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some. On the other hand, domain boundaries of theAbstract. Eukaryotic chromosomes are thought to be
organized into a series of discrete higher-order chro- Bithorax complex (BX-C) like Fab-7 and Mcp have
matin domains. This organization is believed to be been identified through mutational analysis. Mcp and

Fab-7, however, may represent a specific class ofimportant not only in the compaction of the chro-
boundary elements; instead of separating adjacent do-matin fibre, but also in the utilization of genetic infor-
mains that contain separate structural genes, Mcp andmation. Critical to this model are the domain

boundaries that delimit and segregate the chromo- Fab-7 delimit adjacent cis-regulatory domains, each of
which interacts independently with their target pro-somes into units of independent gene activity. In
moters. In this article, we review the genetic andDrosophila, such domain boundaries have been iden-

tified through two different approaches. On the one molecular characteristics of the domain boundaries of
hand, elements like scs/scs% and the reiterated binding the BX-C. We describe how Fab-7 functions to
site for the SU(HW) protein have been characterized confine activating as well as repressive signals to the

flanking regulatory domains. Although the mecha-through their activity of impeding enhancer-promoter
interactions when intercalated between them. Their nisms by which Fab-7 works as a domain boundary

remain an open issue, we provide preliminary evidencerole of chromatin insulators can protect transgenes
that Fab-7 is not a mere insulator like scs or thefrom genomic position effects, thereby establishing in-
reiterated binding site for the SU(HW) protein.dependent functional domains within the chromo-

Key words. Bithorax complex; chromatin domain boundary; insulator; Fab-7; Mcp ; scs; scs%; suppressor of
Hairy-wing.

Introduction

Many eukaryotic genes are regulated by extensive and
complex regulatory regions that often act from a con-
siderable distance. This raises the question of how
particular enhancer elements find their proper target
promoters. What are the mechanisms that prevent in-

appropriate interactions with adjacent genes? One at-
tractive hypothesis which currently dominates the field
is the notion that chromatin is subdivided into largely
independent functional units called chromatin do-
mains. Regulatory elements in one domain are postu-
lated to exert their positive or negative effects only on
promoters located within the same domain. A corol-
lary to this is the requirement of the so-called domain
boundary elements that are supposed to mark, sepa-
rate and insulate adjacent domains (for reviews, see* Corresponding author.
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Figure 1. Molecular genetics of the BX-C. The thin horizontal line represents the 300 kb of genomic DNA marked off in kilobases.
Proximal points toward the centromere; distal indicates the direction of the telomere. The Ubx, abd-A and Abd-B transcription units
are drawn below the genomic DNA line, the H indicating the positions of the homeoboxes. The 5%–3% polarity is from right to left.
Horizontal brackets above the genomic DNA lines represent the extent of the parasegment-specific cis-regulatory domains. The arrows
point toward the parasegments of a fly in which the cis-regulatory domains are the most active.

refs 1–3). Significant progress toward the definition of
boundary elements was achieved in Drosophila
through the discovery of two special chromatin struc-
tures (scs and scs%) that flank the hsp70 genes at 87A7
[4–8], and through the finding of reiterated binding
sites for the suppressor of Hairy wing [su(HW)]
protein in the gypsy retrotransposon [9, 10]. The scs
and scs% elements are localized at the puff boundaries
of the 87A7 heat-shock locus and may play a role in
limiting the spread of open and closed chromatin
states. In transgenic flies, the scs/scs% boundary ele-
ment (as well as the reiterated binding sites of the
[su(HW)] protein) is capable of insulating a reporter
gene at most sites of insertion from the effects of the
local chromatin environment. Furthermore, as ex-
pected from a generic domain boundary, these ele-
ments can prevent an enhancer from activating
transcription when interposed between the enhancer
and the promoter.
Although these elements have properties that fulfill
the requirements of a domain boundary, no mutation
has been recovered so far which would suggest that
scs/scs% or the reiterated binding sites for the SU(HW)
protein do play the role of boundary elements in
their original chromosomal context. A prediction of a
domain boundary element would be the fusion of
two adjacent independent domains into one single
functional unit. Two such mutations, Mcp and Fab-7,
exist in the Bithorax complex (BX-C) [11–14]. Mcp
and Fab-7, however, may represent a specific class
of boundary elements; instead of separating adjacent

domains that contain separate structural genes, Mcp
and Fab-7 delimit adjacent cis-regulatory domains,
each of which interacts independently with its tar-
get promoters. The purpose of this article is to review
the current knowledge of the domain boundaries in
the BX-C and then to compare them with SCS/SCS%
and the reiterated binding site for the SU(HW)
protein.

Molecular genetics of the BX-C

The BX-C contains three homeotic genes, Ubx, abd-A
and Abd-B. These three genes are responsible for
the identities of parasegments 5–14 (PS5-14), which
form the posterior half of the thorax and the abdo-
men of the fly [15–17]. Precise parasegmental expres-
sion patterns of these homeotic genes are crucial
for generating a normal body plan, and misregula-
tion of these genes results in dramatic transformation
of one body segment into another. The PS-specific
expression patterns of Ubx, abd-A and Abd-B are
generated by a complex cis-regulatory region that
spreads over 300 kb of DNA (fig. 1). Genetic and
molecular analysis has shown that this large regula-
tory region is subdivided into nine PS-specific cis-reg-
ulatory subregions (abx/bx, bxd/pbx, iab-2, iab-3,
iab-4, iab-5, iab-6, iab-7 and iab-8,9). The abx/bx
and bxd/pbx cis-regulatory subregions are responsible
for proper Ubx expression in PS5 and PS6, respec-
tively [18]. Similarly, the iab-2, iab-3 and iab-4 cis-
regulatory subregions direct abd-A expression in
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PS7, PS8 and PS9 [19]. Finally, the iab-5 through the
iab-8,9 subregions direct Abd-B expression in PS10-14.
[20, 21]. As shown in figure 1, the proximal-distal order
of the cis-regulatory subregions along the chromosome
corresponds to the anteroposterior order of the paraseg-
ments they specify (for reviews, see refs 22, 23).
BX-C gene regulation can be divided into two phases:
initiation and maintenance. During the early phases of
embryogenesis, when segmental identity is initially se-
lected, the PS-specific cis-regulatory subregions are the
targets of the gap and pair-rules gene products [24–27].
These gap and pair-rule proteins activate the cis-regula-
tory subregions in successively more posterior paraseg-
ments. For example, the set of regulatory proteins present
in PS11 activates iab-6 in this parasegment, but not iab-7,
whereas the regulatory proteins present in PS12 activate
iab-7. The gap and pair-rule gene products are only
transiently present during early development. The fact
that homeotic genes are expressed throughout develop-
ment implies the existence of a mechanism that maintains
the activity state of each of the cis-regulatory subregions.
This maintenance system requires the Polycomb-group
(Pc-G) and trithorax-group (trx-G) genes [28–30]. While
the products of the Pc-G function as negative regulators,
the products of the trx-G act as positive regulators. The
products of the Pc-G exert their regulatory effects by

interacting with specific elements in each of the cis-regu-
latory domains called Polycomb-response elements
(PREs) [30–37]. There may be equivalent or overlapping
trx response elements (TREs) for the trx-G proteins [34].
Though their precise mode of action is unknown, the
products of the Pc-G and trx-G genes are thought to
stabilize the expression patterns in each parasegment by
imprinting inactive or active chromatin conformation of
the PS-specific cis-regulatory subregions (for reviews, see
refs 29, 38, 39).
Loss-of-function mutations in any one of the nine PS-spe-
cific cis-regulatory subregions transform the correspond-
ing parasegment into a copy of the parasegment
immediately anterior. For example, iab-7 is responsible
for the specific expression pattern of the short Abd-B
transcription unit in PS12. A mutation that removes much
of iab-7 (iab-7Sz; fig. 2A) results in the transformation of
PS12 into PS11. Consistent with this, the normal Abd-B
expression in PS12 is replaced by a PS11-like pattern,
which is generated by iab-6 [13]. This is illustrated by the
Abd-B patterns of expression in the embryonic central
nervous system (CNS) shown in figure 3. In wild-type
CNS (middle panel), Abd-B expression is very low in

Figure 2. (A) Distal part of the BX-C. The thin horizontal line
represents the genomic DNA of the distal part of the BX-C
marked off in kilobases. Proximal points toward centromere;
distal indicates the direction of the telomere. The Abd-B homeo-
box is indicated by a vertical arrow. For simplicity, only the class
A Abd-B transcript which is required for morphogenic functions
of PS10 to PS13 is shown below the DNA line [20, 55–57]. The
horizontal brackets below the genomic DNA indicate the extent
of the iab-5, iab-6 and iab-7 cis-regulatory domains which regu-
late the class A Abd-B transcript in PS10, PS11 and PS12,
respectively. The proximal and distal deficiency endpoints of the
iab-7Sz deletion are also indicated below the DNA line. The
position of the P[lacZ] transposon in the blt line (drawn at the
same scale) is indicated above the genomic DNA. Also shown
above the genomic DNA is the position of the 8-kb DNA
fragment that contains the putative domain boundary that sepa-
rates iab-7 from iab-8 cis-regulatory domains (see other domain
boundary in the BX-C section). The gray rectangle under the
genomic DNA indicates the position of the Fab-7 region which is
magnified in B and C. (B) Chromatin structure of the Fab-7
domain boundary and iab-7PRE. The thin line represents the
DNA of the Fab-7 region drawn at the scale indicated. The
nuclease hypersensitive regions (HS) are shown by black rectan-
gles (while thick black rectangles indicate strong hypersensitive
sites, weak sites are shown by thin black rectangles). HS nomen-
clature is according to Karch et al. ([12]; asterisk indicates the
weak hypersensitive site). The ovals indicate putative nucleosome
core particles. The triangle at the distal edge of HS2 indicates the
position of the blt transposon. Below the molecular map of Fab-7
are shown the extents of the three deficiency derivatives in which
the blt transposon remains in place. The lacZ expression pattern
in the embryonic CNS is shown below. While lacZ expression is
restricted to PS12 in the iab-7blt line, lacZ expression is also
visible in PS11 in the three derivatives iab-6,7P6.1, iab-6,7P18.1 and
iab-6,7P14.1. (C) Extents of the DNA fragments tested in the
enhancer-blocker assay. The chromatin structure of the Fab-7
region is shown as in (B). The extent of three fragments that have
been tested in enhancer-blocker experiments by Hagstrom et al.
[41] and Zhou et al. [42] are shown below. Fragments shaded in
gray block interactions when inserted between an enhancer and a
promoter; the fragment not shaded has no blocking activity.
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Figure 3. Abd-B expression in the CNS of Fab-71 and iab-7Sz

mutant embryos. Wild-type Fab-71 and iab-7Sz embryos were
stained with anti-Abd-B antibodies, and the CNS was dissected
from embryos at the stage of CNS shortening. (A) Fab-71; (B)
wild type; (C) iab-7Sz. The position of PS11 and 12 is indicated.

of the sixth abdominal segment (A6, which corresponds
to PS11) into a copy of A7 (PS12). The transformation
appears to be due to the inappropriate activation of the
iab-7 cis-regulatory subregion in PS11, where Abd-B is
normally controlled by iab-6. Consistent with this, in
Fab-71 mutant embryos, the pattern of Abd-B protein
expression in the CNS of PS11 is identical to that found
in PS12 (fig. 3) [13].

Genetics of Fab-7

The original Fab-71 mutation is due to a 4.3-kb dele-
tion that maps between iab-6 and iab-7. There are a few
alternative hypotheses to explain how a deletion in a
regulatory region can result in a dominant gain-of-func-
tion phenotype. Perhaps the simplest is to assume that
the deletion removes binding sites for a repressor or
silencer that normally keep iab-7 inactive in PS anterior
to PS12 (perhaps PREs, see also below). However, for
the reasons detailed below, we do not favour this hy-
pothesis. A classical approach to gain more insights into
the mechanisms underlying a dominant mutation con-
sists of inducing and mapping second-site mutations
that revert the dominant phenotype. This approach has
provided much valuable information and remains per-
haps the best argument supporting the proposal that the
Fab-7 deletion removes a domain boundary between
the iab-6 and iab-7 cis-regulatory domains [11]. In one
such experiment, Fab-71 homozygous males were
treated with X rays and crossed to wild-type females.
Nearly all the progeny of this cross are heterozygotes
(Fab-71/+ ) and should show the dominant transforma-
tion of PS11/A6 into PS12/A7. If the X-ray treatment
hits a region necessary for the Fab-7 phenotype, the fly
will be easily recognizable, because of the wild-type
appearance of PS11/A6. Figure 4 summarizes the three
classes of revertants that were recovered following this
scheme. The top row represents the distal part of the
wild-type BX-C (WT) and a schematic representation of
Abd-B expression in the embryonic CNS. The second
row represents the Fab-7 chromosome and the corre-
sponding Abd-B expression in the CNS (as already
mentioned in figure 3, the PS11 pattern is replaced by
the PS12 pattern). The first class of revertants is repre-
sented in the third row; they carry a mutation in the
Abd-B structural gene. This result suggested that the
Fab-7 mutation affects Abd-B regulation, an observa-
tion which was confirmed when antibodies directed
against ABD-B became available (fig. 3). The second
class of revertants carry chromosomal rearrangements
that disrupt the iab-7 domain, so that the Fab-7 dele-
tion as well as iab-6 and iab-5 are no longer in cis with
the Abd-B gene. Such rearrangements cause the loss of
Abd-B expression in PS10 to PS12, and in homozygotes
these parasegments are transformed into PS9(A4) (see
also Celniker et al., 1990). This class of revertants also

PS10, higher in PS11, still higher in PS12 and reaches a
very high level in PS13 and PS14. In the right panel, the
CNS of an embryo lacking the iab-7 regulatory sub-
region, the PS12-specific pattern of Abd-B expression is
replaced by the PS11 pattern.

Regulatory domains and domain boundaries in the BX-C

Many observations suggest that the PS-specific cis-regu-
latory subregions are organized into functionally inde-
pendent domains [22]. For example, removal of the
whole iab-7 cis-regulatory subregion in the iab-7Sz mu-
tation (discussed above) affects only PS12 identity and
leaves the iab-6 cis-regulatory subregion fully func-
tional. Organization of the PS-specific cis-regulatory
subregions into domains is best depicted by the expres-
sion patterns of ‘enhancer trap’ transposons integrated
in different cis-regulatory subregions of the complex
[13, 40]. These enhancer traps are subject to regulatory
elements located within the same domain, but are insen-
sitive to regulatory elements in adjacent domains (see
also the bluetail transposon, below). Implicit in the idea
of organization of the cis-regulatory elements into PS-
specific autonomous domains is the existence of domain
boundaries. Two such boundaries have been revealed
by the Mcp and Fab-7 mutations [11, 12]. Mcp is
located between the iab-4 and iab-5 cis-regulatory sub-
regions, while Fab-7 is located between iab-6 and iab-7
(figs 1 and 2A). Unlike loss-of-function mutations in the
cis-regulatory subregions, which show a transformation
of the affected parasegment into the parasegment imme-
diately anterior, deletions that remove either of the
boundary elements have an opposite gain-of-function
phenotype; they transform the affected parasegment
into a copy of the parasegment immediately posterior.
For example, Fab-71 deletion results in the development
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Figure 4. Three classes of Fab-7 revertants. The first row shows the distal part of the BX-C as in figure 2A and a schematic
representation of Abd-B expression in PS10 to PS13. In the second row the 4.3-kb deletion that occurred in the original Fab-71 deletion
is indicated, as well as the resulting pattern of Abd-B expression. The third row shows the Abd-B class of revertants of Fab-71. In the
revertant shown (R45), an insertion of 5 kb of foreign DNA occurred within the Abd-B transcription unit. The iab-7 class of Fab-71

revertants is shown in the fourth row. In this case, a chromosomal rearrangement break disrupts continuity of the iab-7 domain. Since
all the proximal regulatory domains are separated from the Abd-B transcription unit, Abd-B expression is lost in PS10 to PS12. The
iab-6 class of revertants is shown in the fifth row. Two chromosomal rearrangement breaks are indicated. Both disrupt the iab-6 domain
and result in the loss of Abd-B expression in PS10 and PS11. Note that PS12 Abd-B expression is normal in PS12. The last row indicates
the region of DNA that has to be intact to obtain the Fab-7 dominant gain-of-function phenotype.

confirm that in order to obtain the dominant Fab-7
phenotype, iab-7 and the Fab-7 deletion must be in cis
with the Abd-B gene. The third class of revertants
disrupt the iab-6 domain indicating that the effect of
Fab-7 depends upon the presence of iab-6 in cis. This
finding is critical, because it allows us to rule out the
hypothesis that the Fab-7 region contains binding sites
for factors that negatively regulate iab-7 in PS11. In-
deed, if this hypothesis were true, we would not expect
to revert Fab-7 phenotype by inactivating iab-6. Rever-
tants mapping in iab-5 or further to the left in iab-4
were not recovered, indicating that iab-6 functions au-
tonomously with respect to the Fab-7 phenotype. More-
over, the fact that, in the iab-6 revertants, Abd-B
expression appears normal in PS12 indicates that Fab-
71 deletion does not remove sequences essential for
iab-7 activity. Based on this reversion experiment, we
concluded that in PS11 of Fab-71 flies, the iab-6 and
iab-7 domains are fused into a single functional unit
with mixed characteristics: parasegment specificity is
provided by iab-6, and parasegment identity is provided

by iab-7. These findings have led us to propose that
Fab-7 corresponds to a domain boundary between the
iab-6 and iab-7 cis-regulatory domains. When Fab-7 is
deleted, adventitious interactions between the iab-6 and
iab-7 domains become possible.
Another, somewhat more sophisticated model was pro-
posed suggesting that the Fab-7 DNA segment contains
a complex array of binding sites for multiple negative
and positive regulatory factors that act during the ini-
tiation phase of activation of the PS-specific regulatory
domains, like the gap and pair-rule gene products knirps
and e6enskipped [33]. The removal of these key regula-
tory targets by Fab-7 deletions is thought to shift the
balance between negative and positive regulatory sig-
nals, leading to the inappropriate activation of Abd-B.
Once again, this model does not explain why mutations
in iab-6 revert the Fab-7 phenotype. In addition, this
model is not easily reconciled with either the phenotypic
transformations or the patterns of Abd-B expression
that are actually observed in the affected parasegments.
Thus, it is difficult to understand why eliminating key
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regulatory targets should have no effect on PS12, while
it has such a profound effect in the more anterior
parasegment PS11. This model also fails to explain why
the Abd-B expression pattern should precisely mimic
the expression pattern in the immediately posterior
parasegments (PS12). Rather, one would expect that
deletion of key regulatory elements, altering the delicate
balance between positive and negative signals, should
result in entirely novel patterns of Abd-B expression in
the affected parasegments. Finally, this model does not
account for the fact that the temporal pattern of Abd-B
activation in PS11 and PS12 in Fab-7 embryos follows
the same course as in wild-type, in PS12 first, then PS11
[13]. By contrast, shifting the balance between positive
and negative regulatory elements would be expected to
dramatically alter the activation time course in the
affected parasegment.

Molecular genetics of Fab-7

The bluetail transposon
A P-element transposon carrying a Ubx-lacZ reporter
gene was recovered close to the Fab-7 boundary, at the
proximal edge of the iab-7 cis-regulatory region (the
bluetail transposon; [13]). As visible in figure 2A, the
lacZ reporter gene is equidistant from both iab-6 and
iab-7 and could, in principle, be regulated by both
cis-regulatory domains. Yet, lacZ expression is detected
only from PS12, indicating that the lacZ gene is subject
to the control of the iab-7 cis-regulatory domain alone
(figure 2B). This finding led to the prediction that the
Fab-7 domain boundary resides on the left of the inser-
tion site of the bluetail transposon.
The bluetail transposon allowed us to induce many
deletion derivatives. Analysis of these derivatives con-
firmed that the domain boundary lies on the left of the
insertion site. This is best illustrated in iab-6,7P6.1 iab-
6,7P18.1 and iab-6,7P14.1, in which deletion of 515, 594
and 1041 bp, respectively, occurred on the proximal side
of the transposon without excision of the blt element
(fig. 2B) [14]. The pattern of expression of lacZ ob-
served in these lines is very instructive. As shown in
figure 2B, lacZ expression in the CNS of the original blt
line is restricted to PS12 because the iab-7 cis-regula-
tory region alone is acting on the reporter gene [13]. In
iab-6,7P6.1, iab-6,7P18.1 and iab-6,7P14.1, the anterior
border of lacZ expression is shifted in PS11, indicating
that the reporter gene can also be activated by the iab-6
cis-regulatory subregion. In the line carrying the larger
deletion (iab-6,7P14.1), the pattern of lacZ expression is
similar in PS11 and PS12, implying that all constraints
have been removed, allowing the Ubx promoter of the
reporter gene to be equally regulated by both the iab-6
and iab-7 cis-regulatory domains. In the smaller dele-
tions, however, some residual activity of the boundary

remains as revealed by the pattern of lacZ expression in
PS11, which is much weaker than in PS12.

A PRE adjoins the Fab-7 domain boundary
Three classes of deletions in which the blt transposon
has been excised completely were recovered. Analysis of
these deficiencies confirmed that the Fab-7 boundary
lies to the left of the blt transposon and revealed the
presence of a PRE just to the right of it. For reasons
that will become more clear below, this PRE belongs to
the iab-7 domain and is called iab-7PRE. Class I dele-
tions remove both the boundary and the iab-7 PRE.
These deficiencies appear to correspond to the Fab-71

mutation described above in which iab-7 is ectopically
activated in all cells of PS11. Class II deletions remove
the boundary alone. These deletions cause a complex
gain- and loss-of-function phenotype in PS11, which
reveals a new aspect of the Fab-7 boundary function. In
some groups of cells, both iab-6 and iab-7 are active
(like in Fab-71), while in others both iab-6 and iab-7 are
inactive [14]. Thus, the Fab-7 domain boundary has two
activities in PS11: first, it constrains activating signals to
the iab-6 domain, and second the boundary confines the
repressive state (mediated by the Pc-G repressive com-
plex, see below) to the iab-7 domain.
Class III deletions remove DNA on the right of the blt
transposon. These deletions have no phenotypes as
hetero- or homozygotes, indicating that they do not
affect the boundary function. The fact that these defi-
ciencies uncover the iab-7 PRE is in part suggested by
the comparisons of the Fab-7 phenotypes in class I and
II deletions. As mentioned above, deletion of the
boundary alone can lead, occasionally, to iab-6 inacti-
vation in groups of cells of PS11 (where iab-6 should
normally be active). Inactivation of regulatory domains
in the BX-C is usually mediated by PREs, which
provide sites for the assembly of a repressive complex of
Pc-G proteins. In agreement with this, iab-6 inactiva-
tion in PS11 of class II deletions is suppressed in Pc-G
mutant background. Moreover, iab-6 inactivation in
boundary deletions originates from iab-7, because we
do not observe it in larger Fab-7 boundary deletions
which extend to the right of the blt transposon, toward
iab-7. This places the PRE responsible for iab-6 inacti-
vation just distal to the blt transposon, in the region
uncovered by the class I deletions [14].
The conclusions we have drawn from this in situ analy-
sis of the Fab-7 region are supported by the work of
Hagstrom et al. [41]. These authors used conventional
‘enhancer-blocking’ assays (in which putative boundary
elements are interposed between an enhancer and a
promoter in a transgene reporter construct) to demon-
strate that sequences from the Fab-7 region have
boundary function. In these experiments, the sequences
required for blocking activity correspond (within 62 bp)
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Figure 5. Schematic representation of the function of the Fab-7 domain boundary in insulating iab-6 and iab-7. (Reprinted with
permission from: Mihaly J., Hogga I., Gausz J., Gyurkovics H. and Karch F. (1997) In situ dissection of the Fab-7 region of the
bithorax complex into a chromatin domain boundary and a polycomb-response element. Development 124: 1809–1820, © 1997
Company of Biologists.) See text.

to the sequence which when deleted in the iab-6,7P14.1 line
abolishes completely boundary activity (fig. 2C). This is
also in almost complete agreement (see below) with
similar experiments performed by Zhou et al. [42].
Hagstrom et al. [41, 43] also brought further evidence of
the presence of the iab-7 PRE. They showed that a
DNA fragment covering class III deletions is able to
induce pairing sensitive repression of a mini-white re-
porter construct, a property which is characteristic of
other well-documented PREs [38, 44, 45]. Fragments
spanning the boundary do not show any silencing activ-
ity.

Chromatin structure of the Fab-7 region

Like other chromatin domain boundaries [4, 5, 46], the
Fab-7 region is organized into a special chromatin
structure that contains four discrete nuclease hypersen-
sitive sites. From the staining pattern of lacZ in PS11
given by the three deletion derivatives that retain the blt
transposon, it appears that HS1, HS2 and at least part

of the upstream minor hypersensitive site HS* (fig. 2B)
are required for boundary function. This is in perfect
agreement with the enhancer-blocking experiments of
Hagstrom et al. [41], which show that the minor hyper-
sensitive site HS* is required for blocking activity (sig-
nificantly, a fragment that does not cover the minor
HS* loses the enhancer-blocking activity; fig. 2C). In
this respect, there is a slight discrepancy with the results
of Zhou et al. [42], because their fragment, which shows
enhancer-blocking activity, does not contain the minor
HS*. Inasmuch as their element extends further to the
right into HS3, it is possible that these sequences can
complement the lack of the upstream minor HS site.

Role of the Fab-7 boundary

Our results indicate that the Fab-7 boundary plays a
critical role in ensuring the functional autonomy of the
iab-6 and iab-7 cis-regulatory domains (fig. 5). Early in
development, when segmental identity is initially se-
lected, the combination of gap and pair-rule gene pro-
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ducts expressed in PS11 (shown in yellow, green and
orange) results in the activation of the iab-6 domain
(represented by + on a pink background). The iab-7
domain, however, remains inactive (represented by − in
a bluish background). One of the functions of the
boundary element is to prevent spreading of the active
sate of iab-6 into iab-7. Because iab-7 is inactive, the
PREs (shown by blue rectangles) are accessible to the
Pc-G silencing complex, which will then assemble on the
iab-7 domain (shown by black arrows). Another func-
tion of the boundary element is to prevent the iab-7
PRE (shown by a star in a blue rectangle) from interact-
ing with adjacent PREs in iab-6. Note that the number
and position of PREs drawn in iab-6 and iab-7 are
arbitrary except for the iab-7 PRE immediately distal to
the boundary. In the maintenance phase, after gap and
pair-rule gene products have decayed, the active state of
iab-6 (shown by a reddish rectangle) is sustained by the
activity of the products of the trx-G. Meanwhile, the
iab-7 domain is permanently repressed by the Pc-G
silencing complex that has assembled on the PREs. The
Fab-7 boundary (the one-way sign) is responsible for
keeping the limit between active and inactive states.
In Fab-7 class II deletions, removal of the boundary
alone (shown by brackets) allows activating as well as
repressing signals to travel between iab-6 and iab-7. On
one hand, the active state of iab-6 can invade the iab-7
domain leading to ectopic activation of iab-7 in PS11.
On the other hand, we envision that the most proximal
PRE of iab-7 (the iab-7 PRE) can interact with the most
distal PRE of iab-6, leading to inactivation of iab-6 by
the Pc-G silencing complex. Thus, cells in PS11 have
either both iab-6 and iab-7 active, or both repressed.
In Fab-7 class I deletions, the boundary as well as the
iab-7 PRE are deleted (shown by brackets). The fact
that iab-7 is always ectopically activated in class I alleles
can be explained by the assumption that the lack of a
PRE in iab-7 weakens the assembly of the Pc-G silenc-
ing complex on iab-7, allowing the active state of iab-6
to invade iab-7. It is possible that the remaining PREs
in iab-7 are too remote to interact with PREs in iab-6.

Identification of factors that bind to Fab-7

In order to gain insights into the molecular organization
of the Fab-7 domain boundary, we have decided to
identify proteins that might interact with it. Our strategy
is to subdivide the region spanning the nuclease hyper-
sensitive sites HS1, HS2 as well as the minor site HS*
into overlapping fragments and to use them as probes to
look for interacting proteins in embryonic nuclear ex-
tracts. As some of the sequences recognized by these
putative factors may be conserved through evolution, we
have also cloned and sequenced the Fab-7 region from
D. 6irilis. So far, we have identified two relatively high

abundance proteins that bind to the Fab-7 domain
boundary in a sequence-specific manner. Interestingly
these two proteins appear to bind at multiple sites, and
the sequences recognized by these proteins are conserved
in the D. 6irilis sequence.
Because of the presence of many binding sites in the
nuclease-hypersensitive regions HS1 and HS3, the
GAGA factor is likely to play a role into the organiza-
tion of the Fab-7 region. GAGA was originally isolated
as a transcription factor [47]. Further studies on the
hsp-26 and hsp-70 promoters have shown that GAGA
does not stimulate transcription in vitro like a standard
transcription factor but rather enhances transcription by
generating nucleosome free regions at promoter regions
[48, 49] (for a review, see ref. 50). In this respect, it is
tempting to speculate that the presence of many GAGA-
binding sites in the Fab-7 region is at the origin of the
chromatin structure of the boundary element and of the
iab-7 PRE. In agreement with this possibility, Hagstrom
et al. [43] have shown that the pairing-sensitive repres-
sion mediated by the iab-7 PRE spanning HS3 is sup-
pressed in mutants of Trithorax-like, the gene which
encodes GAGA [51].

The Mcp domain boundary

The Mcp domain boundary is identified by three over-
lapping deficiencies that map between iab-4 and iab-5.
They all result in the same dominant gain-of-function
phenotype in which PS9/A4 is transformed into PS10/
A5. The dominant gain-of-function Mcp phenotype ap-
pears to be due to the inappropriate activation of the
iab-5 cis-regulatory domain in PS9, where normally
only iab-4 is active. This is supported by the fact that
induction of second-site mutations in iab-5 reverts the
dominant gain-of-function phenotype [52]. Also consis-
tent with this observation, Abd-B, which is not normally
transcribed in PS9, is expressed in PS9 in a PS10-like
pattern in Mcp embryos [20, 21]. The second-site rever-
sion analysis also revealed that the dominant gain-of-
function Mcp phenotype can be reverted by mutations in
iab-4 [52]. As in the case of Fab-7, these results argue
strongly in favour of the interpretation that a domain
boundary between the iab-4 and iab-5 cis-regulatory
domains is deleted in Mcp mutations.
The overlap between the three deletions associated with
Mcp phenotype defines a DNA segment of �0.4 kb.
These essential sequences closely coincide with a single
major nuclease hypersensitive region in chromatin (fig.
6). Attempts to further refine the Mcp domain
boundary activity have been performed in ectopic con-
structs with the mini-white gene as reporter. All these
experiments have shown that the region spanning the
major nuclease-hypersensitive site contains a PRE
which causes strong pairing-sensitive repression of the
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white mini-gene (M. Müller and P. Schedl, unpub-
lished). The silencing activity of the PRE on mini-white
expression makes it difficult to determine whether the
element behaves as an enhancer blocker. So far, con-
structs with a lacZ reporter gene which would allow
testing for enhancer blocking during early embryogene-
sis have not been attempted.

Other domain boundaries in the BX-C

We would like to propose a model for the organization
of BX-C chromatin in which each of the PS-specific
domains of regulation is flanked by domain boundary
elements. However, only Mcp and Fab-7 have been
identified so far. Mcp and Fab-7 mutations affect the
identities of abdominal segments that are easy to recog-
nize in adult males. Since the remaining abdominal
segments are very much alike, mutations in additional
putative boundaries are probably too subtle to be rec-
ognized in genetic screens. We have, however, collected
indirect evidence suggesting the existence of a domain
boundary that separates iab-7 from iab-8 cis-regulatory
domains.
To gain insight into the organization of the iab-7 cis-
regulatory region, we cloned a fragment spanning iab-7
in front of a Ubx-lacZ reporter gene and introduced
these constructs into flies by P-mediated germ line
transformation. A fragment of �8 kb gave us unex-
pected results. When the proximal side of the fragment
was next to the Ubx promoter, we observed weak
expression of b-galactosidase in PS12 during early de-
velopment. This result identified a PS12-specific en-
hancer and was anticipated from a fragment derived
from iab-7 which is normally active in PS12. To our
surprise, we observed a different pattern of expression
when the fragment was cloned in the opposite orienta-
tion: b-galactosidase was expressed in PS13 and PS14

during early development, and this pattern was main-
tained throughout embryogenesis. Thus, it appears that
the 8-kb fragment can be separated into two au-
tonomous regulatory regions: a proximal region specific
for PS12 and a distal region specific for PS13. The
proximo-distal arrangement of the two elements on the
fragment corresponds to the order seen in the context of
the BX-C. While the proximal part is toward iab-7, the
PS12-specific regulatory domain, the distal part of the
fragment is toward iab-8, the PS13-specific regulatory
domain. This result suggests the existence of a
boundary element in between (Fab-8), allowing auton-
omy of the two regulatory domains. Significantly, two
major nuclease-hypersensitive sites are found in the
middle of the 8-kb fragment. In order to determine if
they correspond to the putative Fab-8 boundary, we
have deleted from the construct a fragment of 2 kb that
spans the two hypersensitive sites. Preliminary results
indicate that the autonomy of the PS12- and -13-specific
regulatory elements is lost. It seems also significant that
a fragment that spans part of the two hypersensitive
sites behaves as an enhancer blocker (M. Müller and P.
Schedl, unpublished). We recently received from A.
Spradling’s laboratory an enhancer trap line with a lacZ
reporter gene inserted near the first nuclease-hypersensi-
tive site. The PS12-specific b-galactosidase expression
pattern indicates that the element belongs to the iab-7
domain. We are in the process of generating deletions
within the context of the BX-C to address directly
whether the element we have identified corresponds to
the Fab-8 domain boundary.

Insulators, attenuators or domain boundaries?

The ability of Fab-7 to block enhancer-promoter com-
munication when interposed between an enhancer and a
promoter raises the following question. Why does this
enhancer-blocking activity not prevent the more proxi-
mal iab-5 and iab-6 cis-regulatory domains from con-
trolling the expression of the distal Abd-B gene in PS10
and PS11? One possibility may be the strength of the
Fab-7 boundary. Using constructs which differ in the
number of reiterated binding sites for the SU(HW)-
binding protein, Hagstrom et al. [41] have devised a
system to evaluate the strength of enhancer-blocker
elements. While the presence of 12 reiterated binding
sites leads to full blocking activity, they showed that
Fab-7 has a moderate blocking activity which corre-
sponds to the presence of 5 reiterated binding sites for
the SU(HW) protein. The intermediate enhancer-block-
ing activity of the Fab-7 element might be sufficient to
prevent cross-talks between iab-6 and iab-7 cis-regula-
tory domains, but insufficient to obstruct proximal do-
mains from interacting with Abd-B. Zhou et al. [42]
have proposed that Fab-7 may function as an attenua-
tor that moderates interactions between the iab-6 distal

Figure 6. Chromatin structure of the Mcp domain boundary. The
thin top line represents the Mcp genomic DNA drawn at the scale
indicated below. The black rectangles indicate the extent of the
hypersensitive regions described in Karch et al. [12]. Strong hyper-
sensitive sites are shown by thick black rectangles, while weak
hypersensitive regions are indicated by thin black rectangles. The
ovals indicate nucleosome core particles. The different Mcp
boundary deletions are shown below the DNA line.
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enhancers and the Abd-B target promoter. According
to this model, the loss of the attenuator in Fab-7
deletions would cause hyperactivity of iab-6, leading to
the PS12-like pattern of Abd-B expression in PS11.
Although we cannot formally exclude the possibility,
this interpretation does not explain why Fab-7 deletions
allow repressing signals mediated by the POLYCOMB
repressing complex to inactivate iab-6. The attenuator
hypothesis is also difficult to reconcile with the effects
of Mcp mutations. It does not explain, for instance,
how hyperactivation of the iab-4 cis-regulatory domain
by the Mcp deletion would deviate this domain to
interact with Abd-B instead of its regular abd-A target
promoter.
It is possible that there are special elements within each
of the iab cis-regulatory domains that somehow func-
tion to promote ‘pairing’ with Abd-B promoters, allow-
ing enhancer elements in more proximal cis-regulatory
domains to circumvent the effects of intervening en-
hancer blockers. In this respect it may be of interest that
most of the gypsy transposon-induced mutations in the
BX-C are inserted in cis-regulatory domains controlling
Ubx expression, while there are no gypsy transposon-
induced mutations in the regulatory domains con-
trolling Abd-B expression. While there may be a variety
of reasons why such mutations have not been recov-
ered, it is possible that the enhancer-blocking activity of
the reiterated su(Hw) binding sites is unable to prevent
interactions between the iab cis-regulatory domains and
Abd-B.
In order to test this hypothesis, we replaced the Fab-7
boundary element by the scs or the reiterated binding
site for the SU(HW) within the context of the BX-C
using the gene conversion method described in refs 53
and 54. Our results show that both scs and the reiter-
ated binding sites for the SU(HW) protein revert the
dominant gain-of-function Fab-7 phenotype, indicating
that these elements can prevent adventitious interac-
tions between iab-6 and iab-7 cis-regulatory domains.
However, the enhancer-blocking activity of these ele-
ments has a deleterious effect on the proximal cis-regu-
latory domains, which are prevented from interacting
with the Abd-B promoter (I. Hogga and F. Karch,
unpublished observations). These new results lead us to
consider that even if the Fab-7 boundary element has
properties of an enhancer blocker, it is not its major
activity within the context of the BX-C.

Concluding remarks

Domain boundaries have been identified using two dif-
ferent approaches. On the one hand, elements like scs/
scs%, the reiterated binding site for the SU(HW) protein,
and the 5% element of the chicken b-globin locus have
been characterized through their activity of impeding

enhancer-promoter interactions when intercalated be-
tween them. Their role of insulators can protect trans-
genes from genomic position effects, thereby establish-
ing independent functional domains within the chromo-
some. On the other hand, domain boundaries like Fab-7
and Mcp have been identified through mutational anal-
ysis. Deletions of Mcp or Fab-7 lead to the fusion of
otherwise independent cis-regulatory domains. Fab-7
functions to constrain activating signals to the iab-6
domain, and to confine repressive states mediated by
the POLYCOMB repressive complex to the iab-7 do-
main. The presence of PREs next to Fab-7 and within
Mcp suggests that they act as borders that could delin-
eate the extent of particular chromatin conformations
mediated in part by the POLYCOMB repressor com-
plex. Although the mechanisms by which Fab-7 func-
tions as a domain boundary remain an open issue, our
boundary-swapping experiment in the context of the
BX-C indicates that Fab-7 is not a mere insulator.
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