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PURPOSE. Nuclear oxidative DNA damage increases with age in
human corneal endothelial cells (HCECs) and contributes to
their decreased proliferative capacity. These studies investi-
gated whether HCECs respond to this damage by upregulating
their expression of oxidative stress and DNA damage-signaling
genes in an age-dependent manner.

METHODS. HCECs were dissected from the corneas of young (30
years and younger) and older (50 years and older) donors. Total
RNA was isolated and reverse-transcribed. Oxidative stress and
DNA damage-signaling gene expression were analyzed using
commercial PCR-based microarrays. Western blot analyses
were conducted on selected proteins to verify the microarray
results. Nuclear DNA damage foci were detected in the endo-
thelium of ex vivo corneas by immunostaining for H2AX-
Ser139.

RESULTS. Four of 84 genes showed a statistically significant
age-related difference in the expression of oxidative stress-
related genes; however, Western blot analysis demonstrated an
age-related increase in only 2 (cytoglobin and GPX-1) of 11
proteins tested. No age-related differences were detected in
the expression of DNA damage-signaling genes. Western blot
analysis of seven DNA damage-related proteins verified this
finding. Intense nuclear staining of DNA damage foci was
observed in nuclei within the central endothelium of older
donors. Central endothelium from young donors consistently
showed a low level of positive staining.

CONCLUSIONS. HCECs respond to age-related increases in oxida-
tive nuclear DNA damage by forming DNA damage repair foci;
however, they do not vigorously defend against or repair this
damage by upregulating the expression of multiple oxidative
stress or DNA damage-signaling genes. (Invest Ophthalmol Vis
Sci. 2011;52:1641–1649) DOI:10.1167/iovs.10-6492

Human corneal endothelial cells (HCECs) exhibit both age-
dependent and topographically dependent reduction in

proliferative capacity.1–3 This reduction is mediated, at least in
part, by an age-related increase in the expression of the G1-
phase inhibitors, p21Cip1, and p16INK4a.4–6 Of importance
to an understanding of the molecular basis for these differences
in growth capacity is the fact that oxidative DNA damage can
induce a p53-dependent increase in the expression of
p21Cip1.7 Recent studies from this laboratory8 explored the
relationship between oxidative DNA damage and reduced pro-

liferation in HCECs. ELISA for 8-hydroxy-2�-deoxyguanosine
(8-OHdG), a marker of oxidative DNA damage,9 found that
8-OHdG levels were significantly higher (P � 0.0031) in the
endothelia of older donors than in young donors. Immunolo-
calization of 8-OHdG in ex vivo corneas showed intense stain-
ing in the nuclei of many, but not all, cells located in the central
endothelia of older donors (50 years and older), and this
staining was more intense than in central endothelia of young
donors (30 years and younger). Nuclear 8-OHdG staining was
not observed in peripheral cells, regardless of donor age; how-
ever, 8-OHdG was present in a punctate cytoplasmic pattern
suggesting that, in peripheral HCECs, oxidative DNA damage is
located primarily in mitochondria. Results of 8-OHdG immu-
nolocalization studies in cultured HCECs paralleled those ob-
tained in ex vivo corneas. Importantly, HCECs cultured from
young donors and treated with increasing concentrations of
hydrogen peroxide, an inducer of oxidative stress, exhibited a
dose-dependent decrease in proliferative capacity very similar
to that observed in untreated cells of older donors. Together,
these data provide evidence that oxidative nuclear DNA dam-
age plays a role in the age-dependent and topographically
related decrease in proliferative capacity observed in HCECs.

The current studies investigated whether HCECs respond to
oxidative nuclear DNA damage by upregulating their expres-
sion of oxidative stress and DNA damage-signaling genes in an
age-dependent manner. For these studies, commercially avail-
able real-time PCR microarrays were used to compare the
relative expression of oxidative stress and antioxidant genes
and genes involved in the DNA damage-signaling pathway in
HCECs directly isolated from the corneas of young and older
donors. Western blot analysis analyzed the relative expression
of a subset of proteins to validate the microarray results. Im-
munostaining for the phosphorylated histone, H2AX-Ser139,
was used to visualize nuclear DNA damage foci in the endo-
thelia of corneas of young and older donors.

MATERIALS AND METHODS

Human Donor Corneas

Corneas were obtained from National Disease Research Interchange
(NDRI; Philadelphia, PA) according to the exclusion criteria reported
previously10 and were maintained in corneal storage medium (Optisol;
Chiron Ophthalmics, Inc., Irvine, CA) at 4°C until immediately before
the experiment. Corneas handled by the eye bank, NDRI, and this
laboratory strictly observed the tenets of the Declaration of Helsinki for
the protection of donor confidentiality. Donor information for all
studies is presented in Table 1. Donors were divided into two age
groups: young (30 years and younger) and older (50 years and older).

Total RNA Extraction and Reverse Transcription

Corneas from three donors per age group were quickly washed three
times in ice-cold phosphate-buffered saline (PBS; Invitrogen/Life Tech-
nologies, Carlsbad, CA). Descemet’s membrane with associated en-
dothelium was stripped from the corneas. The tissue strips were
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quickly placed in 1.0 mL reagent (TRIzol; Invitrogen) and were
homogenized for 1 minute at room temperature. Chloroform was
added, and the sample was mixed for 15 seconds, followed by
incubation at room temperature for 3 minutes and centrifugation at
14,000g for 30 minutes at 4°C. The upper aqueous phase was
collected, and a kit was used for the purification of total RNA from
animal and human tissue (RNeasy Micro Kit; Qiagen, Valencia, CA)
according to the manufacturer’s instructions. All samples were
stored at �20°C before use.

Real-Time PCR-Based Array Analysis

The relative expression of genes involved in oxidative stress was
determined in each of the six RNA samples (RT2 Profiler Human
Oxidative Stress and Antioxidant Defense PCR Array; SABiosciences
Corp., Frederick, MD). The same six RNA samples were tested for the
relative expression of genes involved in DNA damage signaling (RT2

Profiler Human DNA Damage Signaling PCR Array; SABiosciences
Corp.). Total RNA concentration for each sample was first determined
by 260:280 nm absorbance ratio, and then equal amounts of RNA were
reverse transcribed to form cDNA. Samples were diluted in qPCR
master mix (RT2 SYBR Green; SABiosciences Corp.) according to the
supplier’s directions and pipetted into 96-well PCR array plates to
evaluate the expression of 84 oxidative stress or DNA damage-signaling
genes. Real-time PCR was performed in technical duplicates (ABI Prism
7900HT Sequence Detection System; Applied Biosystems, Foster City,
CA). Raw data from the real-time PCR was uploaded using a PCR array
data analysis template available at http://www.sabiosciences.com/pcr/
arrayanalysis.php. (A large number of gene expression analyses have
been performed and the results published using the arrays and Web-
based automated analysis method [RT2 Profiler] available through this
supplier at http://www.sabiosciences.com/support_publication.php).
Quality controls included within the array plates confirmed the lack of
DNA contamination and successfully tested for RNA quality and PCR
performance. The integrated Web-based software package for the PCR
array system automatically performed all comparative threshold cycle
(��Ct)–based fold-change calculations from the uploaded data. For
these calculations, the average expression of three housekeeping
genes (�2-microglobulin, �-actin, and glyceraldehyde-3-phosphate de-
hydrogenase) was used for normalization of the data. After normaliza-

tion, the relative expression of each gene was averaged for the three
samples in each age group. Fold changes in average gene expression
were expressed as the difference in expression of HCECs from older
donors compared with those of young (control) donors. A twofold or
greater change in expression with P � 0.05 was considered significant.
These parameters have been used previously11 to analyze results of
microarrays from the same supplier.

Western Blot Analysis

Descemet’s membrane, together with the intact endothelium, was
carefully isolated under a dissecting microscope to avoid cell loss and
stromal tissue contamination and then washed in 10 mM HEPES buffer
(Invitrogen). Total protein was solubilized (Sequential Extraction Re-
agent 3 [ER3]; Bio-Rad, Hercules, CA) with 1% TBP (tributylphosphine)
reducing agent (Bio-Rad). Equal amounts of protein from five young
and five older donors were pooled to form one sample per age group.
A total of 20 �g protein was loaded per well for all blots, except for
detection of apoptosis-inducing factor (AIF). In that case, 5 �g total
protein was loaded to obtain readable bands for image analysis, and
10% Bis-Tris gels (NuPAGE; Invitrogen) were chosen for the detection
of GADD45A� and all oxidative stress-related proteins because of their
expected low relative molecular weights. Most protein samples related
to the DNA damage-signaling pathway were run on 3% to 8% Tris-
Acetate gels (NuPAGE; Invitrogen). All gels were run at constant 200 V
at room temperature until the bottom line of the prestained molecular
weight markers approached the bottom of the gel. Prestained high
molecular weight protein standard (HiMark; Invitrogen) was used for
high molecular weight (�100 kDa) proteins. Another protein standard
(Novex Sharp; Invitrogen) was used for proteins lower than 100 kDa.
Proteins were then transferred to polyvinylidine difluoride membranes
(Millipore, Bedford, MA). For high molecular weight proteins, gel
transfers were performed at constant 70 V at 4°C for 2 hours to ensure
complete transfer. The remaining protein samples were transferred at
constant 25 V at room temperature for 2 hours. Nonspecific binding
was blocked by incubation of the membranes for 1 hour at room
temperature in 5% milk diluted in 0.1% Tween diluted with Tris-
buffered saline (TTBS; Sigma-Aldrich, St. Louis, MO). Table 2 provides
information regarding the primary antibodies used for all Western blot
analyses. Both primary and secondary antibodies were diluted in TTBS.

TABLE 1. Donor Information

Age (y) Hours* Days† Cause of Death Experiment

3 4:30 3 Undetermined Superarrays
14 9:30 3 Subdural hematoma Superarrays
15 8:30 2 Gastroenteritis Superarrays
57 2:30 3 Breast cancer Superarrays
73 10:45 4 Myocardial infarction Superarrays
74 14:00 3 Myocardial infarction Superarrays

11 9:20 5 Respiratory deficiency Western blot analysis
16 11:00 2 Motor vehicle accident Western blot analysis
19 10:30 2 Cardiomyopathy Western blot analysis
25 4:30 7 Motor vehicle accident Western blot analysis
28 15:30 3 Cardiac arrest Western blot analysis
56 2:00 5 Cardiac arrest Western blot analysis
63 17:00 2 Myocardial infarction Western blot analysis
69 8:00 2 Myocardial infarction Western blot analysis
70 13:30 3 Myocardial infarction Western blot analysis
74 8:00 2 Breast cancer Western blot analysis

5 4:55 9 Motor vehicle accident H2AX-Ser139 ICC
23 1:30 2 Cardiac arrest H2AX-Ser139 ICC
30 2:00 7 Traumatic injury H2AX-Ser139 ICC
63 18:23 14 Myocardial infarction H2AX-Ser139 ICC
64 10:05 7 Myocardial infarction H2AX-Ser139 ICC
68 14:20 9 Myocardial infarction H2AX-Ser139 ICC

* Number of hours between death and corneal preservation.
† Number of days of corneal preservation in corneal storage medium at 4°C.
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Blots were incubated with primary antibody at 4°C overnight on a
shaker. After the membranes were washed in TTBS, they were incu-
bated in secondary antibody diluted 1/1000 and incubated at room
temperature for 1 hour. Peroxidase-conjugated secondary antibodies,
including donkey anti–rabbit IgG, donkey anti–mouse IgG, and donkey
anti–goat IgG, were purchased from Jackson ImmunoResearch (West
Grove, PA). After washing, blots were incubated in chemiluminescent
substrate (SuperSignal West Pico or Femto Chemiluminescent Sub-
strate; Pierce, Rockford, IL). Protein bands were identified based on
the expected relative molecular weight and by comparing band posi-
tion using positive controls recommended by primary antibody sup-
pliers (data not shown). Blots were run at least twice for each protein
analyzed. Images were digitally scanned and analyzed using ImageJ
software (developed by Wayne Rasband, National Institutes of Health,
Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html). �-Ac-
tin (rabbit anti–�-actin: Sigma-Aldrich) was used for normalization of all
protein bands. The normalized relative intensity for each band was averaged
between the duplicate samples. Data are presented as the relative fold differ-
ence in protein expression in HCECs from older donors compared with those
of young donors.

Immunocytochemistry

Whole corneas from three young and three older donors were washed
in PBS, fixed for 10 minutes in 100% methanol at �20°C, washed in
PBS, and cut into central and peripheral areas using a 6.0-mm corneal
vacuum punch (Barron; Katena Products, Denville, NJ). The resultant
corneal tissues were immunostained according to established proto-
cols.1 Briefly, tissue was incubated for 10 minutes in blocking buffer
containing 4% bovine serum albumin (BSA; Thermo Fisher Scientific,
Waltham, MA) diluted in PBS, and incubated overnight in rabbit anti–
phospho-histone H2A.X-Ser139 (Cell Signaling Technology, Inc., Dan-
vers, MA), diluted 1/100. Tissue samples were then washed in PBS and
incubated for 1 hour with a 1/100 dilution of FITC donkey anti–rabbit
IgG (Jackson ImmunoResearch, West Grove, PA). Both antibodies were
diluted in blocking buffer. Corneal tissues incubated in secondary
antibody alone acted as negative controls. To visualize all nuclei, tissue
was incubated for 15 minutes at room temperature in iodide
(TO-PRO-3; Invitrogen) diluted 1/1000 in PBS. Corneal pieces were
then washed and placed endothelial-side up in tissue mounting me-

dium (Vectashield; Vector Laboratories, Burlingame, CA). Fluores-
cence confocal microscopy was used to visualize positive staining.
Laser images (0.5 �m) were digitally recorded.

RESULTS

Age-Related Expression of Oxidative Stress
and Antioxidant Genes and Proteins

A real-time PCR-based microarray was used to compare the
relative expression of 84 oxidative stress and antioxidant-re-
lated genes in HCECs isolated from the corneas of three young
and three older donors. Data from the older donors were then
compared with those from the young (control) donors. As
indicated, a twofold or greater change in expression with P �
0.05 was considered statistically significant. A scatter plot of
the data is presented in Figure 1. Supplementary Table S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-6492/-/
DCSupplemental, presents the results for each gene, with
genes arranged according to function (as defined by
SABiosciences). Only 4 of the 84 genes in the array were
differentially expressed at statistically significant levels in
HCECs from older donors. Those genes are highlighted in
Supplementary Table S1, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.10-6492/-/DCSupplemental, and include GPX3
(glutathione peroxidase-3 [plasma]), GPX7 (glutathione perox-
idase-7), CYGB (cytoglobin), and IPCEF-1 (interaction protein
for cytohesin exchange factors-1, also known as phosphoi-
nositide-binding protein PIP3E). Genes coding for CYGB and
GPX3 were expressed at 3.4-fold and 2.5-fold higher levels,
respectively. IPCEF-1 and GPX7 were expressed at 10-fold and
2.3-fold lower levels, respectively, compared with young do-
nors. Six genes (GPX2, PXDN, MT3, NOS2, NOX5, AOX1)
appeared to be differentially expressed by at least twofold
higher or lower levels in HCECs from older donors; however,
P values for those genes did not indicate statistical significance.
Semiquantitative Western blot analyses were then conducted
to determine the relative protein level of the four genes found
by microarray analysis to be expressed at significantly different

TABLE 2. Primary Antibodies Used for Western Blot Analyses

Antibody Source Catalog No. Isotype Dilution

Oxidative stress-related proteins
Catalase Abcam* ab1877 Rabbit 1/1000
Cytoglobin Abcam ab57713 Mouse 1/1000
Glutathione peroxidase-1 Abcam ab50427 Goat 1/1000
Glutathione peroxidase-3 R&D Systems† AF4199 Goat 1/1000
Glutathione peroxidase-7 Abcam ab51948 Goat 1/1000
Glutathione reductase Abcam ab84963 Rabbit 1/1000
IPCEF-1 (PIP3E) Abcam ab80817 Rabbit 1/1000
Peroxiredoxin-2 Millipore‡ 07–610 Rabbit 1/1000
Peroxiredoxin-3 Abcam ab16753 Mouse 1/1000
Peroxiredoxin-5 Abcam ab16944 Mouse 1/1000
Superoxide dismutase-1 Abcam ab52950 Rabbit 1/500

DNA damage signaling pathway proteins
AIF Santa Cruz§ sc-5586 Rabbit 1/200
ATM Cell Signaling� 2873 Rabbit 1/1000
DNA-PKcs Santa Cruz sc-56090 Mouse 1/200
GADD45a Santa Cruz sc-796 Mouse 1/1000
OGG1/2 Santa Cruz sc-12074 Goat 1/200
PCNA Santa Cruz sc-7907 Rabbit 1/200
p53 Cell Signaling 9282 Rabbit 1/1000

* Abcam, Inc., Cambridge, MA.
† R&D Systems, Inc., Minneapolis, MN.
‡ Millipore Corp., Billerica, MA.
§ Santa Cruz Biotechnology, Inc., Santa Cruz, CA.
� Cell Signaling Technology, Inc., Danvers, MA.
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levels in HCECs of young and older donors. Seven additional
oxidative stress-related proteins were chosen for analysis be-
cause of their relative importance in neutralizing the effects of

hydrogen peroxide and other reactive oxygen species. These
proteins included catalase, glutathione peroxidase-1, glutathi-
one reductase, peroxiredoxin-2, peroxiredoxin-3, peroxire-
doxin-5, and superoxide dismutase-1. As indicated, equal
amounts of protein from five young and five older donors were
pooled to form one sample per age group (see Table 1), and
these samples were used for all blots. Figure 2A shows represen-
tative blots for each oxidative stress-related protein and the
corresponding �-actin bands. Figure 2B presents results of the
analysis of the expression of each protein in HCECs of older
donors compared with those of young (control) donors. In
HCECs of older donors, cytoglobin was expressed at a 1.94-
fold higher level, glutathione peroxidase-3 at a 1.49-fold
higher level, IPCEF-1 (PIP3E) at a 1.42-fold higher level, and
glutathione peroxidase-7 at a 1.52-fold higher level than in
cells of young donors. These results differed somewhat from
those of the microarray analysis in that protein levels of the
four genes whose expression was found to differ signifi-
cantly in HCECs of older donors differed only in the two age
groups by 1.4- to 1.94-fold. In addition, all four proteins
showed an increase in expression level, whereas the mi-
croarray data indicated that GPX7 and IPCEF-1 expression
was lower in HCECs of older donors. Analysis of the seven
additional oxidative stress proteins showed that the protein
level of glutathione peroxidase-1 was increased in HCECs of
older donors by 3.14-fold over those of young donors. This
result appeared to differ from the microarray analysis in that
GPX1 gene expression was reduced by 1.38-fold in HCECs
of older donors; however, the P value did not indicate
statistical significance. Most of the remaining proteins were
expressed at or only slightly above levels observed in young
donors. Interestingly, superoxide dismutase-1 and peroxire-
doxin-3 protein levels were expressed at somewhat lower

FIGURE 1. Scatter plot showing the average relative expression
(��Ct) of oxidative stress and antioxidant defense genes in HCECs of
older donors compared with those from young (control) donors. Three
genes—�2-microglobulin, �-actin, and glyceraldehyde-3-phosphate de-
hydrogenase—were used for normalization of the data. The two outer
lines on the plot indicate a twofold change in gene expression from
that of the control, indicated by the middle line in the plot.

FIGURE 2. Western blot results of
11 proteins related to oxidative
stress and antioxidant defense. Equal
amounts of protein, pooled from five
young (Y) and five older (O) donors,
were used for each blot. Results
were normalized to �-actin. (A) Rep-
resentative images of the blots for
each protein plus the corresponding
�-actin band. (B) Graph showing the
fold difference in expression for each
of the 11 oxidative stress-related pro-
teins. Results are highlighted for the
four proteins whose genes showed a
statistically significant difference in rel-
ative gene expression. Results were
calculated from the densitometric anal-
ysis of the Western blot analysis and
are expressed as the fold difference in
HCECs from older donors compared
with young (control) donors. GR*, glu-
tathione reductase.
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levels (0.640- and 0.668-fold, respectively) in cells of older
donors.

Age-Related Expression of DNA Damage-Signaling
Pathway Genes and Proteins

A real-time PCR-based microarray was also used to compare
age-related changes in the expression of 84 genes involved in
the DNA damage-signaling pathway. The same RNA samples
from three young and three older donors used for the oxidative
stress array were used for these studies (see Table 1). A scatter
plot of the array data are presented in Figure 3. Results are
presented in Supplementary Table S2, http://www.iovs.org/
lookup/suppl/doi:10.1167/iovs.10-6492/-/DCSupplemental, with
genes arranged according to function (as indicated by
SABiosciences). One gene, GML (glycosylphosphatidylinositol
anchored molecule-like protein), was not consistently de-
tected. Expression of the remaining 83 genes was detectable in
the HCEC samples. As can be seen from the data, 80 of the total
83 detectable genes showed less than a twofold change in
expression. SEMA4A (sema domain, immunoglobulin domain
[Ig], transmembrane domain [TM], and short cytoplasmic do-
main [semaphorin] 4A), XRCC3 (x-ray repair complementing
defective repair in Chinese hamster cells 3), and BTG2 (BTG
family, member 2) appeared to be differentially expressed
by at least twofold higher or lower levels in HCECs of older
donors; however, P values for these genes were greater than
0.05. Overall, results indicated that there was no significant
age-related change in the relative expression of any gene
included in the DNA damage-signaling pathway array. To
verify the PCR array results, a limited number of proteins
was chosen for semiquantitative Western blot analysis,
based on their having different relative functions in the DNA
damage-signaling pathway. The same two pooled protein
samples representing the young and older donor age groups
used for analysis of the oxidative stress proteins were used

for these blots (see Table 1). Proteins studied included AIF,
ATM (ataxia telangiectasia mutated kinase), DNAPK (DNA
protein kinase catalytic subunit), GADD45� (growth arrest
and DNA-damage-inducible-�), OGG1/2 (8-oxoguanine DNA
glycosylase), PCNA (proliferating cell nuclear antigen), and
p53 (p53 tumor suppressor protein). Representative blots
for each protein are shown in Figure 4A. Results of the
densitometric analyses are in Figure 4B. As can be seen,
there was little evidence of an age-related difference in the
expression of any of the proteins examined, thereby verify-
ing the overall results of the microarray.

Detection of DNA Damage Foci

Because results of the two microarray and Western blot studies
strongly suggest that HCECs of older donors do not vigorously
upregulate the expression of oxidative stress proteins or pro-
teins involved in the DNA damage-signaling pathway, studies
were conducted to determine whether HCECs are capable of
detecting nuclear DNA damage. To answer this question, ex
vivo corneas from three young and three older donors were
immunostained for phosphorylated histone H2AX. H2AX is a
histone variant found in the nucleosome. Within 1 to 3 minutes
after DNA double-strand breakage, H2AX becomes rapidly
phosphorylated on Ser139, and the relative number of phos-
phorylated H2AX molecules increases linearly with the severity
of the DNA damage.12,13 This specific phosphorylation results
in the focal recruitment of repair factors to the site of DNA
damage and may result in the induction of cell cycle check-
point regulatory factors.12–14 Figure 5 presents representative
results of the immunolocalization studies. Regardless of donor
age or location within the endothelium, it was possible to
observe occasional nuclei with very intense stain in a plane just
above that of the endothelial monolayer (Fig. 5A, arrow), indi-
cating the presence of apoptotic cells. Central (6.0-mm diam-
eter) endothelia of young donors consistently showed a very
low level of positive nuclear staining. In contrast, individual
nuclei in the central endothelia of older donors consistently
exhibited more intense punctate staining, with the relative
intensity varying from nucleus to nucleus. In the peripheral
(6.0- to 9.5-mm rim) endothelia of young donors, little to no
positive stain was observed, whereas light nuclear staining was
observed in many peripheral cells of older donors. No staining
was observed in negative controls (data not shown). Positive
nuclear staining for H2AX phosphorylated on Ser139 provided
evidence that HCECs are capable of detecting nuclear DNA
damage, and the punctate staining pattern strongly suggested
that HCECs responded to this damage by forming DNA damage
foci.

DISCUSSION

Previous studies from this laboratory8 have provided evi-
dence that oxidative nuclear DNA damage increases in
HCECs in an age-dependent and topographically related
manner and that increased oxidative stress may be respon-
sible for the age-related decrease in proliferative capacity
observed in HCECs. The present studies explored the ability
of HCEC to upregulate gene and protein expression as a
protective or reparative mechanism in response to age-
dependent increases in oxidative stress and DNA damage. In
these studies, real-time PCR-based microarrays compared
gene expression in HCECs isolated from three young and
three older donors. Western blot studies were conducted
using protein extracted from five young and five older do-
nors. Equal amounts of protein were then pooled to form
two samples representing each of the two age groups. This
type of analysis has been used previously for Western blot

FIGURE 3. Scatter plot showing the average relative expression
(��Ct) of DNA damage-signaling pathway genes in HCECs of older
donors compared with those of young (control) donors. Three genes—
�2-microglobulin, �-actin, and glyceraldehyde-3-phosphate dehydroge-
nase—were used for normalization of the data. The two outer lines on
the plot indicate a twofold change in gene expression from that of the
control, indicated by the middle line in the plot.
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studies from this laboratory15–17 and other laboratories.18 –20

The benefit to using pooled samples was to eliminate donor-
to-donor variation and to obtain data that reflected consis-
tent age-related changes in protein expression.

Expression of Genes and Proteins Related to
Oxidative Stress and Antioxidant Defense

Results of the real-time PCR microarray provide evidence
that HCECs express multiple genes involved in the response
to oxidative stress. Western blot analysis provided a semi-
quantitative analysis of the protein expression of a limited
number of these genes. When results of the microarray and
Western blot analysis were compared for certain proteins,
some differences were observed. These differences may be
attributed to the fact that the analyses were conducted using
RNA or protein samples isolated from different donors. In
addition, there could have been relative differences in pro-
tein turnover compared with overall gene expression. Both
analysis methods indicated an age-related upregulation in
the expression of cytoglobin, which facilitates the diffusion
of oxygen through tissues, scavenges nitric oxide and other
reactive oxygen species, and serves a protective function
during oxidative stress.21,22 Results of the microarray and
Western blot analyses of glutathione peroxidase-1 differed in
that no significant age-related difference in gene expression
was indicated; however, protein expression was found to be
increased threefold in older donors. Both glutathione per-
oxidase-3 and -7 proteins appeared to be expressed in
HCECs of older donors at, or slightly above, levels found in

young donors. Glutathione peroxidases are an important
family of enzymes whose main function is to catalyze the
reduction of endogenously produced hydrogen peroxide
and lipid hydroperoxides in the presence of glutathione.23

Gene expression of IPCEF-1 was found by microarray anal-
ysis to be at a 10-fold lower level in HCECs of older donors;
however, Western blot analysis indicated that IPCEF-1 pro-
tein levels were 1.42-fold higher in HCECs of older donors,
indicating that this protein is expressed at similar levels
regardless of donor age. IPCEF-1 is involved in translocating
cytohesins to the plasma membrane and in membrane re-
ceptor signaling.24 Glutathione reductase, catalase, perox-
iredoxin-2, and peroxiredoxin-5 proteins were all expressed
in HCECs of older donors at or slightly above the levels
observed in HCECs of young donors. Interestingly, superox-
ide dismutase-1 and peroxiredoxin-3 were expressed at
somewhat lower levels in HCECs of older donors. The ex-
pression of one or more of these oxidative stress-related
proteins has previously been reported in corneal endothelia
of rabbits,25–27 rats,25,28 –30 dogs,25,31 and humans.16,17,25,31

However, to our knowledge, this is the first time relative
expression levels of these proteins have been compared in
an age-dependent fashion in human corneal endothelial
cells.

Together, these results indicate that there is only a lim-
ited response of HCECs to age-related increases in oxidative
stress. This suggests that, with donor age, there is no signif-
icant increase in protection of these cells from accumulating
oxidative damage. Previous studies8 indicate that cells in the

FIGURE 4. Western blot results of
seven proteins related to the DNA
damage-signaling pathway. Equal
amounts of protein, pooled from
five young (Y) and five older (O)
donors, were used for each blot.
Results were normalized to �-actin.
(A) Representative images of the
blots for each protein plus the cor-
responding �-actin band. (B) Graph
showing the fold difference in ex-
pression for each of the seven DNA
damage-signaling pathway proteins.
Results were calculated from the
densitometric analysis of the West-
ern blot analysis and are expressed
as the fold difference in HCECs of
older donors compared with young
(control) donors.
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central 6.0-mm diameter of the endothelium exhibit a sig-
nificantly higher level of oxidative nuclear DNA damage
than cells in the surrounding 6.0- to 9.5-mm peripheral rim.
It is possible that significant increases in the levels of oxi-
dative stress-related proteins in central endothelium could
have been masked because both the RNA and the protein
samples analyzed in these studies were prepared from the
entire endothelial monolayer, therefore reflecting an aver-
age of the overall expression levels. It should be noted that
these studies have investigated potential changes in the
relative expression of oxidative stress-related proteins; how-
ever, they did not explore the relative activity of these
proteins. Previous studies of corneal endothelial cells from
rabbits26 and rats28 indicate that the relative activity of
several antioxidant enzymes, including superoxide dismu-
tase, glutathione peroxidase, and catalase, do not increase
with increasing age or as the result of acute oxidative stress,

suggesting that there may be a similar lack of increased
activity in HCECs with donor age.

Expression of Genes and Proteins Related to the
DNA Damage-Signaling Pathway
Results of the real-time PCR microarray provide evidence that
multiple genes involved in the DNA damage-signaling pathway
are expressed in HCECs; however, analysis of the data revealed
no statistically significant difference in the expression of any
gene represented in the microarray as a function of donor age.
Results of the Western blot analysis verified those of the mi-
croarray. The seven proteins analyzed were chosen because
they are known to have different and important functions in
the response of cells to DNA damage. AIF is released from
mitochondria during the apoptotic process. Among its func-
tions is the induction of DNA fragmentation and chromatin
condensation.32,33 Of interest is the fact that, when gels were
being prepared for Western blot analysis of AIF, the protein
load had to be reduced from the usual 20 �g to 5 �g because
the relative expression of this protein was high in both sam-
ples. ATM is a serine/threonine kinase that becomes autophos-
phorylated in response to DNA double-strand breaks34,35 and
helps regulate cell cycle checkpoints and DNA repair.36

Among its downstream targets are Chk2 and p53.37 DNA-PK is
a phosphatidylinositol kinase composed of two DNA-binding
subunits, collectively known as Ku, and a single 450-kDa cat-
alytic subunit (DNA-PKcs). DNA-PK appears to selectively reg-
ulate the p53-dependent apoptosis pathway.38,39 GADD45� is
a p53 tumor suppressor target gene and is also inducible in a
p53-independent manner.40–42 GADD45 proteins have been
implicated in regulating the G2/M-phase cell cycle checkpoint,
DNA repair, and apoptosis. OGG1 is a DNA glycosylase that
initiates base excision repair of oxidized purine bases.43,44

PCNA functions in cell cycle progression, DNA replication, and
DNA repair.45,46 The PCNA gene is induced by p53, and PCNA
protein interacts with p53-controlled proteins, such as
GADD45 and p21, in the process of deciding cell fate. The
tumor suppressor, p53, plays a major role in the cellular re-
sponse to DNA damage and other stresses.47,48 DNA damage
leads to the phosphorylation of p53 through the activity of
several transducing proteins, including ATM and DNA-PK. This
phosphorylation promotes the retention of p53 within the cell
and promotes its downstream induction of several cell cycle
regulatory proteins, including p21Cip1 and GADD45, as well as
pro-apoptotic proteins, such as Bax; p53 also plays a role in
DNA repair, including nucleotide excision repair after UV-
induced damage.41,48 Of these seven proteins, only two (PCNA
and p53) were previously identified in corneal endothel-
ium.2,49–52 As has been noted, the activity of some proteins in
the DNA damage-signaling pathway is dependent on posttrans-
lational modification, such as phosphorylation; however, this
type of modification would not have been detected with the
specific antibodies used in this study. Other studies have iden-
tified genes expressed in HCECs that are related to DNA dam-
age. Sakai et al.53 constructed a human corneal endothelial
cDNA library and identified genes expressed in HCECs from
donors averaging 59.9 � 5.9 years old. Damage-specific DNA-
binding protein 2 (DDB2), which helps protect cells against
DNA damage after ultraviolet radiation, was one of the genes
detected. Inoki et al.54 found that DDB2 is produced efficiently
in cultured HCECs on exposure to UV irradiation. Neither of
these studies compared age-related expression levels of this
protein, and the DDB2 gene was not included in the microar-
ray used for the present studies.

Detection of DNA Damage Foci
The immunodetection of histone H2AX phosphorylated on
Ser139 provides strong evidence that HCECs are capable of

FIGURE 5. Identification of DNA damage foci in ex vivo corneal en-
dothelia of young and older donors. Representative images show im-
munostaining for phosphorylated histone, H2AX-Ser139, a recognized
marker for DNA damage foci. Left: H2AX-Ser139 staining alone; right:
H2AX-Ser139 staining plus iodide staining to indicate all nuclei. Final
magnification, 40�; zoom, 2.
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detecting and responding to DNA damage by forming nuclear
DNA damage foci. The relative number and staining intensity of
H2AX-Ser139–associated DNA damage foci increased with do-
nor age and was greatest in the central endothelia of older
donors. Similar results were obtained in studies of H2AX-
Ser139 immunostaining in senescent mouse embryo fibroblasts
and in cells of the lung, spleen, dermis, liver, and gut of aging
mice.55

Relevance of the Data

The lack of a significant age-related upregulation in the expres-
sion of either oxidative stress-related or DNA damage pathway
proteins in HCECs is consistent with results found in other
differentiated cell types.56–58 This lack of upregulation appears
to correlate with the fact that terminally differentiated cells do
not normally divide. Thus, surveillance and repair of the entire
genome, as is required for dividing cells, may not be needed,
and DNA repair is limited to the transcribed genome to pre-
serve the function and specificity of long-lived tissues. Previous
studies from this laboratory5,6,8 have provided evidence for an
important connection between oxidative nuclear DNA dam-
age, increased expression of p21Cip1, and decreased prolifer-
ative capacity in HCECs. Taken together, results of these stud-
ies suggest that HCECs protect themselves against oxidative
stress and respond to DNA damage not by upregulating the
expression of multiple oxidative stress-related or DNA damage
pathway genes but by increasing the expression of the G1-
phase inhibitor, p21Cip1, thereby restricting their ability to
divide. At the same time, the more limited repair of transcrip-
tionally active DNA domains would ensure that the cells re-
main functionally viable for a long period. It should be kept in
mind that the current studies focused on the response of
HCECs to oxidative stress and DNA repair as a means of further
understanding the basis for the age-related decrease in prolif-
erative capacity. Further study is needed to determine the
age-dependent effect of oxidative stress on mitochondrial DNA
and overall mitochondrial function in these very metabolically
active and physiologically important cells.
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