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E47 is a hel ix- loop-hel ix  transcription factor that binds to sites in the immunoglobulin heavy-chain and K 
light-chain gene enhancers. Other proteins of this type are involved in cell-type determination. A possible role 
for E47 in B-cell development was tested by overexpressing a cDNA encoding E47 in the pre-T-cell line 2017. 
We found a dramatic activation of a germ-line heavy-chain gene transcript in these stable transfectants and an 
equally large induction of immunoglobulin D-to-J rearrangement, the first recognized step in B-cell 
development. Germ-line K light-chain gene transcription and rearrangement were unaffected, but transcription 
of the recombination-activating genes RAG-1 and RAG-2 and the lymphoid-specific transcription factor Oct-2 
was increased. These T cells did not transcribe their rearranged DJ alleles, however, and failed to progress to 
the next stage of heavy-chain gene assembly, V-to-DJ rearrangement. Because transcription factor E47 can 
induce pre-T cells to carry out events of B-cell differentiation, it may be a crucial determinant of the earliest 
stages of B-cell development. 
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Immunoglobulin and T-cell receptor (TCR) genes are 
generated during lymphoid development by an idiosyn- 
cratic, developmentally regulated series of somatic re- 
combination events (Tonegawa 1983; Alt et al. 1987). 
Despite clear evidence for individual regulation of the 
seven sets of recombining gene segments, several lines of 
evidence support the idea that a single lymphoid recom- 
binase catalyzes V(D)J recombination in both lineages. 
Highly homologous heptamer-nonamer recombination 
signal sequences (RSSs) flank both immunoglobulin and 
TCR genes (Tonegawa 1983). Rearrangement reporter 
constructs containing TCR RSSs rearrange upon trans- 
fection into pre-B cells (Yancopoulos et al. 1986), and 
transgenic immunoglobulin gene segments can rear- 
range in T cells (Ferrier et al. 1989; Ferrier et al. 1990). 
Finally, the recently cloned recombination-activating 
genes RAG-1 and RAG-2 are expressed in both pre-B and 
pre-T cells (Schatz et al. 1989; Oettinger et al. 1990). 

Despite utilizing a common machinery, the vari- 
ous immunoglobulin gene rearrangement events are 
uniquely ordered during B-cell development (in the order 
heavy-chain D-to-J, V-to-DJ, and light-chain V-to-J rear- 
rangement) and are largely restricted to the B-cell lineage 

tThese authors contributed equally to this work. 

(Alt et al. 1987). It has been proposed that specific loci 
may be targeted for rearrangement by regulation of their 
accessibility to the recombinase machinery, perhaps 
through their transcriptional activation (Alt et al. 1987). 
Unrearranged immunoglobulin gene segments are tran- 
scribed in cells capable of undergoing immunoglobulin 
gene rearrangements (Van Ness et al. 1981; Reth and Alt 
1984; Yancopoulos and Alt 1985; Schlissel et al. 1991). 
These germ-line transcripts may reflect the accessibility 
of a rearranging locus required to target the activity of 
the V(D)J recombinase (Alt et al. 1987). 

The proteins that bind to immunoglobulin enhancers 
and may be involved in transcriptional activation of the 
recombination process include products of the E2A lo- 
cus, especially the E47 protein. The DNA encoding E47 
was cloned by virtue of the protein's affinity for a DNA 
sequence, E2, found in the immunoglobulin K light- 
chain (KE2) and heavy-chain (~E2 and ~E5) enhancers 
(Murre et al. 1989). The protein contains the bHLH mo- 
tif, a basic region, and an apparent helix-loop-helix 
structure also found in proteins, such as myoD and 
achete-scute, which determine the developmental fate 
of specific cell types (Murre and Baltimore 1990). These 
proteins often form heterodimeric complexes, which 
may be the major forms found in cells (Murre and Balti- 
more 1990). 
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Although it was originally found that E2A products are 
present in all cells (Murre et al. 1989), it later became 
evident that although the gene is widely transcribed, at 
least two types of control are exerted over the activity of 
the products. In some cells, such as muscle, E2A proteins 
are in heterodimers with other bHLH proteins (e.g., 
myoD) and no free, DNA-binding E2A products are evi- 
dent (Murre et al. 1991). In other cells, E2A proteins are 
probably complexed with an inhibitor protein(s), such as 
Id, which has the HLH dimerization motif but no basic 
region and cannot bind to DNA (Benezra et al. 1990). In 
mature B cells, two unique DNA-binding forms of the 
E47 protein are evident (Murre et al. 1991). These appar- 
ently homodimeric E47 complexes, called BCF-1 and 
BCF-2, differ from one another in unknown ways and 
have not been seen in other cell types, leading to the 
suggestion that as a homodimer the E47 protein may be 
a B-cell-specific factor (Murre et al. 1991}. 

Previously, we examined the linkage between tran- 
scription and recombination by using lipopolysaccharide 
(LPS) to induce germ-line K light-chain gene transcrip- 
tion in cultured pre-B cells and showed that rearrange- 
ment  of light-chain genes was induced in parallel 
(Schlissel and Baltimore 1989). In the present work, we 
provided a pre-T-lymphoma-cell line, 2017 (Spolski et al. 
1988), with excess amounts of the transcription factor 
E47, and examined whether immunoglobulin heavy- 
chain gene transcription and rearrangement are induced. 
There is little or no germ-line transcription of the heavy- 
chain locus in 2017 cells, and they carry out only very 
rare D-to-J heavy-chain gene rearrangements (Schlissel et 
al. 1991). 2017 cells will, however, rearrange an immu- 
noglobulin gene-based reporter construct (Lieber et al. 
1987) and express relatively high levels of the recombi- 
nation-activating genes RAG-1 and RAG-2 (Schatz et al. 
1989; Oettinger et al. 1990). 

We found dramatic increases both in the levels of a 
germ-line heavy-chain gene transcript and in the fre- 
quency of D-to-J rearrangements in E47-overexpressing 
2017 cell transfectant clones. Furthermore, the levels of 
transcripts of three genes involved in lymphoid develop- 
ment, RAG-I, RAG-2, and Oct-2, were also increased. 
Interestingly, these transfected T cells did not progress 
to subsequent stages of B-cell development. We conclude 
that the E47 transcription factor is involved, either di- 
rectly or indirectly, in the earliest events of differentia- 
tion that distinguish the B-cell and T-cell lineages, and 
that activation of the heavy-chain gene enhancer corre- 
lates with activation of the heavy-chain locus for D-to-J 
rearrangement. 

Results 

Expression of the E47 eDNA in 2017 pre-T cells 

We placed the human E47 eDNA into the CDM8 expres- 
sion vector (Seed 1987) containing the neomycin resis- 
tance gene and electroporated the construct into the 
mouse pre-T-cell line 2017. As a control, we transfected 
these cells with the identical vector (termed neo-only) 

lacking the E47 gene. Cells were selected for G418 resis- 
tance, and stably transfected single-cell clones were gen- 
erated by limiting dilution. We analyzed nine E47-con- 
taining transfectant clones and six neo-only control 
clones. 

We assayed each clone for E47 expression by an RNA 
polymerase chain reaction (PCR) assay, by immunopre- 
cipitation with anti-E47 antisera (Murre et al. 1991), and 
by electrophoretic mobility-shift analysis. The PCR as- 
says were done on randomly primed first-strand eDNA. 
By limiting the number of amplification cycles and gen- 
erating standards with serially diluted RNA templates 
(Fig. 1A, lanes labeled Undil., 1 : 5, 1 : 25, and 1 : 125), 
we were able to derive quantitative information. The 
E47 primers were designed to amplify a 385-nucleotide 
fragment from both mouse and human E47 RNAs, en- 
abling us to assess the relative overexpression of this 
widely expressed RNA. Because the transfected eDNA is 
colinear with its RNA product and can therefore amplify 
in the PCR assay, we did assays with and without reverse 
transcriptase (Fig. 1A, lanes labeled + and - )  to show 
that the amplified fragment was dependent on reverse 
transcription of RNA. The PCR products were analyzed 
by Southern blot hybridization with radiolabeled E47 
eDNA. Radioactivity was quantified, and the diluted 
control samples were used to generate a standard curve. 
We found an average 23-fold increase in the amount of 
E47 RNA in the E47 transfectant clones as compared 
with the control clones (Fig. 1A, B). The levels of thymi- 
dine kinase (TK)(a gene product thought to be unaffected 
by E47 activity) gene RNA were assayed by PCR on the 
same eDNA preparations and did not vary significantly 
among the 15 clones (Fig. 1C,D). 

These data agreed with both immunoprecipation and 
mobility-shift analyses, which revealed more E47 pro- 
tein and specific DNA-binding activity in E47 transfec- 
tants than in controls (data not shown). 

E47 transfectants display markedly increased rates 
of immunoglobulin heavy-chain gene D-to-J 
rearrangem en t 

Occasional mature T cells have a D-to-J rearrangement 
at the immunoglobulin heavy-chain locus (Cory et al. 
1980; Forster et al. 1980; Kemp et al. 1980). To deter- 
mine whether E47 overexpression affects the frequency 
of DJ rearrangement in transfected as compared with 
control 2017 cell clones, we used a sensitive DNA PCR 
assay (Schlissel et al. 1991) (Fig. 2A). The assay used a 
degenerate D gene primer, which detects rearrangements 
involving 10 of the 11 known mouse D genes, and a Jn 
primer, which detects rearrangements to Jnl, JH2, or JH3, 
producing 1033-bp, 716-bp, or 333-bp amplified frag- 
ments that hybridize to a radiolabeled probe from the 
heavy-chain locus. By limiting the number of amplifica- 
tion cycles and utilizing standard templates with known 
concentrations of DJ alleles (the pre-B-cell line HAFTL 
has -1000  rearrangements per 10,000 heavy-chain alle- 
les; data not shown), the assay allows for quantitative 
comparisons of the frequencies of DJ alleles in various 
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Figure 1. Expression of E47 RNA in transfectant and control 2017 cells. First-strand cDNA was synthesized with RNA from nine E47 
transfectant clones and six neo-only clones. (A) This cDNA was used for PCR amplification with primers recognizing both the 
endogenous (mouse) and transfectant (human) E47 genes, and the PCR products were detected by Southern blot hybridization with a 
radiolabeled E47 probe. An autoradiogram is shown, and the position of the E47 signal is indicated. The RNA from one clone, 2017 
E47.3, was serially diluted into a tRNA carrier, analyzed similarly (lanes labeled Undil., 1 : 5, 1 : 25, and 1 : 125), and used to generate 
a standard curve. ( + and - ) cDNA synthesis reactions carried out with and without reverse transcriptase (RT), respectively (see text). 
(B) Specific radioactivity was determined with a Betagen analyzer; the calculated relative amounts of E47 RNA in the different clones 
are displayed graphically. (C) The same cDNA as that used in A was used in a PCR assay for TK gene transcription. The position of 
the TK-specific signal is indicated. (D) TK-specific PCR signals were counted as described above and are displayed graphically. 

cell populations. We found a striking (up to 150-fold) 
increase in the frequency of DJ rearrangement in the 
n ine  E47 transfectant clones as compared wi th  the six 
control clones (Fig. 2B, C). Hence, E47 overexpression 
activated the earliest gene rearrangement step of B-cell 
development in this T-cell line. 

E47 activates one class of germ-line heavy-chain 
gene transcript 

The heavy-chain enhancer contains two potential  bind- 
ing sites (txE2 and ~E5) for E47 (Murre and Baltimore 
1990). Because of the suggestion that transcriptional ac- 
t ivation of germ-line immunoglobu l in  genes is a prereq- 
uisite for their  rearrangement (Alt et al. 1987), we exam- 
ined whether  the overexpression of E47 affected germ- 
line heavy-chain gene transcription in the transfected 
clones. Two dist inct  germ-line heavy-chain gene tran- 
scripts, Mu0 and Ipx (Fig. 3A) (Lennon and Perry 1985; 
Schlissel et al. 1991), have been observed. Uti l iz ing RNA 
PCR (Fig. 3A), we found an -80-fold  increase in the level 
of a transcript in the E47-expressing clones that has the 

properties of I~ (Fig. 3B). This  transcript starts heteroge- 
neously - 4 0  bp 3' of the octamer site in the enhancer  
(Lennon and Perry 1985) and was recently shown to use 
immunog lobu l in  heavy-chain enhancer  e lements  as its 
promoter (Su and Kadesch 1990). We were unable  to de- 
tect any transcriptional  activation using a 5' PCR primer 
hybridizing just upst ream of the octamer site, suggesting 
that it is the I~ transcript that is induced (data not 
shown). We conclude from this result  that E47 activates 
the IIx germ-line heavy-chain gene transcript, possibly by 
activating a promoter  activi ty wi th in  the enhancer. 

Previously, we had studied the Mu0 germ-line heavy- 
chain gene transcript, which  ini t iates  upst ream of the 
most  JH-proximal D H gene segment  and is appropriately 
sphced from JH1 to the first constant-region exon (Fig. 
3A) (Allessandrini and Desiderio 1991; Schlissel et al. 
1991). This  transcript, which  presumably  depends on 
heavy-chain gene enhancer  activity, previously was 
found in all tested pre-B cells that  carry out D-to-J rear- 
rangement  in culture (Schlissel et al. 1991). To our sur- 
prise, RNA PCR analysis revealed that this transcript 
was unaffected by E47 overexpression (Fig. 3C). Hence, 
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Figure 2. E47 overexpression activates im- 
munoglobulin D-to-J rearrangement. (A) Dia- 
gram of the PCR assay used to detect DJ re- 
arrangement. VH, DH, and JH are PCR primers. 
An example of a D- to -JH 1 rearrangement is 
shown, but the sizes of PCR products from 
three possible DJ rearrangements are indi- 
cated. (B) Autoradiogram of the blot hybrid- 
ization of DJ rearrangement PCR assays on 
E47 and control transfectant clones showing 
the positions of DJ1, DJ2, and DJ3 amplifica- 
tion signals. DNA from the pre-B-cell line 
HAFTL was serially diluted into 3T3 cell 
DNA and used to generate quantitative PCR 
standards. {Lane B1) The product of a PCR re- 
action without an added template; (lane M) 
markers. (C) Graphic representation of the 
number of DJ alleles per 10,000 genomes in 
transfectants and controls. 

E47 activates only one of the germ-line transcripts in the 
vicinity of the immunoglobul in  heavy-chain gene en- 
hancer. 

E47 activates RAG-I, RAG-2, and Oct-2 gene 
transcription 

E47 overexpression might  exert its effect on DJ rear- 
rangement  by activating the transcription of other genes 
possibly involved in the rearrangement  of immunoglob- 
ulin genes. We assayed RNA from transfected 2017 cells 
for the levels of RAG-1 and RAG-2, two genes that  act in 
synergy in the activation of rearrangement  of an immu-  
noglobulin gene reporter construct  in fibroblasts (Oet- 

tinger et al. 1990), and Oct-2, a lymphoid-specific tran- 
scription factor wi th  binding sites in the heavy- and 
light-chain gene enhancers and promoters (Lenardo et al. 
1987; Staudt et al. 1988). We found that  E47 overexpres- 
sion resulted in either 3-fold (RAG-I; RAG-2 data were 
similar but are not shown) or 5.5-fold (Oct-2) increases in 
the expression of these lymphoid-specific genes (Fig. 4). 
The levels of RAG-1 and RAG-2 RNAs were surprisingly 
high in all 2017 cell clones in light of the previous ob- 
servation that  this cell line rearranges an immunoglob- 
ulin reporter construct  inefficiently as compared with 
cell lines such as HAFTL, which  contain less RAG-1 and 
RAG-2 (Fig. 4A, lanes labeled HAFT1 and parent) (Lieber 
et al. 1987). In a prel iminary set of experiments,  overex- 
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Figure 3. E47 activates germ-line heavy-chain gene tran- 
scription. (A) Diagram of the PCR assays used to detect 
germ-line transcription. The locations of the Mu0 and I~ 
transcripts and their splices are indicated, along with the 
positions of the PCR primers. (B) RNA PCR analysis of the 
I~ transcript in E47 and control clones. RNA from trans- 
fectant E47.3 was serially diluted into a tRNA carrier and 
used in a PCR analysis to generate a standard curve. The 
standard curve was used to calculate the relative amounts 
of the I~ transcript in transfectants and controls, which are 
displayed graphically. The broken line indicates the aver- 
age amount of I~ RNA in E47 transfectant and control 
clones. Parent represents the starting population of 2017 
cells, and Haftl A is a pre-B-cell line actively engaged in 
D-to-J rearrangement. (C) RNA PCR analysis of the Mu0 
transcript. The position of the Mu0 signal is indicated. 
LyD9 is a pro-B-cell line. 

pression of the Oct-2 gene in 2017 cell clones did not 
activate the I~ transcript  or D-to-J rearrangement  and 
therefore is probably not the sole mediator  of E47 acti- 
vation of germ-line immunoglobul in  gene transcription 
(M. Schlissel, unpubl.). 

E47 does not activate germ-line VH or DJ gene 
transcription or VDJ rearrangement 

Pre-B cells that  carry out D-to-J rearrangement  also carry 
out V-to-DJ rearrangement  and actively transcribe both 
germ-line VH and partially rearranged DJ alleles (Schlis- 
sel et al. 1991). To determine whether  E47-overexpress- 
ing 2017 cells could proceed to this next stage of B-cell 
development,  we assayed the transfectants for DJ and V H 
transcription. Using sensitive RNA PCR assays, we were 

unable to detect any transcript ion of either the D] alleles 
or the VH alleles in the three 2017 E47 transfectant  
clones wi th  the highest  levels of DJ rear rangement  [Fig. 
5 and data not  shownl [Schlissel et al. 1991 I. By way of 
contrast, HAFTL RNA gave a readily detectable signal in 
both assays. 

We also directly assayed the frequency of VDJ rear- 
rangement  in 2017 E47 clones 3 and 8 as compared wi th  
dilutions of HAFTL D N A  containing similar numbers  of 
DJ alleles (a necessary substrate for VDJ rearrangement)  
(Schlissel et al. 1991)(Fig. 6A). The assays used a mixture  
of degenerate VH primers capable of detecting rearrange- 
ment  of a majori ty of the active VH gene repertoire. We 
were unable to detect any VDJ rearrangement  in the E47- 
overexpressing 2017 clones under conditions in which  
similar numbers  of HAFTL DJ alleles showed obvious 
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Figure 4. E47 activates RAG-1 and Oct-2 transcription. (A) Graphic representation of RNA PCR analysis of RAG-1 transcription. 
Serially diluted 2017 E47.3 RNA served as a quantitative control. EL-4 is a mature T-cell line; S194 is a B-cell line. (B) Graphic 
representation of RNA PCR analysis of Oct-2 transcription. In A and B, the broken lines indicate the average amounts of RNA in 
transfectants and controls. 

VDJ rearrangements (Fig. 6B, lane labeled 400). Using 
previously described PCR assays (Schlissel and Balti- 
more 1989; Schlissel et al. 1991), we were l ikewise un- 
able to detect K l ight-chain gene transcription or rear- 
rangement  in the E47 transfectants (data not shown). 
Furthermore, the E47 transfectants did not acquire ex- 
pression of the B-cell lineage cell-surface markers B220 
and Ia (data not shown). 

Discuss ion 

We have shown that stable overexpression of the cloned 
bHLH-class transcription factor E47 in a pre-T-cell l ine 
activates a germ-line immunoglobu l in  heavy-chain gene 
transcript and D-to-J rearrangement. The levels of three 
other lymphoid-specific gene transcripts (Oct-2, RAG-I, 
and RAG-2) were also increased. The cells did not, how- 
ever, transcribe the rearranged DJ alleles or proceed to 
the next stage in pre-B-cell development,  V-to-DJ rear- 
rangement.  We conclude that E47 can activate only the 
first gene rearrangement step of B-cell development and 
that further development  requires additional factors. 

The role of HLH proteins in lymphoid development 

The abil i ty of E47 to activate B cell-type gene transcrip- 
tion and rearrangement events suggests that E47 may  be 
a B-cell differentiation factor despite its ubiquitous ex- 
pression. In most  other cells, heterodimerizat ion wi th  
other active partners or wi th  the inhibi tory Id gene prod- 
uct presumably  keeps E47 from forming homodimers  
(Benezra et al. 1990; Murre et al. 1991). We cannot un- 
equivocally prove that in B cells there is no heteropart- 
her for E47; it is the immunologic  properties of the B-cell 
factor (BCF) complexes that make  them appear to be ho- 
modimers  (Murre et al. 1991). It is possible that non- 
transfected 2017 cells are pre-T, and not pre-B, cells at 

least partially because there is normal ly  li t t le or no free 
E47 in these cells. 2017 cells contain high levels of Id 
gene transcripts relative to a variety of pre-B-cell lines 
[M. Schlissel, data not shownl. Providing an excess of 
E47 may titrate Id and any other potential inhibitors, 
allowing active E47 homodimers  to appear. In turn, they 
activate transcription and immunoglobu l in  gene rear- 
rangement  in these pre-T cells. The induct ion of l imited 
immunoglobul in  gene transcription and rearrangement 
in these T cells by E47 is reminiscent  of the induction of 
muscle lineage differentiation by myoD and related fac- 
tors (Weintraub et al. 1991), and it is striking that myoD 
and E47 are both HLH proteins. 

Whether E47 acts directly to s t imulate  rearrangement 
or activates some other gene that in turn st imulates 
D-to-J joining events is difficult to determine at present. 
We have shown that transcription of three other genes is 
st imulated. They are unl ike ly  themselves to be respon- 
sible for activating D-to-J joining because RAG-1 and 
RAG-2 are already well-expressed in 2017 cells relative 
to actively rearranging pre-B-cell lines and are thought to 
be components  of the basic recombinat ion machinery, 
not specificity factors. Oct-2 is a candidate activating 
factor, but our direct a t tempts  to s t imulate  D-to-J rear- 
rangement by overexpression of Oct-2 have thus far been 
unsuccessful.  Other mechan i sms  for E47-mediated acti- 
vation are also conceivable--for instance, E47 may  tie up 
Id and release some other activation factor that is ordi- 
nari ly titrated by Id. 

Activation of the heavy-chain gene enhancer 

Overexpression of E47 had an unexpected effect on the 
transcription of the immunoglobu l in  heavy-chain locus: 
Iix but not Mu0 or DI transcripts were st imulated.  The 
characterized binding sites for E47 are in the heavy-chain 
enhancer, which  is thought to activate lymphoid-spe- 
cific transcription through the whole region. The en- 
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lead to rearrangement? The quest ion is not  answerable 
by the type of experiments  we performed, but the results 
do set some new limits on the relationship. The st imu- 
lated D-to-J rearrangement  uses e lements  that  are not 
part of the region through which  the activated tran- 
scripts pass. Therefore, t ranscript ion does not s t imulate  
rearrangement  by making  joining signals available for an 
interaction wi th  recombinase as a consequence of RNA 
polymerase passage through the region. It would seem 
more likely that  binding of the factor, not  s t imulated 
transcription, is the activating event. For instance, bind- 
ing of E47 (possibly wi th  Oct-2) could disrupt the local 
chromat in  structure, making  joining signals at some dis- 
tance away more accessible to recombinase.  Alterna- 
tively, the heavy-chain gene transcript ional  enhancer  
might  also be a recombinat ion enhancer,  directly i n t e r -  

Figure 5. E47 transfectants do not transcribe their rearranged 
DJ alleles. (A) Diagram of the DJ transcript PCR assay. The 
transcript initiates upstream of the rearranged D gene and is 
spliced to the first constant-region exon. The positions of PCR 
primers DH and CH are indicated. (B) RNA PCR analysis of DJ 
transcription. E.3, E.4, and E.8 are the three 2017 E47 transfec- 
tant clones with the highest levels of DJ rearrangement. N.1, 
N.2, and N.3 are three neo-only 2017 control clones. 2017 is the 
parent cell line, and HAFTL is a transformed pre-B-cell line 
active in DJ rearrangement. 

hancer 's  action on functional  fully rearranged heavy- 
chain genes is through the promoter  in the V segment 
located several kilobases away, showing its ability to 
work effectively at a distance. The heavy-chain en- 
hancer, however, contains binding sites for many  pro- 
teins (at least three different E-box-binding proteins, 
Oct-2, wB, ,r, and others; Liberman and Baltimore 1990). 
Al though E47 st imulates Oct-2, providing at least these 
two factors, other factors may  be absent. Therefore, the 
enhancer may  not function in its usual  way at a distance. 
The heavy-chain enhancer acts as the promoter  for the Iv~ 
transcript, wi th  Oct-2 probably playing a key role be- 
cause its binding site is just ups t ream of the init iation 
site of the transcript  (Su and Kadesch 1990). Perhaps an 
incompletely occupied enhancer  can activate as a pro- 
moter  locally but not at a distance. An Oct-2-binding site 
alone can act as a B-cell-specific promoter  (Wirth et al. 
1987), and both E47 (A.Voronova, unpubl.) and ITF-1 
(Ruezinsky et al. 1991), another  product of the E2A locus 
closely related to E47, can trans-activate an E-box-depen- 
dent reporter construct  in fibroblasts. 

Transcription and regulation of immunoglobulin 
h ea vy-ch ain gen e rearrangem en t 

We have shown that  E47 overexpression leads to activa- 
tion of both immunoglobul in  heavy-chain gene tran- 
scription and rearrangement.  However, are the two 
events causally related? Specifically, does transcription 

Figure 6. 2017 E47 transfectants do not activate V-to-DJ rear- 
rangements. (A) Diagram of the PCR assay used to detect VDJ 
rearrangements. The positions of the degenerate VH primers 
and the JH primer are shown. (B) DJ and VDJ rearrangement 
PCR assays. The DJ {upper) and VDJ (lower) assays were per- 
formed on two E47 transfectants and compared with serial di- 
lutions of HAFTL DNA (10,000, 2000, or 400 alleles}. The au- 
toradiogram is overexposed to highlight the absence of VDJ re- 
arrangements in the E47 transfectants. M is a marker. The 
positions of the various DJ and VDJ PCR products are indicated. 
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act ing  w i t h  r ecombinase  and serving to ac t iva te  rear- 
r a n g e m e n t  at a dis tance.  Finally,  the  I~ t ranscr ip t  i tself  
could have  some direct  role e i ther  in  the  r ea r rangement  
reac t ion  or in  i ts  targeting.  

It is i n t e res t ing  tha t  E47 s t imu la t e s  on ly  D-to-J jo in ing 
events  and no t  V-to-DJ jo in ing  events .  It appears tha t  E47 
can therefore  begin the  events  of B-cell d i f ferent ia t ion  
bu t  tha t  o ther  factors are needed  for events  to progress. It 
is possible  tha t  the  E47 h o m o d i m e r  is the  na tu ra l  acti- 
vator  of the  beg inn ing  of B-cell d i f ferent ia t ion.  A de- 
crease in the  levels  of Id is an  ear ly event  in i m m u n o -  
d i f fe ren t ia t ion  (M. Schlissel,  data no t  shown).  Progres- 
s ion of B-cell d i f fe rent ia t ion  m i g h t  involve  secondary  
steps tha t  canno t  take  place agains t  the  background  of 
es tab l i shed  T-cell  d i f fe ren t ia t ion  in  2017 cells. In fact, 
germ- l ine  heavy-cha in  gene t r ansc r ip t ion  and D-to-J re- 
a r r angemen t  na tu ra l l y  take  place occas iona l ly  in T cells, 
poss ib ly  as a consequence  of no rma l  f luc tua t ions  in the 
re la t ive  levels  of Id and E47. It is unce r t a in  w h e t h e r  
these  D-to-J r ea r rangemen t s  occur before or after com- 
m i t m e n t  of the  precursor  cell  to the  T-cell  l ineage. These  
DJ al leles are s o m e t i m e s  t ranscr ibed in ma tu re  T cells, 
bu t  heavy -cha in  pro te in  is never  produced, suggest ing 
tha t  there  m a y  be a d o m i n a n t  b lock to V-to-DJ rearrange- 
m e n t  in  T cells (Cory et al. 1980; Forster et al. 1980; 
Kemp et al. 1980). Th i s  idea is cons i s t en t  w i t h  recent  
reports  on  the  behavior  of t ransgenic  i m m u n o g l o b u l i n  
gene r ea r r angemen t  reporter  cons t ruc t s  tha t  carry out  
D-to-J bu t  no t  V-to-DJ rea r rangement s  in  the T-cell  lin- 
eage {Ferrier et al. 1989). 

Materials and methods 

Ceil lines and culture conditions 

The 2017 (Spolski et al. 1988) and EL-4 (mature T lymphoma) 
cells were obtained from Astar Winoto (Berkeley, CA), HAFTL 
cells (Alessandrini et al. 1987) were from Jacklyn Pierce (Na- 
tional Institutes of Health), LyD9 cells (Palacios et al. 1987) 
were from Ronald Palacios (Basel, Switzerland), and 3T3 cells 
were from Carolyn Gorka (Whitehead Institute). HAFTL and 
2017 cells were grown in RPMI with 10% heat-inactivated fetal 
calf serum, 50 mM 2-mercaptoethanol, and antibiotics. LyD9 
cells were grown in IMDM with 5% heat-inactivated fetal calf 
serum, 10% WEHI-3 culture supernatant (a source of interleu- 
kin-3), and antibiotics. 3T3 cells were grown in Dulbecco's 
modified Eagle medium with 10% calf serum and antibiotics. 
All cells were maintained at 37~ in a humidified air-5% CO2 
incubator. 

Plasmid construction and electroporation of 2017 cells 

A 2-kb cDNA fragment containing the entire coding region of 
E47 was inserted into the BstXI site, and the neomycin resis- 
tance gene expressed from the PGK promoter was inserted into 
the BamHI site of the CDM8 vector (Seed 1987). 2017 cells (107) 
in ice-cold PBS were added to 20 ~g of linearized plasmid in an 
electroporation cuvette (Bio-Rad). Electroporation was carried 
out with a Gene Pulser {Bio-Rad) at 240 V and 960 p~F. Cells 
were grown for 24-36 hr in normal medium, after which time 
the medium was replaced with medium containing 1.5 mg/ml 

of G418 (GIBCO). G418-resistant cells were cloned by limiting 
dilution (0.3 cells per well) in drug-containing medium. Usu- 
ally, 10-15 wells from a 96-well plate contained colonies after 
10-14 days of growth. 

RNA PCR assays 

RNA was purified by the guanidinium method (Ausubel et al. 
1987) from actively growing cell cultures and was resuspended 
in DEPC-treated water at 1 mg/ml. Randomly primed cDNA 
was synthesized from 3 ~g of total RNA as described previously 
(Schlissel et al. 1991) and diluted to a final volume of 50 ~1 with 
water. Comparative analyses were performed on cDNAs syn- 
thesized simultaneously. PCR assay mixtures (Saiki et al. 1988) 
consisted of 2 ~1 of cDNA in a 50-~1 reaction mixture contain- 
ing 10 mM Tris (pH 8.5) (at room temperature), 2.0 mM MgC12, 
50 mM KCI, 50 ng of each oligonucleotide primer, 100 ~g/ml of 
BSA, and 1 unit of Amplitaq (PE-Cetus). Amplifications were 
done with a PE-Cetus DNA thermal cycler for 22-26 cycles, 
with each cycle consisting of 1 min at 94 ~ 1 min at 60 ~ and 2 
min at 72 ~ followed by an additional 10 min at 72 ~ One-fifth of 
each reaction mixture was separated on an agarose gel, blotted 
in NaOH to Zetabind (AMC), and hybridized with OLB-labeled 
(Feinberg and Vogelstein 1983) gene-specific probes. The radio- 
activity in each specific amplified product was quantified di- 
rectly with a Betagen analyzer. Quantitative standards were 
generated by diluting amounts of the standard RNA into water 
containing either tRNA or RNA from a cell type lacking the 
transcript to be assayed and subjecting the samples to both 
cDNA synthesis and PCR in parallel with test samples. These 
standards were used to calculate the relative amounts of target 
RNAs in each of the assays. All RNA PCR assays, with the 
exception of the E47 assay done on E47 transfectants, used oli- 
gonucleotide pairs that crossed intron-exon boundaries; hence, 
DNA contamination could not account for the specific PCR 
signal. Control assays done without reverse transcriptase were 
performed on the E47 transfectant clones to control for DNA 
contamination. Autoradiograms were exposed at room temper- 
ature without intensifying screens. 

DNA PCR 

Heavy-chain gene rearrangement PCR assays were done on 
crude lysates of carefully counted numbers of cells as described 
previously (Schlissel and Baltimore 1989; Schlissel et al. 1991). 
Amplification conditions were identical to those used for RNA 
PCR (25 cycles), and analysis was likewise done by blot hybrid- 
ization and Betagen counting. HAFTL control templates were 
diluted into standard amounts of 3T3 cell lysate. 

Sequences of PCR oligonucleotides 

All oligonucleotides were synthesized on an Applied Biosys- 
terns model 391 DNA synthesizer and used without further 
purification. The DH, JH, CH, VH, Mu0, RAG-I, and RAG-2 PCR 
oligonucleotides were described previously {Schlissel and Balti- 
more 1989; Chun et al. 1991; Schlissel et al. 1991). The other 
oligonucleotide sequences were as follows: 

O C T  L, TCAACAAACCCAGGGAGCTCTCCTG; OCT R, 
AACTCTTCTCTAAGGCGAAGCGGAC; TK L, GTGCTA- 
ACTAAGGTTTGCACAGCAG; TK R, GAGGCAAAGAGCT- 
TCCTGACAACC; II~, ACCTGGGAATGTATGGTTGTGGC- 
TT; MHE-1, CTCCCGACTCCTA(C/T)AGTGG(A/G)CT{C/ 
A)GG; and MHE-2, TCCGCTCTCGCACCTGCTGCTCCAG. 
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