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ABSTRACT. Recently, we found an interaction between adenomatous polyposis coli (APC) and DNA
polymerase (pol-3) and showed that APC blocks strand-displacement synthesis of long-patch base excision
repair (LP-BER) (Narayan, S., Jaiswal, A. S., and Balusu, R. (200Bjol. Chem. 2806942-6949);
however, the mechanism is not clear. Using an in vivo LP-BER assay system, we now show that the
LP-BER is higher in APC'~ cells than in APC/* cells. In addition to poj3, the pull-down experiments
showed that the full-length APC also interacted with flap endonuclease 1 (Fen-1). To further characterize
the interaction of APC with pol and Fen-1, we performed a domain-mapping of APC and found that
both pol$ and Fen-1 interact with a 138-amino acids peptide from the APC at the DRI-domain. Our
functional assays showed that APC blocks pahediated 1-nucleotide (1-nt) as well as strand-displacement
synthesis of reduced abasic, nicked-, or 1-nt gapped-DNA substrates. Further studies demonstrated that
APC blocks 5flap endonuclease as well as the-3 exonuclease activity of Fen-1 resulting in the blockage

of LP-BER. From these results, we concluded that APC can have three different effects on the LP-BER
pathway. First, APC can block pgtmediated 1-nt incorporation and strand-displacement synthesis. Second,
APC can block LP-BER by blocking the coordinated formation and removal of the strand-displaced flap.
Third, APC can block LP-BER by blocking hit-and-run synthesis. These studies will have important
implications for APC in DNA damage-induced carcinogenesis and chemoprevention.

The genomic stability of an organism is dependent upon  There are two types of DNA glycosylases, monofunctional
numerous DNA metabolic proteins. These proteins coordinateand bifunctional. The bifunctional DNA glycosylases have
in a very orderly fashion to ensure that DNA repair, additional AP lyase activity. Monofunctional DNA glyco-
replication, and recombination occur with high fidelity. sylases cleave only the glycosidic bond between N arid C1
However, many proteins involved in DNA metabolism have and then protect the abasic site until AP-endonuclease (APE-
been linked with human diseases, including candgr ( 1) cleaves the DNA backbone at theend of the AP-site
premature aging syndroma)( Huntington’s disease, Frieder- (7). The BER process is initiated by a DNA glycosylase that
ich’s ataxia, and myotonic dystrophg)( The modification recognizes a damaged base and cleaves a glycosidic bond
or loss of DNA bases can alter the coding specificity leading between the sugar and the base to establish an apurinic/
to mutations, which are a vital source of genetic variations apyrimidinc (AP) or abasic-site. Subsequently, AP endonu-
and the major cause of human diseases. To deal with thisclease-1 (APE1) cleaves the DNA backbone at thersl
type of situation, biological systems have evolved DNA of the AP-site. Depending upon the type of DNA damage,
repair mechanisms to protect genetic stability and integrity the abasic-site is repaired either by SP- or LP-BER. During
for the survival of organisms. DNA repair systems efficiently SP-BER, DNA polymerase5 (pol-3) removes the 5
remove damaged DNA via several different pathways. Abasic deoxyribose phosphate intermediate by deoxyribose phos-
DNA lesions account for a large proportion of the total phate lyase (dRPase) activity to yield aphosphorylated
damage and are mainly corrected by the base excision repaigapped-DNA strand4). Pol{ then incorporates the correct
(BERY) pathway. BER is mediated through two sub-pathways base at the site of the damaged base and DNA ligase-I seals
depending upon the size of the repair gap and the enzymesghe gap 8). If the AP-site is oxidized or reduced, then repair
involved. In mammalian cells, single base lesions are repairedis completed by LP-BER. In this case, gbincorporates 1
by single-nucleotide base excision repair, also referred to asnucleotide (1-nt). The 'Eoverhang is removed by flap
short-patch (SP)-BERY, and multi-nucleotide base excision endonuclease-1 (Fen-1), and finally, the nick is sealed by
repair, also referred to as long-patch (LP)-BER ). DNA ligase | 6, 9, 10). Without the removal of the flap,
LP-BER cannot be accomplished. Thus, Fen-1 is a critical
T Financial support for this study was provided to S.N. by grants enzyme in the LP-BER pathway1, 12). Fen-1 also has a

from NCI—-NIH (CA-097031-01 and CA-100247-01) and the Flight =, 2, - g .
Attendant Medical Research Institute, Miami. FL. 5'—3' exonuclease activity which is required for the removal
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as a diverse group of flap adducts such as cisplatin derivativesbovine serum, 100 U/mL of penicillin, and 1Q@/mL of

(15). Fen-1 interacts with several DNA repair proteins such
as proliferating cell nuclear antigen (PCNA), replication
protein A (RPA), replication factor-C (RF-C), DNA poly-
merase) ande (pol-6 and <), and DNA ligase 1 12). The

streptomycin.

APC PeptidesAn APC peptide, 20-amino acids in length,
(1250-KVSSINQETQTYCVEDTPI-1269) was synthesized
at the Protein Chemistry and Biomarkers core facility at the

role of Fen-1 has been implicated in maintaining genomic ICBR of the University of Florida. They represent the DRI-
stability (11, 16—19) and as a novel tumor suppressor gene domain of the wild-type APC (APCwt) or a mutated form

(20).
Mutations in theadenomatous polyposis coli (APGene

of the APC, APC(Q-A,I-A,Y-A), or APC(I-A,Y-A) in which
amino acids Q1256, 11259, and Y1262 were replaced with

are the earliest events in the development of colorectal @lanine (A) (1250-KVSSIRETAQTACVEDTPI-1269 or

carcinogenesis. ThAPC gene contains 8535 nucleotides,
which encode for 2843 amino acids or 312 kDa of protein.

1250-KVSSINQERQTACVEDTPI-1269).
Stable APC-Knockdown HCT116 Cell LinA. vector-

Most of the somatic mutations are clustered between codonsPased overexpression of the double-stranded RNA (dsRNA)
1284 and 1580, also known as the mutation cluster regionthat is homologous to théPC gene was used in these

(MCR) (21—24). APC plays a diversified role in a broad
spectrum of functions ranging from cell adhesion to cell
migration, Wnt-catenin signaling4, 25), cell cycle control
(24), apoptosis regulatior26—28), and chromosomal seg-
regation R9). APC is present in both the cytosol and nucleus
(30). One of the roles of APC in the nucleus is to regulate
[-catenin levels, which bind to Tcf/Lef transcription factors

studies. The oligonucleotides designed to contain a nucleotide
sequence specific for thePC mRNA (oligonucleotides 5
GATCCGCAACAGAAGCAGAGAGGTTTCAAGAGAAC-
CTCTCTGCTTCTGTTGCTTTTTTGGAAA-3and 3-AGC-
TTTTCCAAAAAAGCAACAGAAGCAGAGAGGTTCT-
CTTGAAACCTCTCTGCTTCTGTTGCG-3 respectively)
were annealed and subcloned into BemH1landHindlll

and regulate the transcriptional activity of a number of target Sites of the pSilencer 2.1 vector system (Ambion, Inc.,

genes 80, 31). Our recent findings implicate another role
of nuclear APC in the regulation of DNA repai8Z, 33).
We have previously shown th&PC gene expression is

Austin, TX) to generate pSIRNA-APC38). A jumbled
sequence of this oligonucleotide was used to generate a
mutant APC plasmid. The plasmid harboring the insert,

induced upon exposure to DNA-damaging agents in colon "amed pSiIRNA-APC or pSIRNA-APCmut, was transfected

cancer cells34, 35), suggesting a possibility of the interac-
tion of APC with DNA repair machinery. Recently, we
suggested that APC may interfere with pgbmediated
strand-displacement synthesis of LP-BER)( We described

into HCT-116 cells using Lipofectamine reagent as described
by the manufacturer (Invitrogen, Carlsbad, CA). Briefly,
HCT-116 cells were plated in 60 mm tissue culture dishes
at 60% confluence. The DNAlipid complex was assembled

that increased and decreased levels of APC in different breasPy Mixing 14uL of Lipofectamine with 30QuL of serum-
cancer cell lines was associated with a decrease or increasé’€€ medium and 4g of pSiRNA plasmids. The DNA
in LP-BER activity. Our studies suggested a role of increased liPid complex was allowed to form at 2Z for 45 min, and

level of APC in compromised LP-BER in benzfjpyrene

then the complex was gently added to the plates in a serum

tion of pre-malignant breast epithelial cel33}. However,
the mechanism by which APC blocks LP-BER is still not
clear. Previous studies have shown that pohediated

tion, the medium was replaced with a fresh medium
containing 0.6 g/L of G418. The cells were grown for 7
days in a G418 selection medium. The stably transfected

strand-displacement synthesis of LP-BER is coordinated andclones were grown and confirmed for APC protein levels

stimulated by Fen-136, 37). Whether APC has any effect

by Western blot analysis. The HCT-116 cells expressing

on Fen-1-coordinated strand-displacement synthesis is noStable pSIRNA-APC and pSIRNA-APCmut plasmids were
known. In the present investigation, we have examined the "amed HCT-116(APC") and HCT-116(APC’), respec-

mechanism by which APC plays a role in LP-BER. We
hypothesize that APC plays a distinct role in LP-BER
through its interaction with pgt and Fen-1. When APC
interacts with pol, it blocks polf-mediated 1-nt as well

tively.

BER Assay in \lo. The pGL2-p21, a closed circular DNA
of p21(Waf-1/Cipl1) promoter down stream of the luciferase-
reporter gene, containing random C residues was deaminated

as strand-displacement synthesis. We have further shown thaPy 3 M sodium bisulfite in the presence of 50 mM

the interaction of APC with Fen-1 blocks thée-flap

hydroquinone 39, 40). This reaction modifies cytosine into

endonuclease activity of Fen-1 and, thus, blocks the strand-uracil residues (U-p21P) for the SP-BER substrate. The
displacement synthesis of LP-BER. Our results also showedresulting U-p21P was treated with uracil-DNA glycosylase

that APC blocks 5-3' exonuclease activity of Fen-1 and,
thus, blocks the hit-and-run mechanism of LP-BER, in which
Fen-1 excises a nucleotide at tHesRle of a nick and creates
a gap that is filled by pop (37).

EXPERIMENTAL PROCEDURES

Maintenance of Celld&duman colon cancer cell lines HCT-
116 (expressing wild-type APC), LS411N, and LoVo
(expressing mutant APC) were grown in McCoy's 5a
medium at 37C under a humidified atmosphere of 5% £0

(UDG) and then reduced with 0.1 M sodium borohydride to
generate reduced AP-sites (R-p21P) for the LP-BER sub-
strate. We transiently transfected the R-p21P plasmid using
Lipofectamine reagent (Invitrogen, Carlsbad, CA) in stable
HCT-116(APC’*) and HCT-116(APC-) (clone-19) cell
lines. Briefly, cells were grown to 6670% confluence in

35 mm tissue culture dishes and transfected withug/@nL

of R-p21P DNA and 0.5:g of pCMV-3-galactosidasest

gal) plasmid using %L/mL of Lipofectamine reagent. The
pCMV-f-gal served as an internal control to correct the
differences in transfection efficiency. Afté h of transfec-

In each case, the medium was supplemented with 10% fetaltion, once the cells were acclimatized, one set of cells was



APC Blocks Long-Patch Base Excision Repair Biochemistry, Vol. 45, No. 51, 20065905

harvested, and the promoter activity determined at this time the yeast Gal4 activation domain (AD) in plasmid pGAD-
point was considered the zero time point. The medium of C3. Adapters were included as needed for the in-frame
the remaining dishes were aspirated and replaced withinsertion of APC, pol3, and Fen-1 DNA sequences relative
complete medium supplemented with 10% FBS. Cells were to the Gal4-BD or Gal4-AD plasmids. The yeast str&in
harvested at different time intervals, and LP-BER activities cerevisiae PJ69-4A was co-transformed with pGBDU-C3
were measured by determining the luciferase gene-reporterand pGAD-C3 derived plasmids and spread on plates con-
activity of cellular lysates using a Moonlight 3010 lllumi- taining yeast synthetic dropout (SBYL medium lacking
nometer (Promega, San Diego, CA). only vector markers Ura for pPGBDU-C3 derived plasmids
ImmunoprecipitationProtein-protein interaction studies  and Leu for pPGAD-C3 derived plasmids. To test for potential
were carried out using nuclear extract preparations from protein—protein interactions, transformed cells were screened
different colon cancer cell lines. For immunoprecipitation for growth on yeast SBULH medium, which lacked Ura,
experiments, 156200ug of nuclear extract protein was pre- Leu, and His but contained 5 mM His3 inhibitor, 3-amino-
cleared by incubating with 2g of normal rabbit IgG at 4  1,2,4-triazole, to prevent His3-reporter gene autoactivation.
°C for 2 h. The mixture was rockedrf@ h at 4°C followed Synthesis and Labeling of in Vitro BER SubstrafEs.
by the addition of 40uL of BSA-blocked protein A- examine LP-BER activity, an AP-site analogue (3-hydroxy-
Sepharose 4B beads. The beads were removed by centrifuga2-hydroxymethyltetrahydrofuran, noted as F) was introduced
tion, and the pre-cleared supernatant was incubated with anti-at the 24th position of the 63-mer DNA'(ETAGATGC-
APC rabbit polyclonal antibody (Bio-Synthesis, Inc., CTGCAGCTGATGCGEGTACGGATC-CACGTGTACG-
Lewisville, TX) at 4°C for 4 h. The immunocomplex was GTACCGAGGGCGGGTCGACA-3 called F-DNA @2).
captured on BSA-blocked protein A-Sepharose 4B beads byThen 23-mer (5CTAGATGCCTGCAGCTGATGCGC-3
incubating with the mixture for further-34 h at 4°C. Beads and 40-mer oligonucleotides'(6GTACGGATCCACGT-
containing the immunocomplex were washed five times with GTACGGTACCGAGGGCGGGTCGACA-Bwere annealed
a washing buffer containing 20 mM Hepes at pH 7.9, 100 with a 63-mer complimentary oliogonucleotide to prepare a
mM KCI, 5% (v/v) glycerol, 0.2 mM EDTA, 0.2 MM EGTA,  nicked-DNA substrate. Again, the same 23-mer and 39-mer
2mM DTT, 1 mM PMSF, and 0.05% (v/v) NP40 to remove oligonucleotides (5sGTACGGATCCACGTGTACGGTAC-
nonspecifically bound proteins. The beads were resuspendedCGAGGGCGGGTCGACA-3 were annealed to a 63-mer
in a SDS sample buffer and boiled for 5 min, and the soluble complementary template to prepare the 1-nt gapped-DNA
proteins were resolved on 10% SBBAGE for Western substrate. The 23-mer oligonucleotide and the 63-mer
blot analysis. oligonucleotide (F-residue at 24th position) were radiolabeled
Western Blot AnalysiSThe protein levels of APC, Fen-1, at the 3-end with [y-32P]JATP and T4 polynucleotide kinase
anda-tubulin were determined by Western blot analysis with (New England Bio Lab, Woburn, MA). The labeled probes
our previously described proceduBl). The antibodies were  were purified by using the nick column (GE Healthcare,
procured from the following sources: Fen-1, Novus Bio- Piscataway, NJ).
logicals, Littleton, CO; APC, Oncogene Research Products, Strand-Displacement Synthesi$he BER assay was
Cambridge, MA,; andx-tubulin, Sigma-Aldrich Chem. Co.,  reconstituted using purified proteins under the following
St. Louis, MO. conditions. The reaction mixture for strand-displacement
Far-Western Blot Analysi#APCwt and APC(Q-A,I-A,Y- synthesis contained 30 mM Hepes at pH 7.5, 30 mM KCl,
A) peptides, GST-p21, and PCNA, were slot-blottee {0 8 mM MgCl,, 1 mM DTT, 100ug/mL BSA, 0.01% (v/v)
ug) onto a polyvinylidene difluoride membrane (Amersham Nonidet P-40, 0.5 mM ATP, and 10M each of dATP,
Biosciences, Piscatway, NJ) in a binding buffer containing dCTP, dGTP, and dTTP in a final volume of 2&. The
20 mM Tris-Cl at pH 7.4, 100 mM phosphate buffer at pH BER reaction mixture was assembled on ice by the addition
7.4, 60 mM KCI, and 0.25% (v/v) Nonidet P-40. After of 1 nM APE, 2.5 nM polg, and Fen-1. This mixture was
blotting, the membrane was blocked with 5% (w/v) bovine incubated for 5 min at 22C. The amounts of the APCwt
serum albumin and washed three times with Tris-buffered and APC(I-A,Y-A) peptides and Fen-1 used in each experi-
saline with 0.025% (v/v) Tween 20 prior to incubation with ment are given in the respective Figure legends. Strand-
purified human Fen-1 protein. Binding was detected using displacement synthesis was initiated by the addition of 2.5
anti-Fen-1 antibody. The signals were detected using thenM 32P-labeled F-DNA and further incubated for 45 min at
enhanced chemiluminescence technique (Amersham Bio-37 °C. The reaction was terminated by the addition of 0.4%
sciences, Piscatway, NJ). (w/v) SDS, 5 mM EDTA, 1ug of proteinase K, and 10g
Yeast Two-Hybrid Assayhe yeast two-hybrid system was of carrier RNA. After incubation for an additional 20 min
used to determine the functional interaction of APC with at 37 °C, the DNA was recovered by phenol/chloroform
Fen-1 in vivo. The APC DNA fragments containing the wild extraction followed by ethanol precipitation. The strand-
type (amino acids 11901328) or the mutant DRI-domain  displacement products were separated on a 15% acrylamide
(amino acids 12001324, in which amino acids Q1256, and 7 M urea gel. The bands were quantitated by electronic
11259, and Y1262 were replaced with alanine) for protein  autoradiography (Instantimager; Packard Instrument Co.,
protein interaction studies were fused to the yeast Gal4 DNA- Meriden, CT).
binding domain (BD) in plasmid pGBDU-C3. Single mutant Synthesis and Labeling of the Fen-1 Substrate Fen-1
APC cDNA fragments of the DRI-domain of APC(Q1256- substrate for 5flap endonuclease activity was made by
A), APC(11259-A), or APC(Y1262-A) were used to further annealing an upstream 23-mer-GIrAGATGCCTGCAGCT-
characterize the pgl-and Fen-1-interactions and also fused GATGCGC-3) and a downstream 45-mer oligonucleotide
to the yeast Gal4-BD in plasmid pGBDU-C3. The interacting (5-FTTTTTGTACGGATCCACGTGTACGGTACCGAGG-
proteins such as full length p@l-and Fen-1 were fused to GCGGGTCGACA-3) to a 63-mer complementary template
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A. BER substrates

Sodium bisulfite Sodium-
+ Hydroquinone UDG borohydride
p21P —> U-p21pP ) Abasic-p21P ) R-p21P
B. APC levels C. In vivo LP-BER
APC— 250 ;
M :
2O 200 r APC/-
3R s
a-Tubulin —> Sewessess 02 150 [
= C
1(l2[3 83 5
— g2 100 |
HCT-116(APCH/+) + - - Eg F
HCT-116(APC-/-) - + + 38 50¢f APCH/+
5 r
,'\:b '\9 0 1 1 1 1 1
& &
R Time(h)o 12 24 36 48

Ficure 1: APC blocks BER in vivo. Panel A describes the protocol for the modification of p21P for the long-patch BER (R-p21P) DNA
substrate. Panel B is a Western blot analysis of APC protein in HCT-116 stable cell lines. The clones of the HCT-1I§(&aRC
HCT-116(APC'") cell lines show decreased levels of APC in pSiRNA-APC or pSiRNA-APCmut transfected plasmids, respectively. Clone-
19 of the HCT-116(APC) cell line was used in our studies. Panel C shows a luciferase gene-reporter assay of the R-p21P DNA transfected
in HCT-116(APC'*) or HCT-116(APC'") cell lines. Data are the meah SE of three different experiments.

as described previously4dQ). The 45-mer downstream BER, we first established that APC interacts with BER
oligonucleotide has a flap of 5-nts (with a teterahydrofuran, machinery in vivo. Today, most DNA repair assays are
F, residue at the'gsend), which is cleaved by Fen-1. The performed using a reconstituted system with purified proteins.
Fen-1 substrate for'53' exonuclease activity was made Some of the in vivo DNA repair assays, which are routinely
similarly except that the 5-nt flap from the 45-mer oligo- used in laboratories such as single-cell gel electrophoresis
nucleotide was removed. We made two substrates for theor comet assay, are nonspecifiél). The comet assay,
5'—3' exonuclease activity of Fen-1. One of the substrates although extremely useful in the assessment of the geno-
had an F residue at thé-&nd of the 45-mer downstream toxicity of DNA-damaging agent4@), does not distinguish
oligonucleotide. After annealing with a 63-mer complemen- among the type of DNA damage and repair pathways
tary template as described above, these oligonucleotidesnvolved. To the best of our knowledge, there is no suitable
created a nick in the DNA suitable for Fen-1 exonuclease in vivo BER assay system available. Thus, we developed a
activity. The 45- and 40-mer downstream oligonucleotides reporter-plasmid-based in vivo BER assay syst88).(We
were radiolabeled at the'-Bnd with [y-32P]ATP and T4 randomly modified multiple cytosine (C) residues of the p21-
polynucleotide kinase (New England Bio Lab, Woburn, MA). (Waf1/Cipl)-luciferase promoter DNA into uracil (U) resi-
The labeled probe was purified by using a nick column (GE dues (U-p21P; a substrate for SP-BER). This plasmid DNA
Healthcare, Piscataway, NJ). All three oligonucleotides were was further treated with uracil-DNA glycosylase (UDG) and
annealed at a molar ratio of 1:1:1. then with sodium borohydride to create the reduced abasic
Fen-1 Actiity in Vitro. The assays for'Slap endonuclease  p21P (R-p21P) substrate for LP-BER (Figure 1A). Modifica-
and 3—3' exonuclease activities for Fen-1 were performed tion of DNA by this technique is described in our earlier
in a final volume of 2%L. The reaction mixture contained studies 40). The principle behind this assay is that the
30 mM Hepes at pH 7.5, 8 mM Mg&ll mM DTT, 200 modified p21P plasmid when transfected into cells should
ug/mL BSA, and indicated amounts of Fen-1 and APC show poor promoter activity compared to that of the
peptides. After addition to the APC peptides, the reaction unmodified p21P plasmid. However, promoter activity can
mixture was incubated at room temperature for 5 min. Then be restored if the modified DNA is allowed to go through
2.5 nM32P-labeled flapped-DNA or nicked-DNA substrates DNA repair processes in the cell. The assay is quick,
were added to the mixture and further incubated at@7  sensitive, and quantitative. The disadvantage with the assay
for 30 min. Reactions were terminated with stop solution is that it does not provide information on whether the damage
containing 0.4% (w/v) SDS and 5 mM EDTA. The DNA and repair are more efficient on the transcribed or non-
was recovered by phenol/chloroform extraction followed by transcribed strand of DNA. Furthermore, it also does not
ethanol precipitation. The 5- and 6-nt DNA products from provide information about the number of C residues modified
the B-flap endonuclease activity and 1-nt product from the and repaired within the cells in a given time period. The
5'—3 exonuclease activity were separated on a 15% acry-treatment with DNA-damaging agents will inhibit the
lamide aml 7 M urea gel and quantitated by electronic expression of the gene by interfering with the promoter
autoradiography (Instantimager; Packard Instrument Co.,versus inhibiting expression by messing up the coding

Meriden, CT). sequence, which cannot be assessed by this assay. Nonethe-
less, it provides useful information about the DNA repair
RESULTS capacity of the cell.
Knockdown of APC Impres LP-BER in Mio. To Because APC affects the strand-displacement synthesis of

understand the mechanism by which APC plays a role in LP-BER in vitro 32), we examined whether APC has similar
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effects on LP-BER in vivo. To test this idea, we used the A. IP with anti-APC Ab: WB with anti-Fen-1 Ab
p21P-luciferase promoter-based assay system mentioned

above. We established an APC-knockdown HCT-116 cell
line by using the SIRNA techniques described in Experi-
mental Procedures. HCT-116 cells were stably transfected
with pSIRNA-APC and pSiRNA-APCmut plasmids, which
are referred to as HCT-116(APC) and HCT-116(APC/),
respectively. Among the several clones screened for APC
knockdown levels, data from two clones 13 and 19 are shown
in Figure 1B. We used clone-19 because more than 90% of
the APC protein was knocked down in this clone (Figure
1B, compare lane 1 with 3). Cell lines were transfected with
R-p21P plasmid, a substrate for LP-BER, and the luciferase
reporter activity was determined at different periods after
transfection. In our experiments, the promoter activity of
p21P (unmodified) was the same in both HCT-116(APT

and HCT-116(APC") cell lines (data not shown). R-p21P
(modified) promoter activity was significantly higher in
HCT-116(APC'") cells than in HCT-116(APC") cells

(Figure 1C). From these results, it appears that the absencéicure 2: Interaction of APC

12345 6789
Anti-APCAb + - - 4 = = 4 = =
Protein A-Sepharose + + - 4+ + - + + -
HCT-116 LoVo LS411N
B. Far-Western blot analysis
s IR®
$5. 1
29
g~ 5
& e
g 10
12 3 4
APCwt - + = =
APC(Q-A,I-A,Y-A) + = - -
p21(Waf-1/Cip1) - - + -
PCNA - = - +
with Fen-1. Panel A shows an

of APC caused an increase in LP-BER and in turn an increaseimmunoblot of Fen-1. APC protein complexes from HCT-116,

in R-p21P promoter activity. Thus, our assay system directly
tests the role of APC in LP-BER in vivo and can be a useful
tool for future BER studies.

Physical Interaction of APC with Fen-T.o examine the
mechanism by which APC plays a role in BER, we
determined its interaction with BER proteins. Because pol-
p-mediated strand-displacement synthesis is known to be
coordinated by Fen-136, 37), we determined whether APC,
along with its interaction with pagb, also has a role in Fen-

LoVo, and LS411N cell nuclear extracts (2089) were immuno-
precipitated with anti-APC antibody and then immunoblotted with
anti-Fen-1 antibody to detect Fen-1 protein levels. One-fifth of the
nuclear extracts without the antibody was run as a control in lanes
3, 6, and 9. Panel B depicts the far-western blot analysis of the
APC and Fen-1 interaction in which a 20-amino acid peptide, either
mutant APC(Q-A,I-A,Y-A) (lane 1) or wild-type APCwt (lane 2),
was used. The interaction of Fen-1 with p21(Waf-1/Cipl) (lane 3)
and PCNA (lane 4) are also shown as negative and positive controls,
respectively.

1-coordinated strand-displacement synthesis. First, we per-3). These results support the idea that the PIP-like box region

formed an in vitro pull-down experiment of the anti-APC
antibody-antigen complex with protein A-Sepharose 4B
beads using the cell nuclear extracts of three different human
colon cancer cell lines, HCT-116, LoVo, and LS411N. The
HCT-116 cell line expresses 310 kDa wild-type APC. Like
the LoVo cell line, the LS411N cell line also expresses a
mutant APC protein (87 kDa), which lacks the pbl-
interaction domain. As shown in Figure 2A, the results
indicate a physical interaction between wild-type APC and
Fen-1 (lanes 43) but not with the truncated APC (lanes
4-9).

Earlier, we indicated that APC may have a proliferating
cell nuclear antigen (PCNA) interacting protein (PIP)-like
box in theN-terminal region, which might be involved in
the binding with polg (32). In the present study, we
examined whether this region is also involved in the binding
with Fen-1. We performed a Far-western analysis with a
synthetic APC peptide containing the PIP-like box. A 20-
amino acid-long peptide, APCwt(1250-KVSSUETIQTY-
CVEDTPI-1269 amino acids), with the PIP-like box of the
wild-type APC protein was synthesized. To determine the
specificity of the interaction, amino acid residues, such as
Q1256, 11259, and Y1262, in the PIP-like box motif were
replaced with alanine (A). The mutant peptide was named

of the APC is important for the physical interaction with
Fen-1.

Determination of DNA Repair Inhibitory (DRI) Domain
of APC.Next, we determined whether all three amino acids,
Q1256, 11259, and Y1262, in the PIP-like box were
important for the interaction with pgl-and Fen-1 by using
a yeast two-hybrid analysis. We made different yeast two-
hybrid constructs of APC (amino acids 1190328) and
replaced the Q1256, 11259, and Y1262 amino acids one by
one with alanine (A) by site-directed mutagenesis (Figure
3A). Plasmids were cotransfected into Biecereisiae PJ69-
4A yeast strain, and proteitprotein interactions were
determined by the growth of yeast cells in a histidine-
selection medium as described in Experimental Procedures.
The results show that the Q1256A mutation has no effect
on the interaction with both pg-and Fen-1 (Figure 3B and
C). However, either the 11259A or the Y1262A mutation
abolished the ability of yeast to grow on the histidine-
selection medium, indicating that the interaction with gol-
and Fen-1 was not occurring with APC (Figure 3B and C).
These results suggest that the APC protein has a unique site
at which polg and Fen-1 interact. Furthermore, this estab-
lishes that either the 11259 or the Y1262 amino acid of the
DRI-domain of APC is important for its interaction. To

APC(Q-AI-A)Y-A). We observed a dose-dependent increase validate our assay system, we used well characterized
in the binding of Fen-1 with APCwt but not with the APC- interactions of PCNA/pap (45) and p53/DAXX @6). The
(Q-AI-A,Y-A) peptide (Figure 2B, compare lane 1 with lane plasmid containing only the APCwt(1191324)-binding

2). As a positive control, we used the interaction of Fen-1 domain, which served as a background control, did not show
with PCNA (Figure 2B, lane 4), which was reported in earlier any growth on the medium. From these results, we concluded
studies 43, 44), and as a negative control, we used the that the polg and Fen-1 interaction site of APC is quite
interaction of Fen-1 with p21(Waf-1/Cip1l) (Figure 2B, lane different from the known PCNA-interacting domain of
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A. Structure of the APC peptides damaged site. A time course for 1-nt synthesis was followed.
The 1-nt synthesis was rapid and completed in 0.5 min with

APCwt(1190-1328)  1250-KVSSINQETIQTYCVEDTPI-1269 > ; \
F-DNA (Figure 4A, compare lane 1 with lanes 8), which

APCKRNE R M) bt e was partially blocked by APCwt peptide (Figure 4A, compare
APC(Q-1256A) KVSSINAETIQTYCVEDTPI lane 9 with 16). The APC(I-A,Y-A) peptide did not have
APC(I-1259A) KVSSINQETAQTYCVEDTPI any effect on pOB'mEdiated 1-nt SyntheSiS with F-DNA
APC(Y1262A) KVSSINQETIQTACVEDTPI (Figure 4A, compare lane 17 with lanes-134). The kinetics

of 1-nt synthesis with nicked-DNA was much slower than

B. APC/pol-p interaction thgt of F-DNA. It required 30 min to achieve 90% activity
(Figure 4B, compare lane 1 with 8). However, the APCwt
APCwt | APC(Q-A, peptide completely blocked the 1-nt synthesis activity of

pol- I-A,Y-A)

pol-p pol-5 with nicked-DNA (Figure 4B, compare lane 9 with
lanes 16-16) compared to that in the APC(I-A,Y-A) peptide
APC(Q-A) (Figure 4B, compare lane 17 with lanes-134). Next, we
potcy extended our experiments to determine whether APC also
affects the 1-nt synthesis activity of péwith gapped-DNA.
pol-p pol-p In these experiments, we used a 1%¥R-labeled gapped-

substrate. We found efficient 1-nt synthesis into the gapped-
DNA substrate, which was completed in about 2.5 min

C. APC/Fen-1 interaction Ul (Figure 4C, compare lane 1 with lanes-&). However, it
APCw ‘}[’f{{f;‘;f was partially inhibited by APCwt (Figure 4C, compare lane
Fen- 9 with lanes 16-16) and uninhibited by the APC(I-A,Y-A)
APCut pe(o-n)| peptide (Figure 4C, compare lane 17 with-1B1). These
Fen-1 results suggest that pghmediated 1-nt synthesis has dif-
P e ferent kinetics with different DNA substrates, which is
differentially inhibited by the APCwt peptide in the following
PCNA |apc(y-a) order: nicked-DNA> F-DNA > gapped-DNA. To further
- pold 1 Fen1 determine whether F-, nicked-, and gapped-DNA can be

Ficure 3: Interaction of APC with po and Fen-1 by yeast two-  processed by the long-patch (LP)-BER pathway and whether
hybrid analysis. The yeast two-hybrid constructs are described underAPC will have an inhibitory effect on them, we added all
Experimental Procedures. Panel A shows the structure of the APCtour dNTPs in the reaction mixture and incubated for 30

peptides used in the yeast two-hybrid analysis. Panels B and C__. . .
show the interaction of APC with pgi-and Fen-1, respectively. MM Results showed a pgHmediated strand-displacement

The yeast PJ69-4A cells were co-transformed with the pGBDU- Synthesis with all three tested DNA substrates (Figure 4A,
C3-APCwt (amino acids 11961328) or pGBDU-C3-APC(Triple- B, and C, compare lane 25 with 26), which was blocked by

%)Ut)lagrm(ijnsowailtﬂ%Sitr}ezrotﬁészéh?lc%%;{')rl tthe59'GAA Sn((:jSYFJéZnG% APCwt (Figure 4A, B, and C, compare lane 26 with 27) but
plagmids. For a positive r:éontrol, PFC):NA/p@I{End p53/DAXX not by the APC(I-A,Y-A) peptide (Figure 4A, B, and C,
interactions are shown. Transformation with pGBDU-C3-APCwt- COMpare lane 26 with 28). Interestingly, in the presence of
BD (amino acids 11961324) alone served as a negative control all of the dNTPs, 1-nt synthesis was not blocked by the
for background colonies. APCwt peptide with F-DNA (Figure 4A, compare lane 25
with 27), partially blocked with gapped-DNA (Figure 4C,
QXX(h)XX(a)(a), in which (h) represents amino acids with compare lane 25 with 27), and completely blocked with
moderately hydrophobic side chains such as Leu, lle, or Met, nicked-DNA (Figure 4B, compare lane 25 with 27). These
(a) represents residues with highly hydrophobic residues suchresults suggest that APC blocks gbmediated 1-nt synthesis
as Phe and Tyr, anX is any residue47). However, the  as well as strand-displacement synthesis and ultimately
pol-3 and Fen-1 interacting domain of APC is restricted to influences the LP-BER pathway.
only two amino acids, lle (I11256) and Tyr (Y1262). = APC Blocks Fen-1 Actity and Thus Blocks Strand-
Furthermore, mutations on either 11256 or Y1262 are Displacement Synthesi®nce we established the interaction
sufficient to abolish the interaction with pgl-and Fen-1.  of APC with Fen-1, we determined its functional role in
Because of the role of APC in the inhibition of DNA repair,  strand-displacement synthesis by using a reconstituted in vitro
we renamed the pgi-and Fen-1 interacting domain of APC  BER assay system with purified proteins. The LP-BER can
the DNA repair inhibitory (DRI) domain. be distinguished in two parts: pgkmediated strand-
APC Blocks the 1-Nucleotide Synthesis Attiof pol{. displacement synthesi8)(and the hit-and-run mechanism
Our earlier findings suggest that APC blocks petediated supported by pop and Fen-136, 37). We set up an in vitro
strand-displacement synthess®2). In the present study, we BER assay system in which both of these activities were
determined whether APC also affects the 1-nt synthesisdistinguished, and the role of APC was determined. APE
activity of pol{3. In our experiments, we usedP-labeled and polg were incubated for 5 min before adding APC
F-, nicked-, and gapped-DNA substrates in a reconstituted peptides, and then incubation was continued for an additional
in vitro BER assay system with purified proteins. THE- 5 min. DNA synthesis was initiated B¥P-labeled F-DNA
labeled F-DNA was preincubated with APE for 10 min at at 37°C (Figure 5A). The results showed a 7-nt product of
37°C. Then, polg APCwt or APC(I-A,Y-A) peptides were  pol-5-mediated strand-displacement synthesis (Figure 5B,
added to the reaction mixture containing different DNA compare lane 2 with 3), which was blocked in a dose-
substrates and dGTP to allow for 1-nt synthesis at the dependent manner by a 20-amino acid wild-type APC



APC Blocks Long-Patch Base Excision Repair Biochemistry, Vol. 45, No. 51, 20065909

A. 32P-F-DNA 23-mer

F '
32p h 2 3

] ]
i ]

Strand-
displacement
synthesis

1-nt incorporation —s

23-mer—= - -

B. Nicked 32P-DNA 23-mer /Nick
B
32p 2
Strand-
displacement
synthesis - -
1-nt incorporation —% - ——
23-mer —»- #w’#
C. Gapped 32p-DNA 23-mer / 1-nt gap
.
32p ?,
Strand o -
displacement
synthesis
1-nt incorporation —s
Rt
HANMTNONOO - Y-
SRNRINRRRaARNRAY L8R Y
pol-B 1 +++++++ 1+ ++++++ 0+t
APCwt v v v v v v v 0 v FF
APC(I-A,Y-A) v v v v v v v v v 0 0 00 0 0y vkt d At tFForo 4
= . n ] n n
Time (min) ocranSRRocranSRBocrHan 28R 0B R8

Ficure 4: APC differentially blocks the 1-nt incorporation activity of g@l-The 32P-F-DNA was incubated with 1 nM APE for 10 min

to introduce an incision at theé-Bnd of the AP site. In a test tube, 2 nM gdlnd 4uM of either APCwt or APC(I-A,Y-A) peptides were

added, followed by the addition of precdP-labeled F-, nicked-, and 1-nt gapped-DNA and dGTP. A time course was followed to determine
the effect of APC on the pg+-mediated kinetics of 1-nt synthesis (lanes2y4). In a second set of the experiment, all of the dNTPs were
added to the reaction mixture to determine the effect of APC on the strand-displacement synthesis with F-, nicked-, and gapped-DNA
substrates (lanes 228). The data are representative of three different experiments.

(APCwt, amino acids 12501269) peptide containing the the effect of APCwt on Fen-1-coordinated strand-displace-
DRI-domain (Figure 5B, compare lane 3 with-8). As a ment synthesis was drastic, it only partially blocked gel-
control, we used a DRI-domain mutant 20-amino acid peptide mediated strand-displacement synthesis (Figure 5B, compare
in which the 11259 and Y1262 were replaced with alanine lane 6 with 15). However, the APC(I-A,Y-A) peptide did
(A). The mutant peptide was named APC(I-A,Y-A). We not inhibit the blockage of Fen-1-coordinated strand-
found that the APC(I-A,Y-A) peptide did not affect pgt- displacement synthesis (Figure 5B, compare lanes1P0
mediated strand-displacement synthesis (Figure 5B, comparevith 16—18). These results suggest that patan synthesize
lane 3 with 79). The 1-nt incorporation by pg@-was not up to 4-nts without a challenge or hindrance but cannot
affected by APC. These results were consistent with our proceed to the elongation phase of strand-displacement
previous findings 32). synthesis once it complexes with APC. Alternatively, Fen-1
Pol5-mediated strand-displacement synthesis is also co-cleavage activity may be necessary to remove the flapped-
ordinated by Fen-136). Therefore, we next examined DNA and allow polf to proceed to synthesis, which might
whether APC plays a role in Fen-1-coordinated strand- have been blocked by APC.
displacement synthesis. The strand-displacement synthesis APC Blocks the SFlap Endonuclease Aclity of Fen-1.
assay was set up in manner similar to that described aboveFen-1 has two types of cleavage activity-flap endonu-
except that Fen-1 was added along with APE andjpélfter clease activity and'5-3' exonuclease activityl@, 48). The
5 min of incubation, the APC peptides were added and then5'-flap endonuclease activity requires'affap structure, and
incubated for an additional 5 min. DNA synthesis was the activation and position of cleavage efficiency are
initiated by3?P-labeled F-DNA (Figure 5A). We observed increased by the presence of upstream primers adjacent to
strong Fen-1-coordinated strand-displacement synthesis inthe bifurcation 49). The 3-flap endonuclease activity may
a dose-dependent manner (more than 7-nt), which was clearlybe important for the strand-displacement synthesis of LP-
distinguished from the one mediated by goklone (7-nt) BER in which the cleavage of the flap is necessary for DNA
(Figure 5B, compare lane 3 with £d2). The addition of ligase to seal the nick. Because we found that APC interacts
the APCwt peptide in the mixture showed a dose-dependentwith Fen-1, we tested whether APC affects both activities
block of Fen-1-coordinated strand-displacement synthesisof Fen-1. First, to test the possibility of APC blocking Fen-
(Figure 5B, compare lanes #22 with 13-15). Although 1's 5-flap endonuclease activity, we used an in vittdlap
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A. Protocol B. Strand-displacement synthesis
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ls min
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Ficure 5: APC blocks Fen-1-coordinated strand-displacement synthesis. The APE (1 niM)(2aM), and either different concentrations

(0, 5, 10, and 15 nM) or fixed concentration (15 nM) of Fen-1 were mixed and preincubated for 5 min on ice. Then different concentrations
(2, 4, 6uM) of either APCwt or APC(I-A,Y-A) mutant peptides were added and further incubated for 5 min on ice. The strand-displacement
synthesis was initiated witB?P-F-DNA. Panel A shows a schematic representation of the protocol. Panel B shows a representative
autoradiogram of the three different experiments. Arrows show different BER products, including the 23-mer incision product, 1-nt
incorporation product, and-27-nts of the pols-initiated products, and more than 7-nts by the Fen-1-coordinated strand-displacement
products. Lane 1 shows the position of the 63-§7BrF-DNA.

endonuclease assay of Fen-1 in the presence or absence df is likely that APC affects both of these activities of Fen-
the APC peptide using &P-labeled nicked-flapped DNA 1. In addition to removing the flap by #lap endonuclease
substrate (Figure 6A). activity, the 3—3' exonuclease activity of Fen-1 can also be
Fen-1 showed a 5- and 6-nt cleavage product of the critical in LP-BER by removing 1-nt and creating a gap. The
substrate in a dose-dependent manner (Figure 6B, compargapped-DNA will provide an opportunity for pgi-to fill
lane 1 with lanes 24). In the presence of different up the gap by synthesizing 1-nt until DNA ligase binds and
concentrations of APCwt, but not mutant APC(I-A,Y-A), the  seals the nick. This is another mechanism of LP-BER, which
cleavage of the substrate was blocked (Figure 6B, compareis referred to as the hit-and-run mechanism. In this mecha-
lane 4 with lanes 57 and 8-10). A quantitative analysis  hism, an alternating 1-nt gap is created by Fen-1, and gap-
of the data is shown in Figure 6C. There is about a 10-fold filling is completed by pol8, rather than through the
decrease in 'Hlap endonuclease activity of Fen-1 at the coordinated formation and removal of a strand-displaced flap
highest APCwt concentration used. Our results demonstrate(37). However, if the interaction of APC with Fen-1 blocks

that APC interacts with Fen-1 and blocks itsflap endo-  its 5—3' exonuclease activity, then there will be no gap

nuclease activity. Because the removal of the flap is a critical formation and no hit-and-run synthesis of LP-BER.

step in LP-BER, the blockage of-Bap endonuclease activity To explore this possibility, we first determined the effect

of Fen-1 by APC will block LP-BER. of APC on the 5-3' exonuclease activity of Fen-1. We
APC Blocks Hit-and-Run Synthesis of LP-BER by Blocking designed nicked-DNA substrates, instead of a flapped-DNA

5'—3' Exonuclease Adtity of Fen-1.The 3—3' exonucle- substrate as that used for theflap endonuclease activity

olytic cleavage by Fen-1 is influenced by the presence of of Fen-1. In the nicked-DNA substrates, 23-mer upstream
the upstream primer and is reduced if it is missing or a gap and 40-mer downstream oligonucleotides were annealed with
is present between the upstream and downstream primerea 63-mer complimentary template oligonucleotide as de-
(13). In our assays, after the removal of the flap by the 5 scribed in Experimental Procedures. At tHeehd of one of
flap endonuclease activity of Fen-1, a gap will be generated the downstream oligonucleotides, a tetrahydrofuran (F) was
in the DNA. The gap will be filled by pop, leaving a nick, incorporated to determine whether the-8' exonuclease
which will then become a substrate for tHe-3' exonuclease  activity of Fen-1 has a preference upon the reduced abasic
activity of Fen-1 (Figure 7). The'Slap endonuclease and site. The 40-mer oligonucleotides were labeled wjt{3P]-
5'—3 exonuclease activities of Fen-1 reside in the same ATP at the 5end before annealing and used in the
catalytic domain of the protein, which has a positively exonuclease assays. If the Fen-1 has-a35exonuclease
charged groove containing the active center and a H3TH activity, then we should see a cleavage of 1-nt from*the
motif proposed to mediate the binding of SSDNA and dsDNA labeled 40-mer oligonucleotide. The results show very
portions of the flap substrates, respectivel®, (50). Thus, efficient cleavage of 1-nt from both substrates in a dose-
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Panel A shows a schematic representation of the protocol. Panel B . ) o
shows an autoradiogram of a representative experiment. Reactionr/GURE 7: APC blocks the 5-3" exonuclease activity of Fen-1.
mixtures in a 25L final volume contained either different (0, 5,  EXonuclease activity reaction mixture was assembled in a total of

10, and 15 nM) or fixed (15 nM) concentrations of Fen-1 coupled 25 L final volume and contained either different (0, 3, 6, and 12
with different concentrations (2, 4, andu®1) of either APCwt or nM) or fixed (12 nM) concentrations of Fen-1 along wittu®! of

mutant APC(I-A,Y-A) peptides. The mixture was incubated for 5 €ither APCwt or APC(I-A,Y-A) peptides. The mixture was
min on ice, and then 2.5 nM of th#&P-labeled flapped-DNA incubated for 5 min at 22C and then 2.5 nM 63-mer oligonucle-

substrate was added. The cleavage reaction was carried out at 3Ptide substrates containing either tf@-labeled 40-mer or the
°C for 30 min. X-ray film autoradiography determined the 5-nt F-40-mer downstream oligonucleotides were added. The exonu-

cleaved product, and the electronic autoradiography measured theclease reaction was carried out at 3¢ for 30 min. X-ray
radioactivity (Instantimager; Packard Instrument Co., Meriden, CT). autoradiography determined the 1-nt cleaved product (Panel A),
Panel C shows the quantitative analysis of the 5-mer cleaved and the electronic autoradiography measured the radioactivity (Panel
product. The fraction of cleavage was calculated as the percentB) (Instantimager; Packard Instrument Co., Meriden, CT). The
radioactivity present in the cleaved product as follows: % cleavage fraction of cleavage was calculated as the percent radioactivity

= [5-nt/(45-mer+ 5-nt)] x 100. Data are the meah SE of three present in the cleaved product as follows: % cleavagfL-nt/
different experiments. (40-mer+ 1-nt)] x 100. Data are representative of two different

experiments.

dependent manner (Figure 7, compare lane 1 with langs 2
for nicked-DNA and lane 7 with lanes-80 for nicked-F-  incubated with poJ3, and then Fen-1 was added. Finally,
DNA), suggesting that the'53 exonuclease activity of ~ the addition of32P-labeled F-DNA initiated the reaction
Fen-1 is dependent upon the nick instead of the modifications (Figure 8A). As we expected, the results show that the
on the nick of the DNA, which is consistent with previous APCwt peptide blocked pg#-mediated strand-displacement
findings (13). Then, we incubated APC with Fen-1 to synthesis but accumulated a 1-nt product (Figure 8B,
determine whether APC can interact with Fen-1 and block compare lane 3 with 4). In the presence of Fen-1, the 1-nt
its 5—3' exonuclease activity. Results show a 64% decreaseproduct was extended up to 4-nts but could not be extended
in the 3—3' exonuclease activity of Fen-1 when incubated further. However, in the presence of the mutant APC(I-A,Y-
with the wild-type APC but not with the mutant APC(I-A,Y-  A) peptide, a Fen-1-coordinated LP-BER was clearly ob-
A) peptides (Figure 7, compare lane 4 with lanes 5 and 6 served in a dose-dependent manner and extended synthesis
for nicked-DNA and lane 10 with lanes 11 and 12 for nicked- beyond 4-nts (Figure 8B, compare lane 8 with laned 9).
F-DNA). These results indicate that APC blocks the 3 This result suggests that APC blocks LP-BER at two separate
exonuclease activity of Fen-1 and, thus, can block the hit- stages. First, APC inhibits strand displacement synthesis by
and-run synthesis of LP-BER. pol-5 with F-, nicked-, or 1-nt gapped-DNA, and second,

To determine whether APC plays a role in hit-and-run APC inhibits Fen-1-mediated’'8 exonuclease activity.
synthesis, we set up an in vitro strand-displacement synthesisTaken together, this indicates that APC blocks the LP-BER
assay with some modifications (Figure 8A). In this protocol, that occurs either by a strand-displacement or a hit-and-run
to ensure the binding of APC and p6Jthe APC was first mechanism.
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A. Protocol B. Strand-displacement synthesis nucleotide at the'Sside of a nick to create a gap to be filled
APE ' by pol$ (5, 14, 17, 51-53). Because the removal of the
it e S o o e flapped-DNA by Fen-1 is a major step in the completion of

LP-BER, the interaction of APC with Fen-1 suggested its
l" e possible involvement in LP-BER. Once we established the

_ interaction of APC with Fen-1, we hypothesized that it may

e block Fen-1 cleavage activity and, thus, block the LP-BER.
ls min Fen-1-stimulated - Furthermore, because APC interacts with both/ahd Fen-
e S 1, it is likely that APC may target three distinct activities
32p-F-DNA et required for LP-BER. First, APC inhibits p@ls 1-nt
i‘w s = = e e synthesis and strand-displacement activity. Second, APC can
Pol-p-mediated - interact with Fen-1 and block its'Hlap endonuclease
' Dy et - e activity. The combination of these interactions effectively
Strand - ——— . ’
:;snr;';::;w"t T — :‘ blocks LP-BER, which occurs by strand-displacement syn-
23-mer P“’"“"ti | g thesis. Third, the interaction of APC and Fen-1 also inhibits
i 3 Bk 56 R A At the 8—3' exonuclease activity of Fen-1 and, thus, blocks
APE - + 4+ +++ + + 4 4 4 LP-BER synthesis by a hit-and-run mechanism.
Mool el il g Once polf is recruited on an oxidized or reduced abasic
APC(I-A,Y-A) - - - - - - - P site after incision by APE, it continues strand-displacement
Fen-1 - - - - =1 . =T

synthesis until Fen-1 binds and cleaves the flap and DNA
Ficure 8: APC blocks Fen-1-coordinated LP-BER. In this experi- ligase seals the nick. The interaction of APC with pol-
ment, the conditions were the same as those described in Figure 5 He 1ot ; A )
except that the APC peptides were incubated with APE angB pol- bIOCI.(S its 1-nt incorporation gnd strand dlsplacement syn_
before the addition of Fen-1 as shown in Panel A. Panel B shows thesis. However, the strand-displacement synthesis can still
a representative autoradiogram of the three different experiments.resume if Fen-1 is accessible to the system. In this case, a
Arrows show different BER products, including the 23-mer incision  hit-and-run type of LP-BER can take plac&7|. According
product, 1-nt incorporation product, and the Znts of the pols- to this model, there are sequential events involved in LP-

initiated products, and more than 7-nts by Fen-1-coordinated strand- . . . .
displacement products. Lane 1 shows the position of the 63-merBER' First, polf recognizes and binds to the nicked-DNA,

32P_F-DNA. which is generated by Fen-1 from the removal of the flapped
DNA, extends the 30H displacing dRP moiety, fills the
DISCUSSION 1-nt gap, leaves a nick, and dissociates from the DNA. Then

Fen-1 binds to the nicked DNA, removes 1-nt by its8

We have recently described a role of APC in LP-BER in exonuclease activity, creates a gap, and dissociates from
which it interferes with poj3-mediated strand-displacement DNA. This cycle of LP-BER is repeated several times until
synthesis §2). The strand-displacement synthesis is an DNA ligase seals the nick. Once APC interacts with Fen-1,
important step in LP-BER, and Fen-1 plays a major role in it blocks both the 5flap endonuclease as well as tHe-8'
this pathway 8, 36, 37, 51). In the present study, we exonuclease activities of Fen-1 and affects the overall LP-
extended our findings to examine whether APC interacts with BER process. More precisely, when APC interacts with Fen-1
Fen-1 to inhibit its activity and, thus, provide a second and blocks the ‘Sflap endonuclease activity of Fen-1, APC
mechanism for blocking LP-BER. In our earlier study, a blocks the polg-mediated strand-displacement synthesis of
physical interaction of APC with pg¥-was described32); LP-BER. However, when APC interacts with Fen-1 and
however, the interaction of APC with Fen-1 is not yet known blocks the 5-3' exonuclease activity of Fen-1, APC blocks
and is being examined in the present study. Our amino acidthe hit-and-run synthesis of LP-BER. From these studies, it
fine-mapping experiments suggest that APC has a uniquejs clear that both poh and Fen-1 interact with the DRI-
DNA repair inhibitory (DRI) domain. Because APC is a 310 domain of APC and affect LP-BER. In our experiments, the
kDa protein, we expect that a group of amino acids in the assays were performed in vitro using purified proteins;
DRI-domain may participate in the binding with péler therefore, it is not clear how pg-and Fen-1 compete for
Fen-1. However, we were intrigued to see that only one binding with APC in vivo. Nonetheless, the interaction of
amino acid, that is, either 11259 or Y1262, was important APC with pol{ alone, Fen-1 alone, or pgl-and Fen-1 can
for binding. These results suggested that the interaction ofplock LP-BER. Another limitation of our in vitro studies is
pol-3 and Fen-1 may be at the surface instead of in the the use of synthetic APC peptide instead of the purified
groove of the APC protein. Alternatively, other surrounding protein to block LP-BER. A several-fold higher concentration
amino acid residues of the DRI-domain may be important of APC peptide (4«M) is needed to block the activity of 2
for the interaction, but only 11259 or Y1262 are in direct nM pol-3 and 12 nM Fen-1. One may assume that the
contact with polg and Fen-1. These possibilities can be better stoicheometry of the interaction of APC with gdland Fen-1
understood with crystal structure modeling of APC with would be in close proximity. In our future studies, we will
pol-# and Fen-1. However, the crystal structure of APC is yse purified APC protein to address this concern more
not yet available to work on these predictions. precisely. Nonetheless, we have backed up our findings by

LP-BER can occur via the following two mechanisms: using in vivo gene-reporter and comet assays to describe the
strand-displacement and hit-and-run synthesis. Fen-1 hasnvolvement of APC in LP-BER32, 33).
distinct roles in each. In strand-displacement, Fen-1 cleaves It is widely believed that APC is a tumor suppressor, and
the flap generated by the p@tmediated strand-displacement its mutation plays a role in the impairment of cedlell
synthesis. In the hit-and-run synthesis, Fen-1 excises aadhesion %4, 55), cell migration 66, 57), regulation of
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B-catenin levels§8, 59), and chromosomal stabilitp(, 61).
However, there is no information about the role of normal
APC in cells that are challenged with DNA-damaging agents.
In earlier studies, we have shown that APC levels are
increased in colon cancer cells after treatment with DNA-
damaging agent84, 35). The consequence of DNA damage-
induced levels of APC in cells is currently not well
understood. Our finding that APC blocks LP-BER is the
beginning of understanding the role of APC in the fate of
DNA damage-induced cells. It is well established that DNA
damage is an initiating event of carcinogenesis. If the DNA
damage of a cell is not efficiently repaired, then cells can
adapt either programmed cell death or proceed through the
cell cycle with damaged DNA and cause carcinogen&gs (
which suggests a paradoxical role for APC. In fact, recently,

we have shown a link between APC and carcinogenesis in 12.

which cigarette smoke condensate-induced levels of APC
was associated with the blockage of LP-BER and transfor-
mation of normal breast epithelial cel3). Thus, depending
upon the environment of the cell, APC may act as a tumor
suppressor by inducing cell death or causing carcinogenesis

by helping to accumulate mutations. Because the DRI- 14.

domain is located toward the N-terminal region of the APC
protein, which is spared by the MCR region, both the wild-
type and the mutant APC proteins (containing the DRI-

domain) may block DNA damage-induced LP-BER. In such 15.

cases, if the chemopreventive agents that produce DNA
damage can increase APC levels in the target cell, then the
decreased LP-BER and increased DNA damage may induce
cell death 63), suggesting a tumor suppressor role of APC.
Recently, BER inhibitors have been suggested as possible
therapeutic targets in colon cancer ceid)( Thus, the link
between APC and DNA repair may provide an important
clinical implication in future drug development strategies.
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