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Summary

Heat shock proteins (HSPs) can be induced by various stresses and play an important role in cell cycle progression.
HSP70 has been shown to act as an inhibitor of apoptosis. We studied HSP70 expression in bronchial epithelial cells of
C57BL/6 mice and homozygous HPS70 knockout mice (hsp70.17") exposed to chronic hypoxic stress. We also
investigated changes in cellular proliferation and apoptosis in relation to HSP70. Lungs were removed from mice after a
three-week period of exposure to 10 % O, Immunoblots for HSP70 and immunohistochemical staining for HSP70 and
Ki-67 were performed. Apoptosis was assessed using the TUNEL assay. The three-week period of hypoxic stress did
not change HSP70 levels in total lung tissue, but a significant reduction in HSP70 expression was observed in
bronchiolar epithelial cells. In wild type mice, both HSP70 and Ki-67 expression were significantly reduced in
bronchiolar epithelial cells. In homozygous HPS70 knockout mice (hsp70.17"), apoptosis of bronchiolar epithelial cells
was significantly increased. Our results suggest that HSP70 may exert anti-apoptotic effects in mouse bronchiolar
epithelial cells.

Key words
Chronic hypoxia @ Bronchiolar epithelium ® HSP70 e Proliferation ® Apoptosis

Introduction microbial infections, nitric oxide, hormones or antibiotics

can also induce the expression of HSPs.

Heat shock proteins (HSPs) are present in
prokaryotic and eukaryotic cells. Their highly conserved
structure suggests that they play a crucial role in cellular
processes. Heat shock is not the only stimulus that can
induce and increase the synthesis of HSPs. Exposure of
cells to amino acid analogs (Kelly and Schlesinger 1978),
glucose analogs (Pouyssegur et al. 1977), heavy metals
(Levinson et al. 1980), protein kinase C stimulators (Ding
et al. 1996), Ca**-increasing agents (Ding e al. 1996),
1980),

ischemia, sodium arsenite (Johnson et al

Mammalian HSPs are classified into four major
families according to their molecular size: HSP90,
HSP70, HSP60 and the small HSPs. The HSP70 family
constitutes the most conserved and the best studied class
and includes both cognate members and highly inducible
isoforms. Under normal conditions HSP70 proteins
function as ATP-dependent molecular chaperones. Under
various stress conditions, the synthesis of stress-inducible
HSP70 enhances the ability of cells to cope with
increased concentrations of unfolded or denatured
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proteins (Nollen et al. 1999). HSP70 also increases the
tumorigenicity of cancer cells in rodent models (Jaattela
1995). Moreover, HSP70 can inhibit apoptosis and
thereby increase the survival of cells exposed to a wide
range of lethal stimuli (Jadtteld et al. 1992, Mosser et al.
1997).

A number of studies have shown that HSPs play
important roles in cell cycle progression. For example,
overexpression of human HSP72 stimulates the growth
rate and appearance of S-phase cells in the SHOK cell
line (Suzuki and Watanabe 1994). Evidence for a role of
HSP70 in cell proliferation has also been obtained from
hsp70 antisense application, which abolished progress
through the G1- and S-phases of the cell cycle in human
tumor cells (Wei ef al. 1995).

Hypoxia is a fundamental stressor to living
organism and many kinds of physiological or
pathological processes are induced by hypoxia. The lung
is the primary organ that is directly exposed to the
hypoxic environment. Little is known about how lung
airway cells respond to chronic hypoxia in terms of the
production of HSPs. Heat shock pretreatment protects
thyroid FRTL-5 cells from hypoxia, suggesting that HSPs
play an essential role in the protection from hypoxic
injury (Kiang et al. 1996). The goal of the present study
was to examine the HSP70 response of lung airway cells
of mice to chronic hypoxia. Cellular proliferation and
apoptosis in relation to HSP70 were also investigated. To
further define the role of HSP70 in chronic hypoxic
stress, the same experiments were carried out on
homozygous HSP70 knockout mice (hsp70.17").

Methods

Animals

Seven-week-old male C57BL/6 mice (n=20)
were randomly divided into a normoxic group and a
hypoxic group. Hypoxia (10 % O,) was produced by O,
dilution under normobaric conditions using a mixture of
air and nitrogen. After three weeks, animals were killed
and the lungs were excised and prepared for immunoblot
and immunohistochemical studies. Homozygous HSP70
knockout mice (hsp70.]’/’) were also randomly divided
into a normoxic group and a hypoxic group, and the same
experiments were conducted on these animals.

Construction of hsp70.1 targeting vector and generation
of knockout mice
A murine genomic clone of the Asp70.1 locus

was cloned from a A FixII phage library prepared from
129/Sv embryonic stem cells using a human Asp70 cDNA
probe and characterized by Southern blot analysis and
DNA sequencing. The targeting vector contained a 7.5 kb
Notl-Xhol fragment from the 5’ promoter and a
regulatory region of the Asp70.1 gene as the long arm, a
1.8 kb neomycin-resistant gene, a 0.8 kb Nofl-Smal
fragment derived from the Asp70.1 exon as the short arm,
and a 3.4 kb fragment containing two copies of the herpes
simplex virus thymidine kinase gene. Some coding
sequences of the promoter were deleted and replaced by a
PGK-neoexpression cassette. Ten micrograms of Notl-
linearized targeting vector was electroporated into
E14/BK4 embryonic stem cells and correct targeted
clones were selected with G418 (0.2 mg/ml; Life
Technologies, Gaithersburg, MD) and FIAU (200 pM,
Syntex, Palo Alto, CA) in DMEM medium. Three
hsp70.1
embryonic stem cell clones were injected into C57BL/6

independent  homologous  recombinant
blastocysts and heterozygous mutant mice were generated
from one cell line. The mutant mice used in all
experiments were backcrossed onto the C57BL/6 strain

for four generations.

Immunoblot analysis

The entire unilateral lung from each animal in
the four groups was homogenized, centrifuged at 20 000
x g and suspended in sodium dodecyl sulfate-glycerol.
Immunoblotting was performed with 30 pg of total
protein per lane. Blots were labeled with a primary
polyclonal rabbit anti-human HSP70 antibody (Stressgen,
Canada) and then exposed to a goat anti-rabbit secondary
antibody (Santa Cruz, USA). The signal was detected
with
Pharmacia Biotech) and the density of chemilumi-

enhanced  chemiluminescence  (Amersham

nescence was quantified using scanning densitometry.

Immunohistochemistry

HSP70

Immunohistochemistry was performed as
previously described (Weiss et al 2002). The primary
polyclonal rabbit anti-human HSP70 antibody (Stressgen,
Canada) was used at a 1:100 dilution. Sections were then
incubated in anti-rabbit

secondary goat antibody,

conjugated to peroxidase-labeled dextran polymer
DAKO, USA),

tetrahydrochloride was then added and counter-staining

(Envision+, 3,3-diaminobenzidine

with Mayer’s hematoxylin was performed. Staining was
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Table 1. Response of seven-week-old wild type and homozygous knockout mice to chronic hypoxia

Genotype +/+ —/—
Condition Normoxia Hypoxia Normoxia Hypoxia P-value
(n) 10) 10) 10) 10)

HSP70, BE

2.10+£0.23 0.80+0.20 1.00 £ 0.30 0.90 £ 0.31 0.010
(grade 0-3)
Ki-67, BE

2.40 +0.28 1.25+0.15 1.97+0.23 2.40+0.19 0.004
%(+) cells
TUNEL, BE

0.4010.16 1.30+£0.50 1.70 £ 0.26 2.2010.25 0.003
%(+) cells

+/+ : hsp70.1(+/+), wild type mice,; —/— : hsp70.1(-/-), homozygous knockout mice. BE: bronchiolar epithelium, NS: not significant.
Data are means + S.E.M. P-values are from Kruskal-Wallis test comparing the four groups.

then graded semi-quantitatively using grades 0 to 3
(0: negative; 1: weak positive; 2: moderate positive;
3: moderate to strong positive) by a pathologist who did

not have information about the experimental groups.

Ki-67

The Ki-67 protein is present during all active
phases of the cell cycle (Gy, S, G,, and mitosis), but is
absent in resting cells (Gy). The fact makes it an excellent
marker for proliferating cells (Scholzen and Gerdes
2000). The immunohistochemical detection of Ki-67 was
performed to evaluate the proliferation indices of the
bronchiolar epithelium. Primary rat anti-mouse Ki-67
antibody (DAKO, USA) was used at a dilution of 1:50.
Biotinylated = secondary anti-rat immunoglobulins
(DAKO, USA) were used at a dilution of 1:500. The rest
of the procedure was the same as that described for
HSP70
counted and results were expressed as a percentage of

immunohistochemistry. Labeled cells were

total cells.

Apoptosis

Apoptotic cells were localized by in situ staining
of DNA breaks in the nuclei of dying cells in tissue
sections using a commercial kit (FragEL DNA
Fragmentation Detection Kit, EMD Biosciences, USA)
for the terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP-biotin nick-end labeling (TUNEL)
method (Ben-Sasson et al. 1995). Labeled nuclei were
counted and the results were expressed as a percentage of
total nuclei.

Statistical analysis
All data were expressed as means + S.E.M. The

difference in the percentage of stained cells was analyzed
using the Kruskal-Wallis test for the full data set and
using the Mann-Whitney U test for group-by-group
comparison. Correlations between the expression of
HSP70 and the percentage of cells positive for Ki-67
were performed using the Spearman rank test. To find the
best predictor of apoptosis, standard multiple regression
analysis was used. The significance level was set at
P<0.05.

Results

Immunoblot analysis

Immunoreactivity for the HSP70 protein in lung
homogenates was same in the four groups of animals
studied.

Bronchiolar epithelial cell HSP70 immunohistochemistry
HSP70-labeled bronchiolar epithelial cells were
significantly fewer in the wild type hypoxia group (WH),
the knockout (Asp70.1”") normoxia group (KN), and the
knockout (hsp70.177) hypoxia group (KH), compared
with the wild type normoxia group (WN). The WH group
showed the most apparent decrease (2.10£0.23 wvs.
0.80%+0.20: P=0.002), and the KN and KH groups also
exhibited a significant reduction (1.00£0.30: P=0.015 and
0.901+0.31: P=0.019, respectively) (Table 1; Fig. 1).
Bronchiolar epithelial cell Ki-67 immunohistochemistry
The proliferative activity of the bronchiolar
epithelium, as assessed by Ki-67 immunohistochemistry,
was significantly lower in the WH group compared with
the WN group (2.4020.28 % vs. 1.2520.15 %: P=0.003).
In the WH group, the number of HSP70 and Ki-67-
labeled cells was significantly lower (P=0.002 and 0.003
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Fig. 1. HSP70 expression in bronchiolar epithelium. Immunohistochemical staining for HSP70 showing strong and diffuse
immunoreactivity in wild type normoxia group (arrows). (+/+: hsp70.1(+/+), wild type mice; —/-: hsp70.1(-/-), knockout mice; N:

normoxia; H: hypoxia).

respectively) compared with the WN group. However, no
correlation was observed between these two variables. In
the homozygous knockout (hsp70.177) mice, Ki-67-
labeled cells were similar in number to the WN group,
irrespective of oxygen conditioning (Fig. 2). Multiple
regression analysis did not reveal any significant
contribution to proliferation.

Bronchiolar epithelial cell apoptosis

The percentage of TUNEL-positive cell nuclei
increased significantly in the KN group and the KH group
compared with the WN group (0.4010.16 % vs.
1.70£0.26 %: P=0.002; and 0.40%0.16 % vs.
2.20£0.25 %: P=0.000, respectively). The WH group
showed a small increase in TUNEL-positive cell nuclei
compared with the WN group, but statistical significance
was not demonstrated. Additionally, the KH group did
not show a significant increase in TUNEL-positive cell
nuclei when compared with the KN group (Fig. 3).
Standard multiple linear regression analysis revealed that

and HSP70
expression accounted for 32.6 % of the variance in

the genotype, oxygen environment,
apoptosis. Of these three variables, the genotype made
the largest contribution (beta=0.447) with statistical

significance (P=0.003).
Discussion

Our results have shown that exposure to hypoxic
stress for three weeks does not change HSP70 levels in
total lung tissue, but a significant reduction of HSP70
expression occurs in bronchiolar epithelial cells. Using
we demonstrated that both
HSP70 and Ki-67 expression are significantly reduced
(P=0.002 and P=0.003, respectively) in bronchiolar
epithelial cells by hypoxic stress in wild type mice.
(hsp70.17")
significantly contributes to the apoptosis of bronchiolar

immunohistochemistry,

Furthermore, the knockout genotype
epithelial cells.

HSP70 levels, measured from unilateral lung
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Fig. 2. The percentage of Ki-67-positive bronchiolar epithelial
cells reduced significantly in the wild type hypoxia group
compared with the wild type normoxia group (P = 0.003) (+/+:
hsp70.1(+/+), wild type mice; —/—: hsp70.1(-/-), knockout mice;
N: normoxia; H: hypoxia; NS: not significant).

homogenate by the immunoblot method, did not differ
among the four groups studied. Thus, chronic hypoxia did
not change HSP70 expression in a total lung tissue
HSP70
significantly reduced by chronic hypoxia in bronchiolar

homogenate. ~ However, expression ~ was
epithelial cells. The substantial expression of HSP70 in
knockout (Asp70. I”") mice may be due to the hsp70.3
gene, another inducible HSP gene that encodes for
HSP70.

It is generally known that the HSPs are increased
during various kinds of stress, so our results can be
qualified as surprising. Nevertheless, decreased HSP70
expression in acute stress and negligible changes in
chronic stress have also been reported (Filipovic et al.
2005). Furthermore, electromagnetic field exposures
which have been shown to induce HSPs diminished
HSP70 levels after long-term continuous exposure
(Di Carlo et al. 2002). The increase of HSP70 is reported
to be transient, and its persistence is different in various
cell types (Kiang and Tsokos1998). Thus, it is possible
that HSP70 expression in bronchiolar epithelial cells in
our experiments initially increased in response to hypoxia
and then decreased below control levels after 21 days.
Another explanation might be based upon increased
turnover of epithelial cells, which did not permit the

Fig. 3. The percentage of TUNEL-positive cell nuclei increased
significantly in knockout (Asp70.177) normoxia group and the
knockout hypoxia group compared with the wild type normoxia
group (P = 0.002 and P = 0.000, respectively) (+/+:
hsp70.1(+/+), wild type mice; —/—:hsp70.1(-/-), knockout mice;
N: normoxia; H: hypoxia).

synthesis of sufficient quantities of HSP70. Reducing
oxygen concentration has been demonstrated to increase
the division rate and final density of fibroblasts cultured
in serum-containing medium (Storch and Talley 1988).
But, the hypobaric hypoxia induced different patterns of
*H-thymidine uptake in different types of lung cells, and
it was significantly above the control value on day 3, 5
and 7 and significantly decreased at day 14 in the alveolar
walls (Meyrick and Reid 1979). The proliferative activity
of the bronchiolar epithelium, as assessed by Ki-67
immunohistochemistry, was also significantly lower in
the WH group compared with the WN group in our
experiments. Thus, an increased turnover is not the likely
mechanism. Mast cells increase in pulmonary arteries in
chronic hypoxia and are suggested to be the key effector
cells in mediating collagen turnover, thus play an
important role in hypoxic pulmonary vascular remodeling
and its regression (Riley ef al. 2000). These cells may be
involved in epithelial cells, but no significant change in
periairway mast cell content in response to alveolar
hypoxia was reported in contrast to a 12 % decrease in
the granule content of perivascular mast cells in the same
situation (Nadziejko et al. 1989).

In wild type mice, both HSP70 and Ki-67
expression were significantly reduced by chronic hypoxia
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(P=0.002 and P=0.003, respectively). There is some
evidence that HSPs play an important role in cell cycle
progression, but we found no correlation between HSP70
and Ki-67 expression. The KH group showed preserved
proliferative activity in contrast to the WH group. HSP70
expression decreased similarly in both groups. It is
difficult to interpret these results, but the homozygous
knockout (hsp70.177) status might have provided
protection against reduced proliferative activity at the
pre-translation level.

In bronchiolar epithelial cells, chronic hypoxia
did not significantly increase apoptosis. The percentage
of TUNEL-positive cell nuclei increased significantly in
the KN group and the KH group compared with the WN
group (P = 0.002 and P = 0.000, respectively). The
genotype, oxygen conditioning and HSP70 expression
could explain 32.6 % of the variance in apoptosis. Of
these three variables, the genotype made the largest
contribution (beta = 0.447) with statistical significance
(P =0.003). HSP70 is known to be a potent inhibitor of
apoptosis, and these results indicate that HSP70 exerts an
anti-apoptotic effect in bronchiolar epithelial cells and the
reduced HSP70 expression in knockout (hsp70.17") mice
results in an increase in apoptosis. The significant
contribution to apoptosis by genotype, rather than HSP70
expression, may be due to the fact that HSP70 evaluated
with the immunoblot method reflects the HSP70
expression at just one time-point, whereas genotype is
likely to have a more sustained effect on HSP70
expression. The KH group showed a small increase in
TUNEL-positive cell nuclei compared with the WH
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