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Previously, we identified the heavy chain of ferritin as a developmentally regulated
nuclear protein of embryonic chicken corneal epithelial cells. The nuclear ferritin is
assembled into a supramolecular form indistinguishable from the cytoplasmic form of
ferritin found in other cell types and thus most likely has iron-sequestering capabilities.
Free iron, via the Fenton reaction, is known to exacerbate UV-induced and other oxida-
tive damage to cellular components, including DNA. Since corneal epithelial cells are
constantly exposed to UV light, we hypothesized that the nuclear ferritin might protect
the DNA of these cells from free radical damage. To test this possibility, primary cultures
of cells from corneal epithelium and stroma, and from skin epithelium and stroma, were
UV irradiated, and DNA strand breaks were detected by an in situ 39-end labeling
method. Corneal epithelial cells without nuclear ferritin were also examined. We ob-
served that the corneal epithelial cells with nuclear ferritin had significantly less DNA
breakage than other cell types examined. Furthermore, increasing the iron concentration
of the culture medium exacerbated the generation of UV-induced DNA strand breaks in
corneal and skin fibroblasts, but not in the corneal epithelial cells. Most convincingly,
corneal epithelial cells in which the expression of nuclear ferritin was inhibited became
much more susceptible to UV-induced DNA damage. Therefore, it seems that corneal
epithelial cells have evolved a novel, nuclear ferritin-based mechanism for protecting
their DNA against UV damage.

INTRODUCTION

DNA is a major target of UV-induced cellular damage.
All three wavelengths of naturally occurring UV light,
UV-A, B, and C (200–400 nm), may directly induce
pyrimidine and thymine dimer formation, DNA
strand breaks, and DNA–protein cross-linking. UV-
induced DNA damage then stimulates signal trans-
duction pathways, resulting in either repair and cell
survival or cell death (Liu et al., 1996). It is thought that
UV-induced skin cancer may largely result from such
DNA damage (Hart et al., 1977). In this respect, cornea
is very different from skin. Primary cancers of corneal
epithelial cells are extraordinally rare even though this
tissue is transparent and constantly exposed to UV
light (Smolinand and Thoft, 1987). This raises the pos-
sibility that corneal epithelial cells may have evolved

one or more defense mechanisms to prevent damage
to their DNA.

UV irradiation can also indirectly damage cells
through the formation of active oxygen species (AOS)
(Yamanashi et al., 1979; Black, 1987; Shimmura et al.,
1996). The resulting oxidative damage (Halliwell and
Aruoma, 1991) can be mutagenic and may also be
involved in carcinogenesis (Cerutti, 1985). Free iron
has been shown to catalyze the formation of UV-
induced AOS via the Fenton reaction (Stohs and Bag-
chi, 1995). Thus, the concentration of intracellular free
iron is tightly regulated and kept at a low level, chiefly
by the iron-sequestering action of the ferritin that is
found in the cytoplasm of most cells.

We have recently observed that ferritin is a devel-
opmentally regulated nuclear protein in avian corneal
epithelial cells (Cai et al., 1997). Results from both
immunohistochemical analyses and subcellular frac-* Corresponding author.
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tionation are consistent with this conclusion. Of the
tissues examined in vivo, the nuclear localization of
ferritin is highly selective for corneal epithelium. In
vitro, however, nuclear localization can be induced in
certain other cell types by manipulating the iron con-
centration of the culture medium.

Immunoblotting of corneal epithelial extracts
showed that the nuclear ferritin has a supramolecular
structure indistinguishable from that of the cytoplas-
mic ferritin found in other cell types (Cai et al., 1997).
This suggests that nuclear ferritin can bind iron. Cy-
toplasmic ferritin, by sequestering free iron, has been
shown to function as an antioxidant (Balla et al., 1992).
Since corneal epithelial cells are constantly exposed to
environmental AOS-generating O2 and UV light, we
asked whether in this cell type, the nuclear ferritin
might serve a protective function in preventing dam-
age to DNA, and possibly other nuclear components.
To test this hypothesis, in the present studies, we
examined, by an in situ 39-end labeling method, the
effect of nuclear ferritin in decreasing the UV-induced
DNA strand breaks. Of the cell types examined, cor-
neal epithelial cells, with nuclear ferritin, were the
least sensitive to UV-induced DNA damage. More-
over, elevated iron exacerbated the generation of UV-
induced DNA strand breaks in fibroblasts from cornea
and skin, but not in corneal epithelial cells. Most im-
portantly, corneal epithelial cells in which the appear-
ance of nuclear ferritin had been blocked showed
more DNA damage than did those with nuclear fer-
ritin. These results are all consistent with the proposi-
tion that in this cell type, nuclear ferritin protects DNA
against UV damage.

MATERIALS AND METHODS

Cell Cultures
UV irradiation was performed on primary cell cultures grown in
two-chamber glass slides (Falcon, Lincoln Park, NJ). Corneas, or
pieces of skin, were separated into epithelial and stromal compo-
nents by treatment in 0.5% Dispase for 1 h at 4°C (Spurr and Gipson,
1985). The epithelial cell sheets were rinsed in PBS and then further
digested in 0.25% trypsin at 37°C for 5 min. The stromal fibroblasts
were separated by further digestion in a 1:1 mixture of trypsin
(0.25%) and collagenase (200 U/ml) for 2 h at 37°C. All cells were
cultured in a complete medium (normal medium) consisting of a 1:1
mixture of DMEM [Fe (NO3)3 level ; 0.1 mg/ml or 0.25 mM] and
F-12 nutrient medium (FeSO4 level ; 0.83 mg/ml or 3 mM) (Life
Technologies/BRL, Gaithersburg, MD), 20% FCS (heat-inactivated,
total iron ; 1 mg/ml, 50% saturation of total iron binding capacity
of serum transferrin) (Hyclone, Logan, UT), 1% chicken serum (Life
Technologies/BRL), 5 mg/ml insulin (Sigma Chemical, St. Louis,
MO), 10 ng/ml human recombinant EGF and penicillin and strep-
tomycin (Life Technologies/BRL). The total iron concentration in
this medium is ; 0.6 mg/ml. Cultures were maintained for 38–42 h
before UV irradiation.

For some studies, the iron concentration in the culture medium
was increased by the addition of ferrous sulfate (100–200 mM,
Sigma). Primary cells were incubated for 48 h in normal medium
before being changed to this high-iron medium for another 16 h
before UV irradiation. In some studies, ferritin expression was

inhibited by adding the iron chelator deferoxamine (100 mM, Sigma)
to the culture medium. After 24–48 h, the deferoxamine-containing
medium was replaced with either normal medium or high-iron
medium, and the cells were cultured for an additional 14–16 h
before UV irradiation. As a control for possible toxicity of the
chelator, other cultures were treated with equimolar concentrations
of deferoxamine and ferrous sulfate.

UV Irradiation
The cells were exposed to 254 nm UV light generated by a Stratal-
inker UV Crosslinker (model 1800: power level ;3000 mW/cm2)
(Stratagene, La Jolla, CA) using the “time mode” of operation. The
complete medium on each slide chamber was replaced with 1 ml of
DMEM, and the slides were then placed on ice and UV irradiated.
Control cells were treated identically except that they were exposed
to ambient fluorescent light rather than UV light. After the treat-
ments, fresh culture medium containing 15 mM aphidicolin, an
inhibitor of DNA replication, was added, and the cells were re-
turned to the incubator for an additional 1, 2, 4, or 8 h before
fixation.

Detection of UV-induced DNA Strand Breaks
UV-induced strand breaks were detected by an in situ 39-end label-
ing method (ISEL) (Bromidge et al., 1995; Coates et al., 1995). The
cells in two-chamber slides were fixed in fresh 4% paraformalde-
hyde (30 min) and permeabilized in 0.4% Triton X-100, 0.1% sodium
citrate (20 min). Then they were incubated at 37°C for 1 h in 50 ml of
13 terminal deoxynucleotide transferase reaction buffer containing
0.2 M potassium cacodylate, 25 mM Tris-HCl, 0.25 mg/ml of BSA
(Boehringer Mannheim, Indianapolis, IN), 2.5 mM cobalt chloride
(Boehringer Mannheim), 10 mM biotin-14-deoxycytidine triphos-
phate (Life Technologies/BRL) and 12.5 U of terminal transferase
(Boehringer Mannheim). The cultures were washed in 13 PBS and
then were incubated in tetramethylrhodamine-conjugated strepta-
vidin (Molecular Probes, Sunnyvale, CA) (50 ml of a 10 mg/ml
solution diluted in PBS) at 37°C for 30 min. They were then washed
and mounted in glycerol/PBS (95:5) containing 1 mg/ml Hoechst
dye No. 33258 (Sigma). They were viewed with a Nikon fluores-
cence photomicroscope, and photographs were taken with Kodak
TMAX 400 film at a 1-min exposure time. For quantitation, the
photographs were scanned and the digitized images were analyzed
using UTHSCSA Image Tool Software Package, Version 1.27.

Immunofluorescence Cytochemistry
Cells were fixed in cold 4% paraformaldehyde (10 min), further
fixed in cold 2% methanol (5 min), and permeabilized with cold
100% methanol (10 min). They were incubated for 30 min at 37°C in
50 ml of antiferritin monoclonal antibody 6D11 (5 mg/ml) (Zak and
Linsenmayer, 1983; Cai et al., 1997), or, as a control, monoclonal
antibody X-AC9, against type X collagen (Schmid and Linsenmayer,
1985).The samples were then washed in PBS and incubated with a
rhodamine-conjugated goat anti-mouse secondary antibody. After
washing in PBS, the samples were mounted and viewed as de-
scribed above.

RESULTS

To examine whether the nuclear ferritin within the
corneal epithelial cells confers protection against UV
damage, we irradiated primary cell cultures with UV
light, and then evaluated DNA strand breaks by ISEL.
The cell types tested were epithelial cells and fibro-
blasts from embryonic day 12–14 corneas and from
day 7–8 skin. Day 12–14 corneal tissues were chosen
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since nuclear ferritin had already appeared in the
epithelium by that stage (Cai et al., 1997); 7- to 8-d skin
was used since appreciable feather development had
not yet occurred (7- to 8-d corneal epithelial cells will
be discussed later).

The epithelial cells from cornea and skin had a sim-
ilar polygonal morphology and growth in a sheet (Fig-

ure 1A). They showed limited proliferation, could not
be passed, and began to deteriorate after 7 d in culture.
Thus, they were cultured for only 38–42 h before
being used for experimentation. Fibroblasts, on the
other hand, had an elongated shape (Figure 1B) and
could undergo several passages without noticeable
phenotypic changes. Consistent with our previous

Figure 1. Micrographs of primary cultures of 14-d corneal epithelial cells (A and C) and corneal fibroblasts (B and D), and 8-d skin epithelial
cells (E) and skin fibroblasts (F). Panels A and B are phase contrast. Panels C–F are immunofluorescence micrographs of cells reacted with
the anti-chick ferritin monoclonal antibody 6D11. Bar, 25 mm.
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studies (Cai et al., 1997), the corneal epithelial cells
were the only ones with a high level of nuclear ferritin
(Figure 1C). Some corneal fibroblasts showed a low
level of nuclear ferritin (Figure 1D) (although they had
none in vivo [Cai et al., 1997]), and skin epithelial cells
(Figure 1E) and fibroblasts (Figure 1F) showed little, if
any, in the nucleus and low levels in the cytoplasm.

Dose-dependent UV-induced DNA Damage
In all experiments, positive and negative controls were
included to monitor the efficiency of ISEL detection,
both among the different cell types within each exper-
iment, and between experiments. As a positive con-
trol, a sample of each cell type was treated with DNase
I (9 mg/ml, 37°C for 15 min) to induce DNA strand
breaks. All cell types thus treated produced a strong
nuclear signal by ISEL. As a negative control, cells
were treated identically as the experimental samples,
except that they were exposed to ambient fluorescent
light.

All cell types showed the generation of UV-induced
DNA strand breaks in a dose-dependent manner. This
can be seen for the corneal epithelial cells and corneal
fibroblasts in Figure 2, and has also been reported for
other cell types in other species (Pitts et al., 1987;
Bromidge et al., 1995).

The corneal epithelial cells, however, were by far the
most resistant. In this cell type only 17% of the cells
showed a detectible ISEL signal when exposed to UV
irradiation for 5 min (total energy 5 970 mJ/cm2) and
examined 2 h later (Figure 2, CE 59 and quantitation
panel solid bar). Even within this small population,
the signal in most of these cells (69%) was only mar-
ginally detectable (solid line in quantitation panel).
The remaining 31% of this population showed a
strong signal (arrows in CE 59 and solid line in 59
quantitation). However, their characteristically small
nuclei suggest that they mainly represent a back-
ground level of cell death in the cultures, since small,
strongly positive nuclei were also observed in the
UV-negative controls (CE, UV-; solid line and bar in
UV- quantitation).

With the same 5-min treatment, 97% of the corneal
fibroblasts were ISEL positive (CF 59 and hatched bar
in quantitation), and the average signal intensity was
much stronger (dashed line in 59 quantitation).

As can be seen in the 8- and 11-min panels in Figure
2, with progressive increases in exposure time, more
corneal epithelial cells showed positive signals (91.5%
with 8 min [1.44 J/cm2] and 98.5% with 11 min [1.98
J/cm2]), and the relative intensities of the signals in-
creased (see quantitation panels). In comparison, with
8 min exposure, all of the corneal fibroblasts were
positive and remained so with 11 min exposure. More
importantly, their signal intensities were much great-
er—frequently reaching the maximum level that could

be measured (dashed lines in quantitation panels). The
majority of the non–UV-irradiated cells (UV2)
showed little labeling, except for the occasional small
nuclei mentioned above.

The skin epithelial cells were noticeably more sen-
sitive than corneal epithelial cells to UV irradiation,
showing obvious nuclear labeling with 5 min of irra-
diation (our unpublished results, but see below). The
sensitivity of skin fibroblasts was indistinguishable
from that of the corneal fibroblasts (our unpublished
results).

When the UV exposure was increased to 20 min (our
unpublished observations), all of the cells in all cell
types were strongly labeled. With even longer expo-
sures, the nuclear signal showed no increase, suggest-
ing that the 20-min exposure had produced the max-
imum amount of UV-induced breakage that could be
detected by this method.

Temporal Appearance of UV-Induced DNA Damage
We next examined whether temporal differences exist
in the appearance of UV-induced DNA damage. For
this, cells were exposed to 5 min of irradiation (total
energy 5 970 mJ/cm2) and then were examined by
ISEL at 1 and 4 h later. To minimize the potential
influence of DNA repair, the DNA polymerase inhib-
itor aphidicolin (Gedik et al., 1992) was included in the
culture medium added after the UV irradiation.

In corneal epithelial cells, the appearance of UV-
induced DNA breaks was clearly retarded when com-
pared with the cell types that had little or no nuclear
ferritin. In the corneal and skin fibroblasts, DNA
breaks could be detected throughout the population as
early as 30 min after irradiation (our unpublished
results), and after 1 h ;95% of the cells of both types
were positive, as shown in Figure 3 (1 h CF and SF)
and Figure 4 (striped and hatched bars). At the same
1-h time point, fewer skin epithelial cells showed dam-
age (Figure 3, SE), but the number was still an appre-
ciable 35% (Figure 4, open bar), while only 12% of the
corneal epithelial cells showed damage (Figure 4, solid
bar), and at least some of these were the previously
mentioned cells with the small nuclei (Figure 3, 1 h
CE). At 2 h after exposure (our unpublished observa-
tions), the corneal epithelial cells were indistinguish-
able in the number of positive cells and the signal
intensity from those at 1 h, whereas all the other cell
types showed stronger labeling than at 1 h.

In the corneal epithelial population, it was not until
4 h after UV exposure that the number of positive cells
began to rise, to 44% (Figure 4, solid bar), and among
these the intensities of the signal varied (Figure 3, CE,
4 h). This suggested heterogeneity within the popula-
tion, possibly reflecting variations in the level of nu-
clear ferritin, as shown in later experiments. At this
time point, double the number of skin epithelial cells
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(83%) were positive (Figure 4, empty bar), and the
signal in these was uniformly intense (Figure 3, SE,
4 h). Some skin epithelial cells also showed nuclear
condensation and fragmentation (arrows), which
could be seen in Hoechst dye-stained preparation (our
unpublished observations). In the corneal and skin
fibroblasts at 4 h, 100% of the cells were positive cells
(Figure 4, striped and hatch bars). The signal was

similarly intense at 1 h, suggesting that at 1 h the
maximum level of detection by this method had al-
ready been reached. There were, however, other dif-
ferences in the nuclei at 4 h, including an overall
decrease in their number, and an increase in those
with a shrunken and/or condensed morphology.
These are characteristics of UV-induced cell death, as
also reported by others (Lu and Lane, 1993).

Figure 2. Fluorescence micrographs of 14-d corneal epithelial cells (CE) and corneal fibroblasts (CF) exposed to UV light for 5 min, 8 min,
and 11 min and processed 2 h later for ISEL visualization of DNA breakage. Negative controls (UV2) were exposed to ambient light for 5
min. The arrows show the small strongly labeled nuclei found both in the experimental and control samples. Also presented in the panels
labeled “Quantitation” are the percentages of ISEL-positive cells (bar graphs: CE, solid bars; CF, hatched bars) and the distributions of the
relative signal intensities of these cell (line graphs: solid lines, CE; dashed lines, CF). The signal intensities were determined from digitized
images (using the UTHSCSA Image Tool 1.27 software program), and then data were plotted as mean gray scale values from 20–260 U, in
increments of 20 U. Bar, 25 mm.
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Figure 3.
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By 8 h (our unpublished observations), except for
the corneal epithelial cells, all cell types showed major
cell loss. The overall appearance of the corneal epithe-
lial population was similar to that at 4 h, except that
some cells showed a slight increase in the ISEL signal
and a few showed nuclear fragmentation.

Effects of Lower Dosage Irradiation on Different
Cell Types
We also examined the effect of lower doses of UV
radiation on these cell types. Since the experiments
just described showed that the maximum detectable
ISEL signal was reached by 4 h postirradiation, we
used this time point to examine the effects of lower
doses of radiation (Figure 5).

Corneal epithelial cells with either a 2-min exposure
(total energy 5 360 mJ/cm2) or a 3-min exposure (total
energy 5 540 mJ/cm2) showed little if any nuclear
labeling (CE, 2 min and 3 min) when compared with
the nonirradiated cells (our unpublished observa-
tions). Even when these cells were exposed for 4 min
(total energy 5 720 mJ/cm2), the majority of the cells
still had no labeling (CE, 4 min). However, the 4-min
exposure did reveal a subpopulation of cells that
seemed hypersensitive, some even showing nuclear
fragmentation (arrows).

The skin epithelial cells were much more sensitive,
showing a strong ISEL signal and some nuclear frag-
mentation after only 2 min of exposure (SE, 2 min).
With 3- and 4-min exposures (SE, 3 min and 4 min),
stronger signals and more nuclear fragmentation were
observed. Corneal fibroblasts showed only weak ISEL
signals with 2 and 3 min of exposure (CF, 2 min and 3
min), but with a 4- min exposure almost all cells
showed strong labeling (CF, 4 min). The responses of
skin fibroblasts with either a 2-min or a 4-min expo-
sure (SF, 2 min & 4 min) were indistinguishable from
the corneal fibroblasts with those treatments. The in-
termediate, 3-min exposure (SF, 3 min), however, re-
vealed a subpopulation of cells that were more sensi-
tive, again possibly reflecting a heterogeneity in
nuclear ferritin.

Effects of Elevated Iron on UV-induced DNA
Damage
All of these experiments suggested that corneal epi-
thelial cells have a cell-type-specific defensive mecha-
nism(s) preventing UV-induced DNA damage. This,

coupled with studies by others suggesting that in-
creased iron exacerbates UV-induced DNA damage
(Audic and Giacomoni, 1993; Stohs and Bagchi, 1995),
raised the possibility that the nuclear ferritin might be
involved in this protection.

First, we examined the effect of increased iron. For
this, corneal epithelial cells and fibroblasts from 12- to
14-d corneas, and epithelial cells and fibroblasts from
7- to 8-d skin, were cultured for 48 h in normal me-
dium (iron level ; 0.6 mg/ml). Then they were trans-
ferred into high-iron medium, which consisted of nor-
mal medium supplemented with either 100 mM (27.8
mg/ml) or 200 mM (55.6 mg/ml) ferrous sulfate. After
16 h of incubation in high-iron media, the cells were
UV irradiated for 5 min and examined 4 h later by
ISEL.

The nuclear ferritin content of the corneal epithelial
cells, as estimated by immunofluorescence, was simi-
lar in both high-iron medium (Figure 6A) and normal
medium (compare with Figure 1C). Consistent with
our previous studies (Cai et al., 1997), however, in
high-iron medium, corneal fibroblasts (Figure 6B) and
skin fibroblasts (our unpublished observations)
showed increased cytoplasmic ferritin when com-
pared with cells in normal medium (Figure 1D). In
some fibroblasts from both tissues, ferritin was also
now found in the nucleus (arrows), but in general, this

Figure 4. Quantitation of the percentages of cells showing UV-
induced DNA breaks at 1 and 4 h after 5 min of UV irradiation (see
micrographs in Figure 3) in populations of corneal epithelial cells
(solid bars), skin epithelial cells (empty bars), corneal fibroblasts
(striped bars), and skin fibroblasts (hatched bars).

Figure 3 (facing page). Fluorescence micrographs of 12-d corneal
epithelial cells (CE), 8-d skin epithelial cells (SE), 12-d corneal fibro-
blasts (CF), and 8-d skin fibroblasts (SF) reacted for DNA breaks by
ISEL. The cells were exposed to UV light for 5 min and then were
fixed at 1 h and 4 h after treatment. Arrows indicate the labeling of
small nuclei or nuclear fragmentation. Bar, 25 mm.

Nuclear Ferritin Protects from UV Damage

Vol. 9, May 1998 1043



was at a lower level than in the nuclei of the corneal
epithelial cells.

In normal medium, 3 min of irradiation produced
little detectable damage to the DNA of either the
corneal epithelial cells (Figure 6C) or the corneal fibro-
blasts (Figure 6D). This was also true for the corneal
epithelial cells in high-iron medium (Figure 6E). The
corneal fibroblasts in high-iron medium, however,

showed a large increase in the ISEL signal (Figure 6F),
as was also true for skin fibroblasts (our unpublished
observations).

Skin epithelial cells (our unpublished observations),
when placed in high-iron medium, also showed ele-
vated ferritin. However, this was mostly in the cyto-
plasm. Exposure of these cells to UV irradiation re-
sulted in their subsequent detachment from the

Figure 5. Fluorescence micrographs of 12-d corneal epithelial cells (CE), 8-d skin epithelial cells (SE), 12-d corneal fibroblasts (CF), and 8-d
skin fibroblasts (SF) exposed to UV irradiation for 2, 3, and 4 min and examined for DNA breaks by ISEL 4 h later. The 4-min exposure
induced strong nuclear labeling for DNA breaks in all the cell types tested, except for corneal epithelial cells, in which only occasional
fragmented nuclei showed strong labeling (arrows). Bar, 25 mm.
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surface of the culture chamber slide. While this behav-
ior precluded analysis by ISEL, it also suggested that
the cells had suffered severe damage. This is consistent
with the high UV sensitivity of this cell type, observed
in the experiments described earlier.

These results suggest that in the corneal epithelial
cells the nuclear ferritin can block or prevent UV-
induced DNA damage. However, in the corneal and
skin fibroblasts, the cytoplasmic ferritin and the low
level of nuclear ferritin are inadequate to confer pro-
tection, as is also true for the cytoplasmic ferritin in the
skin epithelial cells.

Increased UV-induced DNA Damage in Corneal
Epithelial Cells without Nuclear Ferritin
Our previous studies (Cai et al., 1997) showed that
during embryonic development, nuclear ferritin ap-
peared in corneal epithelial cells in vivo at 11–12 d.
However, when corneal epithelial cells from embryos
as young as 7 d were put into culture, by 16 h they had
expressed nuclear ferritin. This precocious expression
of nuclear ferritin could be blocked by the iron chela-
tor deferoxamine, suggesting that free iron in the me-
dium was responsible —most likely by translational
regulation (Cai et al., 1997). We have now observed
that this inhibition of ferritin expression by deferox-
amine can be reversed by transferring the cells to a
normal medium or high-iron medium. These manip-

ulations have allowed us to test directly whether it is
the nuclear ferritin that is responsible for preventing
UV damage.

First, we examined more carefully the parameters of
the in vitro repression and induction of the nuclear
ferritin. Consistent with our previous results, when 7-
to 8-d corneal epithelial cells were cultured in the
presence of 100 mM deferoxamine for 24–48 h, the
precocious expression of nuclear ferritin was inhibited
(our unpublished observations, but see Pendrys
[1983]). When cells were plated in the control medium
(normal medium supplemented with equimolar con-
centrations of deferoxamine and ferrous sulfate), nu-
clear ferritin was expressed, demonstrating both the
specificity of the iron chelator and its lack of toxicity.

In the deferoxamine-treated cultures, the expression
of nuclear ferritin could be initiated by replacing the
chelator-containing medium with either normal me-
dium or high-iron medium. The kinetics of expression
of the nuclear ferritin, however, were different in the
two media. In the normal medium, the appearance
was slow. At 15–18 h in this medium, ,5% of the cells
showed detectable ferritin, and at 26 h 13% showed
expression. In the high-iron medium, recovery was
faster. At 15 h, 20% of the cells had nuclear ferritin,
although the amount per cell was variable; and at 18 h
50% of the cells were positive. In addition, the inten-
sity of the ferritin signal in high-iron cultures was

Figure 6. Fluorescence micrographs of 12-d corneal epithelial cells (A, C, and E) and corneal fibroblasts (B, D, and F) cultured in normal
(C and D) or high-iron medium (100 mM ferrous sulfate) (A, B, E, and F) for 16 h before a 3-min UV exposure. The cells were processed 4 h
later for either ferritin localization or DNA breaks by ISEL. Panels A and B are the immunofluorescence micrographs of cells reacted for
ferritin with monoclonal antibody 6D11. In the fibroblasts, both nuclear (arrows in panel B) and cytoplasmic immunoreactivity was observed.
Panels C, D, E, and F are the micrographs of cells examined for DNA breakage by ISEL. Bar, 25 mm.
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much stronger than that in the normal cultures. In
control cells treated with equimolar concentrations of
deferoxamine and ferrous sulfate, 85% of the cells
were positive. Using these manipulations, we were
able to compare UV-induced DNA damage in corneal
epithelial cells with no detectable nuclear ferritin, to
cells that had partially recovered nuclear ferritin and
to cells with a high level of nuclear ferritin.

To ensure that the deferoxamine treatment itself
would not produce a difference in UV susceptibility,
corneal epithelial cells were cultured for 48 h in either
deferoxamine, or equimolar deferoxamine plus fer-
rous sulfate, UV-irradiated, and 4 h later examined by
ISEL. In neither type of culture should appreciable free
iron exist within the cells. In the deferoxamine-con-
taining cultures, the iron would be chelated by the
deferoxamine itself, and in the deferoxamine plus fer-
rous sulfate it would be chelated by the nuclear fer-
ritin. After UV irradiation, no differences in DNA
damage could be detected between the two types of
cultures (our unpublished results).

When the cells in the two groups were transferred to
normal medium for 16 h, dramatic differences in the
extent of UV-induced damage between the groups
were now observed. As can be seen in Figure 7A (solid
bars), in the groups treated with deferoxamine (,5%
ferritin positive cells), 67% of the cells showed signals
for DNA breaks. In contrast, in the control groups
treated with deferoxamine plus ferrous sulfate (.85%
ferritin positive cells), only 13% of the cells showed
DNA breaks. Furthermore, the ISEL signal produced
by the cells without nuclear ferritin was visibly much
stronger (Figure 7B, panel A) than that in the cells with
the molecule (Figure 7B, panel C). There was also
more nuclear fragmentation in the cells without fer-
ritin (Figure 7B, arrows in panels A and B), as was also
seen with Hoechst staining (compare Figure 7B, pan-
els B and D).

We also tested for protection from UV-induced
DNA breaks by ferritin under high-iron conditions.
For this, corneal epithelial cells (treated with either
deferoxamine or deferoxamine plus ferrous sulfate)
were transferred to high-iron medium (as described
above) for 16 h before UV-irradiation. Again, the cells
that had been cultured in deferoxamine showed more
damage than those that had been cultured in deferox-
amine plus ferrous sulfate (77% for deferoxamine-
treated cells and 31% for the controls) (Figure 7A,
hatched bars). As compared with the results just de-
scribed for the normal medium, both groups cultured
in the high-iron medium showed a somewhat in-
creased percentage of cells positive for DNA damage.
This confirmed the involvement of iron in the damage
process.

In addition, after 16 h in the high-iron medium, 20%
of the cells in the deferoxamine group had initiated the
expression of nuclear ferritin. This afforded the oppor-

tunity to examine whether this newly synthesized nu-
clear ferritin could protect cells from nuclear damage,
even under the high-iron conditions.

To test this, individual corneal epithelial cultures
were examined by triple labeling for ferritin (by im-
munofluorescence with a fluorescein-labeled second-
ary antibody), DNA breakage (by ISEL with a rhoda-
mine-labeled reporter), and total cells (by DNA
staining with Hoechst dye). The results were exam-
ined either as individual color channels (Figure 8A,
panels a–c; and Figure 8B, panels a, b, d, and e), or, to
facilitate comparison of the reactions, representative
photographs were digitized and the colors superim-
posed (Figure 8B, panels c and f).

Consistent with the predictions, in many areas ex-
amined, there was essentially a complete separation
between the cells with nuclear ferritin (Figure 8A,
panel a) and those showing DNA damage (Figure 8A,
panel b).Thus, most of the cells with nuclear ferritin
showed little or no nuclear signals for DNA breaks.

In occasional areas, some overlap in the signals was
observed. Two of these are shown in Figure 8B (panels
a–c and d–f). Even in these selected areas, however,
most of the cells with appreciable nuclear ferritin
showed little, if any, nuclear signal for DNA damage
(and thus appear green in the composite panels c and
f). The cells with little or no ferritin, however, showed
some DNA damage (and thus appear red or orange in
these composite panels). Cells with weaker signals for
nuclear ferritin have stronger signals for DNA breaks
(for example, the cell demarcated by the thin arrows in
panels a–c) and vice versa (in these panels, the cell
demarcated by the thick arrows). Only occasionally
did a cell show appreciable signals for both nuclear
ferritin and for DNA breaks (for example, the cell
demarcated by the arrows in panels d–f).

DISCUSSION

The results reported here are all consistent with nu-
clear ferritin functioning as an agent responsible for
protecting avian corneal epithelial cells from UV-in-
duced DNA damage. Of the four cell types tested, the
corneal epithelial cells, with nuclear ferritin, were the
least susceptible to UV-induced DNA damage, as de-
termined by ISEL and nuclear fragmentation. Iron
stimulation exacerbated UV-induced DNA damage in
all cell types tested, except for the ferritin-containing
corneal epithelial cells. Most convincingly, cells in
which the expression of nuclear ferritin was inhibited
showed a large increase in DNA damage. Thus, avian
corneal epithelial cells seem to have evolved a specific,
nuclear ferritin-based mechanism of protecting their
DNA against UV damage.
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Figure 7. (A) (top panel), Quantitation of UV-induced DNA breaks in day 7–8 corneal epithelial cells treated with 100 mM deferoxamine
(DFO) or equimolar concentrations of deferoxamine and ferrous sulfate (DFO1FeSO4). Both groups of cells were cultured for an additional
16 h in normal-iron medium (solid bars) or high-iron medium (hatched bars). They were then exposed to UV light for 5 min and fixed 4 h
later. The quantitative data were derived by averaging the percentage of positive cells for DNA breaks from two separate experiments. (B)
(bottom panel), Fluorescence micrographs of 8-d corneal epithelial cells examined for DNA breakage by ISEL (A and C), and by Hoechst
staining (B and D). The cells were treated either with deferoxamine (100 mM) (A and B) or equimolar concentrations of deferoxamine and
ferrous sulfate (C and D) for 48 h. They were then incubated in normal-iron medium for an additional 16 h before exposure to 5 min of UV
irradiation and fixation 4 h later. In the deferoxamine-treated cells, stronger ISEL signals and more nuclear fragmentation were observed (A,
arrows), as also seen in Hoechst staining (B, arrows). Bar, 25 mm.
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Figure 8. Fluorescence micrographs of deferoxamine-treated 8-d corneal epithelial cells, transferred to high-iron medium for 16 h, followed
by 5 min of UV irradiation and, 4 h later, fixation. These cells were then triple labeled for nuclear ferritin by immunofluorescence (fluorescein),
for DNA breaks by ISEL (rhodamine), and for cell nuclei with Hoechst dye (blue). The top three panels (Figure 8A, a–c) show each of these
individual reactions in a region in which there is essentially a complete separation of the cells with nuclear ferritin and the cells with DNA
breaks (Bar, 40 mm). The bottom (Figure 8B) shows two separate areas (panels a–c and d–f) selected for having some cells with both nuclear
ferritin and nuclear breaks, seen most advantageously with the signals combined (panels c and f). As described in the text, the cells with weak
signals for ferritin, in general, show strong signals for DNA breaks (a, b, and c, thin arrows) and vice versa (a, b, and c, thick arrows), with
only an occasional cell showing appreciable signals for both (arrows in d, e, and f). Bar, 20 mm.
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UV-induced DNA Strand Breaks
Although the maximum damage to DNA occurs at 260
nm (within the UV-C spectrum), all wavelengths of
UV light may induce the formation of thymine dimers
and pyrimidine-pyrimidone (6–4) photoproducts
(Matsunaga et al., 1991). Pertinent to the current stud-
ies, all three wavelengths of UV light can induce the
intracellular production of AOS (Yamanashi et al.,
1979; Black, 1987). UV-induced AOS damage to DNA
includes base and deoxyribose damage, strand breaks,
and DNA cross-linking (Halliwell and Aruoma, 1991;
Janssen et al., 1993). Such UV-induced DNA damage
activates an excision-repair system in which the dam-
aged bases are removed by endonuclease/exonucle-
ase activity (Grossman et al., 1988; Janssen et al., 1993).
This temporally leaves DNA breaks that can be de-
tected by ISEL, the method chiefly employed in the
current studies.

It is generally thought that only insignificant
amounts of UV-C reach the earth’s surface, due to
filtration by the ozone layer. However, this may
change due to fluorocarbon-induced ozone depletion.
UV-B and UV-A do reach the earth’s surface, and
presently constitute a major environmental UV insult
to the corneal epithelial cells (Pitts et al., 1987; Bro-
midge et al., 1995). In experimental situations, how-
ever, UV-C is at least one order of magnitude more
efficient than UV-B at inducing DNA damage (Ko-
dama et al., 1984). Therefore, in the current studies, we
employed UV-C irradiation (254 nm).

Consistent with other studies (Pitts et al., 1987; Bro-
midge et al., 1995), the UV-C irradiation induced dose-
dependent DNA strand breaks in all cell types tested.
However, the cell types showed different sensitivities
to UV. Skin epithelial cells (keratinocytes) were the
most sensitive; corneal and skin fibroblasts had inter-
mediate sensitivities, and the corneal epithelial cells
were the least sensitive. In addition, the appearance of
DNA breaks in corneal epithelial cells had a consider-
able lag time, compared with the other cell types.
These data are consistent with in vivo studies in which
monkey eyes were exposed to UV-B (Pitts et al., 1987).
The damage to the cornea was dose-dependent, as
determined by electron microscopy, and the corneal
epithelial cells, but not the stromal fibroblasts, recov-
ered completely.

The susceptibility of the skin epithelial cells to UV-
induced DNA damage may provide a partial explana-
tion for the high incidence of skin cancers. Conversely,
cancers of the corneal epithelium are virtually nonex-
istent (Smolinand and Thoft, 1987).

Free Iron Exacerbates UV-induced DNA Damage
The mechanism by which free iron generates AOS is
by catalyzing the Fenton reaction via redox cycling
within the cells (Stohs and Bagchi, 1995). Free iron as

Fe11 is the catalytically active form; Fe111 is largely
inactive due to its low solubility at neutral pH. Fe11

catalyzes the conversion of hydrogen peroxide (H2O2)
and superoxide (O2

2) to the hydroxyl radical (OH z)
which is the most reactive AOS (Janssen et al., 1993).
Therefore, to balance cellular needs with potential
toxicity, iron must be finely controlled.

The Fenton reaction has been shown to increase
hydrogen peroxide-produced DNA breaks in prepa-
rations of nuclei from human fibroblasts (Mello-Filho
and Meneghini, 1984, 1991) and rat hepatocytes
(Shires, 1982). Low-intensity UV-A-induced damage
to DNA is strongly enhanced in the Fenton reaction
system containing Fe11 and H2O2 (Shih and Hu,
1996). Conversely, iron chelators protect DNA from
hydrogen peroxide damage (Mello-Filho and Me-
neghini, 1984).

We observed that elevated iron dramatically in-
creased UV-induced damage to DNA in corneal and
skin fibroblasts (see also Audic and Giacomoni, 1993),
but not in corneal epithelial cells. The enhancement of
UV-induced DNA damage by iron could be direct,
since iron–DNA complexes increase photon absorp-
tion (Audic and Giacomoni, 1993). However, it is more
likely that this effect involves the iron-catalyzed oxi-
dative damage to DNA, as suggested by others (Audic
and Giacomoni, 1993; Shih and Hu, 1996).

Nuclear Ferritin and the Prevention of UV-induced
DNA Damage
Cells have evolved many protective mechanisms
against oxidative damage (Audic and Giacomoni,
1993; Janssen et al., 1993). A growing body of evidence
suggests that the ferritin-mediated sequestration of
iron is one of these (Balla et al., 1992, 1993; Vile et al.,
1994) and that other iron-binding proteins, such as
lactoferrin (Shimmura et al., 1996), function similarly.

In the present studies, we observed that corneal
epithelial cells in which the expression of nuclear fer-
ritin was blocked showed a fivefold increase in DNA
breaks when tested in an iron-containing environ-
ment. Several control experiments argue that this en-
hanced DNA damage did not result from any toxicity
of deferoxamine, the iron chelator used to block the
expression of nuclear ferritin. First, this inhibition of
nuclear ferritin expression was reversed upon trans-
ferring the cells to iron-containing medium. Second, in
deferoxamine-containing cultures, the de novo ap-
pearance of keratin 3 (K3), a differentiation marker for
this cell type, was unaffected (Cai et al., 1997). Most
importantly, the difference in UV-induced DNA dam-
age was not seen in cells UV-irradiated immediately
or 2 h after deferoxamine or deferoxamine plus fer-
rous sulfate treatments. In both conditions free iron
would have been sequestered—by chelation in the
deferoxamine cultures and by ferritin sequestration in
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the deferoxamine plus ferrous sulfate cultures (also
described in RESULTS).

In our model of DNA protection, most likely it is the
apoferritin or low-iron–containing forms of the nu-
clear molecule that would have the greatest effect.
When corneal epithelial cells were cultured from an
embryonic stage that already had nuclear ferritin
(12–14 d), they showed no increase in UV-induced
damage when tested in high-iron medium. When the
cells were cultured from an embryo that had not yet
initiated nuclear ferritin in vivo (7–8 d) but preco-
ciously expressed the molecule in vitro, an increase in
DNA breaks was observed in high-iron medium, al-
beit slight. One possible explanation for this difference
is that the nuclear ferritin synthesized in response to
high iron may already be partially saturated with iron.
Thus, while still protective, it is not as efficient as the
molecule produced in vivo by the epithelial cells (see
below).

When all of the experiments are considered, it seems
that the protection afforded by the nuclear ferritin can
be affected by two interrelated parameters. One is the
total content of nuclear ferritin, and the other, as sug-
gested above, is the degree of iron saturation. An effect
of total ferritin concentration was seen in the experi-
ment in which cells were examined by double-labeling
for ferritin content and UV-induced nuclear damage.
The results clearly showed a trend in which the cells
that expressed the most nuclear ferritin showed the
least damage to their DNA. That iron-saturated fer-
ritin may have a diminished protective value, as dis-
cussed above, is consistent with recent studies on an-
other iron-binding protein, lactoferrin. Lactoferrin is a
component of tears, which, when saturated with iron,
not only loses its protective effect against oxidative
damage, but becomes toxic to cells (Shimmura et al.,
1996).

Consistent with this hypothesis, our preliminary
evaluation of cellular iron by Prussian blue histochem-
istry produced no detectable signal in corneal epithe-
lial cells, but did in liver and heart from the same aged
embryos. Recent studies have demonstrated that thy-
roxine can up-regulate ferritin expression in rat hepa-
tocytes (Leedman et al., 1996). We also have obtained
preliminary evidence that during development it is
this hormone, rather than elevated iron, that is most
likely to be responsible for the appearance of nuclear
ferritin. These results are consistent with the nuclear
ferritin in corneal epithelial cells being largely in the
apoferritin form and thus capable of efficiently seques-
tering iron.
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