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ABSTRACT

Human apurinic/apyrimidinic endonuclease (APE) is a multifunctional protein that
is capable of repairing abasic sites and single-strand breaks in damaged DNA. In
addition, it serves as a redox-modifying factor for a number of transcription factors.
Identifying the transcriptional targets of APE is essential for understanding the
mechanisms for how it affects various cellular outcomes. Expression array analysis
was used to identify glial cell-derived neurotropic factor receptor al (GFRal),
which is an encoding receptor for the glial cell-derived neurotropic factor (GDNF)
family, whose expression was induced by APE. It was also found that a target of

GDNF/GFRa signaling, c-Src (Tyr418), was strongly phosphorylated by GNDF in



APE expressing cells. Moreover, it was found that GDNF could initiate cell
proliferation in the APE expressing cells, which was measured by counting the
number of cells. Importantly, the downregulation of APE by siRNA caused a
marked reduction in the GFRal expression level, and reduced the ability of GDNF
to phosphorylate c-Src (Tyr418) and stimulate cell proliferation. These results show
an association between APE and GDNF/GFRa signaling, and suggest a potential

molecular mechanism for the involvement of APE in cell survival and proliferation.



I. INTRODUCTION

APE is a multifunctional protein that is not only responsible for the repair of AP sites but
also stimulates the DNA binding activity of the AP-1 family of transcription factors via a
redox-dependent mechanism (11,12). This effect is mediated via the reduction of a
conserved cysteine residue located at the DNA-binding domains of c-fos and c-jun (13-15).
APE is also capable of modulating or activating other classes of transcription factors via a
similar reducing action including NF-kB, p53, Egr-1, c-Myb, HLF, and Pax-8 (16-20). The
ability of APE to activate the transcription factors involved in the cellular response to
various stresses, suggests that APE may play an important role in various cellular
processes.

It is not known why APE, which is vital to a critical DNA-repair process, can also affect
the functioning of several apparently disparate transcriptional regulators. Whatever the
significance of its different roles in cells may be, APE is essential for early development.
This is because a deletion of the APE gene is lethal at a very early stage of embryogenesis
(21). Moreover, APE has been implicated in the protection against cell death resulting from
various toxic stimuli. The reduction of APE has been reported to sensitizing the cells
against oxidative DNA damage (22,23). In contrast, APE overexpression provokes an
increase in resistance to some alkylating agents and oxidative stress (24-26).

Although the DNA repair and transcription factor reducing properties of APE are well-

known, other fundamental mechanisms by which it may regulate redox-sensitive



transcription, and influence cell function need to be elucidated. Identifying the
transcription targets of APE is essential for understanding the pathways by which APE
affects cellular outcomes. To date, the list of transcription targets of APE is not
comprehensive. Expression array analysis was performed using Ad-APE (adenovirus
encoding an APE gene) infected GM00637 human fibroblast cells was performed in an
effort to identify the downstream target genes of APE particularly those that might be
involved in APE-mediated cell survival and proliferation. This paper reports an APE target
gene, glial cell-derived neurotropic factor receptor al (GFRal), which were identified
through this screening, contributes to the APE-mediated increase in glial cell-derived

neurotropic factor (GDNF) responsiveness including c-Src activation and cell proliferation.



II. MATERIALS AND METHODS

1. Cell culture and Construction of adenoviral vector encoding hAPE cDNA.

The human fibroblast GM00637 cells (Coriell Institute for Medical Research) were
maintained in Earle’s minimum essential medium (EMEM) supplemented with
10% fetal bovine serum (FBS). The human pancreatic cancer cell line DU145,
human colon cancer cell line DLD1 and human neuroblastoma cell line SKNSH
(American Type Culture Collection) were maintained in RPMI1640 supplemented
with 10% fetal bovine serum (FBS). The cells were maintained in 5%C0,/95% air
at 37 °C in a humidified incubator. Human APE cDNA, was amplified by RT-PCR
using the APE oligo primer (5 -TCT AGA ATG CCG AAG CGT GGG AAA AAG
G-3", 5-GGT ACC TCA CAG TGC TAG GTA TAG GGT G-3") from human
fibroblast GM00637 cells. The mutation of cysteine 65 in APE (APE“*) was made
by in vitro mutagenesis kit (Stratagene) using the primers (5'-AAA CCT GCC ACA
CTC AAG ATC GCC TCT TGG AAT GTG GAT GGC TT-3"). The underlined
letter indicates the nucleotide substitutions of the insert mutations (TGC—GCC).
The nucleotide sequence of each construct was confirmed by cycle sequencing
using an ABI PRISM 310 genetic analyzer (PerkinElmer Life Science). The cells
were transfected with the Lipofectamine (Gibco BRL) according to the

manufacturer’s protocol.



The APE cDNA was cloned into a pcDNA3 mammalian expression vector
(Invitrogen, Carlsbad, CA, USA) and a pShuttle vector (Invitrogen) after
confirming the DNA sequence. The newly constructed plasmid pShuttle-hAPE was
then doubly digested with PI-Scel/I-Ceul, and the purified product was ligated
using Adeno-X DNA. The DNA was linearized with Pacl and purified before
Liopfectamine (Invitrogen) transfection of HEK293 cells. After transduction,
HEK293 cells layers were overlaid with agarose and assessed for viral plaque
formation at 10 days. For virus collection, the cells were lysed with three
consecutive freeze-thaw cycles, and the virus was collected from the supernatant.
The virus titer was approximately 1x10’ pfu/ml, which was determined using an
end-point dilution assay. A vector carrying the [-galactosidase gene LacZ (Ad-
LacZ) was used to monitor efficiency of transduction by the viral vectors and a
nonspecific transgene expression controls. The transduction efficiency was tested
by in situ X-Gal staining, and infection with 50-100 multiplicity of infection (MOI)
of Ad-LacZ resulted in 90 — 100 % of cells testing positive in GM005637 human

fibroblast cells.

2. Western Blotting

The cells were washed with PBS, and lysed at 0 °C for 30min in a M-PerR
Mammalian Protein Extraction Reagent (Pierce, Rockford, IL, USA). The protein
content was determined using a Bio-Rad dye-binding microassay (Bio-Rad,

Hercules, CA, USA). 20 ug of protein per lane was electrophoresed on 10% SDS



polyacrylamide gels after boiling the protein in a Laemmli sample buffer for 5 min.
The proteins were blotted onto Hybond-C membranes (Amersham Biosciences,
Piscataway, NJ, USA), and the protein markers (Fermentas, Hanover, MD, USA)
were used as the size standards. After electroblotting, the membranes were blocked
with 1X Tris-buffered saline containing Tween-20 (TBS-T; 10 mM Tris-HCI, pH
7.4, 150mM NaCl, 0,1% Tween-20) and 5% milk, and incubated with the primary
antibody diluted in a 1X TBS-T buffer for 2 h. The primary antibodies were diluted
by 1/1000. The membranes were repeatedly washed and incubated with the
appropriate secondary antibodies (1/4000) in a 1X TBS-T buffer for 1 h. The
blotted protein was detected using an ECL kit (iNtRon Biotech, Korea). The
following antibodies were used for immunohistochemistry and immunoblot
analyses: rabbit polyclonal antibody GFRal(H-70) and APE(C-20) (Santa Cruz
Biotechnology, Inc) and phospho c-Src(tyr418) (Cell Signaling Technology,

Beverly, MA, USA)

3. Immunofluorescence Microscopy.

The paraformaldehyde-fixed cells were incubated with anti-GFRal antibody
(Santa Cruz Biotechnology). The cells were stained by incubation with fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit or anti-goat secondary antibodies
(Vector, USA). The immunofluorescence images for the GFRal proteins were
obtained using FV300 laser microscopy (Olympus, Japan) at an excitation

wavelength appropriate for FITC (488nm).



4. Small interfering RNA (siRNA)-based Experiments

The siRNA target sites within the human APE and GFRal gene were chosen using
the Ambion's siRNA target finder program: APE siRNA (534bp from Atg)
GUCUGGUACGACUGGAGUAL(t-3' (sense) and 5'-
UACUCCAGUCGUACCAGACtt-3" (anti-sense); GFRal siRNA(1228bp from
Atg) 5'-UACACACCUCUGUAUUUCCHt-3' (sense) and 5'-
GGAAAUACAGAGGUGUGUA(t-3' (antisense); LacZ siRNA, 5°-
CGUACGCGGAAUACUUCGALt-3" (sense), 5'-AAUC
GAAGUAUUCCGCGUACGtt-3" (antisense) for the LacZ gene. These siRNAs
were prepared using a transcription-based method with a Silencer siRNA
construction kit (Ambion, Austin, TX, USA). The cells were transfected with the

siRNA duplexes using Oligofectamine (Invitrogen).

5. WST-1 Proliferation Assays

GMO00637 cells were infected with Ad-LacZ or Ad-APE. 24 h later, the cells were
then incubated with or without GDNF (Sigma-Aldrich). To investigate the effect of
APE and GRFal on the cell proliferation in response of GDNF, Ad-LacZ or Ad-
APE infected cells were transfected with control siRNA, APE siRNA or GFRal
siRNA using the Oligofectamine transfection reagent (Invitrogen). 24 h after
transfection, the cells were then incubated with or without GDNF for up to 72

hours. Every 24 h after GDNF treatment, the WST-1 tetrazolium salt (Roche



Applied Science) was added to the culture for 2 h to monitor the level of cell
proliferation according to the manufacturer's instructions. After the incubation
period the production of formazan dye was quantified using a spectrophotometer

(450 nm).

6. Statistical Analysis

All experiments were repeated at least three times to ensure reproducibility. Data
in all experiments are represented as mean + S.E. Statistical comparisons were
carried out using two-tailed Student’s 7 test. p values <0.05 were considered to be

statistically significant.



III. RESULTS

1. APE induce expression of the GFRal

The APE was expressed in the human fibroblast cells using the replication-deficient
adenoviral vector harboring the human APE (Ad-APE) genes. The transduction
efficiency of adenovirus vector in GM00637 human fibroblast cells was evaluated
using a different adenovirus vector containing the -galactosidase (Ad-LacZ) MOI
and observing the X-gal staining of B-galactosidase 48 h after infection. It indicated
that the cell infection rate increased with the increase of MOI of the viruses: MOI =
1, only a few cells expressed B-galactosidase; MOI = 50, approximate 90 % cells
expressed [-galactosidase; MOI = 100, almost all cells expressed [-galactosidase
(data not shown). The cells infected with 100 MOI of Ad-LacZ did not show the
change in either the cell proliferation or morphology (data not shown). Based on
the transduction efficiency of Ad-LacZ in GM00637 cells, cells infected with either
Ad-APE or Ad-LacZ at the 50 MOI were used. To assess the adenovirus-mediated
expression of APE, Western blot analysis was performed with extracts of cells 48 h
after infection with an adenovirus vector, and a high-level of the APE protein was
observed in the cells infected with the Ad-APE (Fig. 1A, upper panel).

In an attempt to identify the specific targets regulated by APE, cDNA microarray
analysis was performed and the expression patterns in a human fibroblast cells
GMO00637 transfected separately with Ad-APE and Ad-LacZ were compared. The

cDNA probes, prepared from the total RNA isolated from these cells, were labeled
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and for hybridization with a human cDNA array containing the 8§ K genes.
(GenePlorer TwinChip 8 K, Digital Genomics, Seoul, Korea). Among the
upregulated genes detected, we selected GFRal to investigate the biological
function of APE for several reasons: first, GFR/GDNF signaling pathway
promote the survival of various neurons, and have been expected as therapeutic
agents for neurodegenerative disease; second, GFR/GDNF signaling pathway plays
an important role of development, proliferation and differentiation in neuronal and
non-neural tissues; third, APE is contributed to the cellular defense to particular
types of genotoxic stress, and dysfunction of APE may be an underlying
mechanism of neurodegenerative disease; fourth, APE is involved in the cell
proliferation and development. To confirm this ¢cDNA microarray result,
semiquantitative RT-PCR analyses of the Ad-LacZ and Ad-APE infected fibroblast
cells were performed. Semiquantitative RT-PCR analysis using the GFRal primers
showed that the expression level of the GFRal genes was increased dramatically
by infecting them with Ad-APE, but not with Ad-LacZ (data not shown). In order to
determine if this increase in the GFRal mRNA levels correspond to an increase in
the GFRal protein level, western blots was carried out using an antibody against
the GFRal. SDS-polyacrylamide-gel electrophoresis (SDS-PAGE) was used to
separate the whole-cell extracts of the protein from the APE-transfected cells, as
well as to separate the protein from the LacZ-transfected cells. Western blot
analysis with the GFRal antibody showed that the GFRal protein levels were

higher in the APE-transfected cells than the LacZ-transfected cells. GFRal
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induction was observed as early as 24 h after the Ad-APE infection (Fig. 1A).
Immunofluorescence staining using the same antibody also confirmed the
expression of endogenous GFRal in Ad-APE-infected GM00637 cells but not in
Ad-LacZ-infected cells (Fig. 1B).

To investigate whether APE can also induces GFRal expression in other human
cells, Ad-APE or Ad-LacZ was infected into human pancreas cancer cell lines
DU145, human colon cancer cell line DLD1 and human neuroblastoma cell line
SKNSH. Forty-eight hours after infection, cells were harvested and GFRal
expression levels were determined. Western blot analysis revealed that the GFRal
expression levels in the three individual Ad-APE infected cells were significantly
higher than that of the Ad-LacZ infected cells (Fig. 1C).

To investigate whether the endogenous APE protein affects the GFRal expression,
GMO00637 cells were treated with H,O,, which is known to be APE inducing agent.
The GM00637 cells were treated with 100 uM H,O, for 0, 12, 24 and 48 h, and the
levels of the GFRal and APE expression were measured. As shown in Fig. 1D,
treating the cells with H>O, led to increase in the APE protein level within 24-48 h,
and increases in the GFRal level were also observed 48 h after adding H,O; to the
medium. These results demonstrate that GFRal expression can be induced by

endogenous APE.

2. c-Src becomes activated in APE expressing cells after GDNF stimulation
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GFRal interacts with the GDNF family, resulting in the activation of the
intracellular pathway, which contributes to cell proliferation, survival and
differentiation (27-29). Therefore, this study investigated whether or not the
GFRal induction mediated by APE could promote a functional interaction with
GDNF. The receptor tyrosine kinase, Ret, is a major component in the signaling
cascade activated by members of the GDNF family (30,31). However, Ret was not
detected in the parental GM00637 cells, Ad-LacZ- and Ad-APE-infected cells (data
not shown). Recent in vitro studies have shown that exogenously applied GDNF
interacts with cells expressing GFRal, leading to the activation of the Ret-
dependent and Ret-independent signal pathways (32-34). Because Src-family
kinase has been reported to be the direct downstream target of the GDNF/GFRa
signal pathway in the Ret-deficient cell lines (32-34), this study examined whether
or not GDNF induced Src activation by investigating the phosphorylation status of
Src in the total lysates from the Ad-LacZ- and Ad-APE-infected cells using
antibodies directed against the activated form of Src. As shown in Fig. 2, c- Src
became phosphorylated on Tyr418 in the GNDF-stimulated, APE infected cells.
The increase in c-Src phosphorylation was maintained for up to 3 h after the GDNF
treatment. The levels of non-phosphorylated c-Src were unaffected by the GDNF
treatment. Therefore, they were used as a control for equal loading. In contrast, the
Ad-LacZ infected cells did not show c-Src phosphorylation at Tyr418 in response
to GDNF (Fig. 2). Thus, APE-induced GFRal expression triggered the GDNF-

mediated Src phosphorylation in the GM00637 cells.
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3. GDNF treatment enhances cell proliferation in APE expressing GM00637
cells

It is known that the GDNF/GFRa system regulates cell survival and proliferation
(27-29). Therefore, this study examined the effect of GDNF on the proliferation of
Ad-APE and Ad-LacZ infected cells. Twenty-four hours after infecting the cells
with either Ad-APE or Ad-LacZ, the cells were either left untreated or incubated
with GDNF, and the number of cells was counted after a period of 1-3 days. As
shown in Fig. 3, the Ad-APE infected cells treated with GDNF showed a more
rapid increase in the number of cells on days 1, 2 and 3 than the Ad-LacZ infected
cells treated with GDNF. These results suggest that the APE-mediated increase in
GFRal expression results in the stimulation of cell proliferation in response to

GDNF.

4. APE SsiRNA suppresses the GDNF responsiveness in Ad-APE infected
GMO00637 cells

In order to determine if APE indeed contributes to the enhancement of the GDNF
responsiveness, small interfering RNA (siRNA) in the form of 21-base pair RNA
duplexes, that target APE was used in an attempt to inhibit its expression level. The
Ad-LacZ or Ad-APE infected cells were transfected with the mock, control siRNA
oligonucleotide or the APE specific siRNA oligonucleotides. RT-PCR experiments

were performed 48 h after treating the cells with either the APE siRNA or control
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siRNA. The APE siRNA treatment resulted in a significant decrease in the APE
mRNA level, compared with mock and control siRNA transfected cells (Fig. 4A).
Western blot analysis revealed that the APE-specific siRNA oligonucleotide levels
had decreased by more than 80 % in terms of their overall APE protein expression
levels compared with the control siRNA-transfected cells (Fig. 4B). The GFRal
levels after APE-siRNA transfection were next examined. The results showed that
the Ad-APE-infected cells transfected with the APE-siRNA had significantly lower
GFRal levels than the mock and control siRNA-transfected cells (Fig. 4A-B). The
GNDF-induced c-Src activation and cell proliferation after APE siRNA transfection
was next tested. As shown in Fig. 4C, the GDNF-induced c-Src (Tyr418)
phosphorylation was suppressed in the Ad-APE-infected cells treated with the APE
siRNA. The cell proliferation experiments confirmed that the transfection of APE
siRNA strongly reduces the level of cell proliferation in response to GDNF

compared with the control siRNA transfection (Fig. 4D).
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IV. DISCUSSION

Ad-APE (adenovirus encoding a human APE)-infected GMO00637 human
fibroblast cells were used in this study to examine the effect of APE on gene
expression. The results showed that APE mediates the increase in the GFRal
mRNA, GFRal promoter activity and GFRal protein levels, which is a key
receptor for the glial cell-derived neurotropic factor (GDNF) family. It was further
shown that c-Src, a downstream target of GFRal, is functionally activated by
GDNF in APE expressing cells, as determined by its phosphorylation. Moreover, it
was found that GDNF could stimulate cell proliferation in the APE expressing cells,
as measured by counting the number of cells. APE specific RNA experiments
demonstrated that the downregulation of APE by siRNA caused a marked reduction
in the GFRal expression level, as well as the diminished ability of GDNF to
phosphorylate c-Src (Tyr418) and to stimulate cell proliferation. These findings
suggest that GFRal is a direct target of APE.

The GDNF was originally characterized as a potent neurotropic factor specific
for the survival and differentiation of the midbrain dopaminergic neurons (35).
Subsequently, the biological effects of GDNF on the uterine branching in kidney
morphogenesis, spermatogenesis, and survival as well as the differentiation of
several other neuronal populations have considerably extended the range of
activities of this polypeptide (36-38). Currently, four GFRa proteins, GFRal, 2, 3,

and 4 have been identified. GFRal mainly binds GNDF, and GFRa2, 3, and 4 bind
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neurturin (NTN), artemin (ART), and persephin (PSP), respectively, which are the
GDNF family of growth factors (39-43). The GDNF protein signals through a
multi-component receptor complex, which consists of a glycosyl-
phosphatidylinositol (GPI) binding subunit, which is known as the GDNF family
receptor oo (GFRa), and the transmembrane receptor tyrosine kinase (Ret) (27-29).
This study demonstrated the functional involvement of APE in the GDNF/GFRa
signal pathway. The induction of GFRal correlated with the initiation of signaling
downstream of the GDNF in the APE expressing cells. Src was phosphorylated by
GDNF in the APE-expressing cells. This agrees with a recent report showing that
GDNEF triggers Src-family kinase activation through GFRal independently of Ret
(32-34). This suggests that APE can trigger the GDNF/GFRa signal pathway
indicating that APE plays a role in cell survival and proliferation, as well as in
normal development by modulating the GDNF/GFRa signal pathway.
GDNF-mediated activation of the GFRa/Ret system induces the subsequent
signal transduction pathway and transactivation of its target genes, which leads to
cell survival and proliferation (27-29). Most of the existing data on the biological
effects of GDNF/GFRa were observed in the neuronal cells. Although the
biological effects in non-neuronal cells are still unclear, several studies have
indicated that GDNF/GFRo/Ret system might be involved in tumor cell
proliferation, invasion and migration. For example, older mice overexpressing
GDNF develop testicular carcinoma after one year of age as a result of an invasion

of undifferentiating spermatogonia to the interstitium, suggesting that the
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GDNF/Ret/GFRa signal pathway might be implicated in human germ cell
carcinogenesis (44). In addition, the pancreatic cancer cell line contained both
GFRal and Ret and GDNF increased the invasive capacity of human pancreatic
cancer cell lines (45). Despite finding no GFRal expression in the normal bile duct,
it was expressed clearly in a bile duct carcinoma, indicating that carcinogenesis
leads to the aberrant expression of GFRal (46). Interestingly, a significant increase
in APE expression has been demonstrated in malignant tissues, such as epithelial
ovarian cancers, cervical cancer tissues and cell lines, prostate cell tumors, gliomas,
rhabdomyosarcoma and germ cell tumors (47-52). A higher APE expression level
was also reported to be associated with tumor progression (7). Therefore, the APE-
mediated increase in the GDNF responsiveness, via GFRal, might be an
underlying mechanism of the migratory and invasive behavior of cancer cells.
During development, high level of APE expression is present in all somatic
tissues (53). The presence of widespread and high level of APE expression during
development is expected to play an important role in embryogenesis. 4PE null
mice exhibits die during the embryonic stage, which results from a developmental
defect (21). The phenotype of embryonic death observed in the APE-/- mice may
be a consequence of defective DNA repair as well as inappropriate gene regulation
whose expression is dependent on APE. This study demonstrated that a defect in
APE expression by siRNA suppressed GFRal expression and the GDNF
responsiveness. Mice lacking GDNF (54,55) and GFRa (56,57) all die soon after

birth and share a similar phenotype of kidney agenesis and absence of enteric
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neurons below the stomach, suggesting GNDF/GFRa signaling pathway plays an
important role in morphogenesis during embryonic development. Although little is
known about why APE null mice are embryonic lethal, one may speculate that
arising from APE functional defect in APE-null embryos, a failure of GDNF/GFRa
signal pathway needed to stimulate morphogenesis may contribute to embryonic
death.

In conclusion, this study showed that the GDNF receptors, GFRal, are
induced by APE. It was also demonstrated that APE activates the GDNF
responsiveness through GFRal, resulting in c-Src phosphorylation and cell
proliferation in the GM00637 human fibroblast cells. These results highlight the
potential role of APE in normal development and cell proliferation mediated

through GDNF/GFRa signaling.

19



10.

V. REFERENCES

. Doetsch,P.W. and Cunningham,R.P. (1990) The enzymology of

apurinic/apyrimidinic endonucleases. Mutat. Res., 236, 173-201.

Izumi, T. and Mitra,S. (1998) Deletion analysis of human AP-endonuclease:
minimum sequence required for the endonuclease activity. Carcinogenesis,
19, 525-527.

. Evans,A.R., Limp-Foster,M. and Kelley,M.R. (2000) Going APE over ref-1.

Mutat. Res., 461, 83-108.

Demple,B. and Harrison,L. (1994) Repair of oxidative damage to DNA:
enzymology and biology. Annu. Rev. Biochem., 63, 915-948.

Mol,C.D., Hosfield,D.J. and Tainer,J.A. (2000) Abasic site recognition by
two apurinic/apyrimidinic endonuclease families in DNA base excision
repair: the 3' ends justify the means. Mutat. Res., 460, 211-229.

Fritz,G. (2000) Human APE/Ref-1 protein. /nt. J. Biochem. Cell Biol., 32,
925-929.

Fritz,G., Grosch,S., Tomicic,M. and Kaina,B. (2003) APE/Ref-1 and the

mammalian response to genotoxic stress. Toxicology, 193, 67-78.

Loeb,L.A. and Preston,B.D. (1986) Mutagenesis by apurinic/apyrimidinic
sites. Annu. Rev. Genet., 20, 201-230.

Lindahl,T. and Nyberg,B. (1972) Rate of depurination of native
deoxyribonucleic acid. Biochemistry, 11, 3610-3618.

Chen,D.S., Herman,T. and Demple,B. (1991) Two distinct human DNA
diesterases that hydrolyze 3'-blocking deoxyribose fragments from oxidized
DNA. Nucleic Acids Res., 19, 5907-5914.

20



I1.

12.

13.

14.

15.

16.

17.

18.

19.

Abate,C., Patel,L., Rauscher,F.J., III and Curran,T. (1990) Redox regulation
of fos and jun DNA-binding activity in vitro. Science, 249, 1157-1161.

Xanthoudakis,S. and Curran,T. (1992) Identification and characterization of
Ref-1, a nuclear protein that facilitates AP-1 DNA-binding activity. EMBO
J., 11, 653-665.

Xanthoudakis,S., Miao,G., Wang,F., Pan,Y.C. and Curran,T. (1992) Redox
activation of Fos-Jun DNA binding activity is mediated by a DNA repair
enzyme. EMBO J., 11, 3323-3335.

Hirota,K., Matsui,M., Iwata,S., Nishiyama,A., Mori,K. and Yodoi,J. (1997)
AP-1 transcriptional activity is regulated by a direct association between
thioredoxin and Ref-1. Proc. Natl. Acad. Sci. U. S. A, 94, 3633-3638.

Walker,L.J., Robson,C.N., Black,E., Gillespie,D. and Hickson,I.D. (1993)
Identification of residues in the human DNA repair enzyme HAP1 (Ref-1)

that are essential for redox regulation of Jun DNA binding. Mol. Cell Biol.,
13, 5370-5376.

Huang,R.P. and Adamson,E.D. (1993) Characterization of the DN A-binding
properties of the early growth response-1 (Egr-1) transcription factor:
evidence for modulation by a redox mechanism. DNA Cell Biol., 12, 265-
273.

Huang,L.E., Arany,Z., Livingston,D.M. and Bunn,H.F. (1996) Activation of
hypoxia-inducible transcription factor depends primarily upon redox-
sensitive stabilization of its alpha subunit. J. Biol. Chem., 271, 32253-
32259.

Jayaraman,L., Murthy,K.G., Zhu,C., Curran,T., Xanthoudakis,S. and
Prives,C. (1997) Identification of redox/repair protein Ref-1 as a potent
activator of p53. Genes Dev., 11, 558-570.

Mitomo,K., Nakayama,K., Fujimoto,K., Sun,X., Seki,S. and Yamamoto,K.

21



20.

21.

22.

23.

24.

25.

26.

(1994) Two different cellular redox systems regulate the DNA-binding
activity of the p50 subunit of NF-kappa B in vitro. Gene, 145, 197-203.

Tell,G., Pellizzari,L., Cimarosti,D., Pucillo,C. and Damante,G. (1998) Ref-1
controls pax-8 DNA-binding activity. Biochem. Biophys. Res. Commun.,
252, 178-183.

Xanthoudakis,S., Smeyne,R.J., Wallace,J.D. and Curran,T. (1996) The
redox/DNA repair protein, Ref-1, is essential for early embryonic
development in mice. Proc. Natl. Acad. Sci. U. S. A, 93, 8919-8923.

Walker,L.J., Craig,R.B., Harris,A.L. and Hickson,I.D. (1994) A role for the
human DNA repair enzyme HAPI in cellular protection against DNA
damaging agents and hypoxic stress. Nucleic Acids Res., 22, 4884-4889.

Ludwig,D.L., Maclnnes,M.A., Takiguchi,Y., Purtymun,P.E., Henrie,M.,
Flannery,M., Meneses,J., Pedersen,R.A. and Chen,D.J. (1998) A murine
AP-endonuclease  gene-targeted deficiency with  post-implantation
embryonic progression and ionizing radiation sensitivity. Mutat. Res., 409,
17-29.

Grosch,S., Fritz,G. and Kaina,B. (1998) Apurinic endonuclease (Ref-1) is
induced in mammalian cells by oxidative stress and involved in clastogenic
adaptation. Cancer Res., 58, 4410-4416.

Ramana,C.V., Boldogh,I., Izumi,T. and Mitra,S. (1998) Activation of
apurinic/apyrimidinic endonuclease in human cells by reactive oxygen
species and its correlation with their adaptive response to genotoxicity of
free radicals. Proc. Natl. Acad. Sci. U. S. A, 95, 5061-5066.

Herring,C.J., West,C.M., Wilks,D.P., Davidson,S.E., Hunter,R.D., Berry,P.,
Forster,G., MacKinnon,J., Rafferty,J.A., Elder,R.H. et al. (1998) Levels of
the DNA repair enzyme human apurinic/apyrimidinic endonuclease (APE1,

APEX, Ref-1) are associated with the intrinsic radiosensitivity of cervical
cancers. Br. J. Cancer, 78, 1128-1133.

22



27.

28.

29.

30.

31.

32.

33.

34.

35.

Airaksinen,M.S., Titievsky,A. and Saarma,M. (1999) GDNF family
neurotrophic factor signaling: four masters, one servant? Mol. Cell
Neurosci., 13, 313-325.

Airaksinen,M.S. and Saarma,M. (2002) The GDNF family: signalling,
biological functions and therapeutic value. Nat. Rev. Neurosci., 3, 383-394.

Sariola,H. and Saarma,M. (2003) Novel functions and signalling pathways
for GDNF. J. Cell Sci., 116, 3855-3862.

Jing,S., Wen,D., Yu,Y., Holst,P.L., Luo,Y., Fang, M., Tamir,R., Antonio,L.,
Hu,Z., Cupples,R. et al. (1996) GDNF-induced activation of the ret protein

tyrosine kinase is mediated by GDNFR-alpha, a novel receptor for GDNF.
Cell, 85, 1113-1124.

Treanor,].J., Goodman,L., de,S.F., Stone,D.M., Poulsen, K.T., Beck,C.D.,
Gray,C., Armanini,M.P., Pollock,R.A., Heft,F. et al (1996)

Characterization of a multicomponent receptor for GDNF. Nature, 382, 80-
83.

Poteryaev,D., Titievsky,A., Sun,Y.F., Thomas-Crusells,J., Lindahl,M.,
Billaud,M., Arumae,U. and Saarma,M. (1999) GDNF triggers a novel ret-
independent Src kinase family-coupled signaling via a GPI-linked GDNF
receptor alphal. FEBS Lett., 463, 63-66.

Trupp,M., Scott,R., Whittemore,S.R. and Ibanez,C.F. (1999) Ret-dependent
and -independent mechanisms of glial cell line-derived neurotrophic factor
signaling in neuronal cells. J. Biol. Chem., 274, 20885-20894.

Popsueva,A., Poteryaev,D., Arighi,E., Meng,X., ngers-Loustau,A.,
Kaplan,D., Saarma,M. and Sariola,H. (2003) GDNF promotes
tubulogenesis of GFRalphal-expressing MDCK cells by Src-mediated
phosphorylation of Met receptor tyrosine kinase. J. Cell Biol., 161, 119-129.

Lin,L.F., Doherty,D.H., Lile,J.D., Bektesh,S. and Collins,F. (1993) GDNF:

23



36.

37.

38.

39.

40.

41.

42.

a glial cell line-derived neurotrophic factor for midbrain dopaminergic
neurons. Science, 260, 1130-1132.

Moore,M.W., Klein,R.D., Farinas,l., Sauer,H., Armanini,M., Phillips,H.,
Reichardt,L.F., Ryan,A.M., Carver-Moore,K. and Rosenthal,A. (1996)
Renal and neuronal abnormalities in mice lacking GDNF. Nature, 382, 76-
79.

Pichel,J.G., Shen,L., Sheng,H.Z., Granholm,A.C., Drago,J., Grinberg,A.,
Lee,E.J., Huang,S.P., Saarma,M., Hoffer,B.J. ef al. (1996) Defects in enteric
innervation and kidney development in mice lacking GDNF. Nature, 382,
73-76.

Sanchez,M.P., Silos-Santiago,l., Frisen,J., He,B., Lira,S.A. and Barbacid,M.
(1996) Renal agenesis and the absence of enteric neurons in mice lacking
GDNF. Nature, 382, 70-73.

Klein,R.D., Sherman,D., Ho,W.H., Stone,D., Bennett,GL., Moffat,B.,
Vandlen,R., Simmons,L., Gu,Q., Hongo,J.A. et al. (1997) A GPI-linked
protein that interacts with Ret to form a candidate neurturin receptor. Nature,
387, 717-721.

Buj-Bello,A., Adu,J., Pinon,L.G., Horton,A., Thompson,J., Rosenthal,A.,
Chinchetru,M., Buchman,V.L. and Davies,A.M. (1997) Neurturin
responsiveness requires a GPI-linked receptor and the Ret receptor tyrosine
kinase. Nature, 387, 721-724.

Baloh,R.H., TanseyM.G.,, Lampe,P.A., Fahrner,T.J., Enomoto,H.,
Simburger,K.S., Leitner,M.L., Araki,T., Johnson,E.M., Jr. and Milbrandt,J.
(1998) Artemin, a novel member of the GDNF ligand family, supports
peripheral and central neurons and signals through the GFRalpha3-RET
receptor complex. Neuron, 21, 1291-1302.

Enokido,Y., de,S.F., Hongo,J.A., Ninkina,N., Rosenthal,A., Buchman,V.L.
and Davies,A.M. (1998) GFR alpha-4 and the tyrosine kinase Ret form a

24



43.

44,

45.

46.

47.

48.

49.

functional receptor complex for persephin. Curr. Biol., 8, 1019-1022.

LindahlLM., Timmusk,T., Rossi,J., Saarma,M. and Airaksinen,M.S. (2000)
Expression and alternative splicing of mouse Gfra4 suggest roles in
endocrine cell development. Mol. Cell Neurosci., 15, 522-533.

Meng,X., LindahLM., Hyvonen,M.E., Parvinen M., de Rooij,D.G,
Hess,M.W., Raatikainen-Ahokas,A., Sainio,K., Rauvala,H., Lakso,M. et al.
(2000) Regulation of cell fate decision of undifferentiated spermatogonia by
GDNF. Science, 287, 1489-1493.

Veit,C., Genze,F.,, Menke,A., Hoeffert,S., Gress, T.M., Gierschik,P. and
Giehl,LK. (2004) Activation of phosphatidylinositol 3-kinase and
extracellular signal-regulated kinase is required for glial cell line-derived

neurotrophic factor-induced migration and invasion of pancreatic carcinoma
cells. Cancer Res., 64, 5291-5300.

Iwahashi,N., Nagasaka,T., Tezel,G., Iwashita,T., Asai,N., Murakumo,Y.,
Kiuchi, K., Sakata,K., Nimura,Y. and Takahashi,M. (2002) Expression of
glial cell line-derived neurotrophic factor correlates with perineural

invasion of bile duct carcinoma. Cancer, 94, 167-174.

Moore,D.H., MichaelLH., Tritt,R., Parsons,S.H. and Kelley,M.R. (2000)
Alterations in the expression of the DNA repair/redox enzyme APE/ref-1 in

epithelial ovarian cancers. Clin. Cancer Res., 6, 602-609.

Xu,Y., Moore,D.H., Broshears,J., Liu,L., Wilson,T.M. and Kelley,M.R.
(1997) The apurinic/apyrimidinic endonuclease (APE/ref-1) DNA repair
enzyme is elevated in premalignant and malignant cervical cancer.
Anticancer Res., 17, 3713-3719.

Kelley,M.R., Cheng,L., Foster,R., Tritt,R., JiangJ., Broshears,J. and
Koch,M. (2001) Elevated and altered expression of the multifunctional

DNA base excision repair and redox enzyme Apel/ref-1 in prostate cancer.
Clin. Cancer Res., 7, 824-830.

25



50.

51.

52.

53.

54.

55.

56.

57.

Bobola,M.S., Blank,A., Berger,M.S., Stevens,B.A. and Silber,J.R. (2001)
Apurinic/apyrimidinic endonuclease activity is elevated in human adult
gliomas. Clin. Cancer Res., 7, 3510-3518.

Thomson,B., Tritt,R., Davis,M. and Kelley,M.R. (2001) Histology-specific
expression of a DNA repair protein in pediatric rhabdomyosarcomas. J.
Pediatr. Hematol. Oncol., 23, 234-239.

Robertson,K.A.,  Bullock, H.A., XuY.,, TrttR.,, Zimmerman,E.,
Ulbright, T.M., Foster,R.S., Einhorn,L.H. and Kelley,M.R. (2001) Altered
expression of Apel/ref-1 in germ cell tumors and overexpression in NT2

cells confers resistance to bleomycin and radiation. Cancer Res., 61, 2220-
2225.

Wilson,T.M., Rivkees,S.A., Deutsch, WA. and Kelley,M.R. (1996)
Differential expression of the apurinic / apyrimidinic endonuclease
(APE/ref-1) multifunctional DNA base excision repair gene during fetal
development and in adult rat brain and testis. Mutat. Res., 362, 237-248.

Pichel,J.G., Shen,L., Sheng,H.Z., Granholm,A.C., Drago,J., Grinberg,A.,
Lee,E.J., Huang,S.P., Saarma,M., Hoffer,B.J. ef al. (1996) Defects in enteric
mnervation and kidney development in mice lacking GDNF. Nature, 382,
73-76.

Sanchez,M.P., Silos-Santiago,l., Frisen,J., He,B., Lira,S.A. and Barbacid,M.
(1996) Renal agenesis and the absence of enteric neurons in mice lacking
GDNF. Nature, 382, 70-73.

Cacalano,G.,, Farinas,I., Wang,L.C., Hagler,K., Forgie,A., Moore,M.,
Armanini,M., Phillips,H., Ryan,A.M., Reichardt,L.F. et al (1998)
GFRalphal is an essential receptor component for GDNF in the developing

nervous system and kidney. Neuron, 21, 53-62.

Enomoto,H., ArakiT., Jackman,A., Heuckeroth,R.O., Snider,W.D.,
Johnson,E.M., Jr. and Milbrandt,J. (1998) GFR alphal-deficient mice have

26



58.

59.

60.

61.

62.

63.

64.

65.

66.

deficits in the enteric nervous system and kidneys. Neuron, 21, 317-324.

Tomac,A., Lindqvist,E., Lin,L.F., Ogren,S.O., Young,D., Hoffer,B.J. and
Olson,L. (1995) Protection and repair of the nigrostriatal dopaminergic
system by GDNF in vivo. Nature, 373, 335-339.

Gash,D.M., Zhang,Z., Ovadia,A., Cass,W.A., Yi,A., Simmerman,L.,
Russell,D., Martin,D., Lapchak,P.A., Collins,F. et al. (1996) Functional
recovery in parkinsonian monkeys treated with GDNF. Nature, 380, 252-
255.

Kirik,D., Georgievska,B. and Bjorklund,A. (2004) Localized striatal
delivery of GDNF as a treatment for Parkinson disease. Nat. Neurosci., 7,
105-110.

Saarma,M. and Sariola,H. (1999) Other neurotrophic factors: glial cell line-
derived neurotrophic factor (GDNF). Microsc. Res. Tech., 45, 292-302.

Trupp,M., Belluardo,N., Funakoshi,H. and Ibanez,C.F. (1997)
Complementary and overlapping expression of glial cell line-derived
neurotrophic factor (GDNF), c-ret proto-oncogene, and GDNF receptor-
alpha indicates multiple mechanisms of trophic actions in the adult rat CNS.
J. Neurosci., 17, 3554-3567.

Kisby,G.E., Milne,J. and Sweatt,C. (1997) Evidence of reduced DNA repair

in amyotrophic lateral sclerosis brain tissue. Neuroreport, 8, 1337-1340.

Olkowski,Z.L. (1998) Mutant AP endonuclease in patients with

amyotrophic lateral sclerosis. Neuroreport, 9, 239-242.

Tan,Z., Sun,N. and Schreiber,S.S. (1998) Immunohistochemical localization
of redox factor-1 (Ref-1) in Alzheimer's hippocampus. Neuroreport, 9,
2749-2752.

Edwards,M., Rassin,D.K., Izumi,T., Mitra,S. and Perez-Polo,J.R. (1998)

APE/Ref-1 responses to oxidative stress in aged rats. J. Neurosci. Res., 54,

27



67.

68.

69.

70.

71.

72.

73.

635-638.

Ono,Y., Furuta,T., Ohmoto,T., Akiyama,K. and Seki,S. (1994) Stable
expression in rat glioma cells of sense and antisense nucleic acids to a

human multifunctional DNA repair enzyme, APEX nuclease. Mutat. Res.,
315, 55-63.

Fritz,G. and Kaina,B. (1999) Phosphorylation of the DNA repair protein
APE/REF-1 by CKII affects redox regulation of AP-1. Oncogene, 18, 1033-
1040.

Hsieh,M.M., Hegde, V., Kelley,M.R. and Deutsch, W.A. (2001) Activation of
APE/Ref-1 redox activity is mediated by reactive oxygen species and PKC
phosphorylation. Nucleic Acids Res., 29, 3116-3122.

Matthews,J.R., Wakasugi,N., Virelizier,J.L., Yodoi,J. and Hay,R.T. (1992)
Thioredoxin regulates the DNA binding activity of NF-kappa B by

reduction of a disulphide bond involving cysteine 62. Nucleic Acids Res., 20,
3821-3830.

Ema,M., Hirota,K., Mimura,J., Abe,H., Yodoi,J., Sogawa,K., Poellinger,L.
and Fujii-Kuriyama,Y. (1999) Molecular mechanisms of transcription
activation by HLF and HIF1alpha in response to hypoxia: their stabilization
and redox signal-induced interaction with CBP/p300. EMBO J., 18, 1905-
1914.

Carrero,P., Okamoto,K., Coumailleau,P., O'Brien,S., Tanaka,H. and
Poellinger,L. (2000) Redox-regulated recruitment of the transcriptional
coactivators CREB-binding protein and SRC-1 to hypoxia-inducible factor
lalpha. Mol. Cell Biol., 20, 402-415.

Okazaki,T., Chung,U., Nishishita,T., Ebisu,S., Usuda,S., Mishiro,S.,
Xanthoudakis,S., Igarashi, T. and Ogata,E. (1994) A redox factor protein,
refl, is involved in negative gene regulation by extracellular calcium. J.
Biol. Chem., 269, 27855-27862.

28



74.

75.

76.

77.

78.

79.

Chung,U., Igarashi,T., Nishishita,T., Iwanari,H., Iwamatsu,A., Suwa,A.,
Mimori,T., Hata, K., Ebisu,S., Ogata,E. et al (1996) The interaction
between Ku antigen and REF1 protein mediates negative gene regulation by
extracellular calcium. J. Biol. Chem., 271, 8593-8598.

Kuninger,D.T., Izumi,T., Papaconstantinou,J. and Mitra,S. (2002) Human
AP-endonuclease 1 and hnRNP-L interact with a nCaRE-like repressor
element in the AP-endonuclease 1 promoter. Nucleic Acids Res., 30, 823-
8209.

[zumi, T., Henner, W.D. and Mitra,S. (1996) Negative regulation of the major
human AP-endonuclease, a multifunctional protein. Biochemistry, 385,
14679-14683.

Fuchs,S., Philippe,J., Corvol,P. and Pinet,F. (2003) Implication of Ref-1 in
the repression of renin gene transcription by intracellular calcium. J.
Hypertens., 21, 327-335.

Bhakat,K.K., Izumi,T., Yang,S.H., Hazra, T.K. and Mitra,S. (2003) Role of
acetylated human AP-endonuclease (APE1/Ref-1) in regulation of the
parathyroid hormone gene. EMBO J., 22, 6299-6309.

Ordway,J.M., Eberhart,D. and Curran,T. (2003) Cysteine 64 of Ref-1 is not
essential for redox regulation of AP-1 DNA binding. Mol. Cell Biol., 23,
4257-4266.

29



Ad-LacZ Ad-Apel

0 24 48 72 0 24 48 72 (hr)
Apel| PREgy — ‘—---‘
GFRal ‘ - — -‘

p-actin ---—H---#

Ad-LacZ Ad-APE

GFRal

H,0, 0o 12 24 48 ()
APE | & T e— —

T
.

o-tubulin | S —

30



Fig. 1. GFRal expression after expression of APE. (A) The GM00637 cells were
infected with Ad-LacZ or Ad-APE, and the cells were then harvested at the
indicated times after the infection. The cell extracts (20ug) were separated by
electrophoresis on a 10% SDS/acrylamide gel and analyzed by Western blotting
using the APE, GFRal antibody. a-tubulin was used as the loading control. (B)
Immunofluorescence analysis of GFRal protein expression of the GM00637 cells
48 h after infecting them with Ad-LacZ or Ad-APE. The cells were stained with
either the GFRal antibody. (C) DU145, DLD1 and SKNSH cells were transfected
with Ad-LacZ or Ad-APE at a m.o.i. of 50, and the cells were harvested 48 h after
the infection. Protein extracts prepared 48 h after the infection with Ad-LacZ or
Ad-APE. Twenty ug of the total protein was loaded on SDS polyacrylamide gel for
western blot analysis. The antibodies against APE and GFRal were used. The
detection of a-tubulin was used as the loading control. (D) The HCT116 cells were
treated with 100 uM H,0, and lysed at the indicated times. The total protein was
extracted and quantified as described in the “Experimental Procedures.” Anti-
GFRoal and anti-APE antibodies were used to evaluate the GFRal and APE levels

after the H,O, treatment. a-tubulin was used as the loading control.
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Fig. 2. GDNF-induced c-Src phosphorylation at Tyr418 in Ad-APE-infected
cells. The GM00637 cells were infected with either Ad-LacZ or Ad-APE. 48 h after
the infection, the cells were incubated with GDNF (10ng/ml) for the indicated time
points. The total cell extracts were separated by 10% SDS-PAGE, electroblotted
onto nitrocellulose membranes, and probed with anti-phospho c-Src (Tyr418)
antibody. The bottom panels show the reprobing of the same filter with anti-c-Src

antibody.
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Fig. 3. GDNF treatment leads to cell proliferation in GM00637 cells in Ad-APE
infected cells. The GM00637 cells were infected with Ad-LacZ or Ad-APE. 24 h
after infection, the cells were then incubated with or without GDNF (10 ng/ml) for
up to 72 hours. The number of cells was determined by counting the cells every 24
h after GDNF treatment. Each value is a mean + SD from three separate
experiments. The asterisk indicates significantly different from the Ad-LacZ +

GDNF at p <0.01.
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Fig. 4.. Reduced APE associated with the suppressed GDNF responsiveness in
Ad-APE infected GMO00637 cells. (A) The Ad-LacZ or Ad-APE infected
GMO00637 cells were transfected with the mock, control siRNA or APE siRNA. 48
h after transfection, the total RNA was extracted from the cells and analyzed by
semiquantative RT-PCR using the APE-or GFRal-specific primers on 26 cycles.
(B) The total protein was extracted from the cells and equal amounts (20 pg
proteins) of the cell lysates were separated by 10% SAS-PAGE, and then
transferred onto a nitrocellulose membrane. The membrane was immunoblotted
with anti-APE, anti-GFRal or anti-a-tubulin antibodies. (C) The Ad-LacZ or Ad-
APE infected GMO00637 cells were transfected with the mock, control siRNA or
APE siRNA and incubated with GDNF (10ng/ml) for 1 hr. The total cell extracts
were separated by 10% SDS-PAGE, electroblotted onto nitrocellulose membranes,
and probed with anti-phospho c-Src (Tyr418) antibodies. The bottom panels show
the reprobing of the same filter with anti-c-Src antibody. (D) The Ad-LacZ or Ad-
APE infected GMO00637 cells were transfected with the mock, control siRNA or
APE siRNA and incubated with GDNF (10 ng/ml) for up to 72 hours. The number
of cells was determined by counting the cells every 24 h after GDNF treatment.
Each value is a mean + SD from three separate experiments. The asterisk indicates

significantly different from the APE-siRNA + GDNF at p <0.01.
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