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Summary

The Fab-7 boundary functions to ensure the autonomous by combining sub-elements with developmentally
activity of the iab-6 and iab-7 cis-regulatory domains in the  restricted boundary function. We provide in vivo evidence
Drosophila Bithorax Complex from early embryogenesis that the Fab-7 boundary contains separable regions that
through to the adult stage. Although Fab-7 is required  function at different stages of development. These findings
only for the proper development of a single posterior suggest that the units (domains) of genetic regulation that
parasegment, it is active in all tissues and stages of boundaries delimit can expand or contract by switching
development that have been examined. In this respe&gab- insulator function off or on in a temporally regulated
7 resembles conventional constitutive boundaries in flies fashion.

and other eukaryotes that act through ubiquitous cis-

elements and trans-acting factors. Surprisingly, however,

we find that the constitutive activity of Fab-7 is generated  Key words: Fab-7Drosophila Bithorax, Boundary, Insulator, Abd-B

Introduction domains are sequentially activated going from anterior to
osterior parasegments. For example, in PSAbd-B

s oo o st e ston oA FOTESSon 1 conroled by i domain. Afhouglat-5
) 9 active in this parasegment, the adjacent doniamy and

o : : X |
?&ilﬁjprﬁcfg dc 'SE'%?;'n%gg%m?é\s/aﬁzgedlggg_ndciigreassi?; (;\n/guﬁ:aé neighbotiab-8, are silenced. In PS1@&b-7is activated and
Corces. 2001 Weét ot af 2002 échedl ,and Broach 2003 directs Abd-B expression, whiléab-8 remains silent. The
These elements define the limits of each chromosomal domajyiV'%y state of the BX-Cis-regulatory domains is set early

and establish independent units of genetic activity by shieldin embryogenesis by 'ghe products of the gap and pair-.rule
genes or regulatory elements within the domain from th enes. The gap and pair-rule gene products are only transiently

regulatory influences of adjacent domains. Most of thé&*Pressed and by stage 11 of embryogenesis, BX-C regulation

boundaries that have been identified in multicellular organismgVitches from the initiation to the maintenance phase.

appear to be constituive and are active independent Mfaintenance depends upomithorax group (irxG) and

developmental stage or tissue type. Moreover, the prop&ilycomb group(PcG) genes (Simon, 1995; Simon and
functioning of these boundaries depends upon trans-actingtMkun, 2002). Genes in th group are required to maintain

factors that are ubiquitously expressed. the homeotic genes in their active state, whereas genes in the
Several constitutively active boundary elements have bedrc group function to silence homeotic gene expression.
found in theDrosophilaAntennapedia (ANT-C) and bithorax ~_ The most thoroughly characterized of the BX-C boundary
(BX-C) complexes, and these elements are crucial for th@lements ig-ab-7. Itis located in between thab-6 andiab-7
developmental functions of the homeotic genes in eacfiSregulatory domains (Fig. 1A) and, like the other boundaries
complex (Gyurkovics et al., 1990; Mihaly et al., 1998; Zhou!n BX-C, it functions to ensure the genetic autonomy of the
and Levine, 1999; Barges et al., 2000; Belozerov et al., 2003)vo flankingcis-regulatory domains. Mutations that inactivate
BX-C contains three homeotic gendsitrabithorax (Ubx), ab-7 lead to the fusion of théab-6 andiab-7 domains,
abdominal-A(abd-A and Abdominal-B(Abd-B), which are and this disrupts the specification of PS11 (Gyrukovics et al.,
responsible for specifying segment identity in the posteriot990; Galloni et al., 1993; Mihaly et al., 1997). In méab-
parasegments (PS) 5-14 of the fly. Parasegment identify mutant PS11 cells, positive regulatory elementsan6
depends upon which of these homeotic genes is activated aif@ppropriately activate thiab-7 cisregulatory domain. As a
upon its precise pattern of expression. Transcriptional activitponsequenceéAbd-Bexpression in these cells is drivenibp-
is controlled by a large ~300 Idis-regulatory region that is 7 notiab-6, and they assume a PS12 identity. In the remaining
subdivided into nine parasegment specific cis-regulatorynutant PS11 cells negative elementsain-7 inappropriately
domains: abx/bx, bxd/pbxand iab2-iab8 (Duncan, 1996; silence iab-6 (and iab-7). When iab-6 is silenced Abd-B
Mihaly et al., 1998). Each cis-regulatory domain directs thexpression is driven bjab-5 and the cells assume a PS10
expression of one of the BX-C homeotic genes in a patterdentity.
appropriate for specifying a particular parasegment. The Although the normal role ofab-7 is to prevent crosstalk
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between théab-6 andiab-7 cisregulatory domains, it also has development. This unexpected finding indicates that chromatin
the ability to insulate promoters from the regulatory effects olomains are not always static units, but instead may be
nearby enhancers or silencers. Like other known boundariegdefined by inactivating or activating a boundary element such
the insulating activity of th€ab-7 element does not appear to that the chromatin domain can expand to include new genes or
be restricted to specific enhancer-promoter combinations, noegulatory sequences, or alternatively contract eliminating
is it stage or tissue specific. In the context of BX-C, thegenes or regulatory sequences.
endogenousFab-7 boundary insulates thé&bx and rosy
promoters carried bybluetail (blt), a transposon inserted into .
theiab-7 domain, from the regulatory effects of flab-6and ~ Materials and methods
iab-5domains (Galloni et al., 1993). This insulating activity isP-element constructs
observed from early embryogenesis through the adult stage. Al PCR fragments were amplified from a 3.35 Kindlll-to-Xba
transgene assays in embryos, Had-7 boundary blocks the Fab-7 genomic fragment inserted into BlueScript as the template
fushi tarzu(ftz) stripe (UPS) and neurogenic (NE) enhancergdescribed by Hagstrom et al., 1996). The primers used were SES23C
from activating théasp70promoter in the embryonic ectoderm (TGCGGATCASTGGCAAAAGCTGGCAAAG), SES23Xho (TGC-
and CNS, respectively (Hagstrom et al., 1996). It also block§ TCGAG GGCAAAAGCTGGCAAAG), SES24C (TGRGATCT-
eve hairy, iab-5, rhomboidandtwistenhancers from activating GCGTTGATATGCCCCAATG), SES24Sal (TGETCGAQCGT-
eveandwhite promoters in the embryo (Zhou et al., 1996) InTGATATGCCCCAATG), SES27Sal (TGETCGAQTTCCCCC-
the adultfFab-7blocks thewhiteeye and testes enhdﬁcers frmeCCACACAGC)’ SES28Xho (TCCTCGAG TGTGTGCCEGG-

o o . GGAAAG), SES29Xho (TGCTCGAGCATTGGGGCATATCAA-
activating themlnl-Whltepromoter (Hagstrom et al., 1996) CGC), SES30Sal (TGETCGAGSAACGGCAACTGAATTCC),

The minimalFab-7 boundary defined in thiéz:hsp70-lacZ  sgs33xho (TGCTCGARACCGCACGCACACCACCGC) and
and wen:mini-white enhancer blocking assays is 1.2 kb iNSES34Sal (TGGTCGAGCGGTGGTGTGCGTGCGGTTCTC).
length. As shown in Fig. 1A, it extends from the minorRestriction enzyme sites are indicated in italics. All PCR fragments
nuclease hypersensitive site (*) on the proximal side t@mtle were confirmed by sequencing. The pHS1 fragment was amplified
7 PRE (which corresponds HS3) (Hagstrom et al., 1997using SES23C and SES24C and was cloned in four tandem copies
Mishra et al., 2001) on the distal side and includes two majdpto the BanHl and Bglll restriction sites of Litmus29. The
chromatin-specific nuclease hypersensitive regions, HS1 artfmH!/Balll fragment was then excised and cloned intoBaerH|

o . site of Bluescript. The pHS1A, pHS1B, dHS1, dHS1A and dHS1B
HS2 (Karch et al., 1994). The largest hypersensitive reglorz’agments weFr)e amBIified Ssing the SES23Xho/SES27Sal,

HS1, contains six consensus GAGA factor binding sitegeg)axno/SES245al, SES29Xho/SES30Sal, SES29Xho/SES34Sal

arranged in three pairs, 1-2, 3-4 and 5-6. The ubiquitously,q SES33xho/SES30Sal, respectively. The resulting PCR products
expressed GAGA factor is encoded by Tnighorax-like (Trl) were cloned in four tandem copies into ¥ited and Sal restriction

gene (Farkas et al., 1994), and it is thought to function in theites of BluescriptXhd-Not fragments of pHS1, pHS1A, dHS1,
formation and/or maintenance of the nucleosome free regioni$iS1A and dHS1B were excised from Bluescript and inserted into
of chromatin associated with a variety @$-acting elements the white-enhancer: miniwhiteector (XN vector) in between the

in flies, including enhancers, promoters, Polycomb Respongghite enhancer and theminiwhite gene or upstream and into tfie
Elements (PRES) and boundaries (Lehmann, 2004). Chromafhancer: hsp70-LaciZector (pCfhL vector) in between the UPS/NE
immunoprecipitation experiments demonstrate that GAGA i§nhancers dushi-tarazu({ftz) and thensp7Opromoter or upstream of
associated with theab-7boundary in vivo (Strutt et al., 1997). FiPS (Hagstrom et al., 1996). Embryos in each set of experiments in

o ; . . g. 1, Fig. 2, Fig. 4 and Table 1 were stained in parallel as described
Moreover, the GAGA-binding sites in HS1 are important forin Hagstrom et al. (Hagstrom et al., 1996) for a direct comparison of

boundary function. In previous studies, we found that theining intensities. We tested &tt:hsp70-lacZransgenic lines for
enhancer blocking activity of the minimal 1.2 kb boundary issilencing effects of either thEab-7 subfragment or chromosomal
compromised in both the embryo and adult when GAGA sitegosition by determining whether thesp70 promoter was heat
1-5 are mutated (Schweinsberg et al., 2004). Although thimducible and gave a uniformly high level latZ expression after a
finding indicates that GAGA (or another protein thatbrief heat shock. The few lines showing anomalac& expression
recognizes the GAGA consensus) is required Fab-7  after heat induction were not included in the assays.
boundary activity throughout development, the GAGA sites are
not functionally equivalent. We found that when only the
centromere proximal pair, 1-2, are mutated, blocking oftthe Results
UPS stripe enhancer in the ectoderm of early embryos by théhe effects of mutations in the GAGA sites 1-2 suggested that
minimal Fab-7boundary is weakened, but there is no apparerdgequences on the proximal side of HS1 may be important for
effect on the blocking of either tliig NE enhancer in the CNS Fab-7 boundary activity in the early embryo, but not at later
of older embryos or th& enhancer in adults. By contrast, stages of embryogenesis or in the adult. To explore this idea
mutation of the central pair, 3-4, weakens blocking ofwhe further, we re-examined the insulating activity of several
enhancer in the eye, but has little effect on the blocking of theoundary deletions of the endogen&ab-7element that were
ftz enhancers in embryos. generated by ‘hopping’ tHauetail (blt) transposon (Mihaly et
One interpretation of these results is that the constitutival., 1997). As shown in Fig. 1Bt is inserted just within the
boundary activity of thd=ab-7 element is generated by sub- iab-7 cisregulatory domain in between tik@b-7 boundary
elements whose activities are developmentally restricted. In thend theiab-7 PRE. TheFab-7 boundary insulates th&bx-
studies reported here, we have tested this hypothesis. We shbacZ androsy genes in thélt transposon from theb-6 and
that, unlike other well characterized boundaries, theab-5 cisregulatory domains, and the activity of both genes is
constitutive activity ofFab-7 is generated by combining a controlled exclusively by th&b-7 cis-regulatory domain. As
series of subelements that function at different stages @f consequence, botacZ (Fig. 1B) androsy (Galloni et al.,
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Fig. 1. (A) Map of theFab-7region showing the minor
iab-6 Fab-7 iab-7 nuclease hypersensitive site (*), HS1, HS2 and HS3. GAGA
I — sites in HS1 are indicated by colored ovals and numbers 1-6.
< - ’I (B) Left: map ofiab-7Pluetail jah6, 761 jab6, 718-1and
T EannE iab6,714-Imutations showing thieluetail transposon
e —— e — —_ inserted at the distal edge (right)Feb-7in between HS2
Proximal 14 3o € Distal and HS3. The size of thigb-7deletion is indicated for each
mutant. RightlacZ expression in representative germband
B extended embryos heterozygousitdy-70luetail jahe, 761
iab6,7718-1andiab6, 7141 Arrow in each embryo marks the
anterior edge of PS12.

iab-6 iab-7
<+—|e—— Fab-7 ——>|—>

expression in the largdP14.1 deletion is PS11. As
reported by Mihaly et al. (Mihaly et al., 1997) for the
activity of theUbx-lacZreporter in the CNS, when we
examine3-galactosidase expression in the ectoderm of

# HS1 1S3 older germband retracted embryos, we found that the
<)—5|“ bp LR anterior limit forP6.1andP18.1embryos was PS11,
12 just like the larger deletioR14.1(not shown). These
PIS.I bit findings indicate that the sequences retainétbinand
# HS1 T Ts: P18.1, which include the GAGA site pair 1-2, are
" sufficient to confer boundary activity during the

El lﬂm <J——59%4 bp 220
12

initiation phase of BX-C regulation, but not later in
T bit dev_elopment when regulation has switched to the
5 K maintenance mode. It should be pointed out that in our
1041 bp LIS experiments and those of Mihaly et gkgalactosidase
-2 expression in PS11 of germ band retrad®&dl and
P18.1embryos is not as robust as it is in #814.1
1993) are expressed in PS12 and more posterior parasegmedtdetion. As all three deletions have indistinguishdtzb-7
Three imprecise ‘excisions’ iap6,7% iab6,7141 and mutant phenotypes in the adult, we presume that the smaller
iab6,7°18-) that deletérab-7boundary sequences but retain andeletions have lower levels @ galactosidase expression in
intactblt transposon were recovered by Mihaly et al. (Fig. 1B)PS11 in germband retracted embryos because the early
When they examine@galactosidase expression in the CNS ofboundary activity of°6.1 and P18.1is lost gradually rather
germband retracted embryos carrying these three imprecitiean abruptly, perhaps reflecting a depletion of some maternal
excisions, Mihaly et al. found that the anterior limit ®f  product.
galactosidase expression was PS11, not PS12. Further support o
for the conclusion that these three deletions diskgtt-7 ~ Proximal HS1 has boundary function in the early
comes from an analysis of derivative alleleab-76-1 Fab-  €mbryo but not later in development
7P18.1landFab-7"14-1in which theblt transposon was precisely The results described above suggest that sequences in the
excised. All three derivatives give cuticular phenotypes in th@roximal part ofFab-7have boundary function during the early
adult that would be expected for mutations that completelgtages of embryogenesis, but not later in embryogenesis or in
inactivate the=ab-7 boundary (Mihaly et al., 1997). subsequent stages of development. To investigate this
Although all three deletions share the same distapossibility further, we tested whether sequences from the large
breakpoint, they differ in their proximal breakpoints. The DNAHS1 nuclease hypersensitive region that are retained in both
segment removed in the largest delet®i4.1, is more than 1 the P6.1 and P18.1 deletions have boundary activity in
kb in length (Fig. 1B) and it corresponds closely to the minimalransgene assays. For this purpose, we tetramerized a 235 bp
Fab-7 boundary defined in transgene assays. By contrast, théS1 sub-fragment called pHS1. As illustrated in Fig. 2, the
P6.1 and P18.1 deletions are only 510 bp and 594 bp,proximal end of pHS1 corresponds to the proximal edge of the
respectively. As both of the smaller deletions still have HSHS1 nuclease hypersensitive region while the distal end
GAGA sites 1-2, as well as more proxintlb-7 sequences, corresponds to the proximal breakpoint of the 594 bp deletion
we wondered whether they retained an ability to blockahe P18.1 This fragment includes GAGA sites 1-2 plus a 100 bp
6 cisregulatory domain from activating th#éx-lacZreporter ~ sequence that is 95% identical betw&melanogasteand
in early embryos. As this earlier time point had not beem. virilis (V in Fig. 2). We placed the pHS1x4 tetramer either
examined in the studies of Mihaly et al. (Mihaly et al., 1997)jn the blocking position in between tfftz enhancers and the
we decided to compare the pattern Pfgalactosidase hsp70promoter or, as a control, in the non-blocking position
expression in germband extendbll embryos and in the upstream of the enhancers. Transgémibisp70-lacZmbryos
various deletion mutant embryos. As illustrated bywere stained with X-gal and compared with control transgenes
representative embryos in Fig. 1B, the anterior limitBef carrying either the minimal 1.2 i&ab-7fragment, five binding
galactosidase expression®6.1andP18.1embryos is PS12, sites for the Su(Hw) insulator protein, or a random DNA
just like the parentablt control that has an intadtab-7  control fragment with no enhancer blocking activity (Fig. 2).
boundary. By contrast, the anterior limit Bfgalactosidase In the ftz:hsp70-lacZassay (Fig. 2B), the ability of the
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Fig. 2. (A) Map of theFab-7boundary and the various HS1 subfragments used in the transgene assuaiysisThemology region is indicated
by V. (B) Map of theftz:hsp70-lacZeporter construct. Inserts placed upstream ofttiéPS enhancer are in the non-blocking position (NB),
while inserts placed between the NE enhancer ankisfiieOpromoter are in the blocking position. (CB§Z expression in embryos from
representative lines homozygous fiathsp70-lacZransgenes carrying different boundary elements. (C) Random DNA, five binding sites for
Su(Hw) and 1.2klrab-7. (D) Tetramerized pHS1 fragments: pHS1x4 in the blocking position, pHS1x4 in the non-blocking position

(NB), pHS1Ax4 and pHS1Bx4. All embryos in Fig. 2 (and also in Fig. 4) were stained in parallel as described elsewhere @iagstrom
1996) for a direct comparison of staining intensities.

minimal 1.2 kbFab-7boundary to block the stripe (UPS) and the level of(3-galactosidase in the CNS is the same as the
the neurogenic (NE) enhancers is intermediate between thatr@ihdom DNA control, while in the three other lines it is
an element containing 5 (Fig. 2C) and 12 (not shown) (seeomparable with (or higher than) tfte transgene carrying 5
Hagstom et al., 1996) binding sites for the ubiquitouslysu(Hw)-binding sites in the blocking position.

expressed insulator protein, Suppressor of Hairywing, Su(Hw). We also examined the enhancer blocking activity of pHS1x4
As illustrated in Fig. 2D, the pHS1x4 tetramer has no effect om the wen:mini-white assay. The minimal 1.2 kiFab-7
B-galactosidase expression when placed in the non-blockirgpundary blocks thes enhancer when interposed between the
position (NB pHS1x4) upstream of the two enhancers and thenhancer andw promoter; however, unlike other fly
level of B-galactosidase stripe and CNS expression resemblé®undaries, including the BX-C boundafab-8 Fab-7

that observed in the random DNA control. By contrast, in thdlocking activity in this assay is sensitive to chromosomal
blocking position, pHS1x4 insulates thep70promoter from  position effects and is observed in only ~50% of the lines
the ftz UPS enhancer about as well as the 1.2Fab-7 (Hagstrom et al., 1996). The reason for this position
boundary, and little if any stripg@galactosidase expression is dependence is not currently understood. Unlike the minimal
observed (Fig. 2D; Table 1). This result indicates thaboundary, pHS1x4 has no apparent boundary function in the
sequences derived from the proximal side of HS1 can confeven:mini-white assay and out of almost 40 independent
boundary function during the early stages of embryogenesigansgenic lines, only two were classified as ‘blocking’ (Fig.
As boundary function is lost in theab-7 P6.1and P18.1  3). This result is consistent with tkab-7 mutant phenotypes
deletions at later stages in embryogenesis, we anticipated trsaen inFab-7°6-1andFab-718-1flies, and suggests that as was
pHS1x4 would be less effective in blocking ftENE enhancer the case in the CNS of germband retracted embryos, pHS1 has
in the CNS of germband retracted embryos. This is the casitle if any boundary function in adults.

As shown in Fig. 2D and Table 1, blocking of the NE enhancer To further localize the UPS-enhancer blocking activity, we
by pHS1x4 is reduced compared with the minimal 1.Ed>  subdivided pHS1 into a 133 bp fragment (pHS1A) containing
7 boundary (Fig. 2C,D; Table 1). In three of the pHS1X4 linesthevirilis homology region\) and a 121 bp fragment (pHS1B)
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Table 1. Summary of the blocking activity inftz:hsp70- in over 80% of the dHS1x4 lines (Fig. 3). These findings
lacZ transgenic lines with the different boundary elements demonstrate that the distal region of HS1 is able to strongly
in Figs 2 and 4 block the NE andwhite enhancers but is significantly

compromised in its ability to block the UPS enhancer.

Transgene LU PS er:\:ancerD 1 NE e,\:hanceDr We next divided dHS1 into a 198 bp fragment, dHS1A, that
contains the central pair of GAGA sites (3-4) and a 114 bp
1.2 KbFab-7 oo 0 5 2 O  fragment, dHS1B, that contains the most distal GAGA sites (5-
ﬁ,B p,_)|(51x4 0 0 3 0 0 3 6). The boundary activity of dHS1Ax4 in the embryo
pHS1Ax4 0 3 8 0 0 11 resembles but is not quite as strong as the larger dHS1x4
pHS1Bx4 4 2 5 1 0 10 tetramer. Thus, unlike dHS1x4, many of the dHS1Ax4 lines
dHS1x4 4 120 10 5 0 exhibit neither UPS nor NE enhancer blocking activity (Fig.
gﬂgigﬁ % Z ; 2 g 2 4). However, dHS1Ax4 retains the very strowgenhancer

blocking activity (91%) observed with dHS1x4 (Fig. 3). These
lacZ expression in the tetramerized boundaries is scored relative to the ~ findings map an element that functions to blockwtenhancer
controls, random DNA, the su(Hw) 5 element and the 1.E2akia7 boundary, to dHS1A. Moreover, the strong enhancer blocking activity
andis subiided o e classes based on taning enst. L M. of GHS1Ax would be consistent with the deleterious effect
staining ’(L)’. The typicalyg su(Hw) control gives ?nediun% stripepand CNS of mutations in GAGA sites 3'4, on the bpqndqry activity of
staining (M), while random DNA gives dark (D) staining. Number of lines in the 1.2 kb Fab-7 fragment in the mini-white assay
each category is indicated. (Schweinsberg et al., 2004).
A very different result is obtained for dHS1Bx4. Like pHS1,

dHS1Bx4 has little if any enhancer blocking activity in the
containing the two GAGA-binding sites (Fig. 2A). pHS1Ax4 wen:mini-white assay. However, in the embryo, dHS1Bx4
has significantly reduced UPS-enhancer blocking activity andexhibits a weak position dependent enhancer blocking activity
as expected, is unable to block either the NE owtbehancers for both the UPS and NE enhancers (Fig. 4; Table 1). These
(Fig. 2D; not shown). Although pHS1Bx4 retains UPS-findings indicate that sequences on the distal edge of HS1 have
enhancer blocking activity (Fig. 2D), this activity is insertion boundary activity during embryogenesis, but not at later stages.
site dependent. It gives full UPS-specific boundary activity in
only 4/11 lines and shows weak UPS-specific boundary . .
activity in 2/11 lines (Table 1). Therefore, full UPS-specific!SCUSSION
enhancer blocking activity requires elements in both pHS1A heFab-7boundary functions to prevent crosstalk between the
and B; however, the pHS1B fragment contains the majority odBX-C iab-6 andiab-7 cis-regulatory domains. Whe¥ab-7 is

insulating activity. deleted, these two domains fuse into a single cis-regulatory
domain and this leads to the misregulationAbid-B and a

Distal HS1 has boundary function in the CNS and in failure to properly specify parasegment identity in PS11.

adults Evidence from transgene assays and from the pattern of

We next tested a tetramerized 291 bp fragment that corresporggression of theJbx-lacZandrosygenes in thélt transposon
roughly to the distal half of HS1 (dHS1) (Fig. 4). Thoughindicate that thé-ab-7 boundary is active in a wide range of
dHS1x4 blocks the UPS enhancer, its insulating activity isell types and tissues from early embryogenesis through the
reduced compared with either pHS1x4 or the 1.2F&b-7  adult stage. In the studies reported here, we have investigated
fragment. Most of the dHS1x4 transgenic lines (Table 1) havihe basis for this constitutive activity. Unexpectedly, we have
blocking activity approximately equivalent to that of Su(Hw)5found that constitutive activity is generated by combining
(Fig. 2C, Fig. 4). However, the boundary activity of dHS1x4subelements whose function is developmentally restricted.
in the embryonic CNS is close to that of the inteab-7  Thus, a fragment, pHS1, from the proximal half of the major
element and most of the lines show a substantial reduction Fab-7 nuclease hypersensitive region, HS1, can blockitthe
B-galactosidase expression in the CNS (Table 1). We alddPS stripe enhancer in early embryos. However, this same
examined the boundary activity of dHS1x4 in thev:mini-  fragment only has residual boundary activity in the CNS of
white assay. Although the inta&ab-7 element blocks shows older embryos and no detectable boundary activity in the adult
blocking in only about 50% of the lines, blocking is observectye. The opposite result is obtained with a fragment containing

Boundary @& .
WE \ mini-white  scs' C .
(1]
S (4 Blocking Blocking
Transgene Y Y-0 0O | O/R-R [Total L;kaing Flg 3.' (A) Map o.f V\EN:mlnl'WhlteconStrU.Ct
_ | . containing thevhiteenhancer (w\), amini-

 ector onv] o 0 0 6 6 0% whitereporter gene, and tlses’boundary
"~ 12kbFab-7 | 9 8 7 27 s1 | 48% element to block 'Position effects.
L (B) Representative adult males homozygous for
| HS1x4 q, .
arSTN _PHS | o : : =y poo] 5 transgenes containing the 1.2fdb-7element,
dHSIx4 | 2 7 6 3 18 | 83% pHS1x4, dHS1x4, dHS1Ax4 or dHS1Bx4.

ausiaxg | 7 1 13 3 | o1a (C) Summary of the blocking activity seen in
- wen:-mini-whitetransgenic lines with the different

dHSIBx4 | 0 ¢ 1 7 31 13% boundary elements shown in Figs 2 and 4.

1.2 kb Fab-7
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A HS1 from early embryogenesis onwards. The two smaller deletions,

ISRSAIR IS EENCAERSUREND QR P6.1 and P18.], retain all of the sequences in pHS1 (plus
Proximal b + 33 8 Distal sequences pr0>_<imal to pHSI, which are important for the
. boundary function of the minimal 1.2 kBab-7 element).
s Ew 4 Because the pHS1 sequence (when multimerized) confers

boundary activity in transgene assays during the early stages

dHS1A m dHSI1B / _
of embryogenesis, one might expect that these two smaller

B U S abance S Eahancee deletions will retain at least some boundary function in early
- embryos, and indeed they do. In both deletions, the anterior
’ limit of Ubx-lacZ expression is initially PS12 just like wild-

dHS1 typeFab-7. However, as these two deletions lack sequences on

— the distal side of HS1 that confer enhancer blocking activity in
_.. the embryonic CNS and the adult eye in transgene assays, they

might be expected to have little boundary function at later

dHSIA stages of development. Indeed, Mihaly et al. (Mihaly et al.,

. . 1997) and we have found thiaicZ expression from thélt
- transposon in both deletion mutants spreads into PS11 in

germband retracted embryos. In addition, Had-7 mutant

— — phenotype of the two smaller deletions in adult flies is

Fig. 4.(A) Map of the distal half of HS1 and the subfragments indistinguishable from that of the larger deletion. These
dHS1A and dHS1B. (BlacZ expression in embryos of findings indicate that although functionally autonomials6
representative lines homozygous fiarhsp70-lacZransgenes and iab-7 cis-regulatory domains can be established by the
carrying different boundary elements: dHS1x4, dHS1Ax4 and P6.1 and P18.1 mutants, theFab-7 boundary sequences
dHS1Bx4. remaining in these mutants are unable to sustain autonomy as

development proceeds. This would suggest that the process of

establishing an autonomous domain is not irreversible and that
the remainder of the HS1, dHS1. Unlike, pHS1, dHS1 caboundary elements must remain continuously active in order
function as a boundary element in the adult eye. In fact, ® maintain independent units of genetic activity. Conversely,
multimerized version of dHS1 is more effective in blocking thethe properties of dHS1 or dHS1A would suggest that
white enhancer than the intaBab-7 boundary. In embryos, functionally independent domains can be established de novo
dHS1 is nearly as effective in blocking theNE enhancer in by activating a previously inactive boundary element.
the CNS as igmab-7. By contrast, dHS1 is comparatively A number of models could potentially account for the
ineffective in blocking theftz UPS enhancer in the early developmentally restricted activity of the different subelements
embryo, functioning about as well as 5 su(Hw)-binding sitesfrom Fab-7. One idea is that the boundary function of each
Further subdivision of dHS1 localize boundary function in thesubelement is enhancer and/or promoter specific. Although we
mini-whiteassay to dHS1A, a subfragment that is derived frontan not exclude this possibility, we note thatfhb-7boundary
the center of HS1. Like dHS1, the multimerized HS1Aitself shows no evidence of enhancer or promoter specificity. In
fragment is more effective in blocking theni-whiteenhancer transgene assays and also in the context of BX-C itself, the
than the intacFab-7 boundary. dHS1A also retains an ability boundary is able to block a wide range of enhancer-promoter
to block theftz NE enhancer in the CNS, though it is lesscombinations in many different tissues and cell types from early
effective than the larger dHS1 fragment. Finally, on the distaémbryogenesis through to the adult (Galloni et al., 1993;
side of HS1, dHS1B can block, albeit weakly, both the UP${agstrom et al., 1996; Zhou et al., 1996). Another idea is that
and NE enhancers in thiz:hsp70-lacZassay. However, like the subelements have target sequences for DNA-binding proteins
pHS1, it has little or no blocking activity in then:mini-white  and/or accessory factors whose expression or activity is
assay. It should be noted that although the various sub-elemedes/elopmentally restricted. In this model, the boundary function
in HS1 seem to function most effectively at different stages off the pHS1 multimer, the two deletioR$.1andP18.1 and
development, there is clearly some overlap in their activitieperhaps also dHS1B in early embryos would depend upon
(e.g. between pHS1 and dHS1B). It seems likely that thifactors that are either deposited in the egg during oogenesis or
overlap is important in that it would allow the subelementsxpressed only in early stages of embryogenesis. In this case,
(which in the endogenous locus are present in only singlene would expect that boundary activity would be lost when the
copies) to collaborate with each other to generate a functionabmplement of these factors is depleted as the embryo develops.
Fab-7 boundary. Consistent with the idea that pHS1 function depends upon

The idea that the constitutive boundary functionFab-7  maternal factors, we have found that UPS blocking by the

depends upon combining subelements whose activity ¥xpHS1 multimer is compromised in progeny of mothers
developmentally restricted is supported by our analysis of thrdeeterozygous for several 3rd chromosome deficiencies (A.
Fab-7 deletions generated by imprecise excisiondlothat DeBourcy, C. Summers and S.E.S., unpublished). Conversely,
retain an intact transposon. The largest of théxk4.1  because blocking by dHS1 (or dHS1A) is weak in early
removes a DNA segment closely corresponding to the minima&mbryos, but then becomes stronger, it would be reasonable to
Fab-7 element defined in enhancer blocking transgene assayhink that its boundary activity depends more crucially upon
This deletion has no discernable boundary activity at any stadactors that are zygotically expressed rather than of maternal
of development and tHat Ubz-lacZreporter is active in PS11 origin. In this context, it is interesting to note that the interval in
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which the pHS1 subelement is active as a boundary corresporsisasimova, T. I. and Corces, V. G.(2001). Chromatin insulators and
roughly to the initiation phase of BX-C regulation, while it is boundaries, effects on transcription and nuclear organizationu. Rev.

not active once regulation switches to the maintenance modg%‘i‘g\}i‘g’g ﬁ’3'260;3usz 3., Kummer, 3. and Karch, F.(1990). A new

The converse seems to be true for the dHS1 subelement, whic omeotic mutation in thBrosophilabithorax complex removes a boundary

appears to become activated as BX-C regulation switches fromseparating two domains of regulati@&WBO J.9, 2579-2585.
initiation to maintenance. Hagstrom, K., Muller, M. and Schedl, P.(1996). Fab-7 functions as a

These overlapping patterns of activity suggest that one chromatin domain boundary to ensure proper segment specification by the
_ : : Drosophilabithorax complexGenes Devl5, 3202-3215.
reason Wh)Fab 7m|ght be CompOSEd of different SubelememSHagstrom, K., Muller, M. and Schedl, P.(1997). A Polycomb and GAGA

is that this would permit the use of boundary factors that are gependent silencer adjoins the Fab-7 boundary in the Drosophila bithorax
specialized with respect to their interactions with, in one case, complex.Geneticsl46, 1365-1380.
initiation phase gap and pair-rule transcription factors, and, ilkarch, F., Galloni, M., Sipos, L., Gausz, J., Gyurkovics, H. and Schedl, P.

the other case. with the maintenance phase trithorax and(1994)' Mcp and Fab-7, molecular analysis of putative boundaries of cis-
’ regulatory domains in the bithorax complex of Drosophila melanogaster.

Polycomb group proteins. More generally, the fact that the yycleic Acids Re2, 3138-3146.

boundary activity of th&ab-7subelements is developmentally kellum, R. and Elgin, S. C.(1998). Chromatin boundaries, punctuating the
restricted suggests a hitherto unexpected plasticity in boundarygenomeCurr. Biol. 8, 521-524.

function. This plasticity indicates that the activity of somelehmann, M. (2004). Anything else but GAGA, a nonhistone protein complex

T . - reshapes chromatin structufieends Genet20, 15-22.
boundary elements is likely to be subject to tissue or stag@l—ihalyy 5’_’ Hogga, 1., Gausz, J., Gyurkovics, H. and Karch, K(1997).In

specific ngU|ati0n- |f' th'is is the case, the genes and regl:”atorysitu dissection of th&ab-7region of the bithorax complex into a chromatin
elements included within a chromosomal domain, which is the domain boundary and a Polycomb-response elenimtelopmentl24,

unit of autonomous genetic activity, could change from one 1809-1820.

; ; ; ihaly, J., Hogga, I., Barges, S., Galloni, M., Mishra, R. K., Hagstrom,
tissue or stage to the next by turning boundary function on (WK” Muiler, M., Schedl. P.. Sipos, L, Gauss. J. et a{1998). Chromatin

off. Th'_s would afford a novel mechanism of high order genetic domain boundaries in the Bithorax compl@ell Mol. Life Sci54, 60-70.
regulation. Mishra, R. K., Mihaly, J., Barges, S., Spierer, A., Karch, F., Hagstrom, K.,
Schweinsberg, S. E. and Schedl, R001). The iab-7 polycomb response
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