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A cap ‘n’ collar protein isoform contains a selective Hox repressor function
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SUMMARY

We have characterized a protein isoform (CncB) from the expression of CncB in mid-stages of embryogenesis is
Drosophila cap ‘n’ collarlocus that selectively repressess- sufficient to attenuate the activity of Dfd response elements
regulatory elements that are activated by the Hox protein in maxillary epidermal cells, but appears to have no effect
Deformed. Of the three Cnc protein isoforms, CncB is in trunk epidermal cells on either the function or the
expressed in a localized pattern in mandibular and labral response elements of other Hox proteins. CncB provides a
cells of the head during mid-stages of embryogenesis. When mechanism to modulate the specificity of Hox
CncB protein is absent or reduced, mandibular cells are morphogenetic outcomes, which results in an increase in
homeatically transformed toward maxillary identities. This  the segmental diversity in theDrosophilahead.
transformation is associated with persistentDeformed

expression in anterior mandibular cells, since th®eformed

autoactivation circuit is normally antagonized by CncB  Key words:cap ‘n’ collar, DeformedHomeotic, Hox repressor,
function in these cells. Heat-shock-induced ectopic Drosophila

INTRODUCTION achieve functional specificity, as well as broadening our
knowledge of the developmental genetic circuitry that controls
The homeotic selector (Hox) genes are important componenésiterior-posterior body axis patterning. The modulator proteins
in a developmental pathway that diversifies morphology on theo far characterized play a variety of biochemical roles,
anterior-posterior body axis of many animals (Kenyon, 1994including enhancing the DNA-binding affinity of Hox proteins
Lawrence and Morata, 1994; Manak and Scott, 1994). LosgMann and Chan, 1996), regulating their transcriptional
of-function mutations in Hox genes, or their ectopicactivities (Pinsonneault et al., 1997) and regulating the nuclear
expression, can cause homeotic transformations in which bo@ytry of Hox cofactors (Rieckhof et al., 1997).
structures are duplicated in abnormal positions on the anterior- An interesting example of the Hox modulator class is
posterior axis (McGinnis and Krumlauf, 1992; Krumlauf, encoded in the&ap ‘n’ collar (cng locus.cncwas identified
1994). The protein products of Hox genes are DNA-bindinggnd named (Mohler et al., 1991) based on its striking
transcriptional regulators that apparently accomplish theiexpression pattern in the anteriormost labral segment (cap) and
developmental functions by activating and repressing manghe mandibular segment (collar) of embryos. Deletion mutants
target genes (Laughon, 1991, Botas, 1993; Graba et al., 1998f. cnc coding sequences indicate thamc functions are
The similar in vitro DNA-binding properties of Hox proteins required for the normal development of both labral and
(Ekker et al., 1994) and the relative paucity of Hox genesnandibular structures (Mohler et al., 1995). In place of the
compared to the diverse morphologies under their contromissing mandibular structures, some maxillary structures —
suggest that other genetic functions that act in parallel to Hoxouth hooks and cirri — are ectopically produced (Harding et
proteins play a crucial role in diversifying segmentalal., 1995; Mohler et al., 1995). The genetic function of the
morphology. Recently, a fe@rosophilagenes éxtradenticle, homeotic gen®eformed (Dfd)s required in thenc mutant
teashirt, homothorax, cap ‘n’ collphave been discovered that background to produce ectopic mouth hooks, and Mohler et al.
can mutate to give homeotic transformations that are largel{1995) have proposed thatd andcncfunction in combination
independent of their effects diox patterns of transcription to specify mandibular identity. Previous research on the
(Peifer and Weischaus, 1990; Roder and Kerridge, 1992nolecular genetics anc(Mohler et al., 1991) showed that the
Mohler et al., 1995; Rieckhof et al., 1997). These genes appelacus encodes a protein that is one of the founding members
to modulate the functional activity and specificity of the Hoxof the CNC/bZIP class of transcription factors, which includes
proteins, thus we refer to them as the Hox modulator class. TINF-E2 (Andrews et al., 1993a), LCR-F1 (Farmer et al., 1997),
understanding of Hox modulator functions is beginning toSkn-1 (Bowerman et al., 1992) and Nrf-1 (Chan et al., 1993).
provide insight into the mechanisms of how Hox proteins We recently isolated EMS-induced mutations indhegene
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in a genetic screen for modifiers@fd (Harding et al., 1995) method to detect and characterize the structure of cDNA clones
and are interested in the mechanism by whicbalters the containing different exons and/or to assay the exteniesth sequence.
morphogenetic function ddfd. To that end, we have further
explored the molecular stucture of treclocus and found that
three different protein isoforms are encodedchg One of

Genomic DNA sequencing

For two mutant allelescnc?®16 and cnc®?, and the parental
: . s 4 . hromosomeKi DfdV8 pP, DNA sequence was obtained for

these ls_oforms, th_e anB protein, exhibits _spatlally Iocallzea%hromosomal regions col?responding tqo known exons, as well as all
expression that IS limited to the mand'bl:”ar and |,a_br on/intron boundaries including 40-50 bp beyond each boundary into
segments. In mandibular cells, CncB antagonizes the ability @he introns. All mutant and parental chromosomes were heterozygous
Dfd protein to transcriptionally activate response elements Qfnd balanced ovefM3 Sb 35UZ(Irvine et al., 1991). DNA was

downstream genes. Ectopic expression of CncB in embryasracted from 1 g of flies according to standard protocols and isolated
results in an ablation of normal maxillary structures, whileon a CsCl gradient. Regions of the genome were PCR amplified using
having mild or no effects on the functions of homeotic proteingested primers chosen from cDNA and genomic sequences. Primers
of the trunk. We propose that the CncB protein has properti¢4ere made approximately 100 bp from intron/exon boundaries so that

that allow it to selectively repress many regulatory elementdll boundaries could be sequenced from both directions. The PCR
that are normally activated by Dfd products were then either sequenced u&iB@nd the Sequenase PCR

Product Sequencing Kit from Amersham (Catalogue no. US70170) or
they were agarose gel purified and sequenced according to kit

MATERIALS AND METHODS protocols without the use of Exonuclease | and Shrimp Alkaline
) ) ) Phosphatase. At least one strand was sequenced for 100% of the
Embryonic cuticle preparations regions, both strands were sequenced for the majority of the open

Collections were made from cages containing flies heterozygous foeading frames and 7-deaza dGTP reactions were used to uncover any
mutant chromosomes over wild-type chromosomes to avoid balancambiguities due to compression. No nucleotide substitutions were
chromosome effects. Embryos were collected on apple juice/agaresent in anync open reading frames or splice junctions of the
plates for 4 hours, aged at 25°C for 24 hours, then harvested and®16 and cnc’ mutant chromosomes when compared to the
dechorionated in 100% bleach. They were devitellinized, clearecharental chromosome sequence.
mounted and analyzed as described in Harding et al. (1995).

In situ detection of transcript and protein expression
Northern analysis Polyclonal antiserum was raised against the common Cnc protein
Polyadenylated RNA was isolated from 0-2, 2-8, 8-12 and 12-24 houtomain produced as a glutathione S-transferase (GST)-fusion protein.
embryos and @4g of each staged aliquot was loaded onto a pre-run 0.8% cDNA clone (pNBcncl0) containing a full-length CncA open
agarose formaldehyde gel. The RNA was blotted onto nitrocelluloseeading frame was digested wBEIl andSad and blunt ended. The
filters and probed as in Sambrook et al. (1989). Radioactively labeleesulting 1721 bp fragment was ligated into 8red site of pGEX-
probes were made by the method of nick translation from the following T-3 (Pharmacia Biotech) to produce an in-frame fusion with GST.
DNA fragments. (icncAprobe, a 900 bihd-EcaRlI fragment froma The GST-Cnc common region polypeptide was purified on
genomic clone that includes exon Al. ¢i)cBprobe, a 1.1 kiBsiXI- glutathione-Sepharose columns according to the manufacturer's
EcaRV fragment from the cDNA clone pNBcnc27, which was isolatedprotocol, and the antiserum raised in rabbits at the Pocono Rabbit
from a 8-12 hour embryonic cDNA library (Brown and Kafatos, 1988).Farm and Laboratory, Inc.
The cncBprobe includes part of exon B1, all of exons B2 and B3, and For affinity purification of antibodies, pNBcnc10 was digested with
most of exon B4. (iii)cncBspecific probe, a 2.2 kBcaRl genomic  Hincll andSad and the resulting 1827 bp fragment that included the
fragment in clone pBstBlspec, which includes exon B1 sequences agttire CncA open reading frame was ligated into the pQE-32 vector
no other B exon sequences. (@)cC probe, a 2.3 kiBanHI-Ecarl (Qiagen) which had been digested vBtnHI, blunt-ended and then
fragment from the cDNA clone pNBcnc23, which was isolated from &ut with Sad. The fusion protein containing a 6xHis-tag at the N
8-12 hour embryonic cDNA library (Brown and Kafatos, 1988). Thisterminus was purified on the Qiagen Ni-NTA Agarose column under
probe contains part of exon C1, all of exons C2 and C3 and most of exdgnaturing conditions and refolded. The protein was coupled to
C4. (v) Thecnc common probe is a 310 @anH| fragment entirely ~ Actigel ALD beads and antibodies directed at the common Cnc
contained within exon A2, which was isolated from the cDNA cloneprotein domain were purified using the Quickpure system (Sterogene
cnclA10 (Mohler et al., 1991). See Fig. 2 for the location of the probe8ioseparations, Inc.). Antibody staining for Dfd and Cnc proteins

on the map of thenclocus. were done as described in Zeng et al. (1994). For fluorescence
' microscopy, FITC-conjugated anti-rabbit secondary antibodies were
Library screens used to detect Cnc protein and Cy-5-conjugated anti-guinea pig

SeveralD. melanogastelibraries were screened for both cDNA and antibodies were used to detect Dfd protein (Jackson ImmunoResearch
genomic clones. The 4-8 hour, 8-12 hour and 12-24 hour embryonlgboratories, Inc.). Optical sections of fixed and stained embryos
cDNA libraries of Brown and Kafatos (1988) were screened using theere taken every 0.2m using a DeltaVision microscope system
310 bpBanH|I fragment from exon A2. The 8-12 hour library was also (Applied Precision, Inc.) with a computer-controlled stage. An
screened with an 83 bp PCR product made solely of exon Al and tRympus 6&/1.40 objective was used. Following image acquisition,
4-8 hour and 12-24 hour libraries were additionally screened with a PCRt-of-focus  blur was removed using constrained iterative
fragment covering the' 8nd of exon B2 to the middle of exon B4. An deconvolution (Agard et al., 1989).

iso-1 genomic library consisting ddaBA partial digests ligated into ~ For RNA in situ staining, sense and antisense digoxigenin-labeled
AEMBL3 (Tamkun et al., 1992) was screened with a 2.BabHI- RNA probes were produced from subclones of cDNA or genomic
EcaRl fragment from pNBcnc23, ancC cDNA clone. A randomly ~ fragments based on Tautz and Pfeifle (1989). [&b2 reporter and
primed Agt10 cDNA library (Clontech, Cat # 1L1010a) was screenedother gene expression patterns were detected by staining of whole-
with a 4 kbEcaRV-Hindlll fragment from pNBcnc27, which includes mount embryos as described in Bergson and McGinnis (1990).
sequences from within exon B2 to beyond the translation stop. A|l .

potential positives obtained from the primary screens were picked!SP70-¢nc CDNA fusion genes

replated at lower density and rescreened according to standard protocBfscncA

to ensure plaque/colony purity. PCR screening was employed as a rapidcncAcDNA clone, 1A10 (Mohler et al., 1991) was digested with
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EcoRI and cloned into th&caRlI site of pHSBJ-CaSpeR (Jones and is present in 0-2 hour embryos, is barely detected in 2-12 hour
McGinnis, 1993). The resulting pHSBJ-CaSpaRAcontained 100 embryos and is detected at relatively higher levels in 12-24
bp of 3 UTR and 800 bp of'3JTR from exon A3. hour embryos (Fig. 2C).

To identify cDNAs corresponding to thencA cncB and
cncCtranscripts, 212 cDNA clones from libraries covering all

digested pHSBJ to produce pHST17. The heat-shock cassette was %[ﬁ(?ei oﬂDrtos_opfc]jllaTimbf_ry(:nlcl: devilo%rrl:lint were 'SOI?jteg ¢
out withNot and inserted into thRotl-digested pCaSpeR4 vector to and characterized. 1ne first class of ¢ S corresponded 1o

produce pHSBJ-CaSpeR#icB This construct contained 390 bp of the cncAtranscript. This is the same class characterized by

hs-cncB
pNBcnc27 cDNA was digested wilfcoRV and ligated witHEcoRV-

5' UTR and 1230 bp of'3JTR from exon A3. Mohler et al. (1991), and is distinguished by the incorporation
of exon Al. Exons A2 and A3, which encode the CNC and b-
hs-cncC ZIP domains, are present éamcAand the other two isoforms

pNBcnc23 cDNA was digested witHindlll and Ncd, as was the of cnc A probe containing exon Al sequences specifically
PHST17 plasmid. Corresponding DNA fragments were ligated tthybridizes the 3.3 kizncAtranscript on northern blots (Fig.
produce pHSB&ncC The resulting cassette was cut out Witbi ¢y ThecncAopen reading frame begins with an ATG codon

and ligated witfiNot-digested pCaSpeR4 to create pHSBJ-CaSpeR4naar the 5end of exon A2 and is predicted to encode a 533
cncC The first ATG codon in thisncCexpression construct is 37 bp {amino acid protein (Mohler et al., 1991)

from theHindlll site and it encodes the methionine residue found a

position 21 in the conceptual translation of tmeC open reading A second_ class of cDNAs from the locus corresponded to

frame shown in Fig. 3. This construct also contains 1230 bp of theNcBtranscripts. Such cDNAs lacked sequences from exon A1,

normalcnc3 UTR. but did contain five additional exons (B1-B5) spliced onto the
5 end of exon A2. A probe containing the B1-B4 exons detects

the 5.4 kbcnceB transcript and the 6.6 ktncC transcript on

RESULTS northern blots (Fig. 2C). The total extent of tlecB
transcription unit is approximately 17 kb (Fig. 2B). Since exon

The cap ‘n’ collar locus encodes three protein A2 sequences contain no stop codons upstream of the initiating

isoforms ATG for the CncA codons, the open reading framenoB

We recovered three EMS-induced mutant allelenofcnc2E18, transcripts includes the entirety of the CncA protein, as well as
cnc€? andenc©l4) in a screen for mutations that interact with an additional 272 codons from exons B3, B4, B5 and A2 (Fig.
the Hox geneDfd (Harding et al., 1995).
Embryos homozygous for these EMS-indu

alleles have ectopic duplications of maxill

mouth hooks and cirri, but retain normal lal

structures and some normal mandib

structures, e.g. the lateralgraten and me

tooth (Fig. 1). This contrasts with t

phenotype of deletion mutants ofic which

lack all mandibular and labral derivati

(Mohler et al., 1995). The difference betw

the phenotypes of the EMS-induced alli

when compared to the deletion alle

prompted us to consider the possibility 1

multiple functions are encoded in thanc

locus.

Previous studies detected one trans
isoform atcnc (Mohler et al., 1991), but o
molecular analyses of the locus indicate
three transcript and protein isoforms
produced from thencgene. As shown in Fi
2C, a probe homologous to the region
encodes the b-ZIP region ohc detects thre
different sizes of polyadenylated RNAs
embryonic northern blots. We will refer
these as thencA cncBandcncCtranscripts
No other embryonic transcripts were dete:
with genomic probes that spanned the re

Fig. 1.cap ‘n’ collar mutant phenotypes. (A) Wild-type embryonic head cuticle. MH,
. . . mouth hooks; MT, median tooth; LG, lateralgraten; DBr, dorsal bridge; H, H-piece;
from =35 to +5 k.b shown In F'g'.ZA' The VA, ventral arms. (BPfd"2YDfdw2! mutant cu?icle. Mouth hooks and %irri, whicph are
kb cncA transcript is present in 0-2 h of maxillary origin, are missing and the lateralgraten, of mandibular origin, are
embryos, presumably from maternal stores  ghortened. (Cync/-119cnc’ 120 mutant. The median tooth (labral structure) and

is also abundantly expressed in 12-24 | |ateralgraten are both absent and ectopic mouth hooké) @éiformed in the
embryos. The 5.4 kbncBtranscript is abse  pharynx. (D)en2El9cn@EL8mutant. Ectopic mouth hooks and cirri are formed, but
from 0-2 hour embryos, but present atall o the median tooth develops normally. The lateralgréaten are shortened slightly,
embryonic stages. The 6.6 kbcCtranscrip  resembling those seenld mutants.
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2B). The predicted 805 amino acid CncB protein thus igrincipal function that modulateDfd function

in the

distinguished from CncA by a 272 amino acid region thamandibular segment. To further test this hypothesis, we
includes His-Pro repeats, Ala-repeats, a Pro-repeat and Val-Gigsayed whetherncB transcript or protein abundance was
repeats, but exhibits no extended sequence similarity to othaltered in embryos homozygous for thec?®16 and cncc?
proteins in database searches besides the CNC/b-ZIP domamutations. We found that the pattern of zygotic RNA

that it shares with CncA (Fig. 3).

expression detected wittcacBprobe is unaltered in the EMS-

The third class of cDNAs from the locus corresponded tinducedcncmutant embryos (Fig. 4C). The signal due to cncA
cncCtranscripts. These cDNAs have identical sequence to thend cncC transcripts was also unchanged in these mutants (data
cncBcDNAs, except that exon B1 is absent, and five additionaiot shown).

exons (C1-C5) are spliced onto tHeeBd of exon B2. A probe
containing the C1-C4 exons detects the 6.@rdCtranscript
on northern blots (Fig. 2C). Since exon B2 and thensl of

However, the use of polyclonal antiserum raised against the
common domain of thencisoforms (anti-Cnc) indicates that
CncB protein expression is strikingly reduced in bantl?E16

exon B3 contain no stop codons upstream of the initiating AT@ndcnc©? mutant embryos. In wild-type embryos, the anti-Cnc
for the CncB codons, the ATG-initiated open reading frame imntiserum exhibits a low-level ubiquitous staining in syncytial
cncCtranscripts includes the entirety of the CncB protein, agmbryos, presumably due to maternally deposited CncA and
well as an additional 491 codons that derive from *-~

C3, C4, C5, B2 and B3 exons. The extent of the €
cncCtranscription unit is approximately 39 kb. 1
491 amino acid CncC-specific domain at the
terminus of the predicted 1296 residue CncC pri
includes regions that are rich in Ser and Thr resit
other regions with abundant concentrations of Glt
Asp residues, but exhibits no extended seqt
similarity to other proteins in database searches
3). Interestingly, théuzzy oniongene, which encod
a testis protein required for mitochondrial fusiot
Drosophila spermatids (Hales and Fuller, 1997)
encoded in the sequence interval between the C
B1 exons (Fig. 2).

Expression patterns of the cnc isoforms

We next were interested in defining which of tme
isoforms were involved in modulatingfd function.
As a first step, the expression patterns of the
transcript isoforms were analyzed usitncA cncB
or cncC exonspecific probes both on wild-type ¢
our EMS-induce@&ncmutants In wild-type embryos
a cncB probe detects cytoplasmic transcripts lim
to the mandibular and labral segments from cel
blastoderm to the end of embryogenesis (Fig. 4/
The cncB transcripts are expressed throughout
anterior and posterior regions of the mandibular Ic
In contrast, &ncAspecific probe detects a ubiquit
distribution of presumably maternal RNA at syncy
and early cellular blastoderm stages (Fig. 4F,G).
cellular blastoderm, cncA transcripts are n
detectable until stage 14, when the level of ubiqu
cytoplasmic transcript increases in abundance
remains high for the remainder of embryogen
cncGspecific probes also detect a ubiquit
distribution of RNA in syncytial stage embryos ar
low level ubiquitous expression pattern in embi
after stage 14 (data not shown).

Based on the above results, the labral
mandibular stripes of transcription that were dete
by Mohler et al. (1991) using a probe including
cnccommon exons (A2 and A3) correspond prime
to cncB transcripts. SincecncB is the transcrif
isoform that is expressed throughout the e
mandibular segment during mid-embyronic sta
our working hypothesis is thatncB encodes th

cap 'n’ collar

A NeZ/
A nR g frR AR B B HRAHR AR ARMH R
30 EIa -2|0 -15 10 I5 EII +|5
fzo
B cnc-A
. )
CﬂC'B AU; A2 A3
ATG TGA
N :r ]
cHC- C 81 Bj‘erG?‘ o B4 Bsm AzTig
iITy_N ]
Mt T 1]
Cicz C3 C4C5 B2 B3 B4 B5 A2 A3
ATG TGA
1234 1234 1234 1234
6.6 ,6.6 .
g . paisa oo
- -3.3 = »-3.3 _
: B
common cnc A cnc B cnc C

Fig. 2.cap ‘n’ collar molecular genetics. (A) A structural map of the 94E
genomic region that contains tbeclocus. The location of thieizzy onions
transcription unit (Hales and Fuller, 1997) is indicateddiddlll; R, EcaRlI.

(B) Exon maps of threenctranscript isoforms. Open boxes indicate the exons
of each transcript and are numbered accordingly. The black boxes above the
exons indicate the origins of tkacisoform probes used for northerns and in
situ hybridizations; the grey shaded box above exon A2 indicates the origin of
thecnccommon probe. The positions of start (ATG) and stop (TGA) codons for
the open reading frames in each isoform are indicated. (C) Embryonic
developmental northerns probed with the commorprobe and the isoform
probes forcncA cncBandencC The northern contains polyadenylated RNA
from: lane 1, 0-2 hour; lane 2, 2-8 hour; lane 3, 8-12 hour; lane 4, 12-24 hour
embryos. The common probe hybridizes RNAs of sizes 6.6 kb, 5.4 kb and 3.3
kb, representingncC cncBandcncA respectively. ThencAspecific probe
hybridizes the 3.3 kb transcript, which is most abundant at 12-24 hours and at
lower abundance in 0-2 hour embryos. TheBprobe hybridizes the 5.4 kb
transcript, detected in embryos from 2-24 hours. difeBprobe used in this

panel also detects tloacCtranscript (6.6 kb) since it shares exons B2, B3, B4
and B5 withcncC When acncB-specific probe is used, consisting of a 2.2 kb
EcaRl genomic fragment in clone pBstBlspec, which includes exon B1
sequences and no other B exon sequences, only the 5.4 kb transcript is detected
(data not shown). ThencGspecific probe hybridizes the 6.6 kb transcript,
which is detected in 0-2 hour embryos and in 12-24 hour embryos.
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* - 100
&C&Wmmm TTGNSSVQTAAL QVQSTSAAATGA TMA/GTGGAPTSSGITSGSALGEI H | DTASLDPGNANHSPLHPTSEL DTF
LTPHALQDQRS| WEQNLADLYDYND LSLQTSPYANLPLKDGQPGPSNSSH L DLSLAAL L HGFTGGSGAPLSTAAL I\[XSTPI—PR\LCS\/TN\GAGR’SDJZGOEO
ESLYLGR_FGEDEEEDYEGEL VGV ANACEVEGL TTDEPFGSNCFANEVE | GDDEEESE! AEVL YKQDVDLGFSL DQEA | l\(—SYASG\GAATM/KSK:ISD(IJEO
DETKSSDPS| SESSGFKDTDVNAEN EASAASVDD EKLKALEEL QEDKDK NNENQLEDI TNEWKG PFTI DNETG EYI H_PLIZELLI\D\/LIiLSEPLéZ;JZ())
LSNDPVASTSQAAAFNENQAGR! V' SETGEDLLSGEQ SSKQNRNEAKNK  DNDPEKADGDSFSVSDFEEL QNSVG SPLFD_EEDAI«E_EE\A?JS('I:'VPES(O
Fig. 3.Cnc protein sequences. The HPHPHHE-PHARPHSHHHASVEHA HAHHAMMAAMAHCRAVIRANY DY G/G/G/G/G/GSGTGSAFCRGPAAG G:HG—PQRVPH_I\RSVSNE:&_%:())
predicted protein sequences of the FATYFSPI PSM/GG/SDVEPYPHHY PGYSYQASPSNGAPGTPGOHAOYGS GANATLGPPPPPPPPHHAAM.HHPN AALGDI CPTGOPHYGHNLGSAVTSS

three cnc isoforms are shown. The *One-A 800
presumed initiating methionine for MLT YKVEFD LMYYGNTSSDI NQTDGF! NSI FTDE DLH_VMOMNESFCRM/DNSTSNNSSV LGL craPHt
each is indicated by a bolM below  aoANGASER/GSVBGSAVGAGATG MMADLLASGGAGAQEGADRLDASSD SAVSSMESERVPSLSDGEWEEGSDS AQDYHQGKYGGPYDFSYNNNSRLST

an asterisk that denotes the N 1000
termini of the CncA. CncB and ATRQPPVAGKKHQL YGKROPHKQTP SALPPTAPPAAATAVQSQS! KYEYD AGYASSGVASGAE SEPGAMGPAL SK W@m%
CncB proteins. The basic-leucine  sPRTSQDLVQNHTYSLPQESGSLP RPQARHKKPLVATKTASKGASAGNS SSVGEENSSNLEEEH TRDEKRARSL NI Pl SVPDI | NLPVDEFNERLSKYD
zipper (bZIP) consensus domain is 1200
. LSENQLSLI RDI RRRGKNKVAAQNC RKRKLDQ! LTLEDEVNAWKRKTQL NQDRDH ESERKRI SNKFAMLHRHY FQYL RDPEGNPCSPADYSLQQRAMDG
underlined. CncB and CncC both 1295

contain His-Pro repeats (HP), Val- SvYLLPREKSEG\NTATAASNAVSS ASGESLNGHVPTQAPMHSHEBHAVR AQHWEAVBQRQQQGERPPH.QYR HH QBQQQAPGEQRARRHRKE
Gly repeats (VG) and Ala-repeats

(AAA) in the sequence they share.

The N-terminal amino acid

sequence that is unique to CncC is

enriched in scattered Ser and Thr

(S/T) residues, and also contains a CnC A 533 aa

high proportion of acidic residues, c cc bZIP >
including a Asp-Glu repeat (D/E).

GenBank accession numbers for the CnC'B 805 aa

cDN_A sequences that provided the CHPHP VGVG AAA cnc bZIP )
predicted protein sequences shown

in this figure are AF070062 for Cnc_C 1296 aa

cncA AF070063 forcncB

AFOA70064 forencC C DIE SIT HPHP VGVG AAA cnc bZIP >

CncC isoforms. From cellular blastoderm (stage 5) until stageeat-shock phenotypes of cnc isoforms
14, the staining detected by the anti-Cnc antiserum is localized another test of the functions of the Cnc protein isoforms, we
in the nuclei of mandibular and labral cells (Fig. 4D). Althoughplaced each of thencA cncBandcncCopen reading frames
the anti-Cnc antiserum used in these experiments cross-reaatsder the control of the heat-shock promoter in P-element
with all three Cnc proteins, onlgncB RNA expression is vectors and generated transgenic fly strains carrying these
localized in mandibular and hypopharyngeal regions frontonstructs. Using the Cnc common-region antiserum to stain
stages 6 through 14. From stage 14 to the end of embryogenesisat-shocked embryos, it appears that all three isoforms are
the antiserum detects a low level global staining, upon which isroduced at similar levels, localized in nuclei and possess
superimposed much stronger levels of staining in mandibulaimilar stabilities after ectopic expression (Fig. 5C,E,G).
and labral cells. As can be seen in Fig.eHe2E®mutants (and  However, their morphogenetic and regulatory effects are very
cnc®? mutants, not shown) accumulate much lower levels oflissimilar. Heat-shock-induced ectopic expression of CncA
Cnc antigen in both mandibular and labral cells of stage 1during embryogenesis has no effect on embryonic morphology.
embryos. These results provide further evidence thatit3€6  Nearly all of thehs-cncAembryos hatch and proceed through
and cnc®’ mutations result in a loss @hcB function, and is  larval development, and many eclose as viable adults.
consistent with the idea that CncB protein is required to prevent In contrast, ectopic expression of CncB at mid-stages (4-10
the maxillary-promoting function of Dfd from being active in hours) of embryonic development is lethal. When ectopic
mandibular cells. expression is induced at 6 to 8 hours after egg lay, a defective
We determined the sequence of all of the coding exons amanbryonic head phenotype, which resembles the mutant
exon/intron boundaries for all isoforms on tbec®16 and  phenotype of strondfd hypomorphs is produced (Fig. 5I,
cnc®” mutant chromosomes (see Materials and Methods) in asompare with Fig. 1B). Thedes-cncBembryos develop with
attempt to find the molecular lesion responsible for theudimentary mouth hooks, H-piece and cirri. In addition, the
decreased amount of CncB protein in the mutant embryoanterior portion of the lateralgraten are truncated. All of these
However, no nucleotide substitutions were detected when trstructures are components of the head skeleton that are absent
coding and splice site sequences were compared with parental abnormal inDfd mutant embryos (Merrill et al., 1987;
chromosome sequence. Though we do not yet know thdcGinnis et al., 1990). The head defects seen irhshencB
location of the mutations that alter CncB protein expressiorembryos also include an absent or abnormal dorsal bridge, a
they could plausibly reside in translational regulatorystructure that is usually unaffected Dfd mutant embryos.
sequences farncB Many other head structures that develop Dférindependent
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structures such as lateralgraten, dorsolateral papillae or T-ribs
(Jurgens et al., 1986) in other head or trunk segmerits-in
cncBembryos.

Ectopic induction ohs-cncCat 6-8 hours of development
also results in highly penetrant defects in head development
that include the loss of maxillary mouth hooks and cirri (Fig.
5J) as well as head involution defects that are more profound
than those induced byhs-cncB In addition to the
morphological defects described for CncB, ectopic CncC
induces the formation of an abnormal head sclerite that
develops as an extension of the normal lateralgraten. The
position and appearance of this extra fragment of head skeleton
suggests that it might correspond to ectopic production of
lateralgraten or longitudinal arms of the H-piece.

Effects of overexpression of CncB on downstream
targets

Since CncB encodes a function that is required and sufficient
to antagonize the maxillary-promoting effects of the Hox gene
Dfd, we next were interested in whether CncB protein acts
upstream to repreddfd transcription, or in parallel to inhibit
Dfd protein function. It is possible for CncB to do both, since
Dfd protein function is required to establish an autoactivation
circuit that provides persistetfd transcription in maxillary
and mandibular cells (Zeng et al., 1994). In wild-type embryos
at stage 9, both Dfd and CncB proteins are expressed
throughout the entire mandibular segment (Fig. 6A). By stage
11, Dfd protein is present at lower levels in the anterior when
compared to posterior mandibular nuclei, while CncB protein
Fig. 4.cncexpression patterns in wild type and mutants. (A) Dorsal persists at relatively high levels throughout the segment (Fig.
view of a stage 5 wild-type embryo showing the earliest RNA 6B). Finally, at stage 13, Dfd protein expression is no longer
expression detected withcacBspecific RNA probe. The cells atthe detected in anterior mandibular nuclei, although it is still

anterior tip (!eft) of the emb(yo are labral proger]itors, the cells in theshndant in posterior nuclei (Fig. 6€hcis required for this
more posterior stripe are primordia of the mandibular segment. Theprogressive repression ddfd expression in the anterior
cncBspecific probe consisted of a 2.2&boR| genomic fragment in ndibular segment, sinac null mutants as well as the

clone pBstBlspec, which includes exon B1 sequences and no othe . . : .
exon sequences. (B) A stage 11 wild-type embryo hybridized with S-induced mutants show inappropriate persistendafef

thecncBprobe. Cytoplasmic transcript signals are abundant in transcripts and protein after stage 11 in anterior mandibular
mandibular (Md) and labral cells (Lr). (C) A stage 11 cells (Fig. 6E). All of this data suggests that CncB is not
cncZE¥encZEl8 mutant embryo hybridized with thecB specific capable of repressing Dfd expression before stage 11. But after
probe. The pattern and abundance of transcript signal is that stage CncB represses the maintenance phadgafdof

indistinguishable from wild-type embryos as in B. (D) A stage 11 transcription in mandibular cells, perhaps by repressing the

wild-type embryo incubated with the common Cnc antibody. Cnc  gutoactivation circuit that is normally established during stages
antigen is abundant in mandibular and labral nuclei. (E) A stage 11 g 3nd 10 (Zeng et al., 1994).

cn@ElYen@E8 mutant embryo incubated with the common Cnc We also found that CncB is sufficient to repre3d

antibody. Protein staining is severely reduced in all mandibular and transcription outside the mandibular segment. When CncB is

labral nuclei compared to wild-type embryos. SioseAandcncC call di brvaafd it levels in th
transcripts are not detected at this stage, we believe the reduced ectopically expressed in embryd3{d transcript levels in the

protein levels are due to a reduction of CncB levels in these maxillary segment are reduced, especially in the anterior region
homozygous mutants. (F) A stage 5 wild-type embryo hybridized Of the segment (Fig. 6G). Note that these transcript expression
with thecncAspecific RNA probecncAtranscripts are ubiquitously ~ assays were done at a time after heat shock when Dfd protein
distributed in the cytoplasm of embryos at this stage. (G) A stage 5 is still present at wild-type levels (Fig. 7A,B). Only the CncB
wild-type embryo hybridized with encAsense control probe. isoform is capable of repressifd transcription. Neither the
ectopic expression of CncA nor CncC have an effect on the
abundance or pattern ddfd transcripts in the maxillary
manner, such as the antennal sense organ, vertical plates apitdermis (Fig. 6F,H). Since the phenotypic effech®ttncC
T-ribs (Jurgens et al., 1986) develop normally infileeencB  in epidermal cells strongly resembles thathsfcncB this
embryos. Thehs-cncBhead defects are produced at highindicates that the effect of Cnc gene products on maxillary
penetrance (>95%) by heat shocks in mid-embryogenesis (dpidermal development may not require repressiorDfof
10 hours). In 10-70% of these embryos, depending on the staganscription per se.
of heat shock, abdominal denticles near the ventral midline are The CncB repressive effect ddfd expression might be
replaced with naked cuticle (Fig. 5L). We have not observethediated, at least in part, through autoactivation elements. To
the ectopic formation of mandibular or hypopharyngeatest this, we assayed the activity of three subregions from the
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McGinnis, 1988) andhs-cncAdevelop ectopic maxillary cirri

embryos, usingps-cncAand wild-type embryos as controls. At and mouth hooks in 699%£94) of the first thoracic segments.
30 minutes after heat-shock induction of CncB expressiorlowever, when &as-cncBis substituted fohs-cncAin the
when no change in Dfd protein abundance is detectable (Figame genetic background, only 25% of the first thoracic
7A,B), there is a decrease in the activity of various modules afegments bear thoracic cirri. Thus, even wbéhexpression

the Dfd-EAE. One of these, module F, consists nf a

471 bp fragment at the 8nd of theDfd EAE (Zenc
et al.,, 1994). This element activatBfd-depender
reporter expression in posterior maxillary cells
wild-type embryos and is equally active hs-cnc/
controls (Fig. 7C). Ectopic expression of CncB ne
abolishes the activity of this element (Fig. 7
Another Dfd-EAE fragment, 570 bp module

activates Dfd-dependent reporter transcription
most maxillary epidermal cells (Zeng et al., 1¢
Fig. 7E). When compared withs-cncAembryos
module C exhibits lower activity ihs-cncBembryo:s
(Fig. 7F). The smallest known module of tBéd-
EAE with a significant amount of autonom
activity is the 120 bp module E, which is dire
targeted by both Dfd and Exd proteins (Zeng e
1994; Pinsonneault et al., 1997) HsrcncBembryos
expression levels from module E are lower than t
observed in wild-type oths-cncA embryos (Fig
7G,H). Conversely, incnc?E16 cncc’ or cnc/L110
embryos (shown), module E is ectopically expre
in mandibular cells (Fig. 7K,L). From the
experiments, we conclude thainc function is
required to repress a variety of Dfd response eler
in mandibular cells and that ectopic CncB is suffic
to reduce the activity of all of those element:
maxillary cells. Thehs-cncBinduced repression

these elements occurs at a time after heat shock
Dfd protein levels in the maxillary segment

unchanged, evidence that the CncB effect on -
elements is not indirectly caused by CncB repre:
of Dfd protein levels produced from the endoger
Dfd locus.

Although the cuticular phenotype conferred
ectopic expression dis-cncBsuggested it does r
generally antagonize the function of Hox proteins
specify trunk regional identities, we wished to
whethercis-regulatory elements that are activate
other Hox proteins exhibited any response to ec
CncB. To address this question, we tested the ac
of the Ubx-activatedipp674 element (Capovilla
al., 1994; Sun et al., 1995), the Abd-B-activatets
1.2 kb filzkérper element (Jones and McGinnis, 1
and an element that is activated by the Hox pr
Labial (Popperl et al., 1995; Chan et al., 1996).
of these elements exhibited patterns and amoui
reporter expression ihs-cncBembryos that wel
indistinguishable from controls (Fig. 71,J and date
shown).

Another experiment to address whether C
represses the maxillary-promoting functiorDdél by
antagonizing its function on downstream ta
elements involved testing the effects of ChcBXdd-
dependent structures wh@&id expression is drive
by an exogenous promoter. Heat-shocked eml
that are heterozygous for batis-Dfd (Kuziora anc

A' B 100 cncA ORF 800

cnc bZIP

D 390 cncB ORF

cnc bZIP

1230

FS?

cncC ORF 1230

cnc bZIP
1 Adh terminator

hsp70 promoter

Fig. 5.Phenotypes produced by ectopic expression of Cnc isoforms. (A) A
heat-shocked wild-type control embryo reacted with the common Cnc
antibody. (B) A map of the heat-shock promatecAconstruct. (C) A heat-
shockedhs-cncAembryo reacted with the common Cnc antibody. (D) A map
of the heat-shock promotencBconstruct. (E) A heat-shockéd-cncB

embryo reacted with the common Cnc antibody. (F) A map of the heat-shock
promoterencCconstruct. The first methionine in frame with the long ORF
that includes the CNC and b-ZIP codons corresponds to the codon for
methionine #21 in Fig. 3. (G) A heat-shockedcncCtransformed embryo
reacted with the common Cnc antibody. All embryos shown were fixed 15
minutes post heat shock. Head cuticles at terminal stages of embryogenesis
are shown for (H) wild-type, (hs-cncBand (J)hs-cncC One hour heat

shocks were performed at 6-8 hours of embryogenesis (see Materials and
Methods).hs-cncBcuticles have only fragments of mouth hook material (MH)
at the anterior tip of the head and fewer cirri. The H-piece (H) is also either
fragmented or absent. The dorsal bridge (DBr) and truncated lateralgraten
(LG) are recognizable, although more diffuse in appearance. The median
tooth is also recognizable although abnormally shadpedncCcuticles do

not develop mouth hooks. The cirri and dorsal bridge are greatly reduced or
absent. The median tooth is recognizable although abnormally shaped. There
are narrow lateralgraten (LG) in their proper position in the head but there is
also a sclerotic extension of the lateralgraten (arrow) that may represent a
duplication of lateralgraten or H-piece arms. (K) Dark-field view of denticle
belts in a wild-type first instar larva. (L) First instar denticle beltshef-ancB
cuticle after a 1 hour heat shock at 6-8 hours of development. In the heat-
shocked embryos, the abdominal denticle pattern is disrupted along the ventral
midline in approximately 50% of the embryos.
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Fig. 6. Dfd andcncexpression in wild-type and mutant backgrounds. .- C -
(A-C) Double labeling for Cnc protein (green) and Dfd protein (red)
in wild-type embryos at successive stages of embryonic
development. Overlapping regions of protein expression are yellow.
Embryos are oriented with ventral down and anterior to the left. The
white line indicates the boundary between the maxillary and
mandibular lobes. (A) At stage 9, CncB protein is limited to
mandibular nuclei while Dfd protein is present in all mandibular and
maxillary segment nuclei. (B) At stage 11, Dfd protein is still

abundant in posterior mandibular cells overlapping with CncB Fig. 7. Hox response elementséncmutants andhs-cncgenetic

protein, but Dfd levels are lower in anterior mandibular cells. (C) At backgrounds. Wild-type arfts-cncembryos were heat shocked for 1
stage 13, Dfd protein is limited to the maxillary segmentand an oy at 37°C, allowed to recover for 30 minutes, then fixed and either
approximately 2-cell-wide stripe in the posterior mandibular segmengypyridized with a digoxigenin-labeled RNA probe facZ reporter

where it overlaps w_ith CncB e_xpression. In the anterior mandibula_r transcripts (C-J) or reacted with anti-Dfd antiserum (A,B). Arrows
segment, Dfd protein expression has been repressed. CncB proteinjigyicate the posterior boundary of the maxillary segment. The

still abundant throughout the mandibular lobe, except on the ventralgerivation of the Dfd response modules shown here are described in
aspect of the embryo, where CncB is excluded from the poster_ior Zeng et al. (1994). (A) Dfd protein expressiomaicncA (B) Dfd
mandibular compartment (Mohler et al., 1995). (D) Stage 12 wild-  protein expression ihs-cncBembryos. Dfd protein abundance is

type, and (E) stage Ihc*=19cnc?=1mutant embryos reacted with  ynchanged is-cncBembryos at 30 minutes after heat shock,

anti-Dfd antibodies. In wild-typebfd transcript and protein althoughDfd RNA transcripts are reduced at this time point (see Fig.
expression (shown) is limited to the maxillary segment and a 2-cell- 6G). (C)Dfd-EAE module F activity iths-cncAembryos. (D)Dfd-
wide stripe in the posterior mandibular segmentrict=19cnc?E16 EAE module F activity ifs-cncBembryos. (EDfd-EAE module C

mutants Dfd transcript and protein expression (shown) persists in - activity in hs-cncAembryos. (FDfd-EAE module C activity irhs-
anterior mandibular cells (arrow) in a pattern that resembles the  cncBembryos. (GPfd-EAE 4X module E activity ifs-cncA
pattern in maxillary cells. (Apfd transcript expression pattern in embryos at stage 12. (IB¥d-EAE 4X module E activity ihs-cncB
stage 1hs-cncAembryos. (GDfd transcript expression pattern in - empryos at stage 12. (I) Embryonic expression pattedp74, a
stage 1hscncBembryos. Both embryos were heat shocked for 1 ypy response element, lrs-cncAembryos (J) dpps74 activity in
hour at 37°C and fixed 30 minutes later (see Materials and Methodshs.cncBembryos, which is indistinguishable frdm-cncAor wild

Levels ofDfd transcripts irhs-cncAembryos and wild-type embryos  ype (K) Expression pattern bfd-EAE 4X module E detected with

after heat shock are indistinguishable, but are redudesteémcB antif3-gal antibodies in wild-type stage 13 embryos. (L§he/L110
embryos. (HDfd transcripts irhs-cncCembryos fixed 30 minutes  yytant embryos at stage T¥d-EAE 4X module E is activated
after heat shock. The patternfid transcripts is identical to wild- ectopically in posterior mandibular (Md) cells.

type orhs-cncAcontrols.

is driven in ectopic positions by a heat-shock promoter, theepression of thBfd autoactivation circuit in ectopic positions
maxillary-promoting function of Dfd protein is reduced in theor to CncB repression of downstream target elements of Dfd
presence of CncB. This could either be due to CncB-mediatgatotein, or to both of these effects.
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cnc is required to repress mandibular DIl expression DISCUSSION

One of the downstream genes that is activatedDfiy in )
maxillary cells isDistal-less(DIl). DIl is required for the The cnc gene has been proposed to encode a spatial
formation of the larval appendage primordia and the disteleterminant required for proper segmental identity in the
regions of adult appendages (Cohen et al., 1989) In tHeOSterior head (Mohler e_t al., 1995) H.ere yve flnd.that a crucial
maxillary segmentDIl is expressed in two patches of cells: apart of this segmental identity function is provided by the
dorsal patch that gives rise to the maxillary sense organ andagalized expression of the CncB protein isoform. In loss-of-
ventral patch that consists of the primordia for the maxillanfunction mutants in which CncB function is reduced or absent,
cirri (Fig. 8A). The dorsal maxillary domain Bil expression mandibular epidermal cells assume the identity of maxillary
is largely independent obfd function, while the ventral epidermis. This is in part because Dfd function is no longer
maxillary patch ofDll is activated byDfd through a 3 antagonized in mandibular cells, which our current evidence
enhancer (the ETD6 element) (O'Hara et al., 1993)ntBEL6  suggests is mechanistically accomplished by CncB exerting a

mutant embryos,DIl is ectopically expressed in ventral repressive effect on many Dfd response elements. These
mandibular cells, suggesting thatncB represses DIl elements include ‘downstream’ autoactivation elements at the

transcription in mandibular cells (Fig. 8B). Ihs-cncB Dfd locus and Dfd response elements at downstream genes

embryos 30 minutes after heat shock, when Dfd proteiguch asDIl and 1.28 (Mohler et al., 1995). When CncB
abundance is normal (Fig. 7A,H))I expression is repressed function is reduced or lost, these downstream target genes and
in the ventral maxillary segment (Fig. 8D) but other domain®fd response elements are inappropriately activated in
of DIl expression in the head and thorax are relativelynandibular cells. CncB is one of the growing list of genetic
unaffected, indicating that CncB selectively repressebftte  functions, other examples being Exd/Pbx class proteins, the
dependent portion of thBIl expression pattern. lhs-cncC ~ products of theéeashirtandhomothoraxgenes and other Hox
andhs-cncAembryOS, the ventral maxi”ary expressiormf genes, that modulate the functionallactiv_ity and Specificity .Of
is not selectively repressed (Fig. 8C). Reporter genthe Hox system, and thereby diversify A/P body axis
expression from theDll ETD6 enhancer follows the morphology (Peifer and Weischaus, 1990; Gonzalez-Reyes and
expression oDIl as the enhancer is ectopically activated inMorata, 1990 Roder and Kerridge, 1992; Jurgens and

the ventral mandibular region amcmutants and repressed in Hartenstein, 1993; Mohler et al., 1995; Rieckhof et al., 1997;
hs-cncBembryos (data not shown). Kurant et al., 1998; Pai et al., 1998). Unlike Exd/Pbx, there is

as yet no evidence that the modulatory effect is mediated by
direct binding of CncB to Dfd protein.

CncB is not only required to repress Dfd target genes and
Dfd response elements in most mandibular cells, but also is
sufficient to partially repress such Dfd targets in the maxillary
segment. When CncB is ectopically expressed during mid-
embryogenesis, many of the nornifd-dependent cuticular
structures produced by maxillary cells are reduced or absent.
This is associated with the ability of CncB to reduce the levels
of Dfd transcription in maxillary cells. This is due, at least in
part, to CncB action oDfd epidermal autoactivation elements,
since the activity of some of these elements is rapidly repressed
by ectopic CncB. No ectopic mandibular structures (e.g.
lateralgraten, dorsolateral papillae) are detected ihgkmncB
cuticular preparations, therefore it appears that the heat-shock-
induced expression of CncB, coupled with Dfd function, is not
sufficient to specify mandibular segmental identity in place of
maxillary identity.

Among the many known and suspected targets of Hox
Fig. 8. Distal-lessexpression itncmutants andhs-cncgenetic protenjs, the CncB repression function appears _to be highly
backgrounds. The panels show expression patterns obtained using 8€lective for Dfd targets. In normal embryos, this is partly due
digoxigenin-labeled RNA probe that detects transcripts frondftle 0 the highly restricted expression pattern of CncB, which
downstream genBll (O’Hara et al., 1993). (ADIl expression in a overlaps the expression patterndffl, but not the expression
stage 12 wild-type embryo. Note the dorsal-lateral patch in the of other Hox genes except fa@roboscipedia(Pultz et al.,
maxillary segment as well as tbéd-dependent patch in the center  1988). However, even whers-cncBis ectopically expressed,
of the maxillary segment (arrowhead). (@) expression ina stage  the epidermal phenotype indicates that the function of Hox
12 cnc2E18homozygote. The wild-typBll expression pattern is genes that act in the trunk (eSgr, Antp, Ubx, abd-AandAbd-
obtained as well as ectopic expression in the mandibular segment B) are largely unaffected. This selective activity might be due
(arrow). (C)DII expression in stage 1®&-cncAembryos at 30 to the presence of CncB-binding sites in maig response

minutes post heat shock. In the-cncAbackground, or in wild-type | t d th b f h sites f d t
embryos, the pattern &fll is normal, althoug®Il transcript levels elements and he absence of such sies irom downstream

are globally lower in alhs-cncbackgrounds after heat shock. () ~ €léments that are activated by other Hox proteins. All of the
expression ims-cncBembryos. The dorsal lateral maxillary Drosophila Cnc protein isoforms are closely related in their

expression pattern @ll is observed, but the ventiafd-dependent CNC and b-ZIP domains to the well-studied p45 subunit of the
patch ofDIl expression is repressed. mammalian NF-E2 transcription factor. Based on this, it is
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expected that one mode of CncB action will involveRose and Hansen, 1996). Thus, it is possible that the 272 amino
heterodimerization with small Maf-class proteins on sequencexcid domain has a relatively generic repression function that
with the consensus GCTGW CAT (Andrews et al., 1993a,b). accounts for its ability to interfere with Dfd protein on target
The underlined nucleotides designate the palindrome found glements. This 272 amino acid domain might also contain
many sites bound by homodimers or heterodimers of b-ZIBequences that allow it to specifically repress Dfd response
proteins. None of the elements (modules C, E or F obfde elements, while having little effect on other Hox response
epidermal autoregulatory enhancer) that show ectopic activitglements.
in cnc mutants and are repressed by ectopic expression of The predicted CnhcC protein also possesses this 272 amino
CncB, have sequences that match the TGANTCA core of thecid domain, but in addition has an additional 491 amino acids
b-ZIP-binding site. Module E has been previously subjected tat its N terminus that are unique to this isoform. At present,
systematic mutageneses that involved clustered substitutiotisere are no known mutant alleles that remove onhcitio€
throughout its length (Zeng et al., 1994; Gross and McGinnidunction and leave the function of the other isoforms intact, but
1995; Pinsonneault et al., 1997). None of the mutant versiortke hs-cncCGinduced defects allow us to speculate about the
of module E exhibited ectopic activity in the mandibularrole of cncC in normal development. Heat-shock-induced
segment, although discrete subregions were required for tleetopic expression of CncC protein has a profound influence
activity of this Dfd response element in the maxillary segmenion head development, removing Biid-dependent maxillary
The sum of this evidence suggests that the sequences in modepgdermal structures and affecting the normal morphogenesis
E that transduce thenc repressive effect overlap with the of many other cuticular structures from a variety of head
sequences required for module E activation. At present, tteegments. Interestingly, it ablates the maxillary-promoting
mechanism by which CncB function is directed to Dfd targefunction of Dfd without any detectable affect ofd
elements is unknown. Since the ectopic expression of Cnc#anscription levels. ThencCtranscript isoform is apparently
protein has no detectable effect on morphology or viabilitymaternally deposited, and expressed in all or virtually all cells
even though it possesses the same DNA-binding domain dsiring embryogenesis at levels that vary at different stages.
CncB, it seems unlikely that a Cnc DNA-binding function Using staining intensity as a guide with probes of similar sizes,
alone is sufficient to repress the activity of Dfd responséhecncCtranscript levels appear to be much lower than those
elements. of cncBin the mandibular and hypopharyngeal regions. One
One region oDfd expression that appears to be immune tanodel consistent with all these results is that the CncC function
the repressive effects of CncB is in posterior mandibulasets a threshold level of repressor that must be overcome in
epidermis. Throughout most of embryogenesis, these celtwder for Dfd and other head-patterning functions to activate
maintain abundant levels of CncB protein and levels of Dfdranscription from some or many of their downstream target
protein that are only somewhat lower than the levels detectagenes. Conceivably, the threshold level of this repressor might
in maxillary cells (Fig. 6). One possible reason for this is thaeven change the segment identity function of Dfd protein by
some of the autoactivation enhancers that suppfgd  regulating its ability to activate different numbers of target
expression in this region are not completely repressed lgenes. Consistent with this model, when the level is
CncB. It is only a subset of such elements that are immune tivamatically raised by heat-shock-induced expression of CncC,
CncB, since other autoregulatory enhancers that contribute the ability of Dfd and other head-patterning genes to promote
Dfd expression in this region are strongly activated when CncBhe development of head structures is lost. Further experiments
function is absent (Fig. 7K,L). We believe that the most-likelywith cncGspecific null mutations, in combination with
possibility is that some of the persistédfd transcription in  markers for target genes of Dfd and other head-patterning
the posterior regions of the maxillary and mandibular segmentactors, will be required to explore this and other potential
is supplied by elements that require Dfd protein only to achievexplanations for thecncC gain-of-function and loss-of-
the normal levels of expression and have independent sourdesction phenotypes.
of regulatory input that determine their spatial limits of CncB and CncC may act in the mandibular segment in a
expression. There is evidence for the existence of suadhanner that resembles how posterior Hox proteins act to
elements, which act in the posterior region of the maxillarynfluence the function of anterior Hox genes during the process
segment (Zeng et al, 1994), and this also applies to th&f phenotypic suppression (Gonzalez-Reyes and Morata, 1990;
posterior mandibular segment at early stages of embryogenedimcias and Morata, 1996). For example, the Hox protein
(G. Gellon and W. McG., unpublished results). Ultrabithorax (Ubx) can suppress the thoracic-promoting
It is possible that protein-protein interactions play a role irffunction of Antennapedia (Antp) in a manner that is
the selectivity of CncB action. The difference between théndependent of Ubx regulatory effects Antp transcription.
CncA protein and the CncB protein resides in the 272 amin@ne mechanism that has been proposed to explain phenotypic
acids found at the N terminus of CncB. This 272 amino aciduppression is competition for common binding sites by the
domain, required for the repressive effect on Dfd responsdifferent members of the Hox family, although other
elements, has no significant similarity to non-repetitive aminanechanisms are equally plausible (Duboule and Morata,
acid sequence of proteins that are currently listed in publit994). Binding-site competition seems highly unlikely to be
databases. It does, however, share a number of repetitive amidficient for the CncB suppressive effect on Dfd response
acid motifs that are found in a variety of other transcriptiorelements, since CncA also possesses the same DNA binding
factors. These include His-Pro repeats, Ala repeats, Val-Glgnd dimerization motif as CncB, and has no detectable
repeats and Pro repeats. Alanine-rich regions have bedarfluence on Dfd expression or function. Though binding site
associated in a few instances with transcriptional repressia@ompetition in itself seems to be an unlikely mechanism, it is
functions (Licht et al., 1990; Han and Manley, 1993 Hannaintriguing that the half site that is recognized by CNC class b-
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Zip proteins, G/oATCAT, resembles the preferred half-site Orkin, S. (1993a). Erythroid transcription factor NF-E2 is a
(ATCA) for proteins of the PBC class (eliyosophila Exd, haematopoietic-specific basic-leucine zipper profdature 362, 722-728.

; ; ; ; ndrews, N. C., Kotkow, K. J., Ney, P. A., Erdjument-Bromage, H.,
mammalian Pbx). The Exd/Pbx proteins bind cooperatively té Tempst, P. and Orkin, S.(1993b). The ubiquitous subunit of erythroid

DNA W'th melmy Hox pr_Ote'nS (Mann and Cha_‘nv 1996) and the transcription factor NF-E2 is a small basic-leucine zipper protein related to
exdfunction inDrosophilaappears to be required for many of the v-maf oncogenéProc. Natn. Acad. Sci., US#0, 11488-11492.
the Hox proteins to activate downstream target genes, but nmr?fﬁnbc- ancrl1 _'I\A%Ginnist,_ W(19§)0)f- The ;Et&rggugaéoalzzghzggg element

H H H (o) e prosopnilanomeotic geneerorme .9, - .
for their repression eﬁe.CtS O.n targets (Pmsonneaun et. ab’otas, J.(1993). Control of morphogenesis and differentiation by HOM/Hox
1997). Pgrhaps one way in which CncB_ acts is by anta_gon|Z|nggenes_Current Opin. Cell Biol5, 1015-1022.
the function of this known Hox coactivator on certain DfdBowerman, B., Eaton, B. and Priess, J. R(1992). skn-1 a maternally
response elements. expressed gene required to specify the fate of ventral blastomeres in the early

In many interesting ways, the interactions of CncB with Dder(():\/.vre1lelglarl]-|$n;r%y?<.;‘:|tloes8’ Flogl(_fgg;). Functional cDNA libraries from
resemble those of theashirt(tsh) gene with Hox genes of the Dros’oph“aembryosMoL 'Biol. 203 425-437.

trunk, particularlySex combs reduced (Sc8cris normally  capovilla, M., Brandt, M. and Botas, J. (1994). Direct regulation of
expressed both in the labial and 1st thoracic segments, whiledecapentaplegicby Ultrabithorax and its role irDrosophila midgut
tsh expression overlaps only the 1st thoracic (T1) portion of morphogenesisCell 76, 461-475.

: Chan, J. Y., Han, X.-L. and Kan, Y. W.(1993). Cloning of Nrfl, and NF-E2-
the Scr domain (Fasano et al., 1991). Bagh and Scr are related transcription factor, by genetic selection of yéast. Natn. Acad.

required for T1 identity, and in order to achieve the normal sci uspe0, 11371-11375.
morphology of this segmenghrepresseScrtranscription and Chan, S. K., Popperl, H., Krumlauf, R. and Mann, R. S.(1996). An
function in T1 (Fasano et al., 1991; Roder and Kerridge, 1992). extradenticle-induced conformational change in a HOX protein overcomes

A ; an inhibitory function of the conserved hexapeptide m&iBO J.15,
Teashirt is also capable of repressing some of the 2476-2487.

morphogengtic funCtionS dcrin other segments WheBCr  conen, s. M., Brénner, G., Kittner, F., Jirgens, G. and Jackle, H1989).
expression is driven by heterologous promoters (Andrew et al., Distal-less encodes a homoeodomain protein required for limb development
1994). The mechanism that integrates the functionshaind in Drosophila Nature 338, 432-434.

; uboule, D. and Morata, G.(1994). Colinearity and functional hierarchy
Scris not yet known, but presumably occurs on commorP among genes of the homeotic compleXigends Genetl0, 358-364.

downstream target elements, sincetgeggene encodes a zinc- Ekker, S., Jackson, D., von Kessler, D., Sun, B., Young, K. and Beachy, P.

finger protein with a sequence-specific DNA-binding function (1994). The degree of variation in DNA sequence recognition among four
(Alexandre et al., 1996). Drosophilahomeotic proteinsEMBO J.13, 3551-3560.

CncB is one of three isoforms produced fromahelocus. ~ Farmer, S., Sun, C., Winnier, G., Hogan, B. and Townes, T1997). The
bZIP transcription factor LCR-F1 is essential for mesoderm formation in

The_: other two, CncA and CncC, are expres_sed maternally, as,; se developmenBenes Devi1, 786-798.

their transcripts are present in early syncytial embryos. Thusasano, L., Roder, R., Core, N., Alexandre, E., Vola, C., Jacq, B. and
either or both of these isoforms may play a role in oocyte Kerridge, S. (1991). The gengeashirtis required for the development of
development or in early stages of embryogenesis. Analysis ofDrosophilaembryonic trunk segments and encodes a protein with widely

) . . P ; spaced zinc finger motif€ell 64, 63-79.
a P-element insertional allele ofic indicates that a function Gonzalez-Reyes, A. and Morata, G(1990). The developmental effect of

at thef locus is required for germ cell viability or earl_y 00QgEenesiS gyerexpressing a Ubx product Brosophilaembryos is dependent on its
(Perrimon et al., 1996). Both the CncA and cncC isoforms are interactions with other homeotic produdgell 61, 515-522.

also expressed at later stages in most or all embryonic celfgraba, Y., Aragnol, D. and Pradel, J.(1997). Drosophila Hox complex
Studies of their roles in development, and how these roles aregownsneam targets and the function of homeotic g&ieEssay.9, 379-

integrated with the role of CncB, await mutations thatgoss, c. and McGinnis, W.(1995). DEAF-1, a novel protein that binds an
selectively eliminate their functions. essential region in a Deformed response elen#BO J.15, 1961-1970.
Hales, K. and Fuller, M. (1997). Developmentally regulated mitochondrial
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