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Locus control regions are cis gene regulatory elements comprised of DNase I-hypersensitive sites. These
regions usually do not stimulate transcription outside of a chromosomal context, and therefore their ability to
regulate the expression of genes is thought to occur through the modification of chromatin accessibility. A locus
control region is located downstream of the T-cell receptor (TCR) a/d locus on mouse chromosome 14. This
locus control region is known to drive T-cell-specific TCRa transcription in transgenic mice. In this report, we
describe a targeted deletion of this locus control region and show that this mutation acts at a critical
checkpoint in ab T-cell development, between the TCR-intermediate and TCR-high stages. Our analysis
further reveals that the antiapoptosis gene Dad1 is at the 3* end of the TCR a/d locus and that Dad1 is required
for embryogenesis. We show that mouse Dad1 has a broader expression pattern than the TCR genes, in terms
of both tissue and temporal specificity. Finally, we report that the chromatin between TCRa and Dad1 is DNase
I hypersensitive in a variety of cell types, thus correlating with Dad1 expression and raising the possibility that
Dad1 regulatory sequences reside in this region.

Study of the genomic organization of eukaryotic genes has,
in many cases, revealed an unexpected degree of proximity
between genes (26). These multigene loci sometimes arise as
products of gene duplication, but many examples of nonho-
mologous genes which occupy overlapping or abutting regions
of DNA also exist. In the case of gene families being encoded
in a complex, the expression of these genes is often coordi-
nated through shared regulatory sequences. The b-like globin
gene complex represents a paradigm for such multigene loci: in
this locus, all five globin genes have proximal transcriptional
promoters and enhancers while a locus control region (LCR)
upstream of the genes participates in organizing the chromatin
configuration of the entire locus (for a recent discussion, see
reference 21). In the case of nonhomologous genes encoded in
neighboring DNA, the issue of regulation is less clear. Often
the genes are not expressed in the same tissue type or devel-
opmental window (3, 20, 33). Furthermore, one gene may be
tightly regulated at the transcriptional level while the other is
expressed at a so-called “housekeeping” level (1). In these
situations, the existence of boundary sequences is usually in-
ferred. Finally, there may be nonhomologous genes which
share regulatory elements and therefore have coordinated ex-
pression, although these have yet to be described.

The T-cell receptor (TCR) a/d gene locus encodes two ho-
mologous genes. However, the genomic organization of this
locus is quite unusual: the d gene is embedded within the a
gene (see Fig. 1A). In T-cell precursors, variable (V), diversity
(D), and joining (J) gene segments are somatically rearranged
to either the a or the d constant region to give rise to a TCRa
chain or a TCRd chain. The regulation of this locus is of great
interest because expression of the TCR on the cell surface is
required for proper T-cell development (16, 22, 23). Further-
more, TCRa and TCRd are found on mutually exclusive pop-

ulations of T cells, indicating that tight regulation of the locus
is necessary. It is thus an excellent system in which to study
complex gene regulation. In transient transfection assays, tran-
scriptional enhancers were found proximal to each of the con-
stant regions (12, 14, 17, 28, 35). While the d enhancer has not
been shown to be sufficient to drive transcription in vivo, it can
promote VDJ rearrangement (19). Conversely, the a enhancer
has been shown to require a downstream LCR to stimulate
transcription of a linked transgene (6), but its role in rear-
rangement awaits confirmation. Like the b-globin LCR, the
TCRa LCR contains DNase I-hypersensitive sites (HS) which
do not have significant transcriptional enhancer activity in
transient transfection assays.

The advent of gene targeting in mice has revolutionized the
field of transcriptional regulation. Previously, the strictest test
for in vivo function of regulatory sequences was the transgenic
approach. While of great usefulness, transgenes have the dis-
advantage of integrating into heterologous regions of what is
usually uncharacterized chromatin. Moreover, tandem integra-
tion of multiple copies of transgenes could influence the level
of expression and make interpretation difficult (13). By using
gene targeting, we can now test the importance of regulatory
elements by mutating them in their natural context. Because
targeted deletions allow a direct comparison with the activity
of the endogenous locus, it is the more valid approach when
trying to test the necessity of a particular regulatory element
and may reveal unexpected redundancy. For example, target-
ing experiments with the b-globin LCR have contributed sig-
nificant understanding to that gained from transgenic data (9,
15). Here we describe a deletion of the endogenous TCRa
LCR by gene targeting which leads to incomplete TCRa ex-
pression. In the course of these studies, we discovered that the
mouse TCR a/d gene locus has a third gene encoded 12 kb
away from the a constant region. The expression pattern of this
gene, Dad1, is wider than that of the TCR genes, and the
dynamic chromatin structure of the LCR correlates with this* Corresponding author. Phone: (510) 642-0217. Fax: (510) 642-0468.
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fact. These findings indicate that the regulation of this locus is
much more complex than previously appreciated.

MATERIALS AND METHODS

Generation of the ND26 mutation. Cosmid clones of the TCR a/d locus from
mouse strain 129SV were isolated from a genomic library provided by M. Kosh-
land (University of California [UC] Berkeley). The parental targeting vector
pPNT has already been described (32). The gene targeting construct was con-
structed by subcloning a 1.1-kb XmnI-ScaI genomic fragment into the blunted
XhoI site of pPNT and a 4.8-kb EcoRI fragment into the EcoRI site. The
construct was linearized with NotI and electroporated into R1 embryonic stem
(ES) cells by using protocols described by Ramirez-Solis et al. (27). Two correctly
targeted clones were isolated from 300 colonies screened. ES cell injection into
C57BL6 embryonic day 3.5 blastocysts was performed by standard procedures at
the UC Berkeley pathogen-free facility.

Flow cytometry. TCR Ca and Cd knockout mice were purchased from Jackson
Laboratories (Bar Harbor, Maine) and bred in microisolator cages. The anti-
bodies and reagents used were anti-CD4–phycoerythrin, anti-CD8–fluorescein
isothiocyanate, anti-CD3–biotin, anti-Thy 1.2–biotin, strepavidin-Tricolor (all
from Caltag), and anti-gd–fluorescein isothiocyanate (Pharmingen).

TCR RNase protection assays. All riboprobes were prepared by in vitro tran-
scription with [32P]GTP. The TCRa constant-region probe was transcribed by
using SP6 RNA polymerase on EcoRI-digested template CadH3, which was
pGEM-Ca from which HindIII fragments had been removed by digestion and
religation. pGEM-Ca is a 500-bp Sau3AI fragment from the Ca cDNA cloned
into the BamHI site of pGEM-3. The TCRd constant-region probe and the
g-actin probe have been described previously (6), as has the guanidinium-phenol
RNA isolation method (37).

Dad1 gene organization and expression. An oligo(dT)-primed, 22D6 pre-B-
cell line cDNA phage library was constructed in lgt11 and screened by using a
3.5-kb HindIII-EcoRI genomic DNA probe (see probe D in Fig. 4A). Positive
clones were subcloned into the EcoRI site of pBluescript(KS)1 (Stratagene) and
sequenced by the UC Berkeley automated sequencing facility. The Dad1 sub-
clone was named 18BSA. To map the precise genomic organization of Dad1,
cDNA was used as a probe against genomic cosmid DNA and appropriate
segments of genomic DNA were subcloned and sequenced. The Dad1 riboprobe
was transcribed by using T7 RNA polymerase on the BspEI-digested template
18dHS, which was 18BSA from which an HpaI-SmaI fragment had been removed
by digestion and religation. The mouse embryonic Northern blot (Clontech) was
probed with the full-length Dad1 cDNA by following the manufacturer’s instruc-
tions.

DNase I hypersensitivity assays. Due to the fragility of thymocytes, we used
0.05% saponin to lyse the cells (7) and then followed the procedures described
by Siebenlist et al. (29). All other tissues were homogenized, and nuclei were
purified on a sucrose cushion (36).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the mouse Dad1 gene are U81050, U81051, and U81052.

RESULTS

A 10-kb deletion downstream of the TCRa enhancer im-
pairs a expression. A set of DNase I HS downstream of the
TCRa constant region has been shown to confer strong tissue-
specific expression on a TCR transgene in mice (6). Integration
site-independent and copy number-dependent expression has

been observed in all transgenic founders, whereas weak and
variable expression has been observed for a construct in which
the HS downstream of the a enhancer (HS2 through HS6 in
Fig. 1B) were not included. Thus, HS2 through HS6 are re-
quired for LCR activity. To determine whether these same HS
are needed for regulation of the TCR a/d locus in vivo, we
deleted the region downstream of the a enhancer from the
endogenous locus via ES cell gene targeting (Fig. 1B). We
refer to this mutation as ND26, since it replaced HS2 through
HS6 with the neomycin resistance gene. This mutation was
confirmed by Southern blotting; Fig. 1C shows a Southern blot
of genomic DNA probed with a 59 fragment (probe A in Fig.
1B) to reveal the expected 10-kb fragment for the wild-type
allele and an 11.7-kb fragment for the ND26 allele. Other
probes 59 and 39 of the region deleted also gave us the expected
patterns (data not shown). The mutation was passed through
the germ line to yield mice heterozygous for the ND26 allele.
Unexpectedly, when such heterozygotes were intercrossed, no
homozygous progeny were recovered (n . 200 mice; data not
shown), although heterozygous progeny were obtained at the
expected Mendelian ratio. The lethality was not due to a defect
in TCR expression, as null mutations in the TCR genes pro-
duce mice which, although immunocompromised, can survive
in barrier mouse facilities. Since this early lethality precluded
analysis of T cells homozygous for the ND26 allele, we used
two alternative approaches to study the expression of TCR
from the ND26 allele. First, to circumvent the lethality of the
ND26 homozygous mutant embryos, we crossed ND26 het-
erozygotes to mice homozygous for null alleles of TCR genes:
a mutation of TCRa was created by inserting the selection
marker into the first exon of the constant region (Ca2) (23),
and a similar mutation was created by disrupting the constant
region of TCRd (Cd2) (16). Resulting compound heterozy-
gous progeny develop normally, but only the ND26 allele can
lead to surface TCR gene expression. By using flow cytometry,
we could assess levels of TCR protein expression on a single-
cell basis. Mature thymocytes express high levels of CD3 and
are positive for either CD4 or CD8, but not both. High levels
of TCRa proteins are required to reach this mature state (23).
By antibody staining for developmental markers in the thymus,
we detected roughly 50% fewer mature thymocytes in Ca2/ND26

mice relative to their phenotypically wild type Ca2/1 litter-
mates (Fig. 2A and B), and therefore the ND26 allele is im-
paired in high-level TCRa expression. Wild-type levels of
TCRa were present on immature and mature T cells, as judged
by surface levels of stoichiometrically associated CD3. Total

FIG. 1. (A) Schematic diagram of the genomic TCR a/d locus. The variable (V), joining (J), diversity (D), and constant (C) regions are shown, as are transcriptional
enhancers (diamonds) and the DNase I HS (arrows) found by Diaz et al. (6). (B) Map of the wild-type LCR, the targeting construct used to generate ND26, and the
resultant targeted allele. Restriction enzyme sites: B, BamHI; N, NheI; S, SacI. hsv-tk, herpes simplex virus thymidine kinase. (C) Southern blot showing the detection
of wild-type versus mutant alleles. Genomic DNA was digested with BamHI and hybridized with a HindIII fragment (probe A in panel B).
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thymocyte numbers were also normal (data not shown), as
expected, since the majority of thymocytes are immature (in-
termediate for both TCRa and CD3 and high for both CD4
and CD8) and not dependent on TCRa expression for their
formation. The reductions in mature-thymocyte numbers were
equal in the CD4 and CD8 lineages of mature T cells. A less
severe phenotype was observed in the peripheral compart-
ments of mature T cells: staining of lymph node cells usually
showed more than 50% of wild-type numbers of mature T cells
(Fig. 2C). A similar analysis of Cd2/ND26 mice showed that
TCRd surface expression from the mutant allele was not re-
duced compared to the wild type in the spleen (Fig. 2D).

RNase protection assays specific to the ND26 allele. The
second approach we took to study TCR expression from the
ND26 allele was RNase protection. To distinguish gross levels
of transcription from the wild-type allele and the ND26 allele in
TCR-expressing tissues, we analyzed RNA from TCR Ca2/ND26

mice. The transcript from the Ca2 allele leads to a truncated
protected fragment (referred to as TCRa/neo in Fig. 3), and

thus we can differentiate messages from individual alleles.
There was no difference in levels of Ca RNA from either allele
in whole thymus tissue (Fig. 3, left panel, lane 2). Furthermore,
there was no difference in the RNA level from this ND26 allele
compared to a littermate with a single wild-type allele (com-
pare lanes 1 and 2). We also tested TCRd transcription by
using a probe which would not detect messages from the TCR
Cd2 allele. Comparing levels of TCRd in RNA from TCR
Cd2/ND26 and TCR Cd2/1 mice, we again saw no differences
(Fig. 3, right panel). These results agree with the flow cytom-
etry data, which implied that the levels of transcription in
surviving cells are unaffected by the ND26 mutation. To further
investigate expression from the ND26 allele, we looked for
deregulated expression of TCRa in heterozygous ND26 mice.
By using 1/ND26 RNA in RNase protection assays, we saw
that transcripts containing the TCRa constant region from the
ND26 allele were still T cell specific (see Fig. 5A). In particular,
we did not observe significant expression of TCRa in the bone
marrow, which is rich in developing B cells that express the

FIG. 2. Flow cytometry analysis of mice derived from crosses of ND26 heterozygous mice with either Ca2/2 or Cd2/2 mice. (A) Representative analysis of
thymocytes from a Ca2/ND26 mouse (right) compared to those from a Ca2/1 littermate (left). The top panels show staining for CD3 with the percentage of
high-expressing cells indicated. The bottom panels show staining for CD4 and CD8 with the percentage of total cells indicated. (B) Data from multiple experiments
as in panel A combined to generate a graph quantifying the effect of the ND26 allele on numbers of mature (CD3 high) cells versus immature (CD3 intermediate) cells
and CD4 single-positive cells versus CD8 single-positive cells. The cell numbers from phenotypically wild-type Ca2/1 littermates were set as 100%. A total of 13
compound heterozygotes were analyzed. (C) Representative analysis of lymph node cells from Ca2/1 (left) and Ca2/ND26 (right) mice. (D) Splenocytes from Cd2/1

and Cd2/ND26 mice were stained for the T-cell marker Thy1.2 and the gd TCR. The percentage of cells positive for both (gd T cells) is indicated.
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RAG genes required for rearrangement of immunoglobulin
and TCR genes (25). This indicates that the LCR regulatory
sequences are not required for tissue-specific TCR recombi-
nation. Together with the flow cytometry data, these results
suggest that the LCR is required to enhance TCRa transcrip-
tion in a fraction of immature T cells and deletion of this LCR
leads to their inability to upregulate TCRa upon positive se-
lection and their subsequent elimination. In contrast, in other
immature T cells and in non-T cells, the LCR is not required
for proper regulation of TCRa in the context of our mutant
allele. Therefore, the ND26 allele is only partially defective in
TCRa gene regulation.

Antiapoptosis gene Dad1 is found 12 kb downstream of the
TCRa constant region. The early lethality of ND26 mice sug-
gested the presence of another gene in the deleted region,
more likely in the sequences downstream of the HS than in the
HS sequences themselves. By using a 3.5-kb genomic DNA
probe (probe D in Fig. 4A) which encompasses such DNA, we
detected a single message in various RNA samples on prelim-
inary Northern blots (data not shown). Based on this result, we
used this probe to screen a cDNA library. This led to the
isolation of a clone encoding antiapoptosis protein DAD1 (24).

This cDNA clone was the same size as the signal detected on
the previous Northern blots and contained the entire Dad1
open reading frame and the 39 untranslated region (UTR). We
mapped the genomic organization of the Dad1 gene by using
the Dad1 cDNA as a probe against digested genomic DNA
downstream of TCRa and by sequencing such DNA which
flanked Dad1 exons. Our analysis revealed that Dad1 consists
of three dispersed exons oriented in the opposite transcrip-
tional direction from TCR a/d, with the third exon lying less
than 3 kb away from HS6. Our mutation deleted the third exon
of Dad1, which encodes the 39 UTR (Fig. 4A and B). This
mutated Dad1 allele does not lead to a detectable transcript, as
shown by RNase protection assays using a probe which would
protect a 114-bp mutant fragment (Fig. 4C). The characteriza-
tion of the developmental phenotype of the Dad1 null mutants
will be described elsewhere.

Expression of mouse Dad1 is distinct from that of the TCR
genes. Dad1 was originally identified as a temperature-sensi-
tive mutation which resulted in the disappearance of the
DAD1 protein and subsequent apoptosis of a hamster cell line
(24). The human Dad1 gene is expressed at high levels in many
adult tissues. To determine its expression pattern in mice, we
first employed RNase protection on various adult tissues with
the Dad1 probe and a g-actin standard (Fig. 5A). This assay
revealed Dad1 expression in all of the cell types tested, with
some degree of variation in levels in different tissues. We next
looked for the presence of Dad1 RNA in whole embryos (Fig.

FIG. 3. RNase protection analysis of transcription from the ND26 allele.
(Left) Analysis of TCR Ca transcription in Ca2/ND26 and Ca2/1 mice. The Ca
riboprobe differentiated the TCR Ca2 message (TCRa/neo) from the full-length
message (TCRa). (Right) Comparison of TCR Cd transcription in Cd2/ND26 and
Cd2/1 mice. The TCR Cd riboprobe did not detect the message from the Cd2

allele. The message from the g-actin probe was used as the internal standard to
quantitate TCR message levels.

FIG. 4. (A) Genomic organization of the Dad1 gene. Restriction sites are
indicated (B, BamHI; E, EcoRI; S, SacI), as are the probe used to screen the
cDNA library (probe D) and the region deleted on the ND26 allele. (B) Genomic
sequences of the mouse Dad1 gene. Exon boundaries (boxes) and coding se-
quences (boldface) are indicated. We based the outer ends of the 59 and 39
untranslated sequences on the cDNA clone we obtained from our screen. (C)
RNase protection assay of ND26 heterozygous liver RNA with a probe against
exons 2 and 3 of the Dad1 gene. The ND26 allele encodes a transcript containing
exon 2 but not exon 3, which would yield a protected fragment of 114 bp which
we did not observe.
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5B). The expected 0.9-kb Dad1 message was present at all
stages of mouse development examined (embryonic days 7, 11,
15, and 17). Significantly, this indicates that Dad1 is turned on
much earlier during embryogenesis than TCRd (day 14) or
TCRa (day 16) (11).

DNase hypersensitivity of the LCR changes in different tis-
sues. To further investigate the regulation of the TCR a/d and
Dad1 genes in vivo, we performed DNase I hypersensitivity
assays with nuclei from various mouse tissues (Fig. 6). In con-
trast to a previous analysis of this region which did not detect
HS in a B-cell line (6), ours detected HS in all of the cell types
examined. In thymocyte chromatin (left panel), multiple HS
were detected in a 10-kb region 39 of the TCRa constant
region, with the strongest sites mapping to the previously de-
fined a enhancer and HS6, as was observed in the T-cell line.

Strikingly, in other tissues, such as brain, liver, and kidney,
hypersensitivity was also detected. The positions and intensi-
ties of these HS varied between tissues. For example, the
hypersensitivity around the a enhancer (right panel) is clearly
different between T-cell-containing tissues (HS1) and non-T-
cell-containing tissues (HS19). However, no simple correlation
between the positions of these HS and the level of Dad1 RNA
emerged in specific tissues. The presence of these HS in non-T
cells thus does not correlate with TCR expression, which is
limited to T cells but, instead, correlates with Dad1 expression.
This strongly suggests that the Dad1 gene is regulated by cis-
acting sequences which overlap those regulating TCRa.

DISCUSSION

Because the TCRa and TCRd genes have distinct expression
patterns during T-cell development, it is interesting to consider
how they are regulated within the same locus. The presence of
an LCR downstream of these two genes suggests that they
could share this regulatory element in a manner similar to the
well-studied interactions between the b-globin genes and their
LCR. Deletions of the human b-globin LCR which leave the
proximal promoters and enhancers intact lead to a transcrip-
tional shutdown of all globin genes in the deleted locus and
greatly reduced chromatin sensitivity to DNase I (10). Our
ND26 mutation, which deletes the LCR while leaving the tran-
scriptional enhancer intact, did not lead to a complete shut-
down of transcription of TCRa and had no gross negative
effects on TCRd. Instead, we observed a consistent decrease in
the number of cells expressing high levels of TCRa. In light of
recent data about the role of enhancers and LCRs in increas-
ing the likelihood of high-level transcription (8, 34), it could be
that in the wild-type locus, the presence of an LCR increases
the probability of transcription such that all immature T cells
receiving the positive selection signal express high levels of
TCRa. However, when the LCR is deleted, high levels of
TCRa transcription are still stochastically activated in a frac-
tion of immature T cells in response to positive selection. No
defect in high-level TCRa transcription was observed in ND26
heterozygous mice (data not shown); thus, the Dad1 gene
product is not haploinsufficient.

Because the ND26 allele retains the neomycin resistance
gene and its linked promoter, derived from the phosphoglyc-
erate kinase 1 gene, it is possible that the partial phenotype we
observed is due to actions of the strong promoter of this se-
lection marker. The selectable marker is known to be ex-
pressed when integrated into most chromosomal locations,
hence its utility in a variety of gene-targeting experiments. It
must therefore have a fairly strong ability to overcome negative
chromatin effects and could partially rescue TCRa (and per-
haps TCRd) expression by substituting as an LCR-like activity.
While the selection marker has been observed in many cases to
inhibit transcription or rearrangement, this inhibition most
likely involves competition between the selection marker pro-
moter and the endogenous promoters-enhancers for residual
or complete LCR activity on the mutant allele (5, 9). In con-
trast, our mutation has most likely removed all TCRa LCR
activity. Our confidence in this statement is bolstered by the
presence of the gene Dad1 just downstream of TCRa. We have
removed all HS between the TCRa enhancer and Dad1, and
therefore any compensating activity on the mutant allele most
likely arises from outside the domain of TCRa proper. It will
be quite informative to compare the effects of the ND26 mu-
tation to those of a targeted mutation of the LCR from which
the selectable marker has been removed. In the meantime, the
tissue specificity of TCRa expression is intact on the ND26

FIG. 5. Analysis of mouse Dad1 expression patterns. (A) RNase protection
assay showing Dad1 levels in adult mouse tissues. We used ND26 heterozygous
RNA so we could simultaneously examine TCR Ca levels from the ND26 allele
in non-T-cell tissues. A g-actin probe was also used in this assay. (B) Northern
blot of mouse embryo poly(A)1 RNA with a Dad1 cDNA probe.

FIG. 6. DNase I hypersensitivity of the DNA between TCRa and Dad1. (A)
Thymocyte and liver nuclei subjected to limited DNase I digestion and subse-
quent Southern blotting. This Southern blot was generated by digesting DNA to
completion with SacI and probing it with a 0.8-kb SmaI genomic fragment (probe
B in Fig. 1A). The probe is at the TCR Ca-distal end of the parental fragment.
(B) DNase I hypersensitivity assays performed on nuclei of brain, spleen, and
kidney cells. These samples were digested to completion with NheI and probed
with an NheI-XhoI probe from the TCRa enhancer region (probe C in Fig. 1A).
Since the probe is at the TCR Ca-proximal end of the parental fragment, this
blot indicates that HS19 is farther from Ca than is HS1.
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allele, implying that the LCR is not required for this aspect of
regulation. Ca2/ND26 mice, with their impaired T-cell numbers,
may be a useful model for studying immune responses to an-
tigens.

The homozygous lethality of the ND26 mutation directly led
to our identifying the Dad1 gene downstream of the TCRa
gene. This finding came as a surprise, considering that the TCR
a/d locus is one of the best-characterized segments of DNA in
the entire genome. Over 100 kb have been sequenced in this
locus in both mouse and human genomic DNAs, leading to
insights into chromosomal organization (18). However, se-
quencing did not originally extend to the region containing
Dad1 exons. Because Dad1 plays a role in preventing apopto-
sis, the precise genomic location of this gene has been of
interest to those studying developmental diseases and cancer.
Previous mapping studies of both the human (2, 38) and mouse
(2) Dad1 genes are consistent with our finding, although the
proximity of Dad1 to TCRa was not revealed by these ap-
proaches. The coding sequences of the Dad1 gene are highly
conserved between species (2, 24, 30, 31), even in organisms
which do not have TCR genes. Therefore, the extent to which
the location of Dad1 next to TCR genes has been conserved
throughout evolution would be an interesting aspect to inves-
tigate, especially as it relates to the question of gene regula-
tion.

In our present study, we showed that Dad1 expression starts
earlier during mouse embryogenesis than that of the TCR
genes and is wide and variable in adult cell types. Because
Dad1 is expressed in pattern so distinct from that of the TCR
genes, it will be important to understand how the regulation of
Dad1 with respect to the TCR genes is accomplished. In our
initial effort to understand this regulation, we have tested the
DNase I hypersensitivity of the DNA between Dad1 and TCRa
from nuclei of multiple tissues. We detected various patterns
of HS in all samples, suggesting that the B-cell line previously
shown to lack HS (6) is a rare exception. The strong correlation
of hypersensitivity with regulatory sequences makes it likely
that these ubiquitous HS are involved in regulating Dad1 tran-
scription. The fact that the DNA spanning HS2 through HS6
can promote expression of a b-globin reporter gene in all
tissues further supports this notion (26a). A deletion of the
regulatory sequences between Dad1 and TCRa which does not
disturb the 39 UTR of Dad1 will definitively show whether or
not these HS are required for Dad1 transcription.

The data from previous (6) and current work has shown that
these HS are required for aspects of TCRa expression; there-
fore, by extrapolation, we suggest that Dad1 and TCRa share
the same LCR. While it would be unusual for nonhomologous
genes expressed in such different patterns to share regulatory
sequences, it has been shown that an LCR can interact with
more than one promoter at a time (4), so there is a precedent
for the possibility that this type of regulatory element simulta-
neously drives the expression of Dad1 and TCRa in T cells.
The question would then become how TCR expression in
non-T cells is prevented. A dynamic boundary element may
exist in the cluster of non-T-cell-specific DNase I HS which
separate mouse TCR a/d and Dad1. This boundary element
would function to keep TCRa chromatin shut in non-T cells,
while in T cells, the a enhancer may be involved in disrupting
this boundary such that the LCR can open chromatin in both
directions, allowing TCR recombination and transcription, as
well as Dad1 transcription. Alternatively, the specificity of
chromatin accessibility could arise as a result of interactions
between the LCR and the T-cell-specific TCRa enhancer in T
cells and the LCR and the Dad1 promoter-enhancer in all cells.
A DNA-binding protein complex able to disrupt chromatin in

the appropriate region would be formed only in cells in which
the LCR-binding and promoter-enhancer-binding proteins are
coexpressed. We are currently testing these two models via the
combined approaches of gene targeting and transgene analysis.

Finally, the proximity of Dad1 to TCRa becomes more in-
triguing when we consider that Dad1 was originally cloned by
its ability to protect hamster cells from apoptosis (24). Dad1
has also been shown to confer some protection from develop-
mental programmed cell death when overexpressed in Caeno-
rhabditis elegans (31), and its homolog in yeast is essential for
viability (30). Our preliminary analysis of homozygous Dad1
null mutants indicates that Dad1 has a vital role early in em-
bryogenesis (data not shown), and future studies of the ho-
mozygous mutants will shed light on this role. However, be-
cause apoptosis is a crucial process during the development of
T cells, it will be especially interesting to understand the role of
Dad1 during T-cell development, as this will address the ques-
tion of whether the location of the Dad1 gene near TCRa has
functional significance.
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