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Locus control regions (LCRs) are thought to provide
a dominant tissue-specific open chromatin domain
that allows for proper gene regulation by enhancers/
silencers and their associated transcription factors.
Expression of the T-cell receptor alpha (TCRx) gene
is limited to T cells and its locus exists in different
chromatin configurations in expressing and non-
expressing cell types. Here we show that eight DNase
I-hypersensitive sites in the TCRx locus comprise an
LCR that confers T-cell compartment-specific expres-
sion upon a linked heterologous transgene. Removal
of the three 5-most hypersensitive sites of this LCR,
containing TCRa enhancers/silencers, abolishes tissue-
differential chromatin structure and results in trans-
gene expression in all tissues examined. The remaining
five DNase I|-hypersensitive sites therefore constitute
a novel control element possessing a widely active
chromatin-opening function that allows for ubiquitous
expression of a linked transgene in all transgenic
founder mice. Furthermore, these data show thatis-
acting elements without inherent LCR activity can
dominantly modulate chromatin structure to determine
tissue-specific gene expressian vivo.
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Introduction

A locus control region (LCR) is a DNA regulatory element
copy of HS2-6 in such a TCR transgene results in high-level,

that imparts position-independent, high-level,

locus of origin is normally expressed (Grosvedt al.,
1987; Langet al, 1988; Aronowet al, 1992; Bonifer

et al, 1994; Madisen and Groudine, 1994; Jort¢sal,
1995) even when it is linked to heterologous transgenes
(Greaveset al., 1989). LCRs are thought to be important
in the determination of tissue-specific gene expression
in the context of chromatin. Classical transcriptional
regulatory elements (enhancers/silencers), with their
associated nuclear factors, have also been implicated in
tissue-specific gene regulation, as some of them are cell
type-specific in their activity (Faisst and Meyer, 1992).
The role of these elements is thought to be the modulation
of RNA polymerase activity (reviewed in Singer and Berg,
1991). Their action is thought to be subsequent to LCR-
mediated chromatin opening, which allows nuclear factor
access to their DNA-binding sites.

Pre-rearranged T-cell receptor alpha (T@QRansgenes
under endogenous controls are expressed only in T cell-
bearing tissues, such as thymus and spleen, but not in
other organs, such as the liver and heart (Dézal,
1994). Moreover, the endogenous Te&ROcus exists in
differential chromatin configurations in expressing and
non-expressing tissues (Hoegal., 1997). We aim to find
thein vivo sequence requirements for the determination of
this T cell-specific chromatin structure and gene expression
of the TCRux locus.

In T-cell lines, eight DNase I-hypersensitive sites (HS)
have been identified in the’ 3egion of the TCR locus.
HS1 maps to the well characterized T@€Renhancer
(Winoto and Baltimore, 1989a; reviewed in Leiden, 1993).
HS2-6 lie 3 of HS1 in the locus while HS7 and 8 aré 5
to HS1 (Diaz et al, 1994). HS1 and HS6 are the
predominant HS observed in normal thymocytes (Hong
et al, 1997). Rearranged TQ@Rtransgenes containing a
TCRa variable region promoter and ' 3sequences
extending only through tha-enhancer (containing HS7,

8 and 1) are variably and inefficiently expressed (von
Boehmer, 1990; Diazt al, 1994). This indicates that
these three HS alone do not comprise an LCR. Inclusion

number-dependent, tissue-specific expression of a linkedposition-independent, copy number-dependent and T cell-

transgene in chromatin (Grosvedd al., 1987; reviewed

in Orkin, 1990; Felsenfeld, 1992). Without an LCR,

specific expression (Diagt al., 1994). Therefore, HS1-8
appears to constiteta T cell-specific LCR.
Here we report that a 6 kb subfragment of this LCR

transgene expression is subject to ‘position effect variega-
tion’ and can be absent if the transgene is integrated into contains a chromatin-opening activity that is not restricted
inactive chromatin (reviewed in Palmiter and Brinster, to T cells. A reporter transgene linked to this fragment is

1986). It is widely believed that LCRs function by expressed in all transgenic founder mice, though not in a
providing an open chromatin environment, which is neces- strictly copy number-dependent manner. Unexpectedly,
sary for proper expression of a linked transgene independ-expression is seen in all tissues examined. Therefore,
ently of the state of surrounding chromatin at the locus this fragment constitutes a novel non-tissue-restricted
of integration (Festenstegt al., 1996; Milotet al., 1996). chromatin-opening element with a subset of LCR-like

This chromatin-opening ability is thought to be inherently properties. The remaining 3 kb of immediate upstream
tissue-specific in nature. It has been observed that thesequence in the LCR contain previously characterized
activity of an LCR s restricted to the tissues in which its enhancer/silencer
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1989a,b) and several HS without inherent LCR activity.
We further show that theseis-acting elements, when

introns, promoter and enhancer (Getaales1989).
Extensive previous work has established that figobin

included in the above transgene, alter the chromatin fragment is only expressed sporadically and at varying

configuration of neighboring sequences and restrict trans-levels in erythroid cells (Chadat al., 1985; Towne®t al.,

gene activity to T cell-bearing tissues. Thus, these 1985; Grostald 1987; Greavest al., 1989). Addition

sequences provide tissue specificity to the downstreamof the -globin LCR leads to its high-level, erythroid-

chromatin-opening activity. These data support a novel specific expression (Gresat]d 987), while addition

role for non-LCR transcriptional regulatory elements as of the human CD2 LCR to this fragment results in high-

modulators of chromatin structure in the determination of level repBrtgobin expression only in T cells (Greaves

tissue-specific gene expressionvivo. et al, 1989). These results indicate that this is a suitable

reporter system for our LCR studies. We linked the

B-globin fragment to either the 9 kb region of the TER

locus containing all eight HS identified in the locus

(B:1-8) or to the 6 kb subregion containing HS2, 3, 4, 5

and 6 (3:2-6). Transgenic mice were prepared using these

constructs, and multiple independent founder lines were
analyzed for each. Transgene transcription was measured

by RNase protection. A 220 base RNA probe was used

to detect humdhglobin mMRNA. As a loading control, a

135 base RNA probe tg-actin was added to the hybridiz-

Results

A transgenic reporter system for TCRo: LCR

analysis

To define and characterize the TER.CR further, two
transgenic constructs were made (Figure 1). Both include
a 4.9 kbBglll fragment of the humai-globin locus as a
‘reporter gene’. This fragment contains fBglobin exons,

B-globin TCRa HS # ation reactions (Enocht al., 1986). RNase protection of
28 1 23 4 58 thymus and spleen RNA fronf:1-8 transgenic mice
- . v ' showed that all eight independent lines of varying copy
B:1-8 "R Al ‘ vy oy * number efficiently expressed the hunfuaglobin 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 T@Rocus (observed in
T-cell lines) labeled with vertical arrows. Large arrows indicate heter_ologous LC.R systems .(Greaves.al" 1989)' In
addition, spleen is not a static organ in terms of T-cell

predominant HS found in thymocytes. Horizontal arrows indicate the ! ) ! -
transcriptional orientation of thg-globin reporter gene. populations and this could contribute to these deviations.
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Fig. 2. Expression of thg3:1-8 transgene is present in all transgenic foundérs RNase protection assay on thymus RNA from five independent
[3:1-8 transgenic lines and) on spleen RNA from the same lines. Line numbers and their estimated copy number are indicated. Arrows indicate
signals from humaif-globin transgene and actin mRNAC)Y Phosphorimager analysis ff1-8 expression in thymus (upper) and spleen (lower).

The B-globin signal was normalized to the actin signal and given an arbitrary number.
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Fig. 3. Expression of thgd:2—6 transgene is present in all transgenic foundéfs RNase protection assay on thymus RNA from six independent
f3:2—6 transgenic lines and) on spleen RNA from the same lines. Line numbers and their estimated copy number are indicated. Arrows indicate
signals from the humaf-globin transgene and actin mMRNAC) Phosphorlmager analysis ff2—6 expression in thymus (upper) and spleen

(lower). ThepB-globin signal was normalized to the actin signal and given an arbitrary number. Arrows indicate mRNA signals ffsgidhim
transgene and control actin.

The B-globin expression under the control of HS1-8 is HS7-8 is T cell restricted while HS2-6 is

high. In the lowest copy line (#15B-globin expression,  ubiquitously active

per copy, is>200% of the endogenous T@GRexpression To examine the distribution of hum@sglobin mMRNA

(data not shown). These data demonstrate that the HS1-driven by the two transgenes, total RNA was prepared

8 sequences, linked to a heterologous transgene and from various transgenic mouse tissues. High-level mRNA

present in multicopy transgene concatemers, retain mostproduction by thg:1-8 construct was restricted to thymus

of their LCR properties. They will therefore be referred and spleen, two organs with significant numbers of T cells

to hereinafter as the TGRLCR. (Figure 4A and B). This transgene’s expression was very
Similarly to the3:1-8 transgene, thf:2—6 transgene low to absent in non-lymphoid tissues. Surprisingly, the

was expressed in the thymus and spleen of all six independ-f3:2—6 transgene was expressed efficiently in all tissues

ent transgenic lines (Figure 3A and B). However, several analyzed (Figure 4C). Expression was seen in the thymus,

important differences were observed between the two heart, spleen, kidney, liver and lung. The same ubiquitous

transgenes. Th@:2—6 transgene does not maintain the distribution was seen in organs (specifically liver, heart,

upward trend in expression with increasing copy number lung, kidney and thymus) that had been perfused to remove

seen withf:1-8 in thymus. Splenic expression of this circulating blood (data not shown). Thus, HS2—-6 appears to

transgene does show a better relationship with copy be ubiquitously functional. The expression of tB2—6

number than thymic expression in five of six lines (line 7 transgene in non-lymphoid organs, in general, tends

gives higher than predicted splenic expression) (Figure upward with increasing copy number (Figure 5A and B).

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 ®CR tion in non-lymphoid organs, while greatly increasing

transcriptional enhancer i:2—6. This shows that the thymic transgene expression. Thus, theseacting ele-

deleted region is necessary for high-level, copy-related ments restrict the activity of the T@GRLCR, 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

B:1-8 and(:2-6 transgenes. Non-T cell expression of HS2-6 opens chromatin equivalently in lymphoid

B:2—6 in the spleen might mask the reduction in T-cell and non-lymphoid organs

transgene expression observed in the thymus and producésince LCRs are thought to act at the level of chromatin

the observed result. As the spleen contains mostly non-T structure, we examined the chromatin configuration of

cells, these results suggest that deletion of HS7, 8 and 1the two [B-globin transgenic constructs. The DNase |

changes the cell type distribution of transgene expression. hypersensitivity assay (DHA) was used to probe the
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Fig. 4. Tissue distribution of3:2—6 andB:1-8 transgene expressio)(RNase protection assay on RNA from various tissueB: d£8, line 15

transgenic mice. Arrows indicate mRNA signals from flyglobin transgene and control actiiB)(Phosphorlmager analysis of two separate RNase
protection experiments frofi:1-8 lines 15 and 41. Data are expressed as the percentage of maximum expression observed within the experiment,
after normalizing to the actin signalC) RNase protection assay on RNA from organ3#-6, line 6 transgenic mice. Arrows indicate mRNA

signals from theB-globin transgene and control actin.

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

the chromatin structure and mRNA expression patterns. stronger in thymus than in liver. This correlates with the
Figure 6A shows a DHA of th@:2—6 transgene locus in  higher transgene expression observed in thymus. As in
thymus (lymphoid) and liver (non-lymphoid). The DNase the endogenous locus, thymic nuclei displayed a strong
| hypersensitivity pattern appears equivalent in both tis- HS1 on thep:1-8 transgene that mapped to the TiCR

sues, and indicates a chromatin conformation that leaves enhancer region. Liver nuclei from multiple independent

the region broadly accessible to nucleases. Distinct bandsf:1-8 lines showed an HS pair located & HS1 that
in the region of HS5 and HS6 are observed. There are corresponds to FSbnfirm that HS1 and HSlvere
additional prominent smears where HS2 and HS3 would indeed different, they were mapped relative tBgll site
be expected. A weak smear is seen in the HS4 region. In in their vicinity (Figure 7). Genomic DNA samples isolated
one line, the HS4 smear is as strong as the others in bothfrom DNase-treated liver and thymic nuclei were divided
tissues (data not shown). There are additional HS smears into equal fractions. All samples were digested with
in the B-globin gene itself. The open, and equivalent, Mfel restriction enzyme to generate the parent restriction
chromatin configurations apparent in both tissues are fragment. One fraction from each tissue was then digested
different from the HS patterns observed in the endogenousfurther with Bglll. By comparing the relative mobility of
locus (Honget al, 1997), but correlate with the efficient DNase-generated subfragments with the double restriction
expression of the transgene in those organs. enzyme-digested fragment, we show that the H&lr is

3’ of the Bglll. In contrast, the HS1 cluster in thymus
HS7, 8 and 1 determine tissue-specific chromatin appears to include theglll site and extend further’sand
structure slightly 3'. These two HS clusters localize similarly in
Figure 6B shows a DHA performed or3al—8 transgenic  the endogenous TGRIocus (data not shown). A map of
mouse. The addition tB:2—6 of 3 kb of 3-flanking DNA the locations of HS1 and HSik shown (Figure 7). These
altered the chromatin configuration formed at the HS2—-6 data show that a 3 kb region of the T@Rcus containing

region, making it more similar to the endogenous HS multgideacting elements can modulate the chromatin-
pattern (Honget al.,, 1997). In the TCR locus, HS6 is opening activity of the neighboring HS2—6 region, causing
much stronger in thymus than in liver. HS2-5, 7 and 8 the region to assume different configurations in thymus

are generally much weaker in both organs than is observedand liver.

in T-cell lines (Diaz et al, 1994). The a-enhancer-

associated HS1 is very strong in thymus. In liver, and p: .

other non-lymphoid organs, HS1 is replaced by a strong Discussion

hypersensitive site further’ 3vhich we call HS1. HS1 It is important to understand how tissue-specific gene
itself is not detected in these organs. Similarly, in the expression is achieved in the context of chromatin. We
B:1-8 transgene, DNase sensitivity of the HS2-5 region have developed a transgenic mouse model system for
was suppressed in both thymus and liver. Thymic nuclei understanding how classical transcriptional control ele-
displayed a stronger HS6 than liver nuclei. The added ments and LCRs cooperate in determination of the cell
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A non-tissue-restricted chromatin-opening region

mechanisms governing cell type differentiation 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 | hypersensitive)
is usually observed at silenced gene (and transgene) loci
(Grosveld et al., 1987; Felsenfeld, 1992; Ellio¢t al.,
1995; Festensteiat al.,, 1996; Milotet al., 1996). In our
TCRa 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
expresseddadlgene (Apteet al, 1992; Nakashimat al.,
1993) 3 kb 3 of the TCRx LCR (Hong et al., 1997)
provides a rationale for why HS2-6 interaction with 5
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 downstregbadl gene,

but not the upstream TGRgene. In this model, thBadl
gene may be dependent on elements of the FCRR

for its expression. We currently are testing this possibility.

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

The differential patterns of DNase | hypersensitivity in
thymus and liver suggest a possible model for how T cell
restriction is imposed in th@1-8 transgene. H3Iformed

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 (Chungt al, 1993; Li and
Stamatoyannopoulos, 1994). Silencers have been described
in the CD4 gene (Sawadat 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 TcC&hancer. 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, an
essential component of the T@Renhancer (Gieset al,
1995). LEF-1 has the ability to bend DNA, facilitating
interactions between other proteins that bind nearby. This
property, which induces formation of a nucleoprotein—
DNA complex, could in principle alter chromatin structure
(Grosschedlet al, 1994). Several other studies have

type-specific expression and chromatin structure of the documented the ability of transcription factors to effect

TCRa locus. Knowledge of the roles of various transcrip-

changes in local chromatin structure (Stamatoyannopoulos

tional control elements implicated in this process, and the et al., 1995; Boyes and Felsenfeld, 1996). Furthermore, it

nature of their cooperation, may reveal the molecular

has been proposed that enhancer elements counteract
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(B) B:1-8 transgene, line 12. The parental restriction fragment and distinct DNase | HS-generated subfragments are indicated by arrows. Brackets
indicate indistinct smeary DNase |-generated subfragments and the HS that would be expected in those regions. Slopes indicate increasing DNase |
concentration (general range: 0.0-4.0 mg/ml).

repressive chromatin structures as a component of their Thymus _ Liver
action (Jenuweinet al, 1993; Barton and Emerson, +DNase

1994; Walterset al., 1996). Establishment of cooperation
between the downstream and upstream elements within
the TCRx LCR may render HS6 more sensitive to DNase

| and relatively suppress the nuclease sensitivity of the
HS2-5 region. In theP:2—6 transgene, the proposed
negative element and T@Renhancer elements are absent,
leaving the HS2—6 region free to interact with upstream
elements in the humaf-globin reporter gene and drive
transcription. This is evidenced by the extensive nuclease

sarental
Balll
parental

[

Byl Il

«

sensitivity of this construct in both thymus and liver.
Differential chromatin structures which exist in thymus HS1—» J
and liver at the endogenous T@Rocus are strikingly HS1—» .

similar to those formed on tH&1-8 transgene. Therefore,
the proposed model applies to endogenous T cell-specific

control of TCRx gene expression. This supports an import- Alleut with Mfe |

ant role for the regulation of differential chromatin struc- TCR « enhancer

ture and LCR activity by othetis-acting elements in the

determination of cell type-specific gene expressiovivo. HS1 Thymus

The model gives some non-LCR transcriptional control Pvu Il H Pvull  Stul EcoRI
elements a dual role in determining tissue-specific gene / | | I |
expression as modifiers of both RNA polymerase activity l/ Byl ”|

and LCR function. A similar ‘dual role’ hypothesis has probe

been invoked to explain characteristics of enhancer activity

in vitro and in stably transfected cell lines (Jenuweiral., Hs1' 500 bp
1993; Barton and Emerson, 1994; Waltetsal,, 1996). Liver

A novel, non-tissue-restricted chromatin-opening Fig. 7. Fine mapping of HS1 and HS1DNase | hypersensitivity
element: a ubiquitous subunit of LCRs? assay on liver and thymus nuclei fropal-8, line 12. ‘Parental’ lane

- S . . - indicatesMfel-digested, non-DNase-treated sample. The DNase-treated
The discovery of a ubiquitous chromatin-opening activity samples were divided and treated as described in the text. Restriction

is novel. The TCR LCR HSZ__G region should b_e &  enzymes used in double digestion are indicated. This experiment was
useful tool for driving expression of genes systemically run on a 0.6% agarose gel. HS1 and Hafe indicated with arrows.

in transgenic mouse models. This element may also beThe Iocalizatjon of HSl_ and HSb|l,!St€l’S (indicated by vertical
helpful in the design of vectors for gene therapy applic- arrows) relative to restriction sites is shown below.

ations. It may be possible to use HS2-6 together with

particular combinations of otheris-acting elements to and its enhancers are considered to be erythrocyte specific
direct transgene expression to specific tissues. It appears(Behringeret al,, 1987; Antoniouet al., 1988), we (this
however, that not all tissue-specifais-acting elements study) and others (Greageal.,, 1989) have shown that

can dominantly restrict this region’s activity. Although these elements do not drive erythroid-specific expression
human-globin is erythrocyte specific in its expression, under the influence of heterologous LCRs. It is possible
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. . 5
that O!JI’ Chromat|n-0pen|ng element enable.s the human CAGCTGTAAACTGAAACAAACCCTTTCCTCCCATGGGCTTCCACCCCCCACCCCACCCCAT
B-QIObm COf?tI’0| Sequences_ to use the tran_squptlonal regu- GGCGTTTTATCACAGCAATGAAAACCCTAAGATAAATCTTAAGTCATGAGGCACCCAAACA
|atOI‘y maChInery Of the various Organs SUffICIently to dr|Ve CTAGCCTAGACTTCCAGTCCACAACCCACCAGAACTACAACTGAGCTAGTAGCTTCCAGGT
RNA polymerase, whereas alone, these elements appea ccreeaaacTacCTeATECTGECTEECTTGCTGACTTTCCCAAAGAGGGARCARTCTCTGT
to drive erythroid-specific expression (Chagtaal., 1985; CACTTCCCAAGTATGTTCCAACAATGTAACAGACCGCTTTGTGGGCCAAGATCACAGACGG
Towneset al., ]_985). ATCAAGAGCAGAGGTGCAGGCTGCCGGGAGAGGAAGCAGGAGGAACATTTGCATGCCGTGG

The HSZ_G e|ement described here has many Character' TGACAGGAAGTGTGTAGGCAGAGGGTGCAAGGGCTGTTTCCCACCACTGCCGATGCCGAGC
iStiCS Of an LCR It permitS efﬁCient transgene eXpreSSiOn AAGGAACAATGTACAGTAGTTGTGGTAAATGTTGCAGCCCCACAGATTGAACACAGGAAAT
. . . . . AAAAATAACCCCCCCCCCCACACACACACACAGAGGAGGTGTGAGCTGAAGCTGCAGAAAC
!n a” founders and dr|VeS qUIte hlgh le,V€|,S Of ex_preSSIOn AGCAGACATCCATCCCTCAGCCCATACAGTACCTGAGTCAGCAAARACCAACCCCTCCCGGG
in some organs that trend upward with increasing copy 3
number. It provides open chromatin for a linked transgene
and, to some degree, helps it to overcome position effectsFig. 8. Sequence of th@vul-Smd fragment of the TCR LCR
that would silence it in a proportion of transgenic founders. containing HS6. G-rich sequences (when read on the opposite strand)
It differs from LCRS in two important ways. First. it does are underlinedPvul and Sma restriction sites are |nd|cated_ by |_ta||c

. ', 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-copyB:2—6 lines and the non-
lymphoid organs of the low-copy lines. Secondly, complete
LCRs should function in single copy (Ellist al., 1996).
Our only single-copyB:2—6 line gives less expression per
copy than the multicopy lines, indicating that the HS2—-6
region may be functioning as a ‘partial LCR’ (Ell& al.,

1996; Milot et al, 1996). Elements within th@-globin In the TCRx locus, we show separable elements con-
reporter gene appear to cooperate somewhat with HS2-64|jing tissue specificity and chromatin opening. In addi-
to partially restore some degree of copy-related expressionion \we show that non-LCR TQRcis-acting elements

in non-lymphoid organs. However, copy-related expression 5.e gominant in controlling the chromatin structure, turning
in thymus clearly requires the T cell-specific elements yhe piquitously active HS2-6 chromatin-opening region
contained in the HS7, 8 and 1 region. We propose that iyt 5 T cell-specific LCR. HS6 is the most prominent
the HS2-6 region represents a novel element that provides g iy this region. The sequence of the 610 Pyul—

open chromatin and linked transgene expression in all g4 fragment containing HS6 is shown in Figure 8. This

founder mice. This element is a ubiquitously active subunit (oqion contains manv G-rich sequences (GT boxes) similar
of the TCRx LCR. This activity, in combination with the to%hose found in th()a/ minimaﬂ-g?lobin LC(R HS regi())ns.

upstream tissue-restrictive elements, comprise, at least inthis novel element. in general, or these G-rich motifs

multiple copiesa T cell-specific LCR. specifically, may be an important common component of
Perhaps what most distinguishes the HS2-6 elementihe chromatin-opening activity for the T@R B-globin

from LCRs is its ubiquitous activity. LCRs have been an4 perhaps other LCRs. The ubiquitous activity of the

described in _many tissue-specific gene loci, including Tcry HS2—6 region may be due to the presence of these
humanp-globin (Grosveldet al, 1987), chicken macro-  glements, whose activity would be modulated by the 5

phage-specific lysozyme (Bonifet al, 1994), human e acting elements (HS7, 8, 1 and)1o enforce T cell
CD2 (Greaveset al, 1989), human growth hormone ghecificity. Perhaps LCR-integral, tissue-specific elements
(Joneset al, 1995), human adenosine deaminase (Aronow |ay anajogous roles within other LCRs. Alternatively, the
et al, 1992) and the immunoglobulin heavy chain locus yige activity of this chromatin-opening region may reflect
(Madisen and Groudine, 1994). These LCRs have all \he nresence of other uncharacterized elements that are
been shown to drive tissue-specific expression of linked present in tissue-specific LCRs. Further mutational

transgenes in mice and/or cell lines. Furthermore, these,n,\vsis 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 (Diat al, .
1994). Materials and methods

The_ most_extenswel_y characterized LCR is that for Transgenic mice
B-globin (reviewed in Dillon and Grosveld, 1993; Engel, pna fragments for microinjection were purified by double gel purific-
1993; Orkin, 1995; Martiret al., 1996). It consists of four  ation on low-melting point agarose (Seaplaque-FMC) followed by
HS located 6-22 kb upstream of the fetaglobin gene. digestion with3-agarase (New England Biolabs). DNA was microinjected
LCR activity has been mapped to three 200—300 bp Cc)reinto the prc_)nucleus of (C57BICBA)F1 fertilized mouse eggs, e_lnd _

. transferred into pseudo-pregnant CD1 foster mothers. Transgenic mice
fragments of HS_Z' H_83 and HS4 In this LCR, S_Gparate 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
ing have not been observed. HS2 contains the classicalof at least two Southern blots by Phosphorimager analysis (Molecular
enhancer activity while HS3 contains the dominant ‘chro- Dynamics)
matin-opening’ activity responsible for position mdeper_ld- DNA constructs
ence (Elliset al, 1996). The HS3 core element contains The HS1-8 fragment was constructed as follows: a 56Albpfragment
several binding sites for the erythroid-specific GATA-1 containing HS7 was blunt ended and cloned intoRkel site of pSP72

factor as well as G-rich sequences (GT boxes) known to
bind the ubiquitous Sp-1 family proteins. A combination
of both of thesecis-acting elements is essential for the
activity of HS3, suggesting that the chromatin-opening
activity of the-globin LCR requires both ubiquitous and
tissue-specific factors (Philipset al.,, 1993).
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(Promega). This HS7 fragment was liberated aBgdll-Sal fragment lysozyme gene domain in transgenic migecleic Acids Res22,

and was cloned back into tf&al-BanHl| sites of pSP72. A 9.0 kiStu 4202-4210.

(partial digest)Sad fragment representing HS8, 1-6 was then cloned Boyes,J. and Felsenfeld,G. (1996) Tissue-specific factors additively

into this plasmid digested witBma and Sad. The 4.9 kbBglll B-globin increase the probability of the all-or-none formation of a hypersensitive

fragment was blunt ended and cloned into Bl site of pSP72. It site. EMBO J, 15, 2496-2507.

was then liberated usin§al and Xhd sites and cloned into th&al Chada,K., Magram,J., Raphael,K., Radice,G., Lacy,E. and Costantini,F.

site of the HS1-8 plasmid. The entire insert was isolated uSaigand (1985) Specific expression of a foreign beta-globin gene in erythroid

Clal for microinjection. Thep:2—6 was made similarly with a 6.0 kb cells of transgenic miceNature 314, 377-380.

EcoRI-Sad fragment representing TGRlocus 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
i extraction.Anal. Biochem 162 156-159.

RNA analysis Chung,J.H., Whiteley,M. and Felsenfeld,G. (1993) Aefement 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 g|is and protects against position effect Drosophila Cell, 74,

fat, minced (except for thymus and spleen) and rinsed extensively with  5g5_g514.

phosphate-buffered saline to minimize contamination by blood. Five to s, p\w. Cado,D. and Winoto,A. (1994) A locus control region in the
10 pg of RNA were used for analysis. RNase protection was performed 1 .o receptor alpha/delta locusnmunity 1, 207-217.

according to the protocol of Gilman (Ausubeflal, 1991) RNA probes Dillon,N. and Grosveld,F. (1993) Transcriptional regulation of multigene
were labeled with¥%PJGTP and SP6 RNA polymerase as follows. For o0t - i =TS = 'T(rends)Genexg Man s 9

E{gomsnﬁ?zzigrlgbrﬁgn;l ifrr]atghrgegt Sgg?;'gﬁeen);ggznl V%Eﬂ fevs\;la:c?(t)(r)]etﬂe Elliott,J.I., Festenstein,R., Tolaini,M. and Kioussis,D. (1995) Random
P 9 pp P activation of a transgene under the control of a hybrid hCD2 locus

SP6 promoter. The plasmid was linearized wital to generate an :
I ) B : control region/lg enhancer regulatory elemétiiBO J, 14, 575-584.
RNA probe to exon 2. Foy-actin, plasmid was made and linearized Ellis.J., Tan-UnK.C., HarperA. MichalovichD., Yannoutsos.N.,

\évtlatlr-‘pﬂlrﬂ‘fi:e((ngrci’ng ﬁ;b%i?j?zg)t.ifnesultmg RNA probes were acrylamide Philipsen,S. and Grosveld,F. (1996) A dominant chromatin-opening
' activity in 5’ hypersensitive site 3 of the hum@rglobin locus control

DNase hypersensitivity assays region.EMBO J, 15, 562-568. . .
Nuclei from liver (Wu, 1989) and thymus (Envet al, 1985) were Engel,J.D. (1993) Developmental regulation of human beta-globin gene

prepared then resuspended in DNase digestion buffer (Siebenkit transcription: a switch of loyaltiestrends Genet 9, 304-309.

1984) at 18 nuclei/ml. Nuclei were digested for 10 min on ice then ENOCh.T., Zinn,K. and Maniatis,T. (1986) Activation of the human beta-
stopped with 1/10 volume 5% SDS/100 mM EDTA. Genomic DNA was interferon gene requires an interferon-inducible factdol. Cell.
digested withSnaBl and Sad to generate a fragment beginning &f Biol., 6, 801-810.

the B-globin coding region to 3of HS6. The digested, DNase I-treated ~ Enver,T., Brewer,A.C. and Patient,R.K. (1985) Simian virus 40-mediated
DNA samples were subjected to electrophoresis through 0.8% agarose Cis induction of theXenopusbeta-globin DNase | hypersensitive site.
(unless otherwise specified). Southern blots were prepared on Hybond-N  Naturg 318 680-683.

membrane (Amersham). Hybridization was performed using ‘Quickhyb’ Faisst,S. and Meyer,S. (1992) Compilation of vertebrate-encoded
solution (Stratagene). The probe used w&naBI| and EcRI restriction transcription factorsNucleic Acids Res20, 3-26.

fragment of theB-globin gene. For the HS1 mapping experiment, the Felsenfeld,G. (1992) Chromatin as an essential part of the transcriptional
primary digest was as described in the text and generates an 11.2 kb mechanismNaturg 355, 219-224.

parent fragment extending from tieglobin gene to 5of HS6. The Festenstein,R., Tolaini,M., Corbella,P., Mamalaki,C., Parrington,J.,
probe was aMfel-EcaRl fragment of thé8-globin gene. This experiment Fox,M., Miliou,A., Jones,M. and Kioussis,D. (1996) Locus control
was run on a 0.6% agarose gel. region function and heterochromatin-induced position effect

variegation.Science271, 1123-1125.
Giese,K., Kingsley,C., Kirshner,J.R. and Grosschedl,R. (1995) Assembly
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