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Fig. 4. The spatially resolved average pair interaction
energy <uy(r, Q)> for SPC/E water at 25°C. The
isosurfaces represent <uyfr, )> = —10 kd/mol,
and hence, any molecules found within the regions
enclosed by these surfaces interact with the central
molecule on average with an energy less than —10
kJ/mol. Only one hemisphere of the full distribution is
shown where the central molecule has been includ-
ed to define the local frame. The surfaces have been
colored according to their separation as in Fig. 2.

pling of certain rotational and translational
motions of the central molecule (12) (this
“rocking” motion of water molecules also
accounts for the single feature due to the
two H-bond-donating neighbors). This
bridge between the H-bond-donating
neighbors and the nontetrahedral coordina-
tion becomes evident in the oxygen density
map at a higher threshold [goo(r, Q) =~
1.25] for TIP4P than for either PPC or
SPCJE water [goo(r, ) =~ 1.15], indicating
stronger couplings in the former liquid.

Further insights into the local struc-
ture in these liquids are provided in Fig. 3,
which shows an overlay of the hydrogen
and oxygen density maps for SPC/E water.
The hydrogens of the H-bond-donating
neighbors are clearly resolved into two
cupped features “sandwiching” the oxy-
gen density below the central molecule,
whereas the two hydrogens of each of the
H-bond-accepting neighbors appear as
single featureless caps somewhat beyond
their respective oxygen features above the
central molecule. Figure 3 exhibits one
additional hydrogen feature due to the
neighbors in nontetrahedral coordina-
tion. This local maximum in the hydro-
gen density appears at separations of 4.0
to 4.4 A, corresponding to the rather
shallow second minimum in goy(r). Be-
havior similar to that observed in Fig. 3
can be found for the TIP4P and PPC
systems.

To demonstrate further the utility of
spatial maps (as opposed to simple 1D radial
analysis) we have also spatially resolved the
average pair interaction energy for SPC/E
water. This function is presented in Fig. 4
where isosurfaces corresponding to —10 kJ/
mol, an accepted limit for H-bond ener-
gies in water (14), are shown. Thus, from
an energetic point of view, molecules
found within the boundaries of the fea-
tures in Fig. 4 will on average be “H-
bonded” to the central molecule. Com-
parison of the features due to “H-bonded”
neighbors in Figs. 2 (density maps) and 4
(potential map) reveals that, although
they are qualitatively similar, a geometric
criterion based on the oxygen-oxygen
SDF will be more selective. From Fig. 4
we observed that the average pair inter-
action for nontetrahedral (interstitial)
neighbors is greater than —10 kJ/mol,
although a significant fraction of the mol-
ecules making up this coordination would
be labeled as H-bonded from an energetic
viewpoint (11).

Soper (16) has argued that the SDF for
water can be determined from experimental
data. His approach (16, 17) uses a maxi-
mum entropy constraint to estimate a full
molecular pair distribution function that is
consistent with the atom-atom RDFs ob-
tained from neutron scattering (18). Soper’s
results [see figure 7 of (16)] strongly support
our model calculations.
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Dependence of Enhancer-Mediated Transcription
of the Immunoglobulin u Gene on Nuclear
Matrix Attachment Regions

William C. Forrester, Courtney van Genderen,
Thomas Jenuwein,” Rudolf GrosschedIt

Transcription of the immunoglobulin p heavy chain locus is regulated by an intronic enhancer
that is flanked on both sides by nuclear matrix attachment regions (MARs). These MARSs have
now been shown to be essential for transcription of a rearranged . gene in transgenic B
lymphocytes, but they were not required in stably transfected tissue culture cells. Normal rates
of transcriptional initiation at a variable region promoter and the formation of an extended
deoxyribonuclease | (DNase I}-sensitive chromatin domain were dependent on MARs, al-
though DNase | hypersensitivity at the enhancer was detected in the absence of MARs. Thus,
transcriptional activation of the p. gene during normal lymphoid development requires. a
synergistic collaboration between the enhancer and flanking MARs.

The murine immunoglobulin heavy chain
(Igy;) locus has been studied as a model of
tissue-specific gene regulation. Transcrip-
tional control elements reside within the
promoters associated with the variable re-
gion (V) gene segments, the intronic
enhancer, and the enhancers located at the
3" end of the locus (1). Although these
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elements contribute to B cell-specific gene
expression in transfection assays, only the
intragenic enhancer region has been shown
to direct efficiently lymphoid-specific tran-
scription of a rearranged . gene and heter-
ologous reporter genes in transgenic mice
(2). Delineation of this enhancer in transfec-
tion assays indicated that a 220—base pair
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(bp) core element, E. which comprises mul-
tiple and functlonally redundant binding sites
for lymphoid-specific and ubiquitous tran-
scription factors, is necessary and sufficient to
govern transcriptional stimulation (1).

The p enhancer core is flanked on both
sides by AT-rich sequences that mediate an
association with the nuclear matrix or scaf-
fold (3). Although such matrix attachment
regions (hereafter referred to as MARs) are
operationally defined by their capacity to
mediate matrix association, they appear to
participate in diverse processes. One class of
MAR, exemplified by the chicken lysozyme
A elements, may contribute to gene control
by forming structural or topological bound-
aries between distinct domains in eukary-
otic chromosomes and thereby reduce posi-
tion effects within the integrated chromo-
somal, but not episomal, state (4). This type
of MAR has properties reminiscent of chro-
mosomal domain boundary elements such
as the specialized chromatin structures that
flank the Drosophila heat shock locus and
the insulator elements at the 5’ end of the
chicken B-globin locus (5). These elements
protect genes from chromosomal position
effects when placed outside the enhancer-
promoter-gene locus, and they interfere
with expression when placed between pro-
moter and enhancer sequences. A poten-
tially different type of MAR has been iden-
tified in the Ig heavy and light chain loci.
These MARs are located adjacent to the
intragenic enhancers, between the promot-
er and enhancer (3), and have not been
shown to contribute to transcriptional con-
trol in either transient or stable transfection
assays in B lymphoid cell lines (6, 7). The
MARs that flank the p enhancer core,
however, have been implicated in negative
regulation (8, 9) and contain binding sites
for two nuclear factors, NFuUNR (9) and
SATB-1 (10), that may participate in the
repression of enhancer activity in non-B
lymphoid cells.

To examine the contribution of MARs
to Igy, transcriptional control, we generated
transgenic mouse lines with rearranged
genomic Ig W genes that contained either
the 220-bp core enhancer without flanking
MARs (AMAR) or the MARs without the
220-bp core enhancer (nA4) (Fig. 1A).
Transgene expression in these mice was
analyzed in defined populations of pre-B
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cells derived by immortalization with the
Abelson—murine leukemia virus (A-MuLV)
(11). In the three transgenic lines harboring
the rearranged wild-type p gene (pwt),
transgene expression was detected at a high
and relatively constant level irrespective of
chromosomal location (Fig. 1B). In con-
trast, the number of specific W transcripts
was markedly reduced in transgenic lines
containing the AMAR or wA4 genes.

Quantitation of transgene expression in
these pre-B cell lines indicated that remov-
al of the MARSs decreased the abundance of
transgene-specific mRNA by a factor of 35
to >1000. Moreover, the variability in the
level of expression among the different
AMAR lines was markedly increased rela-
tive to the small fluctuations among differ-
ent pwt lines shown here and previously

(11). Thus, in the absence of the MARs,

Fig. 1. Structure of n A vDJ Cuy ji

transgene constructs and Ba S¢ X, S¢ R X X, B9 Ba Bx XnPs R
analysis of transgene ex- s | .. .. TR
pression in pre-B cells. (A) . P 1§ B = C sots

The rearranged genomic

W geneis shown as a bold wwt
line at the top. This gene
has been previously de-
scribed (11). Briefly, the
V,, variable region pro-
moter is represented by
the arrow labeled P, the
core enhancer is shown B
as an open box (Ep), and
the MARs are shown as
hatched bars. The rear-
ranged V,DJ,, variable re-
gion and the Cp. constant
region exons are indicat-
ed by the filled boxes, with
s and ., representing
exons encoding the se-
creted and membrane- oy 4 &
bound forms of the w pro- prason {765

tein. The thin line adjacent - oD mESGSwSIR e o

to the Xho | site extends

the end of the transgene into the genomic map of the endogenous p locus from which the transgene was
derived. Relevant restriction sites are S, Sal |; Ba, Bam HI; Sc, Scal; X, to X, Xbal sites 1 to 3; R, Eco Rl; Bg,
Bgl II; Bx, Bst XI; Xh, Xho [; Ps, Pst I; and H, Hinf |. Fragments used to make hybridization probes are shown
as small bars below the top line and labeled A, B, and C. The uwt, AMAR, and w.A4 transgenes are identical
outside of the X, -X, fragment, which contains E,, and MARs in pwt, only E, in AMAR, and only the MARs in
nA4 (33). The E,, core, bracketed by Hinfl sites, contains non-B cell-estricted factor binding sites, termed pE
boxes (open boxes, numbered 1 to 5) and the pA, pB, and octamer (O) binding sites for putative B
cell-specific regulators (stippled boxes) (7). Black bars within the hatched MARs represent binding sites for the
NFuNR (9) and SATB-1 (10) factors; the open bar denotes the E (Ig/EBP-1) site (7). Dots indicate sequences
that have been removed. (B) S1 nuclease protection assay of cytoplasmic RNA from transgenic pre-B cells.
For the detection of correctly initiated . transgene mRNA, 3 pg of cytoplasmic RNA from transgenic pre-B
cells were annealed with a transgene-specific, single-stranded, antisense DNA probe, digested with S1
nuclease, and processed as described (77). Transcripts initiating at the V,, promoter migrate at position
labeled .. Undigested, full-length probe migrates at position labeled Probe. The abundance of mb-1 tran-
scripts, which are expressed in a B cell-specific fashion (34), served as an internal RNA control (35). The level
of specific transgene expression, relative to wwt line 4-1-4, was determined by analysis of this and other S1
nuclease protection experiments (36). NT is a nontransgenic sample, and 327 is a previously described
transgene in which the Sc-R enhancer fragment has been deleted (77). (C) S1 nuclease protection analysis of
RNA from transgenic pre-B cells of AMAR lines 204 and 206 and pwt line 4-1-4.

xr E! 52438 40 2
- o

Relative p Seeea So 5SS
,

Fig. 2. Expression of wild-type and pwt AMAR pA4 pA1
mutant p genes in stably trans- 4 N 4/ < /
fected M12 B cells. Cytoplasmic A "?s_@ e eEEL e e

RNA (10 pg) from numerically des-
ignated M12 cell clones (37),
shown by DNA blot analysis to har-
bor the indicated . genes, was an-
alyzed for the presence of specific
w transcripts by S1 nuclease pro-
tection as described in the legend
to Fig. 1B. The abundance of mb-1
transcripts served as an internal
RNA control.
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the p transgene is impaired in its ability
both to undergo transcriptional activation
and to overcome the variability associated
with chromosomal position effects, despite
the presence of the intronic enhancer. S1
nuclease protection analysis yielded identi-
cal results with transgenic spleen RNA and
the RNA isolated from transgenic pre-B
cells, with the exception of AMAR line
204, which was transcriptionally active in
the pre-B cell lines but not in spleen (Fig.
1C) (12). We have observed this up-
regulation in independently derived pre-B
cells from line 204, suggesting that the
AMAR gene may be integrated at a chro-
mosomal locus that becomes transcrip-
tionally permissive as a consequence of
A-MuLV transformation.

The requirement of the MARs for
gene expression in transgenic mice was not
anticipated from the results of previous tis-
sue culture transfection experiments, which
indicated that the enhancer was necessary
and sufficient for a high level of transcrip-
tion (7). To address this discrepancy, we
stably transfected the same p gene con-
structs used for germ-line transformations
into a B lymphoid cell line (Fig. 2). As a
control, we included a deletion mutant,
rAl, that lacks both the MARs and the
intronic enhancer and which has been pre-
viously shown to be transcriptionally inac-
tive in both transfection and germline
transformation assays (13). Consistent with
previous transfection data, both the pwt
and AMAR genes generated comparable
numbers of correctly initiated p gene tran-
scripts. Expression of the wA4 and pAl
genes, both lacking the core enhancer, was
very low or not detectable. In these exper-
iments, the selectable marker construct,
SV2neo, did not contain a MAR (14).
Furthermore, the SV40 enhancer-promot-
er region of this construct did not com-
pensate for the deleted p enhancer in
cells containing either the pwA4 or pAl
genes and is, therefore, not likely to ac-
count for the expression of the transfected
AMAR genes.

To determine whether the MARs con-
tribute to p transgene control at the tran-
scriptional or posttranscriptional level, we
performed nuclear run-off assays. Nuclei
were isolated from transgenic pre-B cells
and incubated under conditions in which
nascent RNAs were elongated in the pres-
ence of [a-3?PJUTP (uridine 5’-triphos-
phate) (15). The labeled transcripts were
then hybridized to various denatured trans-
gene-specific and control plasmids (Fig. 3).
Transcription across the transgenic V,;DJy,
exon was detected only in cells from the
pwt mouse, not in cells from nontransgenic
or AMAR mice. Therefore, even in the
presence of the enhancer, transcriptional
stimulation at the V; promoter is signifi-

cantly reduced and likely accounts for the
reduction in steady-state mRNA abun-
dance observed in transgenic AMAR mice.
Thus, regulation of p gene expression by
MARs can be detected in germline trans-
formations but not in transfection assays.

In addition to transcriptional stimula-
tion, the function of enhancers has been
correlated with localized alterations in
chromatin structure that can be detected as
nuclease-hypersensitive sites. To examine
enhancer function at this level, we analyzed
the AMAR transgenes for the presence of
deoxyribonuclease I (DNase I)-hypersensi-
tive sites. Nuclei from transgenic AMAR
pre-B cell lines in which the V|, promoter
was active (204) or inactive (207 and 201)
were treated with various amounts of
DNase I (16) and analyzed by DNA blot
hybridization. A prominent region of
DNase I hypersensitivity was detected at
the core enhancer in all AMAR lines ex-
amined (Fig. 4A), whereas hypersensitivity
at the Vi promoter was observed only in
the transcriptionally active line 204 (12).
These data indicate that the enhancer core
is sufficient to establish localized regions of
accessibility in chromatin, even though, in
the absence of the MARs, it is defective in
its ability to stimulate transcription at the
variable region (V) promoter. As antici-
pated from previous studies, no DNase I
hypersensitivity at the AMAR enhancer
core was detected in liver (12), in which
the enhancer is inactive, suggesting that the
enhancer is occupied by factors selectively
active in pre-B cells (17). Moreover, the
AMAR transgene was not expressed in liver
(12), suggesting that the MARs participate
in gene control by increasing expression in
lymphoid cells rather than by decreasing
expression in nonlymphoid cells.

To examine whether the localized alter-
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Fig. 3. Rate of transcription of p transgenes in
pre-B cells. Labeled nascent RNAs were hybrid-
ized to immobilized plasmid-borne complementa-
ry DNAs (cDNAs) as described (75). The cDNAs
corresponded to pre-B cell-specific VpreB and A5
genes, the B cell-specific mb-1 gene (34), and
control sequences including the MyoD gene (38)
and the Bluescript plasmid vector (Stratagene)
into which the cDNAs were inserted (BS). The
transgene-specific target sequence was the V,,D
region extending from an Nde | site at —1 to aKpn
| site at +490.
SCIENCE

VOL. 265 e« 26 AUGUST 1994

A AMAR204  AMAR207  AMAR 201
DNase |: o_@0ve)

0 ——mm 00—

B
pwt 19-14 AMAF! 204
DNase |: 0
MyoD — 7 8
—5.1
l!m e .
AMAR 20? AMAR 201
DNase |: 0 —
MyoD S “
Cur W W
Cuy PUPEPEY  Pewwwew.
uwt 19-1-4 AMAR 204
100 r—zg\
o ".H .

-t
o
D

|

AMAR 207 AMAR 201

. :

8

Intact fragment remaining (%)

0 2 4 6 8 0 2 4 6 8
DNase | (ug/ml)

Fig. 4. DNase | hypersensitivity and general
DNase | sensitivity of Ig transgenes. (A) For anal-
ysis of DNase | hypersensitivity, DNase |-treated
genomic DNA was cleaved with Sca | and Bgl Il
fractionated in a 1% TAE agarose gel, denatured
and transferred to filters as described (39), and
hybridized with probe A (Fig. 1A). The position of
the intronic enhancer is indicated by the arrow. (B)
For analysis of general DNase | sensitivity, 20 pg
of genomic DNA, isolated from DNase |-treated
nuclei, was digested with Bam Hl and Eco Rl and
hybridized with a probe for the MyoD gene, or with
probes C and B for the endogenous Cp and the
transgenic Cp. loci, respectively (Fig. 1A). Probes
were sequentially hybridized to the same DNA blot
[probes were removed from the filters by incuba-
tion in prehybridization solution at 65°C for =3
hours (39)] except for the filter containing the pwt
19-1-4 and AMAR 204 samples, for which the
MyoD and Cp probes were used together. Mo-
lecular sizes are indicated in kilobases. (C) MyoD
(), Cpg (O), and Cpu; (@) hybridization signals were
quantitated with a Phosphorimager (Molecular Dy-
namics). Values on the y axis reflect the amount of
intact restriction fragment remaining at each con-
centration of DNase |, expressed as a percentage of
the signal obtained in the absence of DNase I. For
some instances in which the last lane of one DNase
| titration was next to the first lane of another DNase
| titration, the values were not reliable and were
therefore not included in the graphs.
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ation in chromatin associated with the 220-
bp E, fragment correlated with a more ex-
tensive reorganization of the flanking chro-
matin structure, we compared the rates of
DNase 1 digestion of various transgenes
with those of transcriptionally active and
inactive endogenous genes. Digestion rates
of both DNase I-resistant and DNase [-sen-
sitive chromatin were determined with
probes specific for the transcriptionally in-
active MyoD gene, which resides within a
7.8-kb Bam HI-Eco RI genomic fragment,
as well as the transcriptionally active endo-
genous . constant region Cpg (18), which
is contained within a 5.1-kb Bam HI-Eco
RI fragment (Fig. 4B). As anticipated, the
Cpy region displayed a markedly higher
sensitivity to digestion by DNase [ than the
MyoD gene in all lines examined. In the
pwt line, the transgenic constant region
Cp, represented by a 4.4-kb genomic frag-
ment, displayed a DNase I sensitivity indis-
tinguishable from that of the endogenous
Cp. region. In contrast, the transcription-
ally inactive AMAR transgenes were resis-
tant to DNase L. In the AMAR line 204, in
which expression levels are identical to
those in pwt pre-B cells, we observed an

AMAR
Fx S 0
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Bases &I oFfSPd e
-
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242 — R
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21— = -
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147 e d

Endogenous + uwt:

—Gr{tjp_wm ‘—- L C
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S + = ;rlube
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Fig. 5. S1 nuclease protection analysis of enhanc-
er-proximal transcripts. RNA samples (15 pg) de-
scribed in the legend to Fig. 1B or yeast tRNA was
annealed to an 840-nucleotide, end-labeled, sin-
gle-stranded, antisense DNA probe as described
(35). Molecular sizes are indicated in bases. A
schematic outline of the experiment is shown be-
low. The open box and hatched bars represent
the enhancer core and MARs, respectively. Se-
quences removed during the construction of
AMAR are indicated by dashed lines, and the sin-
gle-stranded DNA probe is shown as a wavy line.
Arrowheads within the hatched bar denote tran-
scription start sites in both the endogenous w
locus (E) and the pwt transgene (wt). I transcripts
specific to the AMAR transgene are indicated as
Inymar @nd are represented by a bold vertical
arrow in the schematic diagram. Other, less prom-
inent transcripts are also present.
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intermediate level of DNase | sensitivity,
possibly due to the DNase | sensitivity of
only a few copies of the tandemly integrated
transgenes. The differences in general
DNase [ sensitivity of the transgenes were
quantitated by plotting the extent of chro-
matin digestion as a function of DNase I
concentration (Fig. 4C).

As an additional assay for enhancer func-
tion, we examined whether the AMAR trans-
genes were able to direct the synthesis of
noncoding, intron-containing “In”  tran-
scripts that initiate within a broad region near
the 3’ boundary of the core enhancer (19).
The synthesis of these enhancer-proximal
transcripts can be detected prior to any Ig,
gene segment rearrangements and has been
proposed to reflect the function of the in-
tronic enhancer and to mediate accessibility
at the w heavy chain locus (20). We used an
antisense S1 probe that permitted the simul-
taneous detection of I transcription from
both the endogenous and AMAR loci (Fig.
5). I transcripts were detected at various
levels in six of seven pre-B cell lines carrying
the AMAR transgene (Fig. 5). The abun-
dance of transgenic [LAMAR transcripts was
similar to or exceeded that of the endogenous
I transcripts, providing evidence that the
enhancer core is functional in its ability to
stimulate transcription at a proximal promot-
er. The low levels of endogenous Ip tran-
scripts observed in lines 200, 201, and 202
may reflect differences in the expression or
rearrangement status of the endogenous
heavy chain locus. Together, these data sug-
gest that the MARs participate in enhancer-
dependent activation of the V; promoter by
facilitating communication between the en-
hancer and promoter or by propagating an
enhancer-induced local alteration in chroma-
tin structure. The latter view is supported by
recent experiments in which we have shown
that a 95-bp enhancer core fragment, which
lacked both the enhancer-proximal I pro-
moter and the flanking MARs, conferred ac-
cessibility on a closely linked prokaryotic T7
promoter but not on a T7 promoter at a
distance (12, 21).

The requirement for the flanking Ig,
MARs in germline transformation assays
suggests that these MARs may be function-
ally similar to sequences that flank the in-
tronic adenosine deaminase enhancer and
are also required for expression in germline,
but not transfection, assays (22). The de-
pendence on these flanking sequences
could be related to differences in the meth-
ylation status of the DNA. DNA that is
integrated at the one-cell stage of mouse
embryogenesis is methylated before the
gene is expressed at subsequent develop-
mental stages (23). Transfection of in
vitro-methylated immunoglobulin k light
chain gene constructs into cultured B lym-
phoid cells has indicated that expression
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and demethylation of the k gene is de-
pendent on both an intronic enhancer
and a flanking MAR (24). Although stud-
ies in transgenic mice did not reveal a role
for this MAR in transcriptional activa-
tion (25), recent studies have indicated
that both elements are required for somat-
ic hypermutation (26). A functional role
for the w 5’ flanking MAR in its native
genomic context was also suggested by
experiments in which the neo" gene was
inserted into the 5" MAR by homologous
recombination (27).

The mechanism by which the p intronic
MARs synergize with the core enhancer to
confer function on a distal promoter is still
obscure. Recent studies have suggested that
high mobility group-I(Y)-like proteins,
which can preferentially bind to the AT-
rich MARs, mediate a partial displacement
of histone H1, resulting in the formation of
an “open” and DNase I-sensitive chroma-
tin domain (28). In the absence of the
MARSs, the destabilization of template-asso-
ciated histone H1 would be abrogated, pre-
venting transcriptional activation. In one
scheme, the binding of specific proteins to
MAR sequences or the potential of these
AT-rich sequences to become stably un-
wound (29) could directly lead to the for-
mation of a transcriptionally permissive
chromatin structure. Alternatively, the
MARs could act indirectly by mediating the
formation of a nucleoprotein complex at
the enhancer that is functionally distinct
from that formed in the absence of MARSs.
According to this view, the nucleoprotein
complex formed in the presence of MARs
may include factors analogous to the genet-
ically defined SNF/SWI gene products in
yeast, which appear to be required for tran-
scriptional activation in nuclear chromatin
(30). Related to these chromatin models,
the MARs could participate in the forma-
tion of a topologically constrained domain
in chromosomes. Consistent with this pro-
posal, transcriptional initiation at the V,
promoter, but not the adenovirus late pro-
moter, has been shown to be enhanced by
negative supercoiling (31).

Whatever the mechanism of MAR func-
tion in the gy locus, these sequence ele-
ments are crucial for the activation of a
distal promoter independent of the chromo-
somal context. The combination of MARs
and the w enhancer core may constitute a
regulatory unit functionally analogous to
the locus control region in the human
B-globin gene cluster that regulates gene
expression over large chromosomal distanc-

es (32).

REFERENCES AND NOTES

1. L. M. Staudt and M. J. Lenardo, Annu. Rev. Immu-
nol. 9,373(1991); T. A. Libermann and D. Baltimore,
Mol. Aspects Cell. Regul. 6, 385 (1991).



2. J. M. Adams et al., Nature 318, 533 (1985).

3. P. N. Cockerill, M.-H. Yuen, W. T. Garrard, J. Biol.
Chem. 262, 5394 (1987); P. N. Cockerill and W. T.
Garrard, Cell 44, 273 (1986).

4. A Steifetal., Nature 341, 343 (1989); R. A. McKnight
etal., Proc. Natl. Acad. Sci. U.S.A. 89, 6943 (1992).

5. R. Kellum and P. Sched|, Cell 64, 941 (1991); Mol.
Cell. Biol. 12, 2424 (1992); J. H. Chung, M. Whiteley,
G. Felsenfeld, Cell 74, 505 (1994).

6. V. C. Blazquez et al., J. Biol. Chem. 264, 21183
(1989); Y. Bergman et al., Proc. Natl. Acad. Sci.
U.S.A. 81, 7041 (1984).

7. M. Lenardo et al., Science 236, 1573 (1987); S. D.
Gillies etal., Cell 33, 717 (1983); J. Banerji et al., ibid.,
p. 729; M. Kiledjian et al., Mol. Cell. Biol. 8, 145
(1988).

8. J.-L. Imler, C. Lemaire, C. Wasylyk, B. Wasylyk, Mol.
Cell. Biol. 7, 2558 (1987).

9. R. H. Scheuermann and U. Chen, Genes Dev. 3,
1255 (1989).

10. L. A. Dickinson et al., Cell 70, 631 (1992).
11. R. Grossched!, D. Weaver, D. Baltimore, F. Costan-

tini, ibid. 38, 647 (1984); T. Jenuwein and R. Gross-

chedl, Genes Dev. 5, 932 (1991); N. Rosenberg and
D. Baltimore, J. Exp. Med. 143, 1453 (1976).

12. T.Jenuwein, W. C. Forrester, R. Grosschedl, unpub-
lished observations.

18. R. Grosschedl and D. Baltimore, Cell 41, 885 (1985).

14, Y. Pommier, P. N. Cockerill, K. W. Kohn, W. T. Gar-
rard, J. Virol. 64, 419 (1990).

15. For further details, see M.-Linial, N. Gunderson, M.
Groudine [Science 230, 1126 (1985)]. Briefly, 108
nuclei in 210 wl of nuclei freezing buffer [26% glycer--
ol, 5 mM magnesium acetate, 5 mM dithiothreitol, 50
mM tris-HCI (pH 8.0), 0.1 mM EDTA] were incubated
for 30 min at 30°C in the presence of [a-32PJUTP.
Ribonuclease-free DNase was added and labeled
RNA was eluted through a G-50 spin column (Boeh-
ringer-Mannheim), and 107 cpm were hybridized to
immobilized, denatured plasmid DNA (5 pg per slot)
in a volume of 0.5 ml for 36 hours at 65°C. Filters
were washed twice for 30 min at 65°C in 0.1X stan-
dard saline citrate and 0.1% SDS, and-then incubat-
ed for 30 min with ribonuclease A (10 wg/ml) in 2X
standard saline citrate at 37°C.

16. Nuclei were prepared by dounce homogenization of
transgenic pre-B cells in nuclei isolation buffer [0.32
M sucrose, 3 mM CaCl,, 2 mM magnesium acetate,
0.1 mM EDTA, 10 mM tris-HCI (pH 7.4), 1 mM di-
thiothreitol] containing 0.15% NP-40, incubated with
DNase |, and processed (39).

17. U. Storb, B. Arp, R. Wilson, Nature 294, 90 (1981).

18. B. B. Moore, J. Tan, P.-L. Lim, P. W. Tucker, D.
Yuan, Nucleic Acids Res. 21, 1481 (1993).

19. G. G. Lennon and R. P. Perry, Nature 318, 475
(1985).

20.. M. Cogné et al., Cell 77, 737 (1994).

21. T.Jenuwein, W. Forrester, R.-Q. Qui, R. Grosschedl,
Genes Dev. 7, 2016 (1993).

22. B. J. Aronow et al., Mol. Cell. Biol. 12, 4170 (1992).

23. D. Jahner et al., Nature 298, 623 (1982).

24. M. Lichtenstein et al., Cell 76, 913 (1994).

25. M. Xu, R. E. Hammer, V. C. Blasquez, S. L. Jones,
W. T. Garrard, J. Biol. Chem. 264, 21190 (1989).

26. A. G. Betzetal., Cell 77, 239 (1994).

27. J. Chen et al., EMBO J. 12, 4635 (1993).

28. K. Zhao, E. Kas, E. Gonzalez, U. K. Laemmli, ibid., p.
3237.

29. J. Bode et al., Science 255, 195 (1992).

30. F. Winston and M. Carlson, Trends Genet. 8, 387
(1992).

31. J. Parvin and P. A. Sharp, Cell 73, 533 (1993).

32. E. Epner et al., Curr. Biol. 2, 262 (1992).

33. The functionally rearranged genomic p gene, pwt,
has been described previously (7 7). For construction
of AMAR, the 220-bp Hinf | fragment was modified
by the addition of Xba | linkers and was inserted into
Xba |-digested p1-27 (35) to create AMARp.-1. This
substitution results in the removal of 344 bp and 426
bp from the 5’ end (X,-H) and 3’ end (H-X,) of the 1-
kb, Ep-containing X, fragment, respectively.
AMARp-1 DNA was digested with Nde { (at —1) and
Hpa | (at +2586), and the internal fragment was
inserted into Nde |- and Hpa |-digested pwt to pro-
duce AMAR. For construction of A4, the Hinf | sites
flanking the 5’ and 3’ ends of the 220-bp enhancer

core were converted to Not | and Eag | sites, respec-
tively, to produce ppNE. After digestion of puNE
with Eag |, self-ligation of the large fragment yields
wA4. For microinjection, plasmids were digested
with Sal | and Xho |, and inserts were either excised
from low melt agarose as described (77) or electro-
eluted in an Elutrap chamber (S & S), concentrated
by butanol extraction, extracted with phenol, precip-
itated, and resuspended in 10 mM tris-HCI (pH 7.4)
and 0.1 mM EDTA.

34. A. Kudo and F. Melchers, EMBO J. 6, 2267 (1987);
N. Sakaguchi, S.-I. Kashiwamura, M. Kimoto, P.
Thalmann, F. Melchers, ibid. 7, 3457 (1988).

35. For the detection of enhancer-proximal, I tran-
scripts, a single-stranded DNA probe 5’ end-labeled
with 32P was prepared by extending an oligonucle-
otide primer (BF-16, 5’-CAGAAGCCACAACCATA-
CATTCCCA) that is complementary to a sequence
220 bp 3' to X, with a Pst I-digested p1-27 template
(containing a pwt fragment that extends from —18 to
+2603): A linear polymerase chain reaction was per-
formed by mixing 2.5 wl of heat-inactivated kinase
reaction mixture, which contained 40 ng of the BF-
16 oligonucleotide, with 2 ug of digested p1-27, 100
wM each of nucleoside triphosphates (dATP, dTTP,
‘dCTP, and dGTP), 5 units of Tagq DNA polymerase
(Promega), and 2 ul of 10X Tagq buffer (supplied by
manufacturer; containing 156 mM MgCl,) in a final
volume of 20 ul, and subjecting the mixture to 20
rounds of thermal cycling for 1 min each at 94°C,
55°C, and 72°C. Samples were applied to a 5%
polyacrylamide gel containing 50% (w/v) urea. The
appropriate gel slice was excised and the probe was
purified by electroelution (Elutrap). mb-1 transcripts
were detected with a single-stranded antisense DNA
probe, which was synthesized in a linear polymerase
chain reaction from Asp718-digested pMB1 4
(which contains the mb-1 cDNA beginning with the
AUG codon at +27) and a ®2P-labeled oligonucleo-
tide' primer, mb1-1 (6’-CACCGTCAGGGATGGTG-
GACGC, extending from +127 to +147) [A. Travis, J.
Hagman, R. Grosschedl, Mol. Cell. Biol. 11, 5756

- REPORTS

(1991)]. S1 reactions were performed as described
(17).

36. Results shown in Fig. 1B, together with additional
lanes containing 30 ug of the same RNA samples
processed in parallel, were analyzed with a Phos-
phorlmager (Molecular Dynamics). Relative levels of
expression were determined by taking raw values
corresponding to the amount of correctly initiated,
transgene-specific mMRNA, subtracting background,
and dividing by the total level of expression in pwt
line 4-1-4.

37. M12Bcells (2 X 107) [K. J. Kim et al., J. Immunol.
122, 549 (1979)] were subjected to electropora-
tion (Bio-Rad Gene Pulser; 0.25 kV, 960 wF in
0.4-cm cuvettes) at room temperature in phos-
phate-buffered saline containing both 20 ng of
plasmid DNA linearized at a unique Xho | site at the
3’ end of the gene and 1 pg of Eco Rl-linearized
SV2neo. After 24 hours, cells were diluted to a
density of 105/ml with complete RPMI medium
containing Geneticin (2 mg/ml) (Gibco), and 1-ml
aliquots were seeded into 24-well plates. Clones
were picked 10 to 14 days later and maintained in
nonselective medium,

38. R. L. Davis et al., Cell 51, 987 (1987).

39. W. C. Forrester et al., Genes Dev. 4, 1637 (1990).

40. We thank E. Epner, M. Groudine, and K. Giese for
helpful conversations; E. Epner, M. Groudine, K.
Gaensler, and K. Yamamoto for critical comments
on the manuscript; S. Tapscott, P. Tucker, B. Harri-
man, and members of the Grosschedl laboratory for
suggestions; and D. Yuan and H. Weintraub for DNA
probes. Supported by a grant from NIH to R.G. and
by a grant from the L. C. Markey Foundation to the
UCSF transgenic mouse facility. W.C.F. was sup-
ported by an NIH postdoctoral fellowship and a Spe-
cial Fellowship from the Leukemia Society of Ameri-
ca (LSA), and T.J. by a Special Fellowship from LSA.
W.C.F. is indebted to J. Anderman for patience, un-
derstanding, and encouragement.

25 April 1994; accepted 8 July 1994

Treatment of Murine Lupus with CTLA4lg
Barbara K. Finck, Peter S. Linsley, David Wofsy*

The interaction of B7-related molecules on antigen-presenting cells with CD28 or CTLA-4
antigens on T cells provides a second signal for T cell activation. Selective inhibition of
the B7-CD28 or B7-CTLA-4 interactions produces antigen-specific T cell unresponsive-
ness in vitro and suppresses immune function in vivo. To determine whether selective
inhibition of the B7-CD28 or B7-CTLA-4 interactions could suppress spontaneous au-
toimmune disease, a B7-binding protein was generated by genetic fusion of the extra-
cellular domain of murine CTLA-4 to the Fc portion of a mouse immunoglobulin G2a
monoclonal antibody (muCTLA4Ig). In lupus-prone NZB/NZW filial generation (F,) mice,
treatment with muCTLA4lg blocked autoantibody production and prolonged life, even
when treatment was delayed until the most advanced stage of clinical illness. These
findings suggest a possible role for human CTLA4lg in the treatment of autoimmune

diseases in humans.

Systemic lupus erythematosus (SLE) is a
life-threatening autoimmune disease that is
characterized by the production of diverse
autoantibodies (1). Some of these autoan-
tibodies cause damage directly as a conse-
quence of their specificity (for example,
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autoimmune hemolytic anemia is caused by
antibodies to red blood cells), whereas other
autoantibodies cause damage indirectly as a
consequence of the formation and deposi-
tion of immune complexes (for example,
immune complex glomerulonephritis is
caused by antibodies to nuclear antigens).
Other studies have shown that, both in
humans with SLE and in murine models for
SLE, the production of pathologic autoan-
tibodies by B cells is dependent on stimu-
latory influences from CD4* T cells (1, 2).
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