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Active T-Cell Receptor Genes Have
Intron Deoxyribonuclease
Hypersensitive Sites

Ethan Bier, Yasuhiro Hashimoto, Mark I. Greene, Allan M. Maxam

Immunoglobulin genes have lympho-
cyte-specific transcription enhancers (/-
3) and nuclease hypersensitive sites (4—7)
in the introns separating segments that
encode joining (J) and constant (C) re-
gions. As in other developmentally regu-
lated genes, these immunoglobulin hy-
persensitive sites correlate with actual or
potential gene expression in differentiat-

genes could also be related. According-
ly, we planned experiments to ascertain
whether the expression of T-cell recep-
tors, like immunoglobulins, involves ele-
ments in JC introns. Because of the
implications for lymphoid development,
it was important to know whether T-cell
receptor control elements (wherever
they are located) are normally active

Abstract. The T-cell receptor B-chain gene has a nuclease hypersensitive site in
several kinds of T cells, which does not appear in B cells expressing immunoglob-
ulins. Conversely, the x immunoglobulin gene shows a known hypersensitive site at
its enhancer element in B cells, as expected, but this site is absent in T cells. As is the
case with immunoglobulin genes, the T-cell receptor site lies within the gene, in the
intron separating joining and constant region segments. These nuclease hypersensi-
tive DNA configurations in the introns of active T-cell receptor and immunoglobulin
genes may arise from control elements that share ancestry but have diverged to the
extent that each normally acts only in lymphoid cells which use the proximal gene

product.

ing cells. In at least one B lineage cell, a
signal from the surface induces a deoxy-
ribonuclease I (DNase I) hypersensitive
site in the k immunoglobulin gene (Igk).
Treatment of the pre-B cell line 70Z/3
with bacterial lipopolysaccharide (LPS),
a B-lymphocyte mitogen, induces both a
DNase I hypersensitive site in the JC
intron of the « light-chain gene and tran-
scription of that gene (4). This LPS-
inducible DNase I site is tightly linked to
the lymphoid k-enhancer element (3). A
lymphoid enhancer also resides in the JC
intron of the murine immunoglobulin
heavy-chain gene (IgH) (I, 2), and there
is a DNase I hypersensitive site in the
putative human IgH enhancer region in a
human B cell (7).

T-cell receptor genes, like immuno-
globulin genes, are assembled from clus-
ters of germline V (variable), D (diversi-
ty), and JC DNA segments (8-11). This
structural similarity of the two lympho-
cyte gene systems, plus the marked de-
velopmental relatedness of B cells and T
cells, suggests that sequences controlling
immunoglobulin and T-cell receptor
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only in T cells and immunoglobulin ele-
ments are active only in B cells, or if
both are active in lymphocytes general-
ly.

Nuclease hypersensitive sites. Changes
in local chromatin structure often reflect
the developmental regulation of genes
expressed in tissue-specific patterns
(I12). A common alteration of a gene
undergoing developmental activation is
the appearance of sites sensitive to cer-
tain endonucleases in the immediate vi-
cinity of that gene in chromatin (4-7, 13-
16). Although the physical basis and bio-
logical meaning of nuclease hypersensi-
tive sites are not well understood (17), it
has been proposed that such sites are in
or nearby DNA regulatory elements in-
teracting with tissue-specific gene con-
trol factors (I8, 19). Some sequences
that contain transcriptional enhancers
encompass nuclease sites that are
strongly correlated with expression of
adjacent genes (I-4, 7, 20). As noted
above, LPS induces both a DNase I site
at the k enhancer and transcription of the
k gene in 70Z/3 pre-B cells. In a few

cases, mutations that occur very close to
expression-associated sites reduce or
eliminate transcription of the gene and
also abolish the hypersensitivity of the
sites (14, 20, 21).

Nuclease hypersensitive sites near any
gene for which one has a probe can be
detected by treating purified nuclei from
a tissue with DNase I at concentrations
that cleave chromosomal DNA about
once every 10 to 20 kilobases (kb) (/13—
15). When DNA from lightly digested
nuclei is purified, cut with an appropriate
restriction enzyme, subjected to electro-
phoresis, blotted (22), and then hybrid-
ized with a cloned specific sequence
probe, a DNase I hypersensitive site is
revealed by a subband beneath the corre-
sponding unbroken restriction fragment.
The location of such a hypersensitive
site can be mapped after double diges-
tion with restriction enzymes. We exam-
ined the B T-cell receptor and k immuno-
globulin genes for DNase I hypersensi-
tive sites in mouse lymphoid cells that do
and do not express each of these genes.
Many of these experiments involved a B,
T-cell receptor gene in the T lymphoma
BW5147 (23) and the k immunoglobulin
genes of the pre-B cell line 70Z/3 (4) (Fig.
1).

The T-cell receptor gene in T cells.
Initially, we looked at the DNase I sensi-
tivity of the B, T-cell receptor gene re-
gion in the BW5147 T lymphoma and ina
reovirus-specific cytolytic T-cell hybrid-
oma 87-4, for which BW5147 was the
fusion partner (24). Nuclei were pre-
pared from BW5147 and 87-4 and digest-
ed lightly with DNase I (13-15), and the
DNA was isolated and purified. These
DNA preparations were then cut with
Pvu II, blotted (22), hybridized with a
probe for the B, constant region (Cg),
and the nitrocellulose membrane was
processed for autoradiography.

Two bands are present in the BW5147
lanes—a 6.5-kb Pvu II fragment carrying
the single rearranged B, JC region (JCpy),
and a weaker 4.3-kb fragment below. In
the 87-4 hybridoma lanes, there are three
bands—the 6.5-kb BWS5147 JCg, frag-
ment, a 5.6-kb Pvu II fragment bearing a
rearranged JCg; allele contributed by the
fusion partner, and the same 4.3-kb frag-
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ment below. In general, as the DNase I
concentration increases in the BW5147
and 87-4 experiments (Fig. 2), the upper
bands grow weaker and the lower one
becomes more intense. We conclude that
this lower 4.3-kb fragment arises from
DNase I cleavage at a hypersensitive site
in the B, T-receptor gene of these T cells.
This fragment is produced by a DNase I
cut at one end and by Pvu II at the other,
and we refer to it as the DP1 subfragment
(Fig. 1).

To ascertain whether the hypersensi-
tive site just described is an idiosyncrasy
of BW5147 and the related hybridoma
87-4 or is a general feature of B, genes in
T cells, we performed the same experi-
ment on several T-cell lines of unrelated
origin. These include EL-4 (25), YAC-1
(26), and a radiation-induced thymoma
(Rad-T) (27) (Table 1). Treatment of nu-
clei with DNase I followed by Southern
blotting gave the patterns displayed in
Fig. 3. Thus, all of these T cells exhibit
the 4.3-kb DP1 subfragment seen in
BWS5147 and hybridoma 87-4.

Further indication that the DP1 sub-
fragment comes from an expression-
linked hypersensitive site was obtained
with thymocytes activated by 24-hour
incubation in the presence of concanava-
lin A (con A) and interleukin-2 (IL-2)
(28). When nuclei from such thymocytes
are treated with DNase I and the DNA is
analyzed by Southern blotting as before,
a light subband appears at the same
position as that in BW5147 (Fig. 2). In a
control experiment on thymocytes cul-
tured for 24 hours without exogenous T-
cell activating factors, the band is not
visible, revealing con A or IL-2 (or both)
dependence. Also, con A plus IL-2 in-
duced a small increment in the level of
Cpg region transcription in these thymo-

Fig. 1. Maps of the mouse k-immunoglobulin
gene and T-cell receptor B-chain genes. Solid
horizontal lines indicate germline configura-
tions and stippled lines represent other se-
quences brought in by rearrangements. (Top)
Configurations of the germline and rearranged
k-gene alleles present in the murine pre-B-cell
tumor cell line 70Z/3 (4). (Bottom) The T-cell
receptor B-chain genes as they are arranged in
the mouse germline and in BW5147. Most of
the map of the germline B locus was compiled
from published maps (II). Southern blots
(some not shown) were used to map the
leftmost Hpa I, Pvu II, and Kpn I sites of the
rearranged BW5147 B, gene of the C region
(Cg2). The BW5147 rearrangement breakpoint
is located somewhere between the germline
Pvu II and Cla I sites. The identification and
placement of a second Bam HI site in the JCg,
intron was achieved by fine structure mapping
of a pUC9 subclone (pCl-2) of the Hind III
genomic restriction fragment that carries the
germline J, region cloned from BALB/c liver
cells (34). These two Bam HI sites are sepa-
rated by 150 bp.
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cytes (29). The thymocyte DP1 subfrag-
ment in Fig. 2 is considerably weaker
than those found in BWS5147 or 87-4.
This may be so for any of several rea-
sons. Less DNA (60 percent) was loaded

on the gel in the thymocyte lanes than in
the BWS5147 or 87-4 lanes. Only a frac-
tion of the total thymocytes may be
competent to induce the DNase I hyper-
sensitive site in response to con A plus

Table 1. Characteristics of T cells and T-cell receptor genes. Regions of the B-chain locus of the
T-cell receptor which are known to be germline or rearranged are shown as (---) and (...),
respectively. V implies the presence of a Vi gene segment, while X indicates an unidentified
segment. The sizes of expressed RNA’s are entered where known. The + sign indicates that B
RNA is present in about the same amount as in EL-4; the question mark (?) means that RNA
expression is unknown. T-cell B-chain receptor observations from our work are indicated by

(). NA, not applicable.
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IL-2. Finally, only a fraction of thymo-
cytes may harbor a rearranged B, T-
receptor gene (other thymic cells could
express B;, which is less evident under
our hybridization conditions, and yield a
B; subband of a different size from that
of the B, DP1 band).

Location of DNase I hypersensitive
sites in the JC intron. According to re-
striction maps (/1), a 6.1-kb germline
Pvu II fragment carries most of the JCp;
gene region (Fig. 1). Although some of
the J region at the left end of this frag-
ment has been replaced in the BW5147
lymphoma and 87-4 hybridoma, the JC
intron in the middle and C region at the
right are unchanged. We first mapped
Pvu II, Hpa I, and Kpn I sites in the
rearranged end of the BW5147 B, gene
(legend to Fig. 1). Then, knowing these
BW5147 sites on the left and germline
sites in the unrearranged intron and the
constant region, we used double diges-
tion with Pvu II and several other restric-
tion enzymes to map the DNase I hyper-
sensitive site (Fig. 4). These mapping
experiments on DNA from DNase I
treated nuclei position the DNase I site
very near the 3’ member of a pair of Bam
HI sites in the JC intron of the B, gene
(Fig. 1).

Close examination of Fig. 2 reveals
another, faint DNase I generated frag-
ment (most noticeable in 87-4 lanes) mi-
grating a little behind the DP1 subfrag-
ment. This suggests that a second weak-
er DNase I hypersensitive site exists just

Thymocytes Thymocytes

5’ to the DP1 cleavage site. To map
DNase I hypersensitive sites in this re-
gion more precisely, Pvu II and Kpn I
digests of DNase I-treated BWS5147
DNA were blotted (22) and hybridized
with a probe from the Jg, region (Fig. 1).
Two DNase I subfragments separated by
0.4 kb then appeared in BW5147 with
both Pvu Il and Kpn I (Fig. 5). The larger
and darker of the pair of DNase I sub-
bands is due to DNase I cleavage at the
same site that yields the DP1 fragment.
Thus, the large Kpn I-DNase I subfrag-
ment seen with the Jg, probe (hereafter
referred to as the KD1 subfragment) is
roughly 150 bp longer than the BW5147
Kpn I-Bam HI double digest restriction
fragment (Fig. 5). This observation is
consistent with the center of the strong
JCg, DNase I hypersensitive site being at
the most 3’ of the two B, intron Bam HI
sites (Fig. 1). The center of the smaller
and more diffuse DNase I subband seen
in Southern blots of Kpn I-digested
BWS5147 DNA (hereafter referred to as
the KD2 subfragment) is about 400 bp 5’
to the KD site (legend to Fig. 5). Reso-
lution of the DNase I hypersensitive
domain in the JCg, intron into two near-
by sites with the Jg, region probe may be
attributable to two factors. If a strong
DNase I hypersensitive site resides be-
tween a weak site and the probe in a
Southern blot (such as the T-cell DNA
samples that were digested with Pvu II
and probed with Cg,), the weak site will
be unobserved if cleavage at the strong

proximal site has also occurred (30). The
Jg2 probe is nearest to the weak DNase I
site and therefore reveals the full magni-
tude of that site. The smaller size of the
DNase I generated subfragments as seen
with the Jg; probe also makes resolution
of the small distance between the two
sites easier.

Just as the Cg; probe detected the DP1
subfragment in several other T cells (Fig.
3), the Jg, probe also detects KD1 and
KD2 in EL-4 and Rad-T (29). The EL-4
cell contains two different B, alleles; one
that has an unrearranged Jg, region (this
allele does, however, carry a joined DJg;
region), and an allele with a rearrange-
ment to Jg;, which is presumed to be
transcribed to yield a full-sized B, mes-
senger RNA (mRNA) (37). Both EL-4
alleles are DNase I hypersensitive in the
JCg, intron (29) although no transcripts
have been detected from the allele that
retains the Jg, germline configuration
3.

Developmental specificity of ‘‘immu-
nogene’’ DNase I sites in lymphocytes.
T cells and B cells are much closer to
each other developmentally than they
are to other tissues. Most tissues differ
one from the next by 10 to 15 percent of
the total mRNA complexity, whereas T
cells are separated from B cells by only a
2 percent mRNA difference (8). Devel-
opmental specificity of DNase I hyper-
sensitive sites in ‘‘immunogenes’’ (genes
that rearrange to specify antigen recogni-
tion) can be addressed by examining

Fig. 2. DNase I hypersensitivity of the T-cell receptor B-chain

‘ _LP87°Z’3+LPS o BINATAL U SRR e o, gene in T cells and B cells. The Cg region was tested for DNase I
o e sensitivity in a pre-B cell (70Z/3 = LPS stimulation) (47) and in
2R B2 RS0 0 e 0020 400 iR bEla a4 620 four kinds of T cells (BW5147 lymphoma, 87-4 hybridoma, resting

thymocytes, and thymocytes stimulated with con A plus IL-2).
Nuclei from each of these cells were treated with DNase I at
several concentrations from 0 to 20 unit/ml, as indicated. Then the
DNA was purified, cut with a restriction enzyme, subjected to
electrophoresis, blotted (Southern), hybridized with a cloned T-
cell receptor probe, and autoradiographed. The intense upper
bands present in all lanes are JCg region Pvu II restriction
fragments (germline JCg; and JCg, in 70Z/3, rearranged JCg, in
BWS5147, two different rearranged JCg,’s in 87-4, and germline
JCpg, and JCg; in thymocytes) (Fig. 1). DNase I cleavage of these
Pvu II restriction fragments at a hypersensitive site produces the
lower weak band in BW5147, 87-4, and con A plus IL-2 thymocyte
lanes. The weak subband appearing in the absence of added
DNase I is likely to be the result of an endogenous nuclease
activity which, like DNase I, preferentially cleaves at this site in
nuclei. The undigested B, Pvu II restriction fragment in BW5147 is
6.5 kb in length, and the corresponding fragments in 87-4 are 6.5
and 5.6 kb long. The 70Z/3 cells were grown with and without LPS
(4). Resting thymocytes and con A plus IL-2 activated thymocytes
were incubated for 24 hours in RPMI plus fetal calf serum (5 percent) in the absence or presence of con A (2 p.g/10° cells) plus culture supernatant
(20 percent) from con A-stimulated rat spleen cells as in (28). The 87-4 cells were grown (at 10 percent CO,) in Dulbecco’s minimum essential me-
dium (DMEM) plus the following supplement: fetal calf serum (10 percent), penicillin and streptomycin (each at 100 units per milliliter), and
glutamine (2 mM); nonessential amino acids (1 percent) and sodium pyruvate (1 percent) were also present. All other T-cell lines were grown in
RPMI 1640 with the above supplement (at 5 percent CO,). Cultured cell lines were grown to a density of 10° cells per milliliter and then harvested.
The live thymocytes were separated by centrifugation through Ficoll (48). Nuclei were then isolated, treated with DNase I, and the DNA was
purified (). The purified DNA (6 pg from thymocytes and 10 p.g from all other cells) was restricted with Pvu II, subjected to electrophoresis (40
V; 17 hours) through 1 percent agarose gels, and then Southern blotted (22); the hybridization probe used was the Cg, complementary DNA clone
of mRNA expressed by the B, gene in the helper T-cell hybridoma B3C6 (23, 49).
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both T cells and B cells for both immuno-
globulin and T-cell receptor DNase I
sites.

To determine whether T-cell receptor
genes are hypersensitive in B cells, we
analyzed the DNase I sensitivity of the
JCg; intron in both resting and LPS-
stimulated 70Z/3 pre-B cells. [LPS in-
duces a DNase I hypersensitive site in
the k immunoglobulin gene in 70Z/3 cells
(4).] When the Cg, hybridization probe
was used as before, these B-cell DNase 1
experiments produced no fragment cor-
responding to the T-receptor hypersensi-
tive site (Fig. 2, 70Z/3 resting or LPS
stimulated). The same result was ob-
tained when the nitrocellulose mem-
branes (Fig. 2) were rehybridized with
the Jg, probe (29). The absence of any
DNase I hypersensitive site in the JCg,
region of both resting and LPS-activated
70Z/3 cells indicates that conditions suf-
ficient for induction of the k-gene hyper-
sensitive site are inadequate for generat-
ing PB,-gene hypersensitivity (Fig. 2).
This observation, although limited to the
70Z/3 cell, forecasts that B, T-receptor
genes lack the observed DNase I hyper-
sensitive sites in B lymphocytes.

Since the B, T-cell receptor intron
DNase I sites in T cells are not present in
B cells, it seems natural to ask whether
known B-cell immunoglobulin gene hy-
persensitive sites are also observable in
T cells. A partial answer was provided
when we looked for the x-immunoglob-
ulin hypersensitive site in several kinds
of T cells (Fig. 6). We prepared Southern
blots from DNase I-treated nuclei of T
cells, as before, and hybridized them
with a probe for the x-chain JC region.
As a positive control, we also analyzed
the k-chain gene in 70Z/3 pre-B cells
grown with and without LPS. These ex-
periments revealed the known DNase I
hypersensitive site in both germline and
rearranged 70Z/3 «x immunoglobulin
genes (Fig. 6, 70Z/3 with and without
LPS), but not in the x-chain genes of T
cells (Fig. 6, BW5147, 87-4, resting thy-
mocytes, and thymocytes activated with
con A and IL-2). Weak bands appear in
some T-cell lanes below the germline «-
chain restriction fragment (Fig. 6). How-
ever, these minor T-cell subfragments
are not the same size as the strong ones
in the pre-B cell. Thus, these weak bands
do not arise from DNase I cuts at the
pronounced hypersensitive site in LPS-
stimulated 70Z/3 cells. That major DN-
ase I site is constitutively present at the
enhancer in myelomas (5, 6), and is
therefore not an idiosyncrasy of 70Z/3
pre-B cells.

Comparison of the relative amount of
k and B, restriction fragments remaining
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for each identical DNase I sample in
Figs. 2 and 6 reveals that the B, gene in
its entirety is more DNase I sensitive
than the k-gene region in T cells. Con-
versely, the whole k-gene region is more
DNase I sensitive in the pre-B cell line
70Z/3 than is the B,-gene region. The
greater general DNase I sensitivity of the
k gene relative to the B, gene is also seen

in the myeloma SP2 (32) and a derivative
hybridoma 87.92.6 (33) (Fig. 7). Thus, in
addition to hypersensitive sites, these
experiments appear to detect differences
in the regional T-receptor and immuno-
globulin gene nuclease sensitivities in T
cells and B cells that are characteristic of
active versus inactive chromatin (5, 12).

Relationship of DNase hypersensitive

BW5147

0.2 4014 8 0 4nS

Fig. 3. DNase I hypersensitivity of the JC
intron in four independent T-cell tumors. Nu-
clei from BW5147, EL-4, YAC-1, and Rad-T
cells were prepared and treated with DNase I,
and the DNA was purified as in Fig. 2. All
samples were digested with Pvu II, subjected
to electrophoresis through 1 percent agarose
gels, blotted (22) and then hybridized with the
Cpg2 probe as in Fig. 2.

Fig. 4. Mapping the DNase I hypersensitive site in BWS5147. To 1
map the hypersensitive site defined by the DNase I-Pvu II
subband in the BWS5147 Southern blot of Fig. 2, DNA from DNase
I-treated BW5147 nuclei was double-digested with Pvu II plus
restriction enzymes that cut either in the 5’ half (Cla I and Bam HI)
or the 3’ half (Hpa I) of the Pvu II fragment containing the Cg,
gene. Southern blot analysis of these double digests (as in Fig. 2)
with the Cg, complementary DNA clone as probe, positions the T-
cell-specific DNase I hypersensitive site. Since neither Cla I nor
Bam HI affects the size of the 4.3-kb DNase I-Pvu II subfragment,
but Hpa I does reduce the size of that subfragment (to 3.8 kb), the
DNase I hypersensitive site must be located in the 5’ half of the 8,
Pvu II fragment. The virtual comigration of the DNase I-Pvu II
and the Bam HI-Pvu II fragments localizes the DNase I hypersen-
sitive site to the vicinity of the 3'-most of the two Bam HI sites in
the JC intron, as indicated on Fig. 1. The sizes of the undegraded
restriction fragments are: Pvu II, 6.5 kb; Pvu II plus Hpa I, 6.0 kb;
Pvu II plus Bam HI, 4.3 kb; and Pvu II plus Cla I, 5.1 kb.

Fig. 5. Resolution of the JCa; DNase I sites with a Jg;
probe. Samples of the BW5147 DNA described in Fig. 2
were digested with Pvu II, Kpn I, or Kpn I plus Bam HI,
subjected to electrophoresis through either a 1 percent
agarose gel (Pvu II samples) or a 1.5 percent agarose gel
(Kpn I and Kpn I-Bam HI samples), blotted (22), and
then hybridized with the Jg, probe shown in Fig. 1. The
Ja2 DNA used as probe was prepared by gel isolation of
the 1.6-kb Kpn I-Bam HI fragment from pCl-2. These
Southern blots of BW5147 display two DNase I generat-
ed subbands with Pvu II (at 2.2 kb and 1.8 kb) and two
also with Kpn I (1.6 kb represents KD1 and 1.2 kb
represents KD2). Digestion of a DNase I treated
BW5147 sample with Kpn I plus Bam HI yielded a 1.45-
kb restriction fragment and the KD2 DNase I subfrag-
ment. As in the legend to Fig. 1, the Bam HI sites in the
JCg, intron are 150 bp apart. The KD1 fragment is
therefore generated by DNase I cleavage centered at the
3" member of the pair of intron Bam HI sites. Thus, the
KDl site is the same as the DP1 site mapped in Fig. 4.
Since Southern blots of DNase I treated BW5147 digest-
ed with Bam HI alone do not reveal a 1.2-kb DNase I
subband (29), the 1.2-kb Kpn I-DNase I fragment
cannot be the result of a possible DNase I to DNase I
cleavage between two DNase I sites spaced 1.2 kb
apart. Thus, the center of the KD2 site must lie about
400 bp 5’ to the KD site.
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sites and transcription. As yet no un-
equivocal experiment or strong hypothe-
sis has established a molecular mecha-
nism linking nuclease hypersensitive
sites with transcription or protein-DNA
interactions. Hypersensitive sites may
arise from a variant DNA configuration
that activates gene transcription or, con-
versely, transcription could induce vici-
nal hypersensitive sites. Alternatively,
such sites might appear in gene control
elements when the latter encounter regu-
latory proteins. There is little evidence
on which to determine the direction of
causality of DNase I hypersensitivity
and transcription if such a relation ex-
ists; however, certain patterns provide
clues.

The Northern blot of Fig. 8 reveals
that the BW5147 line we used contains a
very small amount of a 1.0-kb B, mRNA,
but the 87-4 hybridoma expresses a sig-
nificant amount of a 1.3-kb B, mRNA.
The 1.3-kb B,-gene transcripts are typi-
cal for functional VDJC mRNA'’s,
whereas 1.0-kb transcripts are thought to
originate by transcription initiation from
weak promoters upstream of joined DJ
segments. Since 87-4 has no B; genes
(29), the 1.3-kb 87-4 mRNA presumably
reflects B, gene transcription. This same
blot reveals no B gene transcription in
resting or LPS-stimulated 70Z/3 cells. As
already stated, LPS induces a major in-
crement in the transcription of the k gene
in 70Z/3. We do not find k RNA in
BW5147 or 87-4 (29).

Several BW5147 sublines are being
used in T-cell receptor gene studies.
These BWS5147 variants are distin-
guished by the number of differently
rearranged JCg they harbor. Clones with
one, two, and three different Cg restric-
tion fragments have been observed (8,
34). Whether or not a given BW5147
makes B RNA seems to depend on which
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Fig. 6. DNase I hypersensitivity of the k-inmunoglobulin gene.
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of these genes are present. Thus, the
isolation of B complementary DNA
clones from RNA expressed by one or
both BW5147 B genes in a helper T-cell
hybridoma (8, 9) contrasts with the ab-
sence of a 1.3-kb mRNA from the single
BB, gene in the BW5147 line of our experi-
ments. A plausible hypothesis for these
associations between T-cell receptor
genes and transcripts is the loss or gain
of chromosomes carrying 8 genes, one of
which is barely, if at all, transcribed and
the only copy present in our strain (Fig.
8).

The close correlation between DNase
I hypersensitivity and transcription of k
immunoglobulin genes in 70Z/3 (4, 35)
combined with the restriction of both the
expression and DNase I hypersensitivity
of k genes and B genes to B cells and T
cells, respectively, suggests that a nucle-
ase hypersensitive DNA configuration is
either a prerequisite or a consequence of
expression of these immunogenes. Our
strain of BW5147 contains much less 8,
RNA than the hybridoma 87-4 does, yet
the B, DNase I hypersensitive site in 87-
4 is no stronger than that in BW5147.
Similarly, both alleles of the EL-4 JCpg,
intron contain DNase I hypersensitive
sites, yet B-gene transcription seems to
be confined to the allele that is rear-
ranged at Jg; (31) (Table 1). Therefore, it
is unlikely that the degree of DNase I
hypersensitivity in the JCg; intron de-
pends on the magnitude of B, transcrip-
tion. The occurrence of DNase I hyper-
sensitive sites in the absence of tran-
scription has precedent for genes that
either were previously active (36) or are
poised to become active (I6).

Changes in the chromatin structure
surrounding the c-myc gene have been
observed in association with nearby re-
troviral insertions (37), and with chromo-
somal translocations of the c-myc locus

Bam HI digests of the same DNA samples used in Fig. 2 were
blotted (22) and hybridized with a cloned Bgl II genomic restric-
tion fragment containing the intron C region of the rearranged «
gene in the mouse myeloma LPC-1 (/). The upper K° dark band
in all lanes is a germline JC, region Bam HI restriction fragment,
and the additional K* restriction fragment in 70Z/3 lanes bears a
functionally rearranged (VJC) k-chain gene (see Fig. 1). DNase I
cleavage of these two Bam HI fragments at hypersensitive sites
produces the lower weak bands in 70Z/3 lanes, which are most
apparent in LPS-stimulated cells. The sizes of the undegraded k-
chain Bam HI restriction fragments are K°® = 11.5 kb and
K* = 5.6 kb. DNase I-Pvu II derived fragments of 9.3 kb, 4.3
kb, and 2.2 kb are marked with arrowheads. The 2.2-kb band
(which is generated by DNase I cleavage of both germline and
rearranged k-chain alleles) together with the 3.4-kb band account
for the specific cleavage of the 5.6-kb K™ allele, and sums with
the 9.3-kb K° specific fragment to 11.5 kb.

in Burkitt lymphomas (19). Similarly,
changes in the pattern of DNase I hyper-
sensitive sites flanking the Drosophila
Sgs4 glue protein gene are apparent in a
strain with a transposon inserted just 5’
to the coding region (38). It is thus possi-
ble that the DNase I hypersensitive site
we observed in transformed T-cell lines
(such as BWS5147, EL-4, YAC-1, and
Rad-T) is due to some chromosomal re-
arrangements that bring extrinsic acti-
vating elements into the B T-receptor
locus. However, the light DNase I sub-
band at the same position in the DNA of
total thymocytes activated by con A plus
IL-2 suggests that this site is of signifi-
cance in nontransformed T cells.

In contrast to the restriction of k-gene
activity to B cells observed by us and
others (4, 35), heavy chain (H-chain)
genes have been found rearranged, tran-
scribed, and DNase I hypersensitive in
some T cells. Immunoglobulin H-chain
DJ joining, which proceeds early in B-
cell development, has also occurred dur-
ing the ontogeny of many T lymphomas
(4044) and some, but not all, T-cell
clones (45). Likewise, transcripts of the
p immunoglobulin heavy chain gene re-
gion are present in many T-cell tumors
and some thymus cells (40, 41, 43, 44),
but not in most helper and cytolytic cell
lines (45). These T-cell IgH transcripts
come from germline DJCu or partially
rearranged DJCp. alleles, but usually dif-
fer in size from the corresponding tran-
scripts in B cells because of variations in
RNA splicing and possibly even the tran-
scription initiation point (43). The level
of IgH transcription in T cells ranges
between 0.1 to 50 molecules per cell (40,
41), which is low in comparison to about
10,000 molecules per cell in fully differ-
entiated B cells (35, 44). That IgH RNA
in T cells is such a small fraction of
mature B-cell levels suggests that H-

SCIENCE, VOL. 229



chain gene activation in T lymphocytes
is far from complete.

The genes coding for the two chains of
the immunoglobulin molecule differ in
developmental control as well as in
whether or not they are expressed or
rearranged in T cells. The developmental
course of H-chain rearrangement and
expression precedes that of the light (L)
chain in pre-B cells. For example, the
regulation of H- and L-chain transcrip-
tion in 70Z/3 is different in that LPS
treatment is required to induce transcrip-
tion of the L-chain gene whereas the H-
chain gene is constitutively expressed
(35). Thus, there may be an intrinsic
difference in the way the heavy- and
light-chain immunoglobulin control ele-
ments function developmentally.

Immunoglobulin heavy chain genes
have DNase I hypersensitive sites in
some T cells as well as in B cells. Storb
and colleagues (39) mapped sites in
BW5147 and in thymocytes to JC,, intron
positions which differ in the two kinds of
cells. While showing these multiple, al-
ternative DNase I sites in the thymoma
and thymocytes, they noted that in B
cells the mouse JC,, intron has just one
site. Mills et al. (7) located two DNase I
hypersensitive sites in the JC, intron of
the human genes in the B-cell line RPMI
1788. These human IgH DNase I sites
were not found, however, in nonlym-
phoid controls such as an erythroleuke-
mia line or HL60 cells. Of the sites in
RPMI 1788, the major one is in the
region that carries the putative human
IgH enhancer and has strong homology
with a mouse sequence encompassing
the mouse IgH enhancer (/, 2) which has
specific protein contacts in B lympho-
cytes (46). The location of the T-cell IgH
DNase I sites with respect to the B-cell
sites is difficult to determine since the T-
cell studies were done in mouse cells and
the B-cell studies were carried out with
human cells. The high degree of poly-
morphism seen in the length of the
mouse H chain JC intron further con-
founds the alignment of DNase I hyper-
sensitive sites in B cells and T cells.

Why IgH genes are rearranged, DNase
I hypersensitive, and transcribed in T
cells which do not make immunoglob-
ulins is an obvious question, and pro-
vokes speculation along several lines.
Perhaps leukemic dedifferentiation of T
cells reactivates B-lineage controls,
which in turn act on immunoglobulin
genes, or if leukemogenesis involves an
error-prone DNA repair system, this
may trigger the recombination system
for immunoglobulin DJ joining. Alterna-
tively, the agents that T cells use for
forming and expressing T-receptor genes
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might also be used by B cells for IgH
genes. Two further observations empha-
size such possibilities. One by Herr et al.
(42) is that clonal AKR thymomas con-
tain several distinct T-cell subpopula-
tions, each defined by different joined DJ
segments of IgH and that these IgH
genes seem to have rearranged during

Fig. 7. General DNase I sensitivity of k versus
B2 genes in B cells. DNA samples from the B-
cell myeloma SP2 (32) and B-cell hybridoma
87.92.6 (33) were prepared from DNase I-
treated nuclei as in Fig. 2. DNA samples in
the top panels were digested with Pvu II,
blotted (22), and probed with the Cg, gene
sequence. Identical DNA samples in the low-
er panels were digested with Bam HI, blotted,
and hybridized with the x-chain gene probe
(see Fig. 1). Examination of the relative
amounts of restriction enzyme fragments re-
maining after treatment with increasing con-
centrations of DNase I reveals that T-receptor

the first few cell divisions after transfor-
mation of thymocytes. The other by Ad-
ams, Cory, and colleagues (40) is that not
only T lymphomas, but myeloid tumors
as well contain transcripts of the JC,
region, and in equivalent, if not greater,
amounts. The activity of H-chain genes
in T-lymphoid and myeloid tumors could

SP2 87.92.6
0 1 2

8
. P
o
. B e

TCR 8,

B-chain gene restriction fragments dlsappear less rapidly as a function of DNase I concentration
than k-chain gene restriction fragments in SP2 and 87.92.6. The k-chain gene Bam HI restriction
fragment common to SP2 and 87.92.6, which is second from the bottom, is virtually the same
size (6.2 kb) as the Pvu II B-chain gene fragments. Direct comparison of the disappearance of
these two restriction fragments is therefore controlled for target size. Thus, as a whole, the T-
receptor B, genes are less DNase I-sensitive than the k genes in these B cells. 87.92.6 was
constructed by a fusion of SP2 with immune B cells having anti-idiotype specificity for

antibodies to reovirus (33).

Fig. 8. Northern blot of T-cell and B-cell RNA probed
with the Cg, region. Total cellular RNA was extracted
from T cells in the presence of guanidine thiocyanate (50)
and cytoplasmic RNA was isolated according to the
Maniatis NP40 protocol (5/) from 70Z/3 cells. Poly(A)*

70Z/3
70Z/3 +LPS

87-4
BW5147

RNA was purified from 70Z/3 cytoplasmic RNA by two I
passages over oligo(dT) cellulose. Total T-cell RNA (15 , | ‘f 4

pg) and poly(A)* RNA (1.5 pg) from resting or LPS-
stimulated 70Z/3 cells were denatured with glyoxal, and
subjected to electrophoresis through a 1 percent agarose

Upper =
Lower =g L ] #

gel, transferred to nitrocellulose (52), and hybridized with N X

the Cg, probe. Upper and lower indicate the positions of k)

1.3 kb and 1.0 kb B T-cell receptor transcripts, respective-

ly; on this gel,
position upper.

Fig. 9. The arrangement of DNase I hypersen-
sitive sites (1) and enhancer elements (A) in
typical immunoglobulin and T-cell receptor
gene JC introns. All gene maps are normal-
ized to make the JC interval constant in
length. The DNA sequence around the en-
hancer element described in the mouse immu-
noglobulin H-chain JC intron (/, 2) is well
conserved in humans and mice, and is the
location of a major DNase I hypersensitive
site in the human B-cell line RPMI 1788 (7). A
minor DNase I hypersensitive site between
the H-chain enhancer and the p. switch region
is also found in RPMI 1788. The DNase I
hypersensitive site that LPS induces in the k
immunoglobulin gene JC intron in 70Z/3 pre-B
cells (4) is closely linked to a lymphocyte-
specific enhancer (3). The DNA sequence
encompassing this k-gene enhancer and DN-
ase I hypersensitive site is strongly conserved
between mice, rabbits, and humans (53). The
DNase I hypersensitive sites in the JC intron
of the B, T-cell receptor gene in murine T cells
(in our work described here) are presented
diagramatically for comparison to the immu-
noglobulin sites.

185 ribosomal RNA also migrated to
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IgH,
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be a manifestation of common or way-
ward developmental regulation. In any
case, it is apparent both in terms of
rearrangement and expression that IgH
gene regulation is less tissue-specific
than the regulation of light-chain genes.
Our data on the k genes and the g T-cell
receptor genes, taken in the context of
the work just summarized concerning
the immunoglobulin loci, suggests that
the B T-cell receptor locus may be more
analogous to the immunoglobulin light
chain loci than the H-chain loci in regard
to tissue specificity of transcription and
DNase I hypersensitivity.

DNase I hypersensitive sites, en-
hancers, or both have now been ob-
served in the introns between J and C
segments of three genes that encode sub-
units of antigen-specific immune mole-
cules. Thus, like k L-chain and H-chain
genes, T-cell receptor B-chain genes
have expression-associated nuclease hy-
persensitive sites in their JC introns. In
Fig. 9 we align these three genes to
illustrate the relative positions of their
DNase I sites and (where known) their
transcription enhancers. The unusual lo-
cation of these potential regulatory ele-
ments inside genes is consonant both
with the combinatorial joining of V- and
C-gene segments, and with the common
evolutionary origin of B-cell immuno-
globulin and T-cell receptor C-region se-
quences (8—11).

It would be of obvious interest to
know whether B, a, and vy T-cell recep-
tor genes have nuclease hypersensitive
sites in T cells that express those chains.
The extent to which the activities of
regulatory elements for immunoglobulin
genes, T-cell receptor genes, and other
genes of this superfamily are tissue-spe-
cific is important for understanding the
network that controls their expression.
Insights into the function of these ele-
ments may also be gained when it has
been determined whether DNA regions
around hypersensitive sites in immuno-
genes are positive (or negative) control
elements and, if so, what their distin-
guishing features are.
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