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pS3 protein subcellular localization and apoptosis in rodent
corneal epithelium cell culture following ultraviolet irradiation
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Abstract. The tumor-suppressor gene p53 encodes a phospho-
protein involved in the control of cell growth. p53 expression
and function have been documented in malignancy, apoptosis
and the aging processes. Recently, p53 has been mapped and
characterized in the normal cornea across different species.
In the present study, high levels of cytoplasmic p53 protein
were noted in normal primary corneal epithelium cultures by
immunohistochemistry and western blot analysis. Following
ultraviolet (UV) irradiation, the level of cytoplasmic p53
protein expression was increased beginning from 30 min and
lasting until 6 h post-irradiation and then returned close to
control levels by 24 h. Cytoplasmic p53 phosphorylation was
detected from 30 min following UV treatment until 6 h post-
irradiation. p53 protein became apparent in the nucleus in a
fraction of these cultured cells beginning 30 min following UV
irradiation and was still present 24 h later. We also found that
p53 colocalized with mitochondria 2 h following UV irradia-
tion in some of the cells and remained there up to 24 h. As the
expression levels of p53 transcription following UV irradiation
were not significantly altered, the increase in cytoplasmic
p53 protein expression may be conditional only upon post-
translational stabilization. We also observed that the apoptotic
index increased following UV irradiation in the same time
frame as the p53 nuclear transfer and was partially suppressed
by pifithrin-a, which is a reversible inhibitor of pS3-mediated
apoptosis and p53-dependent gene transcription. The present
study offers new evidence suggesting that cytoplasmic p53 in
rodent corneal epithelium is functionally active.

Introduction

The p53 gene is a well-defined tumor-suppressor gene. The
gene produces a 53-kDa phosphoprotein that was first char-
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acterized as the major cellular protein associated with the
T antigen encoded by simian virus 40 (SV40), a small DNA
virus (1-3). SV40 and other oncogenic viruses target p53 in
order to induce cell proliferation, thus increasing the number
of cells carrying their genomes. p53 plays a role in many
abnormal types of cell proliferation, in apoptosis in response
to DNA injury, in the prevention of replication of genomes that
have suffered DNA damage (2,4-9), in the inhibition of tumor
angiogenesis (10), and in embryogenesis (11). In general, the
target genes of p53 can be grouped into categories of biological
activities that include apoptosis, growth arrest, DNA repair,
checkpoint responses and balancing of aerobic respiration and
glycolysis (12).

Apart from the transcription-dependent induction of
apoptosis, p53 also induces apoptosis through a mitochondrial
pathway. In this pathway, p53 binds to the outer mitochondrial
membrane, induces its permeabilization, and forms complexes
with the protective Bcl XL and Bcl-2 proteins. The binding of
p53 to these factors triggers cytochrome c release and caspase
activation (13-16).

Pifithrin-a is a reversible inhibitor of p53-mediated
apoptosis and p53-dependent gene transcription. Notably,
transcriptional-dependent apoptosis is repressed by pifithrin,
while mitochondrial-dependent apoptosis is not repressed (17).

We previously demonstrated and characterized p53 expres-
sion in the rodent corneal epithelium (18-20). Others have found
that UV irradiation was able to induce the p53 protein (8) and
p53-dependent apoptosis in the corneal epithelium (21-23).
However, its causative contribution to apoptosis has yet to
be determined. In the present study we examined changes in
apoptosis and p53 expression and functional activity in rodent
corneal epithelium in response to UV irradiation.

Materials and methods

Animals. C57TBL/6 mice were obtained from the Animal
Facility of Haifa Technion. Eyes of animals were enucleated
after sacrifice by CO, narcosis. The use of animals adhered to
the ethical guidelines of and was supervised by the Technion
Animal Welfare Committee.

Cell culture. In order to investigate corneal epithelial cells
derived from the ocular surface, we used a corneal epithelial
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cell culture system, as previously described (24). Outgrowing
cells from corneal explants formed in the suspension epithelial
cell culture. These cells were grown in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 2 mmol/l of
L-glutamine, MEM-Eagle vitamin solution concentrate
(100x), 50 pg/ml penicillin and 50 pg/ml streptomycin (Beit
Haemek, Israel).

Immunohistochemistry. pS3 immunostaining was performed
using the monoclonal antibodies: Mab-248, which binds to
an N-terminal or central epitope of the pS53 molecule (25-27);
and Mab-421, which recognizes a C-terminal epitope of
the p53 protein (26,28) (both a kind gift from Professor V.
Rotter, Weizmann Institute of Science, Rehovot, Israel) and a
monoclonal antibody against phosphorylated Serl5 of the p53
protein (Cell Signaling Technology). Immunostaining with
these antibodies was performed overnight at 4°C in a humidity
chamber, followed by the avidin-biotin secondary antibody
staining technique, in which a biotinylated secondary anti-
body reacts with several peroxidase-conjugated streptavidin
molecules (Dako Labs 2 kit; DakoCytomation, Glostrup,
Denmark). Alternatively, the HistoMouse™-Max kit (Zymed
Laboratories, Inc., South San Francisco, CA, USA) was used.
All control samples were processed in the absence of the
primary antibody. The slides were washed, mounted with an
aqueous mounting medium and photographed within a few
hours under a digital microscope camera (Zeiss Axioscope 2
with image processing software Image-Pro Plus version 6).
Light intensity and contrast were standardized for a respective
culture with an appropriate control.

Apoptotic index determination. On-slide in situ terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end-
labeled (TUNEL) assay was used. The apoptotic index (Al)
was determined using the ApopTag marker (Oncor, Inc.,
Gaithersburg, MD, USA) and was calculated as the percentage
of TUNEL-positive cells per 1,000 cells, according to a previ-
ously described procedure (29).

Fluorescence staining of p53 immunoreactive protein.
Twenty-four hours after plating, cells were incubated with
200 nmol/l of MitoTracker Red 580 (Molecular Probes,
Eugene, OR, USA) in culture medium for 40 min, after which
the dye was removed, and cells were treated with or without
15 uM of pifithrin-a (Sigma, St. Louis, MO, USA) for 2 h.
The cells were then irradiated with a UV lamp (312 nm) at
150 mJ/cm?. The Petri dish was placed 15 cm above a UV
light source (4x6 W, 312-nm tube, power 50 W, TFP-10M,
Vilber Lourmant, Torcy, France) for 5 min. The UV dosimetry
was performed using a UV light meter (YK-34UV; Lutron
Electronic, Taiwan). Following UV irradiation, cells were fixed
in absolute methanol for 10 min, placed on a slide and dried.
After rinsing with cold PBS (pH 7.4) cells were permeabilized
with 0.5% Triton X-100 for 10 min at room temperature (RT).
After blocking, the anti-p53 antibody (Mab-421) was added
(without dilution) and incubated at RT for 2 h followed by
incubation with anti-mouse IgG-FITC (Sigma) (1:128 dilu-
tion) for 1 h. After removal of the antibodies, the cells were
rinsed with PBS and mounted with UltraMount (Lab Vision,
UK). Fluorescence was immediately observed using either
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an Axioscop 2 or Leica laser scanning confocal microscope
(Bensheim, Germany).

Protein determination. Protein was quantitated by the method
of Bradford (30) using bovine serum albumin as a standard.
In brief, unknown protein concentrations were determined
spectrophotometically (595 nm), following the binding of
the dye, Coomassie Brilliant Blue, to both unknown protein
preparations and predetermined standard concentrations
of bovine serum albumin, and their optical densities were
compared.

Western blot analysis. Ocular cell protein extracts were
prepared in lysis buffer (1% Triton X-100 and 0.1% SDS in
PBS), as previously described (20). Equal amounts of protein
derived from the epithelial cell cultures were compared to each
other by western blot analysis, following resolution of protein
samples (50 pg/well) by standard denaturing SDS 7.5% poly-
acrylamide gel electrophoresis, using standard conditions (31).
Proteins were transferred to nitrocellulose membranes
(Schleicher and Schuell Bioscience GmbH, Germany), as previ-
ously described (20). Bovine serum albumin blocked (BSA,
2% in TBS-T) and blotted nitrocellulose membranes were
subjected to western blot analysis using the Mab-248 antibody.
This was followed by incubation with rabbit anti-mouse IgG
(whole-molecule) conjugated to horseradish peroxidase (HPR)
(Sigma) at a dilution of 1:1,000 for 1 h at RT. Between incuba-
tions, the blots were washed three times for 10 min/wash with
1X PBS containing 0.05% Tween-20. Enhanced chemilumi-
nescence (ECL) substrates to develop the results (Amersham,
Buckinghamshire, UK) and Sea-Blue protein molecular weight
markers (Novartis, San Diego, Ca, USA) were used on each gel.
Fifty micrograms of p53-M clone 314 cell extract (a kind gift
from Professor V. Rotter, Weizman Institute) (32) was used as a
p53-positive control (p53-M), while 50 pg of BSA was used as
a negative control (NC).

Quantitative p53 mRNA determination by real-time
PCR. Total RNA from mouse corneal epithelium cells
was extracted with the MasterPure RNA Purification kit
(Epicentre Biotechnologies, Madison, WI, USA). Total RNA
concentrations were determined spectrophotometrically by
measuring the absorbance at 260 nm. cDNA was generated
from 2 pg of total RNA using Verso™ reverse transcriptase-
RT and random primers (Verso™ cDNA kit; Thermo
Scientific, Surrey, UK), according to the manufacturer's
instructions. Primers and probes for f-actin and mouse p53
genes were designed by Primer Design Ltd., Southampton,
UK (Table I). p53 mRNA production was measured by quan-
titative real-time PCR by means of Rotor-Gene 6000 (Corbett
Life Science/Qiagen) amplification with ABsolute Blue Mix
(Thermo Scientific).

Statistical analysis. Data are reported as means + SEM
and P<0.05 was considered to indicate a statistically
significant result. Groups were compared by ANOVA with
Student-Newman-Keuls post hoc analysis or Kruskal-Wallis
nonparametric ANOVA, with Dunn's post hoc analysis, as
appropriate.
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Table I. Quantitative real-time PCR conditions.
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Denaturation parameters Data collection Extension No.
mRNA (temperature/time) (temperature/time) (temperature/time) of cycles
Mus musculus p53 95°C/15 sec 50°C/30 sec 72°C/15 sec 30
Accession: M13873
(sequences after alignments)

Sense primer GAACCGCCGACCTATCCTTA
Antisense primer GCACAAACACGAACCTCAAA

Probe

cagtggCTGTCCCGTCCCAGAAGGTTCCCACTG

Table II. p53 expression and apoptosis following UV-irradiation in corneal epithelial cell cultures.

Staining with Staining with Mab Apoptotic index

Epithelial cell culture Pifithrin Mab-421 phospho-p53, Serl5 (mean + SE)
Control ++ - 5.82+0.3

+ ++ - 5.21£0.25
30 min following UV +++ ++ 12.12+0.63

+ +++ ++ 11.28+0.55
2 h following UV ++++ ++ 28.0+1.3

+ ++++ ++ 19.10+£0.96*
6 h following UV +++ ++ 31.02+1.53

+ +++ ++ 20.09+1.1°
24 h following UV ++ - 25.63+1.05

+ ++ - 8.48+0.47°

*Significant difference from epithelial cell culture without addition of pifithrin, P<0.05.

Figure 1. Outgrowing cells from corneal explants formed in the epithelial cell
culture. Magnification, x400.

Results

pS3 immunostaining and subcellular localization in the
corneal epithelium after UV exposure (in vitro). In order to
investigate corneal epithelial cells on the ocular surface, we
used a corneal epithelial cell culture system from corneal

explant outgrowths (24). The migrating cells formed in the
epithelial cell culture resembled native corneal epithelial cells
(Fig. 1). Cells migrating from the explants expressed p53
protein in their cytoplasm and demonstrated positive staining
with Mab-421, negative staining with Mab-248 and negative
p53 staining with a monoclonal antibody against phosphory-
lated Serl5 (Fig. 2 and Table IT). Corneal epithelial cells
positive for cytoplasmic p53 staining were noted to be with
and without MitoTracker uptake and mitochondrial staining
(Fig. 3A and B). Cells with negative Mab-421 staining also
demonstrated punctuate labeling corresponding to MitoTracker
uptake by mitochondria (Fig. 3C). From 30 min until 24 h
following UV irradiation, p53 translocated to the nucleus
when compared to the control cells without p53 staining in the
nucleus (Fig. 4A).

p53 staining in the corneal epithelial cells was rapidly
altered following UV illumination. Positive cytoplasmic p53
staining with Mab-248 and the Mab against phosphorylated
Serl5 was noted within 30 min following UV exposure
(Table IT). p53 staining with Mab-421 was intensified following
UV illumination, peaking at 2 h and returning to a level lower
than that of the control within 24 h after UV treatment (Fig. 5).
Apoptosis, as measured by TUNEL staining, was intensi-
fied after UV illumination and peaked within 6 h following
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Figure 2. Cultured corneal cells demonstrated (A) cytoplasmic staining with
Mab-421, (B) negative staining with Mab-248, and (C) negative staining with
anti-phosphorylated Serl5.

UV treatment (Fig. 6). Addition of pifithrin-a (a reversible
inhibitor of p53-mediated apoptosis and p53-dependent gene
transcription) did not alter apoptosis in the control cells, but did
decrease apoptosis of the UV-irradiated cells. The apoptotic
index (AI) was decreased by pifithrin; the maximal decrease
occurred 24 h after UV irradiation (Table II).

Western blot analysis. To confirm our in situ staining data,
western blot analysis was performed. The western blot analysis
(Fig. 7) corroborated the results of the p53 staining of the mouse
corneal epithelial cells. Specifically, pS3 protein levels reached
a maximum 2 h after UV irradiation (P<0.001) and decreased
only after 24 h, without being reduced below unirradiated
control levels (Fig. 7).

Quantitative p53 mRNA determination. To assess whether
the UV-induced p53 regulation occurred at the RNA level,
real-time PCR was carried out on UV-irradiated tissue. p53
mRNA levels following UV irradiation of the mouse corneal
epithelium were not significantly changed as compared with
control (Fig. 8).
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Figure 3. Confocal images of cultured corneal epithelial cells using p53
staining (green) with anti-p53 antibody Mab-421 (second a/b FITC con-
jugated) and MitoTracker Red 580. (A) Open arrows indicate cells with
cytoplasmic p53 staining and solid arrows indicate cells without cytoplasmic
p53 staining (green). (B) Open arrows indicate cells with red punctuate
staining corresponding to Mitotracker uptake by mitochondria. (C) Overlaid
image of A and B shows punctuate staining corresponding to Mitotracker
uptake by mitochondria with (open arrows) and without (solid arrows) green
cytoplasmic p53 staining. Magnification, x600.

Discussion

In the present study, we demonstrated the presence of p53 in
the cytoplasm of cultured primary corneal epithelial cells. This
result was identical to previous results noted in intact corneal
epithelia in rats (18), mice (20) as well as in other species (19).
Hence, the in vitro tissue culture model for p53 expression as
described in the present study may truly represent what occurs
in vivo for p53 expression in the cornea. We demonstrated, in
the corneal epithelial cells, that a nuclear translocation of
cytoplasmic p53,occurred following UV irradiation. Moreover,
the UV irradiation under the same condition induced epithelial
cell apoptosis as measured by TUNEL staining. UV-induced
p53 nuclear translocation did not appear to be regulated by
transcriptional mechanisms.

We previously reported that the pS3 protein is strongly
expressed in normal vertebrate adult corneal epithelium (19).
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Figure 4. Confocal microscope image of p53 translocation to the nucleus in

cultured corneal epithelial cells, using Mab-421 to stain p53: (A) 2 h after UV

irradiation and (B) control cells. Magnification, x600.
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Figure 5. Quantification of the optical density of p53 staining in cultured
corneal epithelial cells with Mab-421 as a function of the duration of UV
irradiation. Kruskal-Wallis nonparametric ANOVA analysis, P<0.005 with
n>11. Dunn's post hoc analysis, "P<0.05.

In that previous study, immunostaining of frozen eye sections,
similar to the cultured corneal epithelium in the present study,
did not show p53 immunostaining for all of the p53 Mabs used,
while western blot analysis was positive for all antibodies
used. We suggested that several p53-binding proteins may
compete for antibody epitope sites and hence block certain
‘non-staining’ p5S3 Mabs.

We found differential staining of Mab-421 and Mab-248
on the immunohistochemical preparations and identical posi-
tive staining of these same antisera upon western blot analysis
of corneal epithelial cell protein extracts. Similar data were
obtained in our previous studies in vivo (19,20). The antibody
Mab-248 binds to an N-terminal (3,25,26) or central (27)
epitope of p53, while Mab-421 binds to a C-terminal epitope
(26,28). The non-reactivity of Mab-248 in native corneal and
conjunctival epithelium, as noted using immunohistochemical

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 31: 540-546, 2013

’
.
-
’
"
B s
© o
L B W
e 2
5
o
»
L
a
2

™
-

Figure 6. TUNEL staining of corneal epithelial cells (A) without UV irradia-
tion and (B) 6 h after UV irradiation. Magnification, x400.
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Figure 7. Western blot analysis and quantification of p53 protein expression
in cultured corneal epithelial cells with Mab-248 as a function of the UV
irradiation duration. (A) Representative western blot. (B) Cumulative results.
M, p53-positive control; n=4; ANOVA, P<0.0001; post hoc, ““P<0.001 with
respect to no irradiation.
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Figure 8. Real-time PCR p53 mRNA expression in cultured mouse corneal
epithelial cells as a function of the UV irradiation duration.
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techniques, may indicate the presence of an N-terminal or
central region p53 binding protein, such as aB-crystallin.
aB-crystallin interacts with p53 in the cytoplasm of cells (33),
hence covering a putative antibody epitope. The limbo-corneal
epithelium constitutively expresses aB-crystallin with higher
levels in the proliferative compartment (34). Upon dena-
turation, as occurs in western blotting, any protein binding
noncovalently to p53 would thus be removed from its binding
site, so that all the internal p53 epitopes become exposed (20).
This would explain the differential Mab reactivity noted by
immunohistochemistry and the apparent equal reactivity of
these same monoclonal antibodies upon western blot analysis.

The regulation of p53 activity is mainly post-translational.
Stabilization is an essential step for p53 to function efficiently
in response to UV irradiation. This study demonstrated
that UV irradiation of corneal epithelium cultures induced
cytoplasmic p53 phosphorylation within 30 min. Until p53
appeared in the nucleus, we noted an increase in apoptosis that
may have been caused by the original cytoplasmic p53 protein.
The cytoplasmic p53 protein of the corneal epithelium may
participate in transcriptional- and mitochondrial-dependent
apoptotic pathways, as it is always present in the corneal
epithelium cytoplasm (20).

There have been reports of an ‘inactive’ p53 isoform found
in the cytoplasm (35). In the present study we also found large
amounts of cytoplasmic p53 in cultured rodent corneal epithe-
lium. This may represent examples of transitory ‘inactive’ p53.
Upon UV irradiation, rapid phosphorylation of cytoplasmic
p53 may clear damaged cells by inducing apoptosis (36). This
is consistent with the rapid transit of cytoplasmic p53 protein
into the nucleus upon UV irradiation and suggests the pres-
ence of an active p53 form in the cytoplasm. We found that p53
transcriptional activity was not significantly altered by UV
irradiation. We, therefore, suggest that the increase in the p53
protein after UV irradiation is the result of post-translational
stabilization. A similar observation was noted by others in the
human epidermis (8,37).

In order to clearly understand how p53 functions in
regulating the cell cycle, it is important to identify all of its
possible functions and all of the proteins interacting with it.
The present study demonstrated the existence of functionally
active cytoplasmic p53 protein in normal cultured rodent
corneal epithelium cells. Additional studies are warranted to
fully characterize the role of the p53 protein and its regula-
tion as part of its physiological function in normal corneal
epithelium.
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