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Human CD2 locus control region (LCR) sequences are shown here to be essential for
establishing an open chromatin configuration. Transgenic mice carrying an hCD2 mini-
gene attached only to the 3' CD2 transcriptional enhancer exhibited variegated expres-
sion when the transgene integrated in the centromere. In contrast, mice carrying a
transgene with additional 3’ sequences showed no variegation even when the latter
integrated in centromeric positions. This result suggests that LCRs operate by ensuring
an open chromatin configuration and that a short region, with no enhancer activity,
functions in the establishment, maintenance, or both of an open chromatin domain.

Locus control regions (LCRs) direct high-
level and tissue-specific expression of linked
genes in transgenic mice. This expression is
independent of the site of integration in the
host genome (1-8). Such a region was iden-
tified within the 3’ flanking region of the
human CD2 (hCD2) gene with the use of
transgenic mice (2). Because chromosomal
position usually affects transgene expression
negatively, it is thought that LCRs act by
establishing open chromatin domains (9).
To understand the mechanism of action of
the hCD2 LCR, we established both the
chromosomal position and composition of
the integration site as well as the specific
DNA sequences within the hCD2 LCR nec-
essary to overcome negative position effects.

Deletional analysis has shown that 2 kb

of 3’ flanking region is sufficient for hCD2
LCR function (10). We used high-resolution
deoxyribonuclease 1 (DNase 1) hypersensi-
tivity assays to obtain our data (Fig 1C) (11).
Three clusters of sites were identified within
the 2-kb 3’ flanking region (HSS 1-3). The
upstream HSS cluster (HSS 1) of strong
hypersensitive sites coincides with the region
that functions as a classical enhancer, where-
as the weak HSS 2 and HSS 3 have no
enhancer activity in transient transfection
assays (12). We investigated the role of HSS
3 in vivo by generating transgenic mouse
lines with constructs in which these sites
were deleted (Fig. 1D).

To assess expression patterns in these
mice, we measured with flow cytometry the
amount of CD2 protein on the surface of
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individual cells (13). This allowed us to
distinguish between two types of position
effects: (i) decreased expression in all cells
and (ii) variegated expression, in which a
gene is silenced only in a proportion of cells
of the same lineage (14). Variegated gene
expression in mice has previously been as-
sociated with integration at the X (15) and
Y (16) chromosomes. Transgenic lines car-
rying the full LCR showed position-inde-
pendent expression at the protein level (11)
and showed a characteristic unimodal dis-
tribution of CD2 on all thymocytes and T
cells (Fig. 1A). In contrast, thymocytes
from a proportion of transgenic mouse lines
carrying the hCD2 minigene linked to ei-
ther 1.5 kb or 1.3 kb of immediate 3 flank-
ing DNA (in which HSS 3 was partially
deleted or omitted) showed a mosaic ex-
pression pattern. Thus, five out of seven
CD2-1.5 kb transgenic lines showed the
expected unimodal distribution of expres-
sion. The remaining two produced a bimod-
al distribution indicated by thymocyte pop-
ulations either positive or negative for
hCD2 (Fig. 1A). Three out of six CD2-1.3
kb transgenic lines showed a similar bimodal
distribution of hCD2 expression (Fig. 1A).

In contrast to a study showing that con-
catamerization of a P element would induce
silencing (17), the effect described here is
apparently independent of transgene copy
number [that is, all lines are variegating
irrespective of copy number (ranging from 4
to 40 copies)]. This effect is also indepen-
dent of orientation because two out of four
additional transgenic lines carrying the 1.3-
kb deletion in the reverse orientation also

showed bimodal distributions of hCD2 ex-
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pression on thymocytes and peripheral T
cells (CD2-1.3B; Fig. 1A). This mosaic
expression pattern was apparent in all thy-
mocyte and peripheral T cell subsets iden-
tified by concomitant staining with CD4
and CD8 antibodies (11). This suggests
that the decision to express is made early
in differentiation.

Thus, the loss of position independence
of the hCD2 LCR deletion transgene is
manifested as a mosaic expression pattern
rather than as a lower expression level in all
cells. This phenotype is similar to position
effect variegation (PEV) as described in
Drosophila (14) and yeast (18), in which cell
to cell variation of gene expression within a
cell lineage is correlated with the translo-
cation of a normally euchromatic gene to
centromeric heterochromatin. To further
investigate the analogy with PEV, we im-
munostained thymus sections (19) from the
CD2-1.3 kb transgenic lines, which show
mosaic expression for hCD2. Such staining
showed thymocytes clustered in groups that
were either positive or negative for hCD2
(Fig. 2A), which confirmed a variegated
phenotype. It also implies that the observed
phenotype may be clonally stable.

Fluorescence in situ hybridization
(FISH) (20) showed that the transgene in
each of the variegating strains is located
within pericentromeric heterochromatic re-
gions (Fig. 3). Thus, these mice exhibit the
two characteristic features of classical PEV:
(i) variegated expression within the tissue
and (ii) variegation associated with trans-
gene location at the centromere. In contrast,
integration at the centromere of transgenes
with a complete LCR did not show variega-
tion of expression (Fig. 3C and Table 1).

One explanation for gene inactivation
in PEV is variability in chromatin conden-
sation (21). We tested this hypothesis by
separating thymocytes from variegated thy-
muses according to hCD2 expression status
(22). Nuclei from hCD2-positive (hCD2%)
or hCD2™ thymocytes from variegating
mice were subjected to DNase [ hypersen-
sitive site analysis (23). Southern (DNA)
blot analysis showed that with increasing
DNase [ concentration, specific bands ap-
peared in the DNA from the hCD2* cells,
indicating cleavage at HSS 1. In contrast,
DNA from the hCD2™ cells (97% pure)
revealed no such DNase I sensitivity (Fig.
4). Thus, gene inactivation associated with
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Fig. 2. Omission of DNase | HSS 3 results in
variegated expression of hCD2 within the trans-
genic mouse thymus. (A) Cryostat section from a
CD2-1.3 kb transgenic thymus stained with hCD2
monoclonal antibody reveals clusters of cells ei-
ther positive or negative for hCD2 expression. This
result was repeated for two other variegating
strains (CD2-1.3A9 and CD2-1.3A16). (B) Cryo-
stat section from a hCD2 transgenic thymus from
amouse carrying a hCD2 transgene with full LCR
(CD2 2b). The uniform pattern of staining indi-
cates that all thymocytes are expressing the trans-
gene. (C) Cryostat section from a nontransgenic
thymus stained with hCD2 monoclonal antibody.

classical PEV in mammals is also associated
with a closed chromatin configuration. This
result is in agreement with recent experi-
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Fig. 3. Variegation of expression is associated
with location of LCR deletion transgenes at the
centromere. Left: images of mouse metaphase
chromosomes, shown reversed on a white back-
ground after FISH (20). Right: the hCD2 expres-
sion pattern on peripheral T cells from these mice
(73). Transgene signals are shown in red (arrow).
(A) Transgene signal from CD2-1.3A17, a trans-
genic mouse showing variegated hCD2 expres-
sion (right) with the transgene signal located on
centromeric heterochromatin in a telocentric po-
sition; this result was reproduced with other var-
iegating transgenic mice: CD2-1.3A16, CD2-
1.3B, and CD2-1.3A14 (Table 1) (33). (B) Trans-
gene signal from CD2-1.3A8, a mouse carrying
an LCR deletion construct with a unimodal pattern
of expression (right). The transgene signal was
found midway down the long arm of chromosome
1. Another transgenic line with unimodal expres-
sion carrying the LCR deletion construct also had
its transgene located in euchromatin (CD2-1.3A3)
(33). (C) Transgene signal from CD2.4, a line car-
rying an hCD2 transgene with full LCR and uni-
modal expression (right), with the signal found in
the centromeric region. This result was repro-
duced with other transgenic lines carrying the full
LCR (Table 1) (33). Five other lines carrying the
hCD2 transgene with full LCR were analyzed, and
in each case the transgene was found within eu-
chromatic regions (33). Images were made from
five metaphases per transgenic mouse. The FACS
analysis was done as described (73).

lative cell number

ments on PEV in Drosophila (24).

Positive cells with the highest expres-
sion obtained from the variegating lines
express hCD2 in a manner dependent on
transgene copy (11). This is consistent with
the findings of Robertson et al. (25) and
indicates that the hCD2 enhancer (HSS 1)
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Fig. 4. The LCR in hCD2* thymo-

cytes is more sensitive to DNase |

than that in hCD2~ thymocytes. (A) A
Southern blot analysis of DNase
I-treated thymocytes from variegat-
ing mice (CD2-1.3A16). Nuclei from
hCD2* or hCD2~ cells were treated i
with DNase |. Treated DNA was di- oA
gested with Bgl Il and subjected to
Southern blot analysis. Hypersensi-
tive sites (HSSs) were detected only
in the hCD2* nuclei. This result was o
reproduced with mice from another =
transgenic line, showing variegation

of hCD2 expression (CD2-1.3B).

Size markers are shown on the left in B
kilobases. (B) Southern blot analysis
of DNA in (A) hybridized to a Thy-1-
specific probe. DNase | hypersensi-
tivity associated with the endoge- Is
nous Thy-1 gene was detected in

both the hCD2* and hCD2~ cells. c
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Table 1. Position effect variegation in mice trans-
genic for the hCD2 gene attached to a truncated
LCR depends on the chromosomal location of the
site of integration; n, number of independent
transgenic lines analyzed; “‘—,” no variegated ex-
pression; “‘+,” variegated expression.

Variegation in mice

Site of
ntegration  with ful LR~ CD2-1.3kb
Euchromatin —(n=29) -n=2
Centromere - (n=23) +(n=4)

can function provided the transgene in
these thymocytes is in an active chromatin
configuration. These results also indicate
that HSS 3 is required for each cell to
establish an active transcriptional unit.
Although DNA elements (insulators) that
can prevent chromosomal position effects
have been described, all those tested are in-
capable of overcoming centromere-associated
PEV (26). In addition, the hCD2 LCR prob-
ably does not act simply as an insulator (27)
because similar expression patterns have been
observed in mice carrying a transgene with
the immunoglobulin (Ig) enhancer placed 3’
of the full hCD2 LCR (28). In that case,
variegation seemed to be the result of a cis
effect made possible by the Ig enhancer and
could not be prevented by the presence of
HSS 3. Finally, recent experiments suggest
that insulators or border elements do not
propagate changes in chromatin structure
(29). Here, these effects are clearly associated
with chromatin configuration changes. Thus,
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we propose that early in T cell development
tissue-specific “chromatin opening” proteins
or transcription factors would compete with
heterochromatin-associated proteins in the
establishment of an open chromatin domain
(30). Without HSS 3, the outcome of this
competition is uncertain. These results are
consistent with the hypothesis that enhancers
act by increasing the probability of forming a
stable transcription complex at the promoter
(31). Our system suggests that additional LCR
sequences turn this probability into a certain-
ty, so that an active transcriptional complex is
established in every cell even if the gene is
located within a heterochromatic region. Be-
cause the variegation described here is an
early event in thymocyte development, we
propose that this mode of gene regulation may
be involved in the acquisition and mainte-
nance of a particular phenotype (lineage com-
mitment), particularly at those branch points
in differentiation where randomness appears
to underlie decisions taken by the cell.
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