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A constitutive DNase I-hypersensitive site 5’ of the chicken -globin locus, termed 5'HS4 or cHS4, has been
shown to insulate a promoter from the effect of an upstream enhancer and to reduce position effects on
mini-white expression in Drosophila cells; on the basis of these findings, it has been designated a chromatin
insulator. We have examined the effect of the cHS4 insulator in a system that assays both the level of gene
expression and the rate of transcriptional silencing. Because transgenes flanked by insulator elements are
shielded from position effects in Drosophila cells, we tested the ability of cHS4 to protect transgenes from
position effects in mammalian cells. Flanking of an expression vector with the cHS4 insulator in a colony assay
did not increase the number of G418-resistant colonies. Using lox/cre-based recombinase-mediated cassette
exchange to control integration position, we studied the effect of cHS4 on the silencing of an integrated 3-geo
reporter at three genomic sites in K562 erythroleukemia cells. In this assay, enhancers act to suppress
silencing but do not increase expression levels. While cHS4 blocked enhancement at each integration site, the
strength of the effect varied from site to site. Furthermore, at some sites, cHS4 inhibited the enhancer effect
either when placed between the enhancer and the promoter or when placed upstream of the enhancer. These
results suggest that the activity of cHS4 is not dominant in all contexts and is unlikely to prevent silencing at

all genomic integration sites.

It has been hypothesized that the genomes of higher eu-
karyotes are organized in domains similar in chromatin struc-
ture and that “boundary” or “insulator” elements may form
borders that separate active and inactive chromatin (9, 10, 12,
20, 22). These elements would ensure that transcriptionally
active genes or loci are sequestered from those that are inac-
tive or that the influence of regulatory structures in a locus is
restricted from spreading to neighboring regions. Such bound-
aries may be formed by attachment to the nuclear matrix or the
formation of higher-order chromatin structures; no clear evi-
dence for either mechanism is available, although recent ob-
servations suggest that insulator proteins may localize to the
nuclear periphery (21). Thus, while it is believed that insulators
are important for the functional organization of complex ge-
nomes in higher eukaryotes, their structure and mechanism of
action are not well understood.

While the ability to block the effect of an enhancer at ectopic
sites of chromosomal integration in gene transfer experiments
is an effect attributed to insulators, the relationship of this
effect to the function of these elements in their native contexts
remains uncertain. For example, the insulators scs and scs’
located downstream of Asp70 genes in the Drosophila 8747
heat shock locus block repressive and activating chromosomal
position effects from random sites of integration in Drosophila
DNA (25, 26). On the basis of their ability to establish domains
of independent gene activity, these elements were identified as
insulators. Establishment of domains of independent activity
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and blockage of activation by enhancers are effects consistent
with a simple model of chromatin insulation. However, there is
no direct evidence that these effects are characteristics shared
by all insulators, related to their normal function, or apparent
in every chromosomal context. In fact, it is not clear if most
gene domains have discrete boundaries or if these boundaries
create discrete regions of transition in chromatin structure in
vivo.

A region of constitutive DNase I hypersensitivity located
near the upstream boundary of the chicken B-globin locus
exhibits characteristics and effects similar to those of other
chromatin insulators (7, 8, 12). Chromatin upstream of this site
is condensed. Downstream, the chromatin is open, histone H4
is more abundant in the acetylated state, and genes are tran-
scriptionally active (34). In human K562 erythroleukemia cells,
chicken 5'HS4 (cHS4) had enhancer-blocking activity: in a
colony assay, it effectively inhibited the stimulatory effect of an
enhancer (5'HS2 of the mouse B-globin locus control region
[LCR]) when placed between the enhancer and a promoter. In
addition, when cHS4 flanked the white minigene in transgenic
Drosophila DNA, it protected white expression from position
effects (7). Much of the insulator activity was mapped to a
250-bp G-C-rich core that contains CpG sites that are hypo-
methylated in erythroid and nonerythroid tissues (8). These
CpG “islands” are not associated with significant promoter
activity. The core contains canonical binding motifs for the
transcriptional activator SP-1 and for the yeast a-2 repressor,
but it is not known if these proteins (or related ones) are
important for the function of cHS4. By itself, cHS4 has shown
little stimulatory or repressive effect on gene expression, and
its function in its native context has not been established. One
possible function of the cHS4 element is to restrict upstream
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propagation of the active B-globin domain, but it has also been
speculated that cHS4 may protect the B-globin locus from the
repressive effect of neighboring heterochromatin and so main-
tain expression of downstream B-globin genes (8). If cHS4 has
an autonomous ability to counteract silencing of gene expres-
sion by flanking repressive chromatin at sites of ectopic chro-
mosomal integration, it could be an extremely useful tool in the
design of replacement gene therapy vectors (35).

In earlier studies, we showed that in transgenic mice and
cells lines, 5'HS2 and other enhancers have little effect on the
level of gene expression in cells that actively express a gene but
act to increase the proportion of cells that express a gene and
to maintain expression over time (39-41). These results are
consistent with all evidence on enhancer action, since most
assays are not able to distinguish effects on transcription rate
from effects on the recruitment of templates to an active state.
They suggest that enhancers function primarily to ensure that
a gene is established and maintained in an active state in the
appropriate lineage and have little or no direct effect on the
rate of transcription.

Here we describe studies on the cHS4 insulator that were
designed to test its ability to block enhancer activity under
conditions that control for position effects. Using a modifica-
tion of the recombinase mediated cassette exchange (RMCE)
system (2), we studied the effect of cHS4 on 5'HS2 enhancer
activity at three genomic sites in K562 cells. cHS4 blocks this
effect of the enhancer, but surprisingly, at some sites, it also
reduced the enhancer effect when placed on the distal flank of
the enhancer. The function of the cHS4 element in the B-glo-
bin locus remains uncertain, but we believe these results sug-
gest that its function as an insulator in the locus may be more
complex than suggested by a domain model of genomic regu-
lation.

MATERIALS AND METHODS

Plasmid construction. (i) L1L2 plasmids. Plasmid pLIHYGL2 (2, 44) was
digested with BamHI, and a synthetic polylinker was inserted in place of the
HYG sequences to create pL1L2. Parent vector pLICMV-HyTKL2 was con-
structed by digesting a plasmid containing the cytomegalovirus (CMV) promoter
driving expression of the fusion protein HyTK with X%ol (kindly provided by P.
Greenberg, Fred Hutchinson Cancer Research Center) and ligating the ends to
a BamHI linker. A 3.1-kb CMV-HyTk BamHI fragment was subsequently in-
serted into the BamHI site of the pL1L2 polylinker (schematically shown in Fig.
1). Plasmid pL1y B-geoL2 was made by digesting plasmid y B-geo (described in
reference 41) with Asp718, ligating it to a Bg/II linker, and purifying a 4.3-kb BglII
v B-geo fragment. The y B-geo Bg/II fragment was inserted into the BamHI site
of the pL1L2 polylinker. pL1HS2y B-geoL2 was constructed by combining a
1.0-kb BglI1/Smal fragment from 5'HS2 of the human B-globin LCR, a 4.3-kb -y
B-geo fragment containing a blunt 5" end (digested initially with Asp718 and ends
subsequently filled in with Klenow fragment) and a Sall 3’ end, and a BamHI/
Sall pL1L2 DNA fragment in a three-way ligation reaction (pL1-BgeoL2 plas-
mids are shown in Fig. 1).

Control plasmids containing bacteriophage A DNA were created by inserting
a 2.5-kb HindIII/Smal N DNA fragment upstream from HS2 and between the
HS2 enhancer and the y promoter in pL1HS2y B-geoL2. The latter was accom-
plished by converting the A\ DNA HindlIII end to an Asp718 end after Kpnl linker
ligation and combining it in a four-way ligation reaction with a 1.0-kb Bg/II/Smal
HS2 fragment, a 4.3-kb Asp718/Sall y B-geo fragment, and a BamHI/Sall pL1L2
fragment. pLIN2.5HS2y B-geo was constructed in two steps. First, the modified
2.5-kb Smal/Asp718 N DNA fragment described above was inserted upstream
from y B-geo to form an intermediate plasmid, pLIN2.5y B-geoL2. Second, the
intermediate pLIN2.5y B-geoL2 was digested with Asp718, the ends were filled in
with Klenow fragment, and a 1.0-kb HS2 Bgl/II/Smal fragment modified to have
blunt ends was inserted between the A DNA and the y-globin promoter to create
pLIN2.5HS2y B-geol2.

(ii) cHS4 plasmids. Plasmids containing the boundary element from cHS4
were derived from pJC13-1, kindly provided by Jay Chung. pJC13-1 was altered
by removal of the neo gene (digested with BamHI and self-ligated after neo gene
removal) and the LCR sequences (digested with EcoRI and self-ligated). Two
copies of the original 1.2-kb Sacl/SspI cHS4 fragment were placed upstream of
vy B-geo by performing a three-way ligation. This ligation included a 2.4-kb
Asp718/Sall fragment which had two copies of cHS4 from pJC13-1, a 4.3-kb
AspT18/BglIl y B-geo fragment, and a Sall/BamHI pL1L2 fragment and gener-
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FIG. 1. B-geo reporter constructs containing the cHS4 boundary element. All
contain the B-geo reporter driven by the human y-globin promoter (pr) and are
flanked by lox elements L1 and L2 for site-specific integration with the RMCE
system. HS2 is a strong erythroid enhancer derived from the human B-globin
LCR and was used in the original characterization of cHS4. Two copies of a
1.2-kb fragment containing cHS4 were placed in various orientations with respect
to the promoter and enhancer, as indicated in the diagrams. In addition, a 2.5-kb
DNA fragment from bacteriophage N was used as a control for enhancer-pro-
moter spacing.

ated pL144y B-geoL2. Two copies of cHS4 were placed downstream of y B-geo
by ligating a Sall linker to the BamHI end of a 2.4-kb BamH]I/Sall two-copy cHS4
fragment and inserting this fragment into a Sall site located downstream from
B-geo to make pL1y B-geo44L2. A construct with the y B-geo cassette flanked by
cHS4 was created by replacing a 1.3-kb Clal fragment from pL1y B-geo44L2
containing y promoter and upstream p-geo sequences with a 3.8-kb Clal frag-
ment from pL144y B-geoL2. Insertion of the 3.8-kb Clal replacement fragment
added two copies of cHS4 to this construct, positioned upstream from the B-geo
and y promoter sequences to produce pL144y B-geo44L.2.

Two copies of the cHS4 boundary element were placed upstream of 5'HS2 in
pL1HS2y B-geoL2 and between the HS2 enhancer and the -y-globin promoter to
make 44HS2y B-geo and HS244y B-geo, respectively. First, the cHS4 DNA
fragment was made by digesting the modified pJC-1 plasmid with Sa/l, filling the
ends with Klenow fragment, and digesting it with Asp718 to produce a two-copy
cHS4 fragment with Asp718 and blunt ends. This cHS4 fragment was combined
with a 1.0-kb 5'"HS2 fragment with Smal/BglII ends, a fragment containing the -y
promoter and B-geo with Asp718 and Sall ends, and the pL1L2 vector with
BamHI and Sall ends in a four-way ligation to produce pL1HS244y B-geo.
pL144HS2vy B-geoL2 was made by ligating the 1.0-kb HS2 enhancer element with
blunt ends to an Asp718 site located upstream of the +y-globin promoter in
pL144y B-geo L2. The Asp718 site was first modified by the Klenow fragment to
create blunt ends for the ligation. Proper content and orientation of the pro-
moter, enhancer, and insulator elements in these RMCE constructs were con-
firmed by restriction digests and by DNA sequencing.

Site-specific recombination plasmids for the single loxP expression trap
method. Plasmids were constructed to perform a second cre recombinase-based
method for generating site-specific recombinants (see Fig. 7A). The parent
plasmid (IoxPHS2y-loxPBgeo) was constructed in two steps. In the first, a three-
way ligation was performed with a 1.0-kb HS2 enhancer element (Bg/II and Smal
ends), the y promoter fragment (blunted Asp718 end and HindIII end), and the
pBS246loxP plasmid (kindly provided by Brian Sauer) (HindIII and BamHI
ends). In the second step, the loxP-HS2vy-loxP intermediate fragment with NotI
ends was ligated to the Bgeo backbone (described in reference 41) after the
v-Beo plasmid was first digested with Asp718 and HindIII, the ends were blunted
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TABLE 1. Hybridization fragment sizes for 3-geo constructs after
RMCE in K562 cells

Upstream junction
fragment size(s)
(kb) after HindIII

Junction fragment size (kb)

K562 clone and after PstI digestion

construct digestion
Upstream Downstream pl;losge pljosbze
15
v 6.0 4.8
HS2 vy 7.0 4.8 2.9
HS2 \2.5 vy 9.5 4.8
HS2 44 v 4.8 2.9
N2.5 HS2 v 9.5 48
44 HS2 v 48 24,12
19
v 4.2 44
HS2 v 5.2 4.4 1.8
HS2 \2.5 vy 7.7 4.4
HS2 44 v 4.4 1.8
N2.5 HS2 v 7.7 4.4
44 HS2 vy 4.4 13,12
30
Y 9 4.7
HS2 vy 10 4.7 3.6
HS2 \2.5 vy 12.5 4.7
HS2 44 v 4.7 3.6
N2.5 HS2 v 12.5 4.7
44 HS2 v 47 31,12

with Klenow fragment, and the fragment was ligated to a Notl linker. Target
replacement plasmids were also constructed. These included -y-loxP, HS2vy-loxP,
HS2 44 v-loxP, and HS2-spacer-y-loxP. y-loxP was made by performing a three-
way ligation with loxP (HindIII and EcoRI ends), the “y promoter (HindIII and
Asp718 ends), and Bluescript (pKS+; Stratagene) (EcoRI and Asp718 ends)
fragments. HS2vy-loxP was made by ligating HS2 (Smal and Bg/II ends) and the
Ay promoter (HindIIl and blunted Asp718 ends) to a Bluescript plasmid con-
taining a single loxP site with HindIIl and BamHI ends. HS244-y-loxP was
generated in two steps. In the first, a three-way ligation involving the Bluescript-
loxP vector (HindIll and BamHI ends), the “y promoter (with HindIll and
blunted Asp718 ends), and two copies of cHS4 (with EcoRV and BamHI ends)
was performed. In the second step, this intermediate vector with BamHI and
blunted NotI ends was ligated to a 1.0-kb 5"HS2 fragment with Bgl/II and Smal
ends. Finally, a construct with a plasmid spacer between the 5'HS2 enhancer and
v promoter was created by ligating the “y-loxP plasmid with BamHI and Smal
ends to the 1.0-kb HS2 enhancer element (Bg/II and Smal ends) to make
HS2-spacer-y-loxP.

Cell culture and transfection. Conditions for growth and electroporation of
K562 cells were as previously described (41). To select for RMCE events in
clones containing a single copy of pPLICMVHyTKL2, 5 X 10° cells were elec-
troporated with 10 pg of cre expression plasmid pBS185 (Life Technologies,
Gaithersburg, Md.) and 100 pg of the target vector. At 48 h after electropora-
tion, cells were plated by limiting dilution on 96-well microtiter plates in the
presence of G418 (1 mg/ml) and ganciclovir (4 pg/ml).

To select for recombination events using the expression trap method, cells
containing the single-copy promoterless B-geo target were electroporated with
the cre expression plasmid and the replacement vector as described above and
plated by limiting dilution on 96-well microtiter plates in the presence of G418
(1 mg/ml).

Confirmation of RMCE. After 2 weeks in culture, subclones resistant to G418
and ganciclovir were expanded, genomic DNA was prepared, and Southern
blotting was performed to confirm site-specific integration. This was done by
documenting the presence of junction fragments whose sizes were predicted
from junction fragment sizes in the HyTK parental clones (see Fig. 4). The
expected junction fragment sizes after RMCE for each of the three integration
sites are listed in Table 1. Digestion of genomic DNA with PstI generated
downstream junction fragments in all constructs. PstI digestion generated up-
stream junction fragments in all constructs except those which contained the
cHS4 element, due to the presence of a PstI restriction site in cHS4. To confirm
site-specific recombination in the constructs containing cHS4, genomic DNA was
digested with HindIII and the presence of a 5’ junction fragment of the correct
size was verified by hybridization to a cHS4 probe (for construct 44HS2vy) or an
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HS2 probe (for construct HS244v) (see Fig. 4C, right blots). In this manner,
subclones containing single intact copies of each construct depicted in Fig. 1 were
generated by RMCE at each of the three integration sites. Three or more
subclones were isolated for each construct (with the sole exception of 44HS2y at
site 15, where a single subclone was isolated) and were used in subsequent
analyses of gene expression.

Confirmation of site-specific rec tion with the expression trap. After
generation of single-copy integrants containing the loxP-HS2v-loxPB-geo parent
vector, a promoterless B-geo intermediate was made by electroporation of the
parental cells with the cre expression vector. Following electroporation, single
cells were cloned by limiting dilution, split into equivalent aliquots, and expanded
in the presence and absence of G418. Clones sensitive to G418 were analyzed by
Southern blotting to confirm excision of the enhancer-promoter element. After
confirmation of excision, the promoterless B-geo target clone was electroporated
with the cre expression vector and the replacement plasmid. Clones resistant to
G418 were expanded, genomic DNA was prepared, and Southern blotting was
performed. Site-specific recombination was confirmed by digestion of genomic
DNA with EcoRI and hybridization to a 5’"HS2 enhancer probe (see Fig. 7).

Determination of B-gal activity. The methylumbelliferyl-B-glucuronide (MUG)
assay was performed on lysates from cells containing the RMCE constructs. The
cellular lysates were placed in 96-well plates and assayed on a Dynatech fluo-
rimeter as described previously (40). Cells were passaged in the presence of G418
to ensure that all of them expressed B-geo. Fluorescence of cells from each
subclone was measured in triplicate, and mean B-galactosidase (B-gal) activity
was determined after correction for the protein content of the lysates. MUG
assays were repeated two times, and mean activity relative to that of a reference
sample and the standard error of the mean (SEM) were calculated.

FACS-gal assays. Fluorescence-activated cell sorter (FACS)-Gal analysis was
performed as described previously (40, 41). Cells passaged in the absence of
G418 selection were assayed at 2- to 4-week intervals for B-gal activity. Cells were
incubated on ice for 4 h in the presence of fluorescein di-B-p-galactopyranoside
before analysis to ensure that cells with any B-gal activity were scored as positive.
Each subclone found to have a correctly integrated RMCE construct was divided
into two aliquots that were separately subjected to FACS-Gal analysis to deter-
mine the rate of transcriptional silencing. This rate was determined for each
construct by calculating the average fraction of B-gal-expressing cells at 2- to
4-week intervals up to 40 weeks after removal of G418 selection. In order to
maintain a uniform rate of cell division, all subclones were expanded to a density
of 5 X 10° to 8 X 10° cells/ml and split 1:40 in medium containing calf serum
from a single lot. Average values were calculated from at least three different
subclones for each construct, and the SEM was determined for each time inter-
val.

Colony assay. Mid-log-phase K562 cells (5 X 10°) were transfected by elec-
troporation as described previously. Linearized DNA (10 pg) was mixed with
supercoiled human growth hormone expression plasmid DNA (2.5 pg) as a
control for transfection efficiency and electroporated into K562 cells. To gener-
ate G418-resistant colonies, the transfected cells were diluted 1:2 (for 44y B-geo,
44~v44B-geo, y B-geo44, and y B-geo constructs) or 1:10 (for HS2y B-geo and
44HS2vy B-geo constructs) in medium containing 1-mg/ml G418 and plated on
96-well culture plates 2 days after transfection. The G418-resistant colonies were
counted 2 to 3 weeks after selection and corrected for transfection efficiency. The
experiment was performed three times in duplicate to generate average values
and the SEM.

RESULTS

Colony assays suggest that cHS4 does not protect against
position effects. It has been proposed that cHS4 may counter-
act the repressive effect of chromatin and thereby promote
stability of expression at randomly selected sites of integration.
We elected to first test this hypothesis in a conventional colony
assay. The colony assay measures the ability of a transfected
plasmid to integrate into chromatin and express a drug resis-
tance marker with sufficient stability to produce a colony of
drug-resistant cells; it was used to characterize cHS4 by Chung
et al. (7, 8). In the colony assay, enhancers appear to act by
increasing the number of sites at which transcriptional activity
can occur after integration. Constructs may be more efficient at
initiating and maintaining expression within a region of inac-
tive chromatin when they contain an enhancer. However, there
is considerable evidence that they do not affect the rate of
transcription in active integrated constructs (28, 39, 40).

If it is assumed that most random integration sites are re-
pressive for expression and cHS4 acts to counteract repressive
chromatin and permit expression of insulated genes, then a
construct flanked by cHS4 should produce increased numbers
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FIG. 2. Effect of the cHS4 boundary element on expression when flanking
the B-geo reporter in a colony assay. Linearized plasmid DNA was transfected in
K562 erythroleukemia cells. The cells were plated in medium with G418, and 2
weeks after transfection, G418-resistant colonies were counted. The number of
colonies was corrected for the efficiency of transfection with a human growth
hormone control plasmid and normalized to the number of G418-resistant col-
onies obtained with the y B-geo plasmid. The averages from three transfections
performed in duplicate were determined, and the SEM was calculated. (A) Effect
of cHS4 on constructs carrying the 5"HS2 enhancer. The constructs (shown on
the y axis) include controls with the y-globin promoter (pr) alone and with an
upstream HS2 enhancer driving B-geo expression. Two copies of a 1.2-kb frag-
ment from cHS4 were positioned upstream of the promoter (44 +y), upstream of
the enhancer-promoter combination (44 HS2 v), downstream of B-geo (y 44),
and at both ends of the y B-geo plasmid (44 vy 44). (B) Effect of cHS4 on
expression of constructs lacking an enhancer. cHS4 significantly affects colony
number only when placed at each end of the construct (44 y 44), and in this case
it causes a decline in colony number.

of G418-resistant colonies by blocking the repressive influence
of flanking chromatin. To test this, we transfected K562 cells
with linearized B-geo plasmid DNA, plated transfected cells
into medium with G418, and determined the number of G418-
resistant colonies after correcting for transfection efficiency.
The B-geo reporter is a fusion protein with B-gal and neomycin
phosphotransferase activities (41) and thus can be utilized in a
colony assay. In each construct, 3-geo expression was driven by
the human “y-globin promoter.

The B-geo constructs used in the colony assay are depicted
in Fig. 1, and the results of the colony assay are presented in
Fig. 2. First, we observed a significant increase in colonies by
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addition of the 5'"HS2 erythroid enhancer to the B-geo plasmid,
similar to what we and others have observed in the past (7, 28,
40). We then tested the effect of the cHS4 insulator in the
colony assay. We found that placing cHS4 upstream of the HS2
enhancer (which, in multicopy head-to-tail arrays, would cause
the enhancer-promoter sequences to be flanked by cHS4) had
little effect on the number of G418-resistant colonies, as ob-
served previously by Chung et al. (7) (Fig. 2). To avoid an
enhancer-blocking effect that may antagonize the ability of the
5"HS2 enhancer to establish expression in the colony assay, we
also tested the effect of cHS4 in the absence of an enhancer.
Two copies of cHS4 were placed upstream or downstream of
B-geo, and the construct was also flanked by cHS4 at both ends
(Fig. 2B). Placing the cHS4 boundary element upstream or
downstream of the +y-globin promoter did not increase the
number of colonies relative to that obtained with the promoter
alone, and flanking this plasmid with cHS4 elements actually
decreased the number of colonies by more than 50% (Fig. 2B).
The reduction in colony number after flanking of a plasmid
construct has been observed previously (8).

Taken together, these results may indicate that cHS4 does
not protect against position effects that reduce the number of
colonies and may even repress expression. However, this view
is at odds with previous work that established the cHS4 ele-
ment as an insulator that blocks repressive chromatin (8, 31).
Moreover, we did not observe a negative effect of cHS4 in the
colony assay when the insulator was placed on only one side of
the B-geo reporter (Fig. 2B). Thus, it is possible that in the
colony assay, the enhancer-blocking activity of cHS4 shields
expression from the stimulatory effect of neighboring genomic
elements: if most random integration sites in the colony assay
are actually permissive for expression, then flanking cHS4 el-
ements may actually reduce the number of colonies by blocking
activating effects of an endogenous enhancer near the integra-
tion site. Unfortunately, the colony assay is not capable of
distinguishing these possibilities, as it does not control for the
effect of integration position. We therefore developed a novel
system to study cHS4 in a manner that overcomes this limita-
tion of the colony assay.

A system to control integration position in cultured cells. To
further investigate the effect of cHS4 on gene expression, we
have used a system that permits detailed analysis of stable gene
expression. As a reporter, we use 3-geo, a fusion protein with
B-gal and neomycin phosphotransferase activities. In addition
to acting as a selectable marker (conferring resistance to
G418), B-geo expression can be measured with a variety of
assays for B-gal. We used conversion of MUG to assess the
quantity of B-geo expression, and this level is a reflection of the
transcription rate. The FACS-Gal assay (29) is a flow cytomet-
ric assay that gives a direct and extremely sensitive measure-
ment of the proportion of cells within a population that
express B-gal; cells containing only a few B-gal molecules
are scored positive (15), but under these conditions, the
assay does not conveniently quantitate B-gal expression.
With these two assays, we can assess the amount of tran-
scription from an expressing gene and also measure the
proportion of cells in a population that are actively express-
ing the reporter (40, 41).

We have further refined these analyses by testing different
cis elements at the same integration site by using an adaptation
of a novel strategy termed RMCE. RMCE, recently described
by Bouhassira et al. (2), makes use of the cre recombinase
system and two LoxP recombination target sites designated L1
and L2 (16, 37, 38) (Fig. 3). These sites differ by a single base
pair in the spacer region of the LoxP target, which renders L1
and L2 incompatible for recombination. The cre recombinase
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lox elements of the same type but not with each other (i.e., L1 X L1 or L2 X L2 but not L1 X L2). The target vector contains an expression cassette in which the CMV
promoter (pr) drives expression of HyTK, a fusion protein with hygromycin phosphotransferase and thymidine kinase activities; the cassette is flanked by L1 and L2
elements. K562 clones carrying single copies of the LIHyTKL?2 plasmid are cotransfected with a cre recombinase expression plasmid and a circular replacement plasmid
containing the y-globin promoter driving B-geo expression that is flanked by lox sites L1 and L2. In the example shown, an initial recombination between identical lox
targets (L1) integrates the replacement plasmid, generating an intermediate containing both the replacement and HyTK vectors. This intermediate is resolved by a
second recombination, leaving either the original HyTK vector, as shown on the lower left (L1 X L1 recombination), or the replacement B-geo vector, as shown on
the lower right (L2 X L2 recombination). The desired replacement was selected by growth in G418 (selection for B-geo expression) and ganciclovir (selection against

HyTK expression) and confirmed by Southern blotting.

facilitates exchange of the integrated cassette with a circular
plasmid replacement cassette flanked by L1 and L2. The pro-
cess is initiated by a recombination event between the inte-
grated target vector and the circular plasmid replacement vec-
tor, which creates an intermediate that includes the target and
replacement plasmids (Fig. 3). The exchange process is com-
pleted by a second recombination event (between either two
L1 elements or two L2 elements) that reduces the two-plasmid
intermediate to either the original integrated vector or the
desired replacement. Recombination events that generate the
replacement may be selected on the basis of resistance: the
original cassette expresses HyTK, which confers sensitivity to

ganciclovir, and the replacement cassette expresses B-geo,
which gives G418 resistance.

We used RMCE to introduce a series of plasmids into three
unique integration sites in K562 erythroleukemia cells; the
replacement cassettes are shown in Fig. 1. The integration sites
were generated by isolating single-copy integrants containing
the HyTK reporter driven by the CMV enhancer-promoter,
flanked by the loxP recombination targets, L1 and L2. Our
earlier work supports the view that strong transcriptional con-
trol elements are more likely to establish expression in rela-
tively repressive integration sites: when these elements are
removed, expression is silenced at greatly increased rates (40).
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We chose the CMV enhancer-promoter because it is a strong
element that is likely to be active at repressive sites, so that
randomly selected clones would be more likely to represent
these repressive sites. Use of repressive sites allows us to assess
the silencing effect of neighboring chromatin and facilitates the
study of cHS4 in such a setting.

In our constructs, B-geo expression is driven by the human
“v-globin promoter, with the erythroid enhancer 5'HS2 (from
the human B-globin LCR) placed upstream of the promoter.
The +-globin promoter, 5'"HS2 enhancer, and K562 cell line
were used in the original description of the HS4 insulator. Two
copies of the 1.2-kb 5'HS4 boundary element, as tested in
studies performed by Chung et al. (7, 8), were placed either
between the 5'HS2 enhancer and the +y-globin promoter or
upstream of 5'HS2. To simulate the effect of distance on en-
hancer activity caused by insertion of cHS4 sequences between
the promoter and enhancer, a 2.5-kb DNA control fragment
containing bacteriophage N DNA was placed between the en-
hancer and promoter. Subclones that had completed RMCE
were selected on the basis of G418 and ganciclovir resistance,
and site-specific recombination was confirmed by Southern
blotting (Fig. 4). The junction fragment sizes expected after
RMCE for each of the three integration sites are listed in
Table 1.

Neither the 5'HS2 enhancer nor cHS4 affects expression
level. The level of B-geo expression and the rate at which
expression was silenced were measured in separate assays. The
B-gal expression level was measured by MUG conversion in
cells maintained in G418, thereby eliminating the possibility
that cells not expressing 3-geo might be included in the anal-
ysis. To address the possibility that G418 selection excludes
cells that have low expression levels and thus die in the pres-
ence of G418, we have measured expression levels by MUG
conversion in cells passaged in the absence of positive selection
(40). We accounted for the fraction of cells not expressing
B-gal by performing the FACS-gal assay, corrected for the
percentage of expressing cells, and determined B-gal activity
per expressing cell. There was no difference in measurements
of expression obtained by the two methods (data not shown).
Consistent with our previous studies of 5'HS2 (40, 41), the
addition of 5'HS2 to the y-globin promoter resulted in only a
slight or no increase in the level of B-gal expression (Fig. 5).
5'HS2 is a well-characterized enhancer, but this result is con-
sistent with earlier studies by us and others (13, 28, 39-41). We
have shown that enhancers have little effect on expression level
but act to ensure the establishment and maintenance of a
domain permissive for stable gene expression (39-41). The
absence of a significant stimulatory effect on expression level
by the upstream 5'HS2 enhancer does not mean that it has no
effect, as the measurement of reporter gene silencing shows
(see below). The boundary element from cHS4 had little or no
effect on expression level when positioned either upstream or
downstream of the enhancer, and neither did the bacterio-
phage N\ spacer DNA. Thus, the enhancer-blocking activity of
cHS4 does not appear to be mediated by effects on transcrip-
tion rate.

The 5'HS2 enhancer suppresses silencing of the reporter.
Silencing of expression was measured with the FACS-Gal as-
say. When cells expressing B-geo are removed from G418 se-
lection, expression is no longer necessary for survival, but the
FACS-Gal assay can be used to monitor the proportion of cells
that continue to express B-geo. We have previously shown that
each integration site silences reporter gene expression over
time at a characteristic rate and that enhancers counteract this
silencing. To ensure that all cells were initially expressing
B-geo, subclones were expanded in G418; after removal of
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G418 selection, cells were subjected to the FACS-Gal assay at
intervals to determine the percentage of cells that continued to
actively express B-geo. To assess the effect of clonal variation
on the silencing rate, six single-cell subclones were derived
from one clone (y-Bgeo at site 30) by limiting dilution and
passaged in the absence of G418. There was no significant
variation in the rate of silencing among the single-cell sub-
clones (data not shown). Subclones carrying each of the con-
structs shown in Fig. 1 were passaged separately in duplicate,
and FACS-Gal assays were performed at standardized time
points. The rate of silencing varied widely among the three
integration sites, suggesting that repressive effects caused by
the position of integration also varied from site to site (Fig. 6A
to C). For example, the elapsed time necessary to observe a
70% decline in the percentage of cells expressing 3-gal for the
B-geo plasmid driven by the y-globin promoter was 22 weeks at
site 15, more than 30 weeks at site 19, and 16 weeks at site 30.
This variation in rates of silencing from the RMCE sites was
comparable to that observed with similar constructs integrated
into K562 cells we have described previously (40). Thus, the
RMCE sites appear to be subject to a variegating effect on
gene expression that has been observed after stable integration
in cell lines and in transgenic mice (14, 36, 39, 40). At each of
the sites, the addition of the 5'"HS2 enhancer had a profound
effect on silencing, significantly slowing the rate of silencing
compared to that of a similar construct lacking the enhancer
(Fig. 6A, compare open triangles to closed circles in the three
graphs). This observation is completely consistent with our
earlier studies of enhancer action (40, 41) and with the hypoth-
esis that enhancer elements stimulate expression by maintain-
ing a domain that is permissive for transcription rather than
affecting the rate of transcription.

The cHS4 boundary element blocks 5'"HS2 enhancer activ-
ity. Based on previous studies by Chung et al. (7, 8), we antic-
ipated that the cHS4 boundary element, when positioned be-
tween the promoter and enhancer, would increase silencing of
B-gal expression by blocking the ability of the enhancer to
maintain expression. Complete abrogation of the enhancer
effect by cHS4 should cause the rate of silencing to be indis-
tinguishable from that obtained with the promoter alone. As
expected, cHS4 did block the effect of the HS2 enhancer in the
silencing assay, but the magnitude of its activity varied among
the integration sites. At integration site 30 (Fig. 6A, right
graph), cHS4 completely abolished the enhancer effect. At
sites 15 and 19 (Fig. 6A, center and left graphs), the interpo-
sition of cHS4 between the enhancer and promoter attenuated
rather than blocked the effect of the HS2 enhancer. While
these results confirm that cHS4 has enhancer-blocking activity,
they also suggest that sequences neighboring the three inte-
gration sites exerted some influence on expression. It is possi-
ble that the variation in insulator activity we observed might be
due in part to the influence of noninsulated downstream se-
quences. However, these results may also indicate that the
cHS4 insulator does not exert absolute dominance at all
genomic integration sites.

cHS4 enhancer blocking activity is bidirectional. It has gen-
erally been supposed that an insulator blocks transmission of
an enhancer effect when placed between an enhancer and a
promoter but that an insulator placed upstream of the en-
hancer would have no effect. To determine if cHS4 had a
bidirectional repressive effect on the maintenance of expres-
sion, we placed it upstream of the HS2 enhancer at the three
integration sites. Surprisingly, in this configuration, cHS4 ex-
hibited significant silencing activity at two of the three sites. At
sites 15 and 30 (Fig. 6A, left and right graphs), cHS4 was nearly
as effective at blocking enhancer activity when upstream of the



3720 WALTERS ET AL. MoL. CELL. BIOL.

A Pstl Psti Pstl  Pstl B Hindlll Hindill
[] l—x— Y ™ 4
™ v ‘l l ™~ y l
CMV pr[ HyTK wJ_CMV ;LJHHyTK - .
probess 3 I =L2 L1 l L2
Pstl Pstl Pstt  Hindll  Hindill Hindlll'  Hindill Hindll

ﬁx+2.0kb——l£Y+o.4kb1 m l l ’_’l l
1P[ B-Geo ]

WA —1 = VPN
H probe A B “? probe C
Hindlll Hindlll Hindlll Hindill Hindlll
X-1.5kb
l1.2|<bl l F’l l
v B-Geo ] _y
probe D L2
C. Pstl digest Hindlll digest
A :o'\ N q,'\ 5 .+
¥ Y g & o &
¢ & & A
\ < < ¥ 22k —p 4 |
X+2kb—p - ek
“ 17kb_>“ﬂ-ﬁ
4.0kb —p 4

3.0kb —p " probe C

Z-1.5k0 — . &

Y+0.4 kb—p» " -e
"‘ ._ 1.2kb —p - W

0.5 kb —p W L
probe B probe D



VoL. 19, 1999 5'HS4 BLOCKS SUPPRESSION OF SILENCING 3721

sive flanking chromatin, it might be expected to counteract
silencing when placed on the flank of a construct, but in fact, its
effect appears to be the opposite, increasing silencing of the
reporter. To further test the possibility that cHS4 has bidirec-
tional silencing activity, we attempted to integrate cassettes in
which B-geo, driven only by the y-globin promoter, was flanked
on one or both sides by cHS4. In order to identify reintegration
events, 3-geo must be expressed so that a subclone is selected.
We recovered subclones in which the cassette contained either
no cHS4 or cHS4 at the 3’ end. However, we did not recover
any clones when the cassette contained cHS4 at each end or
(significantly) cHS4 at the 5’ end adjoining the promoter (data
not shown). While it is not possible to say with certainty why no
such subclones were obtained, the result is consistent with the
interpretation that the cassettes were integrated but not ex-
pressed. While it is not certain if the repressive effects de-
scribed above and the results of a colony assay indicate that
flanking cHS4 elements repress expression, these results do
indicate that cHS4 elements do not promote stable expression

e Int site 30
—— Intsite 19
= Int site 15

HS2y ——

HS222.5 Va

Rk =

o v v y—— S
44 HS2 ¥ —: in every context.
Effect of increased distance on the enhancer effect. We at-
tempted to control for the effect of altering the spacing be-
———— tween the promoter and enhancer in the constructs containing

cHS4 by testing constructs in which a 2.5-kb DNA fragment of
bacteriophage N\ was placed either between the promoter and
the enhancer or upstream of the enhancer. While the A DNA
had no effect on expression level in these configurations (Fig.
5), it did increase silencing at integration site 30, where cHS4
also had significant silencing activity (Fig. 6B, right graph). No
significant silencing activity was associated with A DNA at
integration site 15, and N DNA had a modest repressive effect
at site 19 (Fig. 6B, left and center graphs). These findings call
into question the notion of functionally inert DNA; the con-
text-dependent silencing activity of the spacer may be due to its
prokaryotic origin. While the silencing activity of the spacer, to
some extent, impaired our ability to judge the effect of distance
from the promoter on enhancer activity, we observed that
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FIG. 5. Level of B-geo expression by constructs integrated by RMCE into
three unique genomic sites. K562 cells carrying B-geo constructs after RMCE
were expanded in G418 to ensure that all of the cells were expressing B-geo. The
B-gal activity in cell lysates was determined by conversion of MUG. Error bars
represent the SEM. MUG conversion values were normalized to the B-gal
activity level of a reference clone in which B-geo is driven by the vy-globin
promoter. For each B-geo construct at each integration site, three or more
subclones were generated, and the values shown are averages from the three

subclones. Three separate determinations were performed on each subclone in
duplicate.

enhancer as it was when placed between the enhancer and the
promoter. However, at integration site 19, cHS4 had little
effect when placed upstream of the enhancer (Fig. 6A, center
graph). Again, this suggests that the activity of the cHS4 ele-
ment is influenced by the site of integration.

If cHS4 insulates a promoter from the influence of repres-

5"HS2 significantly reduced the rate of silencing when placed
downstream of B-geo, even though the promoter and enhancer
were separated by a distance of 4.0 kb (Fig. 6C, compare vy
[circles] and y HS2 [triangles]). When cHS4 was placed be-
tween downstream 5'HS2 and the reporter gene (y 44 HS2), it
blocked the enhancer effect (Fig. 6C, squares).

To exclude the possibility that the repressive effect of
could be a general phenomenon of DNA elements utilized in
this system, we tested the effect of Bluescript (Stratagene, Inc.)
plasmid DNA at a fourth integration site. At this site, recom-

FIG. 4. Southern blot analysis to confirm site-specific integration by RMCE. (A) Integration of a single copy of the parental CMV-HyTK plasmid was confirmed
by the presence of unique junction fragments. Genomic DNA was digested with PstI and hybridized, first to an upstream CMV promoter (pr) fragment probe and
subsequently to a downstream HyTK fragment probe. Genomic junction fragment lengths designated X (for the upstream junction fragment) and Y (for the
downstream fragment) were used to predict the sizes of upstream (X + 2 kb) and downstream (Y + 0.4 kb) junction fragments produced by correctly integrated B-geo
plasmids after hybridization to B-geo probes A and B (Table 1). This strategy is not effective when cHS4 is present at the junction, because cHS4 contains a PstI site.
For analysis of cHS4 integration, the strategy in panel B was used. (B) Generation of new upstream HindIII junction fragments by integration of constructs containing
cHS4. The size of upstream junction fragment X was determined by digestion of genomic DNAs from HyTK parental clones with HindIII and hybridization to a CMV
promoter fragment probe. After exchange of the cassettes by RMCE, genomic DNA was digested with HindIIl. The predicted size of the upstream B-geo junction
fragment for HS2 44 y B-geo was X — 2 kb when hybridized to HS2 enhancer probe C; for 44HS2y B-geo, the junction fragment was X — 1.5 kb when hybridized to
cHS4 probe D (Table 1). (C) Southern blot of representative subclones illustrating RMCE. Following RMCE at integration site 30, genomic DNAs from representative
subclones were digested with PstI. For the lower left blot, DNA was hybridized to B-geo probe B to generate a unique 4.7-kb downstream junction fragment (Y + 0.4
kb) in all constructs. For the upper left blot, hybridization to lacZ probe A (which recognizes -geo) generated a unique junction fragment (X + 2 kb) in all constructs
(except those containing the cHS4 element, due to the presence of a PstI restriction site in the cHS4 insulator). Upstream PstI junction fragment sizes for the integration
site 30 subclones ranged from 9 kb for y B-geo to 12.5 kb for H N\2.5 y B-geo, as listed in Table 1. The lacZ probe hybridized to internal fragments that were 3.0 and
4.0 kb in length from HS2 44 vy B-geo and 44 HS2 vy B-geo, respectively. For the upper and lower right blots, to confirm site-specific recombination in subclones
containing the cHS4 insulator, DNA was digested with HindIII. For HS2 44 vy B-geo, hybridization to 5'HS2 probe C generated a 1.7-kb endogenous genomic HS2
fragment and a 3.6-kb (X — 2 kb) upstream junction fragment (upper right). For 44 HS2 y B-geo, hybridization to cHS4 probe D to generated a 1.2-kb internal fragment
and a 3.1-kb (X — 1.5 kb) upstream junction fragment (lower right). Subclones with the HS2 44 y B-geo construct had 0.5- and 1.2-kb internal fragments after
hybridization to cHS4 probe D (lower right).
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binase-mediated site-specific recombination was accomplished
through an expression trap method shown schematically in Fig.
7A. We made a parental construct containing the 5'HS2 en-
hancer upstream of the y-globin promoter driving B-geo; the
enhancer and promoter sequences were flanked by loxP tar-
gets. Following cre expression, a promoterless intermediate
was created. A second plasmid containing the new transcrip-
tional control elements was then introduced with a cre expres-
sion plasmid; site-specific recombination was screened on the
basis of restored B-geo expression and confirmed by Southern
blotting. As at the three RMCE sites, the effect of the 5'HS2
enhancer at this site was to significantly slow the rate at which
expression of the reporter was silenced (Fig. 7B). At this site,
the enhancer effect was effectively blocked by cHS4. When the
3.0-kb plasmid spacer was located between the enhancer and
the promoter, it had no effect on silencing. This observation
argues against the possibility that the repressive effects of cHS4
we observed were due to nonspecific effects of random DNA
after insertion at the genomic sites.

DISCUSSION

By using the RMCE system to control for the effect of
integration position and B-geo to assay effects on silencing of
gene expression, we confirmed that the cHS4 insulator has
significant enhancer-blocking activity. We also showed that it
blocks the enhancer effect by disrupting the ability of an en-
hancer to maintain expression rather than by an effect on
transcription rate. However, we also found that cHS4 causes
more rapid silencing of a linked B-geo reporter, whether it is
placed between the enhancer and the promoter or distal to the
enhancer. Furthermore, the intensity of its effect varies from
site to site, suggesting that it is itself susceptible to position
effects. When positioned at the borders of transcription units
that either had or lacked an enhancer, cHS4 did not increase
the number of G418-resistant colonies in a colony assay. In our
experiments, the three integration sites were randomly se-
lected, and there is no reason to suppose that they are unusual.
Our results strongly suggest that cHS4 will not shelter ran-
domly integrated genes in mammalian cells from repressive
chromatin in all contexts, although it may do so under some
circumstances (42).

These observations are not in conflict with those made in
previous investigations of cHS4, but they do reveal more com-
plex effects. RMCE allows direct comparison of the effects of
cHS4 when it is placed in different configurations with respect
to an enhancer or other regulatory elements at the same
genomic site. The colony assay assesses the ability of cis-regu-
latory elements to counteract repressive chromosomal position
effects that silence drug resistance reporter genes, i.e., to es-
tablish expression and maintain it long enough to score a
colony for drug resistance. Colonies derived from such an
experiment can be analyzed with the B-geo assay, which per-
mits observation of reporter silencing and separate measure-
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ment of the expression level. We previously showed that en-
hancers are potent antagonists of variegating position effect in
the colony assay and so act to increase the number of colonies
without acting directly to increase the transcription rate (40,
41). Chung and colleagues demonstrated that cHS4 blocked
the stimulatory effect of the 5’"HS2 enhancer in a colony assay
(7). We have extended these observations and found that,
unlike transcriptional enhancers, cHS4 does not suppress po-
sition effects in a colony assay. Recently, Chung and his col-
leagues showed a similar reduction in the number of G418-
resistant colonies by flanking a neomycin resistance reporter,
driven by the y-globin promoter and 5'HS2 enhancer, with a
single copy of cHS4 (8). We also noted that cHS4 does not
suppress a variegating position effect (36) on a globin-lacZ
transgene in mice (16a). Taken together, the results of these
studies suggest that cHS4 does not universally block the
effects of repressive chromatin that borders integration sites
in a colony assay. It is possible that cHS4 blocks repressive
chromatin in some sites; however, our data argue that the
insulator does not exert absolute dominance at all sites of
integration.

It is possible that apparent repression by cHS4 is created by
insulation of the expression cassette from endogenous genomic
enhancers. In the colony assay, this would reduce the number
of colonies by insulating the cassette from stimulatory effects of
flanking chromatin required for expression and, at the RMCE
sites, insulate the cassette from an endogenous enhancer up-
stream of each of the three integration sites. This would ac-
count for both the apparent bidirectional silencing activity of
cHS4 and the difficulty in generating subclones carrying the
B-geo cassette flanked by cHS4. Nevertheless, this seems un-
likely. First, it would require that each of the three integration
sites have such a strong enhancer nearby but that this endog-
enous enhancer not be sufficient to maintain reporter expres-
sion. Second, it would require that 5'"HS2 have a much stronger
effect than the endogenous enhancer (since it maintains ex-
pression much more effectively) but that when the endogenous
enhancer was blocked by placing cHS4 on the flank of a con-
struct, 5'"HS2 would be unable to maintain expression. A pos-
sibly simpler explanation for our results is that cHS4 has a local
effect that suppresses the activity of enhancer and promoter
elements on either side of it. However, we cannot exclude the
possibility that an endogenous activator and the 5'HS2 en-
hancer interact in an additive manner to stabilize expression
and that this interaction is effectively blocked by the cHS4
insulator, accounting for its partial effect on expression stabil-
ity. Taken together, our results suggest either that cHS4 itself
has a repressive effect or that it can block the activating effect
of flanking chromatin and so enhance silencing of the flanked
construct. Either action could cause the silencing of expression
associated with cHS4 we observed.

Our observations are not inconsistent with the idea that
cHS4 functions as an insulator; the bidirectional silencing ef-
fect may or may not bear any relation to its function in the

FIG. 6. Silencing of B-geo expression at the three integration (Int) sites. A comparison of the rates at which the various constructs are silenced is shown. At time
zero, cells were removed from G418 selection, and thereafter, they were expanded continuously without G418 selection. At intervals, the individual subclones were
analyzed in the FACS-Gal assay to determine the percentage of cells expressing B-gal. The y axis shows the percentage of cells expressing -gal, and the x axis shows
the time in weeks for which cells were expanded without G418 selection. The percentage of expressing cells was determined by creating a gate in the histograms that
separated expressing from nonexpressing cells, based on the distribution of cells from positive and negative controls, and calculating the fraction of expressing cells.
Each determination represents the average percentage of cells expressing 3-gal from three or more subclones, and the time course of silencing was studied at least twice
in each clone. Error bars represent the SEM. (A) The 5"HS2 globin enhancer suppresses silencing of B-geo, and cHS4 blocks this effect. At each of the three integration
sites, interposition of cHS4 between the enhancer and the promoter (pr) causes silencing to proceed at a more rapid rate than it does when only the enhancer is present.
This acceleration of silencing also occurs when cHS4 is placed upstream of the enhancer at sites 15 and 30 but not at site 19. (B) The effect of the 2.5-kb X DNA spacer
on silencing. At sites 15 and 19, the presence of the spacer had little or no effect, but at site 30, it mimicked the effect of cHS4. (C) The 5'HS2 enhancer suppresses
silencing from a distance of 4 kb (downstream of B-geo), and cHS4 antagonizes this effect.
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FIG. 7. Effect of plasmid spacer DNA on expression after site-specific re-
combination. (A) A single-copy clone carrying the parent plasmid, loxP-HS2y-
loxPB-Geo was isolated in K562 cells (A). After electroporation with a cre
recombinase expression plasmid, subclones with deletions and carrying expres-
sionless B-geo were isolated on the basis of sensitivity to G418 (B). After co-
transfection with cre recombinase and the circular target plasmid, site-specific
recombinants carrying the reintegrated target plasmid were selected in G418 (C).
Site-specific recombination was confirmed by Southern blotting. After digestion
of genomic DNA with EcoRI, hybridization to the HS2 probe generated a 5-kb
fragment in the parent clone (lane A, band A), no hybridization signal in the
deletion-containing subclone (lane B), and an 8-kb fragment in the reintegrated
subclone (lane C, band C). (B) Effect of the 3.0-kb Bluescript DNA spacer on
silencing. At this site, the spacer DNA had no effect on silencing when positioned
between the 5'"HS2 enhancer and the y-globin promoter (pr). cHS4 effectively
blocked the enhancer effect at this integration (Int) site.
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native context of the chicken B-globin domain. If, as Chung et
al. have speculated (7, 8), cHS4 functions to separate chroma-
tin domains near the chicken B-globin locus, it is possible that
this activity causes a silencing effect in our assay. While insu-
lators have been identified and defined by an effect of unidi-
rectional silencing of gene expression dependent upon en-
hancer activation, these assays may produce only a partial
understanding of their function. The characteristics of some
other known insulators suggest more complex functions.

Perhaps the best-studied insulator is that found in the Dro-
sophila gypsy retrotransposon, where binding sites for suppres-
sor of hairy wing [su(Hw)] have silencing and enhancer-block-
ing activities (3, 4, 19). The silencing activity is modified by
trans-acting factors to confer directionality on its enhancer-
blocking effects. The unidirectional silencing is mediated by
protein-protein interactions involving the su(Hw) protein and
its partners (17-19). Mutations in the modifier protein en-
coded by mod(mdg4) cause these sites to lose their polarity and
act as bidirectional silencers of transcription and also become
enhancers of position effect variegation. The gypsy insulator
may not recapitulate these effects at every site of integration,
and there is evidence from mod(mdg4) mutants that selected
promoters are spared from its repressive effect (4, 21). Thus,
similar to our observations of cHS4, the activity of the
su(Hw) insulator is influenced by its position of integration.
Moreover, under certain conditions, it too has bidirectional
silencing activity.

The Drosophila bithorax complex contains several chromatin
insulators that may facilitate the expression of homeotic selec-
tor proteins in a developmentally regulated pattern. The best
studied is the Fab-7 insulator, positioned between cis-regula-
tory regions iab-6 and iab-7 of the Abdominal-B gene in the
bithorax complex (23, 46). These elements control expression
in posterior parasegments 11 and 12 in the developing embryo.
Fab-7 was shown to silence linked reporters in transgenic fly
strains and has enhancer-blocking activity associated with
binding by polycomb (Pc) group proteins. Recently, mapping
studies have demonstrated separate Pc response element and
boundary element sequences located near the Fab-7 boundary.
Thus, the Fab-7 boundary has overlapping affinities for repres-
sive Pc proteins and activating trithorax group proteins (24,
27), which may account for the observation that the Fab-7
boundary functions to block ectopic activation and ectopic
silencing when tested in the context of the bithorax complex.
These complexes of stimulatory and repressive proteins may
form structures that maintain chromatin in a stable state that is
initiated by events early during embryogenesis (5, 30).
Whether conditioned to be active or inactive, Fab-7 maintains
the state in a manner that is stable and heritable.

Thus, the silencing activity associated with insulators may
well be linked to their function. This activity is subject to
modification by frans-acting factors that may confer direction-
ality or specificity of silencing, or by the transcriptional state of
a locus initiated by prior events, to maintain a state of repres-
sion (or activation) that is stable through cell divisions and
even meiosis (5, 6, 32). It is also influenced by its context.
These interactions may account for the variation in silencing
and enhancer-blocking activity we observed for cHS4 among
the three integration sites studied.

Chromatin insulators such as Fab-7, and an enhancer-block-
ing element located between the human T-cell receptor o and
d genes, may function to form boundaries between transcrip-
tionally active and inactive domains in the locus (45). However,
the function of 5'HS4 in the chicken B-globin locus is not
immediately apparent. In erythroid cells, it is located in chro-
matin that changes from condensed to open, although it is not
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known if it is required for formation or maintenance of this
transition (34). Its position at that locus suggests that it may
isolate neighboring loci and associated chromatin domains
from the influence of B-globin genes; our results suggest that
its function is more likely to block nonspecific activation by
globin enhancers than to block the spread of repressive het-
erochromatin from upstream sites. In the murine and human
B-globin loci, 5’HS5 has been thought to act as a boundary
element by virtue of its analogous location and properties.
However, deletion of mouse 5'HS5 by homologous recombi-
nation did not significantly alter the expression of downstream
globin genes, nor did its deletion alter the open chromatin
structure of the locus, suggesting that other structures in the
locus are sufficient for initiation and maintenance of a tran-
scriptionally active state (1, 33).

In erythroid tissues, globin genes are clearly not targets for
repression by cHS4. cHS4 may (like the Fab-7 insulator in the
bithorax complex) act to propagate either an active or an
inactive transcriptional state established during earlier stages
of development, or its primary action may be to prevent acti-
vation of upstream genes by the B-globin domain. It is clear
that cHS4 creates a chromatin structure that affects neighbor-
ing elements; the nature and function of this structure remain
to be understood.
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