
INTRODUCTION

Apoptosis is a defined form of controlled, or programmed, cell
death (Kerr et al., 1972; Wylie et al., 1980). Apoptosis can be
distinguished from necrosis or other forms of cell disruption
by several morphological characteristics, including the
presence of plasma membrane blebbing and nuclear
condensation. Degradation and fragmentation of DNA occur in
response to apoptotic signals and are an accepted hallmark of
this form of cell death (Arends and Wylie, 1991; Earnshaw,
1995). Specific biochemical factors are unique to apoptosis,
including the activation of caspases (Thornberry and Lazebnik,
1998), release of cytochrome c from mitochondria (Liu et al.,
1996) and mitochondrial depolarization (Green and Reed,
1998; Wadia et al., 1998; Kohler et al., 1999). PARP
(poly(ADP-ribose) polymerase) is a highly conserved nuclear
enzyme in eukaryotes. PARP cleavage may occur in the
apoptotic response as a result of the activity of caspase 3
(Thornberry and Lazebnik, 1998).

In epithelial cells a diversity of signals and events can induce
the apoptotic form of cell death, including disruptions in
normal cell-extracellular matrix (ECM) interactions. Apoptosis
specifically induced by a breach in cell-matrix adhesion has
been termed anoikis (Frisch and Francis, 1994). In stratified
epithelia such as skin, tongue and cornea, an adhesion complex

mediates cell-extracellular matrix attachment. The structure
consists of a cytoplasmic hemidesmosome, extracellular
anchoring filaments (composed of laminin 5) and anchoring
fibrils (composed of collagen type VII), and the basement
membrane (Borradori and Sonnenberg, 1999). α6β4 integrin is
physically associated with the hemidesmosome and is unique
in that its cytoplasmic domain interacts with intermediate
filaments as opposed to actin (Stepp et al., 1990). Laminin 5
(α3β3γ2) is a major adhesive ligand resident in the basement
membrane and can function as an extracellular attachment
protein for epithelium. It binds with high affinity to α6β4
integrin (Champliaud et al., 1996).

Laminin 5/α6β4 interactions are crucial for the assembly and
maintenance of adhesion complex components because the
protein pair forms the core of the hemidesmosome (Green and
Jones, 1996). The loss of hemidesmosomes in basal epidermal
cells of transgenic mice lacking functional β4 integrin correlated
to weak adhesion and cell degeneration attributed to apoptosis
(Dowling et al., 1996). The targeted disruption of the Lama3
gene, which encodes the α3 subunit of laminin 5, resulted in
survival defects in homozygous null animals (Ryan et al., 1999).
These authors (Dowling et al., 1996; Ryan et al., 1999) have
suggested that laminin 5 provides a survival advantage for
keratinocytes and that α6β4 integrin interacts with laminin 5 to
mediate an unidentified signal essential for cell survival. 
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Laminin 5 functions to promote cell-matrix adhesion and
therefore is hypothesized to abrogate apoptosis initiated
through the loss of epithelial cell contact with extracellular
matrix. Laminin 5 levels are decreased in epithelial cells
cultured in a hypoxic environment. Exposure of epithelial
cells to hypoxia may induce apoptotic pathways
transmitted through changes in mitochondrial membrane
potential. Using an apoptosis assay based on mitochondrial
membrane integrity, the effect of hypoxia (2% oxygen) on
human corneal epithelial cell viability was determined.
Both a virally transformed corneal epithelial cell line and
third passage corneal epithelial cells were resistant to
hypoxia-mediated apoptosis for up to 5 days in culture.
However, at 7 days in culture, a statistically significant
increase in apoptosis was noted in hypoxic corneal
epithelial cells compared to normoxic (20% oxygen)
controls. Increased apoptosis in hypoxic epithelium at 7
days in culture correlated with decreased deposition of

laminin 5 into the extracellular matrix, as determined by
western blot analysis and immunofluorescence microscopy.
Additionally, the extracellular processing of the α3 and γ2
chains of laminin 5 was negatively impacted by corneal
epithelial cell exposure to hypoxia for 7 days. Treatment
of human corneal epithelial cells cultured in 20% oxygen
with function-inhibiting antibodies to laminin 5 for 2 or 3
days resulted in a statistically significant decrease in
proliferation, and concomitant increase in apoptosis,
compared with untreated normoxic controls. Based on these
results, it appears that mechanisms of hypoxia-mediated
apoptosis in human corneal epithelial cells may be initiated
by the loss of processed laminin 5 in the extracellular matrix
or by the loss of laminin 5-epithelial cell communication and
transmitted through mitochondria. 

Key words: Apoptosis, Corneal epithelium, Hypoxia, Laminin 5

SUMMARY

Potential role for laminin 5 in hypoxia-mediated
apoptosis of human corneal epithelial cells
Miechia A. Esco 1, Zhiyu Wang 1, Mark L. McDermott 2 and Michelle Kurpakus-Wheater 1,*
1Department of Anatomy and Cell Biology, Wayne State University School of Medicine, Detroit, MI, USA
2Department of Ophthalmology, Kresge Eye Institute, Wayne State University School of Medicine, Detroit, MI, USA
*Author for correspondence (e-mail: mkurpaku@med.wayne.edu)

Accepted 7 August 2001
Journal of Cell Science 114, 4033-4040 (2001) © The Company of Biologists Ltd

RESEARCH ARTICLE



4034

Hypoxia-mediated cell death had been presumed to occur
by necrosis (Jozsa et al., 1981). Recent studies however have
suggested that hypoxia can also induce apoptosis in epithelial
cells (Bossenmeyer-Pourie and Daval, 1997; Volm et al.,
1999). Upregulation of collagen type IV and fibronectin
observed as a consequence of chronic hypoxia (Vyas-Somani
et al., 1996; Kim et al., 1996; Berg et al., 1998) implies
that cell-matrix adhesion may not be affected by available
oxygen. By contrast, acute hypoxia resulted in a significant
downregulation of cell surface integrins, CD44 and NCAM,
and an associated decrease in cell adhesion in two human
melanoma cell lines and a human adenocarcinoma line (Hasan
et al., 1998). In human keratinocytes subjected to acute
hypoxia the number of cell surface integrin receptors did not
decrease, but laminin 5 secretion was significantly inhibited
(O’Toole et al., 1997). 

We hypothesize that a disruption in functional laminin 5
protein in the extracellular matrix of hypoxic corneal epithelial
cells promotes apoptosis. To test this hypothesis, we analyzed
the effect of hypoxia on corneal epithelial cell proliferation,
programmed cell death and laminin 5 production. Our work
demonstrates that human corneal epithelial cells subjected to
chronic hypoxia undergo apoptosis and deposit less functional
laminin 5 protein into the extracellular matrix. We further
examined the role of cell-matrix integrity in hypoxia-induced
apoptosis by disturbing adhesion with function blocking
antibodies to laminin 5. Our observations suggest that
compromised cell-matrix communication, via altered
homeostatis of laminin 5 function, is one mechanism of
hypoxia-induced apoptosis. 

MATERIALS AND METHODS

Antibodies
Monoclonal antibody (mAb) GB3, specific for the γ2 chain of laminin
5, was purchased from Harlan Sera-Lab (Loughborough, UK). mAb
D4B5, also directed against the γ2 chain of laminin 5, was purchased
from Chemicon International (Temecula, CA). This antibody
recognizes both the unprocessed (155 kDa) and processed (105 kDa)
forms of the γ2 chain. mAb Clone 17, which is specific for the 145
kDa laminin 5 β3 chain, was purchased from Transduction
Laboratories (Lexington, KY). mAb 10B5 was a generous gift from
J. Jones (Department of Cell and Molecular Biology, Northwestern
University Medical School, Chicago, IL). mAb 10B5 recognizes both
the unprocessed (190 kDa) and processed (160 kDa) forms of the α3
chain of laminin 5. mAb P3H9-2, a function blocking antibody to
laminin 5, was purchased from Chemicon. mAb C-2-10 to PARP
[poly (ADP-ribose) polymerase] was purchased from Oncogene
Research Products (Cambridge, MA).

Culture of human corneal epithelial cells
The transfected human corneal epithelial cell line 10.014 pRSV-T,
referred to as HCE-T (Kahn et al., 1993) was a generous gift from S.
Ward (The Gillette Company, Gillette Medical Evaluation
Laboratories, Gaithersburg, MD). HCE-T were maintained in serum-
free keratinocyte growth medium containing 0.1% bovine insulin,
0.1% human epidermal growth factor, 0.4% bovine pituitary extract
and 0.1% hydrocortisone (KGM; Clonetics , San Diego, CA). HCE-
T are viable until passage 20, in this study the cells were used between
passage 16 and 17. Human corneal epithelial cells (HCEC) were
obtained as cryopreserved tertiary cultures from young donors
(Cascade Biologics, Portland, OR). HCEC were maintained in serum-
free EpiLife medium containing human corneal growth supplement as

supplied by Cascade. These cells were not passaged further, but were
used as tertiary cultures for all studies.

For studies analyzing the effect of oxygen on cell behavior, one set
of cells was maintained at 37°C and 5% CO2 in a conventional
humidified tissue culture incubator. The oxygen level under these
conditions (20%) was defined as normoxic. A second set of cells was
maintained at 37°C and 5% CO2 in a humidified environmental
chamber (Coy Laboratory Products, Ann Arbor, MI). The oxygen
level under these conditions (2%) was defined as hypoxic. An oxygen
analyzer was used to maintain the oxygen level at 2% by regulating
the flow of a calibrated mixture of 95% nitrogen and 5% CO2 into the
chamber. Cells were maintained for up to 14 days depending on the
experiment, with medium changes every other day. 

Cell proliferation assay
HCE-T were seeded in 96-well uncoated tissue culture plates at an
initial plating density of 2000 cells/well and incubated in either 2%
or 20% oxygen for a total of 1, 3, 7, 10, 12 or 14 days. In a second
experiment cells were incubated in 20% oxygen in the presence of 10
µg/ml mAb P3H9-2 to inhibit laminin 5 function. Cells were cultured
for a total of 3 days, including treatment with the antibody for 2 days.
As a control, cells were treated with 10 µg/ml IgG. Four hours before
analysis on each of the indicated days 5-bromo-2′-deoxyuridine
(BrdU) was added to each of the wells to a final concentration of 10
µM. Cells were fixed and DNA was denatured using reagents supplied
with a cell proliferation ELISA kit (Roche Diagnostics, Indianapolis,
IN). Cells were labeled with anti-BrdU peroxidase conjugate, washed,
and incubated with color development substrate containing
tetramethylbenzidine. The absorbance of the samples was measured
at 450 nm wavelength (A450). The result of the ELISA is represented
as a graph of the mean absorbance (A450)±s.e.m. (in arbitrary units)
as a function of time in culture and oxygen level. Thirty replicate wells
of each time point and oxygen level were assayed for the ELISA
(n=30). Statistical analysis using Student’s two-tailed t-test with
significance level of P<0.05 was used to compare proliferation as a
function of time in culture and oxygen level.

Detection of apoptosis in cultured human corneal
epithelial cells
Apoptosis in HCEC adherent to glass coverslips was assayed by
determining mitochondrial integrity using the MitoLightTM Apoptosis
Detection Kit (Chemicon). Cells were cultured in 2% or 20% oxygen
for 3, 5 or 7 days. In a second experiment, cells were cultured in 20%
oxygen in the presence of 10 µg/ml mAb P3H9-2 to block laminin 5
function. Cells were cultured for a total of 3 days including treatment
with the antibody for 2 days. As controls, cells were cultured in the
presence of 10 µg/ml control IgG. At each culture time point unfixed
cells were incubated with the MitoLightTM reagent for 30 minutes at
37°C, as suggested by the kit protocol. The cells were placed on a
microscope slide and observed immediately using a Zeiss Axiophot
fluorescence microscope. 

In healthy cells, the lipophilic cationic dye employed in the assay
partitions to the cytoplasm and also accumulates in mitochondria,
owing to its uptake by biochemically intact organelles. In apoptotic
cells with altered mitochondrial membrane potential the dye is evenly
distributed throughout the cytoplasm. Using filters to detect
fluorescein and rhodamine, healthy cells are identified as containing
red mitochondria against a green background of cytoplasmic dye. We
scored any cell with at least one labeled mitochondria as viable. By
contrast, apoptotic cells are uniformly green with no detectable red-
labeled mitochondria. Identical fluorescein and rhodamine fields at
20× magnification were digitized (SPOT Diagnostics, Sterling
Heights, MI) and the digital images were overlaid using MetaMorph
software (Universal Imaging, West Chester, PA). Five images were
captured per coverslip. The total number of cells per field and the
total number of cells lacking any red-labeled mitochondria (i.e.
fluorescent green only) were counted to calculate the percentage of
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apoptotic cells as a function of culture conditions. Statistical analysis
was performed using Student’s two-tailed t-test and significance level
P<0.05.

To confirm apoptosis, human corneal
epithelial cells cultured for 7 days in 20%
or 2% oxygen were lysed in gel sample
buffer containing 60 mM Tris-HCl pH
6.8, 8 M urea, 1% SDS, 1% glycerol and
0.5% β-mercaptoethanol (Klatte et al.,
1989). Protein concentrations were
determined by the method of Henkel and
Beiger (Henkel and Beiger, 1994) and
15 µg total cell protein were resolved
using 7.5% SDS-PAGE. The separated
proteins were electrophoretically
transferred to nitrocellulose membrane
and processed for western blot analysis
using mAb to PARP at 1:1000 dilution.
Immunoreactive proteins were detected
and analyzed as described in the
following section. 

Western blot analysis of intracellular and extracellular
laminin 5 content in cultured human corneal epithelial
cells
HCE-T were cultured for 3 or 7 days in 2% oxygen or 20% oxygen.
Cells and their deposited extracellular matrix were lysed in the
urea/SDS gel sample buffer. 15 µg total cell protein was resolved
using 7.5% SDS-PAGE. The separated proteins were
electrophoretically transferred to nitrocellulose membrane and
processed for Western blot analysis using mAb D4B5 to laminin γ2
chain (1:1000 dilution).

Immunoreactive proteins were detected using alkaline
phosphatase-conjugated goat-anti mouse IgG (1:3000) as the
secondary antibody coupled with the Immun-Star chemiluminescent
protein detection system (BioRad Laboratories, Hercules, CA).
Molecular weight markers obtained from BioRad were run with
each gel and used to approximate the molecular weights of the
immunoreactive proteins. The intensity of individual immunoreactive
protein bands was determined by scanning the developed X-ray films
and measuring the optical density and area of the bands using
ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Results of the densitometric analyses are represented in arbitrary
units of the relative density of immunoreactive protein bands per µg
total protein loaded on the gel. Western blot analysis was repeated
five times with similar results.
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Fig. 1.Colorimetric BrdU cell proliferation ELISA of human corneal
epithelial cells cultured under normoxic (20% O2) or hypoxic (2%
O2) conditions. Proliferation is represented as the mean absorbance
(A450) in arbitrary units + s.e.m. (n=30 for each time point and
oxygen level). For 3, 7 and 10 days in culture, proliferation is
significantly higher (*, P<0.0001) in normoxic HCE-T compared
with hypoxic HCE-T.

Fig. 2.Light microscopic analysis of
mitochondrial membrane function in
normoxic and hypoxic human corneal
epithelial cells. HCEC were cultured for
3 days in 20% (A) or 2% (B) oxygen, 5
days in 20% (C) or 2% (D) oxygen, or 7
days in 20% (E) or 2% (F) oxygen
before processing for apoptosis detection
using the MitoLightTM technique. In
each overlay in this Figure the green
fluorescence represents cytoplasmic
pools of a lipophilic cationic dye. The
red fluorescence represents dye that has
accumulated in mitochondria. Cells
containing red-labeled mitochondria are
scored as viable cells while those that
lack labeled mitochondria and are
uniformly green in color are scored as
apoptotic. Note that at 5 and 7 days in
culture, the normoxic cells appear to be
smaller in size compared with the
hypoxic cells.
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Western blot analysis of ECM deposited by human corneal
epithelial cells
HCE-T, in wells of a 24-well tissue culture plate, were cultured at an
initial plating density of 25,000 cells/well in 2% or 20% oxygen for
7 days. Cells were exposed to the different oxygen levels immediately
following trypsinization and replating. The confluent epithelial cell
layer was lysed in 0.1 N ammonium hydroxide (Langhofer et al.,
1993). The ECM remaining on the culture substrate was washed
extensively with sterile phosphate-buffered saline to remove all cell
debris. 40 µl of gel sample buffer was used to solubilize the ECM in
one well and the samples were loaded on to three different lanes of a

7.5% acrylamide gel. ECM from hypoxic and normoxic cell culture
was loaded side-by-side to allow for a direct comparison of matrix
composition. Western blot analysis using mAb 10B5 (1:3), Clone 17
(1:1000) or D4B5 (1:500), and densitometric analysis was completed
as described. This western blot analysis was repeated five times. 

Immunofluorescence microscopy
To prepare HCE-T for immunofluorescence microscopic analysis,
cells cultured on glass coverslips were fixed for 5 minutes in acetone
at −20°C then washed in PBS for an additional 5 minutes. The fixed
cells were probed with mAb GB3 following standard single-label
direct immunofluorescence techniques (Klatte et al., 1989). The cells
were examined using a Zeiss Axiophot fluorescence microscope.
Fluorescein images at 20× magnification were captured and digitized 

RESULTS

Effect of hypoxia on corneal epithelial cell
proliferation and apoptosis
To assess the effects of oxygen on mitotic activity of human
corneal epithelium a cell proliferation ELISA was performed.
Human corneal epithelial cells (HCE-T) were cultured to
confluence in 20% oxygen, trypsinized, replated and
immediately placed into either a 2% or a 20% oxygen
environment. Cells maintained in 20% oxygen (normoxic)
demonstrated significantly higher (P<0.0001) levels of
proliferation compared with those maintained in 2% oxygen
(hypoxic) at 3, 7 and 10 days in culture (Fig. 1). Cells exposed
to 20% oxygen exhibited a peak in proliferative capacity at
7 days in culture. By 12 and 14 days in culture however
proliferation was equivalent regardless of the oxygen level. It
is likely that the more prolonged culture periods resulted in
stratified cell layers in the wells of the microtiter plate and thus
inhibited proliferation even in normoxic cells.

To determine if decreased proliferation in hypoxic cultures
was due to an imbalance of mitosis versus apoptosis, apoptosis
was assessed using mitochondrial membrane function based
on the uptake of a lipophilic cationic dye. Dye uptake by
mitochondria, visualized as the accumulation of red
fluorescence in the organelles against a green background
of cytoplasmic dye, indicated a living cell. By contrast,
mitochondria in apoptotic cells are incapable of accumulating
the dye due to membrane depolarization. Red fluorescence
cannot therefore be observed in apoptotic cells, and the cells
appear uniformly green. No differences were observed in the
apoptotic response to hypoxia between HCE-T and HCEC.
Visual analysis of hypoxia-mediated apoptosis using HCEC
are shown in Fig. 2. 

After 3 days in culture, no major differences in
mitochondrial dye uptake were noted between normoxic (Fig.
2A) and hypoxic (Fig. 2B) human corneal epithelial cells.
Quantitative analysis of apoptosis was accomplished by
scoring cells containing at least one red-labeled mitochondrion
as viable. Cells lacking any red-labeled mitochondria,
displaying a uniformly green appearance, were scored as
apoptotic. This analysis demonstrated that after 3 days, 13% of
the HCEC cultured in 20% oxygen and 10% of HCEC exposed
to 2% oxygen were apoptotic (average of five fields counted).

After 5 days in culture, normoxic cells still contained
numerous functional mitochondria (Fig. 2C). However,
apoptotic cells were now evident in the hypoxic cultures (Fig.
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Fig. 3. Western blot and
densitometric analysis of PARP
content in normoxic and hypoxic
human corneal epithelial cells.
HCE-T were cultured for 7 days
under normoxic (N) or hypoxic
(H) conditions. 15 µg of cell
lysates were resolved using 7.5%
SDS-PAGE and processed for
western blot analysis using mAb
to PARP. Both the 115 kDa full-
length PARP and the 89 kDa
PARP cleavage product
characteristic of apoptosis are
detected by immunoblot. The
relative density values of each
PARP species determined by
densitometry are indicated (in
arbitrary units/µg total protein) to the right of each protein. The total
of the densitometry readings is also indicated.

Fig. 4.Western blot and densitometric analysis of laminin 5 γ2 chain
protein content in normoxic and hypoxic human corneal epithelial
cells. HCE-T were cultured for 3 days (A) or 7 days (B) under
normoxic (N) or hypoxic (H) conditions. 15 µg of cell lysates were
resolved using 7.5% SDS-PAGE and processed for western blot
analysis using mAb D4B5 to the γ2 chain. The unprocessed 155 kDa
protein and processed 105 kDa and 80 kDa proteins are detected by
immunoblot. The relative density values of each band are indicated
(in arbitrary units/µg total protein) to the right of each
immunoreactive protein. The total of the three densitometry readings
is also indicated.
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2D). Quantitative analysis of HCEC demonstrated a
statistically significant difference in the number of apoptotic
cells in normoxic versus hypoxic cultures after 5 days. In 20%
oxygen 18% of HCEC were apoptotic. By contrast in 2%
oxygen, 30% of the cells were apoptotic (average of five fields
counted, P<0.01 compared with normoxic control).

After 7 days cells cultured under normoxic conditions still
contained labeled mitochondria, with little evidence of
extensive apoptosis (Fig. 2E). Indeed, the average percentage
of apoptotic HCEC remained at 18%. However, extensive
apoptosis was characteristic of hypoxic cells maintained in
culture for 7 days (Fig. 2F). 70% of hypoxic HCEC were
determined to be apoptotic at this time point in culture (average
of five fields counted, P<0.01 compared with normoxic
control).

To provide a quantitative analysis of apoptosis the
degradation of PARP from the full-length 115 kDa to the 89
kDa fragment was assessed using western blot analysis.
Although it was possible to visualize increased apoptosis using
the mitochondrial assay in cultured corneal epithelial cells after
5 days, by densitometry increased PARP cleavage in hypoxic
cells was not demonstrated until 7 days in culture (Fig. 3). At
7 days in culture, the 89 kDa degradation product accounted
for 17% of the total PARP in normoxic cells, in contrast to 37%
total PARP in hypoxic cells. An increase in the relative amount
of the degraded PARP species in the hypoxic cell lysate
suggests that a greater proportion of cells were apoptotic
compared with normoxic controls.

Effect of hypoxia on laminin 5 content in corneal
epithelial cells
In keratinocytes exposed to acute periods of hypoxia levels of
secreted laminin 5 γ2 chain are reduced compared with control
cells (O’Toole et al., 1997). To assess the effects of hypoxia on
both the amount and the processing of laminin 5 γ2 chain in
human corneal epithelial cells, western blot analysis was used.
The biochemical analysis of laminin 5 content was performed
using HCE-T because of the ease in obtaining large quantities
of this cell type.

The γ2 chain of laminin 5 is extracellularly processed from
155 kDa to 105 kDa (Matsui et al., 1995; Goldfinger et al.,
1998). Giannelli et al. (Giannelli et al., 1999) have also
suggested that further processing to 80 kDa may occur. In
HCE-T lysates containing both cellular and extracellular
laminin 5 protein, all three molecular weight species of the γ2

chain were detected by western blot. Densitometric analysis
showed that the total amount of all unprocessed and processed
forms of γ2 chain was decreased in hypoxic HCE-T compared
with normoxic HCE-T (Fig. 4). This held true for cells cultured
for either 3 days (22% less total γ2 chain in hypoxic cells) or
7 days (42% less total γ2 chain in hypoxic cells). The ratio of
unprocessed to processed forms of the chain also differed with
respect to time in culture and oxygen level. After 3 days in
culture, a greater proportion of γ2 chain was found to be in the
processed forms in the hypoxic HCE-T (75% compared with
60% for normoxic HCE-T). By contrast, by 7 days in culture
less of the processed forms of the chain were detected in
hypoxic HCE-T (21% compared with 36% for normoxic HCE-
T). 

The extracellular processed forms of the laminin 5 chains
are vital to epithelial cell adhesion and survival. Therefore, in
a second quantitative western blot analysis only the laminin 5
protein deposited into the ECM was examined (Fig. 5).
Densitometric comparison of the relative levels of the three
laminin chains reveals that after 7 days in culture 46% less total
(unprocessed and processed forms) α3 chain, 22% less β3
chain and 57% less γ2 chain is deposited into the ECM by

Fig. 5. Western blot analysis of laminin 5 protein levels in ECM
produced and deposited by normoxic (N) or hypoxic (H) human
corneal epithelial cells. The ECM was solubilized, separated by 7.5%
SDS-PAGE and processed for Western blot analysis using mAb 10B5
to the laminin 5 α3 chain (A), mAb Clone 17 to the β3chain (B) or
mAb D4B5 to the γ2 chain (C). The molecular weight of each of the
immunoreactive proteins is indicated. 

Fig. 6. Immunofluorescence microscopic analysis of laminin 5
localization in normoxic and hypoxic human corneal epithelial cells.
HCE-T were cultured for 3 days in 20% oxygen (A) or 2% oxygen
(B) before processing for immunofluorescence microscopy using
mAb GB3 to the γ2 chain of laminin 5. Under normoxic conditions,
the cells secrete and deposit a robust extracellular trail of laminin 5
protein that demarcates the path of movement of cells along the
culture substrate (A). Note that the fluorescence intensity of the
corresponding structures in the hypoxic cells is decreased
(B), suggesting that less laminin 5 is deposited into the matrix. 
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hypoxic HCE-T compared with normoxic cells. Additionally,
the relative percentages of the processed forms of the α3 and
γ2 chains are decreased in hypoxic ECM compared with
normoxic ECM. Specifically, in normoxic ECM, 59% of the
α3 chain is in the processed form, but in hypoxic ECM 36%
is in the processed form. In normoxic ECM, 29% of the γ2
chain is in the processed form but in hypoxic ECM 3% is in
the processed form. 

Differences in the laminin 5 content of ECM deposited by
hypoxic or normoxic HCE-T was also discernable by
immunofluorescence microscopy using a mAb to the γ2 chain
of laminin 5. This chain is unique to laminin 5; therefore. by
using antibody probes to γ2 chain we are certain to be visualizing
only the localization of the laminin 5 isoform. In normoxic cells
robust extracellular trails of laminin 5 were observed (Fig. 6A).
Laminin 5 trails have also been noted in other cell types (Zhang
and Kramer, 1997). Hypoxic HCE-T were also capable of
depositing an extracellular laminin 5 trail (Fig. 6B). However,
the relative fluorescence intensity of the hypoxic trail structure
was less than that of the corresponding normoxic trail,
supporting the western blot analysis that suggests less laminin 5
protein is deposited into the ECM of hypoxic HCE-T. This
observation agrees with that of O’Toole et al. (O’Toole et al.,
1997), who reported diminished γ2 chain fluorescence in ECM
deposited by cultured human keratinocytes.

Effect of perturbations of corneal epithelial cell-ECM
interactions on apoptosis
To determine the effect of inhibiting laminin 5 function on
apoptosis in otherwise normal cells, HCEC were cultured for
1 day to permit the cells to attach to the coverslip, then for an
additional 2 days in the presence of a function-inhibiting
antibody to laminin 5. Throughout this experiment the HCE-T
were maintained in an atmosphere of 20% oxygen. Normoxic
cultures of HCEC treated with antibody to laminin 5 (Fig. 7B)
demonstrated more apoptotic cells compared with normoxic
untreated (Fig. 7A) or IgG-treated controls (Fig. 7C).
Quantitative analysis of HCEC confirmed a statistically
significant increase in apoptotic cells in antibody-treated
cultures. After 3 days in culture, 17% of the untreated cells
were apoptotic compared with 40% apoptosis in the antibody-
treated culture (average of five fields counted, P<0.01).
Cells treated with function-inhibiting antibody to laminin 5
also demonstrated significantly less proliferative capability
compared with IgG-treated controls (Fig. 8).
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Fig. 7.Light microscopic analysis of apoptosis in normoxic human
corneal epithelial cells. HCEC were cultured for 3 days in 20%
oxygen. Cells in A represent the non-treated control. Cells in B were
treated with function-blocking antibody to laminin 5 for 2 of those 3
days. Cells in C were treated with control IgG for 2 of those 3 days.
All cells were processed for apoptosis detection using the
MitoLightTM technique. Cells treated with function-blocking
antibody to laminin 5 display a higher degree of apoptosis compared
with untreated or IgG control cells.

Fig. 8. Colorimetric BrdU cell proliferation ELISA of human corneal
epithelial cells cultured under normoxic (20% O2) conditions in the
presence of function-blocking antibody to laminin 5 (P3H9-2) or
control IgG. Proliferation is represented as the mean absorbance
(A450) in arbitrary units + s.e.m. (n=30 for each culture treatment).
Proliferation is significantly lower (*, P=0.0004) in normoxic cells
treated with laminin 5 antibody compared with control IgG.
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DISCUSSION

Defects in mitochondrial function are thought to be involved
in apoptotic mechanisms (Kroemer et al., 1997), and
mitochondrial depolarization has been reported in several
models of apoptosis (Lemasters et al., 1998; Wadia et al.,
1998). Overexpression of the anti-apoptotic gene Bcl2 in the
rat pheochromocytoma cell line PC12 prevents hypoxia-
mediated cell death, demonstrating that hypoxia can induce
apoptosis (Shimizu et al., 1996). Levy et al. (Levy et al., 2000)
have suggested that exogenous stimuli including hypoxia
trigger an apoptosis pathway transmitted through
mitochondria. O’Toole et al. (O’Toole et al., 1997) have shown
that hypoxic human keratinocytes in culture secrete less
laminin 5 γ2 chain. In cutaneous lesions produced by exposure
to sulfur mustard, significant loss of laminin 5 from the
basement membrane and apoptosis were observed concurrently
(Smith et al., 1997). The studies in the present report were
designed to bridge the gap between these independent
investigations. We provide evidence that hypoxic human
corneal epithelial cells in culture deposit less laminin 5 protein
into the ECM substrate. The loss of homeostatic levels of
laminin 5 in the ECM subsequently correlates to apoptosis in
the hypoxic cells. 

Human corneal epithelial cells appear to be resistant to
deleterious effects of hypoxia for up to 5 days in culture, as we
did not detect significant changes in mitochondrial function or
relative percentages of apoptotic cells until day 5. PARP
cleavage, characteristic of the initiation of the apoptotic
pathway, was not evident until 7 days culture in the hypoxic
environment. Hypoxia-mediated apoptosis occurred in human
cultured trophoblasts after 24 hours in culture (Levy et al.,
2000). Treatment with EGF to enhance trophoblast
differentiation conferred a resistance to hypoxia-mediated
apoptosis. These authors suggested that differentiated cells
might be more resistant to hypoxia. However, while adult
ventricular myocytes demonstrated evidence of apoptosis after
1 hour of hypoxia (de Moissac et al., 2000), neonatal
ventricular myocytes became apoptotic only after 12-24 hours
of hypoxia (Long et al., 1998; Tanaka et al., 1994). These
results suggested that neonatal myocytes are more resistant to
hypoxia. HCE-T are an SV-40 virally transformed cell line
derived from adult human cornea, and HCEC are a tertiary
culture derived from normal young human donors. The
apoptotic response to chronic hypoxia appears to be similar in
both cell types. We cannot conclude, based on the conflicting
reports from other investigations, that the differentiation state
of HCE-T or HCEC alone explains the ability of human corneal
epithelial cells to resist the apoptotic effects of hypoxia in the
short term. However, corneal epithelial cells are unique in that
they typically exist and thrive in an avascular environment,
deriving nutrients and oxygen from the tear film in lieu of an
extensive vascular bed. Corneal cells may thus be predisposed
to survival in unfavorable environments, explaining why cells
in culture appear to be able to function in hypoxic conditions
for relatively long periods of time compared with other cell
types.

In our model, we have observed a correlation between the
relative amount of processed laminin 5 γ2 chain and apoptosis.
In HCE-T that were placed in a hypoxic environment
immediately after trypsinization and replating, less γ2 chain is

produced after 3 days in culture. However, the relative
percentage of that γ2 chain that has been extracellularly
processed is increased in hypoxic cells compared with
normoxic cells. In an experiment not shown, HCE-T cultured
for 5 days under normoxic conditions followed by 5 days under
hypoxic conditions also deposited less total laminin 5 γ2 chain
compared with cells cultured for the same amount of time in
20% oxygen only. However, a greater relative percentage of
that γ2 chain is in the processed form in the cells exposed to
hypoxic conditions.

It has been suggested that the acquisition of a motile
phenotype can alleviate anoikis (Frisch and Francis, 1994).
Extracellular processing of γ2 chain may be associated with
the motility function of laminin 5. Taken together, between 1
and 5 days exposure to hypoxia, human corneal epithelial cells
can effect an upregulation in the extracellular processing of
laminin 5 γ2 chain in an attempt to adopt a motile phenotype
and escape hypoxia-mediated apoptosis. However, the cells
cannot sustain this response and at time points longer than 5
days in culture increased laminin 5 γ2 chain processing stops,
and cells become apoptotic. Although the cells can upregulate
processing of laminin 5 γ2 chain during short periods of
hypoxic stress, the total amount of laminin 5 protein is
consistently decreased. Based on our observations, we
hypothesize that a decrease in total laminin 5 protein content,
which in our model system occurs by 3 days in hypoxic
culture, precedes the increased apoptosis (noted by
mitochondrial function and PARP cleavage) observed by 7
days in culture. This suggests that the decreased laminin 5
present in the extracellular matrix of cultured human corneal
epithelial cells contributes to initiation of hypoxia-mediated
apoptosis.

The identity of the enzyme responsible for the extracellular
processing of the laminin 5 γ2 chain is currently unknown. It
has been suggested, though, that matrix metalloprotease 2
(MMP2) can cleave the 105 kDa γ2 chain into an 80 kDa γ2x
species (Gianelli et al., 1999). This form of laminin 5 γ2 chain
is correlated with a motile phenotype in breast tissue. To
determine if these enzymes are involved in motile responses in
corneal epithelium, we are currently determining the effect of
hypoxia on MMP levels in HCE-T and HCEC. 

Gonzales et al. (Gonzales et al., 1999) have shown that
function-blocking antibodies to laminin 5 inhibit epithelial
cell proliferation, implicating a cell signaling pathway
involving laminin 5 (Gonzales et al., 1999). We show herein
that hypoxia also inhibits epithelial cell proliferation. In
addition, we show that hypoxia results in altered laminin 5
protein levels, and that loss of laminin 5 or function-blocking
antibodies to laminin 5 upregulate apoptosis in cultured
human corneal epithelial cells. The ability of cell-matrix
interactions to generate cell survival signals, and the loss of
those signals upon cell detachment from matrix, is the
underlying mechanism of anchorage-dependent apoptosis
(Meredith et al., 1993). Within corneal basement membrane,
we propose that laminin 5 plays a bi-functional role in
suppressing anchorage-dependent apoptosis: to ensure cell-
matrix adhesion and to transmit extracellular survival signals
to the nucleus. We hypothesize that one mechanism of
hypoxia-mediated apoptosis in human corneal epithelium
involves perturbation of the laminin 5-mediated cell signaling
pathway proposed by Gonzales et al. (Gonzales et al., 1999).



4040

The authors thank Sheri Brulotte-Hall for expert technical
assistance in the preparation of the Figures.

REFERENCES

Arends, M. J. and Wyllie, A. H. (1991). Apoptosis: mechanisms and roles in
pathology. Int. Rev. Exp. Pathol. 32, 223-254.

Berg, J. T., Breen, E. C., Fu, Z., Mathieu-Costello, O. and West, J. B.
(1998). Alveolar hypoxia increases gene expression of extracellular matrix
proteins and platelet-derived growth factor-B in lung parenchyma. Am. J.
Respir. Crit. Care Med. 158, 1920-1928.

Borradori, L. and Sonnenberg, A. (1999). Structure and function of
hemidesmosomes: More than simple adhesion complexes. J. Invest.
Dermatol. 112, 411-418.

Bossenmeyer-Pourie, C. and Daval, J. L.(1997). Prevention from hypoxia-
induced apoptosis by pre-conditioning: a mechanistic approach in cultured
neurons from fetal rat forebrain. Brain Res. Mol. Brain Res. 58, 237-239.

Champliaud, M.-F., Lunstrum, G. P., Rousselle, P., Nishiyama, T., Keene,
D. R. and Burgeson, R. E.(1996). Human amnion contains a novel laminin
variant, laminin 7, which like laminin 6, covalently associates with laminin
5 to promote stable epithelial-stromal adhesion. J. Cell Biol. 132, 1189-
1198.

de Moissac, D., Gurevich, R. M., Zheng, H., Singal, P. K. and
Kirshenbaum, L. A. (2000). Caspase activation and mitochondrial
cytochrome c release during hypoxia-mediated apoptosis of adult ventricular
myocytes. J. Mol. Cell Cardiol. 32, 53-63.

Dowling, J., Yu, Q.-C. and Fuchs, E.(1996). β4 integrin is required for
hemidesmosome formation, cell adhesion and cell survival. J. Cell Biol. 134,
559-572.

Earnshaw, W. C.(1995). Nuclear changes in apoptosis. Curr. Opin. Cell Biol.
7, 337-343.

Frisch, S. and Francis, H. (1994). Disruption of epithelial cell-matrix
interactions induces apotosis. J. Cell Biol. 124, 619-626.

Gianelli, G., Pozzi, A., Stetler-Stevenson, W. G., Gardner, H. A. and
Quaranta, V. (1999). Expression of matrix metalloprotease-2-cleaved
laminin-5 in breast remodeling stimulated by sex steroids. Am. J. Pathol.
154, 1193-1201.

Goldfinger, L. E., Stack, M. S. and Jones, J. C. R.(1998). Processing of
laminin-5 and its functional consequences: role of plasmin and tissue-type
plasminogen activator. J. Cell Biol. 141, 255-265.

Gonzales, M., Haan, K., Baker, S. E., Fitchumn, M., Todorov, I.,
Weitzman, S. and Jones, J. C.(1999). A cell signal pathway involving
laminin-5, alpha3beta1 integrin and mitogen-activated protein kinase can
regulate epithelial cell proliferation. Mol. Biol. Cell. 10, 259-270.

Green, K. J. and Jones, J. C. R. (1996). Desmosomes and hemidesmosomes:
structure and function of molecular components. FASEB J. 10, 871-881.

Green, D. R. and Reed, J. C.(1998). Mitochondria and apoptosis. Science
281, 1309-1312.

Hasan, N. M., Adams, G. E., Joiner, M. C., Marshall, J. F. and Hart, I. R.
(1998). Hypoxia facilitates tumor detachment by reducing expression of
surface adhesion molecules and adhesion to extracellular matrices without
loss of cell viability. Br. J. Cancer77, 1799-1805.

Henkel, A. W. and Beiger, S. C.(1994). Quantification of proteins dissolved
in an electrophoresis sample buffer. Anal. Biochem. 223, 329-331.

Jozsa, L., Reffy, A., Demel, I. and Szilagyi, I.(1981). Ultrastructural changes
in human liver cells due to reversible acute hypoxia. Hepato-Gastrology28,
23-36.

Kahn, C. R., Young, E., Lee, I. H. and Rhim, J. S.(1993). Human corneal
epithelial primary cultures and cell lines with extended life span: in vitro
model for ocular studies. Invest. Ophthalmol. Vis. Sci. 43, 3429-3441.

Kerr, J. F. R., Wyllie, A. H. and Curie, A. R. (1972). Apoptosis: A basic
biological phenomenon with wide-ranging implications in tissue kinetics.
Br. J. Cancer26, 239-257.

Kim, S. B., Kang, S. A., Park, J. S., Lee, J. S. and Hong, C. D.(1996).
Effects of hypoxia on the extracellular matrix production of cultured rat
mesangial cells. Nephron72, 275-280.

Klatte, D. H., Kurpakus, M. A., Grelling, K. A. and Jones, J. C. R.(1989).
Immunochemical characterization of three components of the
hemidesmosome and their expression in cultured epithelial cells. J. Cell
Biol. 109, 3377-3390.

Kohler, C., Gahm, A., Noma, T., Nakazawa, A., Orrenius, S. and
Zhivotovsky, B. (1999). Release of adenylate kinase 2 from the
mitochondrial intermembrane space during apoptosis. FEBS Lett. 447, 10-
12.

Kroemer, G., Zamzami, N. and Susin, S. A.(1997). Mitochondrial control
of apoptosis. Immunol. Today18, 44-51.

Langhofer, M., Hopkinson, S. B. and Jones, J. C. R.(1993). The matrix
secreted by 8O4G cells contains laminin-related components that participate
in hemidesmosome assembly in vitro. J. Cell Sci. 105, 754-764.

Lemasters, J. J., Nieminen, A. L., Qian, T., Trost, L. C., Elmore, S. P.,
Nishimura, Y., Crowe, R. A., Cascio, W. E., Bradham, C. A., Brenner,
D. A. and Herman, B.(1998). The mitochondrial permeability transistion
in cell death: a common mechanism in necrosis, apoptosis and autophagy.
Biochim. Biophys. Acta1366, 177-196.

Levy, R., Smith, S. D., Chandler, K., Sadovsky, Y. and Nelson, D. M.
(2000). Apoptosis in human cultured trophoblasts is enhanced by hypoxia
and diminished by epidermal growth factor. Am. J. Physiol. Cell Physiol.
278, C982-C988.

Liu, X., Kim, C. N., Yang, J., Jemmerson, R. and Wang, X.(1996).
Induction of apoptotic program in cell-free extracts: requirement for dATP
and cytochrome c. Cell 86, 147-157.

Long, X., Crow, M. T., Sollott, S. J., O’Neill, L., Menees, D. S. and de
Lourdes Hipolito, M. (1998). Enhanced expression of p53 and apoptosis
induced by blockade of the vacuolar proton ATPase in cardiomyocytes. J.
Clin. Invest. 101, 1453-1461.

Matsui, C., Wang, C. K., Nelson, C. F., Bauer, E. A. and Hoeffler, W. K.
(1995). The assembly of laminin-5 subunits. J. Biol. Chem. 270, 23496-
23503.

Meredith, J. B., Fazeli, B. and Schwartz, M.(1993). The extracellular matrix
as a survival factor. Mol. Biol. Cell4, 953-961.

O’Toole, E. A., Marinkovich, M. P., Peavey, C. L., Amieva, M.
R., Furthmayr, H. and Mustoe, T. A. (1997). Hypoxia increases
human keratinocyte motility on connective tissue. J. Clin. Invest. 100,
2881-2891.

Ryan, M., Lee, K., Miyashita, Y. and Carter, W. G. (1999). Targeted
disruption of the LAMA3 gene in mice reveals abnormalities in survival
and late stage differentiation of epithelial cells. J. Cell Biol. 145, 1309-
1323.

Shimizu, S., Eguchi Y., Kamiike, W., Itoh, Y., Hasegawa, J.-I., Yamabe,
K., Otsuki, Y., Matsuda, H. and Tsujimoto, Y. (1996). Induction of
apoptosis as well as necrosis by hypoxia and predominant prevention of
apoptosis by Bcl-2 and Bcl-XL. Cancer Res. 56, 2161-2166.

Smith, K. J., Graham, J. S., Hamilton, T. A., Skelton, H. G., Petrali, J. P.
and Hurst, C. G. (1997). Immunohistochemical studies of basement
membrane proteins as proliferation and apoptosis markers in sulfur mustard
induced lesions in weanling pigs. J. Dermatol. Sci. 15, 173-182.

Stepp, M. A., Spurr-Michaud, S., Tisdale, A., Elwell, J. and Gipson, I. K.
(1990). α6β4 integrin heterodimer is a component of hemidesmosomes.
Proc. Natl. Acad. Sci. USA87, 8970-8974.

Tanaka, M., Ito, H., Adachi, S., Akimoto, H., Nishikawa, T. and Kasajima,
T. (1994). Hypoxia induces apoptosis with enhanced expression of Fas
antigen messenger RNA in cultured neonatal rat cardiomyocytes. Circ. Res.
75, 426-433.

Thornberry, N. A. and Lazebnik, Y. (1998). Caspases: enemies within.
Science281, 1312-1316.

Volm, M., Mattern, J. and Koomagi, R. (1999). Inverse correlation between
apoptotic (Fas ligand, caspase-3) and angiogenic factors (VEGF,
microvessel density) in squamous cell lung carcinoma. Anticancer Res. 19,
1669-1671.

Vyas-Somani, A. C., Aziz, S. M., Arcot, S. A., Gillespie, M. N., Olson, J.
W. and Lipke, D. W. (1996). Temporal alterations in basement membrane
components in the pulmonary vasculature of the chronically hypoxic rat:
impact of hypoxia and recovery. Am. J. Med. Sci. 312, 54-67.

Wadia, J. S., Chalmers-Redman, R. M. E., Ju, W. J. H., Charlie, G. W.,
Philips, J. L., Fraser, A. D. and Tatton, W. G.(1998). Mitochondrial
membrane potential and nuclear changes in apoptosis caused by serum and
nerve growth factor withdrawal: time course and modification by (−)-
deprenyl. J. Neurosci. 18, 932-947.

Wylie, A. H., Kerr, J. F. R. and Currie, A. R. (1980). Cell death: the
significance of apoptosis. Int. Rev. Cytol. 68, 251-306.

Zhang, K. and Kramer, R. (1997). Laminin 5 deposition promotes
keratinocyte motility. Exp. Cell Res. 227, 309-322.

JOURNAL OF CELL SCIENCE 114 (22)


