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Germ line transformation of white™ Drosophila embryos with P-element vectors containing white expression
cassettes results in flies with different eye color phenotypes due to position effects at the sites of transgene
insertion. These position effects can be cured by specific DNA elements, such as the Drosophila scs and scs’
elements, that have insulator activity in vivo. We have used this system to determine whether human matrix
attachment regions (MARs) can function as insulator elements in vivo. Two different human MARs, from the
apolipoprotein B and a1-antitrypsin loci, insulated whife transgene expression from position effects in Dro-
sophila melanogaster. Both elements reduced variability in transgene expression without enhancing levels of
white gene expression. In contrast, expression of white transgenes containing human DNA segments without
matrix-binding activity was highly variable in Drosophila transformants. These data indicate that human

MARSs can function as insulator elements in vivo.

Matrix attachment regions (MARs) are DNA elements that
are identified and defined by their ability to bind to DNA- and
histone-depleted nuclei, which are generally termed nuclear
matrices (9, 33). MARs are typically AT-rich elements that
contain consensus cleavage sites for topoisomerase II, and they
may contain one or more loosely defined short sequence mo-
tifs, but, in general, their structures are not highly homologous.
MARs are dispersed throughout eukaryotic genomes, having
been found in centromeric DNA (47), within genes (9, 10, 20,
22, 40), and in intergenic regions (4, 11, 14, 20, 29, 33, 35). The
matrix-binding activities of MARs have been conserved
throughout eukaryotic evolution (9, 19). The functions of
MAR:s in vivo are largely unknown, but one commonly held
view is that MARs anchor individual chromatin loops to a
proteinaceous matrix or scaffold in both interphase nuclei (14,
33, 47) and mitotic chromosomes (46).

An increasing body of evidence suggests that MARs may
play a direct role in the regulation of gene expression. For
example, the intronic MAR of the immunoglobulin k gene is
adjacent to a tissue-specific enhancer, and both elements are
required for the proper regulation of the immunoglobulin «
gene during development (24, 30). Deletion of either the MAR
or the enhancer resulted in constitutive hypermethylation of
the gene in all cell types and in permanent repression of the
locus (24). Moreover, replacement of the k intronic MAR with
MARs from other locations in the genome or from other
species restored the normal pattern of both methylation and
gene expression. These results indicate that MARs can be
directly involved in the regulation of gene expression, and they
also suggest that MAR function may be neither tissue nor
species specific.

Another putative function of MAR elements, particularly
those that flank individual genes or gene clusters, is to act as
insulator elements. This is an attractive hypothesis because it
equates the structural boundaries of a chromatin loop, the
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flanking MAR elements, with the functional boundaries of the
domain, the putative chromosomal insulator elements. Ac-
cording to this hypothesis, MAR elements, or other elements
at chromatin domain boundaries, may act as insulators, shield-
ing genes within the domain from the regulatory elements of
adjacent domains. However, this hypothesis has been difficult
to test experimentally. Studies designed to test the ability of
MARSs to insulate transgenes from position effects have been
reported in both plant (1, 6,43, 51, 52) and animal systems (28,
31, 32, 34, 38, 45, 48, 49). While many of these studies have
shown that transgenes flanked by MARs are more highly ex-
pressed than similar transgenes without MAR elements, con-
flicting views have been expressed as to whether MAR ele-
ments can render transgene expression position-independent.
For example, different groups have reported that transgene
expression from concatemeric arrays was silenced (1, 21), ex-
pressed in a copy number-dependent fashion (5, 15, 31, 36, 37,
45), or neither (38). These conflicting views are due, at least in
part, to the inherent limitations of these transfection assays,
because the numbers and arrangements of transgene se-
quences within the typically multimeric arrays are difficult to
determine and could differ in a number of ways. First, the
number and arrangement of transgenes within a single con-
catemeric array could affect transgene silencing versus activa-
tion. Second, some of the transfectant clones that have been
studied contained multiple transgene insertions, with different
transgene arrays integrated at different chromosomal sites.
Patterns of gene expression among such genotypically complex
transfectants might be difficult to discern. Finally, rearrange-
ment of transgene sequences was a common event in some
experiments, although transgene expression could still be de-
tected (1). Therefore, meaningful genotype-phenotype corre-
lations in such transfectant clones would be difficult to estab-
lish.

One reasonable, if inefficient, means to circumvent the lim-
itations inherent in analyses of transfectants containing multi-
ple transgene insertions would be to study only those transfec-
tant clones that contain single, intact transgenes integrated in
the recipient cell genome. We used this approach previously to
study the functions of MAR elements from the human apoli-
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poprotein B-100 (apoB) locus (21). The human apoB gene is
thought to be the sole resident of a 48-kb DNase I-sensitive
domain that is flanked by MAR elements (29). When single-
copy transfectants containing lacZ reporters with or without
flanking apoB MARs were analyzed, a significant increase in
transgene expression and a reduction in variability of expres-
sion among apoB MAR-containing clones were observed (21).
This was consistent with the suggestion that the apoB MARs
were insulating transgene expression from chromosomal posi-
tion effects, although the possibility that the MARs resulted in
integration-dependent enhancement could not be excluded by
these data.

To more critically test the possibility that the apoB MARs
were functional boundaries of the apoB domain, we studied
their insulating activities in a position effect assay in Drosophila
melanogaster, as first described by Kellum and Schedl (23). In
this assay, germ line transformation of white™ (W™ ) Drosophila
embryos with P-element vectors containing white transgenes
results in transgenic flies with different eye color phenotypes,
as each white transgene is expressed at levels dictated by reg-
ulatory elements at the site of insertion (17, 27). In contrast,
P elements containing white transgenes that are flanked by in-
sulating elements, such as the specialized chromatin structures
(scs and scs') from the hsp70 locus of Drosophila (50), are
expressed in a position-independent manner, and all of the
transgenic lines display similar eye color phenotypes (23). A
vertebrate regulatory element, hypersensitive site 4 (HS4) of
the chicken B-globin locus control region (LCR), also func-
tions as an insulator in this assay (8). In this study, we used the
Drosophila assay to assess the insulating properties of human
MAR elements. MARs from the human apoB and al-antitryp-
sin (a1AT) loci displayed insulating activities much like those
of scs itself. In contrast, human DNA segments without matrix-
binding activity had no insulating activity in this assay. These
results indicate that at least some human MAR elements can
function as chromosomal insulators in vivo.

MATERIALS AND METHODS

Construction of transformation vectors. The P-element transformation vector
RWT, herein designated EmwS’, was kindly provided by Paul Schedl; the con-
struction of this plasmid has been described (53). apoB3’MEmwS’ was generated
by ligating a 786-bp Xhol fragment containing the apoB 3’ MAR (29) into the
unique X%ol site upstream of white in EmwS’. The orientation of the apoB 3’
MAR fragment in the various subclones was determined by restriction analysis.
The P-element vector with scs upstream of white (SEmwS’) was made by direc-
tional ligation of a gel-purified 1.7-kb Kpnl/Sall fragment containing scs (23, 50)
into the unique Kpnl/Xhol site upstream of white in EmwS’. SmwS’ was gener-
ated by digesting EmwS’ with Kpnl and Spel, which removed the white upstream
regulatory region, and inserting a gel-purified 1.7-kb Kpnl/Spel fragment con-
taining scs into the linearized plasmid at this site. This resulted in the replace-
ment of the white upstream regulatory region with scs. All of the other constructs
in which the white upstream regulatory region was deleted were derivatives of
AXS, herein designated mwS’, which was provided by Paul Schedl. mwS’ was
prepared from EmwS’ by removing an Xhol/Spel fragment from the white
upstream regulatory region. apoB3’'MmwS’, ATRMmwS’, apoBmwS’, and
apoB5'MmwS’ were generated by blunt-end ligation of the appropriate restric-
tion fragments into the unique Xbal site upstream of white in mwS'. The inserts
used in these constructions were a 786-bp Xhol fragment containing the apoB 3’
MAR (29) for apoB3'MmwS’; a 4.1-kb Xhol/Sall fragment containing the ATR
MAR (39a) for ATRMmwS'; an 800-bp EcoRI/Ncol fragment containing part
of intron 5, exon 6, and part of intron 6 of the apoB gene (3) for apoBmwS';
and a 1.0-kb Xbal/Xhol fragment containing the apoB 5’ MAR (29) for
apoB5'MmwS'. The orientations of the inserted DNA fragments were deter-
mined by restriction analysis. The constructs without the scs’ element,
apoB3’'Mmw and apoB3’'MEmw, were prepared by deleting an ~400-bp Pvull/
Sall fragment from mwS’.

Transformation and line establishment. Samples (500 pg/ml) of each P-ele-
ment transformation vector were coinjected with 150 wg of helper plasmid
pm25.7wcA2-3 per ml into w!''® embryos as described by Spradling and Rubin
(44). Survivors were crossed to each other in groups of five (three females and
two males), and transformants were identified by eye pigmentation. Mixed pop-
ulations of transgenic flies were separated on the basis of eye color. Chromosome
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FIG. 1. white P-element transformation vectors. Symbols: E, the upstream
regulatory region of white that contains the eye- and testes-specific enhancers;
mw, mini-white cDNA expression cassette which includes the proximal promoter,
with the white transcription start site depicted by the arrow; S, scs’; S, scs; 3/,
apoB 3' MAR; 5', apoB 5" MAR; ATR, ATR MAR; apo, apoB transcribed
sequence; black rectangles at the ends of each transposon, 5’ and 3’ P elements.
Vectors: a, EmwS’; b, SEmwS’; ¢, apoB3’MEmwS’; d, mwS’; e, SmwS’; f,
apoB3'mwS’; g, ATRMmwS’; h, apoB5'MmwS’; i, apoBmwS’; j, apoB3' MEmw;
and k, apoB3'Mmw.

assignments of the various transgene insertions were made by crossing the trans-
formants with w™ balancer stocks containing dominant markers: In(2LR)O,Cy
for the second chromosome, In(3LR)TM3,Sb for the third chromosome, and
In(1)FM6,B for the X chromosome. All lines were maintained as balanced
stocks. Transgene copy number was determined by Southern hybridization.
Genomic DNA was isolated from 20 flies of each transformed line, digested with
a restriction endonuclease that cuts once within the transgene (Xbal for white
enhancer-containing constructs and for mwS’; Spel for all other constructs),
separated on 1% agarose gels by field inversion gel electrophoresis, and
transferred to nylon membranes in 0.2 M NaOH-0.6 M NaCl denaturing
solution. The filters were hybridized with various radiolabeled DNA probes:
a 786-bp Xhol fragment containing the apoB 3" MAR for apoB3'MEmwS'’
and apoB3'MmwsS’, a 4.1-kb Xhol/Sall fragment containing the ATR MAR
for ATRMmwS’, a 1.0-kb Xbal/Xhol fragment containing the apoB 5" MAR
for apoB5'MmwS’, and a 400-bp EcoRI/BamHI fragment containing scs’ for
EmwS’, mwS’, SEmwS’, and SmwS’.

Eye pigment assay. Five mating pairs of flies for each line were placed at 25°C.
After 5 days the adults were removed to prevent overcrowding of larvae, which
can result in variations in head and body size among the progeny. Heterozygous
virgin females were then collected and aged for 6 days at 25°C. To quantitate eye
pigment, flies from each phenotypic class were collected, frozen, and decapitated
by vortexing for 10 s. Heads from each eye color category (13 for pale yellow
[phenotypic class 1], 10 for yellow [II], 8 for orange [III], 5 for dark orange [IV],
and 4 for red [V] and dark red [VI]) were pooled, and pigment was extracted by
incubating the heads in 30% ethyl alcohol, pH 2, at room temperature for 4 days.
Pigment absorption was determined at 450 nm. Each group of heads was assayed
in triplicate, and absorption-per-head values were determined.

Photography. The eyes of 4-day-old heterozygous females were photographed
using a Zeiss SR microscope fitted with a Nikon FX-35 WA camera. Illumination
was supplied by a Nikon MK II fiber optic light source, and photographic images
were prepared with Fujichrome tungsten 64T film. Transformed lines carrying
P-element insertions in the X chromosome were backcrossed to w'™® stocks to
remove the In(1)FM6,B balancer chromosome prior to photography. The eye
color phenotypes were identical in both genetic backgrounds.

RESULTS

The human apoB 3’ MAR functions as an insulator element
in Drosophila. The P-element transformation vectors used in
this study are shown in Fig. 1. In the first set of experiments,
three different P-element transposons were employed. EmwS’
contained the white gene promoter and enhancer (E), a white
c¢DNA coding cassette (termed mini-white [mw]), and the Dro-
sophila scs’ (S') element downstream of the white transcription
unit (Fig. 1a). In addition, SEmwS’ (Fig. 1b) contained the
Drosophila scs element (S) upstream of white, and apoB3’
MEmwS’ (Fig. 1c) contained the 3" MAR from the human
apoB locus (apoB3’M) inserted upstream of white.

Each P-element transposon was injected into w ™~ Drosophila
embryos, and transformed lines were established from flies
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FIG. 2. Copy number determinations for the P-element transformants. (A)
mwS' transformants. Genomic DNA was isolated, digested with Xbal, separated
on an agarose gel, and probed with a labeled, ~400-bp EcoRI/BamHI DNA
fragment containing scs’. The endogenous scs’ DNA fragment of ~ 10 kb is
indicated by the arrow. Each transformant contained, in addition, one (lanes 1 to
4) or two (lanes 5 and 6) additional scs” fragments, corresponding to single or
double transgene insertions. The marker (M) lane contains DNA fragments of 5,
10, 15, and 20 kb. (B) apoB5'MmwS’ transformants. Spel-digested genomic
DNAs were probed with a labeled, ~1.0-kb Xbal/Xhol DNA fragment contain-
ing the apoB 5" MAR. Single (lanes 2, 4, 5, 6, 9, 10, 11, and 12) and double (lanes
1, 3, 7, and 8) transgene insertions were obtained.

with any detectable eye pigment. Transgene copy number
was determined in each transformed line by Southern hybrid-
ization (Fig. 2), and the eye color phenotypes of age-matched
females heterozygous for the various white insertions were
compared. Each transformant was assigned to one of six phe-
notypic classes: I (light yellow), II (yellow), III (light orange),
IV (orange), V (red), and VI (dark red), as shown in Fig. 3, 4,
and 5. Seven transformed lines were obtained using the control
construct EmwS’, and all seven lines contained single trans-
gene insertions (data not shown). As shown in Fig. 3a, three of
these lines had light orange eyes (phenotypic class III), three
had red eyes (V), and one had dark red eyes (VI). Thus,
transgenes without an insulating element upstream of white
were expressed at different levels in different transformed
lines. This observation suggested that the white transgenes in
these lines were sensitive to position effects at the sites of
insertion. These results are in accord with those of Kellum and
Schedl (23), who showed that transformants containing white
transgenes without insulating elements had eye color pheno-
types that ranged from orange to dark red. In contrast, all three
single-copy lines that contained SEmwS’, in which the white
transcription unit is flanked by scs and scs’, had dark red (VI)
eyes (Fig. 3b). This suggested that expression of white trans-
genes containing scs and scs’ was largely position independent,
as shown previously by Kellum and Schedl (23).

MoL. CELL. BIOL.

To determine whether the MAR from the 3’ boundary of the
human apoB domain could function as an insular element in
Drosophila, transformants containing apoB3’MEmwS’ (Fig.
1c) were prepared. This P-element vector was derived from
EmwS’ by inserting a 786-bp Xhol fragment containing the
apoB 3" MAR (29) upstream of the white transcription unit.
Seventeen transformed lines were established, all of which
contained single P-element insertions (data not shown).
Among the 17 single-copy lines, 16 had red (V) or dark red
(VI) eyes (Fig. 3c). One transformant had orange (IV) eyes
(Fig. 3c). Thus, inserting the apoB 3" MAR upstream of white
in a vector that contained scs’ downstream largely eliminated
the phenotypic variation in white gene expression that was
observed with a similar vector containing scs’ alone. Further-
more, the predominant eye color phenotype of the
apoB3'MEmwS' transformants, dark red (VI), was the same as
that observed in SEmwS’ transformants in which transgene
expression was shielded from chromosomal position effects by
the Drosophila insulators scs and scs’. These observations sug-
gest that the apoB 3" MAR can function as an insulator ele-
ment in Drosophila. An alternate interpretation of these results
would be that the apoB 3" MAR was functioning as a strong
enhancer in these experiments, stimulating but not insulating
white gene expression. To address this possibility, experiments
using enhancer-sensitive vectors were performed.

The human apoB 3’ MAR insulates but does not enhance
white gene expression. To distinguish between the possibilities
that the human apoB 3" MAR was acting as an insulator versus
an enhancer, we prepared P-element transformation vectors in
which putative enhancement of white gene expression by the
apoB MAR would be readily apparent. To do this, constructs
similar to those employed in the experiments described above
but lacking the white gene enhancers were prepared. The vec-
tors mwS’, SmwS’, and apoB3'MmwS’ (Fig. 1d, e, and f) were
similar to EmwS’, SEmwS’, and apoB3'MEmwS’ (Fig. la, b,
and c), respectively, but they lacked an ~1.6-kb Xhol/Spel
DNA fragment upstream of mini-white that contains the white
gene enhancers (53). white gene expression from such P-ele-
ment vectors is reduced compared to that from enhancer-
containing vectors, so that enhancement of white gene expres-
sion can be readily distinguished from insulation (23).

Nineteen mwS’ transformants were isolated, and the geno-
types of the transformed lines were determined by Southern
hybridization. DNA from each transformant was digested with
Xbal, which cuts once within the P-element vector, resolved by
electrophoresis, and hybridized with a Drosophila scs’ probe.
Figure 2a shows results for six of the mwS’ transformants. As
shown in the figure, each line contained an ~10-kb fragment
that corresponded to the endogenous scs’ element at asp70. In
addition, each transformant contained one (Fig. 2a, lanes 1 to
4) or two (lanes 5 to 6) additional scs’ fragments, indicating
single or double transgene insertions. In total, 16 of the 19
mwS’ transformants contained single P-element insertions.

As expected, white gene expression in the mwS’ lines, as
judged by eye pigmentation, was generally less than that of
transformants expressing EmwS’, which includes the white en-
hancers (compare Fig. 3a and 4a). Nonetheless, the eye color
phenotypes of the mwS’ transformants varied considerably,
ranging from light yellow (I) to red (V) (Fig. 4a). The 16 mwS’
transformants were widely distributed in five phenotypic
classes (I, 1; II, 5; IIL, 6; IV, 2; and V, 2). Thus, mwS’ trans-
posons, like EmwS’ vectors, were sensitive to chromosomal
position effects when integrated in the Drosophila genome. In
contrast, all five lines derived from SmwS’-injected embryos
fell into a single phenotypic class, light orange (III) (Fig. 4b),
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FIG. 3. Eye color phenotypes of Drosophila transformants expressing mini-white from white enhancer-containing vectors. Eyes of 4-day-old females heterozygous
for each of the different, single-copy P-element insertions were classified as being light orange (phenotypic class III), orange (IV), red (V), or dark red (VI). A
representative of each of the phenotypes obtained with the different white vectors is shown, and the number of independent transformed lines with that phenotype is
indicated below each picture. (a) EmwS’ transformants had eye color phenotypes that varied widely. (b) SEmwS’ transformants had dark red (VI) eyes. (c)
apoB3'MEmwS’ transformants had primarily red (V) or dark red (VI) eyes. (d) apoB3’'MEmw transformants had red (VI) eyes.
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FIG. 4. Eye color phenotypes of Drosophila transformants expressing mini-white from white enhancerless vectors, series 1. Four-day-old females heterozygous for
each of the different, single-copy P-element insertions were classified as having light yellow (phenotypic class I), yellow (II), light orange (III), orange (IV), or red (V)
eyes. A representative of each of the phenotypes obtained with the different white vectors is shown, and the number of transformed lines with that phenotype is indicated
below each picture. (a) mwS’ transformants were widely distributed in all five phenotypic classes. (b) SmwS’ transformants all had light orange (IIT) eyes. (c)
apoB3'MmwS’ transformants had primarily yellow (II) or light orange (IIT) eyes. (d) Most apoB3’"Mmw transformants had yellow (II) eyes, but flies with light orange
(III), orange (IV) and red (V) eyes were also obtained.
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FIG. 5. Eye color phenotypes of Drosophila transformants expressing mini-white from white enhancerless vectors, series 2. Four-day-old females heterozygous for
each of the different, single-copy P-element insertions were classified as having light yellow (phenotypic class I), yellow (II), light orange (III), orange (IV), or red (V)
eyes. A representative of each of the phenotypes obtained with the different white vectors is shown, and the number of transformed lines with that phenotype is indicated
below each picture. (a) ATRmwS' transformants had yellow (II) or light orange (III) eyes. (b) apoB5'MmwS' transformants and (c) apoBmwS’ transformants were
widely distributed in the light yellow (I), yellow (II), light orange (III), and red (V) phenotypic classes.

indicating that white expression from this P-element vector,
which contains scs and scs’, was position-independent.
Twenty-four of 27 lines transformed with apoB3’'MmwS’
(Fig. 1f) contained single P-element insertions (data not
shown). Twenty of these 24 lines had yellow (II) or light orange
(IIT) eyes (Fig. 4c). These results were similar to those ob-
tained with apoB3'MEmwS’, in that >80% of the transformed
lines in each experiment fell into two similar phenotypic
classes. Furthermore, only 3 of the 24 apoB3'MmwsS’ transfor-
mants had orange (IV) eyes, and none of them had red (V)
eyes, so the apoB 3" MAR was clearly not acting as an en-
hancer in this system (Fig. 4a versus 4c). Thus, inserting the
apoB 3" MAR upstream of the white transcription unit of mwS’
enriched for yellow-light orange transformants and eliminated

red transformants without enhancing white gene expression.
These data indicate that the apoB 3" MAR can function as an
insulator element in Drosophila. However, the insulating activ-
ity of the apoB MAR appeared to be less than that of scs itself,
because variation in white gene expression was reduced but not
eliminated.

The human ATR MAR functions as an insulator element in
Drosophila. To determine whether other human MARs can
function as insulator elements in Drosophila, we utilized a
MAR that is located approximately 2 kb downstream of the
al-antitrypsin-related (ATR) sequence on human chromo-
some 14q32.1. This MAR is one of five matrix-binding ele-
ments that we have identified in an ~120-kb segment of
14g32.1 that includes three related serine protease inhibitor
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genes, alAT, ATR, and corticosteroid-binding globulin
(CBG) (39; unpublished data). A P-element vector in which
the ATR MAR was inserted upstream of the white transcrip-
tion unit (ATRMmwS’ [Fig. 1g]) was prepared and used to
transform w™ Drosophila embryos. Nine of 10 transformed
lines contained single-copy ATRMmwS' insertions (data not
shown). Seven of the nine single-copy lines had yellow (II)
eyes, and two had light orange (IIT) eyes (Fig. 5a). This distri-
bution of eye color phenotypes was similar to that observed in
apoB3'MmwS’ transformants (Fig. 4c), suggesting that the hu-
man ATR MAR has insulating properties similar to those of
the apoB 3" MAR.

A putative apoB 5" MAR does not function as an insulator
element in Drosophila. MARs have been mapped both up-
stream and downstream of the human apoB gene, and these
elements have been proposed to define the limits of the apoB
chromatin domain (29). In view of our finding that the apoB 3’
MAR acted as an insulator element in Drosophila, it might
have been expected that the apoB 5" MAR would have similar
properties. To test this possibility, an ~1-kb DNA fragment
reported to contain the 5’ apoB MAR was inserted upstream
of the white transcription unit in the white enhancerless P-
element vector (Fig. 1h). Twelve apoB5'MmwS’ transformants
were obtained; eight of these contained single transgene inser-
tions and four contained double transgene insertions (Fig. 2b).
The eye color phenotypes of the eight single-copy transfor-
mants varied considerably, ranging from light yellow (I) to red
(V) (Fig. 5b). This range of phenotypes, without enrichment
for any particular phenotypic class, was much like that seen in
the mwS’ transformants (Fig. 4a), which do not contain an
insulator element upstream of white. These results indicate
that the putative apoB 5" MAR does not function as an insu-
lator element in Drosophila. This observation prompted us to
reassess the matrix-binding activity of this human DNA frag-
ment. Despite repeated attempts, we have been unable to
detect matrix-binding activity of the apoB 5" MAR DNA frag-
ment in any of the standard assays (9, 33). Furthermore, DNA
sequencing studies demonstrated that the “apoB 5" MAR”
fragment is not particularly AT-rich, nor does it contain the
characteristic features of MAR elements (39a). Therefore, the
status of this DNA element as a matrix-associated region is
uncertain at present.

A DNA segment from within the apoB gene does not insulate
in Drosophila. The results described above suggest that at least
some human MARs can function as insulator elements in Dro-
sophila. In contrast, a DNA fragment without matrix-binding
activity failed to insulate white gene expression from position
effects in Drosophila. To explore this difference further, we
prepared a transformation vector in which an ~800-bp human
DNA fragment from within the apoB gene was inserted up-
stream of the white transcription unit (apoBmwS’ [Fig. 1i]).
This human DNA fragment is clearly devoid of matrix-binding
activity. Eight of 11 transgenic lines containing apoBmwS’ had
single-copy transgene insertions. The eye color phenotypes of
these eight transformed lines varied widely, ranging from pale
yellow (I) to red (V) (Fig. 5c). These results were similar to
those obtained with the other position-sensitive P elements,
mwS’ (Fig. 3a) and apoB5'MmwS’ (Fig. 5b). Therefore, this
DNA fragment, which contains intron and exon sequences
from the human apoB gene, does not function as an insulator
element in Drosophila. Thus, human DNA does not have in-
trinsic insulating activity in this assay, nor is the insulating
phenotype due to a distance effect between the white transcrip-
tion units and Drosophila genomic elements upstream of the
P-element insertions.
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FIG. 6. Eye pigment expression in the different phenotypic classes. Eye pig-
ment was extracted from pools of each phenotypic class and quantitated spec-
trophotometrically as described in Materials and Methods. The mean optical
density at 480 nm per head is indicated. The phenotypic classes are light yellow
(I), yellow (II), light orange (III), orange (IV), red (V), and dark red (VI).

scs' affects insulator function of the apoB 3’ MAR in Dro-
sophila. It has been reported that the scs’ fragment used in
these and other mini-white transformation vectors is not fully
functional as an insulator element in Drosophila (16, 53). To
determine whether scs’ was required for insulator function of
the apoB 3’ MAR to be apparent in our assays, transformation
vectors containing the apoB 3’ MAR upstream of the white
transcription unit, but without scs’ downstream, were pre-
pared. Two different transformation vectors were prepared,
one containing the white gene enhancers (apoB3'MEmw [Fig.
1j]) and one without the white enhancers (apoB3'Mmw [Fig.
1k]). Four of seven apoB3’'M Emw transformants had single
P-element insertions (data not shown), and all four of these
lines had dark red (VI) eyes (Fig. 3d). This was the same
phenotypic class as most of the apoB3'MEmwS’ transfor-
mants, which contained scs’ (Fig. 3c). However, the distribu-
tion of eye color phenotypes among the apoB3’Mmw transfor-
mants was more complex. Eight of 13 single-copy apoB3’'Mmw
transformants had yellow (II) eyes (Fig. 4d), like most of the
scs'-containing apoB3'MmwS’ transformants (Fig. 4c). How-
ever, three of the apoB3’Mmw transformants had red (V) eyes,
a phenotype that was not observed among 24 apoB3'MmwS’
transformants. These observations suggest that white transfor-
mation vectors containing the apoB 3’ MAR alone are more
sensitive to chromosomal position effects than vectors contain-
ing both the apoB 3" MAR and scs’.

Eye color phenotypes versus eye pigment expression—quan-
titative aspects. The eye color phenotypes of our transfor-
mants varied in a continuous fashion from light yellow to dark
red (Fig. 3, 4, and 5). We divided these phenotypes into six
classes, I through VI, which could be described as various
shades of yellow, orange, and red. To determine how the dif-
ferent phenotypic classes corresponded to the amount of pig-
ment in the Drosophila eyes, eye pigment was quantitated
spectrophotometrically in the different phenotypic classes.
Transformants from each phenotypic class were obtained, fly
heads were pooled in triplicate, pigment was extracted, and
absorbance at 480 nm was determined. The mean absorbance
per head for each phenotypic class is shown in Fig. 6. The most
common phenotypic classes among the enhancerless white
transformants, light yellow (I), yellow (II), and light orange
(III), differed from each other only about twofold, and the
amount of pigment per head varied linearly in this range. Thus,
small changes in eye pigment expression among the enhancer-
less transformants yielded readily discriminated eye color phe-
notypes. The orange (IV), red (V), and dark red (VI) pheno-
types corresponded to approximately 2-, 9-, and 11-fold more
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pigment than light orange (III), so that eye color readout was
a less sensitive indicator of white expression in this range.
These data demonstrate that eye pigment expression in our
transformants varied over an approximately 20-fold range, and
small variations within this range could be readily resolved into
the different phenotypic classes. Thus, the eye color pheno-
types of white transformants are very sensitive indicators of
white gene expression, which makes this system particularly
useful as a position effect assay. Among the white enhancerless
transformants, the apoB 3’ MAR and the ATR MAR both
enriched for yellow (II) to light orange (III) transformants
(Fig. 4c and 5a). These phenotypes differed only about 1.2-fold
in eye pigment expression. These observations provide further
support for the conclusion that these two human MARs can
function as insulator elements in Drosophila.

DISCUSSION

MARs are DNA segments that are defined by their abilities
to bind to isolated nuclear matrices in vitro (9, 33). These
binding properties are consistent with the view that at least
some MAR elements might represent structural boundaries of
individual chromatin domains, serving to tether the ends of
individual chromatin loops to a proteinaceous nuclear matrix
in vivo. One functional activity that is often ascribed to DNA
elements that are located at or near chromatin domain bound-
aries is insulation, an activity by which a DNA sequence pre-
vents interactions between neighboring regulatory elements.
This suggests that specific DNA segments between neighbor-
ing chromatin domains might have both matrix-binding activity
and insulator function. Although this model is consistent with
currently available data, it has not been critically tested, and
alternate interpretations of the data remain viable (26, 54).

The experiments reported here were designed to test
whether human MAR elements can function as chromosomal
insulators in vivo. To do this, we used the mini-white position
effect assay of Kellum and Schedl (23) to study insulator func-
tion of human MAR elements in Drosophila. This assay was
used previously to demonstrate the insulating properties of scs
and scs’, which are well-characterized insulator elements from
Drosophila (23). Using this approach, we have demonstrated
that two different human MARs can insulate transgenes from
position effects in Drosophila. w™ flies transformed with P
elements in which either the apoB 3" MAR or the ATR MAR
was inserted upstream of a white transcription unit had sub-
stantially less variability in white transgene expression than
control transformants without human MARSs. Furthermore,
variability of transgene expression was reduced without in-
creasing the levels of white transgene expression. This contrasts
with conclusions drawn from transfection experiments, in
which MAR elements have been suggested to increase trans-
gene expression without eliminating variation in expression
levels (1, 38). However, the interpretation of transfection stud-
ies is complicated by the complex rearrangements of transgene
sequences that generally occur in transfected cells. Our exper-
iments clearly show that neither the apoB 3’ MAR nor the
ATR MAR enhanced white gene expression in Drosophila, as
most transformants that expressed white from enhancerless
P-element vectors had yellow or orange eyes irrespective of the
presence or absence of MAR elements. This conclusion is in
accord with previous studies, in which the apoB 3" MAR did
not enhance expression of transiently transfected reporter
genes in mammalian cells (21). Thus, the apoB 3" MAR and
the ATR MAR do not contain associated enhancers, unlike
some Drosophila MARs (14), the chicken lysozyme 5" MAR
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(45), and MARS from the human immunoglobulin k and p (10,
30) and beta interferon (25) genes.

In contrast to results obtained with the apoB 3" MAR and
the ATR MAR, insulator activity was not observed in human
DNA segments that were devoid of matrix-binding activity. For
example, an ~800-bp fragment of the apoB gene that included
parts of introns 5 and 6 and all of exon 6 had no insulator
function in Drosophila. Furthermore, an ~1,000-bp DNA frag-
ment from the upstream region of apoB also failed to function
as an insulator. This result was surprising in view of the fact
that this DNA fragment had been reported to have matrix-
binding activity; indeed, this element is thought to be the
upstream boundary of a 48-kb chromatin domain that contains
the apoB gene as its sole resident (29). However, we were
unable to detect matrix-binding activity of this DNA fragment
in any of the standard assays (9, 33). Moreover, the DNA
sequence of this fragment has none of the features that com-
monly occur in MAR elements, except for a single core binding
site for topoisomerase II (42). Thus, we conclude that the
putative apoB 5" MAR has neither matrix-binding nor insula-
tor activities, and we view its identification as the upstream
boundary of the apoB domain with skepticism. This suggests
that the chromatin domain structure of the human apoB locus
may be more complex and extensive than previously envi-
sioned.

Both the apoB 3' MAR and the ATR MAR insulated white
gene expression from position effects in Drosophila. Transfor-
mants expressing control vectors without insulator elements
upstream of white generally displayed a wide range of eye color
phenotypes with no apparent enrichment for any particular
phenotypic class. In contrast, most of the transformed lines
containing either human MAR upstream of white fell into a
single phenotypic class, and variation in white gene expression
was greatly reduced. However, a few lines in each collection
displayed slightly different eye color phenotypes. Thus, the
human apoB 3" MAR and the ATR MAR reduced, but did not
completely eliminate, variability in transgene expression. This
suggests that, in some lines, insulation was not complete. This
could be due to any of several factors. First, it has been shown
that two Drosophila insulators, scs and suppressor-of-hairy-
wing [su(HW)], can block the effects of some, but not all,
enhancers and repressors in enhancer-blocking assays (7, 41).
These assays are thought to mimic some aspects of insulator
function. Thus, some of our P-element insertions may have
occurred in the vicinity of strong enhancers or repressors,
resulting in incomplete insulation. The notion that insulator
elements may vary in intrinsic activity is also consistent with the
observation that two copies of HS4 of the chicken B-globin
locus control region were required for insulator function in
Drosophila (8). Second, recent reports suggest that scs’ is a
weaker insulator element than either scs or su(HW) (16, 53).
The scs’ fragment used in those experiments, and in those
described here, is a derivative of a larger scs” fragment origi-
nally employed by Kellum and Schedl (23). This derivative
seems to have less insulator activity than the larger scs’ frag-
ment, which may account for some of the variation in white
expression in our transformants.

The demonstration that human MARs can function as insu-
lator elements in Drosophila suggests that this activity is evo-
lutionarily conserved. It has already been shown that the ma-
trix-binding activities of MARs from different species are
highly conserved (9, 19). However, it is not clear at present
whether matrix attachment is required for insulator function.
We presume that the two activities are distinct because other
insulator elements, including scs, scs’, su(HW), and HS4, are
not known to have matrix-binding activity. Conversely, not all



2390 NAMCIU ET AL.

MAR elements establish boundaries between chromatin do-
mains, as some of them map within expressed genes (9, 10, 20,
22, 40), so it seems unlikely that all MARs will function as
insulators. Thus, we anticipate that insulator function and ma-
trix-binding activities will prove to be separable activities, al-
though they may colocalize to discrete DNA fragments in some
instances. These issues will be interesting to explore.

Finally, the genomic locations of the two human MAR ele-
ments that have insulator activity are consistent with the pos-
sibility that they might represent the boundaries of individual
chromatin domains. The apoB 3" MAR is just downstream of
the apoB transcription unit (29), but the chromatin configura-
tion of sequences further downstream has not yet been ex-
plored. The ATR MAR is located ~2 kb downstream of ATR,
an antitrypsin-related sequence that may (18) or may not (2)
be a pseudogene. The alAT gene is located ~32 kb upstream
of the ATR MAR, and the CBG gene is ~33 kb downstream
(39). «1AT and CBG are highly expressed in hepatic cells but
differentially expressed in macrophages and intestinal epithe-
lium. The entire region is inactive in most other cell types. This
provides an opportunity to determine whether the ATR MAR
functions as an insulator between putative alAT and CBG
chromatin domains by constructing and analyzing specifically
modified human chromosomes using recombination-proficient
cell hybrids (12, 13).
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