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Adjacent DNA elements dominantly restrict the
ubiquitous activity of a novel chromatin-opening
region to specific tissues

locus of origin is normally expressed (Grosveldet al.,Benjamin D.Ortiz, Dragana Cado,
1987; Langet al., 1988; Aronowet al., 1992; BoniferVincent Chen, Paul W.Diaz and
et al., 1994; Madisen and Groudine, 1994; Joneset al.,Astar Winoto1

1995) even when it is linked to heterologous transgenes
Department of Molecular and Cell Biology, Cancer Research (Greaveset al., 1989). LCRs are thought to be important
Laboratory and Division of Immunology, University of California, in the determination of tissue-specific gene expression
Berkeley, CA 94720-3200, USA in the context of chromatin. Classical transcriptional
1Corresponding author regulatory elements (enhancers/silencers), with their
e-mail: winoto@uclink2.berkeley.edu associated nuclear factors, have also been implicated in

tissue-specific gene regulation, as some of them are cell
Locus control regions (LCRs) are thought to provide type-specific in their activity (Faisst and Meyer, 1992).
a dominant tissue-specific open chromatin domain The role of these elements is thought to be the modulation
that allows for proper gene regulation by enhancers/ of RNA polymerase activity (reviewed in Singer and Berg,
silencers and their associated transcription factors. 1991). Their action is thought to be subsequent to LCR-
Expression of the T-cell receptor alpha (TCRα) gene mediated chromatin opening, which allows nuclear factor
is limited to T cells and its locus exists in different access to their DNA-binding sites.
chromatin configurations in expressing and non- Pre-rearranged T-cell receptor alpha (TCRα) transgenesexpressing cell types. Here we show that eight DNase under endogenous controls are expressed only in T cell-I-hypersensitive sites in the TCRα locus comprise an bearing tissues, such as thymus and spleen, but not inLCR that confers T-cell compartment-specific expres-

other organs, such as the liver and heart (Diazet al.,sion upon a linked heterologous transgene. Removal
1994). Moreover, the endogenous TCRα locus exists inof the three 59-most hypersensitive sites of this LCR,
differential chromatin configurations in expressing andcontaining TCRα enhancers/silencers, abolishes tissue-
non-expressing tissues (Honget al., 1997). We aim to finddifferential chromatin structure and results in trans-
the in vivo sequence requirements for the determination ofgene expression in all tissues examined. The remaining
this T cell-specific chromatin structure and gene expressionfive DNase I-hypersensitive sites therefore constitute
of the TCRα locus.a novel control element possessing a widely active

In T-cell lines, eight DNase I-hypersensitive sites (HS)chromatin-opening function that allows for ubiquitous
have been identified in the 39 region of the TCRα locus.expression of a linked transgene in all transgenic
HS1 maps to the well characterized TCRα enhancerfounder mice. Furthermore, these data show thatcis-
(Winoto and Baltimore, 1989a; reviewed in Leiden, 1993).acting elements without inherent LCR activity can
HS2–6 lie 39 of HS1 in the locus while HS7 and 8 are 59dominantly modulate chromatin structure to determine
to HS1 (Diaz et al., 1994). HS1 and HS6 are thetissue-specific gene expressionin vivo.
predominant HS observed in normal thymocytes (HongKeywords: chromatin/locus control region/T cell
et al., 1997). Rearranged TCRα transgenes containing areceptorα
TCRα variable region promoter and 39 sequences
extending only through theα-enhancer (containing HS7,
8 and 1) are variably and inefficiently expressed (von

Introduction Boehmer, 1990; Diazet al., 1994). This indicates that
these three HS alone do not comprise an LCR. InclusionA locus control region (LCR) is a DNA regulatory element
of HS2–6 in such a TCR transgene results in high-level,that imparts position-independent, high-level, copy
position-independent, copy number-dependent and T cell-number-dependent, tissue-specific expression of a linked
specific expression (Diazet al., 1994). Therefore, HS1–8transgene in chromatin (Grosveldet al., 1987; reviewed
appears to constitute a T cell-specific LCR.in Orkin, 1990; Felsenfeld, 1992). Without an LCR,

Here we report that a 6 kb subfragment of this LCRtransgene expression is subject to ‘position effect variega-
contains a chromatin-opening activity that is not restrictedtion’ and can be absent if the transgene is integrated into
to T cells. A reporter transgene linked to this fragment isinactive chromatin (reviewed in Palmiter and Brinster,
expressed in all transgenic founder mice, though not in a1986). It is widely believed that LCRs function by
strictly copy number-dependent manner. Unexpectedly,providing an open chromatin environment, which is neces-
expression is seen in all tissues examined. Therefore,sary for proper expression of a linked transgene independ-
this fragment constitutes a novel non-tissue-restrictedently of the state of surrounding chromatin at the locus
chromatin-opening element with a subset of LCR-likeof integration (Festensteinet al., 1996; Milotet al., 1996).
properties. The remaining 3 kb of immediate upstreamThis chromatin-opening ability is thought to be inherently
sequence in the LCR contain previously characterizedtissue-specific in nature. It has been observed that the

activity of an LCR is restricted to the tissues in which its enhancer/silencer elements (Winoto and Baltimore,
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1989a,b) and several HS without inherent LCR activity. introns, promoter and enhancer (Greaveset al., 1989).
Extensive previous work has established that thisβ-globinWe further show that thesecis-acting elements, when

included in the above transgene, alter the chromatin fragment is only expressed sporadically and at varying
levels in erythroid cells (Chadaet al., 1985; Towneset al.,configuration of neighboring sequences and restrict trans-

gene activity to T cell-bearing tissues. Thus, these 1985; Grosveldet al., 1987; Greaveset al., 1989). Addition
of the β-globin LCR leads to its high-level, erythroid-sequences provide tissue specificity to the downstream

chromatin-opening activity. These data support a novel specific expression (Grosveldet al., 1987), while addition
of the human CD2 LCR to this fragment results in high-role for non-LCR transcriptional regulatory elements as

modulators of chromatin structure in the determination of level reporterβ-globin expression only in T cells (Greaves
et al., 1989). These results indicate that this is a suitabletissue-specific gene expressionin vivo.
reporter system for our LCR studies. We linked the
β-globin fragment to either the 9 kb region of the TCRαResults
locus containing all eight HS identified in the locus
(β:1–8) or to the 6 kb subregion containing HS2, 3, 4, 5A transgenic reporter system for TCRα LCR

analysis and 6 (β:2–6). Transgenic mice were prepared using these
constructs, and multiple independent founder lines wereTo define and characterize the TCRα LCR further, two

transgenic constructs were made (Figure 1). Both include analyzed for each. Transgene transcription was measured
by RNase protection. A 220 base RNA probe was useda 4.9 kbBglII fragment of the humanβ-globin locus as a

‘reporter gene’. This fragment contains theβ-globin exons, to detect humanβ-globin mRNA. As a loading control, a
135 base RNA probe toγ-actin was added to the hybridiz-
ation reactions (Enochet al., 1986). RNase protection of
thymus and spleen RNA fromβ:1–8 transgenic mice
showed that all eight independent lines of varying copy
number efficiently expressed the humanβ-globin mRNA
(five lines shown in Figure 2A and B). PhosphorImager
analysis showed that expression, in general, trends upwards
with increasing copy number (Figure 2C). Small deviations
from copy-related expression seen in this construct (e.g.
line 48 spleen) may be partially explained by the hetero-
logous nature of the reporter gene. Such minor deviations

Fig. 1. Diagram of transgenes used in this study, described in the text, from copy-dependent expression were reported in other
with DNase I-hypersensitive sites of the TCRα locus (observed in heterologous LCR systems (Greaveset al., 1989). InT-cell lines) labeled with vertical arrows. Large arrows indicate

addition, spleen is not a static organ in terms of T-cellpredominant HS found in thymocytes. Horizontal arrows indicate the
transcriptional orientation of theβ-globin reporter gene. populations and this could contribute to these deviations.

Fig. 2. Expression of theβ:1–8 transgene is present in all transgenic founders. (A) RNase protection assay on thymus RNA from five independent
β:1–8 transgenic lines and (B) on spleen RNA from the same lines. Line numbers and their estimated copy number are indicated. Arrows indicate
signals from humanβ-globin transgene and actin mRNA. (C) PhosphorImager analysis ofβ:1–8 expression in thymus (upper) and spleen (lower).
The β-globin signal was normalized to the actin signal and given an arbitrary number.
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Fig. 3. Expression of theβ:2–6 transgene is present in all transgenic founders. (A) RNase protection assay on thymus RNA from six independent
β:2–6 transgenic lines and (B) on spleen RNA from the same lines. Line numbers and their estimated copy number are indicated. Arrows indicate
signals from the humanβ-globin transgene and actin mRNA. (C) PhosphorImager analysis ofβ:2–6 expression in thymus (upper) and spleen
(lower). Theβ-globin signal was normalized to the actin signal and given an arbitrary number. Arrows indicate mRNA signals from theβ-globin
transgene and control actin.

The β-globin expression under the control of HS1–8 is HS1–8 is T cell restricted while HS2–6 is

ubiquitously activehigh. In the lowest copy line (#15),β-globin expression,
per copy, is.200% of the endogenous TCRα expression To examine the distribution of humanβ-globin mRNA

driven by the two transgenes, total RNA was prepared(data not shown). These data demonstrate that the HS1–
8 sequences, linked to a heterologous transgene and from various transgenic mouse tissues. High-level mRNA

production by theβ:1–8 construct was restricted to thymuspresent in multicopy transgene concatemers, retain most
of their LCR properties. They will therefore be referred and spleen, two organs with significant numbers of T cells

(Figure 4A and B). This transgene’s expression was veryto hereinafter as the TCRα LCR.
Similarly to theβ:1–8 transgene, theβ:2–6 transgene low to absent in non-lymphoid tissues. Surprisingly, the

β:2–6 transgene was expressed efficiently in all tissueswas expressed in the thymus and spleen of all six independ-
ent transgenic lines (Figure 3A and B). However, several analyzed (Figure 4C). Expression was seen in the thymus,

heart, spleen, kidney, liver and lung. The same ubiquitousimportant differences were observed between the two
transgenes. Theβ:2–6 transgene does not maintain the distribution was seen in organs (specifically liver, heart,

lung, kidney and thymus) that had been perfused to removeupward trend in expression with increasing copy number
seen withβ:1–8 in thymus. Splenic expression of this circulating blood (data not shown). Thus, HS2–6 appears to

be ubiquitously functional. The expression of theβ:2–6transgene does show a better relationship with copy
number than thymic expression in five of six lines (line 7 transgene in non-lymphoid organs, in general, tends

upward with increasing copy number (Figure 5A and B).gives higher than predicted splenic expression) (Figure
3C). It also appears that removal of the HS 7, 8 and 1 However, as in thymus and spleen, it is not absolutely
region from the transgene causes a severe reduction incopy-number dependent. This is particularly obvious in
thymic expression of the reporter transgene (note the the low-copy lines. These data show that addition of the
y-axes of thymus panels in Figures 2C and 3C). This 3 kb HS7, 8, 1 region appears to inhibit reporter transcrip-
reduction is probably due to the absence of the TCRα tion in non-lymphoid organs, while greatly increasing
transcriptional enhancer inβ:2–6. This shows that the thymic transgene expression. Thus, thesecis-acting ele-
deleted region is necessary for high-level, copy-related ments restrict the activity of the TCRα LCR, limiting
expression in thymus. In contrast to the thymus, the degreehigh-level transgene expression to T-cell compartments.
of splenic expression per copy is more similar for both

HS2–6 opens chromatin equivalently in lymphoidβ:1–8 andβ:2–6 transgenes. Non-T cell expression of
and non-lymphoid organsβ:2–6 in the spleen might mask the reduction in T-cell
Since LCRs are thought to act at the level of chromatintransgene expression observed in the thymus and produce
structure, we examined the chromatin configuration ofthe observed result. As the spleen contains mostly non-T
the two β-globin transgenic constructs. The DNase Icells, these results suggest that deletion of HS7, 8 and 1

changes the cell type distribution of transgene expression. hypersensitivity assay (DHA) was used to probe the
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Fig. 4. Tissue distribution ofβ:2–6 andβ:1–8 transgene expression. (A) RNase protection assay on RNA from various tissues ofβ:1–8, line 15
transgenic mice. Arrows indicate mRNA signals from theβ-globin transgene and control actin. (B) PhosphorImager analysis of two separate RNase
protection experiments fromβ:1–8 lines 15 and 41. Data are expressed as the percentage of maximum expression observed within the experiment,
after normalizing to the actin signal. (C) RNase protection assay on RNA from organs ofβ:2–6, line 6 transgenic mice. Arrows indicate mRNA
signals from theβ-globin transgene and control actin.

chromatin conformation of the transgene loci. We analyzed HS7, 8, 1 region also assumed different chromatin con-
figurations in thymus and liver (Figure 6B). HS8 is muchdifferent mouse tissues to look for correlation between

the chromatin structure and mRNA expression patterns. stronger in thymus than in liver. This correlates with the
higher transgene expression observed in thymus. As inFigure 6A shows a DHA of theβ:2–6 transgene locus in

thymus (lymphoid) and liver (non-lymphoid). The DNase the endogenous locus, thymic nuclei displayed a strong
HS1 on theβ:1–8 transgene that mapped to the TCRαI hypersensitivity pattern appears equivalent in both tis-

sues, and indicates a chromatin conformation that leaves enhancer region. Liver nuclei from multiple independent
β:1–8 lines showed an HS pair located 39 of HS1 thatthe region broadly accessible to nucleases. Distinct bands

in the region of HS5 and HS6 are observed. There are corresponds to HS19. To confirm that HS1 and HS19 were
indeed different, they were mapped relative to aBglII siteadditional prominent smears where HS2 and HS3 would

be expected. A weak smear is seen in the HS4 region. In in their vicinity (Figure 7). Genomic DNA samples isolated
from DNase-treated liver and thymic nuclei were dividedone line, the HS4 smear is as strong as the others in both

tissues (data not shown). There are additional HS smears into equal fractions. All samples were digested with
MfeI restriction enzyme to generate the parent restrictionin the β-globin gene itself. The open, and equivalent,

chromatin configurations apparent in both tissues are fragment. One fraction from each tissue was then digested
further with BglII. By comparing the relative mobility ofdifferent from the HS patterns observed in the endogenous

locus (Honget al., 1997), but correlate with the efficient DNase-generated subfragments with the double restriction
enzyme-digested fragment, we show that the HS19 pair isexpression of the transgene in those organs.
39 of the BglII. In contrast, the HS1 cluster in thymus
appears to include theBglII site and extend further 59 andHS7, 8 and 1 determine tissue-specific chromatin

structure slightly 39. These two HS clusters localize similarly in
the endogenous TCRα locus (data not shown). A map ofFigure 6B shows a DHA performed on aβ:1–8 transgenic

mouse. The addition toβ:2–6 of 3 kb of 59-flanking DNA the locations of HS1 and HS19 is shown (Figure 7). These
data show that a 3 kb region of the TCRα locus containingaltered the chromatin configuration formed at the HS2–6

region, making it more similar to the endogenous HS multiplecis-acting elements can modulate the chromatin-
opening activity of the neighboring HS2–6 region, causingpattern (Honget al., 1997). In the TCRα locus, HS6 is

much stronger in thymus than in liver. HS2–5, 7 and 8 the region to assume different configurations in thymus
and liver.are generally much weaker in both organs than is observed

in T-cell lines (Diaz et al., 1994). The α-enhancer-
associated HS1 is very strong in thymus. In liver, and Discussion
other non-lymphoid organs, HS1 is replaced by a strong
hypersensitive site further 39 which we call HS19. HS1 It is important to understand how tissue-specific gene

expression is achieved in the context of chromatin. Weitself is not detected in these organs. Similarly, in the
β:1–8 transgene, DNase sensitivity of the HS2–5 region have developed a transgenic mouse model system for

understanding how classical transcriptional control ele-was suppressed in both thymus and liver. Thymic nuclei
displayed a stronger HS6 than liver nuclei. The added ments and LCRs cooperate in determination of the cell
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mechanisms governing cell type differentiationin vivo.
This information is also crucial to the design of gene
therapy strategies.

Differential chromatin structure and gene

expression

In contrast to the open state of chromatin at active loci,
closed chromatin structure (i.e. not DNase I hypersensitive)
is usually observed at silenced gene (and transgene) loci
(Grosveld et al., 1987; Felsenfeld, 1992; Elliotet al.,
1995; Festensteinet al., 1996; Milot et al., 1996). In our
TCRα LCR model system, interaction of HS7, 8 and 1
sequences with the HS2–6 region does not close the
chromatin in non-lymphoid organs but, rather, alters the
open state of the chromatin. This change correlates with a
dramatic change in the distribution of transgene expression.
These data indicate that discrete changes in chromatin
structure, rather than complete chromatin closure, can
also accomplish gene silencing to achieve tissue-specific
transcription. Our recent discovery of the ubiquitously
expressedDad1gene (Apteet al., 1992; Nakashimaet al.,
1993) 3 kb 39 of the TCRα LCR (Hong et al., 1997)
provides a rationale for why HS2–6 interaction with 59
cis-acting elements would not completely shut down the
LCR. The alternative ‘open’ conformation of the LCR in
non-T cells may be indicative of a state in which it is
able to communicate with the downstreamDad1 gene,
but not the upstream TCRα gene. In this model, theDad1
gene may be dependent on elements of the TCRα LCR
for its expression. We currently are testing this possibility.

A model for tissue-specific expression of the TCRα
locus in chromatin

The differential patterns of DNase I hypersensitivity in
thymus and liver suggest a possible model for how T cell
restriction is imposed in theβ:1–8 transgene. HS19, formed
in liver, could constitute a negative element (for example,
a silencer or boundary) that prevents cooperation between
the LCR and upstream enhancers/promoters. Boundary
elements have been described in both human and
chicken globin genes (Chunget al., 1993; Li and
Stamatoyannopoulos, 1994). Silencers have been described
in the CD4 gene (Sawadaet al., 1994, Siuet al., 1994).
This negative element would prevent induction of strong
hypersensitivity at HS1, 8 and 6 inhibiting transcription
in liver (and presumably in other non-T cell-bearing
organs). In T cells, the negative element would be over-
come by the presence of the nearby TCRα enhancer. The
binding of lymphoid-specific proteins to their recognition
sites in this region would render the site hypersensitive in
lymphoid organs, altering the chromatin structure so as to
limit the activity of the negative element. This could be
accomplished by the lymphoid-specific protein LEF-1, anFig. 5. β:2–6 expression in non-lymphoid organs. (A) RNase

protection with RNA from the indicated organs from six independent essential component of the TCRα enhancer (Gieseet al.,
β:2–6 lines. (B) PhosphorImager analysis of the RNase protection 1995). LEF-1 has the ability to bend DNA, facilitating
experiments shown in (A). Transgene expression is normalized to the interactions between other proteins that bind nearby. Thisactin signal and given an arbitrary number. Heart expression is divided

property, which induces formation of a nucleoprotein–by 10 to facilitate presentation of all the data on one graph.
DNA complex, could in principle alter chromatin structure
(Grosschedlet al., 1994). Several other studies have
documented the ability of transcription factors to effecttype-specific expression and chromatin structure of the

TCRα locus. Knowledge of the roles of various transcrip- changes in local chromatin structure (Stamatoyannopoulos
et al., 1995; Boyes and Felsenfeld, 1996). Furthermore, ittional control elements implicated in this process, and the

nature of their cooperation, may reveal the molecular has been proposed that enhancer elements counteract
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Fig. 6. Chromatin configuration at theβ:2–6 andβ:1–8 transgene loci. DNase I hypersensitivity assays at the (A) β:2–6 transgene, line 6 and
(B) β:1–8 transgene, line 12. The parental restriction fragment and distinct DNase I HS-generated subfragments are indicated by arrows. Brackets
indicate indistinct smeary DNase I-generated subfragments and the HS that would be expected in those regions. Slopes indicate increasing DNase I
concentration (general range: 0.0–4.0 mg/ml).

repressive chromatin structures as a component of their
action (Jenuweinet al., 1993; Barton and Emerson,
1994; Walterset al., 1996). Establishment of cooperation
between the downstream and upstream elements within
the TCRα LCR may render HS6 more sensitive to DNase
I and relatively suppress the nuclease sensitivity of the
HS2–5 region. In theβ:2–6 transgene, the proposed
negative element and TCRα enhancer elements are absent,
leaving the HS2–6 region free to interact with upstream
elements in the humanβ-globin reporter gene and drive
transcription. This is evidenced by the extensive nuclease
sensitivity of this construct in both thymus and liver.

Differential chromatin structures which exist in thymus
and liver at the endogenous TCRα locus are strikingly
similar to those formed on theβ:1–8 transgene. Therefore,
the proposed model applies to endogenous T cell-specific
control of TCRα gene expression. This supports an import-
ant role for the regulation of differential chromatin struc-
ture and LCR activity by othercis-acting elements in the
determination of cell type-specific gene expressionin vivo.
The model gives some non-LCR transcriptional control
elements a dual role in determining tissue-specific gene
expression as modifiers of both RNA polymerase activity
and LCR function. A similar ‘dual role’ hypothesis has
been invoked to explain characteristics of enhancer activity
in vitro and in stably transfected cell lines (Jenuweinet al.,
1993; Barton and Emerson, 1994; Walterset al., 1996).

Fig. 7. Fine mapping of HS1 and HS19. DNase I hypersensitivityA novel, non-tissue-restricted chromatin-opening
assay on liver and thymus nuclei fromβ:1–8, line 12. ‘Parental’ laneelement: a ubiquitous subunit of LCRs?
indicatesMfeI-digested, non-DNase-treated sample. The DNase-treatedThe discovery of a ubiquitous chromatin-opening activity samples were divided and treated as described in the text. Restriction

is novel. The TCRα LCR HS2–6 region should be a enzymes used in double digestion are indicated. This experiment was
run on a 0.6% agarose gel. HS1 and HS19 are indicated with arrows.useful tool for driving expression of genes systemically
The localization of HS1 and HS19 clusters (indicated by verticalin transgenic mouse models. This element may also be
arrows) relative to restriction sites is shown below.helpful in the design of vectors for gene therapy applic-

ations. It may be possible to use HS2–6 together with
particular combinations of othercis-acting elements to and its enhancers are considered to be erythrocyte specific

(Behringeret al., 1987; Antoniouet al., 1988), we (thisdirect transgene expression to specific tissues. It appears,
however, that not all tissue-specificcis-acting elements study) and others (Greaveset al., 1989) have shown that

these elements do not drive erythroid-specific expressioncan dominantly restrict this region’s activity. Although
humanβ-globin is erythrocyte specific in its expression, under the influence of heterologous LCRs. It is possible
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that our chromatin-opening element enables the human
β-globin control sequences to use the transcriptional regu-
latory machinery of the various organs sufficiently to drive
RNA polymerase, whereas alone, these elements appear
to drive erythroid-specific expression (Chadaet al., 1985;
Towneset al., 1985).

The HS2–6 element described here has many character-
istics of an LCR. It permits efficient transgene expression
in all founders and drives quite high levels of expression
in some organs that trend upward with increasing copy
number. It provides open chromatin for a linked transgene

Fig. 8. Sequence of thePvuII–SmaI fragment of the TCRα LCRand, to some degree, helps it to overcome position effects
containing HS6. G-rich sequences (when read on the opposite strand)that would silence it in a proportion of transgenic founders.
are underlined.PvuII and SmaI restriction sites are indicated by italic

It differs from LCRs in two important ways. First, it does type. The sequence of the HS2–6 region has been deposited in
not provide absolute copy number dependence in all the GenBank, accession number AF 000941.
organs in which it is active. This is particularly evident
in the thymus of high-copyβ:2–6 lines and the non- factor as well as G-rich sequences (GT boxes) known to
lymphoid organs of the low-copy lines. Secondly, complete bind the ubiquitous Sp-1 family proteins. A combination
LCRs should function in single copy (Elliset al., 1996). of both of thesecis-acting elements is essential for the
Our only single-copyβ:2–6 line gives less expression per activity of HS3, suggesting that the chromatin-opening
copy than the multicopy lines, indicating that the HS2–6 activity of theβ-globin LCR requires both ubiquitous and
region may be functioning as a ‘partial LCR’ (Elliset al., tissue-specific factors (Philipsenet al., 1993).
1996; Milot et al., 1996). Elements within theβ-globin In the TCRα locus, we show separable elements con-
reporter gene appear to cooperate somewhat with HS2–6trolling tissue specificity and chromatin opening. In addi-
to partially restore some degree of copy-related expressiontion, we show that non-LCR, TCRα cis-acting elements
in non-lymphoid organs. However, copy-related expression are dominant in controlling the chromatin structure, turning
in thymus clearly requires the T cell-specific elements the ubiquitously active HS2–6 chromatin-opening region
contained in the HS7, 8 and 1 region. We propose that into a T cell-specific LCR. HS6 is the most prominent
the HS2–6 region represents a novel element that providesHS in this region. The sequence of the 610 bpPvuII–
open chromatin and linked transgene expression in all SmaI fragment containing HS6 is shown in Figure 8. This
founder mice. This element is a ubiquitously active subunit region contains many G-rich sequences (GT boxes) similar
of the TCRα LCR. This activity, in combination with the to those found in the minimalβ-globin LCR HS regions.
upstream tissue-restrictive elements, comprise, at least inThis novel element, in general, or these G-rich motifs
multiple copies, a T cell-specific LCR. specifically, may be an important common component of

Perhaps what most distinguishes the HS2–6 elementthe chromatin-opening activity for the TCRα, β-globin
from LCRs is its ubiquitous activity. LCRs have been and perhaps other LCRs. The ubiquitous activity of the
described in many tissue-specific gene loci, including TCRα HS2–6 region may be due to the presence of these
humanβ-globin (Grosveldet al., 1987), chicken macro- elements, whose activity would be modulated by the 59
phage-specific lysozyme (Boniferet al., 1994), human cis-acting elements (HS7, 8, 1 and 19) to enforce T cell
CD2 (Greaveset al., 1989), human growth hormone specificity. Perhaps LCR-integral, tissue-specific elements
(Joneset al., 1995), human adenosine deaminase (Aronow play analogous roles within other LCRs. Alternatively, the
et al., 1992) and the immunoglobulin heavy chain locus wide activity of this chromatin-opening region may reflect
(Madisen and Groudine, 1994). These LCRs have all the presence of other uncharacterized elements that are
been shown to drive tissue-specific expression of linked not present in tissue-specific LCRs. Further mutational
transgenes in mice and/or cell lines. Furthermore, theseanalysis and identification of proteins mediating the HS2–
LCRs contain within them elements with enhancer activity 6 region activity and comparison with other systems
(Tuanet al., 1989; Lakeet al., 1990; Aronowet al., 1992; should lead to a better general understanding of the
Bonifer et al., 1994; Madisen and Groudine, 1994; Jones molecular basis for LCR function.
et al., 1995). In contrast, HS2–6 appears to be devoid of
classical transcriptional enhancer activity (Diazet al.,

Materials and methods1994).
The most extensively characterized LCR is that for

Transgenic mice
β-globin (reviewed in Dillon and Grosveld, 1993; Engel, DNA fragments for microinjection were purified by double gel purific-

ation on low-melting point agarose (Seaplaque-FMC) followed by1993; Orkin, 1995; Martinet al., 1996). It consists of four
digestion withβ-agarase (New England Biolabs). DNA was microinjectedHS located 6–22 kb upstream of the fetalε-globin gene.
into the pronucleus of (C57Bl3CBA)F1 fertilized mouse eggs, andLCR activity has been mapped to three 200–300 bp core
transferred into pseudo-pregnant CD1 foster mothers. Transgenic mice

fragments of HS2, HS3 and HS4. In this LCR, separate were identified by Southern blot analysis on tail DNA and/or PCR on
elements conferring tissue specificity and chromatin open- ear-punch DNA. Copy number was determined for each line by analysis

of at least two Southern blots by PhosphorImager analysis (Molecularing have not been observed. HS2 contains the classical
Dynamics)enhancer activity while HS3 contains the dominant ‘chro-

matin-opening’ activity responsible for position independ-
DNA constructs

ence (Elliset al., 1996). The HS3 core element contains The HS1–8 fragment was constructed as follows: a 564 bpAluI fragment
containing HS7 was blunt ended and cloned into thePvuII site of pSP72several binding sites for the erythroid-specific GATA-1
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(Promega). This HS7 fragment was liberated as aBglII–SalI fragment lysozyme gene domain in transgenic mice.Nucleic Acids Res., 22,
and was cloned back into theSalI–BamHI sites of pSP72. A 9.0 kbStuI 4202–4210.
(partial digest)–SacI fragment representing HS8, 1–6 was then cloned Boyes,J. and Felsenfeld,G. (1996) Tissue-specific factors additively
into this plasmid digested withSmaI andSacI. The 4.9 kbBglII β-globin increase the probability of the all-or-none formation of a hypersensitive
fragment was blunt ended and cloned into thePvuII site of pSP72. It site.EMBO J., 15, 2496–2507.
was then liberated usingSalI and XhoI sites and cloned into theSalI Chada,K., Magram,J., Raphael,K., Radice,G., Lacy,E. and Costantini,F.
site of the HS1–8 plasmid. The entire insert was isolated usingSalI and (1985) Specific expression of a foreign beta-globin gene in erythroid
ClaI for microinjection. Theβ:2–6 was made similarly with a 6.0 kb cells of transgenic mice.Nature, 314, 377–380.
EcoRI–SacI fragment representing TCRα locus HS2–6 instead of the Chomczynski,P. and Sacchi,N. (1987) Single-step method of RNA
HS1–8 fragment. isolation by acid guanidinium thiocyanate–phenol–chloroform

extraction.Anal. Biochem., 162, 156–159.
RNA analysis Chung,J.H., Whiteley,M. and Felsenfeld,G. (1993) A 59 element of the
RNA was prepared according to the ‘one-step’ protocol (Chomczynski chicken beta-globin domain serves as an insulator in human erythroid
and Sacchi, 1987) from transgenic mouse tissues that were dissected of cells and protects against position effect inDrosophila. Cell, 74,
fat, minced (except for thymus and spleen) and rinsed extensively with 505–514.
phosphate-buffered saline to minimize contamination by blood. Five to Diaz,P.W., Cado,D. and Winoto,A. (1994) A locus control region in the
10 µg of RNA were used for analysis. RNase protection was performed T cell receptor alpha/delta locus.Immunity, 1, 207–217.
according to the protocol of Gilman (Ausubelet al., 1991) RNA probes Dillon,N. and Grosveld,F. (1993) Transcriptional regulation of multigene
were labeled with [32P]GTP and SP6 RNA polymerase as follows. For loci: multilevel control.Trends Genet., 9, 134–137.β-globin, a 2.0 kbBamHI fragment spanning exons 1 and 2 was cloned Elliott,J.I., Festenstein,R., Tolaini,M. and Kioussis,D. (1995) Random
into pSP72 (Promega) in the opposite orientation with respect to the activation of a transgene under the control of a hybrid hCD2 locus
SP6 promoter. The plasmid was linearized withAvaII to generate an

control region/Ig enhancer regulatory element.EMBO J., 14, 575–584.RNA probe to exon 2. Forγ-actin, plasmid was made and linearized
Ellis,J., Tan-Un,K.C., Harper,A., Michalovich,D., Yannoutsos,N.,with HinfI (Enochet al., 1986). Resulting RNA probes were acrylamide

Philipsen,S. and Grosveld,F. (1996) A dominant chromatin-openinggel-purified prior to hybridization.
activity in 59 hypersensitive site 3 of the humanβ-globin locus control
region.EMBO J., 15, 562–568.DNase hypersensitivity assays

Engel,J.D. (1993) Developmental regulation of human beta-globin geneNuclei from liver (Wu, 1989) and thymus (Enveret al., 1985) were
transcription: a switch of loyalties?Trends Genet., 9, 304–309.prepared then resuspended in DNase digestion buffer (Siebenlistet al.,

Enoch,T., Zinn,K. and Maniatis,T. (1986) Activation of the human beta-1984) at 108 nuclei/ml. Nuclei were digested for 10 min on ice then
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Enver,T., Brewer,A.C. and Patient,R.K. (1985) Simian virus 40-mediatedthe β-globin coding region to 39 of HS6. The digested, DNase I-treated
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Nature, 318, 680–683.(unless otherwise specified). Southern blots were prepared on Hybond-N
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Giese,K., Kingsley,C., Kirshner,J.R. and Grosschedl,R. (1995) Assembly
Acknowledgements and function of a TCRα enhancer complex is dependent on LEF-1

induced DNA bending and multiple protein–protein interactions.We thank Herb Kasler, Nancy Hong, Patty Zwollo, Bill Sha, Iris Ferber
Genes Dev., 9, 995–1008.and Alan Krensky for helpful advice and critical reading of this

Greaves,D.R., Wilson,F.D., Lang,G. and Kioussis,D. (1989) Human CD2manuscript, and D.Kioussis for the gift of the humanβ-globin plasmid.
39-flanking sequences confer high-level, T cell-specific, position-B.D.O. is supported by the National Science Foundation. A.W. is an
independent gene expression in transgenic mice.Cell, 56, 979–986.NSF Presidential Faculty Fellow. This work is supported by NIH grant

Grosschedl,R., Giese,K. and Pagel,J. (1994) HMG domain proteins:AI-31558 to A.W.
architectural elements in the assembly of nucleoprotein structures.
Trends Genet., 10, 94–100.

References Grosveld,F., Blom van Assendelft,G., Greaves,D.R. and Kollias,G. (1987)
Position-independent, high-level expression of the humanβ-globin

Antoniou,M., deBoer,E., Habets,G. and Grosveld,F. (1988) The human gene in transgenic mice.Cell, 51, 975–985.β-globin gene contains multiple regulatory regions; identification of Hong,N.A., Cado,D., Mitchell,J., Ortiz,B.D., Hsieh,S.N. and Winoto,A.
one promoter and two downstream enhancers.EMBO J., 7, 377–384.

(1997) A targeted mutation at the T cell receptorα locus impairs T
Apte,S.S., Mattei,M.G., Seldin,M.F. and Olsen,B.R. (1995) The highly

cell development and reveals the presence of the nearby anti-apoptosisconserved defender against the death 1 (DAD1) gene maps to human
gene Dad1.Mol. Cell. Biol., 17, 2151–2157.chromosome 14q11–q12 and mouse chromosome 14 and has plant

Jenuwein,T., Forrester,W.C., Qiu,R.G. and Grosschedl,R. (1993) Theand nematode homologues.FEBS Lett., 323, 304–306.
immunoglobulin mu enhancer core establishes local factor access inAronow,B.J.et al. (1992) Functional analysis of the human adenosine
nuclear chromatin independent of transcriptional stimulation.Genesdeaminase gene thymic regulatory region and its ability to generate
Dev., 7, 2016–2032.position-independent transgene expression.Mol. Cell. Biol., 12,

Jones,B.K., Monks,B.R., Liebhaber,S.A. and Cooke,N.E. (1995) The4170–4185.
human growth hormone gene is regulated by a multicomponent locusAusubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,
control region.Mol. Cell. Biol., 15, 7010–7021.Smith,J.A. and Struhl,K. (1991)Current Protocols in Molecular

Lake,R.A., Wotton,D. and Owen,M.J. (1990) A 39 transcriptionalBiology. John Wiley and Sons, New York.
enhancer regulates tissue-specific expression of the human CD2 gene.Barton,M.C. and Emerson,B.M. (1994) Regulated expression of the beta-
EMBO J., 9, 3129–3136.globin gene locus in synthetic nuclei.Genes Dev., 8, 2453–2465.

Lang,G., Wotton,D., Owen,M.J., Sewell,W.A., Brown,M.H., Mason,D.Y.,Behringer,R.R., Hammer,R.E., Brinster,R.L., Palmiter,R.D. and Townes,
Crumpton,M.J. and Kioussis,D. (1988) The structure of the humanT.M. (1987) Two 39 sequences direct adult erythroid-specific
CD2 gene and its expression in transgenic mice.EMBO J., 7,expression of human beta-globin genes in transgenic mice.Proc. Natl
1675–1682.Acad. Sci. USA, 84, 7056–7060.

Leiden,J.M. (1993) Transcriptional regulation of T cell receptor genes.Bonifer,C., Yannoutsos,N., Kruger,G., Grosveld,F. and Sippel,A.E.
(1994) Dissection of the locus control function located on the chicken Annu. Rev. Immunol., 11, 539–570.

5044



A non-tissue-restricted chromatin-opening region

Li,Q. and Stamatoyannopoulos,G. (1994) Hypersensitive site 5 of the
human beta locus control region functions as a chromatin insulator.
Blood, 84, 1399–1401.

Madisen,L. and Groudine,M. (1994) Identification of a locus control
region in the immunoglobulin heavy-chain locus that deregulates
c-myc expression in plasmacytoma and Burkitt’s lymphoma cells.
Genes Dev., 8, 2212–2226.

Martin,D.I.K., Fiering,S. and Groudine,M. (1996) Regulation of beta-
globin gene expression: straightening out the locus.Curr. Opin. Genet.
Dev., 6, 488–495.

Milot,E. et al. (1996) Heterochromatin effects on the frequency and
duration of LCR-mediated gene transcription.Cell, 87, 105–114.

Nakashima,T., Sekiguchi,T., Kuraoka,A., Fukushima,K., Shibata,Y.,
Komiyama,S. and Nishimoto,T. (1993) Molecular cloning of a human
cDNA encoding a novel protein, DAD1, whose defect causes apoptotic
cell death in hamster BHK21 cells.Mol. Cell. Biol., 13, 6367–6374.

Orkin,S.H. (1990) Globin gene regulation and switching: circa 1990.
Cell, 63, 665–672.

Orkin,S.H. (1995) Regulation of globin gene expression in erythroid
cells.Eur. J. Biochem., 231, 271–281.

Palmiter,R.D. and Brinster,R.L. (1986) Germ-line transformation of
mice.Annu. Rev. Genet., 20, 465–499.

Philipsen,S., Pruzina,S. and Grosveld,F. (1993) The minimal
requirements for activity in transgenic mice of hypersensitive site 3
of the beta globin locus control region.EMBO J., 12, 1077–1085.

Sawada,S., Scarborough,J.D., Killeen,N. and Littman,D.R. (1994) A
lineage-specific transcriptional silencer regulates CD4 gene expression
during T lymphocyte development.Cell, 77, 917–929.

Siebenlist,U., Hennighausen,L., Battey,J. and Leder,P. (1984) Chromatin
structure and protein binding in the putative regulatory region of the
c-myc gene in Burkitt lymphoma.Cell, 37, 381–391.

Singer,M. and Berg,P. (1991)Genes and Genomes. University Science
Books, Mill Valley, CA.

Siu,G., Wurster,A.L., Duncan,D.D., Soliman,T.M. and Hedrick,S.M.
(1994) A transcriptional silencer controls the developmental expression
of the CD4 gene.EMBO J., 13, 3570–3579.

Stamatoyannopoulos,J.A., Goodwin,A., Joyce,T. and Lowrey,C.H. (1995)
NF-E2 and GATA binding motifs are required for the formation of
DNase I hypersensitive site 4 of the human beta-globin locus control
region.EMBO J., 14, 106–116

Townes,T.M., Lingrel,J.B., Chen,H.Y., Brinster,R.L. and Palmiter,R.D.
(1985) Erythroid-specific expression of humanβ-globin genes in
transgenic mice.EMBO J., 4, 1715–1723.

Tuan,D.Y.H., Solomon,W.B., London,I.M. and Lee,D.P. (1989) An
erythroid-specific, developmental-stage-independent enhancer far
upstream of the human ‘β-like globin’ genes.Proc. Natl Acad. Sci.
USA, 86, 2554–2558.

von Boehmer,H. (1990) Developmental biology of T cells in T cell
receptor transgenic mice.Annu. Rev. Immunol., 8, 531–556.

Walters,M.C., Magis,W., Fiering,S., Eidemiller,J., Scalzo,D.,
Groudine,M. and Martin,D.I.K. (1996) Transcriptional enhancers act
in cis to suppress position-effect variegation.Genes Dev., 10, 185–195.

Winoto,A. and Baltimore,D. (1989a) A novel, inducible and T cell-
specific enhancer located at the 39 end of the T cell receptor alpha
locus.EMBO J., 8, 729–733.

Winoto,A. and Baltimore,D. (1989b) Alpha beta lineage-specific
expression of the alpha T cell receptor gene by nearby silencers.Cell,
59, 649–655.

Wu,C. (1989) Analysis of hypersensitive sites in chromatin.Methods
Enzymol., 170, 269–289.

Received on February 7, 1997; revised on May 23, 1997

5045


