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ABSTRACT

The Drosophila homeotic gene Sex combs reduced ( Scr) controls the segmental identity of the labial
and prothoracic segments in the embryo and adult. It encodes a sequence-specific transcription factor
that controls, in concert with other gene products, differentiative pathways of tissues in which Ser is
expressed. During embryogenesis, Scr accumulation is observed in a discrete spatiotemporal pattern
that includes the labial and prothoracic ectoderm, the subesophageal ganglion of the ventral nerve cord
and the visceral mesoderm of the anterior and posterior midgut. Previous analyses have demonstrated
that breakpoint mutations located in a 75-kb interval, including the Ser transcription unit and 50 kb of
upstream DNA, cause Scr misexpression during development, presumably because these mutations re-
move Ser cisregulatory sequences from the proximity of the Serpromoter. To gain a better understanding
of the regulatory interactions necessary for the control of Ser transcription during embryogenesis, we
have begun a molecular analysis of the Ser regulatory interval. DNA fragments from this 75-kb region
were subcloned into Pelement vectors containing either an SerlacZ or hsp70-lacZ fusion gene, and
patterns of reporter gene expression were assayed in transgenic embryos. Several fragments appear to
contain Scr regulatory sequences, as they direct reporter gene expression in patterns similar to those
normally observed for Scr, whereas other DNA fragments direct Ser reporter gene expression in develop-
mentally interesting but non-Ser-like patterns during embryogenesis. Scr expression in some tissues
appears to be controlled by multiple regulatory elements that are separated, in some cases, by more
than 20 kb of intervening DNA. Interestingly, regulatory sequences that direct reporter gene expression
in an Ser-like pattern in the anterior and posterior midgut are imbedded in the regulatory region of
the segmentation gene fushi tarazu ( ftz), which is normally located between 10 and 20 kb 5’ of the Ser
transcription start site. This analysis provides an entry point for the study of how Ser transcription is

regulated at the molecular level.

HE homeotic genes of Drosophila melanogaster are
necessary for the establishment and maintenance

of segmental identity during embryonic and larval de-
velopment. These genes act as developmental switches
that trigger a cascade of events leading to the character-
istic morphology of each segment (OUWENEEL 1976;
GARCIA-BELLIDO 1977; LEwis 1978; WAKIMOTO and
KAUFMAN 1981 ). Genetic analyses have shown that An-
tennapedia complex (ANT-C) homeotic genes labial
(lab), proboscipedia (pb), Deformed (D fd), Sex combs re-
duced (Scr) and Antennapedia (Antp) control the seg-
mental identity of the head and thorax, whereas the
BX-C genes Ultrabithorax (Ubx), Abdominal-A (abd-A)
and Abdominal-B (Abd-B) control the identity of poste-
rior thoracic and abdominal segments (reviewed in
DuNcAN 1987; KAUFMAN ¢t al. 1990) . The establishment
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of segment-specific patterns of homeotic gene expres-
sion during embryogenesis is controlled primarily by
the gap and segmentation class genes (reviewed in
Axram 1987; Scort and CARROLL 1987; INGHAM 1988).
Once established, patterns of homeotic gene expres-
sion are maintained by various mechanisms, including
autogenous control (BIENZ and TREMML 1988; Kuziora
and McGINNIs 1988; ManNN and HOGNEsSs 1990;
CHOUINARD and KAUFMAN 1991), cross-regulatory in-
teractions between homeotic gene products (HAFEN et
al. 1984; STRUHL and WHITE 1985) and the activity of
the Polycomb (Pc) and trithorax (trx) groups of trans
regulators (reviewed in PARO 1990; KENNISON 1993 ) .
To better understand the mechanism by which segmen-
tal identity is established and maintained during Dro-
sophila development, we have begun an analysis of how
expression of the homeotic gene Sex combs reduced ( Scr)
is initiated by gap and pair-rule gene products and how
later interactions refine and maintain the established
Scr expression pattern.

The Scrgene is required for the normal development
of the labial and prothoracic segments in the embryo
and adult (reviewed in KAUFMAN e¢f al. 1990). The ex-
pression pattern of Ser is consistent with its develop-



782 J. G. Gindhart, A. N. King and T. C. Kaufman

mental function. Ser protein is first detected in PS2
during gastrulation (LEMOTTE et al. 1989). In germ-
band extended embryos, Ser protein accumulates in the
PS2 and lateral PS3 ectoderm (RILEY et al. 1987; CAR-
ROLL et al. 1988; MAHAFFEY ¢f al. 1989). Later in devel-
opment, S¢r protein continues to accumulate in the
labial and prothoracic ectoderm, with additional accu-
mulation in the subesophageal ganglion of the central
nervous system (CNS) (MAHAFFEY and KAUFMAN 1987;
RILEY ef al. 1987) and the anterior and posterior parts
of the visceral mesoderm (LEMOTTE et al. 1989; REUTER
and ScotTt 1990). Putative transacting regulators of
Scr have been identified by studying the pattern of Ser
expression in embryos mutant for individual loci. Using
this strategy, gap genes such as hunchback (hb), giant
(gt) and Krippel (Kr); the segmentation genes fushi
tarazu ( ftz) , even-skipped (eve) and odd-paired ( opa) and
the homeotic genes Antennapedia (Antp) and teashirt
(tsh) have been implicated as possible regulators of the
establishment of Scr expression at the transcriptional
level (INGHAM and MARTINEZ-ARIAS 1986; RILEY et al.
1987; TREMML and BIENZ 1989b; PANGANIBAN et al. 1990;
FASANO et al. 1991} . Thus, the pattern of Screxpression
established during embryogenesis is thought to be con-
trolled by transacting factors that exert their effects by
binding to enhancer sequences in the Scr regulatory
region.

The molecular map of the Ser region of the ANT-C
is shown in Figure 1. The Scr transcript is composed of
three exons, separated by introns 6 and 14 kb in length
(LEMOTTE et al. 1989). The segmentation gene fiz is
located ~15 kb 5’ of the Scr transcription start site, and
the 3" end of the homeotic gene Antp is located ~50
kb upstream of Ser (SCOTT ef al. 1983; KUROIWA e al.
1985) . A set of DNA breakpoints associated with muta-
tions that affect Ser function or regulation have been
mapped to the 75-kb interval between the 3’ end of Scr
and the 3’ end of Antp (vertical arrows) (SCOTT et al.
1983; KUROIWA ¢t al. 1985; PATTATUCCI and KAUFMAN
1991; PaTTATUCCI ¢t al. 1991). The 5’ limit of the Ser
regulatory region is not precisely known; however, the
most proximal Antp breakpoint mutation, Anip’?, fully
complements Ser and maps to +120 on the ANT-C mo-
lecular map, ~70 kb upstream of the Ser promoter
(KAUFMAN ¢ al. 1990). These data suggest that the
regulatory region controlling Ser expression is quite
large. Ser breakpoint mutations can be placed into two
groups based upon their ability to complement null Scr
alleles. The first group consists of breakpoints that fail
to complement Scr, resulting in embryonic lethality and
strong cuticular transformations of the labial segment
toward a maxillary identity and the prothoracic segment
toward a mesothoracic identity (WARIMOTO and KAUF-
MAN 1981; PATTATUCCI ef al. 1991). They map to a 4b-
kb interval that includes the Ser transcription unit and
20 kb of upstream DNA (Figure 1). The second class
of mutations includes hypomorphic alleles that partially

complement Ser null mutations, resulting in larval and
pupal lethality but some adult survival. Hypomorphic
alleles map to the interval between ftzand Antp, located
20-50 kb 5' of the Scr transcription start site (Figure
1) . Larvae hemizygous for Scr hypomorphic mutations
exhibit few or no cuticular transformations (PATTA-
TUCCI et al. 1991). Therefore, these hypomorphic al-
leles direct the expression of Ser at high enough levels
to rescue embryonic lethality but lack regulatory activity
necessary for normal postembryonic development.

This paper describes our attempt to further localize
sequences that control the expression of Scr during em-
bryogenesis. The genetically defined Scr regulatory re-
gion was subdivided into a series of overlapping frag-
ments (Figure 1) and subcloned into Pelement vectors
containing either an Asp70-lacZ or Scr-lacZ fusion gene.
Germline transformants containing these constructs
were generated, and the pattern of S-galactosidase (-
gal) accumulation in transformant embryos was ob-
served. Using this strategy, regulatory sequences that
direct reporter gene expression in a subset of the Scr
expression domain were identified. The Scr regulatory
region also appears to contain regulatory sequences
that block ectopic Ser-lacZ fusion gene expression. In
addition, several DNA fragments from the Scrregulatory
interval direct reporter gene expression in novel spatial
patterns. These results and the insights they provide
with respect to Scr regulation are discussed.

MATERIALS AND METHODS

Plasmid construction: Genomic DNA fragments from the
Scr locus were isolated from phage clones characterized dur-
ing a chromosome walk through the Antennapedia complex
(ScOTT et al. 1983) . The size and location of these fragments
are shown in Figure 1. These fragments were subcloned into
the shuttle vectors pHSS7 (SEIFERT et al. 1986) or pHSS7phil
(RanDazzo 1991), twwo Kan® vectors that contain several
unique restriction sites flanked by Nod restriction sites. Ser
regulatory fragments were excised from pHSS7 and
pHSS7phil by Noi digestion, then the Nod fragments were
inserted into a unique Nofl site 5’ of the reporter genes in
BSR (Big Ser Reporter gene ), BSRN (Big Scr Reporter gene
with Nuclear localization sequence), SSRN (Small Ser Re-
porter gene with Nuclear localization sequence ), HZR (HZ-
white Reporter gene) and/or HZ50PL (HiroMI and GEHR-
ING 1987).

The Scr-lacZ fusion plasmid constructs are based upon the
Pelement transformation vector CaSPeRB-gal (THUMMEL et
al. 1988). This vector contains a white minigene for trans-
formant screening and the bacterial {acZ gene for generating
protein fusions. First, CaSPeRB-gal was cut with BamHI and
Xbal to remove its polylinker, which was replaced with a poly-
linker that created unique cloning sites for Nof, EcoRI and
BamHI. This new plasmid, called CaSPeRB-galM, was digested
with BamHI and EcoRI, then ligated to an 8.5-kb genomic
EcoR1/ BamH1 fragment containing 2.3 kb of sequences up-
stream of the Ser promoter, Serexon I, intron I'and ~100 bp
of exon II (LEMOTTE et al. 1989) . This construct, called BSR,
has an Ser-lacZ protein fusion containing the amino-terminal
three amino acids of Ser fused to the amino terminus of 5-
gal at the corresponding BamHI site. The genomic fragments
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8.0 EcoRI, 5.5 Hindlll, 3.5 Sall/ Kpnl, 3.7 HindIIl and 7.0
EcoRI were subcloned as Nof fragments into BSR. The vector
SSR is identical to BSR, except it does not contain intron L
This vector was constructed by ligating CaSPeRBgalM cut
with BamHI and EcoRI to a 3.0-kb BamHI/ EcoRI fragment
containing 2.3 kb of DNA 5’ of Ser exon I and an exonl-
exonll fusion created by ligating genomic and cDNA se-
quences (supplied by DAVID MILLER ) . SSR was then digested
with BamHI, and a 39-bp double-stranded oligonucleotide en-
coding the nuclear localization sequence of SV40 large T
antigen (KALDERON et al. 1984; RIDDIHOUGH and IsH-HORO-
wicz 1991) was inserted into the BamHI site to create SSRN.
The sequence of NLS1 is GATCCCACCCCCCCCAAGAA-
GAAGCGCAAGGTGGAGGAGC, whereas the sequence GATC-
GTCCTCCACCTTGCGCTTCTTCTTGGGGGGGGTGG rep-
resents NLS2. The nuclear localization sequence encodes
amino acids 3-13 (TPPKKKRKVED) of the Scr-lacZ fusion
protein and enables it to be recognized by the nuclear protein
import pathway. All genomic subclones shown in Figure 1
except 3.8 Hindlll, 5.2 Hindlll, 2.6 HindIIl and 3.0 EcoRI
were subcloned as Notl fragments SSRN. The vector BSRN
was constructed by cutting SSRN with BamHI and EcoRI and
then ligating the cut vector to an 8.5kb BamHI-EcoRI frag-
ment from BSR that contains Scr genomic sequences. The
resulting vector is identical to BSR, except BSRN contains a
nuclear localization sequence. The genomic DNA fragments
8.2 Xbal and 10.0 Xbal were subcloned as Notl fragments into
BSRN. Maps of BSRN and SSRN are shown in Figure 1.

The transformation vector HZR (formerly HZ-white)
( GINDHART 1993) was constructed by replacing the rosy gene
in HZ50PL (HiroMI and GEHRING 1987) with a white mini-
gene (PIRROTTA 1988). To do this, a 4.1-kb Spe fragment
containing the whiteminigene (PIRROTTA 1988, subclone pro-
vided by Davip CRIBBS) was inserted into a unique Xbal site
in HZ50PL. The rosy gene was removed from this intermedi-
ate vector by digestion with HindIIl and religation of the
appropriate fragments. HZR contains an Asp70-lacZ reporter
gene that has ksp70 promoter sequences to —50 with respect
to the transcription start site (HIROMI and GEHRING 1987).
The genomic fragments 5.2 HindIll, 2.6 HindIIl, 3.0 EcoRI,
2.4 HindIll, 5.5 HindIIl and 3.0 Xbal were subcloned as Notl
fragments into HZ50PL, and the remaining fragments were
subcloned as Notl fragments into HZR.

Pelement transformation: Germline transformation of
P{w™} constructs was performed essentially as described in
ROBERTSON et al. (1988). A solution of 0.5-1.0 mg ml™' of
each construct was injected into 0- to 45-min AED embryos
resulting from the cross w;P{ry",A2,3} females X w; TM3/
TM6B males. The P{ry*} constructs were co-injected with
the Pelement helper plasmid p P25.7wc (KARESs and RUBIN
1984) into ve st ry embryos. The resulting Gy adults were
crossed to w' or ve st ry, depending upon the construct in-
jected. Transformants were isolated on the basis of the rescue
of white or rosy. Multiple transformant lines were isolated for
each construct.

Immunohistochemistry: Transgenic and control embryos
were fixed and stained using the procedure described in Ma-
HAFFEY and KAUFMAN (1987). After staining, embryos were
dehydrated in ethanol, cleared in methylsalicylate and then
viewed and photographed on a Zeiss Axiophot microscope
with Nomarski optics. Polyclonal rabbit SCR antisera were
provided by MARIE MAZZULLA and used at a 1:150 dilution.
Monoclonal mouse anti-SCR is described in GLICKSMAN and
BrOwER (1988). 6H4 (anti-SCR) cell supernatant was con-
centrated using a Centricon 30 column (Amicon) and then
used at a 1:10 dilution. Monoclonal anti-f-gal was obtained
from Boehringer Mannheim and used at a 1:2000 dilution.
Goat anti-rabbit (1:150) and goat anti-mouse (1:200) second-

ary antibodies conjugated to horseradish peroxidase were
purchased from Bio-Rad. Polyclonal rabbit anti-3-gal was pro-
vided by DAavID MILLER and used at a 1:150 dilution. Diamino-
benzidene was the chromagen substrate used in all experi-
ments. Embryos were staged according to CAMPOS-ORTEGA
and HARTENSTEIN (1985).

RESULTS

Reporter gene expression: Four reporter gene con-
structs were made to facilitate the search for Serregula-
tory elements. The plasmid maps of these constructs
are shown in Figure 1. SSRN is an Scr-lacZ fusion gene
vector that contains 2.3 kb of upstream DNA, exon I
and part of exon II fused to lacZ. Plasmid constructs
BSR and BSRN contain all S¢r sequences that are in
SSRN as well as intron I sequences. HZR and HZ50PL
(HiroMmr and GEHRING 1987) are hsp70-lacZtusion gene
vectors. Genomic DNA fragments from the Scr locus
were subcloned into these vectors, transformants were
generated and the pattern of f-gal accumulation in
transformant embryos was assayed ( Table 1) . The ratio-
nale of this approach was that if a DNA fragment con-
tains enhancer elements that direct all or a subset of
the endogenous Screxpression pattern, then these same
fragments, when placed upstream of a reporter gene,
should direct its expression in a similar pattern. Obser-
vation of multiple independent transformant lines re-
duced the possibility that observed fB-gal patterns re-
sulted from the influence of DNA sequences flanking
the site of chromosome insertion rather than regulatory
sequences within the enhancer tester construct. Each
reporter gene expression pattern described below, un-
less otherwise noted, is the ‘‘consensus’ pattern ob-
served in the majority of transformant lines containing
a particular construct.

The use of both ksp70-lacZand Ser-lacZreporter genes
to assay the regulatory activity of genomic DNA frag-
ments from the Scr locus is primarily the result of the
strategy we used to detect Scr enhancers. At first, geno-
mic DNA fragments from Scrwere subcloned into HZR
or HZ50PL to identify Ser positive regulatory elements.
Whereas some fragments directed hsp70-lacZ reporter
gene product accumulation in Scrlike patterns, most
fragments contained regulatory elements that directed
non-Scrlike expression patterns (Table 1). These re-
sults led us to ask the following question: Why is Sernot
expressed in these cryptic patterns? One possibility is
that the Ser promoter and the Asp70 promoter are func-
tionally heterogeneous, in that some enhancers can ac-
tivate transcription from the Ser promoter but not the
hsp70 promoter, whereas other enhancers activate the
hsp70 promoter but not Ser. An example of promoter-
enhancer specificity is described by WEFALD e al
(1990), who showed that a human myoglobin en-
hancer can activate transcription from its own promoter
but not the SV40 promoter. To determine if enhancers
in the Ser regulatory region are promoter specific, the
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A. Molecular map of the Scr locus

+20 +30 +40 +50 +60 +70 +80 +90 +100
1 | ] 1 1 | | 1 1

Scr fiz Antp
3
s r

Scr hypo (polyphasic lethal)

Scr ™l (embryonic lethal)

(LTI A A A

B. Fragments tested for enhancer activity

6.8 54 3.0 3.0 35 7.0 10.0
———ry ———— — — e ’ 4 > 4
X X B B R R X X S K R R X

6.7 52 2.4 6.5 5.6 7.6
g —_———t et b b —_ ]
B B H HHHK S B B H H

8.2 3.8 2.6 5.5 37
L, Loy | ——— Py
X X H H HHH H H H

MCS nuclear localization

5213)1? sequence'

. P-clement
inverted repeat

S on1-2

crExon SSRN
nuclear localization P-element

%;c‘% sequence inverted repeat

Intron 1
Scr Exon 1

E on 2 BSRN

FIGURE 1.—Map of the Serlocus, its regulatory region and P-element transformation vectors used in this analysis. (A) Molecular
map of the Ser-Antp interval of the ANT-C. The coordinates at the top of the figure are in kilobases and are numbered according
to the chromosome walk of SCOTT et al. (1983). Exons are denoted by rectangles, filled portions indicate coding regions and
noncoding regions are hatched. The Scr transcription unit is shown at left. It is composed of three exons and is transcribed
from right to left. The ftz transcription unit is located 15 kb 5’ of the Ser transcript and is transcribed from left to right. The
3" end of the Antp transcript is shown at right. Vertical arrows below the exon-intron maps are the molecular breakpoints of
Ser null (Ser™"y and Ser hypomorphic ( Scr°) alleles according to PATTATUCCI et al. (1991). The uncertainty associated with
the location of each arrow is, in most cases, <5 kb in either direction (PATTATUCGI et al. 1991). (B) Genomic DNA fragments
tested for enhancer activity. The number above each line indicates the size of each fragment in kilobases, and the letters below
each fragment indicate the restriction sites that define individual fragments. X, Xbal; B, BamHI; H, HindIll; R, EcoRI; K, Kpnl,
S, Sall. (C) Pictoral representations of the Pelement transformation vectors used in this analysis, with the exception of HZ50PL,
which is described in HIROMI and GEHRING (1987). The restriction fragments shown in B were subcloned into the multiple
cloning site (MCS) of one or more of these vectors to test for enhancer activity. For more information, see MATERIALS AND
METHODS.

set of genomic DNA fragments previously subcloned
into HZR or HZ50PL were subcloned into SSRN, which
contains the Ser promoter and 2.3 kb of upstream Scr
DNA. A comparison of the 8-gal accumulation patterns
directed by each fragment in HZR or HZ50PL and
SSRN (Table 1) shows that some tissue-specific en-
hancers activate transcription of both promoters,
whereas other enhancers activate transcription of only
the hsp70-lacZ promoter or the Scr-lacZ promoter. These
results demonstrate that Ser promoter sequences inter-
act with an overlapping, but not identical, set of en-
hancers as the hsp70 promoter. Regulatory elements
described as Ser enhancers in the following sections

activate transcription of both the Ser-lacZand hsp70-lacZ
promoters or, in some cases, only the Ser-lacZ promoter.
No regulatory elements were identified that activate
hsp70-lacZ expression in an Scrlike pattern without di-
recting expression of the SerlacZ fusion in a similar
pattern (Table 1).

To determine the expression pattern of the basal
reporter constructs, embryos containing either BSR,
BSRN or SSRN were stained with antibodies recogniz-
ing f-gal. The patterns of BSRN and SSRN expression
are shown in Figure 2. SSRN is expressed weakly in the
ectoderm of the maxillary and labial segments and in
the dorsal ridge. 8-gal accumulation is first detected
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TABLE 1

Summary of enhancer data

785

hsp70-lacZ fusion Ser-lacZ fusion
DNA fragment (HZR and HZ50PL) (BSR and BSRN)“ Scr-lacZ fusion (SSRN)
No insert Basal expression Maxillary segment-T3 Weak maxillary-labial expression
(ectoderm), dorsal ridge, (ectoderm), en-like stripes
anterior midgut (ectoderm), dorsal ridge
6.8 kb Xbal Hindgut, anal plate, ventral Not tested Hindgut, anal plate
nerve cord (T2-A8)
6.7 kb BamHI Antennal-maxillary Not tested Same as reporter gene
complex, head
musculature
8.2 kb Xbal Dorsal and ventral Same as reporter gene Same as reporter gene
pharyngeal muscles,
subset of body wall
muscle
5.4 kb BamHI Gut mesoderm anterior of Not tested Gut mesoderm anterior of
normal Ser gut normal Se¢r gut expression,
expression, CNS CNS
3.8 kb HindIII No expression Not tested’ Not tested”
5.2 kb HindIII No expression Not tested’ Not tested’
3.0 kb EcoRI Somatic mesoderm (T1) Same as reporter gene Not tested”

2.6 kb HindIII
2.4 kb HindIII

5.5 kb HindIII

3.0 kb Xbal

0.8 kb Xbal/
HindIIl

6.5 kb Kpnl/ Sall

3.5 kb Kpnl/ Sall

5.6 kb HindIII

3.7 kb HindIII

7.0 kb EcoRI

7.6 kb HindIIl

10.0 kb Xbal

Somatic mesoderm (T1)

Antennal-maxillary
complex, pharnyx

Anterior and posterior
midgut (mesoderm), fiz
stripes (ectoderm),
subset of PNS

Stz stripes (ectoderm)

Anterior and posterior
midgut (mesoderm)

Anterior and posterior
midgut (mesoderm), fiz
stripes (ectoderm)

CNS

Procephalon-T1
(ectoderm),
proventriculus, posterior
midgut, Filzkorper

Procephalon-T1
(ectoderm),
proventriculus, posterior
midgut, Filzkorper

Somatic mesoderm

Somatic mesoderm

No expression

Not tested?
Not tested

Anterior and posterior midgut
(mesoderm), weak fiz stripes

Not tested
Not tested

Not tested

Same as reporter gene
Not tested

Procephalon-T3 (ectoderm),
proventriculus, posterior
midgut, Filzkorper

Maxillary segment-T1
(ectoderm) (BSR expression
repressed in T2-T3), salivary
gland placode

Not tested

Labial-T1 segment (ectoderm)
(BSRN expression repressed
in maxillary segment and
T2-T3)

Not tested*
Same as reporter gene

Anterior and posterior midgut
(mesoderm), weak fiz stripes

Not tested
Not tested

Anterior and posterior midgut
(mesoderm), weak fiz stripes

Same as reporter gene
Procephalon-T1 (ectoderm),
proventriculus, posterior

midgut, Filzkorper

Procephalon-T1 (ectoderm),
proventriculus, posterior
midgut, Filzkorper

Labial lobe, salivary gland
placode, clypeolabrum

PS1-PS2 ventral ectoderm,
salivary gland placode,
clypeolabrum

T1 ectoderm, posterior T2
ectoderm, weak posterior T3
ectoderm (SSRN expression
repressed in head)

Accumulation patterns described as “‘segment a-segment b’ denote that all segments between segment a and segment b
accumulate f-gal. For example, the accumulation pattern ‘‘maxillary segment-T3" signifies that the maxillary, labial, prothoracic,
mesothoracic and metathoracic segments have reporter gene product accumulation. Unless otherwise stated, the “‘no insert’
pattern of BSR, BSRN and SSRN is present in transformants containing these constructs.

* Scr genomic DNA fragments were tested for enhancer activity in SSRN; in some cases, DNA fragments were also subcloned

into BSR or BSRN.

*The 3.8 HindIIl and 5.2 HindlIIl fragments are included in the 8.5-kb BamHI/EcoRI fragment in the vector BSRN (Figure
1) and therefore were not tested in SSRN.

“The 3.0 EcoRI fragment was tested for enhancer activity in BSR, so it was not tested in SSRN.

¢The 2.6 HindIIl overlaps the 3.0 EcoRI fragment by 2.3 kb, and it had the same expression pattern as 3.0 EcoRI in HZR, so

it was not tested further.
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FIGURE 2.—Expression pattern of Ser-lacZ fusion vectors
SSRN and BSRN. Embryos were stained with an anti-3-gal
antibody. Anterior is to the left, and horizontal views of stage
14 embryos are shown. (A) SSRN. f-gal accumulation is ob-
served in the labial segment (Lb) and maxillary (Mx) seg-
ments. Additional expression is observed as a narrow band at
the posterior edge of each thoracic and abdominal segment.
(B) BSRN. Fusion gene expression is observed in a broad
domain from the maxillary segment (Mx) to the metatho-
racic segment (T3).

in the maxillary and labial segments during stage 13.
Additional expression is seen in narrow bands, approxi-
mately one cell in width, in the posterior compartment
of each segment. In this respect, the reporter gene in
SSRN appears to be expressed in a similar register to
the segment polarity gene engrailed (en), although the
possibility that en and the reporter gene are coex-
pressed was not directly tested. Other investigators have
also noted a basal en-like accumulation pattern associ-
ated with lacZ reporter genes in Drosophila (BIENZ et
al. 1988; BELLEN et al. 1989; SIMON et al. 1990), sug-
gesting that the en-like $-gal accumulation of SSRN is
due to cryptic enhancers within lacZ and not to Ser
sequences. Although the SSRN reporter gene appears
to contain positive regulatory elements that direct its
expression in the labial segment (where Seris normally
expressed ), it also contains regulatory sequences that
direct reporter gene expression outside the Ser expres-
sion domain.

The Scr-lacZ fusion protein in BSRN transformants
accumulates at low levels in the maxillary and labial
ectoderm, the dorsal ridge and at higher levels in the
ectoderm of the three thoracic segments (Figure 2).
Additional weak accumulation is seen in the visceral
mesoderm of the anterior midgut in cells that normally
express Scr, as well as cells both anterior and posterior
of the normal Ser expression domain. In nearly half of
the transformant lines tested, there are detectable levels
of B-gal in the ectoderm of the abdominal segments.

The Serreporter genes in BSR and BSRN are expressed
in the same pattern. These results demonstrate that Ser
sequences in BSR and BSRN reporter genes contain
positive regulatory elements sufficient for expression
in tissues where Scr is normally expressed, such as the
ectoderm of the labial and prothoracic segments and
the visceral mesoderm of the anterior midgut. In addi-
tion, these reporter genes contain positive regulatory
elements that activate transcription in the ectoderm
both anterior and posterior of the normal Ser expres-
sion domain. The expression of BSRN differs from
SSRN in that BSRN has expression in the ectoderm of
the thoracic segments. Because BSRN contains Ser in-
tron I, whereas SSRN does not, the regulatory elements
responsible for BSRN expression in the thoracic ecto-
derm appear to be located in Serintron L.

A labial segment enhancer is located 25 kb 5’ of
the Scr promoter: In wild-type embryos, SCR protein
accumulates at high levels in the ventral and lateral
ectoderm of the labial segment. SCR is first detected in
the labial lobe as it forms during germ band extension,
and this accumulation persists throughout embryogen-
esis (MAHAFFEY and KAUFMAN 1987; LEMOTTE et al.
1989; RILEY et al. 1987) (Figure 3). A 7.0-kb EcoRI frag-
ment normally located 25—-32 kb upstream of the Ser
transcription start site is capable of directing the expres-
sion of an Scrreporter gene in the labial segment. When
the 7.0 EcoRI fragment is subcloned 2.3 kb 5’ of the
Ser-lacZ transcription start site in SSRN, it directs fusion
gene expression in the labial segment in an Scr-like
spatiotemporal pattern (Figure 3). The labial segment
accumulation of 8-gal in SSRN+7.0RI transformant em-
bryos differs from that observed in SSRN transformants
in that regulatory sequences of the 7.0 EcoRI fragment
activate detectable reporter gene expression in the la-
bial segment much earlier in development than the
reporter gene alone. In addition, the level of S-gal accu-
mulation in the labial segment appears to be much
higher in SSRN+7.0RI transformants than in SSRN
transformants. -gal accumulation in SSRN+7.0RI em-
bryos is first detected during germ band extension in
the lateral labial ectoderm but not in the ventral PS2
ectoderm. At the end of germ band extension (stage
11), the reporter gene is expressed at high levels in
the labial lobe, which is located in the lateral ectoderm
(Figure 3, A-D). This expression appears to be seg-
mental (Figure 3D, arrows). Additional expression in
SSRN+7.0RI transformants is detected in the dorsal
ridge (Figure 3B, arrow) , in weak engrailed-like stripes
at the posterior of each segment (Figure 3B) and in
the macxillary segment. Because SSRN is expressed in
these tissues, it is difficult to assess the presence of cor-
responding enhancers in the 7.0 EcoRI fragment. These
results suggest that the 7.0 EcoRI fragment may contain
regulatory sequences that direct Scr expression in the
labial segment, a subset of its normal expression do-
main.
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FIGURE 3.—A 7.0-kb EcoRI fragment directs Ser-lacZ reporter gene expression in the labial segment and other tissues. Embryos
were stained with anti-Scr polyclonal antisera (A, C, E, G) or anti-8-gal antibody (B, D, F, H). Anterior is to the left. Embryos
in A-D are stage 12. Compare the labial lobe (Lb) expression of Ser in a wild-type embryo (A) and S-gal in an SSRN+7.0RI
transformant embryo (B) (lateral views). (B) SSRN+7.0RI transformant embryos also have expression in the dorsal ridge
(arrow) and in weak erlike stripes. (C) Scris expressed in a parasegmental stripe in the ventral part of a wild-type embryo
(anterior to arrows). (D) In SSRN+7.0RI transformant embryos, S-gal is not expressed in a ventral parasegmental stripe (arrows
are similarly positioned in C and D). Labial lobe expression in SSRN+7.0RI transformants (F) appears to completely overlap
the Scr domain of wild-type embryos (E) at stage 15 (horizontal view). Embryos in G and H are at stage 14 (sagittal views).
(G) Ectopic Scr expression is present in a subset of cells in the clypeolabrum (arrow) in Polycomb mutant embryos. (H) In
SSRN+7.0RI transformant embryos, -gal accumulation is detected in an overlapping set of cells in the clypeolabrum (arrow).
Additional expression is detected in the salivary gland (sg, from a different focal plane of the same embryo).

The 7.0 EcoRI fragment also contains regulatory ele-
ments that direct Serreporter gene expression not typi-
cal of the normal Ser expression domain. For example,
in SSRN+7.0RI transformants, S-gal accumulates in the
salivary glands, which are derived from the ventral PS2
ectoderm (CAMPOS-ORTEGA and HARTENSTEIN 1985).
This accumulation is detected in stage 13 embryos, but,
in some transformant lines, accumulation is first de-
tected in the salivary gland placode at stage 12. In stage
14 embryos, B-gal is present in the distal part of the
salivary gland. SCR protein normally accumulates in the
precursor cells of the salivary gland but not in the gland
itself (PANZER ef al. 1992). The accumulation of S-gal
in the salivary gland may be due to reporter gene ex-
pression outside of the normal Scr domain or to the

perdurance of B-gal made in salivary gland precursor
cells. Ectopic Ser reporter gene expression is also ob-
served in a small subset of cells in the clypeolabrum
(Figure 3H, arrow) . Interestingly, this SSRN+7.0RI ex-
pression is quite similar to ectopic SCR accumulation
observed in embryos mutant for Polycomb, a gene neces-
sary for the maintenance of homeotic gene expression
patterns (Figure 3G, arrow) . These results demonstrate
that the 7.0 EcoRI fragment, in addition to containing
labial segment enhancers, contains sequences that are
capable of directing Scr-lacZ expression outside of the
normal Scr expression domain.

Finally, the 7.0 EcoRI fragment also contains sequences
that block expression of the Scr-lacZ fusion gene present
in the vector BSR. Figure 4 compares the lacZ expression
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FIGURE 4.-Sequences in the 7.0 EcoRI fragment repress
BSR reporter gene expression posterior of the prothoracic
segment. Embryos were stained with an antibody that recog-
nizes B-gal. Anterior is to the left. (A) Ser-lacZ fusion gene
expression in BSR transformants. Note that the level of S-gal
accumulation in the mesothoracic (T2) and metathoracic
(T3) segments are approximately equivalent to levels seen in
the prothoracic segment. In BSR+7.0RI transformants (B),
the level of B-gal accumulation in the mesothoracic and meta-
thoracic segments (arrows) is reduced relative to the protho-
racic segment.

pattern in transformants containing either BSR or
BSR+7.0RI. BSR contains Ser intron I sequences that
direct reporter gene expression in the thoracic ectoderm
(Figure 4A) . Although there is detectable accumulation
of B-gal in the mesothoracic and metathoracic ectoderm
of embryos containing BSR+7.0RI, the relative level of
expression in these segments is reduced relative to the
level of prothoracic accumulation (Figure 4B, arrows).
This effect is probably not due to enhanced reporter
gene accumulation in the prothoracic segment, because
the 7.0 EcoRI fragment does not appear to contain any
prothoracic enhancers, as assayed by the expression of
SSRN+7.0RI (Figure 3). These results suggests that the
7.0 EcoRI fragment contains regulatory sequences that
partially block transcriptional activation of the Ser pro-
moter by regulatory elements located in Scrintron I.

An additional repressor element is located in a 10.0-
kb Xbal fragment normally located 40—-50 kb upstream
of the Scr transcription start site (Figure 1). When sub-
cloned into BSRN, sequences in this fragment are able
to block transcriptional activation of the Scr-lacZ fusion
gene posterior to the prothoracic segment and anterior
to the labial segment in transformants containing
BSRN+10.0Xb (Table 1) (GINDHART and KAUFMAN
1995) . Therefore, at least two repressor elements, lo-
cated in the 7.0 EcoRI and the 10.0 Xbal fragments,
attenuate the transcriptional activation of an Ser-lacZ
fusion gene outside of the normal Ser expression do-
main.

Labial and prothoracic segment enhancers are lo-
cated just distal of fiz: Additional Scr regulatory se-
quences were identified in a 3.7-kb HindIII fragment
normally located 3 kb 3" of the fiz transcription unit or
22 kb 5’ of the Ser promoter (Figure 1) . This fragment
is just proximal to the 7.0 EcoRI fragment and overlaps
the 7.0 EcoRI fragment by ~600 base pairs. In
SSRN+3.7H, B-gal accumulation is observed in the dor-
solateral prothoracic ectoderm at stage 12 (Figure 5B,
arrow ) . Reporter gene expression is seen in only a sub-
set of the prothoracic cells that express Scr at this stage
(compare to Figure 5A) . During germ band retraction,
reporter gene product accumulation in the prothoracic
segment expands ventrally (Figure 5D) but does not
yet fully overlap Serexpression in the prothorax (Figure
5C) . By stage 14 of embryogenesis, reporter gene accu-
mulation is observed throughout the prothoracic seg-
ment (Figure 5F) and appears to be coincident with
Scr accumulation in this segment (Figure 5E). These
results demonstrate that sequences in the 3.7 HindIII
fragment can transcriptionally activate the Scr promoter
in the prothoracic segment.

The 3.7 HindIll fragment also contains a labial en-
hancer, as well as enhancers that direct reporter gene
expression outside of the Scr domain. By stage 13,
SSRN+3.7H transformants accumulate f-gal in the la-
bial and maxillary segments, the procephalon, the pro-
ventriculus and the posterior midgut (Figure 5D), al-
though this accumulation is not observed earlier in
development (Figure 5B). Like the prothoracic seg-
ment, 3.7 HindIII-directed reporter gene expression is
first detected in only a subset of the labial segment
(Figure 5D ) . However, by stage 14 the number of cells
in the labial segment expressing the reporter gene in-
creases (Figure 5F), causing (-gal accumulation in the
labial segment to more fully resemble that of Ser (Figure
5E). Although the 3.7 HindIII fragment overlaps the
7.0 EcoRI fragment by 600 bp, the labial enhancer se-
quences present in the 3.7 HindIII fragment are distinct
from the labial enhancers located in the 7.0 EcoRI frag-
ment because a 5.6-kb BamHI fragment that overlaps
the 3.7 HindIIl fragment, but not the 7.0 EcoRI frag-
ment, behaves similarly to the 3.7 HindIII fragment ( Ta-
ble 1).

Because the basal reporter gene SSRN is expressed
in the labial and maxillary segments (Figure 2A), it is
difficult to determine, by using the SSRN+3.7H con-
struct, if the 3.7 HindIII fragment has labial and maxil-
lary segment enhancer activity. Therefore, the en-
hancer activity of 3.7 HindIII was tested in HZR, which
itself has no labial or maxillary segment enhancers.
HZR+3.7H transformants show a reporter gene expres-
sion pattern similar to SSRN+3.7H in the labial and
maxillary segments, as well as in other tissues (Table 1).
This result demonstrates that the 3.7 HindIII fragment
contains labial and maxillary segment enhancers.

A 10.0-kb Xbal fragment normally located 40-50 kb
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FIGURE 5.—A 3.7-kb HindIII fragment directs Ser-lacZ fusion gene expression in the labial and prothoracic ectoderm. Embryos
were stained with a monoclonal antibody (A and C) or polyclonal antisera (E) that recognize Scr protein or an antibody that
recognizes f-gal (B, D, F). A-D are sagittal views, whereas E and F are horizontal views. Anterior is to the left. (A and B) At
stage 12 of embryogenesis, SSRN+3.7H transformants (B) exhibit reporter gene expression in the dorsolateral part of the
prothoracic segment (T1) in a subset of the prothoracic cells that accumulate Scr at this stage (A, arrow). No reporter gene
expression is detected in the labial segment (Lb) at this stage (B). (C and D) expression pattern of Serin a wild-type embryo
(C) and f-gal in a SSRN+3.7H transformant (D) at stage 13 of embryogenesis. Reporter gene expression in the prothoracic
segment (T1) has extended more ventrally than at stage 12 (B) but does not yet completely overlap Ser accumulation in this
segment (arrow in C). Patchy $-gal accumulation is also dectected in the labial (Lb) and maxillary (Mx) segments and in the
procephalon. Weaker expression is also detected in the posterior midgut at this stage. (E and F) Scr and $-gal accumulation,
respectively, at stage 14 of embryogenesis. SSRN+3.7H reporter gene expression (F) in the prothoracic segment (T1) appears
to completely overlap Ser expression at this point in development. Reporter gene expression in the labial segment (Lb) is still
somewhat patchy but includes a larger proportion of the labial segment than at stage 13 (D). (-gal is also present in the

proventriculus (pv) and posterior midgut (pmg), as well as in the maxillary segment (Mx) (out of focal plane).

upstream of the Ser transcription start site also contains
an enhancer that directs Ser-lacZ expression in the pro-
thoracic segment, although its spatiotemporal profile
of enhancer activity suggests that it is not actually an
Scr enhancer (Figure 1; Table 1). $-gal accumulation
is first detected late in germ band retraction in the
posterior part of T1 and encompasses most, if not all,
of the T1 ectoderm by late in embryogenesis (data not
shown) . However, SCR protein forms an anterior-poste-
rior gradient of accumulation, with highest levels in the
anterior part of T1 (Figure 5A), whereas the gradient
of SSRN+10.0 Xbal in T1 is posterior-anterior (data not
shown) .

An 0.8kb fragment contains anterior and posterior
mesodermal enhancers: SCR accumulation in the vis-
ceral mesoderm of the anterior midgut is first visible
during germ band retraction in a band approximately
four to five cells in width near the anterior tip of the
midgut (TREMML and BIENZ 1989a; REUTER and SCOTT
1990). Scr expression in the anterior midgut persists

until the end of embryogenesis (LEMOTTE et al. 1989;
REUTER and ScoTT 1990) . Additional Scr protein accu-
mulation is detected during stage 15 of embryogenesis
in a cluster of visceral mesoderm cells in the most poste-
rior region of the midgut (LEMOTTE et al. 1989).
Whereas Scr protein is needed in the anterior midgut
to form the gastric caeca (REUTER and ScotT 1990),
the developmental function, if any, of Serin the poste-
rior midgut is unclear.

A DNA fragment normally located in the upstream
regulatory region of the segmentation gene fiz appears
to contain regulatory sequences that direct reporter
gene expression in an Serlike pattern in the visceral
mesoderm of both the anterior and posterior midgut.
This 750-bp 0.8 Xbal / HindIIl fragment is a subclone
of the 5.5-kb HindIII fragment located in the interval
between Serand f ¢z (Figure 1). The 0.8 Xbal / HindIII
fragment is contained in the ‘‘dispensable fragment”
defined by HiRoMI and GEHRING (1987). It is located
~12 kb 5" of the Scr transcription start site. In trans-
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FIGURE 6.—Regulatory sequences in the ftz regulatory region direct reporter gene expression in an Serlike pattern in the
visceral mesoderm. Embryos were stained with a monoclonal antibody (A and E) or polyclonal antisera (C) that recognizes Scr
protein or an antibody that recognizes S-gal (B, D, F). All embryos are horizontal sections and anterior is to the left. (A and
B) At stage 13 of embryogenesis, Scr accumulation is clearly visible in the visceral mesoderm of the anterior midgut (A, arrows).
In HZR+0.8X /H transformants (B), f-gal accumulation is observed in a similar pattern in the anterior midgut (arrows). (C
and D) f-gal accumulation in stage 14 transformants (D) parallels the Ser accumulation pattern (C) in the anterior midgut
(arrows) . At stage 16 of development, HZR+0.8X /H transformants (F) exhibit reporter gene expression in the visceral meso-
derm of the anterior (amg) and posterior midgut (pmg) . Similar patterns of Scr accumulation (E) are observed in the visceral

mesoderm.

formants containing the 0.8 Xbal/ HindIIl fragment
subcloned into HZR, hsp70-lacZ fusion gene expression
is detected in a pattern indistinguishable from the Ser
expression pattern in the visceral mesoderm (Figure
6). At stage 13, HZR+0.8X /H transformants exhibit
f-gal accumulation in the visceral mesoderm of the
anterior midgut (Figure 6B, arrows) . Figure 6F shows
that the 0.8 Xbal / HindIII fragment also contains regu-
latory sequences that direct hsp70-lacZ expression in the
visceral mesoderm of the posterior midgut. Subtle dif-
ferences in the pattern of $-gal and Ser expression in
stage 14 (Figure 6D) and stage 16 (Figure 6F) are
possibly due to the fact that hsp70-lacZ fusion protein
accumulates in the cytoplasm, whereas Se¢r protein is
localized to the nucleus. The regulatory activity of the
0.8 Xbal / HindIll fragment in SSRN has not been
tested, but the 5.5 HindIIl fragment and the 6.5 Kpnl /
Sall fragments, both of which contain the 0.8 Xbal /
HindlIII fragment, also direct Ser-lacZ expression in the
anterior and posterior midgut (Table 1) . These results
suggest that the 0.8 Xbal / HindIIl fragment, which is
normally located in the fiz regulatory region, contains
regulatory sequences that direct Ser expression in the
visceral mesoderm.

Regulatory sequences activate ScrlacZ transcription
outside of the Scr expression domain: Whereas some
genomic DNA fragments contain sequences that posi-
tively regulate the expression of an Ser-lacZ fusion gene
in an Scrlike pattern, other DNA fragments (Table 1)
direct S-gal accumulation in tissues where Se¢r is not
normally expressed. These effects do not appear to be
caused by the influence of sequences near the site of
chromosome insertion, as multiple independent trans-
formant lines exhibit similar patterns of reporter gene
expression. An example of this type of cryptic regula-
tory element is a 6.8-kb Xbal fragment normally located
at the 3’ end of Ser (Figure 1). In SSRN+6.8X trans-
formants, B-gal accumulates in the hindgut and anal
pads (Table 1). A 5.4-kb BamHI fragment normally
located in Ser intron II (Figure 1) contains regulatory
sequences that activate the transcription of an Ser-lacZ
fusion gene in the visceral mesoderm at the base of the
proventriculus in cells just anterior to the cells that
normally accumulate Scr protein.

Another developmentally interesting Scr-lacZ expres-
sion pattern is obtained when a 7.6-kb HindIII fragment
normally located between ftz and Antp (Figure 1) is
subcloned into SSRN. Transformants containing this
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construct exhibit 8-gal accumulation in the ventral part
of PS1 and PS2, with higher expression levels PS1 than
PS2. Ser is normally expressed in PS2 but not PS1. The
f-gal level decreases during germ band retraction and
is no longer detectable at the end of germ band retrac-
tion; therefore, it is difficult to determine the fate of
these cells in the developing embryo. It is possible that
some of these cells are precursors of the subesophageal
ganglion, a part of the CNS in which Scr is expressed
(reviewed in KAUFMAN et al. 1990), although further
analysis is required to determine this unequivocally.

DISCUSSION

The goal of this analysis was to identify cisregulatory
sequences important for transcriptional regulation of
the homeotic gene Sex combs reduced ( Ser) during em-
bryogenesis. A straightforward approach consisting of
mutant rescue using genomic Scr DNA fragments was
deterred by the large size of the Ser locus. Therefore,
a less direct strategy was used in which genomic DNA
fragments from the genetically defined Ser locus were
tested for enhancer activity in P-element vectors con-
taining either the Scr or Asp70 promoter fused to the
bacterial gene lacZ. By observing the pattern of 8-gal
accumulation in transformant embryos, positive regula-
tory elements controlling Scr-lacZ transcription in the
labial and prothoracic ectoderm, as well as the visceral
mesoderm of the anterior and posterior midgut, were
identified. In addition, putative negative regulatory ele-
ments that repress Scr-lacZ transcription posterior of
the prothoracic segment were identified. Surprisingly,
some DNA fragments from the Scr regulatory region
activate Scr-lacZ transcription in non-Serlike patterns in
the embryo.

Multiple enhancers control Scr expression during em-
bryogenesis: The molecular mapping of S¢r mutations
suggested that cisacting regulatory sequences control-
ling Ser transcription were dispersed throughout a 75-
kb interval of ANT-C DNA (Figure 1). The fiz gene
divides the Scr regulatory region into a proximal half
that contains the Scr transcription unit and 15 kb of
upstream DNA and a distal half that contains ~35 kb of
regulatory DNA between the ftz and Antp transcription
units. Breakpoints that remove the distal regulatory re-
gion are phenotypic nulls that exhibit weak Scr expres-
sion in an approximately normal pattern (PATTATUCCI
and KAUFMAN 1991; M. GORMAN, personal communica-
tion). Mutations that remove smaller portions of the
distal regulatory region form an allelic series in which
the amount of DNA removed is correlated with the
severity of the Scr mutant phenotype (PATTATUCCI et
al. 1991). The experiments presented in this paper
demonstrate that the loss-of-function phenotype of mu-
tations that remove the distal regulatory region is
caused by the removal of ¢is-regulatory sequences pres-
ent in this region (Figure 7). Enhancers that direct

reporter gene expression in an Secr-like pattern in the
labial segment are located ~22 and 25 kb upstream of
the Ser promoter, and prothoracic segment enhancer
sequences are located ~22 kb upstream of the Ser pro-
moter. Interestingly, this group of Scr enhancers is lo-
cated only 7-12 kb away from the fiz promoter, yet
they do not appear to contribute to the fiz transcription
pattern and are dispensible for fiz function (HIROMI et
al. 1985) .

The weak but detectable Ser accumulation pattern of
mutants in which the distal regulatory region is re-
moved predicts that Ser regulatory sequences are also
located proximal of fiz. The expression patterns of
SSRN and BSRN, which contain sequences normally
located near the Ser promoter, suggest that labial seg-
ment enhancers are located in the 2.3 kb 5’ of the Scr
transcription start site and that thoracic ectoderm and
anterior midgut mesoderm enhancers are located in
Ser intron 1. These results demonstrate that the spatio-
temporal regulation of Ser expression is controlied by
multiple redundant regulatory elements, located both
relatively close to the Ser promoter and tens of kilobases
away. In addition, these results suggest that weak Ser
expression observed in breakpoint mutations that re-
move the distal regulatory region may be controlled by
regulatory sequences present in SSRN and BSRN.

The distal regulatory region also contains sequences
that repress reporter gene expression outside of the Ser
expression domain. Two DNA fragments, a 7.0-kb EcoRI
fragment normally located 25 kb 5’ of the Scr promoter
and a 10.0-kb Xbal fragment normally 38 kb 5 of the
Scrpromoter, block transcriptional activation of the Ser-
lacZ fusions in BSR and BSRN, respectively. Sequences
within the 7.0 EcoRI fragment repress Scr-lacZ fusion
protein accumulation in the mesothoracic and meta-
thoracic segments, whereas the 10.0 Xbal fragment pre-
vents transcriptional activation by BSRN reporter gene
sequences anterior of the labial segment, as well as pos-
terior of the prothoracic segment (GINDHART and
KAUFMAN 1995) . This suggests that the function of reg-
ulatory sequences contained within these fragments is
to block Ser transcription outside of its normal expres-
sion domain. However, the lack of ectopic Ser expres-
sion in embryos containing mutations that remove the
distal regulatory region suggests that unidentified nega-
tive regulatory elements are present in the proximal
regulatory region and that these negative regulatory
elements may, as demonstrated for the positive regula-
tory elements, be functionally redundant.

The localization of Scr regulatory elements through-
out its regulatory interval is reminiscent of the distribu-
tion of enhancers of the homeotic gene Ubx (BIENZ et
al. 1988; SIMON et al. 1990; IRVINE ef al. 1991; MULLER
and BIENZ 1991) . By placing subsets of the Ubx regula-
tory region upstream of Ubx-lacZ reporter genes, it has
been shown that enhancers controlling both the estab-
lishment of Ubx expression by gap and segmentation
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FIGURE 7.—Organization of positive and negative Serregulatory sequences in the Ser-Antp interval of the ANT-C. The coordinate
map and exon-intron structure of transcripts in the Ser regulatory region are shown at top. A representation of a germ band
retraction stage embryo is shown in the center of the figure. Tissues that accumulate Ser at this stage are stippled and include
the labial and prothoracic segments, as well as the visceral mesoderm of the anterior and posterior midgut. Ser expression in
the subesophageal ganglion is not indicated, as regulatory sequences controlling this aspect of Scr expression have not been
identified. The location of DNA fragments containing regulatory sequences that direct reporter gene expression in a subset of
the Ser expression domain are shown above the embryo. DNA fragments containing regulatory sequences that block transcrip-
tional activation by sequences in the 8.5 BamHI/ EcoRI fragment are shown below the embryo. Arrows indicate the tissues in
which reporter genes containing these fragments accumulate S-gal. Lines ending with a bar indicate the segments in which
negative regulatory sequences block transcriptional activation. At the bottom of the figure, the arbitrarily defined limits of the

proximal and distal Scr regulatory regions are shown.

gene products, as well as regulatory elements that main-
tain these established patterns in a Polycomb Group-de-
pendent manner, are distributed over 80 kb of genomic
DNA, both 5" and 3’ of the Ubx promoter. Similarly,
we have shown that Ser enhancer elements are distrib-
uted over =60 kb of regulatory DNA (Figure 7) (GIND-
HART and KAUFMAN 1995) . Previous analyses have im-
plicated several gene products as being important for
the establishment of Ser transcription in its normal pat-
tern. These include the gap genes hunchback ( hb) , giant
(gt) and Kriippel (Kr); the segmentation genes fushi
tarazu ( ftz) , even-skipped ( eve) and odd-paired ( opa) ; the
homeotic genes Antennapedia (Antp) and teashirt ( tsh)
and the TGF-8 homologue decapentaplegic (INGHAM and
MARTINEZ-ARIAS 1986; RILEY et al. 1987; TREMML and
BIENZ 1989b; PANGANIBAN et al. 1990; FASANO et al.
1991) . Itis likely that the Serregulatory elements identi-
fied in this analysis contain binding sites for trans-acting

factors that establish the characteristic pattern of Ser

expression.

Scr enhancers are present in the fiz upstream regula-
tory region: An intriguing result of this analysis is the
identification of Scrregulatory sequences in the ftzregu-
latory region. A 750-bp fragment contained within the
“dispensable fragment’’ defined by HiIRomI and GEHR-
ING (1987) directs reporter gene expression in the vis-

ceral mesoderm of the anterior and posterior midgut
in an Serlike pattern. This result demonstrates that the
fiz and Ser regulatory regions, instead of merely being
located near each other, are actually intermingled. This
result leads to a number of questions. How did an Ser
enhancer come to reside in the fiz regulatory region?
Is the presence of Ser enhancers in the fiz regulatory
region evolutionarily conserved? MAIER et al. (1990)
showed that although the size and spacing of fiz regula-
tory sequences of the fiz homologue in D. hydei, a spe-
cies that diverged from D. melanogaster 60 million years
ago (BEVERLY and WILSON 1984), is conserved, the
DNA fragment containing Scr midgut enhancers is not
located in the D. hydei fiz regulatory region. However,
the location of this DNA fragment does appear to be
conserved in D. pseudoobscura, a species more closely
related to D. melanogaster (GINDHART 1993; MAIER et al.
1993). These results lead to a hypothesis in which a
DNA fragment containing the Ser midgut enhancers
entered the fiz regulatory region through a nearby
transposition event and that this event occurred after
the divergence of D. melanogaster and D. hyde:. Interest-
ingly, MAIER et al. (1990) also demonstrated that the
ftz gene and its regulatory sequences are inverted in D.
hydei with respect to Serand Antp. In D. hydei, the labial
and prothoracic enhancers located in the 3.7
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HindlIl fragment are also inverted, causing them to be
located <10 kb 5’ of the D. hydei Scr promoter. How-
ever, Scr regulatory sequences distal of the 3.7 HindIII
fragment do not appear to be inverted in D. hyde
(MAIER et al. 1990). Although the division of the Scr
regulatory region by fiz appears to be conserved in Dro-
sophilids, these results show that the linear arrange-
ment of Serenhancer sequences has been altered since
the divergence of D. hydei and D. melanogaster.

Cryptic enhancers reside in the Scr regulatory re-
gion: Another surprising result of this analysis was the
identification of sequences that direct the expression
of an Ser-lacZ fusion gene in non-Scrlike patterns. These
cryptic enhancers can be divided into two broad classes:
enhancers that activate Scr-lacZ transcription in patterns
resembling Scr expression in frans-acting factor mutant
backgrounds and those that have no apparent relation-
ship to Scr expression. An example of the former class
is the 7.0 EcoRI fragment, which directs Ser-lacZ ex-
pression in the clypeolabrum, a pattern that resembles
ectopic Ser accumulation observed in embryos lacking
Polycomb function. This result suggests that the clypeola-
brum enhancer in the 7.0 EcoRI fragment may be nega-
tively regulated, either directly or indirectly, by Poly-
comb. An example of the latter class is the 6.8 Xbal
fragment, which contains enhancer sequences that
transcriptionally activate an Ser-lacZ fusion gene in the
hindgut and anal pads. Serexpression is limited, for the
most part, to parasegment 2- and 3-derived structures,
whereas the hindgut and anal pads originate from cells
located posterior of parasegment 15 (CAMPOS-ORTEGA
and HARTENSTEIN 1985).

A possible reason that some of these fragments have
cryptic enhancer activity is that in the transgenic con-
structs they are located closer to the promoter com-
pared with their position in the normal chromosome.
Some cryptic enhancers, such as the hindgut and anal
pads enhancer in the 6.8 Xbal fragment, are normally
tens of kilobases away from the Ser promoter. When
placed 2.3 kb 5’ of the Secr promoter in SSRN, this
enhancer activates Scr-lacZ transcription in these tissues,
whereas, in the resident Serlocus, 25 kb of intervening
DNA may prevent efficient enhancer-promoter interac-
tions. If a DNA sequence cannot interact with a pro-
moter due to topological constraints and thus plays no
role in normal gene expression, this sequence would
be freed from selective constraints and allowed to di-
verge. If this is the case, one would predict that a corre-
sponding fragment from a related species might not
contain a hindgut and anal pad enhancer sequence but
may contain no or different tissue-specific enhancers.

Another possible explanation for the effect of cryptic
enhancers on Scr-lacZ fusion gene expression is that
negative regulatory elements that block transcriptional
activation of the Ser promoter by cryptic enhancers are
absent from SSRN and BSRN. An example of this type
of cryptic enhancer may be the clypeolabrum enhancer

in the 7.0 EcoRI fragment. Because its tissue-specific
enhancer activity resembles ectopic Scr expression ob-
served in Polycomb mutant embryos, it is possible that
regulatory sequences located outside of the 7.0 EcoRI
fragment normally block, in a Polycomb-dependent man-
ner, the ability of the clypeolabrum enhancer to activate
Scr transcription.

One of the unanticipated outcomes of this analysis
is the discovery that the Scrand hsp70 promoters inter-
act with overlapping yet distinct sets of enhancers. Some
enhancers direct the expression of Scr-lacZ and hsp70-
lacZ reporter genes in similar tissue-specific patterns,
whereas other enhancers interact with only one pro-
moter. Two possible models can be proposed to explain
this result. First, heterogeneity of the binding sites of
basal transcription factors may result in differences in
transcription preinitiation complex assembly at each
promoter, resulting in differences in the ability of tis-
sue-specific transcription factors to stimulate the rate
of transcription (PTASHNE 1988; STRUHL 1991). For
example, SIMON et al. (1988) demonstrated that alter-
ing the TATA box of the human hsp70 promoter re-
sulted in the abolishing of its transcriptional activation
by adenovirus E1A protein but not by heat shock induc-
ible transcription factors. In this model, differences in
the core promoter sequences of Se¢r and Asp70 are re-
sponsible for promoter-enhancer specificity. The sec-
ond model proposes that sequences in the 2.3 kb of
DNA upstream of the Ser-lacZ fusion gene promoter
cither block or augment the ability of tissue-specific
enhancers to interact with the Scr-lacZ promoter. An
example of this model is context-dependent activity of
the tissue-specific transcription factor encoded by dor-
sal. DOR protein can act as a transcriptional activator
or repressor, depending upon sequences upstream of
the promoters DOR regulates (JIANG et al. 1992) . This
model of promoter-enhancer specificity proposes that
enhancers in the 2.3 kb upstream of the Ser-lacz pro-
moter can block cryptic enhancer activity and / or inter-
act cooperatively with S¢r enhancers normally located
tens of kilobases from the Scr promoter. These models
can also be used to explain how the fiz gene, which is
located in the middle of the Serregulatory region (Fig-
ure 7), insulates itself from the influence of Ser en-
hancers, as well as cryptic enhancer sequences.
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