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Summary

We have studied the DNA sequences required for
high level expression of a cloned heavy chain im-
munoglobulin gene stably introduced into mouse
myeloma cells by DNA transfection. We found that
DNA sequences derived from the germ line Jy-C,
region are required for accurate and efficient tran-
scription from a functionally rearranged V. promoter.
Similar to viral transcriptional enhancer elements,
these cellular sequences stimulate transcription
from either the homologous V. gene segment pro-
moter or a heterologous SV40 promoter. They are
active when placed on the 5° or 3’ side of the
rearranged V.. gene segment and they function when
their orientation is reversed. However, unlike viral
enhancers, the lg gene enhancer appears to act in
a tissue-specific manner, since it is active in mouse
B cells but not in mouse fibroblasts. The nucleotide
sequence of the Ilg enhancer region contains re-
peating elements that closely resemble sequence
elements found in many viral enhancers. We discuss
the possible role of tissue-specific transcription in
cell differentiation and malignant transformation.

Introduction

Molecular analyses of immunoglobulin {Ig) genes estab-
lished that an g polypeptide chain is encoded in multiple
gene segments scattered along a chromosome of the
germ line genome and that hese gene segments must be
brought together to form a complete g gene active in B
lymphocytes (For a review see Tonegawa, 1983). This
somatic assembly of 19 gene segments is achieved by a
series of developmentally-controlled recombination events
that ccour during the differentiation of B cells.

Twao types of recombination accur: V—J or V-D-J joining
and switch recombination. The V-J and V-D-J joinings
are essential for the formation of the DNA sequence coding
for the variable (V) region of the light and heavy chain,
respectively, while switch recombination replaces the con-
stant (C) region-coding sequence of the heavy chain of
one class (usually g) with another (v, ¢, a, etc.). The exact

timing of these recombination events in the course of B
cell development has not been determined, but both V=J
and V-D-J joining occur before the cell encounters anti-
QENS.

One of the most important functions of the V-J and V-
D-J jginings is to create complete lg genes with & diverse
set of V region-coding DNA seguences from a lirmited
number of the gene segments camied in the germ line
genome (Tonegawa, 1983). Ancther important function of
Y-J and V-D-J joining events is in the control of the
expression of Ig genes during B cell differentiation. On the
basiz of the fine structural analysis of Ig genes, it is clear
that these joining events are prerequisite for the synthesis
of a complete lg chain: there is no evidence that any
unrearranged germ line Iy gene segment can directly
participate with its coding capacity in the synthesis of a
complete, functional Ig chain (Brack et al,, 1978; Bermnard
et al., 1978; Sakano et al., 1979, Max et al., 1973, Early et
al.. 1980: Sakanc et al., 19800, In fact, it has been shown
that in & myeloma cell the RMNA transcript of an unrear-
ranged V, segment is no more than 0.1 copy per gene. a
level at lsast four orders of magnitude lower than that of
the transcript from the rearranged, expressed V., segment
present in the same cell (Mather and Perry, 1981).

Both the V-J and V-D-J joining avents alter the se-
quence configurations in the 3" region of the germ line V
gene segment, but the 5" flanking region of the \V gene
segment, where the transcription prormoter and other con-
trolling elements reside, is unaffected by the rearrange-
ment (Bermard et al., 1978 and Clarke et al, 1982). Al
though a few nucleotide differences have been found
between the germ line and somatic sequences in the 5
flanking region of ¥ gene segments (Sakano et al., 1980},
these base substitutions are by-products of the somafic
mutation events whose physiclogical role is to diversify the
V-coding sequences (Bemard et al, 1978; Weigert and
Riblet, 1976: Selsing and Storb, 1981). These base
changes are not systematic and therefore are thought to
have no bearing on the control of Ig gene expression
(Clarke et al., 1982).

A possible explanation of how the downsiream se-
quence might confer transcriptional competance to the
rearranged V gene segment promoter is through transcrip-
tional enhancement. Although the mechanism of this phe-
nomenan is unknown, specific viral DNA seguence ele-
ments have been described (Baneni et al., 1981; de Viliers
et al., 1981; Levinson et al., 1982) which enhance viral or
recombinant celiular gene transcription. Because such
enhancer elerments can activate transcription from pro-
moters which are located either upstrearn or downsiream,
and moara than 1 kb away, it is possible that an analogous
element might be located near the C gene segment. The
observations that the C gene segments, in contrast to the
WV gene segments, are transcriptionally active in lymphoid
cells in the absence of rearrangement support this hypoth-
esis. In this case, promoter-like sequences upsiream of
the C gene segments are utilized for transcription but the
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transcripts are degraded in the nuclel (Kemp et al., 1980,
Wan MNess et al., 1982

The recent technical advances for infroducing cloned
immunoglobulin genes into lymphoid cells (O et al, 1983;
Rice et al., 1983) have made it possible to study the
structure—function relationship between specific DNA se-
quences and gene expression in these cells. We describe
an enhancer glement in the major intron of 2 rearranged
= MEAVY Chain gene. This sequence is located between
the Juregion and the switch-recombination site utilized in
myeloma MOPC 141, ie, it is derived from sequences
upstream of the germ line C, gene segment.

Results

High Level Expression of the Heavy Chain Gene
Introduced into Myeloma Cells

We previcusly reported that the functionally rearranged
immunoglobulin heavy chain (va,) gene from MOPC 141
tumor cells (Sakano et al., 1980) can be accurately ex-
prassed at a low level in transfected mouse L cells (Gillies
et al., 1983), For the studies presentad here, we subcloned
the same vz, gene fragment into plasmid pSV2got (Mulli-
gan and Berg, 1980). transfected the mouse myeloma line,
Jo5HL, and selected for got gene activity by resistance to
mycophenolic acid. This JS5BL line has lost the ability to
express the endogencus immunoglobulin heavy chain
gene but continues to synthesize a A light chain. Further-
mare, J35EL has been shown to have a relatively high
transformation frequency (=107") when pSVZ2gapt vectors
containing light chain genes are used for transfaction (O
et al., 1983).

Lsing a modified protocol for protoplast fusion (see
Experimental Procedures), we found that plasmid pSv.
2 C (Figure 1) transforms JS58L cells at a frequency of
greater than 107%, This high frequency made it possible to
use pools of independently-derved clones of gpt trans-
formants to compare the expression of plasmids contain-
ing defined deletions with that of the parental plasmid pSy-
1=MC. The advantage of this method is that the resulting
cell lines represent several independent integration events
{required for transformation), therefore the level of heawy
chain gene expression in a given pool should reflect the
average level of the individual clones. Thus the possible
effect of the site of integration on the expression of the
transfected gene is minimized.

Cell lines obtained by transfection with plasmid pSV-
¥2MC and selection for go! expression (growth in the
presence of mycophenclic acid) were found to express
high levels of vz, heavy chain (Figure 24, lanes 2-5).
These levels of expression of the BXOQENOUS Yo QENES
are esfimated to be about 20% of that of the endogenous
e Qene in MOPC 141, Apparently, this heavy chain can
form an immunoglobulin molecule with the A light chain of
myeloma J558L, because the light chain was immunopre-
cipitated from cell extracts with antiheavy chain antisera
and equimolar amounts of heavy and light chain were
secreted into the culture medium (Figure 2A, lane 14),

A Deletion of Part of the Major Intron Abolishes the
High Level Expression of the Heavy Chain Gene
Deletion mutants of the parental plasmid were constructed
to test whether tha removal of specific noncoding DMNA
sequences would affect the expression of the ya, gene in
JS5EL cells. Because deletions between the VOJ and C,
exons of an Abelson murine leukemia virus-fransformed
cell line have been correlated with decreased heavy chain
production (Al et al., 1982), we constructed mutant plas-
mids with deletions in this region. Two such plasmids,
pSV-yad'RAT and pSVeya3'RAZ contain ovedapping
deletions around the unique Eco Al site of the parental
plasmid pSV-vzVC (Figure 1), These three plasmids were
intraduced into J55BL myeloma cells and the expression
of the y= Reavy chain gene in stably transformed cealls
Was comparad,

Cell lines obtained by transfection with plasmid pSv-
ra3 BAT synthesized high levels {no less than half of the
wild type level) of vya heavy chain (Figure 24, lanes 6-9)
and secreted immunoglobulin (Figure 2A, lane 15). In
contrast, four cell lines obtained by transfection with plas-
mid pSv-y-.3 RAZ synthesized only low levels (about 5%
of the wild type level) of heavy chain (Figure 2A, lanes 10-
13). The same results were obtained when subclones of
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Figure 1. Partal Restriction Map of Plasmid pSy-yxVC

A 9 ki Byl Il frapment wes insered intg the Bam HI site (ndicated by Ba/
Bm) of plasmid pSV2god, The Ecogo! gene (wide stipes) is flanked by
Svall sequences [thin stripes) including the origin (o) of replication and
mAMA, start site (arrow). The ya, gene (narow ling) comains YOJ and Cora
exons (solid boxes) and & mBMNA star site (arrow) about 30 bp upstream
of the VDJ coding sequence (Gilies and Tonegawa, 1983), The swilch
recomiination {3) site is also shown. The DWA segments dalsted in
plasmics pSV-va3'RA1 and pSV-vx3'RAZ are shown in linear farm above
the: Circular map. The sizes of the celetions, as determined by restiction
angfysis, are incicatad. The exact locations of these deletions are shown in
Figura 7
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Figure 2. Expression of vy, Heavy Chain Protein in Translecied Calis
Transfected cell lineg were labeied with ®S.methioning and cell extracts
were analyzed a5 descriped in Experimental Procedures. Immunoprecioi-
tated protens were analyzed by SDS-polyacrvamicde gel elecirophorasis
end flucrography. (A} Four tranglected ines (poals of indivicual dlones)
wirnd dndalyred for each plasmid tested. Lane 1: control JS58L cels; laneg
2-5: cells transfectad with plasmid pSV-vyVC; lanes 6-9: cels ransiected
wih plasmid pSV-yx3'AAT lanes 10-13: cels transfectad with plasmid
DSV-y23d AAZ. Secreted proteins from cells transiected with piasmad pSW
ra=¥C (lane 14), plasmid pSv4x3'RA1 fane 15), and plasmid pSv-
Tad BAZ (lane 16) ware mmuncprecipiated and analyzed on the same
gel. (B) Call lines subcloned from the transfected call nes were testad for
au NEEVY ChEIN prodein Synthesis as in (A). The plasmids used for fransfec-
tion are indicated below the sutcradiogram, Contral {C) cell extract is shown
in lang 11. The positions of the v heavy chain and A Bght chain (synthe-
sized in JS58L cels but not immunoprecipitated in the absence of s
heavy chain) are indicated

each pool were tested for vy heavy chain expression
(Figure 2B), although more variation was observed in the
level of expression beiween individual clones. MNonethe-
less, these results strongly suggest that DNA sequences
deleted in plasmid pSV-+..3'RA2, but still present in pSY-
a3 RA1, are essential for the high level expression of
heavy chain genes in myeloma cells.
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Figure 3. Morthern Gel Blotting Analysis of Transfected Cell AMNA

Tedal cell BNA (10 kg per lane) was electrophoresed on a denaturing
egaross gel, transfemad 1o nitrocelulase, and hybridized to nick-translated
Cya probe. AMA (2.5 pg) from MOPC 141 cells (fane 1) and J558L cells
(lane 2) were alse aralyzed. Two cell nes transfected with plasmid pSY-
¥V (lanes 3 and 4), plasmid pSV-yx3"RA1 (lanes 5 and B), and plasmid
EEV-va3 RAZ (lanes T and B) are shown. The positions of the secreted
(1.7 kib) and membrane forms (3.4 kb) of yx MANA ane indcaled

The Reduced Expression of the v, Gene Is at the
Level of RNA
The steady-state level of v mBNA in transfected cell lines
was analyzed by Northemn gel blotting and hybridization
with the Gz probe. It should be nated that the o heavy
chain gene used in these studies does not contain the
exons coding for the membrane form of s (Gilies and
Tonegawa, 19B3) and thus the only species of mBNA
expected in transfected cells is the secreted form (1.7 k).
As seen in Figure 3, cell lines fransfected with plasmid
pSV-1VC (lanes 3 and 4) and plasmid pSV-y=3"RA1
{lanes 5§ and B) contain high levels of the secreted form of
v MAMNA. The cell ines transfected with plasmid pSWV-
vard RAZ (Figure 3, lanes 7 and 8) contained much lower
levels of y= mRNA of the correct size, in agreement with
the decreased level of vy heavy chain protein (Figure 2).
The additional AMNA bands seen in lanes 7 and & (Figure
3) also contain v Seguences but appear to be read-
through products of the Ecogpt gene. Data presented
below support this explanation, as opposed to the idea
that the intron deletion has a deleterious effect on RNA
splicing and results in low levels of translatable ya mBRNA,



Plasmid Copy Number in Transfected Cell Lines
DMA from transfected cells was analyzed by Southern gel
blotting to determine the plasmid copy number and its
possible effect on the level of v mANA. When a pSV2gpt
plasmid DNA probe was used for hybridization, a striking
difference in plasmid copy number was found (Figure 4).
Two prominent bands, coresponding to the two large
Hind Il fragments (6.2 kb and 5.0 kb) common to all the
plasmids, are detected with this probe (seen best in Figure
4, lanes 6 and 7). Clearly, the DNA seguences deleted in
plasmid pSV2-y=3'RA2 (those required for the high level
expression of vy MRANA) have a dramatic effect on the
number of copies of plasmid required for transformation
to the got™ phenotype. When these sequences are pres-
ent, as they are in plasmids pSV-yxVC and pSV-y=3'RA1,
a low copy number is sufficient for gpt transformation
{Figure 4, lanes 2-5). In the absence of these sequences,
the copy number is increased at least 20-fold (Figure 4,
lanes 6 and 7), presumably to compensate for a compa-
rable decrease in got mRMA transcription.

Two conclusions can be made from these results: one,
the DNA sequances required for the high level expression
of v mAMNA alzo increase the level of expression from
the heterologous SV40 promoter at least 20 times; two,
the level of RNA transcribed from the V gene segment
promoter is decreased about 400 times per gene copy in
the absence of this DNA sequence. This calculation is
based on the observed decrease by a factor of 20 in ya
gene expression as a result of the 3'RAZ2 deletion, and
the fact that this decreased level is likely the result of the
transcription of at least 20 times as many gene copies.

DNA Sequences Located in the vz, Gene Intron
Enhance Expression in an Orientation-independent
and a Position-independent Manner

The DNA sequences defined as viral enhancer glements
have been shown to stimulate the transcription of homol-
ogous or heterologous promoters either upstream or down-
stream, and in either orientation with respect to the direc-
tion of transcription (Moreau et al 1981; Wasylyk et al,
1983). In order to test whether the sequences located in
the major intron of the vz gene (and all other heavy chain
genes) behave similary, we constructed a plasmid with
most of the intron =equences deleted. We then inserted a
1 kb Xba | fragment (Xsa) containing those intron se-
guences with potential enhancer activity into ether of two
gites in either of the two orentations, The first cormesponds
to the original position of this fragment in the parental
plasmid (as part of the VDU-Cy= intron) and the second is
approximately 1.4 kb upstream (on the 5 side of the V
gene segment). Four plasmids were abtained which con-
tained the X, fragment in the normal or reversed orenta-
tion, either upstream or downstream of the mRNA start
site (see Figure 5A).

Cell lines obtained by transfection with the plasmids just
described were analyzed for the expression of vy heavy
chain. As seen in Figure 5B, cells transfected with plasmid
PSV-ymA¥z. (with most of the intron deleted) did not
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Figue 4. Southern Gel Blotting Analysis of Plasmic DNA Sequences in
Transfected Cel Lines

High molecular weight DMNA (10 ug per lane) from JSSBL celis (lane 1), or
ceall Ines transiacted with plasmid pSY-r=VC (lanes 2 and 3), plasmid pSy-
yaed ' AAT (lares 4 and 5), or plasmid pSY-yd'RA? (lanes 6 and 7) was
digested with Hind I, slectrophorased on a 0.8% agarose gel, transiemed
to nitvoceliuiose, and hybrdized to nick-ranslated pSvZgpd OMA, The
positions of the two Hind Il fragments (6.2 kb and 5.0 kb), common 1o all
the trangfected plasmid DMAs (both of which fybndize to the pSvV2gpt
proba), are ndicated

synthesize significant levels of o protein (lanes 3 and 4).
The insertion of the Xzs fragment into the intron site (the
normal position of this fragment) restored the expression
of 2 protein in both the nomal (Figure 5B, lanes 5 and
6) or reversed (Figure 5B, lanes 7 and B) orientations.
Similarly, insertion of the same fragment upstream of the
V gene segment {on the 5 side of the transcriptional
promatar) in either the nomal (Figure 58, lanes 9 and 10)
or the reversed (Figure 5B, lanes 11 and 12) orientation
also restored the expression of ya protein to normal levels.

These results clearly demonstrate that the inlron se-
guences deleted in the 3'RA2 mutant plasmid have a
direct effect on transcription in a manner that is analogous
to the viral enhancers. They also show that the enhancer
function does not require the expression of these se-
quences in the vz gene primary transcript, because move-
ment of the X., fragment outside of the transcription unit
{i.e., the Xba |, site) had no effect on its ability to function.

Tissue Specificity of the Immunoglobulin Enhancer
Element

The rearranged vz gene used in these studies is also
accurately transcribed in mouse fibroblasts (Ltk™ cells)
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Figure 5. Enhancement of yx Gene Exprassion by a 1 kb intron Fragment
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(&) Restriction map of plasmid pSY-1A%g. This plasmid was constructed from plasmid pSV-=VC (shown in Figure 1) by removing two Xoa | fragments
from thie v gene ntron (from the X to the X, sites in Figure 1), Derivatrves of plasmid pSV-yaAXz., labeled A through D, contain inserts of the 1 kb Xgn
fregment in the sites indicated and the orientation {relative 1o transcrioion) is shown with an arrow, (B) Expression of 4 heavy chain in cells fransfected with
thi plasmids shown in (A). Analysis was camed out as degcribed in Figure 2. Cell lines tegted were JSSBL (lane 1), and those transfected with plasmid pSy-
1=VC (fane 2), plasmid pSVE-yxAXz, (lanes 3 and 4), plasmid pSV-y=AXzu4 anes 5 and 6), plasmad pSV-y 2 A%.B (lanes 7 and 8), plasmid pSV-yad-

XzuC (lanes 9 and 10), and plesmid pSV-yaiXpWD (lanes 11 and 12).

cotransfected with the herpes virus tk gene and plasmid
ppLyaVC (Gilies and Tonegawa, 1983). The level of vz
gene expression in these cells was found to be proporhional
to the number of transfected genes, but is at least two
orders of magnitude less per gene copy than in myeloma
cells. Thus it is likely that the enhancer element, described
above, does not function in nonlymphoid celis.

In order to compare the levels of v geEne expression in
fibrotlasts, with and without the immunoglobulin enhancer,
we first made a deletion mutant, pplyxAXssz, lacking
these sequences (Figure 6A). We then modified the plas-
mids so that a high copy number of vz genes would be
integrated into the transfected L cells and increase the
expression of the vy gene to an easily detectable level,
This was done by inserting a truncated tk gene (2 2.3 kb
Ecao Rl fragment containing only limited 5° upstream se-
quences) into both the wild type and mutant plasmids.
Transformation to the tk* phenotype with this fragment
requires the transier of multiple plasmid copies into cells,
thus another gene on the same plasmid would also be
present at a high copy number in th™ transformants (our
unpublished results).

Plasmids pplya-TK and pplyaxAXzsTK were intro-
duced into mouse Ltk™ cells and the th™ transformants
(approximately 50 individual clones) were pooled, grown
in mass culture, and tested for the presence of s, DMNA
sequences. As seen in Figure 68, each transfected call
line contained comparable numbers of tandem, head-to-
tail oligomers of either plasmid, Control experiments (not
shown) indicate that individually cloned cell lines also
contain the same number (about 15 copies per cell) of
transfected plasmid DMA, Apparently the copy number is
determined by the level of expression of the th gene which,

in this case, has been reduced considerably by the deletion
of the upstream sequences. To compensate for the low
level of expression, multiple copies of the tk gene are
required for tk transformation. This, then, is analogous to
the results with pSV2gpt vectors described above.

We compared the expression of the normal and mutant
¥ hegvy chain genes in these cell lines by MNorthern gel
blotting analysis of total cell RMA. As seen in Figure BC,
the steady-state level of v mMBNA is not affected by the
deletion of the immunoglobulin enhancer. We concluded
that the low level expression of the heawvy chain gene in L
cells is a result of the fact that this enhancer element is
functional only in ymphoid cells.

Additional expenments have been carried out to test the
tissue specificity of the immunoglobulin enhancer. We
constructed a derivative (RSER) of plasmid pSVagot lack-
ing most of the SV40 72 bp repeat sequence (see Exper-
imental Procedures). When this plasmid is used to transfect
either mouse L cells or J55BL myeloma cells, the transfor-
mation frequency (relative to that of plasmid pSV2gpt) is
lowered by more than a factor of 20 (from 2 x 107% to
107~ in L cells and from 3 x 10~* to 10~% in J558L myeloma
cells—Table 1). When the 1 kb Xz fragment containing
the immunoglobulin enhancer is inserted into the Eco Rl
site of plasmid pSER, the transformation frequency is
restored to the level of plasmid pSVagpt, but only in
myeloma cells. There is no effect on the transformation
frequency of plasmid pSER in L cells (Table 1). Thus the
enhancing effect on the heterclogous SV40 promoter
{which confrols the Ecogpt gene) is also tissue-specific.

Using this same transformation assay we tested smaller
restriction fragments for enhancer activity. A 140 bp Pvu
I-Dds | fragment (see Figura 1), containing some of the
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Figure 6. Exprassion of vz mANA in Mousa L Calls Transfected with Plasmids polyvs-th and pplymAXae-tk

(A) Restriction map of the plasmads used for transfection. Plasmid polya-th was construcied by inserting 8 2.3 kb fragment of the herpes vinus th gene mio
the unique Sal | site of plasmid poLyxYC (Gikes and Tonegawa, 1983). The direction of transcription of the e gene (arow) is opposite that of the v, gene.
The sequences deleted in plasmid pply=AXzq-th are ndicated. (8) Southemn gel biotting analysis of DMA from L k- calls (lane 1), and cebs transfected with
plasmid polya-k (lane 2), or plasmid pplysd¥sqth (ene 3). DNA was dgested with Hind Il and hybridized to nick-transiated - DNA (the B kb Bgl I
fragment used for plasmid construction). (C) Northarn gel blotting analysis of total call BNA from MOPC 141 myeloma cels (lane 1), and cells transfected with
plasmid pplys-tk (lane 2), or plasmid pplyaAXzq-th (lane 3). Mck-transiated Cya, probe (Gilies and Tonegawsa, 1983) was used for hybridization,

sequences deleted in plasmid pSV-y=3'RA2, was found
to increase the transformation frequency of plasmid pSER
by 20-old in J558L cells but not in mouse L cells (Table
1). Thus we have localized the immunoglobulin enhancer
sequence to this portion of the Xan fragment.

DNA Sequences in the Heavy Chain Gene Intron
Resemble Viral Enhancers
Weiher et al. {1983} have suggested that the sequence 5

GTGGA%AGﬁ’ (whers # means either A or T appears at

that position) represents a crucial core element common
to all of the known viral enhancers. Sequence analysis of
the Xz fragment (the 1 kb fragment shown to have en-
hancer activity—Figure 5) shows that such a sequence is
located in the region that is deleted in plasmid pSV-
Faed RAZ (but not in the 3'BA1 mutant) and is present in
the 140 bp Pwu II-Dde | fragment. In fact, the sequence
5'GTGGETTT(T)GAA-3 is present as a closely spaced
repeat (Figure T), oriented in the direction of transcription.
The first eight nucleotides of this sequence are also found
upstreamn of the tandem repeat, but oriented in the oppo-
site direction.

Figure 8 shows a comparison of several viral seguences
shown to have enhancer activity and the repeat sequences

Table 1. Transformabon Frequency of pSv2gar and Dervative Plasmics
in JS56L Myeloma Cells and L Calls

Cell Type
Plasimid J558L LCel
pEV2gnt Fx 0 2% 102
pSER Bx 1 1 x 107
pSER-Xag 4 %10 1 x0
BSER-Kaql 140) 2x 9 x 107"

Cels ware transfected by profoplast fusion and plated at 107 cells per well
and 2 x 10° celis per wall (J558L) or &t 10* and 107 cells par 100 mm dish
(L cels). Selectve medium contaming mycophenoic acid (6 wg/mi for
JS58L or 25 po/mil for L cells) was added st 48 hr and colonies were
counted at 10 days (J558L) or at 14 cays (L cels), Dematves of plasmd
pSER were constructed by inserting (biunt-end ligating) either the 1 kb
Xz fragment or 2 140 bp Pwu I-Dge | [X;4(140)] fragment (see Figure 1)
inta the Eco Al sta.

in the vz gene intron. Sequences contained in the Molonay
sarcoma virus (MSY) 73 bp repeat sequence appear to be
most similar to the immunoglobulin sequence, especially
on the 5" side of the first “core” repeat. The “core” se-
quence of polyorma virus was most similar to the second
“core” repeat, as both contain an additional T residue.
Also shown are two sequences, present in the immu-
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¥ba I 50

100

TCTAGAGAGG TCTGGTGGAG CCTGCAABAG TCCAGCTTTC AAAGGAACAC AGAAGTATGT GTATGGAATA TTAGAAGATG TTGCTTTTAC TETTMGTTE%

150
GTTCCTAGGA AAAATAGTTA AATACTGTGA CTTTAAAATG TGAGAGGETT TTCAAGTACT CATTTTTTTA AATGTCCAAR

2 g
GGTCTTGTTT GTGTAGAACT GACATTACTT AAAGTTTAAC CGAGGAATGE GAGTGAGGCT CTCTCATACC CTATCCAGAA

Hinf I 350

ATTAAGTTTA AARTATTTTT AAATGAATTG AGCARTGTTG F-ET!'GAGTEA AGATGGCCGA TCAGAACCAG AACACCTGCA

. 450 » >
CATGTGGCAA GGCTATTTGS GGAAGGGARA ATAARACCAC TAGGTAAACT TGTAGCTGTG GTTTGAAGAR GTGGTTTTGA

200
ATTTTTGTCA ATCAATTTGA

300
CTEGACTTTTA ACAATAATAA
Fvu II 400

GLAGCTGGCA I}EMEEAEG'II

500
AACACTCTSET CCAGCCCCAC

Dde 1 550 Hinf I

CARACCGAAA GTCCAGGCTG AGCAAAACAC CACCTGGGTA ATTTGCATTT CTAAAATAAG TTGAGGATTC AGCCGAAACT

&1 [gsn

TATTGAGTTC AACCTTTTAA TTTTAGCTTG AGTAGTTCTA ETTTEECCMIL ACTTAAGTTT ATCGACTTCT ARAATGTATT

A2 750

AGGTTATGTA AGAAATTGAA GGACTTTAGT GTCTTTAATT TCTMT!—‘-TN} TTAGARAACT TCTTAAAATT ACTCTATTAT

& 850

CTCCATTCAA TTATTTTCCA ATACCCGAAG TCTTTACAGT EACTTTGTTIE ATGATCTTTT TTAGTTETTT GTTTTGCCTT

Dde I 950
CTGETCAAAA CGGCTTCACA AATCTTTTTC AAGACCACTT T'ETIHETP-T% CATTTTAGGA GARATATTTT TTTTTTAAAT
Figure 7. Mucleotide Seguence of the 1 kib X35 Fragment

600
GRAGAGETCC TCTTTTAACT
EcoRI 700

TAGAATTCAT TTTCAARATT

800
TCTTCCCTCT GATTATTGET

900
ACTATTAAGA CTTTGACATT
iha 1

GAATGCAATT ATCTAGA

DA sequencing was camed out acoording to standar procedunes (Maxam and Giben, 1580). The sequences deleted in plasmids pSV-r=3'RA1 and pSY-
=3 RAZ are incicated. The underdined sequences are those similar to the “core” elements common to most viral enhancers (Weibher et al, 1983). Arrows
indicate the onentation of the immunogiobulin "core” elements relative 1o the direction of vy MRNA trenscription
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noglobulin light chain gene intron, that resemble an enhan-
cer element. The existence of such a sequence near the
C. gene segment is rendered plausible by its proximity to
a DMAase | hypersensitive site (Parslow and Granner,
1982). In addition, studies using transtected genes suggest

“Copa®

Polyoma

Folyoma

Va0

Figure B. A Compariscn of Sequences in the 1 kb
Xas Fragment with Those of Virel Enhancer Ele-
mants

Baguences are aigned at the putative “core”
{underined) sequences (Wesher et gl 1583). The
residues which match those m the immunoglobuln
heavy chain seqguence are indicated by an aster-
k. These molude sither an A or T residua in
pogitions 5-7 of the “core” seguence. In some
cAases a residus has baen displaced 10 maximize
the homology. Numbernngs of the seguences are
accordng to Van Beveren & al., 1981 (MSV),
Gritfin et al., 18980 (Polyoma); Buchman &t al., 1980
(Svady; Mao et al, 1981 (gC,); Benard and To-
negawa, unpublished data (lg Cai).

that deletions in this region reduce transcription from the
V promoter (V. O. and 5. M., unpublished data). A similar
core-like sequence is also present near the constant por-
tion of the A, light chain gene, but there is yet no evidence
showing that this is part of an enhancer element.
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Discussion

Evidence for an Enhancer Element in the Intron of
a Heavy Chain Immunoglobulin Gene

Sequences contained in the major intron between the
functionally rearranged VDJ and C exons of a heavy chain
immunoglobulin gene were shown to be essential for its
high level expression in transfected myeloma cells. Al-
though the deletion of these sequences decreases the
level of expression in transfected cells 20 times (Figure 2),
the actual reduction is probably about 400 times per gene
copy. We have tested whether these sequences are anal-
ogous to viral enhancer elements. In addition to increasing
the level of transcription from homologous promoters, viral
enhancers also increase transeription from many heterol-
ogous, viral or nonviral promoters. This enhancing activity
is independent of the orientation of the enhancer element,
relative to the direciion of franscription, and is independent
of its position as lang as the distance between the enhan-
cer and promoter is within several kilobases (Banerjiet al.,
1981; Moreau et al., 1981; Wasylyk et al., 1983).

These properties also apply to the sequences contained
in the heavy chain immunoglobulin gene. Enhancernent of
the heterologous SV40 promoter occurs when the intact
v hedvy chain gene is present in plasmid pSV2gpt and
a low copy number of the recombinant plasmid is sufficient
for gpt transformation. When the <z gene intron se-
quences are removed, the plasmid copy number increases
dramatically to compensate for the decreased expression
of the got gene from the SV40 promoter (Figure 4).

We also found that DNA fragments from the +z gene
intron can substitute for the SV40 enhancer in plasmid
pSV2gpt (Table 1). This transformation assay is based on
the ability of the DNA fragments, located more than 2 kb
away from the SV40 promoter, to enhance the transcription
of the got gene and thereby increase the fransformation

frequency. Using this method we have shown that most
of the enhancing activity can be localized to a 140 bp
fragment. The nucleotide sequence in this region contains
a repeat seqguence which closely resembles the “core’
nucleatides found in most viral enhancers (Figure 8).

Finally, we demonstrated that this intron sequence main-
tains its ability to stimulate transcription of the heavy chain
gene when it is moved outside of the vy transcription unit
(8" of the mBNA start site) and when its onentation i1s
reversed (Figure 5). These results show that the immuno-
globulin infron sequence is an enhancer element and has
properties in common with those of wviral ongin, even
though the latter are generally located on the 5° side of
their cognate transcriptional promoters.

The Role of Transcriptional Enhancement in the
Regulation of Immunoglobulin Gene Expression

The creation of active immunoglobulin genes through so-
matic recombination has been studied in detail (reviewed
by Tonegawa, 1983), but the mechanism by which this
activation is brought about has been a major problem of
malecular immunology. The observation that the C, and C,
gene segments are franscriptionally active in lymphoid
cells, prior to V=J or V-D-J joining (Kemp et al., 1980,
Van Mesg ef al, 1982), provided the first evidence that
seguences downstream of the V gene segment promoter
might affect the transcription of the functionally rearranged
gene.

The mechanism of this activation can now be explained,
at least for the heavy chain gene, by our identification of
an enhancer element between the J. and Cvyz gene seg-
ments of a functonally rearranged gene. This site core-
sponds 1o the Ju=C, region of germ-line DNA (see Figure
9). Following VDJ-joining, which occurs before B celis
encounter antigens, this enhancer (which would now be
part of the major intron of the functionally rearranged u
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Figure 9, Schematic Diagram Showing Arrangements of Vasious kg Heavy Chain Gene Segrments and the Posiion of the Enhancer

Top, middie, and bottom amangements comespond to germ-ne DA, & chain-postive, preswitch B cell DNA; and + chanrpositive, posiswilch plasma call
DA, respectively. The enfancer element (O} is located between the J, segments and C, segments in the germ-ine DMA and becomes part of the major
miron in the active g chain gene upon V=0-J joinng. The same enhancer element is retained in the major intron of the active v chain gene, which is created
by @ switch recombmation from the u gene. Su and Sy refer to the regions in which swiich recombinations octur. The wavy lines and the large filed circles
() represent the primary trangcnipts and the promoters, respectively. The small filed circles (#) represent the 5 caps of the ANA molscules
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chain gene) activates the promoter of the rearranged V
gene segment. In this way only a single V gene segment
(out of several hundred) would be transcriptionally active,
and only after functional rearrangement had occumad,
Subsequent to the encounter with antigens and stimu-
lation by T cells, a second type of rearrangement {switch
recombination) occurs in heavy chain genes and resuits in
the replacement of the C, coding sequence (Figura 9) with
those of the other heavy chain classes and subclasses
{Maki et al., 1980; Kataoka et al., 1980; Sakanc et al.,
1280; Davis et al,, 1980). In order to function after class
switching, the immunoglobulin enhancer would have o be
located upstream of the switch region, otherwise it would
be deleted along with the C, coding sequence. This is in
fact the case since its location is more than 1 kiz upsiream
of any known switch sites within the S, region. Thus as we
have shown for the MOPC 141 g, gene, it is likely that
the same enhancer is used for the expression of all heavy
chain classes following switch recombination, atthough it
s possible that additional regulatory elements may be
associated with the individual C region gene segments.

Evidence for Other Cellular Enhancer Elements

The data presented in this report represents the first clear
demonsiration of an enhancer element being associated
with a defined cellular gene. The possibility that enhancers
are present in cellular DNA has already been suggested
by others. For example, Conrad and Botchan {1982) iso-
lated human DMA seguences which hybridized to the
region of SV40 DMNA spanning the origin of replication. One
of these sequences was found to enhance the efficiency
of tk transformation in an onentation-independent manner
and thus resembles the viral enhancer elerments. Further-
mare, this DMNA seguence cross-hybridized with many
sequences in human DNA, suggesting that a family of
such elements exists.

Rosenthal and Khoury (personal communication) have
likewise isolated a human DNA seguence by virtue of its
cross-hybndization with a portion of BK virus DNA. In this
case, however, the sequence appears to be unique in the
human genome even though it contains repeating 21 bp
elements. These repeat elements show some homology
to the BK virus enhancer region but appear to be about 8
times less active when tested for enhancing activity in the
CAT assay of Gorman ef al, (1982).

Thus it is likely that enhancer elements might serve as
a general mechanism for gene regulation in eucaryotes.
The association of such elements with specific genes is
currently being studied in several systems. In addition to
our demonstration of an enhancer element in the heawvy
chain immunoglobulin gene, two of us (V. 0. and 5. M.)
have found that seguences near the C. gene segment are
essential for the high level expression of « chains in
transfected mysloma cealls. In this case, however, the
functional similarity of this sequence element to the wviral
enhancers is less clear,

The use of enhancer elements as regulators of gene

expression may not be confined to higher eucaryotic
systems. There is evidence (L. Guarents, personal com-
munication) that the yeast iso-1-cytochrome ¢ gene is
activated by heme and that sequences upstream of the
gene are essential for this effect. Furthermore, the inversion
of this activator seguence did not affect the inducibility of
expression. This strongly suggests that this region is not
simply a component of the transcriptional promaoter.

Tissue-specific Enhancer Elements and Their
Possible Role in Cell Differentiation

The most interesting property of the immunoglobulin en-
hancer is its tissue specificity. The MSV and SV40 viral
enhancers have been shown to have a certain degree of
host cell specificity (Laimins et al, 1882). This effect may
alzso be explained in terms of tissue specificity because
the two cell types used for the comparison were derived
from different tissues. The immunoglobulin enhancer, on
the other hand, functions at a high level in a lymphoid
{myeloma) cell type but not at all in another cell type
(fibroblast) of the same species. It is kely that this speci-
ficity is the result of a factor (or factors), present only in
lymphoid cells, which regulates immunoglobulin expras-
sion during B cell ontogeny.

Al early stages of B cell development, g heavy chains
are expressed at a low level (Levitt and r, 1980).
After the B cell encounters antigen and interacts with
regulatory T cells, terminally differentiated plasma cells
appear and produce very high levels of immunoglobulin
(Schibler et al, 1978). The quantitative differences in the
level of immunoglobulin gene expression at different
stages of B cell development suggest that the enhancer
function may be stage-specific. It is also possible that
multiple regulatory elements are contained within this en-
hancer region and that increased levels of expression result
from the combined effect of individual enhancers.

Another possible example of a tissue-specific enhancer
element has been described in the polyoma virus system
(Katinka =t al., 1980; Fujimura et al., 1981, Fujimura and
Linney, 1982). It was shown that polyoma mutants that
acquire the ability to replicate in the otherwise refractory
F9 embryonal carcinoma celis contain point mutations and,
in some casas, tandem duplications near the region of
pobyorna DMNA which was shown (de Viliers et al., 1981)
to have enhancer activity. This result suggests that certain
DMA sequences are recognized as an enhancer in cells
permissive for polyoma virus but that seguences located
at an adjacent site are recognized (after being mutated) in
embryonal cells. Thus it appears that polyoma, like immu-
noglobulin genes, may contain multiple reguiatory ele-
ments within their enhancer regions,

The mechanism of tissue-specific enhancer is not known
and this simply reflects our present ignorance of the
mechanism of enhancers in general. Clearly though, the
sequence differences and similanties between the various
enhancers strongly suggest that specific regulatory pro-
teins recognize these sites. In fact the glucocorticoid
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receptor protein, which binds to the promoter region of
mouse mammary turncs virus (MMTV), may be an example
of an enhancer binding protein (K. Yamamoto, personal
communication). A sequence upstream of the MMTVY pro-
rnoter, essential for hormone responsivenass, was shown
to enhance the herpes tk gene in an orientation-independ-
ent manner and to bind the hormaone receptor.

It is tempting to speculate that the presence or absence
of such enhancer binding proteins determines whether or
nat an enhancer functions in a given cell type. Furthermaore,
a particular enhancer binding protein might recognize
many differant but related sequences to a greater or lesser
extent (or bind with different affinities). In this way it would
be possible to activate many individual genes and fo
express them al different levels. Alternatively, the level of
expression of a gene that is controlled by an enhancer
may be determined by the distance between this element
and the promoter site. it seems likely that some or all of
these mechanisms of gene regulation function during the
process of cellular differentiation. In this way the expression
of multiple genes could be controlled (coordinately ex-
pressed) by a relatively small number of regulatory pro-
teins.

Enhancers as Activators of Cellular Oncogenes
One siriking case for the role of enhancers in tumonigenesis
was provided by studies of avian leukosis virus (ALV)
induced chickan B cell lymphomas. In such lymphomas,
ALV DNA was found to be integrated adjacent to the ¢-
myc gene (Payne et al., 1981), the cellular counterpart of
the transforming seguences from the MC28 group of
defective retroviruses (Sheiness and Bishop, 1979). Al-
though it was first thought that c-myc was activated by a
promaoter-insertion mechanism (Hayward et al., 1981), it
was later shown that ALY msertions could occur in the
opposite orientation or downstream of the c-myc gene
(Payne et al., 1982). Thus the ALV enhancer element was
responsitle for the increased level of c-myc expression
and, presurnably, for oncogenic transformation.

The role of celiular enhancer elements in the activation
of oncogenes has also been suggested by recent findings
(reviewed by Kigin, 1983). Many murine and human tumors
of lymphoid origin have been shown to contain chromo-
somal translocations in which an oncogene (c-myc) has
been rearranged to an immunoglobulin C region gene
segment. The majority of rearangements in human Burkitt
lymphomas were found to ocour at the C, region while
those in mouse plasmacytomas occur at the C, region.
While the results we have described could account for the
activation of c-myc in some human C, rearrangements (by
analogy to the muring C, enhancer), the results in the
muring system are somewhat unclear. it has not been ruled
out, however, that the murine C, gene segment contains
an additional enhancer element.

We are currently investigating the activation of c-myc
by sequences contained near the c-myc-C, junction in
human DNA. It wil be interesting to compare the se-

quences in this region with those that we showed to
contain enhancer activity. Sequences that have been con-
served through evolution may also help to identify the
critical compaonents of this regulatory element.

Experimental Procedures

Cell Culture and Transfection

Tre myeloma call ine, JS58L, s a heavy chain loss variant of J558 and
syntheszes X hight chans (O et al., 1983). Cels were grown in Dulbecco's
modified Eagle’s medium (MEM) containing 10% fetal call serum, JS58L
cells were fransfected by a modificaton of the protoplast fusion technique
(Sandn-Goldin et al,, 1981). Approximatety 2 X 10° cells (grown to a density
of 4 to & x 10° celds/mi) were washed oncg with serum-iree MEM, collected
by cenirifugation (5 min. at 500 g), and suspended by gentle pipating in
the pratoplast suspension (approximatery 2 x 107 protoplasts in 4 mi. The
cell-pratonlest suspension was transfermad to a B0 mm dish and cantrifuged
at 1500 g for 7 men. Afer gente aspration of the supematant, 1.5 mi of
50% PEG-1500 {n serum-free MEM and prewarmed to 37°C) was added
and the dish was spun at 500 g until 90 sec had elapsad from the time of
PEG sdoibon. Cells were resuspended by gently pipetting in bwo 5 mi
washes of prewarmed, serum-free MEM which were added to 15 mi of
MEM in a 50 ml centrifuge tube. Following centrifugation at 500 g for 5
rrin, Cels wene resuspended in growth medium containing kanarmycin (100
ug/mi) and platad in 96-well dishes at two densities: 1 x 10* calls per wall
and 2 » 10° cels por well. Atter 48 hr selective medium (04 o1 al,, 1983)
weS Boced.

Plasmid Constructions

Plasmid pSV- VT, contaming the = gene from myeloma MOPC 141,
was constructed by inserting a B kb Bgl I fragment (Gilkes and Tonegawa,
1883) from phage clone M141-p21 (Sakano et al.. 1980) mio the unique
Bam H site of plasmid pSV2gpt{Rl). This latter plasmid was construciad
ty mutating the Eco RI site of plasmid pSv2gpt (Mulligan and Barg, 1980).
The transcrption onentation of the 1 gene is opposite that of the gor
gene {Figure 1}

Plasmids pSivyx3'RAT and pSVeyad'RA2 were construcled by di
gesting Eco Rlcut pSy-yxVC DMNA with exonuclease Bal 31 (1 Ujeg of
DMa) at 23°C for 2 or 4 min and recirculanzng the products with T4 DNA
igase. The exient of the deletions were datermined by restnction analysis
and DA sequencing

Plasmid pSV-yxAX;. was constructad by first digesting plasmid pSv-
Ta¥T DNA with Bgl I gnd then partialy digesting with Xba |. The 6.5 kb
partial digastion product exianding from the unigue Bgl Il site to the Xba |
site (Xz) on the 3" side of the VD) exon {clockwise on the mag in Figure 1)
and the 5.1 ki compiete digestion product edending from the Bl § site,
counterclockwise 1o the Xba | gite () on the 57 side of the Cyam coding
ragion, were gel purified and hgated. The resulting plasmid. pSV-ymAXsu,
was used fior the experiment shown in Figure 5. Denvatives of this plasmid
(4-D0) were constructed by partially digesting with Xba |, freating the DA
with calf intestine alaline phosphatase, purifying inear fulllength DNA, and
ligating the products with the 1 ki Xba | fragment extending from the Xz to
Xy ihes Xz fragment in Figure 1). The site of insertion and tha orientation
of the ¥, fregment were determined by restniction analysis.

Plasrmid pSER was constructed by dagesting ptasmid pSy2oot DNA with
Sph | and Pwvu Il and remowving the 3" protruding bases with T4 DA
polymerase (O'Famell, 19681). The two blunt ends were then ligated to
produce a salectabls plasmid vector which no longer contains the Sval
enhancer Sequence.

Analysis of Transfected Cells
Approxmately 10 days after ransfecthon, the cells contaned i a singke
well (from 5 to 10 mdependent clones) were harvested and grown in mass
culture for analysis of protein synthesis and the steady-state level of ya
mAMNA (Gilies and Tonegawa, 1983). Four such pocls wera analyzed for
each plasmid tested as well as subciones obtained by limitng dilution.
Frotein synthesis was measured by labeling 5 > 10° celis for 1 hr with
*5-methioning (50 wCiml) and analyzing immunoprecipitated cell exiracts
as described (Gilies and Tonegawa, 1883). Secretion of immunoglobuin
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was measured by labeling approximatety 2 x 10° calls for 16 b in 50 ol of
noemal growth medium containing *5-methioning (25 wCifmi). Immunogiob-
ulin was then immunopracipitated from culure supematants.
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