′ IgH enhancers (hs3a,
hs1,2, hs3b, and hs4) was efficiently expressed in both a surface Ig+ cell line and in an Ig-
secreting cell line but that its expression was not strictly correlated with the copy number and
was generally lower than that of an endogenous Igh locus (18). A similar construct tested by
others in transgenic mice gave comparable results (29). In an effort to more precisely mimic
the endogenous locus, we constructed a functional Igα gene within BAC 141e18, a BAC that
extends from 13 kb upstream of Cα (within the second exon of Cε) to a site >40 kb downstream
of hs4 (Fig. 2). The reasoning was that this large expanse of DNA might both supply all of the
regulatory sequences required for normal IgH gene expression and insulate the reporter gene
from the effects of the neighboring chromatin. Although previous reporter constructs contained
all of the known 3′ IgH regulatory sequences, the BAC carried these sequences in their natural
context. For example, inverted repeats surround hs1,2, and the secondary structure possibly
formed by these repeats could play a role in regulating the chromatin structure and gene activity
(30,31). Furthermore, additional control elements not yet identified might lie among or
downstream of the known ones. Interestingly, in collaboration with others we have recently
identified a region with insulator activity downstream of hs4, and this region was not included
in previous minilocus constructs but is present in BAC 141e18 (22).

We generated a BAC in which an assembled V region gene with an associated IgH promoter
was inserted upstream of Cα (Bl-8α; see Fig. 2). Modification of this and all other derivative
BACs was achieved through homologous recombination in bacteria (Materials and Methods
and Ref. 26). Briefly, we used the PCR to amplify regions upstream (U) and downstream (D)
of the site of integration. These regions were ligated to the assembled VH gene and introduced
into a shuttle vector that was, in turn, transfected into BAC-containing bacteria where
recombination took place. The shuttle vector was designed so that integration of the VH gene
also led, simultaneously, to deletion of the intronic promoter responsible for Cα sterile
transcripts so that transcription of the resulting Igα gene would be entirely dependent upon the
natural VH promoter.

As shown in the maps of Fig. 2 before BAC recombination with the shuttle vector, probe U
detects a 17-kb BamHI fragment that, after recombination, becomes 4 kb in size. This change
was confirmed in B1-8α (Fig. 2A). Because the bacterial RecA enzyme is transiently expressed
in this system and the BAC is a very large DNA molecule with several repeated DNA
sequences, it was possible that changes other than those we intended would take place during
homologous recombination in the bacteria. To look for evidence of this, we digested the
original BAC (141e18) and the BAC with inserted VH (Bl-8α) with the restriction enzyme
EcoRI and compared the resulting pattern of fragments detected by ethidium bromide staining.
There were no changes in restriction pattern apart from those predicted: a 10-kb band in 141e18
was absent in B1-8α, replaced by 8.4- and 3.5-kb bands (Fig. 2B).
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BAC Igα expression in an Ig-secreting cell line
Once confirmed as having the desired structure, the murine sequences of B1-8α were released
from the bacterial vector and introduced into the plasmacytoma cell line 9921 by
electroporation (Materials and Methods). 9921 is a plasmacytoma that secretes IgG2a. The
single, functional Igγ2a gene lacks Eµ (as the result of an aberrant CSR event) and so its
expression is entirely dependent upon 3′ IgH regulatory sequences (10,15), making it a
particularly appropriate cell line for studying 3′RR function. This cell line also carries three
copies of a translocated chromosome that juxtaposes the oncogene c-myc with Cγ2a and all
Igh locus sequences downstream (including the 3′RR) (25).

Genomic DNAs from 9921 and from B1-8α transformants were cut with HindIII and hybridized
with a probe that corresponded to the region just upstream of the VH gene insertion in B1-8α
(probe U in Fig. 3). This probe detects a 4.4-kb HindIII fragment that is generated from both
the functional Igh locus and the Igh/c-myc translocated chromosomes in 9921 and detects a
3.7-kb fragment from the BAC transgene. A representative blot is shown for the parental line
and BAC-containing transformants (Fig. 3). The intensity of the 4.4- and 3.7-kb bands was
used to estimate transgene copy number, with the 4.4-kb band set at four copies as in the 9921
parental line (two or three independent experiments for each transformant; see Materials and
Methods). Each transformant was also examined by PCR to confirm that both ends of the BAC
were intact (Materials and Methods, data not shown).

Transgene expression in the B1-8α transformant lines was determined by Northern blot
(steady-state mRNA analyses). Igα mRNA levels (transgene) were measured by using a probe
for gapdh mRNA to normalize total RNA levels in each sample (Fig. 4A). Although a clone
with four copies of the BAC transgene produced substantially more Igα mRNA than others
with one or two copies (compare clone 6.4 with others), not all single-copy clones produced
the same amount of Igα mRNA (e.g., Igα mRNA was barely detectable in clone 1.1; see Fig.
4A). This suggested to us that the presence of all of the known 3′ IgH enhancers in their natural
configuration and at a natural distance from an IgH promoter could not fully shield the Igα
transgene from integration site effects.

Development of a BAC with loxP sites flanking the 3′ IgH enhancer hs4
Because the per copy expression level differed somewhat among independent B1-8α
transformants, we elected to generate several independent BAC transformants and then test
the effect of hs4 deletion from the BACs stably integrated in the genome of the recipient cells.
In this way, each transformant would provide information about BAC gene activity at a
particular site of integration, both before and after hs4 deletion.

To achieve this goal, we first deleted hs4 from B1-8α and then replaced it with a loxP-flanked
version of hs4. A 3-kb region encompassing hs4 was deleted by homologous recombination
in bacteria to generate B1-8αΔhs4 (Fig. 2). A 1.4-kb region encompassing hs4 was flanked by
loxP sites, and a 420-bp portion of human β-globin cDNA was appended downstream to serve
as a DNA “tag” for subsequent DNase I hypersensitivity assays (see below). Again, through
homologous recombination in bacteria this ~1.8-kb segment of DNA was inserted into
B1-8αΔhs4, reconstituting the hs4 element but with loxP sites on either side (Fig. 2). The
resulting BAC was designated Blxhs4. Apart from the addition of loxP sites and the DNA tag,
Blxhs4 differs from B1-8a by virtue of a deletion (~1.6 kb) between hs3b and hs4 (Materials
and Methods). The BACs were cut with appropriate restriction enzymes to confirm that the
expected modifications (and no other changes) had taken place (Fig. 2 and data not shown).
For example, BamHI digestion was used to distinguish the three BACs. Using a DNA probe
that corresponded to the 3′ homology region for BAC modification (hs4D), B1-8α generated
a 2.0-kb BamHI fragment while B1-8αΔhs4 generated a fragment of 1.8 kb (Fig. 2C). Similarly,
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B1-8αΔhs4 and Blxhs4 could be distinguished by 0.5- and 1.9-kb BamHI fragments,
respectively, detected by the 5′ homology region (hs4U; see Fig. 2D).

Blxhs4 was transfected into 9921 cells and individual clones were isolated, subcloned, and
tested for intact BAC ends. RNAs from transformants carrying the intact BAC were analyzed
for Igα, γ2a, and GAPDH mRNA expression. In each of three experiments, duplicate blots
were hybridized with probes for α and γ2a mRNA, respectively, and then both blots were
“erased” of the initial probe and rehybridized with a probe for GAPDH mRNA. Representative
results are shown in Fig. 4B. As was seen with the B1-8α transformants (Fig. 4A), the Blxhs4
transformants expressed Igα mRNA at varying levels with a general trend upward with
increasing BAC copy number (Fig. 4, B and C). The modifications surrounding hs4 (e.g., the
addition of loxP sites) led to no obvious change in expression of the associated Igα transcription
unit. As plotted in Fig. 4C, Igα mRNA levels in nine independent Blxhs4 clones generally
correlated with copy number (p = 0.009; R2 = 0.18); but, as in the B1-8α transformants, there
were differences in expression level among clones with the same copy number (e.g., compare
clones 4, 10, and 25, all of which carried two copies of the transgene).

hs3b and hs4 were discovered (and named) by virtue of the fact that they constituted DNase I
hypersensitive regions in the IgH locus. We examined the Blxhs4 transformants to determine
whether both regions showed the characteristic DNase I hypersensitivity within the context of
this BAC. DNase I hypersensitivity assays were conducted using the “tag” (human β-globin
sequences) introduced downstream of hs4 as a DNA probe (see Fig. 2E) because the DNA
fragments it detects are limited to those within the BAC transgene. As shown in Fig. 4D, DNase
I hypersensitivity sites corresponding to hs3b and hs4 were present in the Blxhs4 transformants.
The chromatin structure downstream of the Igα gene in Blxhs4, therefore, mimics that of the
endogenous locus, and hs4 in this BAC, as in the endogenous locus, is hypersensitive to DNase
I.

hs4 deletion does not eliminate Igα expression
Five independent Blxhs4 transformants (clones 6.1, 7.1, 16.1, 137.1, and 169.1) were then
transfected with a plasmid that encodes both EGFP and the bacterial CRE enzyme (required
for loxP-mediated DNA deletion). These five clones each carried from one to six copies of
Blxhs4 (clone 6.1, three copies; clone 7.1, six copies; clone 16.1, three copies; clone 137.1,
one copy; and clone 169.1, one copy). Forty-eight hours after transfection, cells expressing
EGFP were identified by flow cytometry and cloned. The selection of EGFP-expressing cells
was done to enrich for cells that had taken up the EGFP/CRE plasmid and, therefore, might
have undergone loxP-mediated deletion of hs4 in the integrated Blxhs4 BAC. Growing clones
were screened for hs4 deletion by PCR (Materials and Methods; data not shown), and the
deletion was further confirmed by genomic Southern blot analyses. As shown in Fig. 5A, a
probe homologous to hs3b detects a 5.5-kb HindIII fragment in Blxhs4, but this fragment is
reduced to 4-kb after hs4 deletion. The same probe detects an 8-kb HindIII fragment from the
endogenous IgH loci. The expected change in the HindIII restriction pattern upon hs4 deletion
was detected in genomic DNA isolated from subclones of each of the five original Blxhs4
transformants (Fig. 5A). To confirm that these were, indeed, loxP-mediated deletions, the
deletion site was isolated by PCR, cloned, and sequenced (data not shown).

To determine the effect of the hs4 deletion on Igα expression, mRNA levels were compared
before and after the hs4 deletion. As shown in Fig. 5C, Igα mRNA levels decreased in four of
the transformants and increased in one. Three independent experiments for each transformant
pair (before and after the hs4 deletion) were performed (see representative blot in Fig. 5B) and
the results were quantified (Fig. 5C). Although there is some variation in effect at independent
integration sites (most notably the increase seen with hs4 deletion in clone 6.1), the common
result is only a small change in Igα mRNA levels. Clones 7.1 and 16.1 each lost a single copy
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of the transgene as well as all copies of hs4 (copy number was reduced from six to five in clone
7.1 and from three to two in clone 16.1), perhaps explaining some of the reduction in Igα levels
in these two lines. We conclude that although hs4 likely contributes to the expression of the
Igα gene present in the BAC, its loss is largely compensated by other elements within this
locus.

Addition of Eµ does not dramatically improve the correlation between BAC copy number and
expression level

In reporter genes transiently or stably introduced into Ig-secreting cells, the 3′RR can drive
IgH promoter activity in the absence of Eµ and vice versa (for example, Refs. 15,18, and 20).
To eliminate this functional redundancy and to therefore be able to examine the functional
roles of subelements of the 3′RR more directly, we have used transgenes that lack Eµ (present
study and Ref. (18). In the present study, we found that an IgH gene in BACs containing >90
kb of DNA from the IgH locus (including all known 3′ regulatory sequences) was efficiently
expressed but not entirely shielded from integration site effects (Fig. 4). We also found in our
analyses of the Blxhs4 transformants carrying one or two copies of the Igα transgene that the
transgene was generally expressed at a fraction of the level of the endogenous Igγ2a gene in
the same cells and at a fraction of the level of Igα produced by J558 (representative data in Fig.
4, B and C). Although we circumvented the problem of integration site effects by examining
gene expression before and after hs4 deletion at each of several different integration sites, we
were intrigued by the implication that this large expanse of DNA directly derived from the
Igh locus could not reconstitute, in full, all of the attributes of the endogenous locus.

To study this issue further, we considered the possibility that Eµ serves a unique locus-
activating function that is no longer required by the already active Igh loci in Ig-secreting cells
but that might be required by an Igh locus newly introduced into them (e.g., the BAC transgene).
To explore this possibility, a BAC was constructed in which Eµ was placed between the VH
and Cα coding sequences in B1-8α (Fig. 6). This new BAC, BEµ, was confirmed in structure
by genomic Southern and ethidium bromide staining of BamHI- and EcoRI-digested BAC
DNA (data not shown).

9921 cells were transfected with BEµ (isolated insert of this BAC). The transgene copy number
in the resulting clones was determined as described earlier (representative data in Fig. 6B),
Igα mRNA levels were assessed by Northern blotting and quantitative data were obtained from
the blots (triplicate experiments on 12 independent transformants; representative data in Fig.
6C). As shown in Fig. 6D, there is a linear relationship between the transgene copy number
and the transgene expression level (p = 0.0002). The slope of the line correlating the copy
number and the expression level in these BEµ transformants was not significantly different
from that obtained for the Blxhs4 transformants (BAC lacking Eµ) (p = 0.001; compare plots,
Fig. 4 and Fig. 6), but the regression correlation coefficient (coefficient of determination) is
better in the BEµ transformants (R2 = 0.34 vs 0.18). This could mean that Eµ3 or an interaction
between Eµ and the 3′RR, somehow further shields the BAC from integration site effects, but
this is not certain because the correlation in the two types of transformants is very similar when
one of the “outliers” among the Blxhs4 transformants (four-copy transformant with unusually
low expression) is eliminated from the analyses (R2 = 0.31).

Discussion
The discovery of an enhancer (hs1,2) downstream of the rodent IgH constant region genes was
the result of a search for regulatory sequences that could explain IgH gene expression in Eµ-
deficient, Ig-secreting cells (32–34). Chromosome translocations that juxtaposed the oncogene
c-myc with the 3′ end of the Igh locus, resulting in a promoter shift and deregulated c-myc
expression, also compelled this search (35,36). Indeed, since the discovery of this first 3′ IgH
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enhancer, there has accrued ample evidence that it, along with its neighbors (3′RR), play a role
in both situations. In a cell line that already lacks Eµ, enhancer-replacement within the 3′RR
by a selectable marker gene completely arrested IgH gene transcription, supporting the
hypothesis that IgH transcription in an Eµ-deficient locus is 3′RR dependent (10). In other
studies, c-myc was juxtaposed with the 3′RR both in transgenes and by gene-replacement within
the natural IgH and c-myc loci (19,36,37). In all of these cases, the result was deregulated
expression of c-myc, supporting the notion that the 3′RR regulates not only the IgH promoters
of assembled IgH genes but can also regulate the c-myc promoter(s) when c-myc insinuates
itself into the Igh locus by chromosome translocation.

Studies of mice in which either individual or pairs of 3′ IgH enhancers were removed from the
endogenous Igh locus by homologous recombination have revealed a role for the 3′RR in
regulating the activity of the cryptic promoters upstream of each of the IgH constant region
genes. These promoters are responsible for the so-called “sterile transcripts” that immediately
precede CSR. In one study, the removal of both hs3b and hs4 resulted in a moderate (2-fold)
decrease in surface IgM expression by resting B cells but in an even more pronounced decrease
in the expression of many of the other Ig H chain isotypes (11). The most dramatic effects were
seen for IgG2b and IgG3, and the decrease in cells switching to these isotypes in appropriately
stimulated splenic cell cultures was correlated with a decrease in sterile transcripts from the
respective constant region genes. Class switching to γ1 was unaffected by the hs3b/hs4 double
deletion. A more recent study, however, suggests that switching even to this class is 3′RR
dependent (38).

The goal of the present study has been to more precisely define the role of hs4 in regulating
the promoter of an assembled IgH gene. In previous work we showed that the deletion of both
hs3b and hs4 arrested IgH reporter gene expression in an Ig-secreting cell line (9921), but the
deletion of both hs3a and hs1,2 did not (18). In the present study we have developed an IgH
reporter gene within a BAC so that it more closely resembles the natural Igh locus and have
tested its activity in the same Ig-secreting cell line of our previous studies (9921). We found
that the DNA regions encompassing hs3b and hs4 do indeed become DNase I hypersensitive
in the transfected cell line but that hs4 deletion has only a moderate effect on reporter gene
expression. Although four of five cell lines examined showed some reduction in Igα expression
after hs4 deletion (Fig. 5), the decreases seen (20–43% reduction) did not approach those seen
previously upon hs3b/hs4 deletion (92–100% reduction, ref. 18). In clones 7.1 and 16.1,
deletion of hs4 was accompanied by the deletion of one copy of the BAC. This loss might
explain some of the reduction in Igα expression seen in these particular Δhs4 clones, but
because expression is not strictly copy number dependent it is not possible to ascribe a precise
value to each BAC copy in these transformants. In any case, the effect of an hs4 deletion on
IgH transcription is small, suggesting that other elements within the BAC are sufficient to
sustain IgH transcription in the absence of hs4. This finding does not support the generally
held notion that hs4 serves a unique and critical role within the Igh locus, at least with regard
to IgH promoter activity.

Candidates for driving IgH gene transcription in the absence of both Eµ and hs4 are the other
3′RR enhancers (hs1,2, hs3a, and hs3b), the newly discovered DNase I hypersensitive sites
downstream of hs4, and, perhaps, other (as yet unidentified) control elements that may lie
farther downstream. As discussed earlier, numerous studies, both in vivo (endogenous Igh
locus) and in vitro (Igh transgenes) implicate the 3′RR as critical to both IgH gene transcription
and to CSR (10,11,16–18,38,39). Deletion of any one of the individual 3′RR elements,
however, has yet to yield a phenotype (present study and Refs. 11 and 23). We suggest that
this finding reflects extensive functional redundancy among these elements and/or among these
and other elements in the locus. The BAC of the present studies extends ~80 kb downstream
of Cα (~45 kb downstream of the recently described hs5–7). Additional deletion studies with
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this and related BACs will aid in more precisely identifying the elements contributing to IgH
transcription and unraveling their functional interactions.

It should be noted that in the present experiments, as in those undertaken earlier with a
minilocus (18), a loxP-flanked neor gene was cotransfected with the IgH transgenes (Materials
and Methods). Importantly, we have shown that this neor gene and its associated
phosphoglycerate kinase promoter is not able to drive the expression of a cotransfected IgH
gene; none of 25 independent transformants carrying both this neor gene and an IgH gene
lacking the 3′RR were able to express the IgH transgene (18). This argues against there being
any compensatory effect of the neor gene upon hs4 deletion in the BACs of the present studies.
Certainly, when a neor gene is inserted directly into the 3′RR it can affect locus activity (10),
but the present studies do not involve insertion of the neor gene into the BAC. Rather, in this
study the neor gene remains on a plasmid that has no homology to the BAC and, at best, will
integrate at the 5′ or 3′ end of the BAC. This means that it never intervenes between the IgH
promoter and the 3′RR and, should it lie adjacent to the BAC, it would lie >40 kb upstream of
the 3′RR (if it integrates 5′ of the BAC) or >40 kb 3′ of the 3′RR (if it integrates 3′ of the BAC).
In studies by others, the insertion of a pgk-neor cassette 2 kb downstream of hs4 in vivo (in
mice) had no effect on either IgH transcription or CSR (40).

It remains to be seen whether hs4 serves a unique and critical role in CSR. It is already apparent
that the cryptic or intronic promoters upstream of each of the CH genes are differentially
dependent on subregions of the 3′RR (i.e., Iγ1 is not dependent on hs3b/hs4 whereas the other
intronic promoters, to different degrees, are). But most of these intronic promoters responded
to hs3b/hs4 deletion within the endogenous Igh locus in the same manner that a natural IgH
promoter responded to hs3b/hs4 deletion in a transgene (significant reduction in activity)
(11,18). It is possible, therefore, that, as with the natural IgH promoter, these intronic promoters
will remain active in the absence of hs4.

The present study involved the manipulation of a >90-kb BAC spanning part of Cε and
extending downstream >40 kb beyond hs4. It was surprising to us that this large expanse of
DNA was not sufficient to achieve wild-type levels of IgH gene expression. Rather, cells
carrying a single copy of the BAC often expressed significantly less IgH mRNA than was
produced at the single endogenous IgH locus. Adding Eµ to the BAC led to a slightly higher
average level of expression in single-copy clones (Fig. 6D); but, again, the overall effect was
minimal.

In a recent transgenic mouse study involving a BAC that, like this one, includes all of the 3′
RR but extends much farther upstream (11 kb 5′ of the JH region), the authors describe copy
number-dependent expression in the independent mouse lines, but the data do not significantly
differ from those presented here (41). There was generally more expression when more copies
of the BAC were present, but there was considerable variation in expression among lines with
the same copy number, and mice with only one copy of the BAC expressed it at considerably
lower levels than the endogenous locus (41). In these mouse studies Eµ, as well as the 3′RR,
was present.

There are at least two alternate explanations for these findings. Either we have yet to identify
and isolate all of the elements required to establish a wild-type Igh locus, or transgenes
(integrations into random sites within the genome) face special problems not ordinarily
encountered by the endogenous locus (where neighboring genes/DNA is unchanging) and
problems for which the locus itself can provide no solution. If the first of these explanations
is correct and the BAC is missing essential elements, perhaps these elements lie within the
VH genes. Interestingly, an ~1-Mb region covering the distal VH genes is required for Igh locus
association with the nuclear periphery (42). Transient loss of this association appears essential
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to V to DJ rearrangements involving the distal VH genes, but the Igh locus reforms its
attachment to the nuclear lamina in B cells and Ig-secreting cells (43–46). The effect of this
association on Ig transcription is not yet clear. Although an attractive possibility is that this
association is required for proper programming of the Igh locus for transcription (an association
not afforded by any of the BACs or transgenes used to date), there are examples of Ig-secreting
cells whose Igh loci lack the 1-Mb attachment region and thus are found predominantly away
from the nuclear periphery but yet continue to express the Igh locus at high levels (42).

If the second of these possibilities is correct, cloned Igh locus DNA, no matter how extensive,
will never ensure integration site-independent expression. Consistent with this hypothesis is
the finding that even the prototype for locus control regions, the β-like globin locus control
region, is affected by the site of integration and does not ensure expression levels equal to those
of the endogenous locus (47–49). This has been made even more apparent by studies in which
the same gene is repeatedly integrated into several, distinct chromosomal sites by CRE
recombinase-mediated cassette exchange (50,51).
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FIGURE 1.
Diagram of the murine IgH locus. Not drawn to scale. Coding sequences (e.g., V, D, J, and C
gene segments) are shown as rectangles. C region segments are identified by Greek letters (µ,
δ, etc.). Regulatory sequences are shown as horizontal ovals (e.g., Eµ) and the IgH 3′RR shown
covers the DNase I HS sites hs3a, hs1,2, hs3b, and hs4. Vertical ovals upstream of each C
region gene signify the “switch regions” in which breaks occur during CSR.
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FIGURE 2.
Igα gene within a BAC. Diagrams (shown in E) of BACs used in this study include the initial
BAC (141e18), a BAC with an Igα transcription unit (B1-8α), a BAC intermediate lacking hs4
(B1-8αAHS4), and BAC with loxP-flanked hs4 (Blxhs4). The 3′ IgH enhancers (hs3a, etc.)
are represented by horizontal ovals. Striped boxes (U, D, HS4U, and HS4D) identify regions
of homology used in homologous recombination. Ip is the intronic promoter for sterile, Cα
germline transcripts that precede CSR. The BamHI (B) and EcoRI (E) recognition sites are
shown only in the relevant regions (note: the B site at the junction of HS4U/HS4D in
B1-8αAHS4 (enlarged portion of panel E set off by dashed lines, middle diagram) was created
by cloning). VH and Cα coding sequences are filled rectangles, loxP sites are filled arrowheads,
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and human β-globin sequence is marked as TAG. A, BAC DNA cut with BamHI and hybridized
with U probe. B, Ethidium bromide stain of BAC DNA cut with EcoRI. Leftmost lane is a 1-
kb DNA ladder (m.w. marker). EcoRI fragments modified by the insertion of VH in B1–8α are
indicated (compare with BAC maps). C, BAC DNA cut with BamHI and hybridized with hs4D.
D, BAC DNA cut with BamHI and hybridized with hs4U.
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FIGURE 3.
BAC-containing transformants of the IgG2a-secreting cell line 9921. Top, Autoradiograph of
DNA from the parental line (9921) and individual transformants (e.g., 6.1, 7.1, etc.) cut with
HindIII and hybridized with the probe shown in the diagram below. The estimated number of
copies of the BAC in each transformant is shown below the lanes (with the 4.4-kb fragment
assigned a value of four copies; see Materials and Methods). Bottom, Diagram of the region
upstream of Cα in the endogenous loci of 9921 and in the BACs introduced into this cell line.
H (HindIII) recognition sites are shown in the relevant regions.
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FIGURE 4.
Igα expression in BAC transformants. A and B, Northern blots of RNA from an Igα producing
plasmacytoma (J558), the γ2a-producing parental line (9921), and the 9921 BAC transformants
(1.1, 6.4, etc) (A). Duplicate gels were transferred to nylon and sequentially hybridized with
probes for Cα and GAPDH or for Cγ2a and GAPDH, respectively. Representative blots are
shown (experiment repeated three times). Estimated BAC copy number shown below each
lane (the single-copy J558 endogenous gene is represented as 1). A, 9921 transformants
carrying B1-8α. B, 9921 transformants carrying Blxhs4. (Note that specific activities of the
GAPDH and Igα probes were not held constant from experiment to experiment, so the relative
signals vary among experiments; e.g., compare A and B. This has no adverse effect on
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normalizing samples to GAPDH within an individual experiment.) C, Plot of Igα mRNA levels
vs transgene copy number for nine Blxhs4 transformants. Igα mRNA levels were normalized
to GAPDH and the level for each clone was divided by that for J558 in each experiment (to
normalize among experiments). The SD for each clone (from three determinations) is shown.
The best-fit line of linear regression is shown (linear regression by least squares criterion (Data
Desk); p = 0.009, R2 = 0.18). D, DNase I hypersensitivity sites 3b and 4 in the Blxhs4 transgene.
Southern blot of BglII/SalI-digested DNA hybridized with the β-globin “tag” as the probe and
treated with increasing levels of DNase I. Representative data from one of the Blxhs4
transformants (137.1) is shown. Below the autoradiograph is a diagram of the region analyzed.
The approximate sizes of the DNase I fragments expected for hs3b and hs4 are indicated (~3.2
and ~1.2 kb, respectively).
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FIGURE 5.
In situ deletion of hs4 in Blxhs4 transformants. A, Genomic Southern blotting of transformants
carrying the Blxhs4 transgene with (+) and without (−) hs4. The BAC copy numbers for these
clones are three (clone 6.1), six (clone 7.1), three (16.1), one (137.1), and one (169.1). The
probe (hs3b) is indicated in the maps in A. This probe also detects a smaller HindIII fragment
surrounding hs3a, but the blot was cut before hybridization to remove this fragment. Diagrams
of the endogenous IgH locus and the Blxhs4 transgene before and after loxP-mediated deletion
of hs4 are shown. Relevant HindIII (H) sites are shown; other symbols are as described for
Fig. 2. Quantification of the blots suggests that hs4 deletion was accompanied by loss of one
BAC copy in clones 7.1 and 16.1. B, Northern blot of RNA from five independent Blxhs4
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transformants (6.1, 7.1, etc.) before and after hs4 deletion. The probes used were specific for
α and γ2a mRNA. The parental cell line 9921 (expressing Igγ2a only) and the α-expressing
J558 cell line are included as controls. C, Bar graph of data obtained from three independent
experiments (Northern blots) measuring α-mRNA expression before (□) and after (■) hs4
deletion. The data are plotted for each transformant relative to initial expression level (before
hs4 deletion) of 100%.
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FIGURE 6.
Igα BAC with both Eµ and the 3′RR. A, Diagram of B1-8α and the site of insertion of the
intronic enhancer Eµ to generate BEµ. Symbols are as described for Fig. 2. B, Representative
genomic Southern blotting was used to determine BAC copy numbers. DNA from the parental
line (9921) is included as well as that from five BEµ transformants (23, 28, etc.). Estimates of
BAC copy numbers are provided below the lanes. C, Northern blots measuring Igα mRNA
levels in BEµ transformants. Representative blots are shown for α, γ2a, and GAPDH mRNA
in five BEµ transformants. D, Plot of Igα mRNA levels (with SD) vs transgene copy number
for 12 BEµ transformants. Igα mRNA levels were normalized to GAPDH and the level for
each clone was divided by that for J558 on the same blot (to normalize among experiments).

Zhang et al. Page 25

J Immunol. Author manuscript; available in PMC 2009 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Igα mRNA levels were determined in at least three independent experiments. The best-fit line
of linear regression analysis is shown (p = 0.0002, R2 = 0.34).
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