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ABSTRACT:. Abasic sites in DNA are generated either spontaneously or after removal of altered bases
during the base excision repair process. These as well darBaged ends of DNA at single-strand
breaks induced by reactive oxygen species are repaired by AP-endonucleases. The major human AP-
endonuclease (named APE-1) has two unrelated activities. It may function as an activator of c-Fos and
c-Jun transcription factors and as a repressor of the parathyroid hormone (PTH) gene by binding to the
negative C& -response elements (nCaRE) in its promoter. Preliminary studies indicate that the h-APE-1
gene is highly regulated. Analysis of its promoter activity by transient expression of the luciferase reporter
gene in human, HelLa and TK®6 cells suggested the presence of a negative regulatory element in the promoter.
Two nCaRE-like sequences were identified in the promoter segment responsible for inhibiting reporter
gene expression. Competitive electrophoretic mobility shift assay with HelLa nuclear extract indicated
that the nCaRE sequences of the APE-1 and PTH genes are recognized by the APE-1 polypeptide. These
results suggest that the APE-1 gene may be down-regulated by its own product.

Apurinic/apyrimidinic (AP} sites are ubiquitous in DNA,  involves multiple steps starting with the cleavage of the DNA
and possibly the most abundant genomic lesions that arestrand adjacent to the AP sites, removal of the deoxyribose
generated either by spontaneous depurination or as intermephosphate residue, followed by gap-filling synthesis and
diates during cellular repair of modified and unnatural bases. ligation (Friedberget al., 1995). The DNA strand cleavage
It is estimated that about 1@basic sites are generated per is catalyzed by a multitude of AP-endonucleases (APE)
human cell per day (Lindahl, 1993). Reactive oxygen speciespresent in both bacteria and mammals. The major enzyme
(ROS), including HO»~, OH, O,, HOCI, and various free  cleaves 5to the AP site (Doetsch & Cunningham, 1990;
radicals, induce a wide variety of lesions in DNA ranging Demple & Harrison, 1994). This enzyme, both from
from oxidized base lesions, such as 8-oxoguanine andEscherichia coli(exonuclease Ill) and mammalian cells
thymine glycol, to base loss and DNA strand breaks with (where it was variously named HAP1, APEX, or APE and
modified ends such as-Bhosphate and phosphoglycolate  is called APE-1 here), has an associatédegonuclease
(Wallace, 1994; Ward, 1994; Breen & Murphy, 1995). The activity that removes '3rans-o,3-unsaturated aldehyde
AP sites, strand breaks, and some base lesions block DNAgenerated by AP lyases, as well aspBosphate and
replication and may also be mutagenic (Loeb & Preston, 3'-phosphoglycolate generated in DNA by reaction with
1986; Netoet al,, 1992; Grollman & Moriya, 1993; Wallace, ionizing radiation (Doetsch & Cunningham, 1990; Cten
1994). This array of lesions is repaired via the base excisional., 1991; Robsoret al., 1991; Sekiet al., 1991). Thus,
repair (BER) pathway (Friedbergt al, 1995; Wallace, = APE-1 is also responsible for the removal dfiBocked
1994). Repair of modified bases is initiated by their removal termini at the site of strand breaks generated by ROS.
by specific DNA glycosylases resulting in AP sites (Fried- We have recently observed that the human APE-1 is

berg et al, 1995, Wallace, 1994). Repair of AP sites 5 .yiyated transiently 3- to 5-fold by nontoxic levels of only

ROS, and that this increase in APE-1 is associated with a
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Ca&t-response elements (nCaRE-A and nCaRE-B) were A 23595 -1779  +94
identified in the promoter of the parathyroid hormone (PTH) IH ? HL h-APE-1 gene
gene which is regulated by extracellular’Cathe nCaRE- a i ! ]

[]

binding protein was identified as APE-1/Ref-1 (Okazeaki ' 3 7' Kb ! luc gene
al., 1994). However, recent studies indicate requirement of b —(i
additional protein(s) for this binding (Chureg al, 1996). ' 18 kb,

The results of the study reported here suggest that the
APE-1 gene is autoregulated through the interaction of
APE-1 protein with nCaRE sequences located upstream of
its own promoter.

1.2F —4&—3.7kb
) —®&—1.8kb

MATERIALS AND METHODS

Reporter Plasmids.Isolation of the human APE-1 ge-
nomic DNA was described previously (Zhao al., 1992).
The pGL2-basic plasmid (Promega), a promoterless vector
containing the firefly luciferase (luc) reporter gene, was used
as the negative control and also for cloning promoter
fragments. DNA was purified by either CsCl-banding twice

0.4 -

Luc/B-gal (x108 arbitrary units)

(Ausubelet al., 1993) or by chromatography on Qiagen Med 0 4 L 1
Column. Serial deletions of the promoter region were 5 10 15 20 25
constructed by using PCR-amplified DNA. The amplified Time (hours)

DNA sequences were confirmed by direct sequencing FIGURE 1: Analysis of the h-APE-1 promoter by luciferase reporter
analysis. The pSyexpression plasmid (Promega),encod- SESS () Tun P PLAs 1 pelesss () Sene,
ing E. coll ﬂ-galacto&daseﬁ(gal), was purified twice by fragments, respectively, aligned with the h-APE-1 gene (line a).
CsCl-banding and the same batch of DNA was used as any Hindlil; S, Sma. The numbers above line a indicate the gene
internal control in order to normalize variation in transfection map position relative to the transcription start site (Zkaal.,
efficiency. ransfection with the reporter plamics. Lucierase. activty was
Ce.” Culture and TransfectionA human Iymphoblastmd tnrgpniaelleed forﬂ-galactogidasepexpresséd from a co-trans%ected
cell line, TK6 (Skopelet al, 1978), was obtained from Dr.  pjasmid.
W. Thilly and grown in RPMI 1640 (Gibco) supplemented
10% bovine serum (Hyclone). HeLa S3 cells were grown and T4 polynucleotide kinase (Pharmacia) and purified by
in Dulbecco-modified essential medium containing 10% fetal gel filtration. The binding reaction mixture (24L) con-
bovine serum (Hyclone); or in suspension in S-MEM tained 15xL of buffer (0.35 mM HEPES-KOH, pH 7.8, 1
medium supplemented with 10% fetal bovine serum. For mM MgCl,, 0.5 mM EDTA, 0.5 mM DTT, and 10%
transient transfection experiments, exponentially growing glycerol), 1ug of poly (dI-dC) (Sigma)32P-labeled oligo-
cells (5 x 1°/mL) were harvested, washed twice in nucleotide, nuclear extracts (1218 ug of protein) and
phosphate-buffered saline (PBS), and then resuspended ircompetitors as described in the figure legend. After incuba-
PBS at 4x 107 cells/mL. After mixing a 25Q:L suspension  tion for 20 min at 25°C, 10uL samples were loaded on to
with plasmid DNA (20ug of luc plasmid and 129 of pSV{ a 5% polyacrylamide gel for electrophoresis in Tris-borate
plasmid); the cells were incubated on ice for 10 min and at 4°C. The gel was dried and exposed to Kodak X-AR5
then electroporated (Bio-Rad gene pulser, 250 V and 960 film overnight for autoradiography.
uF). After 20 min incubation on ice, the cells were DNA Sequencing.The sequencing was carried out in
transferred into 10 mL of complete medium and incubated recombinant pBluescript (Stratagene) plasmids in UTMB’s
for 16 h, washed twice with PBS, and finally lysed in lysis Recombinant DNA Laboratory using T7 and T3 universal
buffer (Promega). Thg-gal and luc activities were mea- primers. Consensus sequences were obtained from the NIH
sured in assay mixtures containing their substrates (Promegajranscriptional factor data base (TFD).
by absorbance at 420 nm and with a chemiluminescence
luminometer (Tatsukat al., 1995), respectively. The luc RESULTS AND DISCUSSION

activity was normalized to thé-galactosidase activity. The  The first indication for the presence of a negative regula-
universal unit off-gal and luc activities were calculated by o1y element in the human APE-1 promoter was provided
standard enzyme reaction supplied by Promega and Boehyy our observation that transient expression of the Iuciferase
ringer Mannheim respectively. gene in TK6 cells, under the control of the APE-1 promoter,

Gel Retardation AssayThe following oligonucleotides  was significantly inhibited when the expression plasmid
were used for EMSA in which the nCaRE motifs are contained a 1.9 kblindlll/ Sma fragment located upstream
underlined. PTH-nCaRE-B, TATGTTTTTGAGACAGGGT-  of the promoter (Figure 1). When normalized with respect
CTCACTCTGA; nCaRE-B1, GATCCTTTTGAGACAGTCT-  to coexpressef-galactosidase, the level of luciferase activity
CAGCTCTG; nCaRE-B2, GATCCTTTTTGAGACAGA-  encoded by the plasmid with a 3.7 kb promoter wa< 6-
GTTTCACTCTTG. fold lower than that encoded by the 1.8 kb promoter-

HelLa nuclear extracts were prepared as described (Ausubetontaining plasmid; this difference was not significantly
et al, 1993), and about 2 mg of protein (6 mg/mL) was affected by the time of expression after transfection. The
present in the extract of Z 1 cells. Oligonucleotides  negative regulatory role of the 1.9 kb fragment was also
were labeled with-3P]JATP (Amersham, 3000 Ci/mmol) found in transfected HelLa cells (data not shown).
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A ACCTAGCCAG

GTTGCAGGTA TATTCCTCCA TCGTTGACCA CTCTCCCAGC CATACC#TTG gﬁEIfGEAﬁ_ 70
@AGTCGAT ATCCTGGGAG GTTAATCCAG ACTCTGTTAG TGCCTCCTGC AGCAGGTCTA GGATAACAGC 140
TCGGTGATGC CTGGCTGTAT CACCTGGAAG GAATCCTAGA AAATGAACAT AGGTCAGAGA TCACAGGGATL 210
I_IIQT_GI}\GC AAAGGTAGGT AGGAAGTTAA AGAAAGCAAC AGGAGTTTTA GTGATGTAGT AAGAGTCCTT 280
TCA?:?I'BTCCC CAAGCATCCT ATCTTCCACA TTTTCAGATC TACTCTTTCC GGCTTCTATA TAGGCTATTC 350
AACTTTCAGA AATGCTCTTC TTCTTACCCT ACTCAGCCTT CAGGTCTCRA TGCAAGTGGT ATCTACCTCA 420
TACCCTTTCG TGATCTTTTT TTTTTTTTTT CTT @AC AGTCTCAGCT |CTGTCACCCA GGCTGGAGTG 490
nCaRE B1
CAGTGGCACG ATCTCGGCTC ACTGCAACCT CCACCTCCTG AGTTCAAGAG ATTCTTCTGC CTCAGCCTCC 560
TGAGTAGCTG GGACTACAGG CGACACCACC ACGCTCAGCT AACTTTTGTA TTTTTAGTAG AGACGGGGTT 630
TCACCATATT GGCCAGGCTG GTCTCGAACT CCTGACCTCG TGATCCGTCT GCCTCGGCCT CCCAAAGTGC 700
TGGGATTACA GGCCTGAGCC ACCGTGCCTG GCCTTTGGTG ATCTTCTTTC TCTGTGACCC TACAGAACTC 770
TATGCATGAT GATGTCATTT ATTTAACATA ACAATTACAG CATTATAATT TTCIGTGGTT TGCTCAGCTT 840
AATCATGAAT ATCTCAAAGC ATTGAGTATT TTATTTATCT TTGTATTCCC AGTGCCCAAG g’GECBCZAGAGG a10
AGTGAATGCT AAACATACAT ATATATTTCT AGTGAGTATC TGTCACARACA TCACCTGTTC AGGGAGGCTT 980
TTCAGATACA TGCAAGTCAG CTGCCCTCTC CTATGTATGC AAGTGTTTGA GGGGAGAGTA GCAAGATATA 1050
ATAGCTTATT TAAAATATCA ATTAAARAGTT GTAATGTGTT TTGTACTTTT TTTTTTTTT G}}‘(&(REGggT_ 1120
@TG ATGCCCAGGC TGGAGTGCAA TGGCACCATC TCGGCTCACT GCAACCTCTG TCT%&GF 1189
ma
B CCATTTGTETATGGAGAA nCaRE-A (PTH)
CCCTTGGTGTATGCAATG nCaRE-A (APE-1)
ngﬁg geexp Tpf\, crer g nCaRE-B (PTH)
c CTCAGCTCTG  nCaRE-B1 (APE-1)
TTTTTGAGACAGGGTCTCAGTCT G nCaRE-B (PTH)
TTTTTGAGAGAGA GRTCACTCTTG ~ nCaRE-B2 (APE-1)
GGGAYTTTGC NF-kB CS
GGGATTTTCT h-APE-1
TGTGGWWWGCCAAT C/EBP CS
TGTGG T TTGCTCAG h-APE-1

Ficure 2: Characterization of potential regulatory elements in the h-APE-1 promoter. (A) DNA sequence of the region upstream of the
Sma site (shown in Figure 1) responsible for down-regulation. Candidate sequences for nCaREkB, &t C/EBP are indicated. (B)
Sequence similarity of NkB and C/EBP between consensus sequences (CS) and those found in the h-APE-1 promoter, and of nCaRE’s
in PTH and h-APE promoters. Arrows within nCaRE-B’s indicate inverted repeats (Okeizakj 1994).

Earlier studies on promoter analysis of the human APE-1 regulatory element was not detected (Harrispal.,, 1995).
gene did not include characterization of the 3.7 kb fragment, While we cannot explain this discrepancy, it is possible that
particularly the 1.9 kb upstream fragment that apparently the disparate results were due to differences in the methods
contains the negative regulatory element (Harrisoral., of transfection and in the reporter genes.

1995). We determined its complete sequence and established Attempts to identify the exact repressor sequence by using
its physical map, which allowed us to construct a series of overlapping deletion constructs yielded complex results
luciferase expression plasmids containing various regions of (Figure 3B). It is evident that even a 275 bp fragment at
the 1.9 kb fragment (Figure 2A). Furthermore, the fragment the Sma boundary conferred silencer activity (Figure 3B,
was transposed to théterminus of the luciferase gene which line 5), which disappeared by further 93 bp deletion (Figure
is still cis to the transcription unit or placettans in an 3B, line 6). However, the silencer activity also disappeared
independently co-transfected plasmid (Figure 3A, lines 3 and for the 606 bp fragment-containing plasmid and reappeared
4). The results on the normalized expression of luciferase with the presence of 445 bp fragment (Figure 3B, lines 3
show that the putative negative regulatory element is active and 4). These results are reproducible as indicated in the
even when it is placed downstream to the luciferase gene.standard errors and the multiple number of times (shown in
However, the repressor activity is lost when the element is parenthesis in the right hand column in Figure 3B) these
present intrans in a separate plasmid. There are many transfection assays were performed. Our observations sug-
examples of negative regulatory elements on silencer se-gest the presence of multiple silencer and enhancer elements
guences in the promoters of mammalian genes. The positiondocated in the region upstream in the APE-1 promoter. Itis
independent effect of a silencer was also observed in negativanteresting that a similar situation exists in some other genes
regulation of human IL-4 and rat LDH-A genes (Li-Weber in that a negative regulatory element functions by directly
et al, 1993; Chunget al, 1995). Characterization of the suppressing the activity of an enhancer element (Li-Weber
human APE-1 promoter and analysis of its function have et al, 1993; Chunget al., 1995). Although these elements
been reported previously, but the presence of a negativeare located close to each other in the case of IL-4 promoter,
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Ficure 3: Deletion analysis of the h-APE-1 promoter. (A) Schematic diagram of 3.Rikdlll (H) fragment containing the h-APE-1

promoter and showing the Alu sequences (boxesSiB4d site, same as in Figure 1. Bars represent reporter constructs containing the
luciferase gene (luc) linked to promoter segments including regions responsible for repression (hatched), and aligned with the 3.7 kb
fragment. (B) Fine structure mapping of the repressor element (hatched bar) line 1, same as in A. Nested deletions of the sequence starting
at the 5 terminusHindlll (H) site and ending at th&ma (S) site in plasmid 1 were generated by PCR for aligned plasmids 2 through 5

with the size (bp) of the fragments given above. Plasmid 6 contains a 93 bp internal deletion including the nCaRE-B2 element. Measurement
of expression of luciferase activity was described in Figure 1. Numbers of independent assays are given in parentheses.

the silencer functions in a position-independent fashion (Li- Okazakiet al. (1994) showed that both nCaRE-A and
Weberet al., 1993). nCaRE-B oligonucleotides formed complexes with the
Sequence analysis of the 0.9 kb region showed the nuclear extracts of various cells as indicated by electro-
presence of twoAlu repeat sequences (Figure 3). More phoretic mobility shift. We mqwred vvhether the APE-1
surprisingly, there are three nCaRE sequences in this region"C@RE-B1 and nCaRE-B2 oligonucleotides also complexed
two of them located within thé\lu repeat sequences. The with HelLa nuclear extracts. Our results show that not only

APE-1 promoter has one nCaRE-A type sequence which isdid the oligonucleotides form specific complexes with HeLa
identical in 11 out of 13 internal bases to the nCaRE-A Proteins, but these complexes could be competed with PTH

sequence of the PTH gene. However, since repression of?/CaRE-B, but not with nonspecific plasmid DNA (Figure
the luciferase reporter was observed in the absence of4A)-

nCaRE-A (Figure 3B), this element may not be important ~ We failed, as did Okazalet al. (1994), in showing gel
for the negative regulation. The APE-1 promoter has two mobility shift of nCaRE-oligonucleotide with purified h-
nCaRE-B sequences, denoted nCaRE-B1 and nCaRE-B2APE-1 polypeptide (data not shown). The lack of APE-1
with a 2 base pair gap, and a gap along with a mismatch binding to nCaRE can be explained by the requirement of a
relative to the nCaRE-B sequence of the PTH gene, heterodimerization partner for interaction with the response
respectively (Figure 2B). Unlike the nCaRE-A type se- element. However, the presence of APE-1 in the shifted
quence, the presence or absence of these two elements hagPmplex could be shown by preincubating the HeLa nuclear
significant effect on the activity of the promoter (Figure 3B). extract with rabbit anti-APE-1 antisera. While the control
Specifically, dramatic repression of luciferase expression duenNonimmune sera had no effect on complex formation, it was
to the presence of a 93 bp segment of the APE-1 promoterpreventEd after preincubation with the anti-APE-1 antibody
is evident from a comparison of luciferase activities in lines (Figure 4B).

5 and 6. A similar increase in luciferase expression was The gel mobility shift experiments are completely repro-
observed as a result of deletion of a 35 bp segment spanningiucible and their results strongly suggest that the APE-1
the nCaRE-B2 from the reporter plasmid represented in line polypeptide binds to its own promoter in the same way as it
5 (data not shown). Thus this down-regulation may be does to the PTH promoter and thus may act as a silencer.
attributed to the presence of nCaRE-B2 element in the APE-1However, the expression of PTH is affected by altering
promoter. extracellular C&" level in parathyroid cells. Intracellular
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Ficure 4. APE-1 binding activity of nCaRE-B sequences in the
h-APE-1 promoter. Aliquots of HelLa nuclear extracts (18
protein) were incubated with 50 fmol GfP-labeled nCaRE-B1
(lanes 1-3) or nCaRE-B2 (lanes46) oligonucleotides. (A) Lanes

1 and 4, control with no addition; lanes 2 and 5, addition of 250-
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