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Repression of the Drosophila Proliferating-Cell Nuclear Antigen
Gene Promoter by zerknullt Protein
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A 631-bp fragment containing the 5'-flanking region of the Drosophila melanogaster proliferating-cell nuclear
antigen (PCNA) gene was placed upstream of the chloramphenicol acetyltransferase (CAT) gene of a CAT
vector. A transient expression assay of CAT activity in Drosophila Kc cells transfected with this plasmid and
a set of 5'-deletion derivatives revealed that the promoter function resided within a 192-bp region (-168 to +24
with respect to the transcription initiation site). Cotransfection with a zerknullt (zen)-expressing plasmid
specifically repressed CAT expression. However, cotransfection with expression plasmids for a nonfunctional
zen mutation, even-skipped, or bicoid showed no significant effect on CAT expression. RNase protection
analysis revealed that the repression by zen was at the transcription step. The target sequence of zen was

mapped within the 34-bp region (-119 to -86) of the PCNA gene promoter, even though it lacked zen

protein-binding sites. Transgenic flies carrying the PCNA gene regulatory region (-607 to +137 or -168 to
+ 137) fused with lacZ were established. When these flies were crossed with the zen mutant, ectopic expression
of lacZ was observed in the dorsal region of gastrulating embryos carrying the transgene with either construct.
These results indicate that zen indirectly represses PCNA gene expression, probably by regulating the
expression of some transcription factor(s) that binds to the PCNA gene promoter.

The proliferating-cell nuclear antigen (PCNA) (35), also
known as cyclin (8), is a nuclear protein, the expression of
which correlates with the proliferating state of the cells (33,
48). PCNA is an auxiliary protein for DNA polymerase 8 (9,
42) and is one of the essential factors for synthesis of the
leading strand in the replication of simian virus 40 DNA (40,
41). This protein is also important for cellular DNA synthesis
and cell cycle progression (27). The cDNAs and genes for
mammalian (1, 34, 50), plant (47), Drosophila (52), and yeast
(2) PCNA have been cloned. Nucleotide sequence analysis
revealed that the amino acid sequence of PCNA has been
highly conserved during evolution (2, 47, 50); hence, PCNA
probably has a vital role in the maintenance of life.
The presence of clusters of 10-bp sequences similar to the

binding consensus for Drosophila homeodomain proteins
(15, 25, 37) was noted in the region from nucleotide positions
-165 to -357 of the Drosophila PCNA gene (52). DNase I
footprint analysis revealed that the homeodomain proteins
encoded by a pair rule gene, even-skipped (eve), and a

dorsal-ventral gene, zerknuilt (zen), can specifically bind to
these sequences in vitro (52). These observations suggested
that expression of the PCNA gene is under the control of
genes coding for homeodomain proteins. It may be reason-
able to assume that zen represses the expression of PCNA,
since zen directs differentiation of cells that are mitotically
inactive (17, 21).

In this study, we dissected the 5'-flanking region of the
Drosophila PCNA gene and located the region required for
promoter activity functioning in cultured cells and living
organisms. Han et al. reported that zen is a potent transcrip-
tional activator (22); however, the zen-producing plasmid
specifically repressed the chloramphenicol acetyltransferase
(CAT) expression directed by the regulatory region of the
PCNA gene. Analysis of the target sequence for this repres-

* Corresponding author.

sion indicated an indirect role of the zen protein in the
regulation of PCNA gene expression. In vivo studies with
transgenic flies corroborate this conclusion. The biological
significance of repression ofPCNA gene expression by zen is
discussed.

MATERIALS AND METHODS

Plasmid constructions. A 631-bp DNA fragment containing
the -607 to +24 region of the PCNA gene was isolated from
a Drosophila PCNA genomic DNA clone, pUC19DgPCNA01
(52), by digestion with EcoRI, blunt ending by Klenow
fragment, digestion with SacII, and insertion into the SmaI
and SacIl sites of plasmid pSKCAT. pSKCAT carried the
polylinker region of Bluescript SK(-) in front of the CAT-
coding region, splicing signals of the simian virus 40 early
gene, and poly(A) addition signal of simian virus 40 early
gene. The resultant plasmid was designated p5'-607DPC
NACAT. A 428-bp fragment was isolated from pUC19D
gPCNA01 by digestion with BamHI, blunt ending by Kle-
now fragment, digestion with Sacll, and insertion into the
SmaI and Sacll sites of pSKCAT to obtain plasmid
p5'-404DPCNACAT. This plasmid was then digested with
SalI, and a set of 5'-deletion mutants was constructed by
digestion with Bal3l nuclease and introduction of the Sall
linker at the deletion breakpoints. The deletion breakpoint of
each deletion derivative was determined by the dideoxy
sequencing method (45), using either a synthetic 17-mer
(5'-GGTGGTATATCCAGTGA-3') that hybridized to the
CAT-coding region or a 17-mer (5'-TCGATAGCAGGCAG
CGA-3') that hybridized to nucleotide positions -95 to -111
of the PCNA gene. The breakpoints of the deletion deriva-
tives are summarized in Fig. 1.

Plasmid pS'-404DPCNACAT was digested with ClaI, and
a 307-bp fragment was removed. The remaining portion of
the plasmid was religated to obtain plasmid p5'-97DPCNA
CAT. This plasmid was digested with PvuII and ClaI, and
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FIG. 1. Nucleotide sequence of the 5' upstream region and a part of exon 1 of the Drosophila PCNA gene. Nucleotide + 1 denotes the most
proximal major cap site; residues preceding it are indicated by negative numbers. Three cap sites determined by primer extension analysis
(52) are indicated by vertical lines with open arrowheads. The sequence that matches the cap site consensus of insect mRNAs (26) is boxed.
A series of 5'-deletion mutants was constructed, and their 5' ends are indicated by numbered vertical lines with closed arrowheads. The
regions (I to III) interacting with homeodomain proteins in vitro (52) are indicated by bars above the sequence. The position of the sequence
(+24) that was linked to the CAT vector DNA (CAT) is also shown. The untranslated region of the mRNA is indicated by a solid line below
the nucleotides. The protein-coding region starting with the ATG codon is indicated by the amino acid single-letter code. The 10-nucleotide
sequence similar to that of the mammalian transcription factor Spl-binding consensus is indicated by the dotted box. The hexanucleotide
sequence that matches the Drosophila zeste protein-binding consensus is enclosed in a solid box.

then a 279-bp fragment was isolated. This fragment was
inserted into Sall and SmaI sites of Bluescript SK(-) to
obtain plasmid pBCP, which was used to prepare the RNA
probe for RNase protection analysis.
- The expression plasmid pAct5C-zen (22) contains full-
length zen cDNA placed under the control of the Drosophila
actin 5C promoter (-2500 to +88) (6). Similarly, the expres-
sion plasmids pAct5C-eve (22) and pPAcbcdEE (18) contain
full-length eve and bicoid cDNAs, respectively. Efficient
expression of these proteins in transfected Drosophila em-
bryonic cells has been demonstrated with use of specific
antibodies to these proteins (18, 22). The expression plasmid
pAct5C-zen-A1 (22) corltains an internal deletion from amino
acids 137 to 236 of the zen protein, and plasmid pActS
C-zen-A2 (22) contains a deletion from amino acid 235 to the
C-terminal end of the zen protein. Plasmid pAct5C-z2 is an
expression plasmid for the zen-related gene z2 (22). Plasmid
Sk'-TATA-CAT (22) contains five tandem head-to-tail re-
peats of fragment k' (-852 to -949 of the engrailed gene)
fused to a metallothionein basal promoter. Plasmid pAc-
GEM3 contains the actin SC promoter (-2600 to +76) within
the polylinker region of plasmid pGEM3.
A 800-bp DNA fragment containing the termination codon

(TAA) and poly(A) addition signal (AATAAA) of the Droso-
phila hsp7O gene was isolated from plasmid pryHS (24) by
digestion with SalI and BglII and inserted between the XhoI
site and blunt-ended PstI site of plasmid pW8 (30). The
resultant plasmid was designated pW8HS. A 744-bp DNA
fragment (-607 to +137 of the PCNA gene) was isolated
from plasmid pUC19DgPCNA01 by digestion with BglII and

EcoRI, blunt ended by Klenow fragment, and then inserted
into the unique SmaI site of plasmid pMC1871, a ,-galac-
tosidase (lacZ) gene fusion vector. A DNA fragment con-
taining the lacZ gene fused with the PCNA gene in frame
was isolated from this plasmid by digestion with Sall, blunt
ended by Klenow fragment, and inserted into the blunt-
ended XbaI site of plasmid pW8HS. The resultant plasmid
was designated p5'-607DPCNAlacZW8HS. Plasmid
p5'-168DPCNAlacZW8HS was obtained by replacing the
DNA fragment between the SalI and SacII sites of plasmid
p5'-607DPCNAlacZW8HS with the DNA fragment isolated
from p5'-168DPCNACAT by digestion with Sall and SacII.
AR plasmids were propagated in Escherichia coli HB101

and isolated by standard procedures (44). Isolated plasmid
DNA was further purified through two cycles of ethidium
bromide-CsCl density gradient centrifugation.

Cell culture, DNA transfection, and CAT assay. Drosophila
Kc cells (20) were grown in M3(BF) medium (14) supple-
mented with 2% fetal calf serum. Cells were plated at about
4 x 106 cells per 60-mm dish at 16 h before DNA transfec-
tion. DNA was transfected into cells by the calcium phos-
phate coprecipitation technique described elsewhere (16).
Unless otherwise specified, each transfection contained 1 ,ug
of promoter-CAT plasmids, 6 ,ug of expression plasmid, 3 ,g
of pAcGEM3, and 7.5 ,ug of pGEM3 per dish. Cells were
harvested at 48 h after transfection. Cell extracts were
prepared, and CAT activity was measured as described
previously (51). To quantify CAT activity, radioactive spots
corresponding to acetylated forms of chloramphenicol were
taken from the thin-layer plates, and radioactivity was
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measured in a toluene-based scintillation cocktail, using a
scintillation counter. CAT activities were normalized to
protein amounts, which were determined by Bio-Rad protein
assay (51).
RNA preparation and RNase protection analysis. Total

cellular RNA was extracted from DNA-transfected Kc cells
by the guanidinium HCl-CsCl gradient method (11). Isolated
RNA was treated with DNase I in the presence of 100 U of
human placental RNase inhibitor to remove contaminating
plasmid DNA (44).
RNase protection assays were carried out as described

elsewhere (44). Plasmid pBCP was linearized with SalI and
transcribed with T3 RNA polymerase in the presence of
[a-32P]UTP to yield an RNA probe of 352 nucleotides. Ten
micrograms of Kc cell total RNA or yeast tRNA was mixed
with S x 105 cpm of RNA probe in 30 RI of solution
containing 80% formamide, 40 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES; pH 6.4), 0.4 M NaCl, and 1 mM
EDTA. After the solution was heated at 85°C for 10 min,
hybridizations were carried out at 42°C for 16 h. RNase
digestions were performed by incubation at 30°C for 30 min
after addition of 300 ,ul of solution containing 0.3 M NaCl, 10
mM Tris-HCl (pH 7.4), 1 mM EDTA, 2 ,ug of RNase T1 per
ml, and 40 jxg of RNase A per ml. RNases were inactivated
by proteinase K digestion followed by phenol-chloroform
extraction. The protected fragments were applied to a 6%
polyacrylamide gel containing 8 M urea. 32P-labeled pUC19
MspI fragments were used as size markers.
Germ line transformation and analysis of expression pat-

terns. P-element-mediated transformation and establishment
of homozygous transformant stocks were done as described
previously (43, 46). Twenty and ten independent transform-
ant lines were established for p5'-607DPCNAlacZW8HS
and p5'-168DPCNAlacZW8HS, respectively. Male trans-
genic flies were crossed with female wild-type flies to ob-
serve the zygotic expression of lacZ in early embryos (0 to 5
h old). To test the expression of the PCNA-lacZ fusion gene
in embryos carrying the mutation of zen (a third chromo-
somal mutation), males heterozygous for the zen mutation
(zenw36ITM3) with the transgene on the X chromosome were
crossed with zenw36 (32) heterozygous females. Homozy-
gous embryos were' identified by characteristic morphologi-
cal changes in embryogenesis.
Expression patterns of lacZ and endogenous PCNA were

analyzed by immunostaining as described previously (31).
Embryos (0 to 5 h old) were collected, dechorionated, fixed,
devitellinized, and then blocked with Tris-buffered saline
(TBS; 50 mM Tris-HCl [pH 8.3], 150 mM NaCI) containing
10% goat serum and 0.15% Triton X-100 (TBT). Incubation
with the primary antibody was carried out in the same
solution for 16 h at 4°C. The embryos were washed exten-
sively in TBS containing 0.3% Triton X-100, reblocked with
TBT, and incubated with the secondary antibody for 16 h at
4°C. After extensive washing with TBS containing 0.3%
Triton X-100, color was developed in a solution containing
100 mM Tris-HCl (pH 9.5), 100 mM NaCl, 5 mM MgCl2, 0.34
mg of nitroblue tetrazolium salt per ml, and 0.175 mg of
5-bromo-4-chloro-3-indolyl phosphate toluidinium salt per
ml. A polyclonal rabbit anti-Drosophila PCNA (38) (used at
a dilution of 1:1,000) and an alkaline phosphatase-conjugated
goat anti-rabbit immunoglobulin G (IgG; preabsorbed
against fixed 0- to 16-h-old embryos and used at a dilution of
1:2,000; Promega Biotec) were used as primary and second-
ary antibodies for the detection of PCNA. A mouse anti-p-
galactosidase (1acZ) monoclonal antibody (preabsorbed
against fixed 0- to 16-h-old embryos and used at a dilution of

1:1,000; Promega Biotec) and an alkaline phosphatase-con-
jugated goat anti-mouse IgG (preabsorbed against fixed 0- to
16-h-old embryos and used at a dilution of 1:2,000; Promega
Biotec) were used as primary and secondary antibodies for
the detection of lacZ. Preparations were observed with a
microscope (Nikon FXA-A1) and photographed on Tri-X
Pan 400 film (Kodak).

RESULTS

Repression of PCNA promoter-directed CAT expression by
the zen protein. Clustered sequences similar to the binding
sites for Drosophila homeodomain proteins (15, 28, 37) were
noted in the 5'-flanking region of the Drosophila PCNA
gene. DNase I footprint analysis revealed that the products
of the eve and zen genes expressed in E. coli specifically
bound to these regions (52). The three binding regions for
homeodomain proteins are shown in Fig. 1.
To determine whether a homeodomain protein(s) can

affect transcription of the PCNA gene, a cotransfection
assay using cultured Drosophila embryonic Kc cells was
carried out. Plasmid p5'-607DPCNACAT, carrying the 5'
upstream region (-607 to +24) of the PCNA gene linked to
the CAT-coding region, was used as the reporter plasmid.
The expression plasmid for zen, pAct5C-zen (22), that for
eve, pActSC-eve (22), and that for bicoid, pPAcbcdEE (18),
were used as effector plasmids. Expression of each of these
proteins is directed by the Drosophila actin SC promoter (6),
which is highly active in Drosophila cells. Expression of the
zen protein repressed PCNA promoter-directed CAT ex-
pression by 70 to 80%. The expression of the eve protein did
not affect CAT expression, and expression of the bicoid
protein only marginally repressed CAT expression (Fig. 2).
As shown in Fig. 3, the zen expression plasmid activated

extensively the CAT expression of plasmid Sk'-TATA-CAT
(22), which carries 30 tandem repeats of the consensus
homeodomain protein-binding sequence. At the same con-
centration, it repressed CAT expression directed by the
PCNA promoter. Thus, it is not likely that the repression of
the PCNA-CAT plasmid is caused by a general squelching
phenomenon due to high expression of the zen protein.
Furthermore, an internal deletion (zen-Al) that lacked 99
amino acids, including the carboxyl-terminal 13 amino acids
of the homeodomain (22), eliminated the repression of CAT
expression from p5'-607DPCNACAT, as did a mutation
(zen-A2) that deleted 119 amino acids from the carboxyl
terminus (22) (Fig. 3, lanes e to h). These mutants did not
activate Sk'-TATA-CAT, as noted previously (22) (Fig. 3,
lanes m to p). The results suggest that the intact zen protein
encoded by the expression plasmid pActSC-zen is responsi-
ble for the repression.
The effect of the zen-related gene z2 (22) on the expression

of pS'-607DPCNACAT was also examined (Fig. 4). The z2
expression plasmid extensively repressed the CAT expres-
sion of p5'-607DPCNACAT and strongly activated the
expression of Sk'-TATA-CAT.

Since the synergistic effect of multiple homeodomain
proteins on target promoters containing homeodomain pro-
tein-binding sites had been reported (22, 28), plasmid
p5'-607DPCNACAT was cotransfected with various com-
binations of homeodomain protein-producing plasmids. As
shown in Fig. 5, repression of CAT expression was observed
only when the zen-producing plasmid was included in the
transfection; no apparent synergistic effect by other homeo-
domain proteins was observed.
The zen protein represses transcription from the PCNA
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FIG. 2. Effects of cotransfecting homeodomain protein-produc-
ing plasmids on CAT expression directed by the regulatory region of
the Drosophila PCNA gene. (A) One microgram of pS'-607DPCNA
CAT DNA and the indicated amounts of pAct5C-zen, pAct5C-eve,
or pPAcbcdEE were transfected into Kc cells. The indicated
amount of pAcGEM3 DNA and 7.5 ,g of pGEM3 DNA were also
included to maintain the amount of total DNA at a constant level. At
48 h after transfection, cell extracts were prepared to measure CAT
activity. Abbreviations in this and succeeding figures: Ac and CM,
acetylated and nonacetylated forms of [14C]chloramphenicol; Ori,
origin. (B) The radioactivities of spots corresponding to acetylated
114C]chloramphenicol on thin-layer chromatographic plates shown
in panel A were quantified and plotted against activity in the absence
of expression plasmid (panel A, lane mi). The 100% value was
101,968 cpm.

promoter. We performed an RNase protection analysis to
determine whether the proper transcription initiation sites
were utilized in the transient expression assay and whether
the change in CAT activity observed upon transfection of the
zen-producing plasmid was due to a change in mRNA levels.
Total RNA was isolated from Kc cells at 48 h after transfec-
tion and hybridized to an excess amount of uniformly labeled
radioactive antisense RNA probe that was complementary
to the region surrounding the previously determined PCNA
transcription initiation sites (52) (Fig. 6A). After digestion
with RNases A and T1, protected fragments of nearly the
appropriate size, as predicted from the transcription initia-
tion sites determined by the primer extension method, were
detected (Fig. 6). The intensity of each radioactive band
shown in Fig. 6 was quantified by densitometry. Almost
equal amounts of protected fragments were detected with
use of RNAs from Kc cells transfected with p5'-607DPC
NACAT in combination with either pAcGEM3 (control),
pAct5C-eve (eve expressing), or pPAcbcdEE (bicoid ex-
pressing) (Fig. 6B, lanes d, f, and g). In contrast, cotrans-
fection of this CAT plasmid with the zen-expressing plasmid
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FIG. 3. Effects of deletion mutants of zen on CAT expression
from p5'-607DPCNACAT or 5k'-TATA-CAT. Two micrograms of
each plasmid was cotransfected into Kc cells with 3 ,ug of each ofthe
other plasmids indicated above the lanes. At 48 h after transfection,
cell extracts were prepared to measure CAT activity. The sets of
two adjacent lanes represent duplicate independent transfections.
CAT activities (averages + standard deviations) relative to that of
either p5'-607DPCNACAT without expression plasmid (lanes a
and b; average 100% value was 39,822 cpm) or 5k'-TATA-CAT
without expression plasmid (lanes i and j; average 100% value was
1,776 cpm) are shown.

(pAct5C-zen) resulted in an 82% reduction of the protected
fragments (Fig. 6B, lane e). The extent of repression was
almost the same as that determined by measurement of CAT
enzyme activity (Fig. 2). These results indicate that the zen
protein represses transcription from the PCNA promoter.
Mapping of the minimum promoter and the target region of

the zen protein. We constructed 5'-end deletion derivatives
of plasmid p5'-607DPCNACAT (Fig. 1) and measured the
CAT expression level of each construct 48 h after transfec-
tion into Kc cells (Fig. 7; quantitative data from four

p5/-6TDPCNACAT 5k -TATA-CAT

a ^ I t >f ;fic
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Ac-,
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FIG. 4. Effects of the zen-related gene z2 on CAT expression
from p5'-607DPCNACAT or 5k'-TATA-CAT. Two micrograms of
each plasmid was cotransfected into Kc cells with 3 ,ug ofeach of the
other plasmids indicated above the lanes. At 48 h after transfection,
cell extracts were prepared to measure CAT activity. The sets of
two adjacent lanes represent duplicate independent transfections.
CAT activities (averages + standard deviations) relative to that of
either p5'-607DPCNACAT without expression plasmid (lanes a
and b; average 100% value was 97,811 cpm) or 5k'-TATA-CAT
without expression plasmid (lanes e and f; average 100%o value was
596 cpm) are shown.
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FIG. 5. Effects of cotransfecting various combinations of home-
odomain protein-producing plasmids on CAT expression directed by
the regulatory region of the Drosophila PCNA gene. One microgram
of p5'-607DPCNACAT DNA and the indicated amounts of home-
odomain protein-producing plasmids and/or control plasmid pAc
GEM3 were transfected into Kc cells. At 48 h after transfection, cell
extracts were prepared to measure CAT activity. The sets of two
adjacent lanes represent duplicate independent transfections. CAT
activities (averages + standard deviations) relative to that of
p5'-607DPCNACAT without expression plasmid are shown. The
average 100%o value was 93,704 cpm.

independent experiments are summarized in Fig. 9B). The
deletions up to nucleotide position -168 caused no signifi-
cant change in CAT expression. Several further deletions
toward position -71 caused a gradual but extensive decrease
of CAT expression. Thus, the 5' border of the minimum
promoter of the PCNA gene resides in the region between
-168 and -149.
The target region of the zen protein was determined by

cotransfecting either of the 5'-deletion derivatives and the
zen-expressing plasmid. The results of one experiment are
shown in Fig. 8, and average values from four independent
experiments are shown in Fig. 9B. Ratios of CAT expression
with and without the zen-expressing plasmid are shown in
Fig. 9A. Deletion from positions -404 to -119, which
removed the homeodomain protein-binding regions (Fig. 1),
caused only a slight fluctuation in the ratio of CAT expres-
sion with and without the zen-expressing plasmid (Fig. 9).
When the deletion was extended from -119 to -97, the
response to zen expression began to decrease, and further
deletion to position -86 abolished the response to zen
expression. The results indicate that the zen protein can
exert repressive effects through the 34-bp region between
-119 and -86 that resides in the distal portion of the
promoter region.

In vivo analysis with transgenic flies. Transgenic flies
carrying lacZ fused with the PCNA gene regulatory region
were established. We transformed flies with two different
constructs, p5'-607DPCNAlacZW8HS and p5'-168DPCN
AlacZW8HS. Detailed analysis of lacZ expression and
endogenous PCNA expression patterns during embryogene-
sis will be published elsewhere. In this study, we compared
the spatial patterns of lacZ and PCNA expression in wild-
type embryos and embryos with the homozygous zen muta-
tion. If zen represses PCNA gene expression in the embryo,
the ectopic expression of PCNA would be observed in the
dorsal region of the homozygous zen mutant embryo, the site
where zen functions in the wild-type embryo. The difference
in expression of PCNA between the wild-type and zen
mutant embryos was most evident at the beginning of stage
10, which was characterized by the appearance of the
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FIG. 6. RNase protection analysis. (A) Probe used. Plasmid
pBCP was linearized with SalI, and T3 RNA polymerase was used
to synthesize an RNA probe of 352 nucleotides (nt). The expected
protected fragments were about 188 bp. (B) RNase protection
analysis of RNA extracted from Kc cells transfected with 6 jxg each
of either pAcGEM3 (lane d), pAct5C-zen (lane e), pAct5C-eve (lane
f), or pPAcbcdEE (lane g), performed as described in Materials and
Methods. Similar amounts of total RNA were recovered from cells
cotransfected with each expression plasmid. Other lanes: b, undi-
gested probe; c, RNase treatment in the presence of yeast tRNA; a
and h, DNA size markers. The arrows indicate RNase-protected
fragments.

stomodeum invagination shown by short arrows in Fig. 10
(10). In the homozygous zen mutant embryos, the germ band
extension is incomplete and dorsal tissues are abnormally
expanded. The posterior limits of the germ band are shown
by long arrows in Fig. 10. Ectopic expression of PCNA was
observed in the expanded dorsal region of the zen mutant
embryo (arrowheads in Fig. lOb).

Similarly, ectopic expression of lacZ in the expanded
dorsal part was observed in transgenic embryos with the
homozygous zen mutation (arrowheads in Fig. lOe and h).
No apparent difference in lacZ expression patterns was
observed between embryos carrying either p5'-607DPCN
AlacZW8HS or p5'-168DPCNAlacZW8HS. No significant
staining with anti-lacZ was observed in wild-type and zen
mutant embryos that did not carry the transgene (Fig. lOf
and i). These results indicate that the promoter region of
PCNA is responsible for the ectopic expression of lacZ in
the homozygous zen mutant embryo. The fact that ectopic
expression was not evident before stage 10 of embryogenesis
also suggests that the repression by zen is not direct but
rather mediated by some unknown process(s).
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FIG. 7. Mapping of the promoter region of the Drosophila PCNA
gene. One microgram of each of the indicated 5'-deletion mutants
was transfected into Kc cells. At 48 h after transfection, cell extracts
were prepared to measure CAT activity. The sets of two adjacent
lanes represent duplicate independent transfections.
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DISCUSSION

Construction of 5'-deletion derivatives of the PCNA gene

in combination with CAT transient expression assays in
Drosophila Kc cells revealed that promoter function resided
within a 192-bp region from positions -168 to +24. The
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FIG. 8. Mapping of the target region in the PCNA gene for

repression by zen protein. One microgram of each of the indicated
5'-deletion mutants with (+) or without (-) pAct5C-zen was trans-
fected into Kc cells. At 48 h after transfection, cell extracts were

prepared to measure CAT activity. Five times more cell extract was
used to measure CAT activity in the experiments shown in lanes w
to P.

5-end Points of Deton mutants

FIG. 9. Quantitative analysis of CAT expression of 5'-deletion
mutants with and without zen-expressing plasmid. The radioactiv-
ities of spots corresponding to acetylated ["4C]chloramphenicol on
thin-layer chromatographic plates shown in Fig. 7, Fig. 8, and others
not shown were quantified. (A) Ratio and standard deviation of CAT
expression of each deletion mutant with pAct5C-zen to that without
pAct5C-zen. (B) Averages and standard deviations obtained from
four independent experiments using 5'-end deletion derivatives with
(solid bar) or without (open bar) pAct5C-zen, shown as fractions of
CAT expression with p5'-607DPCNACAT alone. The average

100% value was 110,370 cpm.

existence of 10-bp repeats similar to those in the transcrip-
tion factor Spl-binding site (19), starting at 42 bp and at 55 bp
upstream of the major transcription initiation site, has been
reported (Fig. 1). Although the Spl homolog has not been
detected in Drosophila cultured cells (13), these sequences
may be involved in the regulation of transcription. We also
searched the binding consensus sequences of several re-

ported Drosophila transcription factors such as GAGA (5),
zeste (3), Adf-1 (23), Cfl (29), AP1 (39), SRE (7, 36), and
actin SC element (7, 12) and found two sites that perfectly
matched the zeste protein-binding consensus 5'-CA/GC
TCA/G-3' (4), starting at positions -114 and -51 (Fig. 1).
Thus, the Drosophila zeste protein may be involved in
transcriptional regulation of the PCNA gene.
By cotransfection assay, we examined the trans-acting

effect of Drosophila homeodomain proteins such as those
encoded by the zen, eve, and bicoid genes on the function of
the PCNA gene regulatory region. Of these three home-
odomain proteins, only the zen protein exerted a trans-acting
effect and repressed expression of the PCNA gene. zen is
one of the zygotically active genes that control differentia-
tion of the dorsal-ventral pattern during early embryogenesis
in Drosophila cells (17). During cleavage cycles 10 to 11, zen

is widely expressed in the dorsal region of the embryo (17).
During cellularization and gastrulation, zen expression is
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FIG. 10. Expression of lacZ directed by the PCNA gene regulatory region in transgenic flies. Expression of lacZ from
p5'-607DPCNAlacZW8HS in a wild-type embryo (d) or an embryo with a homozygous zenw36 mutation (e) and that from p5'-168DPCNA
lacZW8HS in a wild-type embryo (g) or an embryo with a homozygous zenw36 mutation (h) was visualized by anti-lacZ staining. Anti-lacZ
stains of a nontransgenic wild-type embryo (i) and a nontransgenic embryo with a homozygous zenw36 mutation (f) are included as controls.
Expression patterns of endogenous PCNA in wild-type and homozygous zen'36 mutant embryos detected by immunostaining with anti-PCNA
antibody are shown in panels a and b; a zenw36 mutant embryo stained with control rabbit IgG is shown in panel c. Ectopic expression in the
dorsal regions of embryos homozygous for the zen mutation are indicated by arrowheads in panels b, e, and h. The posterior limit of the germ
band is shown by long arrows. All of the embryos shown are at early stage 10, which was characterized by the appearance of the stomodeum
invagination (short arrows). In all cases, anteriors of the embryos are on the left and internal focal views are shown. Since the homozygous
zen mutant embryos are slightly twisted, some positive signals in the dorsal part are out of focus. Note that anti-PCNA antibody mainly
stained nuclei as dot shapes, while anti-lacZ antibody stained cytoplasm. Magnification of each panel is x 185.

restricted to the dorsal-most cells of the middle-body region
of the embryo, where, according to the embryo fate map
(49), the presumptive optic lobe and amnioserosa are lo-
cated. This region also coincides quite closely with the
so-called mitotic domain A (21). It was reported that cells in
mitotic domain A do not divide after the cleavage cycle 14
(21). Thus, in nondividing cells in this region, the expression
of zen protein may activate the mechanism that can maintain
the DNA replication enzymes at a very low level throughout
embryogenesis by repressing their expression. In fact, zy-
gotic expression of PCNA-lacZ was very low in the dorsal-
most cells of the gastrulating embryos from transgenic flies,
and ectopic expression of PCNA-lacZ in the dorsal region
was observed in embryos homozygous for the zenw36 muta-
tion (Fig. 10). Target genes of zen have been assumed to be
those that promote differentiation of dorsal cells to the
amnioserosa and optic lobe. The results described in this
report also indicate that the PCNA gene is another target of
zen. The mechanism that activates genes for differentiation
and simultaneously inactivates genes for DNA replication to
block cell proliferation might be an effective way for cells to
promote differentiation.
As shown in Fig. 9A, the removal of homeodomain

protein-binding sites modulated only marginally the extent of
repression by zen protein, and removal of the region be-
tween -119 and -86, which is in the distal portion of the
promoter, completely abolished the effect of the zen protein.
Since we have not observed any binding of zen protein to
this promoter region (52), the repressive effect of zen protein

on this region would be indirect. zen may regulate the level
of some unknown transcription factor(s) that binds to this
region (-119 to -86) of the PCNA promoter. The results of
in vivo analysis with transgenic flies support this conclusion,
since the PCNA promoter without upstream zen-binding
sites is fully responsible for the ectopic expression in the
dorsal region of zen mutants.
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