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ABSTRACT The major intron between the J and C gene
segments of the immunoglobulin heavy (H) chain locus con-
tains an enhancer-like sequence, and it has been proposed that
this enhancer is necessary to achieve high levels of H chain
expression. We have isolated a subclone of the lymphoid pre-B
cell line 18-81 that lacks this enhancer but nevertheless pro-
duces , chain at the level characteristic of pre-B cells. Another
subclone with a larger deletion does not produce ,u chain, but
upon fusion with a myeloma that does not produce any immu-
noglobulin chain, ,u chain is expressed by the homolog from
the pre-B subclone. The hybridoma lacks the proposed en-
hancer element in cis; nevertheless it produces as much ,A
chain as other plasma cell hybridomas. Therefore, this en-
hancer element is not obligatory for a high level of H chain
production.

Enhancer elements are short DNA sequences that increase
the transcriptional activity in cis of homologous or various
heterologous promoters that are within a few kilobases (kb)
upstream or downstream. They have been found in the
genome of DNA viruses and in the long terminal repeat se-
quence of many retroviruses (reviewed in ref. 1). Recently,
an enhancer element located within the JH-CA intron has
been described for the immunoglobulin heavy (H) chain
genes (2-4). This enhancer element for the H chain gene was
mapped to a 0.8-kb Xba I/EcoRI restriction fragment resid-
ing 3' of J4 in the JH-C, intron (2-4). The enhancer element
was identified and mapped in transfection experiments with
plasmids containing either the immunoglobulin H chain gene
or another gene with or without the putative enhancer se-
quence. By using the amount of RNA or protein expressed
by these transfected genes as a measure of gene activity, it
was found that the presence of the enhancer element, in ei-
ther orientation, was necessary for high levels of gene
expression. The purpose of the present communication is to
determine whether this enhancer element is necessary for H
chain expression in cells that contain a functional H chain
gene, generated by the normal ontogenetic event and present
at the correct position on chromosome 12.
For this study we used derivatives of the Abelson-virus-

transformed mouse pre-B-cell line 18-81. This line accumu-
lates deletions within the JH-C,. intron during growth in vi-
tro (5, 6), allowing us to correlate the deletions in this region
with loss of immunoglobulin production. The 18-81 cell line
contains cells that synthesize only H chain (as well as some
that synthesize no immunoglobulin chain) (7, 8). The cells of
this line can switch from , to y2b chain synthesis in vitro (6).
The cell line is diploid for chromosome 12. Both homologs
have correctly joined VDJ segments. The variable (V) region
alleles contain either J2 or J3 (5, 6); hence we name them V2

and V3. Cells of the 18-81 line usually express only the V3
allele (5, 6), because the V2 allele contains an amber termina-
tion codon (9). However, a few cells continuously produce H
chain from both homologs; that is, they also express the V2
allele (10). The deletions in the JH-CM, intron occur on both
alleles and vary in length and position (unpublished data).
We found subclones of 18-81 that lack the enhancer element
of the JH-C!L intron but still produce as much immunoglob-
ulin chain as cells with the enhancer element on the ex-
pressed allele.

MATERIALS AND METHODS
Subcloning. Cell line 18-81 was subcloned by limiting dilu-

tion (0.15 cell per well) with syngeneic or xenogeneic (Wistar
rat) peritoneal exudate cells as feeder cells.

Southern Blot Analysis. Southern blot analysis (11) was
performed as described (6). For the gel to separate Pst I frag-
ments, 1.5% agarose was used instead of the usual 0.8%. The
kidney DNA was from the BALB/c mouse strain. The plas-
mids containing the DNA probes were generously provided
by F. Blattner.

Fluorescence-Activated Cell Sorter (FACS) Analysis. Anal-
ysis with the FACS was performed as follows: First 4 x 106
cells were washed once in filtered phosphate-buffered sa-
line, pH 7.1, containing 1% (wt/vol) bovine serum albumin
and then once in filtered phosphate-buffered saline without
Ca2+ and Mg2+. After centrifugation the supernatant was re-
moved and the cell pellet was resuspended to give a homoge-
neous suspension in a small volume of buffer. Ten milliliters
of fixative (95 vol of ethanol and 5 vol of acetic acid, at
-200C) was added quickly by ejecting it from a syringe. Af-
ter incubation for 10 min at -20'C, the cells were washed
once in phosphate-buffered saline without Ca2+ and Mg2+
and then once in phosphate-buffered saline/bovine serum
albumin. After centrifugation the cells were resuspended in
20 ,ul of buffer, 20 ul of fluorescein-coupled goat antiserum
specific for A chain (a gift from J. Kearney, Birmingham,
AL) (12) was added, and the mixture was incubated for 10
min on ice. The cells were then washed three times in phos-
phate buffered saline/bovine serum albumin and analyzed in
the FACS.
NaDodSO4/Polyacrylamide Gel Electrophoresis. Cells were

cultured in the presence of [35S]methionine for 20 min. H
chain from cell lysates was precipitated with antibodies spe-
cific for A chain, reduced, and analyzed on NaDodSO4/10%
polyacrylamide gels as described (8).
Measurement of Steady-State Level ofmRNA Specific for ,u

chain. Relative levels of ,u-chain-specific mRNA were com-
pared among the various cell lines by the technique of cyto-
plasmic dot hybridization (13). Briefly, cells were lysed in

Abbreviations: H chain, heavy chain; V region, variable region; C
region, constant region; J, joining segment; FACS, fluorescence-
activated cell sorter; kb, kilobase(s).
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0.5% Nonidet P-40 and the nuclei were removed by centrifu-
gation. The cytoplasm was denatured and serial 1:1 dilutions
were dotted onto nitrocellulose filters as described (13).

Cell Fusion. Clone A33-1 was fused with the myeloma
Ag8653 (14) as described (8). The myeloma Ag8653 contrib-
utes no H or light (L) chains to the hybridomas. Clone Al is
a bromodeoxyuridine-resistant thymidine-kinase-negative
subclone of 18-81. In this case, both fusion partners could be
selected against in medium containing hypoxanthine, ami-
nopterin, and thymidine.

RESULTS
The genealogy of the subclones of 18-81 that are used in this
study is shown in Fig. 1. As shown by Southern blot analy-
sis, in cells of the early 18-81 line both alleles contain the
enhancer. DNA from a hybridoma, H6, derived from a fu-
sion between an early 18-81 cell and a myeloma, Ag8653,
reveals three EcoRI restriction fragments that hybridize with
a probe covering the sequence of the proposed enhancer ("E
probe," the 0.8-kb Xba I/EcoRI restriction fragment of the
JH-CM intron, Fig. 2A). In Fig. 2B, the 6.4-kb band is con-
tributed by the myeloma, and the 2.4- and 1.8-kb bands rep-
resent the V2 and V3 alleles of 18-81, respectively, hence the
excluded and the productive allele (5, 10).
A Subclone That Lacks the Enhancer on the Active Allele

But Still Produces ,i Chain. The clone A3 contains both the
V2 and V3 alleles of the cell line 18-81. Clone A3 and sub-
clone A35 have indistinguishable DNA arrangements as
judged by Southern blot analysis using several restriction en-
zymes. The enzyme BamHI cuts within the C,, segment, so
two bands (9.4 and 11.2 kb) of embryonic DNA hybridize
with a, cDNA probe (6). In clone A3 and subclone A35, the
two JH-CM, alleles are represented by 5.6- and 3.5-kb BamHI
restriction fragments (6). Rearrangement involving J3 would
give rise to BamHI fragments of the same size or larger than
the 9.4-kb embryonic fragments. On the other hand, dele-
tions in the JH-C A introns of both alleles result in the smaller
fragments that we observe. The 3.5-kb fragment represents
the productive V3 allele (6); it is lost in a subclone, A38, that
produces no ,t chain (6). Both bands also hybridize with a
probe including J3 and J4 ("J34 probe" in Fig. 2C). However,
the E probe hybridizes only with the 5.6-kb band that comes

FIG. 1. Genealogy of subclones and hybridomas derived from
the Abelson-virus-transformed line 18-81. Abelson-virus-trans-
formed cells are designated "A," and their hybridomas are designat-
ed "H." The V region alleles are listed below the subclone designa-
tion. V2 and V3 are alleles from 18-81 containing J2 and J3, respec-
tively; VM indicates the V region allele of myeloma Ag8653. E
indicates the putative enhancer present on the allele.

from the excluded allele (Fig. 2C). Therefore the excluded
V2 allele, but not the productive V3 allele, contains the DNA
segment where the immunoglobulin enhancer element was
reported to be located (3, 4). This finding is confirmed by
Southern blot analyses using the restriction ezymes EcoRI
(Fig. 2D), Bgl I, and Pst I (not shown). Several other consid-
erations lead us to conclude that the region around the
EcoRI site of the major intron (i.e., the intron between J and
C,) is deleted. The EcoRI and Bgl I sites must be deleted,
because EcoRI or Bgl I digestion yields restriction fragments
that contain both the J3 and C , fragments (EcoRI, Fig. 2D;
Bgl I, not shown). The first two Xba I sites 3' to J4 must be
also deleted, because DNAs of different subclones of A3
that have switched to y2b production show very different
Xba I fragments representing the productive allele when hy-
bridized with J34 probe, although they have the same V3 al-
lele (not shown).
As shown by FACS analysis using fluorescein-coupled

antibodies specific for ,u chain (Fig. 3A) and by immuno-
precipitation and NaDodSO4/polyacrylamide gel electro-
phoresis (Fig. 3B), most of the cells of subclone A35, which
lacks the enhancer element on the productive allele, produce
g chain. The steady-state level of ,L chain produced in cells
of clone A35 is the same as in clone A3 (not shown) and is
somewhat less than in clone A33-1 (Fig. 3A). In subclone
A33-1 the ,t chain is produced from the V2 allele (10), which
contains the enhancer element (Fig. 2 A-D); the V3 allele
codes for a y2b chain (6). As measured by incorporation of
[35S]methionine into ,u chain for 20 min (data not shown), the
rate of ,t chain synthesis in clone A35 is one-third or one-
fourth of the rate in clone A33-1. We conclude that the differ-
ence in the amount of ,t chain produced by pre-B cells in the
presence and absence of a known cis enhancer element is
less than an order of magnitude.
A Subclone That Lacks the Enhancer and Does Not Produce

,u Chain Can Be Activated to ,u Chain Production by Fusion
with a Myeloma. One could argue that the enhancer element
acts in a differentiation stage-specific manner-e.g., only in
plasma cells. Pre-B cells do not make large amounts of u
chain (15). In fact, the rate of ,u chain synthesis in plasma cell
hybridomas Sp7 and Sp6 is 10 to 20 times higher than in the
clone A3 (Fig. 3B, lanes 7 and 8, and 3, respectively), but
only 5 times higher than in clone A33-1. There is also a dif-
ference in the steady-state levels of mRNA specific for ,u
chain. Hybridoma Sp6 contains about 16 times more ,u-spe-
cific RNA than do clones A3, A35, and A33-1 (Fig. 4, lane 8,
as compared to lanes 3, 4, and 5). However, we will show in
this section that the rate of H chain synthesis and the steady-
state level of u-specific RNA in plasma cells is also indepen-
dent of the presence or absence of the enhancer element.

In the JH-CM, intron of the V3 allele of subclone Al there is
a deletion of at least 6 kb which is larger than the deletion in
clone A35. Furthermore, in subclone Al, the V2 allele is lost
completely (Fig. 2 C and D). There is no restriction fragment
hybridizing with the E probe. Clone Al produces neither ,u
chain (Fig. 3A and Fig. 3B, lane 2), nor mRNA specific for ,
chain (Fig. 4, lane 2). Hybridomas were produced by fusing
cells of this clone to a myeloma, Ag8653, that produces no
immunoglobulin (ref. 14; no A chain: Fig. 3B, lane 1), makes
no ,u mRNA (Fig. 4, lane 1), and contains no C. gene (Fig.
2D). Fifty hybridomas were tested, and all of them synthe-
sized u chain.
Hybridoma H11, as well as some other hybridomas from

the above fusion, also expresses K chain and secretes a com-
plete Ig molecule (8). Hybridoma H11 synthesizes g chain at
the same rate as hybridoma H33-11-1 (Fig. 3B, lanes 5 and
6), which was derived from a subclone, A33-1, containing
the enhancer element in cis, and at the same rate as the plas-
ma cell hybridomas Sp7 and Sp6 (Fig. 3B, lanes 7 and 8,
respectively). Hybridoma H11 has the same steady-state lev-
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FIG. 2. Southern blot analysis to assign the presence or absence of the putative enhancer sequence to the JH-CM intron alleles. Twelve

micrograms of DNA per lane was applied. (A) Map. Ba, BamHI; BE, Bst ElI; B, Bgl I; E, EcoRI; P, Pst I; X, Xba I. Probes cover the regions

indicated by 11 . E probe, Xba J/EcoRI fragment; J34 probe, BamHI/EcoRI fragment; u probe, cDNA. (B-D) Southern blots. In D, the 6.4-kb
fragments of H11 and Ag8653 hybridizing with J34 and E probe seem to be of slightly different length. This is due to different DNA concentra-

tion. On numerous other gels these fragments are exactly at the same position.

el of g-specific mRNA as the other hybridomas (Fig. 4, lanes
6, 7, and 8).

It is unlikely that there was selection for some preexisting
p-producing cells in fusion or in growth of the u-producing
hybridomas. At the time of fusion the Al clone contained
very few p-producing cells, below 0.1%. Furthermore, cells
that produce H chain without L chain should, if anything, be

selected against (16-18). There is no enhancer element pres-
ent in the hybridoma Hil apart from the one contributed by
the myeloma (Fig. 2). Nor is there any evidence that the pu-
tative enhancer element of the myeloma was brought into cis

position by recombination. Both the E probe and the J34

probe hybridize with the same restriction fragment. When

digested with the enzymes BamHI, EcoRI, Bgl I, and Xba I

(for Ag8653 and Hil see Fig. 2, for H33-11-1 not shown),
identical fragments are found in the hybridoma and myelo-
ma. We conclude that the known enhancer element in the
JH-CM intron is not required for heightened-level H chain

expression in plasma cells.

DISCUSSION
We have shown that mRNA and H chain can be produced at

high levels in the absence of a well-characterized enhancer

element. It is difficult to reconcile the results described here

with the interpretations given by Banerji et al. (2), Gillies et
al. (3), and Neuberger (4) for their transfection experiments.
It is conceivable that other enhancer elements exist near the
CM locus and would come into play in the absence of the
known enhancer element. Such unknown enhancers would
therefore act at greater distance but still yield the same level
of H chain expression as the former enhancer. If such en-

hancers were 5' of the VH segment, each VH segment would
need its own set of enhancers. On the other hand, we can

imagine that the enhancer element is required for a high level
of transcription in the transfection assay rather than in "nor-

mal" cells-i.e., perhaps it is a "transfection enhancer"
rather than an immunoglobulin enhancer. This would, in

part, explain the results of Banedji et al. (2) and Neuberger
(4), who performed transient expression assays. The en-

hancer element might also be needed for the homing of the

plasmid. In the work of Gillies et al. (3), plasmids containing
the H chain gene were presumably integrated into the cellu-
lar DNA. In this case the enhancer sequence would be need-

ed for guided insertion into active transcription sites of the

myeloma.
In our experiments we found no evidence for the need of a

known enhancer element acting cis. However, since A-spe-
cific mRNA production was increased 16-fold when clone
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FIG. 4. Titration of steady-state level of mRNA specific for tu
chain: Cytoplasmic dot hybridization. Serial 1:1 dilution steps start-
ing with the denatured cytoplasm (13) from 4 x 105 cells (except
Ag8653, which was from 2 x 105 cells). Hybridization probe: .t
cDNA (Fig. 2).

deletion in the JH-CM intron, we speculate that this expres-
sor is encoded, at least partly, in the major intron of the H
chain gene.

1 2 3 4 5 6 7 8

FIG. 3. (A) FACS analysis to determine the amount of , chain
production in clones A35, A33-1, Al, and A38. The y-axis has a

linear scale; the x-axis, a logarithmic scale. (B) Fluorograph of Na-
DodSO4/polyacrylamide gel electrophoresis of [35S]methionine-la-
beled ku chains produced by Abelson-virus-transformed cells of the
18-81 cell line and by hybridomas. Lanes 1-4 were exposed 11 times
longer than lanes 5-8 from the same gel. The 1L chain of H33-11-1
apparently differs from the one of H11 and Sp6 and Sp7. It is derived
from the usually excluded V2 allele of 18-81.

A33-1 was fused to a myeloma, there may be trans-acting
expression elements that enhance the steady-state mRNA
production upon the transition from pre-B cells to B cells or

from B cells to plasma cells. We would also like to point out
that there must be an additional element in the myeloma
that, after fusion, allows expression of ji chain from the gene
carried by clone Al. This expression element, or "expres-
sor," is needed specifically for the ,A chain expression, be-
cause evidently the other proteins are synthesized without it.
It must act trans and, therefore, is not an enhancer and is

likely to encode a protein. Because the inability of clone Al
to synthesize mRNA for , chain is correlated with a large
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