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Abstract

The integrity of cellular genome is continuously challenged by endogenous and exogenous DNA 

damaging agents. If DNA damage is not removed in a timely fashion the replisome may stall at 

DNA lesions, causing fork collapse and genetic instability. Base excision DNA repair (BER) is the 

most important pathway for the removal of oxidized or mono-alkylated DNA. While the main 

components of the BER pathway are well defined, its regulatory mechanism is not yet understood. 

We report here that the RNA splicing factor ISY1 enhances apurinic/apyrimidinic endonuclease 1 

(APE1) activity, the multifunctional enzyme in BER, by promoting its 5’−3’ endonuclease activity. 

ISY1 expression is induced by oxidative damage, which would provide an immediate up-

regulation of APE1 activity in vivo and enhance BER of oxidized bases. We further found that 

APE1 and ISY1 interact, and ISY1 enhances the ability of APE1 to recognize abasic sites in DNA. 

Using purified recombinant proteins, we reconstituted BER and demonstrated that ISY1 markedly 

promoted APE1 activity in both the short- and long-patch BER pathways. Our study identified 
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ISY1 as an important regulator of the BER pathway, which would be of physiological relevance 

where suboptimal levels of APE1 are present. The interaction of ISY1 and APE1 also establishes a 

connection between DNA damage repair and pre-mRNA splicing.
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1. INTRODUCTION

DNA base modifications are the most common form of DNA damage. Such modifications 

can be caused by exposure to monofunctional alkylating agents and by endogenous 

oxidation, deamination or alkylation. More than 100 types of oxidative base modifications 

can potentially arise in DNA as a result of attack by reactive oxygen (ROS) and nitrogen 

species (1,2). These reactive chemical species are primarily generated by mitochondrial 

respiration or inflammation (3). DNA base damage can lead to DNA strand breaks and 

enhanced expression of proto-oncogenes (4,5). Cells are equipped with multiple pathways 

that efficiently repair damaged DNA and reverse the vast majority of genetic lesions formed 

during the life span of a cell (1,6,7). BER is a highly conserved pathway from bacteria to 

humans, and is capable of repairing most DNA alkylation, oxidation, deamination and 

depurination, as well as single-strand breaks (SSBs). BER is mediated through two sub-

pathways designated short-patch (SP) BER, and multi-nucleotide (2–13 nucleotide repair 

patch) BER, also referred to as long-patch (LP) BER (8,9).

During BER, a DNA glycosylase recognizes the base lesion and then cleaves the N-glycosyl 

bond between the base and the sugar, producing an apurinic/apyrimidinic (AP) site. AP sites 

are cytotoxic and mutagenic, and can give rise to DNA-strand breaks by β-elimination (10). 

Spontaneous hydrolysis of the N-glycosidic bond also results in an AP site. Uracil occurs 

frequently in DNA after spontaneous deamination of cytosine and is removed by uracil-

DNA glycosylase (11). Base damage occurs much more frequently at purines than 

pyrimidines. Most DNA damaging agents attack purines ten-fold more than pyrimidines; 

therefore, AP-sites in cellular DNA largely represent sites of purine loss (2).

APE1 not only functions in BER, but it also acts as a redox factor for maintaining 

transcription factors in a reduced active state (12,13). APE1 contains two functional 

domains: the C-terminal nuclease domain responsible for its DNA repair function, while its 

N-terminal domain is responsible for reduction/oxidation regulation. It protects against the 

oxidative stress, but which function plays a role is not clear. Under oxidative stress, APE1 

stimulates the DNA binding capacity of several transcription factors, such as AP-1, NFκB, 

HIF-1a, and CREB (14). APE1 is elevated in many cancer types, such as ovarian, cervical, 

rhabdomyosarcoma, and germ-cell tumors (12), likely from the selective pressure of the 

oxidative stress associated with oncogenesis.

APE1 cleaves the DNA phosphodiester backbone immediately 5′ to an AP site (13,15–17) 

to generate a 3’ hydroxyl group and a 5’ sugar-phosphate moiety. During SP-BER, DNA 

polymerase β (POL β) removes the 5’ sugar-phosphate using its dRP-lyase activity and then 
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fills in the resulting one-nucleotide gap (18,19). The gap is sealed by LIG3/XRCC1 (20,21). 

XRCC1 is a multidomain scaffolding protein which interacts with number of repair proteins 

(22). XRCC1 stabilizes DNA ligase 3 and plays a role in SP-BER. Recent evidence indicates 

that DNA ligase1 rather than DNA ligase 3 plays a major role in both SN-BER and LP-BER 

in the nucleus, while DNA ligase 3’s role is confined to mitochondria only (23,24). In LP-

BER, PARP1 assists POL β in the displacement of the damaged DNA strand and fills in the 

resulting 2–20 nucleotide gap (5–7). Flap Endonuclease 1 (FEN1) cleaves the displaced 

DNA flap, and LIG1 seals the remaining nick (5–7). POL β is the primary polymerase 

involved in BER. Several other polymerases such as POL λ, POL δ and POL ε can 

participate in SP-BER or LP-BER (25–27). PCNA dependent LPBER pathway utilizes 

replicative DNA polymerases δ and /or ε. However, their involvement is tightly coupled to 

the cleavage of 5’-structure by FEN1 and sealing the gap by DNA ligase.

In both SP-BER and LP-BER, APE1 mediated cleavage of the AP site is a critical step (12, 

13). However, the cellular selection of one BER pathway over the other depends mainly 

upon whether the residual deoxyribose at the AP site is oxidized or reduced. If that 

deoxyribose is oxidized or reduced then the AP site cannot be repaired by SP-BER pathway, 

and the cell chooses to repair only via the LP-BER pathway. If BER is not completed, cells 

accumulate APE1-induced DNA single strand breaks (SSBs) that a converging replication 

fork converts to double strand breaks, which can lead to replication fork collapse (28). These 

collapsed replication fork may lead to genome rearrangement or cell death.

In eukaryotes, precursor (pre) mRNA introns are removed from nascent transcripts by 

dynamic complexes called spliceosomes. Spliceosomes are composed of distinct subunits 

containing stable mRNA in tight association with multiple proteins. The spliceosome’s 

conformation and composition changes throughout its assembly cycle (29,30). The 

spliceosome mediates two sequential steps of RNA transesterification for intron excision 

(31). Not all components of the spliceosome have been delineated. One estimate predicts 

more than 200 proteins are associated with human spliceosomes at various time during the 

splicing process (32). There are at least 141 proteins in the functional core complex (33–35). 

Spliceosome assembly is initiated by U1 and U2 small nuclear ribonuclear proteins 

(snRNPS) binding to the precursor mRNAs (pre-mRNAs) at 5’ sites and branch-sites to 

yield a spliceosome complex (32). The first step, termed branching, usually results in release 

of the 5’-exon and formation of branched intron lariat intermediate followed by the second 

step, ligation of the 5’- and 3’-exons. At these steps, single-nucleotide precision is required; 

cells must have a mechanism to control the fidelity of pre-mRNA splicing or coding 

alterations would occur (36). The accuracy of nucleotide site recognition, nicking and re-

ligation by the spliceosome resembles some aspects of BER. In addition, many of the 

proteins involved in splicing are phosphorylated after DNA damage by ATM and ATR (37). 

These observations suggest that splicing proteins could be repurposed by the cell to regulate 

the efficiency of DNA repair. We discovered that the splicing factor ISY1 interacts with 

APE1, and demonstrated that ISY1 directly enhances APE1’s affinity for AP sites and its 

AP endonuclease activity. As such, ISY1 facilitates both SP-BER and LP-BER. Consistent 

with these biochemical findings, we provide biological evidence that ISY1 is needed for cell 

survival after treatment with agents that induce DNA base lesions that are eliminated via 
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BER. These data imply that ISY1 plays an important role in regulating the processing of 

abasic sites and thereby could preserve genomic stability.

2. MATERIALS AND METHODS

2.1. Cell lines and cell cultures

Human embryonic kidney cell line 293, human lung cancer cell lines A549, H157, and the 

prostate cancer cell line PC3 were grown in DMEM medium supplemented with 10% fetal 

bovine serum albumin and 100 U/ml of penicillin, and 100 μg/ml of streptomycin. The 

breast cancer cell line MCF7 was grown in MEM medium supplemented with 10% fetal 

bovine serum and penicillin and streptomycin antibiotics. Human colon cancer cell lines 

HCT-116 with a wild-type APE1 gene or an APE1 gene-knockdown (kd) were grown in 

McCoy’s 5a medium supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, 

Atlanta, GA, USA). The HCT-116 cell line was obtained from the American Type Culture 

Collection (ATCC, Rockville, MD).

2.1.1 Cells Treatment—HCT116 control and APE knock-down cells were plated in 

complete media and allowed to grow to 60–70% confluence in 6-well plates. Cells were 

treated with MMS (0–1000 μM) and H2O2 (0–500 μM) for 10 h. After the treatment cells 

were trypsinized, washed and cell lysate prepared.

2.2. Transfection of HCT116 cells for ISY1 and APE1 knock-down

ISY1 and APE1 were transiently depleted in HCT-116 cells by using small interfering RNA 

(siRNA) and Lipofectamine RNAiMAX transfection Reagent (Life Technologies, USA). We 

used SMARTpool ON-TARGETplus and a non-target pool as siRNA controls. SiRNA for 

ISY1 and APE1 were purchased from Dharmacon (Lafayette, CO, USA). The nucleotide 

sequences of siRNA On-Target plus smart pool for ISY1 were:

ACACUGGGAGGUCCGGAUA,

GUUUAGGUGAAUUUCGAAU,

CAGAAGUAUGCAAGCGAGA, and

GAGCCGAGUUAGUGGAAAA.

The nucleotide sequences of siRNA On-Target plus smart pool for APE1 were:

CAAAGUUUCUUACGGCAUA,

GAGACCAAAUGUUCAGAGA,

CUUCGAGCCUGGAUUAAGA, and

UAACAGCAUAUGUACCUAA.

A day before transfection, HCT-116 cells were plated at the density 0.15 × 106 per well in a 

6-well plate. The next day DNA:Lipid complex was prepared by mixing Lipofectamine 
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RNAi-Max and siRNA (20 nM for each) at the ratio of 3:1 of RNAi-Max and siRNA. 

DNA:Lipid complex was allowed to form for 30 min at room temperature. Cells were 

washed once with Opti-MEM and replaced with fresh Opti-MEM medium to remove serum 

and antibiotics. DNA:Lipid complex was added drop-wise to the cells. Cells were incubated 

with the complex for 8 h at 37°C followed by addition of 30% serum in Opti-MEM. Eight 

hours after transfection, 0.5 ml of 30% serum containing Opti-MEM medium was added to 

each well. Cells were harvested 48 hrs post-transfection, cell lysates were prepared and 

protein levels checked. Expression of ISY1 and APE1 were assessed by western blotting.

2.2.1 APE1 over-expression—APE1 was over expressed in HCT116 cells after 

knocking-down of ISY1 to see whether APE1 overexpression can rescue cells from MMS 

induced DNA damage. A day before transfection, HCT-116 cells were plated at the density 

0.15 × 106 per well in a 6-well plate. Cells were transfected with ISY1-siRNA as described 

earlier. After 8–10 h of transient knock-down of ISY1-siRNA, APE1 was overexpressed 

using Flag-APE1 wt plasmid. DNA-lipid complex was assembled at room temperature by 

mixing 2 μg of Flag-APE1 wt plasmid with 6 μl of FuGENE 6 according to the 

recommended protocol of the manufacturer. After 36–48 h cells were exposed to 100 μM 

MMS for 30 min. MMS was removed and cells were supplemented with fresh medium and 

allowed to grow for various time. Cells were harvested at indicated time and processed for 

comet assay analysis. APE and ISY1 expression were confirmed by western blot analysis.

2.3. Oligonucleotides and chemicals

All oligonucleotides for electrophoretic mobility shift assay, in vitro nuclease and 

reconstitutive SP- and LP-BER assays were custom synthesized from Sigma-Genosys 

(Woodlands, TX). The nucleotide sequence of these oligonucleotides contained a uracil 

residue or an AP site analog, 3-hydroxy-2-hydroxymethyltetrahydrofuran (designated as F in 

the oligomers), both positioned at 24-nt. All the oligomers were PAGE (polyacrylamide gel 

electrophoresis) purified and reconstituted in TE buffer pH 8.0. T4-polynucleotide kinase 

(PNK) and Uracil DNA glycosylase were purchased from New England Bio labs (Ipswich, 

MA). Radionuclide [γ−32P]ATP was purchased from Perkin Elmer, Inc. (Boston, MA). 

ISY1 and α-tubulin antibodies were purchased from Sigma Chemicals and APE1 antibody 

was purchased from Abcam (Cambridge, MA, USA). FEN1 and DNA Ligase 1 antibodies 

were purchased from Novus Biological (Centennial, CO, USA). Sequences of the custom 

synthesized oligo’s from Sigma-Genosys are as follows:

Sense 63-mer U-DNA

5’-

CTAGATGCCTGCAGCTGATGCGCUGTACGGATCCACGTGTACGGTACCGAGGGCG

GGT CGAGA

Sense 63-mer F-DNA

5’-CTAGATGCCTGCAGCTGATGCGCFGTA

CGGATCCACGTGTACGGTACCGAGGGCGGGTCGAGA
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Anti-sense 63-mer F-DNA

5’-

TCTCGACCCGCCCTCGGTACCGTACACGTGGATCCGTACGGCGCATCAGCTGCAG

GCAT CTAG

EMSA sense 37-mer F-DNA

5’-CCTGCAGCTGGTGCAAAAGT FATTGCGGCGTGTACGGT

EMSA sense 37-mer control DNA

5’-CCTGCAGCTGGTGCAAAAGTATTGCGGCGTGTACGGT

EMSA anti-sense 37-mer DNA

5’-ACCGTACACGTTTCCTTACGGGGTCACCAGCTGCAGG

dRP Lyase sense 43-mer DNA

5’-TAGACTAGATGCCTGCAGCTGATGUCGCCGTACGGATCCACGT Fam

dRP Lyase Anti-sense 43-mer DNA

5’-ACGTGGATCCGTACGGCGGCATCAGCTGCAGGCATCTAGTCTA

Fen1 UPS Sense 24-mer DNA

5’-TAGACTAGATGCCTGCAGCTGATG

Fen1 DWS Sense 28-mer DNA

5’-Fam AAATTGGGTTCGCCGTACGGATCCACGT

UPS Sense Ligase1 25-mer

5’-Fam TAGACTAGATGCCTGCAGCTGATGC

DWS Sense Ligase1 18-mer

5’-phospho-CGCCGTACGGATCCACGT Fam

2.3.1. Synthesis and labeling of DNA substrates—To examine the effect of ISY1 

on APE1’s 5’-endonuclease activity, a 63-mer oligonucleotide with and without the AP site 

analogue was synthesized and reconstituted in TE buffer as described earlier (38).This DNA 

was labeled with [γ−32P]ATP at the 5′-end using T-4 polynucleotide kinase, and annealed to 

a complementary oligonucleotide strand using a standard protocol. The labeled oligomers 

were purified using Nick column as described by the manufacturer (GE Healthcare 

Biosciences, Pittsburgh, PA), quantitated and stored at −20°C.
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2.3.2. Purification of APE1, ISY1, POL β, FEN1, LIG1, XRCC1/Ligase 3 and 
Metnase—Purified Human POL ß was provided by Samuel Wilson’s lab (NIEHS, 

Research Triangle Park, NC, USA). Purified XRCC1/DNA Ligase 3 complex was provided 

by Alan Tomkinson (University of New Mexico, Albuquerque, NM, USA). Human 

recombinant APE1 was purchased from New England Biolab (NEB, Ipswich, MA, USA) 

and human recombinant ISY1 protein was purchased from Abnova (Walnut, CA, USA). 

Hexahistidine-tagged FEN1 and LIG1 proteins were overexpressed in BL21 (DE3) pLysS 

cells and purified to homogeneity according to our published protocols (39), while Metnase 

protein was purified from HEK293 cells stably overexpressing wild-type Metnase protein 

using affinity chromatography as previously described (40).

2.4. Nuclease activity Assay of APE1, ISY1 and Metnase

Nuclease activity was carried out in a standard reaction mixture (25 μl) containing 30 mm 

HEPES, pH 7.5, 30 mM KCl, 8 mM MgCl2, 2 mM DTT, 0.01% Nonidet P-40, 0.1 mg/ml 

bovine serum albumin, and varying concentrations of APE1 and ISY1 recombinant proteins. 

Optimal concentrations of proteins were used to find the optimal time for the effect of ISY1 

on APE1’s nuclease activity. A similar reaction was assembled for recombinant Metnase 

protein to determine the effect of ISY1 on its nuclease activity. The reaction was initiated by 

addition of 32P-labeled 63-mer F-DNA substrate. The reaction mixtures were incubated at 37 

°C for 30 min for the dose curve of ISY1 and the reaction was terminated by addition of stop 

buffer (0.4% (w/v) SDS, 5 mM EDTA, 1 μg of proteinase K). Reactions were also carried 

out varying the time of incubation and terminated in the same manner. The DNA was 

recovered by phenol/chloroform extraction and ethanol precipitation. Recovered DNA was 

washed with cold 70% ethanol and suspended in sample loading dye. DNA suspended in 10 

μl of gel loading solution (90% formamide, 1 mM EDTA, 0.1% xylene cyanol, and 0.1% 

bromphenol blue) and heated at 85 °C for 5 min. Samples (4 μl) were loaded onto a 15% 

denaturing polyacrylamide and 7 M urea gel for electrophoresis. The gel was then dried 

under vacuum and dried gel was subjected to autoradiography to capture the radioactive 

signals.

2.4.1. dRP Lyase activity—The reaction was assembled in 25 μl volume containing 30 

mM Tris, pH 7.5, 30 mM KCl, 5 mM MgCl2, 2 mM DTT, 0.01% Nonidet P-40, 1 mg/ml 

bovine serum albumin, UDG, APE1, POL β and varying concentrations of ISY1 

recombinant proteins. The reaction was initiated by the addition of U-DNA substrate. 

Optimal concentrations of proteins were used to find the optimal time for the effect of ISY1 

on POL β’s lyase activity (39). Initially, reaction mixtures were incubated with UDG for 20 

min followed by addition of APE1 to generate the dRP substrate for POL β at 37 °C for 20 

min. Once the dRP substrate was ready, POL β and ISY1 were added to the reaction mixture 

and incubated for additional 30 min at 37° C. After completion, dRP reaction products were 

stabilized by the addition of cold 340 mM sodium borohydride and incubated on ice for 30 

min. The DNA was recovered by phenol/chloroform extraction and ethanol precipitated at 

−80º C. DNA was recovered by centrifugation and resuspended in sample loading dye. dRP 

products were resolved on a 15% denaturing polyacrylamide and 7 M urea gel. DNA on the 

gel was visualized by scanning in Typhoon Trio Biomolecular Imager (GE Healthcare Bio-

Science Corporation, Piscatway, NJ, USA), at excitation of 526 nm and emission at 488 nm. 
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Digital images were acquired and analyzed for the quantitation using ImageQuant TL (GE 

Healthcare Bio-Science Corporation, Piscatway, NJ, USA) software.

2.4.2. Fen1 activity assay—In vitro Fen1 activity was performed in a final volume of 

25 μl as described earlier (41). Briefly, the reaction mixture contained 30 mM Tris, pH 7.5, 

30 mM KCl, 8 mM MgCl2, 1 mM DTT, and indicated amounts of Fen1 recombinant 

protein. Reaction was initiated by addition of flap substrate for Fen1. Reaction mixture was 

incubated at 37°C for 45 min and terminated by addition of a stop solution containing 0.4% 

(w/v) SDS and 5 mM EDTA. DNA was recovered by phenol/chloroform/isoamyl alcohol 

(25:24:1, v/v) extraction followed by ethanol precipitation. The 10-nt DNA product 

generated from the Fen1 activity was separated on a 15% acrylamide-7 M urea gel and 

visualized by scanning on Typhoon Trio Biomolecular Imager (GE Healthcare Bio-Science 

Corporation, Piscatway, NJ, USA) at excitation of 526 nm and emission at 488 nm). The 

digital images were acquired and analyzed for the quantitation using ImageQuant TL (GE 

Healthcare Bio-Science Corporation, Piscatway, NJ, USA) software.

2.4.3. DNA Ligase 1 or XRCC1/Ligase 3 activity assay—Similar reactions were 

assembled as described above for recombinant DNA ligase 1 or XRCC1/DNA ligase 3 

protein to determine the effect of ISY1 on the ligation activity. For the DNA ligase assay 0.5 

mM ATP was included in the reaction mixture. The reaction was initiated by addition of 

FAM-labeled appropriate nicked substrate for ligation. The reaction was allowed to proceed 

at 37 °C for 60 min and terminated by addition of stop buffer. The DNA was recovered by 

phenol/chloroform extraction, ethanol precipitation at −80° C and washing with 70% cold 

ethanol. The recovered DNA was resuspended in sample loading dye (90% formamide, 1 

mm EDTA, 0.1% xylene cyanol). Samples were heated at 85 °C for 5 min and cooled 

quickly on ice. Samples (4 μl) were loaded onto a denaturing 15% polyacrylamide and 7 M 

urea gel for electrophoresis for separation of ligated products. The gel was scanned in 

Typhoon Trio Biomolecular Imager (GE Healthcare, excitation at 526 nm and emission at 

488 nm). The digital images were acquired and analyzed for the quantitation using 

ImageQuant TL (GE Healthcare Bio-Science Corporation, Piscatway, NJ, USA). software.

2.4.4. In vitro reconstitution of SP- and LP-BER assay—In vitro SP- and LP-BER 

assays took place as previously described (28,49–52). The reaction mixture for SP-BER was 

essentially the same as that for LP-BER except that FEN1 was omitted in SPBER. Briefly, 

LP-BER reaction mixture contained 30 mM HEPES, pH 7.5, 30 mM KCl, 8 mM MgCl2, 1 

mM dithiothreitol, 100 μg/ml bovine serum albumin, 0.01% Nonidet P-40, 0.5 mM ATP, and 

10 μM each of dATP, dCTP, dGTP, dTTP in a final reaction volume of 30 μl. The LP-BER 

reaction mixture was assembled on ice by the addition of 100 fMol of 32P-labeled 63-mer F-

DNA substrate, 25 fMol of AP endonuclease 1 (APE1), 25 pMol of POL β, 100 fMol FEN1 

and 100 pMol of DNA ligase 1 and then incubated on ice for 5 min. The reaction mixture 

was incubated for 60 min at 37°C. Afterward the reaction was terminated by the addition of 

stop buffer (0.4% (w/v) SDS, 5 mM EDTA, 1 μg of proteinase K) and incubated at 37 °C for 

an additional 30 min (19,38,39,42–44). The DNA was recovered by phenol/chloroform 

extraction and ethanol precipitation. Recovered DNA was washed with cold 70% ethanol 

and suspended in sample loading dye. The reaction products were separated on a 15% 
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acrylamide and 7 M urea gel. The gel was transferred to blotting sheet (3 mm 

Chromatographic paper, Whatman), dried and radioactive signals were visualized by 

autoradiography.

2.5. Electrophoretic Mobility Shift Assay (EMSA)

Before assembling the reaction, we ascertained the quality and quantity of recombinant 

proteins (Fig. 3S). There was no detectable APE1 in the purified ISY1. DNA-protein 

binding reactions were assembled in 20 μl of final volume, containing 20 mM HEPES, pH 

7.9, 1 mM dithiothreitol, 3.5 mM MgCl2, 100 mM KCl, 0.03% (v/v) Nonidet P-40, 10% 

(v/v) glycerol, 1 μg of poly (dI-dC), and varying amount of purified recombinant APE1 and 

ISY1 proteins. Recombinant human APE1 and ISY1 proteins were purchased from New 

England Biolabs (Ipswich, MA) and Abnova (Walnut, CA, USA), respectively. Reactions 

were initiated by the addition of 100 fMol of 32P-labeled control and 32P-37-mer F-DNA 

oligonucleotides (45–47). Reactions proceeded for 20 min at room temperature, and then the 

entire reaction mixture was loaded directly onto a native 5.5 % polyacrylamide gel. For 

competition experiments, a molar excess of unlabeled oligonucleotide was added to the 

reaction mixture 10 min prior to the addition of 32P-labeled probe, as indicated in the figure 

legends. To further validate the specific binding to AP DNA, we used super-shift analysis. 

For super-shift analysis, 1 μg of anti-APE1 (Ab82, Abcam, Cambridge, MA, USA) was 

added to the reaction mixture and incubated for 20 min before the addition of 32P-labeled 

oligonucleotide. The gel was run in the cold room (4° C) in 1x TBE buffer. After the 

completion of electrophoresis, the gel was transferred to a blotting sheet (3 mm 

Chromatographic paper, Whatman) and dried. DNA-protein complexes were visualized by 

autoradiography.

2.6. Immunoprecipitation and western analysis

Immunoprecipitation was used to test the protein:protein interaction between APE1 and 

ISY1. Briefly, HCT-116 or HCT116(APE1kd) cells (1 × 105) were collected, washed with 

cold PBS, and lysed in a buffer containing 25 mM Tris-HCl (pH 7.5), 0.3 mM NaCl, 1.5 

mM MgCl2, 0.2 mM EDTA, 0.5% Triton X-100, 10 mM β-glycerophosphate, 1 mM sodium 

vanadate, 1 mM DTT, protease inhibitor cocktails and 1 mM phenylmethylsulfonyl fluoride 

(Thermo-Fisher Scientific, Waltham, MA, USA). After lysis cell debris were removed by 

centrifugation at 20,000 × g at 4°C. Cell lysates were collected in a fresh tubes and protein 

quantitated using Bradford reagent (Bio-Rad, Hercules, CA, USA). Cell lysates were 

precleared with beads and precleared lysate was used for immunoprecipitation. 

Immunoprecipitation was performed with magnetic beads cross-linked with antibody using a 

IP/Co-IP kit, as described by the manufacturer (Thermo-Fisher Scientific, Waltham, MA, 

USA) (48). The immunocomplex was captured on protein A/G magnetic beads, washed with 

wash buffer (3× times) and suspended in loading sample buffer. Samples were denatured by 

boiling for 10 min and supernatant was loaded onto a SDS-PAGE gel and electrophoresed. 

Proteins were transferred to a PVDF membrane (Millipore, Billerica, MA), blocked with fat-

free milk and immunoblotted with primary antibody followed by peroxidase-coupled 

secondary antibody (Amersham Biosciences, USA). Signal was detected by enhanced 

chemiluminescence (Thermo-Fisher Scientific, Waltham, MA) reaction prior to visualization 

on Kodak-X-Omat film.

Jaiswal et al. Page 9

DNA Repair (Amst). Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6.1. In Vitro Immunoprecipitation—In vitro immunoprecipitation was carried out 

using Capturem IP kit from Takara (Takara, Mountainview, CA, USA). Immunoprecipitation 

was initiated by mixing of 1 μg of recombinant proteins with IgG control or ISY1 antibody 

in 150 μl of equilibration buffer at 4°C. The antibody complex was captured on the column 

and unbound proteins were washed using equilibration and wash buffer. Bound proteins 

were eluted using elution buffer and immediately neutralized with 1 M Tris pH 8.0. Samples 

were analyzed by western blot analysis.

2.7. Western blot analysis

Protein levels of ISY1, APE1, DNA POL β, FEN1, LIG1 and β-actin proteins were 

determined by western blot analysis with our previously described procedure (48,49). The 

antibodies for ISY1 and β-actin were purchased from Sigma (St Louis, MO, USA), FEN1, 

DNA ligase 1 were purchased from Novus Biologicals (Centennial, CO, USA) and APE1, 

POL β were purchased from Abcam (Cambridge, MA, USA), respectively.

2.8. Clonogenic Cell Survival assay

Clonal cell survival was determined by plating transfected cells (HCT-116 cells with or 

without ISY1) plated at a density of 5×102 cells per well in a 6-well plate in triplicate. After 

attachment cells were treated with different concentrations of H2O2 and MMS (methyl 

methanesulfonate) (Sigma, St. Louis, MO, USA) for 24 h. After this time, medium 

containing H2O2 or MMS was removed, cells were washed once in medium, and fresh 

medium was added. Cells were allowed to grow for 7–10 days to form the visible colonies. 

When colonies were visible (>50 cells), colonies were stained using methylene blue (38,50). 

Stained colonies were dried and counted using Image J (US National Institute of Health, 

Bethesda, MD, USA). The surviving fraction was calculated by normalizing against the 

colony numbers achieved for the untreated wells. Colonies containing less than twenty cells 

were excluded from the counting. Unpaired Student t tests were used for all statistical 

analysis, unless otherwise indicated.

2.9. Protein modelling

A model of human ISY1 was generated in SWISS-MODEL using the ISY1 component of 

the yeast spliceosome (PDB: 5LJ3) as a template (51). The crystal structure of human APE1 

in complex with DNA was previously determined (PDB: 1DE9) (52). A plausible binding 

surface between APE1-DNA and lSY1 was predicted and modeled in the interactive 

modeling program Coot (53). The model showing interaction between DNA and protein was 

produced in PyMOL (54).

2.10. Statistical analysis

All experiments were repeated at least three-times and data were expressed as mean ± SE. 

Statistical analysis was performed using Two Way analysis of variance (ANOVA) by using 

SigmaPlot 13 (Systat Software, San Jose, CA). A one-tailed t-test was used to compare any 

significant difference between control and treated groups. The criterion for statistical 

significance was p<0.05. For western blotting data, band intensities were measured using 

Image J and normalized with the loading control (α-tubulin or β-actin) (55).
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3. RESULTS

3.1. APE1 interacts with ISY1

First, we determined the expression levels of ISY1 and APE1 in a panel of untreated cell 

lines by western blot analysis. We found that both ISY1 and APE1 are abundantly present in 

all cell lines tested (Fig 1a). We also tested whether depletion of APE1 has any effect on the 

expression of ISY1 and vice-versa. We found that APE1 depletion does not affect the 

expression of ISY1 protein. These results suggest that APE1 does not regulate ISY1 gene 

expression (Fig. 1a, lanes 4 and 5; Fig. 1c, compare lanes 2 and 3). Likewise, depletion of 

ISY1 has little effect on APE1 levels (Fig. 1c). We also tested whether ISY1 depletion 

affects the expression of any other BER proteins. The results from western blot analysis 

indicated that the expression of the BER proteins, APE1, POL β, FEN1 and LIG1 is not 

affected by ISY1 depletion (Fig. 1c).

Next, we asked whether the DNA alkylating agent methyl methanesulfonate (MMS) has any 

effect on the expression of ISY1. MMS mono-alkylates guanines and adenines, resulting in 

mispairing during replication and point mutations. Most methylating agents form adducts at 

N- and O- atoms in DNA bases, each with distinct stabilities (56). Our results showed that 

expression of ISY1 protein is increased in both APE1 wild-type and APE1 depleted cells 

after MMS exposure, while APE1 protein levels remains unaffected (Fig. 1d). These results 

revealed that enhanced expression of ISY1 after DNA alkylation damage is independent of 

APE1 (Fig. 1d).

We further demonstrated that ISY1 interacts with APE1. We immunoprecipitated ISY1 from 

extracts of APE1 wild-type (WT) and APE1-depleted HCT116 cells. We found that ISY1 

physically associates with APE1 (Fig. 1e, compare lanes 1 and 2 with 3 and 4). However, it 

is possible that this co-immunoprecipitation might occur because both proteins bind to 

DNA. We ruled out this possibility by treating the cell lysate with DNase I. Treatment with 

DNase I did not affect co-immunoprecipitation of APE1 proteins in wild-type and APE1-

knockdown HCT116 cells. Panel e and f shows co-immunoprecipitation of ISY1 without 

and with DNase I treatment of cell lysates, respectively. Panel g shows the co-

immunoprecipitation of APE1 in wild-type and APE1-knockdown HCT116 cell extracts to 

examine the interaction with ISY1. Panel’s h-k shows the co-immunoprecipitation of ISY1 

in wild-type and ISY1-knockdown HCT116 cell extracts to show the lack of interaction of 

ISY1 with POL β, FEN1, DNA ligase I and ISY1, respectively.

APE1 by anti-ISY1 antibody (Fig. 1f), indicating that complex formation between APE1 

and ISY1 occurs without DNA being present. We detected the presence of APE1 in the ISY1 

immunocomplex in wild-type APE1 cells but not in APE1-depleted cells, as expected (Fig. 

1e and 1f; compare lane 2 and 4). Reverse coimmunoprecipitation using anti-APE1 antibody 

confirmed that APE1 and ISY1 interact with each other (Fig. 1g, compare lane 2 with 4). We 

also found that ISY1 does not interact with the BER proteins, POLβ, FEN1 or LIG1. Thus, 

ISY1 specifically interacts with APE1 (Fig. 1g–k).

However, it is possible that this co-immunoprecipitation might involve presence of RNA, 

since it has been shown that APE1 interaction with nucleophosmin (NPM1) requires RNA 

Jaiswal et al. Page 11

DNA Repair (Amst). Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(57), and that APE1 and ISY1 both interact with RNA. Therefore, we ruled out this 

possibility by treating the cell lysate with RNase A. Treatment with RNase A did not affect 

co-immunoprecipitation of APE1 by anti-ISY1 antibody (Fig. S1). We further validated this 

interaction using purified recombinant APE1 and ISY1 proteins. Our results demonstrate 

that ISY1 interacts with APE1 (Fig. S2).

3.2. ISY1 stimulates the endonuclease activity of APE1

Since ISY1 interacts with APE1, we asked whether ISY1 influences APE1’s catalytic 

activity. We first tested the activity of ISY1 and APE1 on a 32P-labeled 63-mer DNA 

substrate that contains a unique synthetic AP site. As expected, APE1 incised the substrate 

at the AP site to generate a 5’-labeled 23-mer product (Fig. 2b, compare lanes 4–8), while 

ISY1 had no such activity (Fig. 2b, lanes 1–3). We next tested the effect of ISY1 on AP site 

incision by a sub-optimal concentration of APE1 (Fig. 2b and 2c, lanes 1116). Importantly, 

the addition of an increasing amount of ISY1 greatly potentiated the activity APE1 (Fig. 2b, 

lanes 13–16), reaching nearly 100% cleavage upon addition of 10 ng (300 fmol) of ISY1 to a 

reaction containing 0.25 ng (7.5 fmol) APE1 (Fig. 2b, compare lanes 2, 4 and 14). Using the 

sub-optimal concentrations of APE1 activity in lane 4 and 5, we further assessed the 

stimulatory effect of ISY1 as a function of the reaction time (Fig. 2c, lanes 11–15). Our 

results suggest that ISY1 at sub-nanomolar concentrations can markedly promote APE1 

endonuclease activity (Fig. 2c, lane 11–15).

3.3. Effect of ISY1 on other BER enzymes

We further examined whether ISY1 affects the activity of other BER proteins such as the 

dRP lyase activity of POL β, the flap endonuclease activity of FEN1 and the ligase activity 

of DNA Ligase1 and XRCC1/Ligase 3. We used appropriate DNA substrates as described 

earlier to demonstrate that ISY1 does not affect the activity of any other BER pathway 

enzymes such as dRP lyase activity of DNA polymerase β, Fen1 and DNA ligase 1 or 

XRCC1/DNA ligase 3 (Fig. 3a–e). We also tested whether time dependent incubation with 

ISY1 affects dRP lyase activity, flap endonuclease activity and DNA ligase activity. We 

found that ISY1 has no effect on the dRP lyase activity of POL β, flap-endonuclease activity 

of FEN1 and ligase activity of both DNA ligase1 and XRCC1/Ligase 3 (Fig. S3). Likewise, 

ISY1 did not affect the endonuclease activity of another DNA repair protein, Metnase 

(Supplemental Fig. S2 b and c, lanes 7–11). Based upon these results, we concluded that 

ISY1 specifically activates APE1 endonuclease activity.

3.4. ISY1 activation of APE1 facilitates SP-BER

We next examined whether ISY1 regulates APE1 endonuclease activity within the context of 

SP-BER. We used three different BER conditions to test the possible involvement of ISY1 in 

SP-BER. First, we used an optimal concentration of APE1 and validated the progress of SP-

BER through to completion. We then used a suboptimal concentration of APE1 and 

followed the progress of SP-BER, demonstrating its failure. In the third condition, we used a 

sub-optimal concentration of APE1 combined with ISY1 and measured the completion of 

SP-BER. The omission of FEN1 prevented the occurrence of LP-BER.
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We assembled the BER reaction as described in Figure 4a with a 32P-labeled uracil-

containing DNA substrate that had been pretreated with uracil-DNA glycosylase to generate 

an AP site at the 24th position from the 32P-labeled DNA end. Following incision by APE1 

which cleaved the phosphodiester backbone 5’-upstream of the AP site, thereby generating a 

23-mer incised product (Fig. 4b, compare lane 1 with 4). Subsequent, addition of POL β, 

dNTPs, and LIG1 led to the production of the completely repaired 32P-63-mer product (Fig. 

4b, compare lanes 4, 5 and 7).

As expected, little repaired product was seen when we used a suboptimal amount of APE1 

(0.25 fMoles) in the reconstituted reaction (Fig. 4b, compare lane 4 with 11 and 7 with 14). 

These results show that a sub-optimal concentration of APE1 was insufficient to drive this 

reaction to completion, indicating that APE1 activity is critical and requires optimal activity 

to fully achieve the completion of SP-BER.

Importantly, under these conditions of limited APE1 availability, the inclusion of ISY1 (400 

fMoles) allowed BER to proceed to completion. We found that the presence of ISY1 

activated APE1 and facilitated the completion of repair of the 32P-U-DNA by SP-BER (Fig. 

4b, compare lane 4 with 11, lane 11 with 22, and lane 14 with 25). These results revealed a 

stimulatory role of ISY1 in SP-BER via its influence on APE1 activity.

3.4. ISY1-mediated activation of APE1 facilitates LP-BER

To determine the effect of ISY1 on APE1-mediated LP-BER, we reconstituted LP-BER in 
vitro as outlined in Figure 4a. First, we validated our LP-BER in vitro reaction using optimal 

concentrations of APE1, POL β, FEN1 and LIG1. The results showed that, as expected, 

APE1 generated cleaved 32P-labeled 23-mer products and 40-mer unlabeled products (Fig. 

5b, compare lane 1 with 2) that could be extended by POL β to form a predominantly 24-

mer product (Fig. 5b, compare lane 2 and 3). After further addition of FEN1, we saw the 

appearance of DNA synthesis products of 2–7 nt, indicating that FEN1 enhanced DNA 

strand-displacement synthesis by POL β (Fig. 5b, compare lanes 3 and 5). The addition of 

LIG1 sealed the nick and re-generated the completely repaired 32P-labeled 63 nt product. 

The appearance of the ligated full length 63 nt product was consistent with FEN1-mediated 

removal of the DNA flap created by strand displacement synthesis.

When we used a sub-optimal concentration of APE1 in this assay system, no APE1-

mediated nicking of the 32P-63-mer F-DNA substrate was detected (Fig. 5b, compare lanes 2 

and 9). Addition of POL β (Fig. 5b, compare lanes 2 and 3 with 9 and 10, respectively), 

FEN1 and DNA ligase I (Fig. 5b, compare lanes 7 and 14) did not permit completion of LP-

BER when using sub-optimal concentration of APE1. It appears that Fen1 or LIG1 also 

stimulates endonuclease activity of APE1 when limiting concentrations of APE1 were 

present. APE1 after cleaving the abasic DNA might facilitates the binding and synthesis of 

the strand displacement products by the presence of DNA polymerase β, FEN1, and DNA 

ligase I. This may imply that BER can be differentially regulated. However, assembly of 

relevant constituent proteins of BER pathway may affect the overall BER pathway.

We next proceeded to determine whether the inclusion of ISY1 would enable BER with the 

use of the sub-optimal APE1 amount. Importantly, the results showed increased APE1 

Jaiswal et al. Page 13

DNA Repair (Amst). Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity upon addition of ISY1 (0.5 pmol) (Fig. 5b, compare lanes 9 and 10 with 17 and 19, 

respectively), and the further addition of POL β, FEN1, and LIG1 allowed the repair 

reaction to go to completion (Fig. 5b, lane 24). Thus, ISY1 enhances the activity of APE1 

and also the efficiency of LP-BER.

3.5. ISY1 promotes APE1 binding to AP sites in DNA

Our results above have provided evidence for a role of ISY1 in activating the endonuclease 

activity of APE1 to facilitate both SP- and LP-BER. We next examined whether ISY1 affects 

the binding of APE1 to AP site DNA by the electrophoretic mobility gel-shift assays 

(EMSA). We assembled the reaction with 32P-labelled duplex DNA that harbors an AP site 

(F-DNA) or a control duplex which did not. The results showed that APE1 has a much 

higher affinity for the F-DNA compared to the control DNA (Fig. 6a, compare lanes 2–4 

with 8–10). The control DNA without an AP-site did not bind to APE1. The specificity of F-

DNA binding to APE1 was further confirmed by the addition of APE1 antibody to the 

reaction mixture. This led to the supershifting of the F-DNA:APE1 nucleoprotein complex 

(Fig. 6b, compare lane 2, 3 and 4). ISY1 did not interact with the 32P-Control DNA but it did 

have slight binding to the 32P-F-DNA (Fig. 6a, compare lanes 5–7 with 11–13).

Next, we determined the effect of ISY1 on APE1 binding to AP site DNA. Increasing 

concentrations of ISY1 enhanced binding of APE1 to 32P-F-DNA in the presence of ISY1 

(Fig. 6c, compare lane 2–4 with lane 8–10, respectively). We tested increasing 

concentrations of ISY1 in EMSA, and found that increasing concentrations did slightly 

enhance ISY1 binding to 32P-F-DNA. Importantly, the ability of APE1 to bind 32P-F-DNA 

was enhanced 4-fold by increasing amounts of ISY1 (Fig. 6c and 6d, compare lanes 2–4 

with lanes 8–10 and with lanes 11–13).

3.6. ISY1 enhances cell survival after exposure to DNA alkylation damage or oxidative 
stress

We performed clonogenic cell survival assays to ascertain whether ISY1 is needed for 

cellular resistance to DNA damage caused by monofunctional DNA alkylating agents or 

oxidative stressors that is predominantly repaired via BER (58). We hypothesize that cells 

lacking ISY1 will be more sensitive to DNA damaging agents that are repaired via the BER 

pathway. Treatment with MMS results in the mono-methylation of guanine and adenine to 

yield 7-methylguanine and 3-methyladenine, either of which can interfere with DNA 

replication. These lesions are removed by LP-BER (38). We examined the clonogenicity of 

control or ISY1-depleted HCT-116 cells treated with different concentrations of MMS. We 

found that depletion of ISY1 alone, reduced the plating efficiency to 9.2% compared to 

scrambled siRNA control of 17.2%, suggesting that ISY1 plays role in normal cell function, 

either via splicing or in repair of oxidized DNA (Fig. 7A). When ISY1-depleted cells were 

stressed with MMS and survival was normalized to ISY1 depletion alone, the ISY1 cells had 

a further 2.1-fold decrease in survival compared to scrambled siRNA control cells at 125 μM 

of MMS (Fig. 7A). Likewise, HCT-116 cells depleted of ISY1 and stressed with H2O2 had a 

further 3.1-fold decrease in clonogenicity compared to scrambled control cells at 15 μM 

H2O2 (Fig. 7B). From these results, we conclude that ISY1 is important for cell survival in 

the presence of DNA alkylation or oxidative stress.
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3.7. DNA alkylation and oxidative stress-induced damage effects are rescued by APE1 
expression in ISY1 knock-down cells

MMS, an alkylating agent that introduces base modifications in DNA and promote AP site 

production via direct (increased hydrolysis) and indirect (DNA glycosylase excision) 

mechanisms (59,60). If these AP sites are not repaired in a timely fashion, they eventually 

become single-strand break.

We reasoned that if ISY1 repression creates a deficiency in repair of single strand break then 

APE1 - overexpression could compensate for this deficiency of ISY1. We measured the 

repair capacity of cells by measuring the reversal of toxicity of MMS or H2O2 after APE1 

overexpression. We treated ISY1 knock-down cells and APE1 overexpressed cells with 

H2O2 (5–10 μM) and MMS (75–100 μM) for 24h and then allowed the cells to grow in 

DNA alkylating and oxidative stressor free medium. This will provide cells an opportunity 

to repair the damaged DNA as result of these insults. We quantitated the cells which 

survived DNA alkylation and oxidative stress-induced damage. Survival data showed that 

APE1 overexpression (Flag-hAPE1) did indeed rescue the H2O2 or MMS-induced toxicity 

in ISY1 knock-down cells (Fig. 8, panel a-d; compare ISY1 knock-down group with 

ISY1+APE1 overexpressed group, compare lane 1–3 with 4–6; panel b and d). APE1 

overexpression provided cells an advantage for the colony survival by about 20%. This gain 

of survival of 20% was observed in both MMS and H2O2 treatment. These results 

demonstrate that repair capacity of APE1 overexpressed cells were significantly increased as 

compared to ISY1 repressed cells (Fig. 8a–d, compare ISY1 group with ISY1+APE over 

expressed group).

3.8. Modeling of the interaction of ISY1 with APE1

To define a molecular mechanism by which ISY1 might enhance APE1 AP-DNA binding, 

three different crystal structures of DNA-free human APE1 with Mg2+ as a cofactor and 

three co-crystal structures of human APE1 bound to AP-DNA were analyzed. These crystal 

structures indicate that APE1 uses a rigid, pre-formed, positively charged surface to kink the 

DNA helix and engulf the AP-DNA strand. APE1 inserts active site loops into both the DNA 

major and minor grooves and binds to a flipped-out AP site in a pocket that excludes DNA 

bases (52). We virtually analyzed the potential for ISY1 to enhance APE1 binding to AP-site 

DNA using these crystal structures. Our analysis concluded that N-terminal ISY1 interaction 

with the APE1:AP DNA complex had a decreased energy state compared to APE1:AP-DNA 

alone (Fig 8). Our modeling predicts that ISY1 binding to APE1:AP-DNA would alter its 

three-dimensional configuration, and slightly open the APE1 catalytic site. The N-terminal 

region of ISY1 also appears to secure the APDNA into place in the APE1 active site. This 

would explain the increased binding of APE1 to AP-DNA when ISY1 is present.

APE1 and ISY1 were predicted to form a four-helix bundle interface with a surface area of 

approximately 1500 Å, indicating a strong binding interaction. In addition, many of the 

predicted interactions occur between polar residues and are likely to be involved in hydrogen 

bonding. The N-terminal aa 1–17 of ISY1 is predicted to form two short helices that orient 

into the major groove of the DNA, locking the AP region of the DNA into the widened 

active site of APE1. This results in a more stable APE1:AP-DNA complex (Fig. 8).
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4. DISCUSSION

Oxidative and alkylating insults generate DNA base lesions and AP sites which are 

eliminated by BER. If these lesions are not adequately repaired, they that can impede both 

transcription and replication, resulting in cell death or neoplastic transformation. BER is the 

principal mechanism for the removal of these base lesions. In this report, we describe the 

finding that the splicing factor ISY1 interacts with APE1, promotes its specific binding to 

abasic DNA, and enhances its endonuclease activity, thereby promoting both SP- and LP-

BER. While in most circumstances APE1 levels are not limiting normally, there are cellular 

environments where BER is limited by low levels of APE1. For example, overwhelming 

oxidative stress results in p53 activation, and activated p53 can decrease APE1 gene 

expression (61,62). This could occur as part of the apoptotic process, to prevent genomic 

repair to promote cell suicide (61–63). Since ISY1 expression is induced by base damaging 

agents it could serve as a secondary regulator of BER, promoting it when it is required, and 

then fading back to baseline after the threat has been eliminated. ISY1 could be part of a 

final cellular defense against oxidative DNA damage before apoptosis.

This raises the question of why a secondary regulator for APE1 is needed in BER, and why 

not just have continuously high levels of APE1. A potential rationale for such a secondary 

regulator is that when high levels of APE1 are mismatched with lower levels of later BER 

components, there would be an increase in unrepaired DNA SSBs stemming from the 

incision of AP sites. When encountered by a replication fork, these SSBs are converted into 

DSBs, which could lead to genomic instability (10–14, 46, 47). Thus, constant APE1 levels 

with temporal increases in its activity by induction of ISY1 or decreasing its expression with 

induction of p53 would permit precise regulation of APE1 activity without mismatching its 

steady state expression levels with later BER components.

There is a second reason why ISY1 regulation of APE1 could be important in normal cell 

function. APE1 levels are often decreased in aging tissues, which would lead to oxidative 

genomic damage that would accelerate the aging process (63–66). For example, APE1 

expression becomes diminished in aging motor neurons, marrow mesenchymal stem cells 

and hepatocytes. These cells lose expression of APE1 and accumulate oxidative genomic 

damage (63–66). Also, it has been observed that base excision repair activity in germ cells 

declines with the age, which was reversed by the addition of APE1 (67). As such, ISY1 

could be an anti-aging factor, preventing this accumulation of oxidative genomic damage by 

enhancing the activity of the remaining APE1. Tissue aging would become irreversible only 

when ISY1 expression is also impaired (65,66). Failure of ISY1 to be induced by DNA base 

damage could be a biomarker of aging. Enhancing ISY1 expression or activity could 

potentially prevent oxidative damage in aging organs and preserve their function for longer 

time periods. Thus, ISY1 not only ensures the accuracy of splicing, it ensures the accuracy 

of the DNA template from which the pre-mRNA is transcribed.

In general, high expression of APE1 is a hallmark of neoplasia, and the higher the level, the 

worse the prognosis for a given cancer (68,69). Higher levels of APE1 promote tumor 

survival by ameliorating the negative effects of enhanced oxidative stress encountered in 

transformed cells (70). In hepatocellular carcinoma, APE1 expression is up-regulated from 
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increased transcription because of the heightened oxidative status of the transformed cells 

(70). One would hypothesize that most cancers would require higher APE1, yet that is not 

observed (37,38). One possibility for malignancies to overcome the oxidative stress of 

oncogenic transformation would be ISY1. Higher levels of ISY1 could promote the activity 

of APE1 to repair the oxidative insults that arise from the changes in metabolism during 

neoplastic transformation (68,70), reducing the need for increased levels of APE1.

Neoplastic cells could also subvert ISY1 to resist monofunctional alkylating chemotherapy. 

Enhanced induction of ISY1 during alkylator therapy could increase the survival of cancer 

cells during chemotherapy. Thus, ISY1 levels post-chemotherapy could be a prognostic 

marker of resistance. In addition, targeting ISY1 with a small molecule might result in 

increased response to alkylating chemotherapy. There is precedent for this possibility; the 

homeobox protein CUX1 enhances the activity of APE1 in BER and thereby promotes the 

resistance to chemotherapy in glioblastoma cells (71).

Recently, there are other several reports consistent with the hypothesis that splicing factors 

can promote DNA repair and genomic stability. For example, splicing components can bind 

to nascent transcripts and prevent genomic instability by deterring the formation of R-loops 

(72). PSO4/PRP19, an essential pre-mRNA splicing component, is strongly upregulated by 

DNA damage in human cells (40,73). The pre-mRNA splicing complex in which PSO4 

resides also contains XAB2, SEV, CDC5L, PLRGl, and Spf27. PSO4 also colocalizes with 

Metnase at DSBs induced by ionizing radiation (40). PSO4 enhances the endonuclease 

activity of Metnase (74), similar to the function of ISY1 described here. Depletion of PSO4 

by siRNA results in an accumulation of DSBs, apoptosis and reduced survival of cells after 

exposure to ionization radiation (40,75). XAB2 and PSO4 have been reported to enhance 

DNA end resection and ATR activation during homologous recombination (76,77). In 

addition, the alternative splicing factor/splicing factor 2 (ASF/SF2) binds to PARP1, a 

component of both SSB repair and BER (78). These studies have thus established a link 

between splicing and DNA repair. Based upon our results we predict that pre-mRNA 

splicing and DNA repair share a component APE1. Both processes have to accurately 

recognize specific differences in nucleic acid sequences, and/or subtle changes in the 

chemistry of the bases. Sharing components would be much more efficient from an 

evolutionary standpoint (79,80).

We propose that the N-terminal domain of ISY1 interacts with the catalytic domain of APE1 

and is involved in enhancing its abasic site binding and nuclease activities. Future studies 

will determine precise domains and their amino acids involved in the interaction of ISY1 and 

APE1. Our modeling predicts that APE1 changes its three-dimensional configuration after 

ISY1 binding, exposing the APE1 catalytic site. This more open structure of the APE1 

catalytic site would promote APE1 AP-DNA binding, and thereby enhance its endonuclease 

activity, consistent with a model proposed in previous studies (52). The ISY1 N-terminal 

region also folds over the AP-DNA site in APE1 and appears to stabilize the AP-DNA in the 

active site. Our virtual model not only predicts that ISY1 would enhance the binding AP-

DNA to APE1, but that it could also directly enhance its nucleolytic activity by opening the 

catalytic site. The ISY1 N-terminal positively charged amino acids could promote the 

cleavage 5’ of the AP site by hydrogen bonding with the phosphodiester linkages on the 
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damaged strand, resulting in a lower energy not only for AP-DNA binding but also for 

activation of cleavage. Thus, genomic instability could play a role in diseases caused by 

dysregulation of splicing factors, such as myelodysplastic syndrome and acute leukemia, 

retinitis pigmentosa, cystic fibrosis and spinal muscular atrophy.

5. Conclusion

Splicing factor ISY1 interacts with APE1 and enhances binding of APE1 to abasic DNA 

lesions. It also promotes APE1-mediated 5’−3’ endonucleolytic cleavage of an abasic site. 

We also observed that ISY1 expression is induced by mono-alkylating DNA damage which 

is repaired by BER. These studies have a biological significance in aging tissues where loss 

of APE1 expression could result in accumulation of abasic lesions as a result of endogenous 

oxidative stress. Under these circumstances, ISY1 expression could compensate for the 

reduced level of APE1 by enhancing its catalytic activity and prevent the oxidative DNA 

damage. Additionally, the cross-talk of splicing with BER provides a basis for the genomic 

instability seen in diseases caused by mutations in splicing components, such as in 

myelodysplasia and acute leukemia. This study demonstrates that splicing and base excision 

repair (BER) share a common component ISY1, which catalyzes the rate-limiting step of 

BER.
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Highlights:

• The mRNA splicing component ISY expression is increased by DNA damage

• ISY1 constitutively interacts with APE1

• This interaction enhances both APE1 binding to abasic sites in DNA and 

APE1 endonuclease activity

• ISY1 can promote the completion of base excision repair when sub-functional 

levels of APE1 are present
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Figure 1. ISY1 levels in various cell lines and its interaction with APE1.
ISY1 protein levels in different cell lines were assessed by western blot analysis. Panel a 
shows ISY1 and APE1 protein levels in HEK293, A549, H157, HCT, HCT-APE knock-

down, MCF7, BPH, LnCap, PC3, U2OS, and U87MG cells. Panel b shows quantitation of 

ISY1 and APE1 after normalization with α-tubulin levels in HEK293, A549, H157, 

HCT116, HCT-APE1 knock-down, MCF7, BPH, LnCap, PC3, U2OS, and U87MG cells. 

Panel c shows the effect of ISY1 and APE1 depletion in HCT116 cells on the level of other 
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BER proteins. Panel d shows the effect of varying concentration of MMS (0–1000 μM) 

treatment on the expression level of ISY1 and
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Figure 2. Promotion of the 5’ AP endonuclease activity of APE1 by ISY1.
Panel a show the experimental protocol. Panel b shows the effect of varying concentrations 

of ISY1 protein on APE1’s 5’−3’ endonuclease activity on AP-containing double stranded 

DNA. The top 32P-labeled strand harbors a 3-hydroxy-2-hydroxymethyltetrahydrofuran 

moiety (F). The incubation time was 45 min. Panel c shows the effect of time of incubation 

with limiting amounts of ISY1 and APE1 on the cleavage of 63-mer 32P-labeled F-DNA 

substrate. The time points were 15, 30, 45 and 60 min. Data are the mean ± SD of three 

independent experiments.
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Figure 3. Effect of ISY1 on the dRP lyase activity, Pol β activity, flap endonuclease activity and 
DNA ligase activity.
Panel a shows effect of varying concentrations of ISY1 on the dRP lyase activity of POL β 
using U-DNA substrate. The incubation time was 30 min. Panel b shows effect of varying 

concentrations of ISY1 on the displacement activity of POL β using abasic-DNA substrate. 

The incubation time was 45 min. Panel c shows the effect of varying concentrations of ISY1 

protein on flap endonuclease activity of FEN1 using flap DNA substrate. The incubation 

time was 45 min. Panel d and Panel e shows the effect of varying concentrations of ISY1 
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protein on XRCC/DNA ligase 3 and DNA ligase I activity. Panel on the right side shows 

quantitation of dRP lyase, POL β, Fen1, XRCC1.Ligase3 and Ligase 1 activity in presence 

of ISY1. Incubation time for each of the reaction was 60 min and described in materials and 

method section. Data in the figure is representative of two or more independent experiments.
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Figure 4. Role of ISY1 in the removal of an uracil residue by SP-BER.
Panel a is the schematic for assembly of the SP-BER reaction system. Panel b shows the 

efficiency of ISY1 induced APE1’s activity on uracil containing (U) DNA and its processing 

by the down-stream BER enzymes. The incubation time for reaction was 60 min. Lower 

panel shows quantitation of uncleaved product representing unrepaired product in absence of 

DNA ligase 1 and repaired product in presence of DNA ligase 1. * lanes indicate reaction in 

presence of DNA ligase 1. Data are the mean ± SD of three independent experiments.
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Figure 5. Role of ISY1 in APE1-dependent LP-BER.
Panel a is the schematic representation for assembly of the LP-BER system. Panel b shows 

the efficiency of ISY1/APE1 incision at an AP site and processing by down-stream BER 

enzymes. The incubation time was 60 min. Lane 1 represents 32P-63-mer F-DNA, lane 2 

shows 23-mer incised product after excessive APE1 activity, and lane 3 shows displacement 

activity in the presence of POL β. Lane 5 shows Fen1 stimulated POL β activity, and lane 7 

shows the repair of the 63-mer AP site DNA. Lanes 8–14 show a LP-BER reaction in the 

presence of limiting concentrations of APE1. Lanes 15–24 show the LP-BER reaction 

reconstituted in the presence of ISY1. Lower panel shows quantitation of uncleaved product 

representing unrepaired product in absence of DNA ligase 1 and repaired product in 

presence of DNA ligase 1. * lanes indicate reaction in presence of DNA ligase 1. Incubation 

time for the reaction was 60 min. Data are the mean ± SD of three independent experiments.
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Figure 6. Binding of AP site DNA by ISY1 and APE1.
Binding affinities of ISY1 and APE1 were measured by incubating with 32P-F-DNA. The 

reaction was assembled on ice and nucleoprotein complexes were resolved on a 5.5% non-

denaturing polyacrylamide gel. Panel a, APE1 (10–50 ng) and ISY1 (25–100 ng) were 

tested for binding either the control or F-DNA. Lane 1, no protein; lanes 2–4, APE1 (10–25 

ng); lanes 5–7, ISY1 (10–50 ng) were incubated with 32P-control or 32P-F DNA; lanes 8–10, 

APE1 (10–25 ng); lanes 11–13 ISY1 (25–100 ng). Panel 6b, supershifting of the APE1-F-

DNA complex by anti-APE1 antibody (2 μg). Panel 6c, ISY1 enhances APE1 binding to 
AP-DNA. APE1 binding to AP site DNA was assembled on ice. Following the incubation of 
32P-F-DNA with APE1 (10–50 ng) and ISY1 (25–100 ng) for 10 min, DNA:Protein 

complexes were resolved on a 5.5% non-denaturing polyacrylamide gel. The results in Panel 
6c were quantified and plotted. Lane 1, no protein; lanes 2–4, APE1 (25–100 ng); lanes 5–7, 

ISY1 (25–100 ng) were incubated with 32P-labeled AP site DNA; lanes 8–10, 100 ng ISY1 

and varying amount of APE1 (10–25 ng); lanes 11–13, APE1 (25 ng) and varying amount of 

ISY1 (25–100 ng) were incubated with 32P-labeled AP-DNA. Panel 6d shows quantitation 

of the binding of ISY1 and APE1 proteins to AP site DNA. Data are representative of three 

independent experiments. The arrows indicate the position of free and shifted bands. Data 

are the mean ± SD of three independent experiments. * P < 0.05 and ** P<0.005, 

significantly different than control.
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Figure 7. Effect of ISY1 deficiency on survival of HCT116 cells after DNA damage.
Panels A and B, HCT116 cells were transfected with Scr-siRNA and ISY1-siRNA for 48 h, 

and then plated for clonal survival assay. After 24 h of plating, cells were exposed to varying 

concentrations of MMS (panels a-c in A) or H2O2 (panels a-c in B), respectively. Panels A-a 
and B-a show representative images of colony survival assay for HCT-116 cells after ISY1-

knockdown and then treated with MMS or H2O2. Panels A-b and B-b show the level of 

ISY1 in wild-type and ISY1-depleted cells. Panels A-c and B-c show quantitative analysis 

of colony formation after DNA damage. Survival was normalized to cloning efficiency of 

either ISY1-depleted or scrambled siRNA control cells. Data are the mean ± SD of three 

independent experiments. * P < 0.05, ** P<0.005 and *** P<0.001, significantly different 

than control.
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Figure 8. HCT-116 cells depleted of ISY1 are more sensitive to MMS or H2O2-induced 
cytotoxicity as compared to APE1 overexpressed cells.
ISY1 knock-down cells were transfected with Flag-APE1 wt plasmid. Cells were treated 

with the concentration of 75 and 100 μM of MMS and 5 &10 μM H2O2 for 24 h. After 

treatment, the medium was replaced with a fresh medium containing 10% (v/v) fetal bovine 

serum. Cells were allowed to grow till visible colonies are formed. Colonies were stained, 

counted and analyzed. panel a, colony assay after MMS treatment (representative picture); 

panel b and d, quantitation of colony assay; panel c, colony assay after H2O2 treatment 

(representative picture). Panel e, western analysis of ISY1 and APE proteins. β-Actin served 

as a loading control. Data are the mean ± SD. * P < 0.05, ** P<0.005 and *** P<0.001, 

significantly different than control.
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Figure 9. Model of the APE1-DNA-ISY1 complex.
APE1 (wheat), DNA (gray), and ISY1 (green) are shown. The N-terminus of ISY1 wraps 

around the AP-DNA within the active site of APE1 in a 4-helix bundle, creating a lower 

energy conformation and stabilizing this complex. The immediate N-terminal aa 1-17 forms 

two small helices and the two larger helices are formed by aa 40-92.
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