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This study investigates age-related macular degeneration (AMD)
genetic risk factors through identification of a functional single-
nucleotide polymorphism (SNP) and its disease association. We
chose ERCC6 because of its roles in the aging process, DNA repair,
and ocular degeneration from the gene disruption. Bioinformatics
indicated a putative binding-element alteration on the sequence
containing C�6530>G SNP in the 5� flanking region of ERCC6 from
Sp1 on the C allele to SP1, GATA-1, and OCT-1 on the G allele.
Electrophoretic mobility shift assays displayed distinctive C and G
allele-binding patterns to nuclear proteins. Luciferase expression
was higher in the vector construct containing the G allele than that
containing the C allele. A cohort of 460 advanced AMD cases and
269 age-matched controls was examined along with pathologically
diagnosed 57 AMD and 18 age-matched non-AMD archived cases.
ERCC6 C�6530>G was associated with AMD susceptibility, both
independently and through interaction with an SNP (rs380390) in
the complement factor H (CFH) intron reported to be highly
associated with AMD. A disease odds ratio of 23 was conferred by
homozygozity for risk alleles at both ERCC6 and CFH compared
with homozygozity for nonrisk alleles. Enhanced ERCC6 expression
was observed in lymphocytes from healthy donors bearing ERCC6
C�6530>G alleles. Intense immunostaining of ERCC6 was also
found in AMD eyes from ERCC6 C�6530>G carriers. The strong
AMD predisposition conferred by the ERCC6 and CFH SNPs may
result from biological epistasis, because ERCC6 functions in uni-
versal transcription as a component of RNA pol I transcription
complex.

Cockayne syndrome � single nucleotide polymorphism � gene regulation �
interaction � DNA repair

Age-related macular degeneration (AMD) is a leading cause of
visual impairment and blindness in Western countries among

the elderly (1). AMD is a significant health problem in the United
States, with a current estimate of �1.75 million persons with
advanced AMD in the general population and �7.3 million people
with early stages of AMD defined by large retinal drusen. By the
year 2020, it is estimated that �2.95 million people will suffer
advanced AMD, and an additional 6.4 million white individuals will
have the early stages of AMD in at least one eye (2).

The etiology of AMD remains elusive. To date, age and cigarette
smoking have been identified as AMD risk factors (3–8). Various
studies have indicated a significant genetic contribution to AMD
risk (9). For example, it has been reported that advanced AMD is
more prevalent in Caucasian populations as compared with other
races that possess higher levels of uveal pigmentation and skin
melanin (10). Furthermore, the population-attributed AMD risk
related to genetic factors was 23% (11, 12). First-degree relatives of
patients with late AMD developed the disease at an increased rate
at a relatively young age (12, 13). The higher occurrence of AMD
among monozygotic twins and first-degree relatives of AMD
patients as compared with spouses and unrelated individuals also

indicates a significant genetic component to AMD risk (14, 15).
Studies have successfully demonstrated associations between AMD
and various single nucleotide polymorphisms (SNPs) (9, 16–21).

The effects of oxidative stress have been implicated in AMD
pathological processes (22–25). The retina is particularly susceptible
to oxidative stress because of its high consumption of oxygen, high
proportion of polyunsaturated fatty acids, and exposure to irradi-
ation (22). Oxidative stress induces various types of DNA damage
that contribute significantly to aging and age-related disorders (26).
The ERCC6 gene (alternate name CSB) plays roles in the aging
process (27) and is known to function extensively in repair of
damaged DNA (28–30). The disruption of ERCC6 is causal to a
subtype of Cockayne syndrome, an autosomal, recessive human
disorder marked by striking somatic and neurological impairment
(31). Clinical symptoms of Cockayne syndrome include hypersen-
sitivity to sunlight, severe postnatal growth failure of the soma and
brain, and progressive multiorgan and retinal degeneration (32–34).

Activation of the complement cascade leads to the production
of a number of proteins that contribute to inflammation. Com-
plement regulatory proteins are present to restrict complement
activation at multiple points in the cascades of the three path-
ways. Complement factor H (CFH) inhibits the formation and
accelerates the decay of alternative pathway C3 convertases
and serves as a cofactor for the factor I-mediated cleavage and
inactivation of C3b (35). The CFH gene is located on chromo-
some 1q31, which is within the AMD locus identified by the
genetic linkage approach (36, 37). Recently, several studies have
shown a strong association of CFH SNPs with AMD (17–20, 38,
39). Among them, a CFH intron G�C SNP (rs380390) and
CFH-tyr402his are in complete linkage disequilibrium (LD), and
both SNPs have been identified to be significantly associated
with AMD by using a whole genome scanning approach (20).

In this study, we chose ERCC6 as a candidate gene for AMD
pathogenesis because of its roles in the aging process, DNA repair,
and ocular manifestations, which resulted from the disruption of
this gene. Bioinformatics analysis on common variations in the 5�
flanking region of the gene was used to identify functional SNPs in
potential regulatory elements. We performed functional studies on
ERCC6 C�6530�G (rs3793784) and confirmed that the SNP
conferred a distinct change in regulation of gene expression in vitro
and in vivo. Intense immunoreactions against ERCC6 were also
detected in AMD eyes from ERCC6 C�6530�G carriers. A
case-control study has determined an association between ERCC6
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C�6530�G and sporadic advanced AMD cases by using age- and
gender-matched control. An AMD-associated SNP in CFH con-
firmed by multiple studies was also tested in our cohort, and its
interaction with ERCC6 C�6530�G was analyzed.

Results
In silico analysis with ALIBABA2.1 indicated that the C to G
alteration in ERCC6�6530 introduced a change of putative tran-
scriptional factor binding patterns around the sequences flanking
the SNP (Table 4, which is published as supporting information on
the PNAS web site). The C allele corresponded to a possible Sp1
binding element, whereas the G allele corresponded to a possible
binding element for Sp1, as well as Oct-1 and GATA-1.

To determine whether this SNP really affects transcription factor
binding behavior, we conducted electrophoretic mobility-shift assay
(EMSA) to analyze binding of oligo probes containing
ERCC6�6530C or ERCC6–6530G to nuclear proteins extracted
from a human retinal pigment epithelial (RPE) cell line (ARPE-
19). When the infrared dye-labeled probe ERCC6�6530C was
incubated with ARPE-19 extracts, a DNA-protein complex was
formed (Fig. 1, allele C, complex C). In contrast, when the labeled
probe ERCC6�6530G was applied, a distinctive binding pattern
was observed (Fig. 1, allele G, complexes A, B, and D), suggesting
that the SNP and its adjacent DNA sequences may bind to different
regulatory factors within the ERCC6 5� flanking region. Increasing
amounts of the unlabeled probe competed with the binding of the
labeled probe, indicating a specific interaction between the DNA
and the protein (Fig. 1).

Luciferase reporter constructs possessed 985 bp of the ERCC6 5�
flanking region containing G or C allele, respectively (Fig. 6, which
is published as supporting information on the PNAS web site).
Transient transfection of allele-specific luciferase reporter con-
structs into ARPE-19 cells (a human RPE cell line) was performed
to elucidate the transcriptional alteration caused by the SNP. As
shown in Fig. 2, the G allele caused a three-fold increase in
expression activity as compared with the C allele. The same pattern
was also observed in transfection of MCF7 cells, a breast cancer cell
line (Fig. 2).

The mRNA level of ERCC6 in various human lymphocyte cells
from unrelated individuals (n � 5 in each group, age-matched)
differed significantly depending on the ERCC6 C�6530�G SNP
type (Fig. 3). Expression was two-fold higher in the cells with the
GG homozygozity as compared with the cells with CC homozy-
gozity, which was in agreement with the results of the in vitro
experiments.

ERCC6 transcript was detected by RT-PCR in human ocular
tissue, including RPE cells, by using National Eye Institute (NEI)
Bank RPE cDNA library and cDNA synthesized from frozen
human retina as templates (Fig. 4).

Fig. 1. EMSA using nuclear extracts from human pigmented epithelium cells
(ARPE-19). The oligos containing ERCC6�6530C or ERCC6�6530G were la-
beled with infrared dye (IRD) and annealed to their complement oligo to
generate double-strand DNA. The nuclear extract was incubated with the
labeled probes and titrated with different amounts of unlabeled probes. The
reaction mixture was subjected to gel electrophoresis, and IRD signal was
collected with Li-Cor IR2 global system. The nuclear extract was bound to oligo
containing ERCC6�6530C, which formed one main complex (complex C); the
nuclear extract was bound to oligo containing ERCC6�6530G, which formed
three main complexes (complex A, B, and D).

Fig. 2. Correlation between luciferase activities and an SNP in 5� flanking
region of ERCC6. Transcription activity of the �7,025 to �6,040 nucleotide
region of ERCC6. (Upper) Firefly luciferase activities were normalized against
the internal control Renilla luciferase activity values. (Lower) The data indicate
the mean values with the SDs from four independent experiments. The two
cell lines (ARPE-19 and MCF7) show similar patterns.

Fig. 3. ERCC6 transcript in human lymphocyte (n � 5 in each group) detected
by real time RT-PCR. The donors were age-matched. Cells with G allele of
ERCC6�6530 express more ERCC6 mRNA than those with the C allele. The fold
change was normalized against �-actin. *, P � 0.05 vs. CC and CG genotypes.

Fig. 4. Human ocular ERCC6 transcript detected by RT-PCR. Lane 1, negative
control; lane 2, NEI Bank RPE cDNA library; lane 3, human retinal cDNA.
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Enhanced expression of ERCC6 protein was observed in the
retinal cells at the macula of the AMD eyes as compared with the
normal macula. ERCC6 was mildly expressed in 5 of 18 (27.8%)
normal eye slides, whereas 15 of 25 (60%) AMD slides were stained
strong positive for ERCC6. The representative pictures were shown
in Fig. 5. The immunoreactivity was more intense in the AMD eye
with CG genotype than the eye with CC genotype. AMD eyes
generally exhibited stronger immunoreactions against ERCC6 as
compared with normal eyes.

The demographic information of the case-control study was
summarized in Table 5, which is published as supporting informa-
tion on the PNAS web site. The age and gender of the groups were
appropriately matched between the 460 advanced AMD clinical
cases and 269 control subjects, as well as between the 57 archived
advanced AMD cases and 18 archived normal eyes. No significant
deviation from Hardy–Weinberg equilibrium was noted within the
study groups for both the ERCC6 (rs3793784) and CFH (rs380390)
SNPs. An increased prevalence of ERCC6�6530G and CFH intron
C carriers and alleles was observed in the clinical AMD cases, as
compared with the controls even after a Bonferroni correction was
introduced (Tables 1 and 2). The association was adjusted for age,
gender, and smoking for the clinical cohort. The data from archived
AMD and its control group replicated the AMD–ERCC6 associ-
ation. Both ERCC6�6530G carrier and allele frequency were
higher than that of the controls (Table 1).

To investigate the possible haplotype block which might have LD
with ERCC6 C�6530�G, we selected four SNPs (rs1012554,
rs11101153, rs4250004, and rs1964145) with minor allele frequency

�10% within the 20-kb region flanking ERCC6 C�6530�G to
determine the possible LD with ERCC6 C�6530�G. Ninety
samples from the controls were analyzed. The results showed no LD
among those SNPs (data not shown).

Although the magnitude of the AMD association of ERCC6
C�6530�G was moderate, logistic analysis on the joint contri-
bution of these two SNPs unveiled a strong synergic effect of the
G allele at the ERCC6 locus on C allele at the CFH locus toward
AMD susceptibility (Table 3). The order of disease odds ratios
(ORs) of individuals with various combinations of two SNP loci
in comparison with CC�GG (ERCC6 locus�CFH locus) was
CC�CC (OR � 4.29), CG�CC (OR � 7.70), and GG�CC (OR �
23.05). Although the combination analysis highly stratified the
samples, a significant difference was found by comparing
GG�CC verses CC�CC or CG�CC between the case and control
groups (Table 3). Individuals homozygous for both the
ERCC6�6530 risk alleles GG and the CFH intron risk alleles CC
had dramatically increased disease risk compared with the
CC�GG homozygote (OR � 23.05; Table 3). This OR of 23.05
is two-fold larger than the product of the OR of the homozygous
ERCC6 risk allele (GG) times the OR of homozygous CFH risk
allele (CC) (1.60 � 6.77 � 10.83) (Tables 1–3).

Discussion
To our knowledge, this study identifies for the first time a functional
SNP in a regulatory region of ERCC6. By means of EMSA and
transient transfection reporter assays, we have provided in vitro
evidence that the ERCC6 SNP is functional with respect to the

Fig. 5. Photomicrographs illustrating positive ERCC6 retina cells (arrows) in the retina. (Left) Only few ganglion cells were positive (arrow) in the macula
of a normal eye. (Center and Right) The AMD eyes showed replacement of the photoreceptor cells (asterisk) and retinal pigmented epithelia (arrowheads)
by a layer of neovascular fibrous tissue. Increased positive staining is observed in the AMD eyes as compared with the normal eye; the AMD eye with
ERCC6�6530C�G shows strongest staining. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigmented epithelium.
Avidin– biotin–immunoperoxidase staining. (Magnification: �200).

Table 1. Distribution of ERCC6 C�6530>G (rs3793784) SNP types among cases and controls

Genotype

Clinical cases Archived cases

Control (n � 269) Case (n � 460) P value† (�2) OR (CI) Control (n � 18) Case (n � 57) P value† (�2) OR (CI)

CC 114 149 Reference Reference 9 12 Reference Reference
CG 120 238 0.02 (5.50) 1.51 (1.07–2.11) 6 33 0.01 (5.13) 4.13 (1.47–11.54)
GG 35 73 0.057 (3.64) 1.60 (0.99–2.61) 3 12 0.08 (1.98) 3.00 (0.83–10.85)
CG � GG 155 (57.6%) 311 (67.6%) 0.02 (5.50)* 1.47 (1.07–2.02) 9 (50.0%) 35 (61.4%) 0.03 (3.43) 2.92 (1.13–7.55)
C allele 348 (64.7%) 536 (58.3%) Reference Reference 24 (65.4%) 57 (50.0%) Reference Reference
G allele 190 (35.3%) 384 (41.7%) 0.02 (5.87)** 1.31 (1.05–1.65) 12 (34.6%) 57 (50.0%) 0.04 (3.00) 2.00 (1.04–3.86)

†P values of clinical cases were adjusted by age, gender, and smoking status (ever smoked, never smoked). P values of archived cases were obtained by one-tailed
�2 test because the clinical cases indicated the SNP rates are higher in the cases than the control. CI, 95% confidence interval. Reference, cell was taken as the
baseline for the indicated statistical calculation: CC was taken as reference when comparing the genotypes, and C was taken as reference when comparing
alleles. *, Bonferroni corrected P � 0.04; **, Bonferroni corrected P � 0.03.
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transcriptional regulation of the gene. We have also provided in vivo
evidence that ERCC6�6530G induces higher gene expression in
comparison with the reference sequence. The results from immu-
nohistochemistry on archived ocular tissue of AMD and normal
eyes showed increasing expression of ERCC6 protein in the AMD
eyes, especially in the individuals who carried ERCC6�6530G
allele, suggesting that high expression of this gene is predisposing
toward the disease. We reported, for the first time to our knowl-
edge, that an SNP C�6530�G in the 5�-flanking region of ERCC6
was associated with AMD, both independently and through inter-
action with an SNP in the CFH intron, which has been reported to
be highly associated with AMD (20).

Current knowledge on ERCC6 function does not readily provide
a clear underlying mechanism for why overexpression of this gene
induces AMD susceptibility. Moreover, because ERCC6 and CFH
are located at chromosome 10q11 and 1q, respectively, and function
in different pathways, we also do not have a biological model to
elucidate this statistical epistasis of the two AMD loci. However,
the effect of ERCC6 alone is likely related to ERCC6’s role as a
common player in DNA metabolism (28, 29). ERCC6 functions in
DNA repair, regardless of whether the repair is transcription
coupled or base incision, as a partner in protein complexes (30, 40).
It has been reported that overexpression of just one element in an
enzyme complex can adversely affect the desired end result (41–
45). Even though a statistically identified epistasis does not neces-
sarily mean a biological epistasis (24), prolonged enhanced expres-
sion of ERCC6 could result in significant biological epistasis
because ERCC6 is known to play an important role in universal
transcription by functioning as a component of RNA pol I tran-
scription complex (40). Based on the fact that CFH is the first major
disease-related gene for AMD and that the CFH intron SNP is in
absolute LD with CFH-tyr402his, it is worth exploring whether the
complement cascade could be affected by elevated ERCC6.

An association of CFH SNPs and AMD has been documented
(17–20). We not only replicated the CFH association (20) but also
discovered a strong interaction between the ERCC6 and the CFH
SNP. Functional studies on ERCC6 C�6530�G implicate this
polymorphism’s role in gene regulation. Although the SNP is
positioned 6,530 bp away from the translation start codon, it is only
492 bp away from the transcriptional start site. EMSA experiments

have clearly revealed that nuclear extracts from human RPE cell
lines distinctively bind to this SNP adjacent sequence with different
affinities as well as binding patterns, which is in agreement with the
in silico analysis. Cells having CC, CG, and GG ERCC6�6530 SNP
types also produce different levels of transcripts accordingly. This
effect is likely because of altered transcriptional regulation ele-
ments binding with unidentified transcription factors. Although a
supershift experiment with specific antibodies might be helpful to
define which transcription factors are involved in this alteration, our
goal in this study is to demonstrate the different biochemical effects
caused by a C�G transition at the �6,530 nucleotide of ERCC6.

Although we have not identified SNP(s) that are in LD with
ERCC6 C�6530�G SNPs with the selection of several common
nearby SNPs, we cannot exclude that other variation(s) in LD with
ERCC6 C�6530�G might be the true contributor to AMD risk.

In conclusion, our data suggest that the G allele of ERCC6
C�6530�G is associated with a risk of AMD development and
possibly interacts with an SNP in CFH to influence AMD suscep-
tibility. We have also presented evidence that ERCC6 C�6530�G,
which is located in the regulatory region, up-regulates the transcript
and protein expression. These data also support the hypothesis that
DNA repair mechanisms may play a role in AMD pathogenesis.
Additional analysis of polymorphic ERCC6 transcription, and the
relationship of ERCC6 protein with CFH, especially in ocular
tissue, will further elucidate the nature of the observed AMD
association and the SNP-SNP interaction. These findings expand
the spectrum of known AMD risk factors and can hopefully suggest
appropriate and specific candidate target molecules in AMD
treatment and prevention.

Methods
In Silico Analysis. The sequence flanking the SNP was screened for
transcription factor binding sites. Web-based ALIBABA2.1
(www.alibaba2.com) software was used for the analysis.

EMSA. ARPE-19 cells, a spontaneously arising human RPE cell line
established by the selective trypsinization of a primary RPE culture
(46), were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) F12 supplemented with 10% FBS and 100 units�ml each
of penicillin and streptomycin. Nuclear extracts from the RPE cells

Table 2. Distribution of the CFH intron (rs380390) SNP types among cases and controls and its
association with AMD

Genotypes Control (n � 268) Case (n � 460) �2 (P value) OR (CI)

GG 104 83 Reference Reference
GC 126 191 11.43 (0.0007) 1.93 (1.32–2.83)
CC 38 186 63.0 (�0.0001) 6.77 (4.22–10.86)
GC � CC 164 (61.2%) 377 (82.0%) 34.68 (�0.0001) 2.80 (1.99–3.95)
G allele 334 (62.3%) 357 (38.8%) Reference Reference
C allele 202 (37.7%) 563 (61.2%) 74.9 (�0.0001) 2.74 (2.18–3.44)

P value was adjusted by age, gender, and smoking status (ever smoked, never smoked). CI, 95% confidence
interval. Reference, cell was taken as the baseline for the indicated statistical calculation: GG was taken as
reference when comparing the genotypes, and G was taken as reference when comparing the alleles.

Table 3. Distribution of the ERCC6 (rs3793784) and CFH (rs380390) SNP types and the combined effect on the disease risk

ERCC6–C6530�G

CFH rs380390

Control (n � 268) Case (n � 460) OR (CI)

GG GC CC GG GC CC GG GC CC

CC 45 (16.8%) 53 (19.8%) 16 (6.0%) 33 (7.2%) 66 (14.4%) 50 (10.9%) Reference 1.65 (0.90–3.03) 4.29* (2.02–9.09)
CG 43 (16.0%) 56 (20.9%) 20 (7.5%) 42 (9.1%) 94 (20.4%) 102 (22.2%) 1.24 (0.65–2.38) 2.17 (1.20–3.90) 7.70* (3.86–15.34)
GG 16 (6.0%) 17 (6.3%) 2 (0.8%) 8 (1.7%) 31 (6.7%) 34 (7.4%) 0.62 (0.23–1.69) 2.64 (1.22–5.75) 23.05** (5.07–104.78)

CI, 95% confidence interval. Reference, cell was taken as the baseline for the indicated statistical calculation. *, P � 0.0001, using CC�GG as the reference. **,
P � 0.0001, using CC�GG as reference or P � 0.05, using CC�CC (two-tailed) or CG�CC (one-tailed) as the references.
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were isolated from confluent cultures by using a nuclear extraction
kit (Active Motif, Carlsbad, CA) according to the manufacturer’s
instructions. Infrared dye (IRD-800)-labeled DNA probes were
purchased from Li-Cor (Lincoln, NE). The top strand sequences for
the DNA probes were: C allele, 5�-GAC AGC TCT CCA TCC TTC
CCG-3� and G allele, 5�-GAC AGC TCT GCA TCC TTC CCG-3�.
Unlabeled oligos and the corresponding complementary oligos
were ordered from Integrated DNA Technologies (Coralville, IA).
The binding reactions were carried out for 20 min at room
temperature. Each 5-�l binding reaction contained 50 mM
Tris�HCl (pH 7.5), 25 mM KCl, 5 mM MgCl2, 100 ng Poly(dI)�(dC),
1 mM DTT, and 0.1-nmol-labeled probe, with or without 4-�g
nuclear extracts and different amounts (0–25 nmols) of unlabeled
probes. Next, 2.5 �l of reaction mixture was loaded onto a native 6%
polyacrylamide�bis gel (18 cm) by using 0.5 �l 6� loading buffer [60
mM Tris�HCl (pH 7.5) with 0.015% Orange G and 60% glycerol]
and subjected to a Li-Cor IR2 global system for electrophoresis.
Electrophoresis was carried out in 0.5� TBE buffer with the
parameters: 200–400 V, 30 mA, and 25°C for 5 h. The raw image
from the Li-Cor IR2 global system was compressed by using Adobe
Photoshop 7.0.

Construction of Reporter Plasmids. The ERCC6 promoter-luciferase
reporter plasmids containing either the 6530C or 6530G sequence
were constructed by using gene-specific PCR to amplify a 985-bp
fragment of DNA from the 5�-f lanking region of ERCC6
(ERCC6�6040 to ERCC6�7025, referring to accession no.
AY204752) by using primers with restriction sites (Fig. 1). The
forward primer was 5�-GAA TAC GCG TTG GGT TGG GGC
CGC TGA CAG GAG-3� and the reverse primer was 5�-GCC TAA
GCT TGC CGC CAG CCT TGG AAC C-3�. Here the bold bases
contain the cutting sites for the restriction enzymes MluI and
HindIII, respectively. An advantage-GC genomic PCR kit (BD
Biosciences, San Jose, CA) was used to perform DNA amplification
following the manufacturer’s instructions. Two sets of human
genomic DNA, confirmed by direct sequencing as CC homozygous
and GG homozygous, were used as the templates for making
reporter constructs. The PCR products were digested with MluI
and HindIII (New England BioLabs), respectively. Restriction
enzyme-digested PCR products were gel-purified by using a Qiagen
kit and subsequently ligated to the pGL3-basic luciferase reporter
vector (Promega) by using a DNA ligation kit (Stratagene). The
clones containing either the C allele or G allele were confirmed by
sequencing the full insert.

Transient Transfections and Luciferase Assays. ARPE-19 cell is an
established human RPE cell line that has been shown to express
many of the characteristics of RPE cells in culture (46). The cell line
was originally obtained from American Type Culture Collection.
The cells were maintained in DMEM�F12 supplemented with 10%
FBS and 100 �l�ml each of penicillin and streptomycin in a
humidified, 5% CO2 incubator at 37°C. Cells were seeded into
96-well tissue-culture plates (F96 MicroWell plates; Nalge; Nunc)
at a density of 20,000 cells per well in 200 �l and allowed to grow
overnight. Transfection was performed by using Lipofectamine
reagent (Lipofectamine 2000 transfection reagent; Invitrogen) ac-
cording to the manufacturer’s protocol. Cells were cotransfected
with 500 ng of reporter plasmid and pRL-TK plasmid. The latter,
containing Renilla reniformis luciferase, was used to serve as a
reference for transfection efficiency. DNA luciferase activity was
determined according to the manufacturer’s protocol by using a
dual-luciferase assay system (Promega). Briefly, cells were lysed
with 50 �l of lysis buffer. Luciferase activities were immediately
captured by an IMAGINE document system with BioChemi camera
(Ultraviolet Products, San Gabriel, CA) after mixing 100 �l of
substrates of firefly luciferase and Renilla luciferase with the cell
lysate. For each plasmid construct, three independent transfection
experiments were performed, and each was done in triplicate. The

empty pGL3 basic vector cotransfected with pRL-TK plasmid
served as a control. Fold increase of the image densities was
calculated by defining the activity of empty pGL3 basic vector as 1.
Differences were determined by t test, and P � 0.01 was considered
significant.

Detection of ERCC6 Transcripts by RT-PCR. To detect the correlation
of ERCC6 mRNA level with ERCC6 C�6530�G genotype, normal
human lymphocytes with different genotypes (n � 5 in each
genotype) were subjected to RNA extraction. The donors were
age-matched. Real-time RT-PCR was performed by using the
validated and inventoried ERCC6 and �-actin Taqman gene ex-
pression kit (Applied Biosystems). The assay was performed ac-
cording to the manufacture’s instruction. The comparative Ct
method was used to establish relative quantification of the fold
changes in gene expression according to Applied Biosystems Prism
7700 sequence detection system. Fold changes were normalized first
by the level of �-actin. The average fold change due to the treatment
was again normalized to the level of the naïve cell and presented
graphically. To detect whether ERCC6 is expressed in ocular tissue,
RNA was extracted from frozen human ocular tissue. cDNA was
synthesized by using a reverse transcription kit (RETROscript;
Ambion, Austin, TX). cDNA from human RPE was obtained from
the NEI Bank RPE cDNA library. RT-PCR was performed as
described (47).

Immunohistochemical Detection of ERCC6 on Paraffin-Embedded Oc-
ular Section. Archived ocular sections from 25 AMD cases and 18
normal eyes were subjected to avidin–biotin–immunoperoxidase
staining. Endogenous peroxide activity was blocked in hydrogen
peroxide. Polyclonal anti-human goat IgG antibodies against a
peptide mapping within an internal region of ERCC6 (CSB) (Santa
Cruz Biotechnology) were applied in 1:50 dilution for 60 min at
room temperature. Biotinylated rabbit anti-goat IgG was used as
the linker molecule between the ERCC6 antibody and avidin–
biotin–peroxidase complex for 60 min before application of the abc
complex (Vector Laboratories). Diaminobenzidine-hydrogen per-
oxide was used as the chromogen. The sections were counterstained
with 1% methyl green. The staining was quantified and arbitrarily
graded based on the positive number of cells and the intensity
(brown-blackish color) of the stained cells.

Study Subjects. All subjects in this study were self-identified as
Caucasians of non-Hispanic descent. Each participant signed the
informed consent that was part of the protocol approved by the NEI
Institutional Review Board.

Clinical diagnoses and categorization followed the guideline of
NEI age-related eye disease study (AREDS) (48). All AMD
patients had advanced stage, e.g., category �3, as defined by the
guidelines of the AREDS. Advanced AMD patients had geo-
graphic atrophy involving the macula and�or choroidal neovascu-
larization and large drusen in at least one eye (48). The unrelated
control subjects were clinically evaluated and showed an absence of
drusen or �5 small drusen (�63 �m), no evidence of significant
extra-macular drusen, and an absence of all other retinal disease
affecting the photoreceptors and�or outer retinal layers such as
high myopia, retinal dystrophies, central serous retinopathy, vein
occlusion, diabetic retinopathy, uveitis, and other retinal diseases.
Fundoscopic photographs were taken for all patients and controls.
The cases and controls were matched as closely as possible for age
and gender (Table 5).

A set of archived paraffin-embedded ocular sections were ob-
tained from 57 advanced-stage Caucasian AMD patients and used
as an independent sample set for replication of possible association
(49). All cases were diagnosed as AMD category � 4 (geographic
AMD and�or neovascular AMD) based on the guidelines of the
AREDS. Thirty of the 57 cases had neovascular AMD character-
ized by subretinal neovascular fibrous tissue with or without hem-
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orrhage, exudate, and�or disciform scar. In addition, with these
cases, there was a loss of photoreceptors and RPE alteration within
the macular region. The remaining 27 cases were classified as
areolar or geographic AMD cases without neovascularization and
characterized by a loss of photoreceptors, RPE atrophy or hypot-
rophy, the presence of diffuse confluent drusen and�or large
drusen, calcification, and fibrous glial scar in the macula. Eighteen
archived normal eye slides from subjects �65 years old were used
as the control.

Construction of DNA Standard. Standard DNA SNP templates were
made to serve as genotyping assay references. Genomic DNA of
heterozygous ERCC6 C�6530�G (rs3793784) was PCR-amplified
by using the primers 5�-GGG GGG AAC AGA GAA GCA GGA
CAG CTA T-3� and 5�-GCC ATG CGA ATG TAA ATC CT-3�.
A mismatch was introduced into the forward primer (bold A) to
generate an Nsi restriction site. The 157-bp PCR fragment was
inserted into the pGEM-T Easy vector (Promega). The ligation
product was transformed to JM109 high efficiency competent cells
(Promega). Twenty colonies were collected to determine the
specific SNP types by using the restriction fragment length poly-
morphism (RFLP) assay. RFLP-selected colonies containing the
corresponding SNP types were further confirmed by direct se-
quencing. The colonies corresponding to each allele were propa-
gated in LB broth for extraction of plasmid DNA that later served
as the genotype specific DNA standard. The mixture of the
plasmids containing two different alleles served as the heterozygous
control.

Standard DNA for the CFH intron (rs380390) was cloned in the
same fashion by using the primers 5�-CGC GGA TCA AAT TAT

CAA AAG TTA TGG AC-3� and 5�-CCT TAT GGC CTG CAA
GGT T-3� with a mismatch in the forward primer (bold G) to
generate an AvaII restriction site. The polymorphic site was con-
firmed by direct sequence.

SNP Typing. DNA from NEI AREDS Genetic Repository and DNA
extracted from archived paraffin-embedded ocular sections were
used for SNP typing (21). A detailed description of the use of
PCR-restriction fragment length polymorphism and Taqman assays
for SNP typing can be found in Supporting Materials and Methods,
which is published as supporting information on the PNAS web site.

Statistical Analysis. Hardy–Weinberg equilibrium for each SNP was
tested by the �2 procedure. Logistic regression was performed by
using SAS (Release 9.1; SAS Institute, Cary, NC) to compare
genotype and allele frequencies in cases and controls and to
estimate ORs. Hypothesis testing was at P � 0.05 level. LD analysis
was performed by using web-based software SNP analyzer.
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