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C-type retroviruses has occurred frequently during mammalian
evolution, but no human C-type retroviruses have to date been
reported. The two C-type retroviruses, RD114 and MLV-A, can
infect primary human lymphocytes in culture. Natural anti-
Gal(a1-3)Gal antibodies in human serum may therefore have
provided one barrier, probably in combination with induced
cellular immunity, to the transmission of a number of carbo-
hydrate-carrying enveloped viruses to humans, apes and Old
World monkeys from other mammals.

Our data also show that human cells expressing Gal(«1-3)Gal
carbohydrate modifications can be lysed by human serum, despite
their expression of the complement inhibitory molecules DAF,
CD46 and CD59 (determined by FACS analysis; data not shown).
However, these transfected cells remain less sensitive to lysis by
human serum than murine or canine cells (Fig. 2a). Therefore,
lysis by human serum is probably controlled by a balance between
the expression levels of complement inhibitory molecules and
Gal(a1-3)Gal carbohydrate epitopes. This suggests that the
expression of Gal(x1-3)Gal epitopes may need to be inhibited
before animal organs (pig organs, for example) can be used
efficiently in xenotransplantation to humans®. Indeed, although
human DAF and CDS59 expression in transgenic pigs allowed
prolonged heart graft survival in baboons, the organs were
eventually rejected?”’. O
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ApoPTOSIS is a genetically encoded programme of cell death that
can be activated under physiological conditions'? and may be an
important safeguard against tumour development**. Regions of
low oxygen (hypoxia) and necrosis are common features of solid
tumours’®. Here we report that hypoxia induces apoptosis in
oncogenically transformed cells and that further genetic altera-
tions, such as loss of the p53 tumour-suppressor gene or over-
expression of the apoptosis-inhibitor protein Bcl-2, substantially
reduce hypoxia-induced cell death. Hypoxia also selects for cells
with defects in apoptosis, because small numbers of transformed
cells lacking p53 overtake similar cells expressing wild-type p53
when treated with hypoxia. Furthermore, highly apoptotic
regions strongly correlate with hypoxic regions in transplanted
tumours expressing wild-type p53, whereas little apoptosis occurs
in hypoxic regions of p53-deficient tumours. We propose that
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TABLE 1 p53-modulated hypoxic induction of apoptosis in vivo

Number of apoptotic cells per

0.01 mm?
Fold
Aerobic regions  Hypoxic regions  increase
p53~/ 41+18 7.9+ 4.4 1.9
p53*/* 3.7+1.7 26.8+9.4 7.2
Ratio 0.9 3.4 (6.1%)
+/+ to —/—

Quantification of apoptosis was performed on the TUNEL and EF5
stained sections described in Fig. 3. Fields containing both aerobic (EF5-
negative) and hypoxic (EF5-positive) regions were randomly chosen while
blinded to the apoptosis staining results (see, for example, Fig. 3d) and
then photographed. The number of apoptotic cells per unit area was then
calculated for each distinct region. Values stated are means + s.d.
(n = 16, 4 tumours each genotype).

* With aerobic values subtracted.

hypoxia provides a physiological selective pressure in tumours
for the expansion of variants that have lost their apoptotic
potential, and in particular for cells acquiring p53 mutations.
Solid tumours that possess low-oxygen regions have a poorer
prognosis than well oxygenated tumours, independent of treat-
ment’. To investigate how oncogenically transformed cells
respond to hypoxia, Ratl fibroblasts constitutively expressing a
c-Myc-oestrogen receptor chimaera protein (MycER), which is
activated by 4-hydroxytamoxifen (4hT)!, were cultured either
aerobically or anaerobically in the presence of 4hT and 10%
serum for 48 h. Hypoxia induced substantial apoptosis (85 + 2%;
Fig. 1b) as compared to aerobic culture (10 + 2; Fig. 1a). Bcl-2,
which prevents c-Myc-mediated apoptosis following serum deple-
tion?, also blocked c-Myc-mediated apoptosis induced by hypoxia
(Fig. 1c—d,i). These data indicate that oncogenic changes can
modulate the susceptibility of cells to hypoxia-induced apoptosis.
p53 is an integral part of DNA damage-induced apoptotic
pathways''. Because cells exposed to hypoxia accumulate wild-type
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p53 protein'?, we investigated the role of p53 in hypoxia-induced
apoptosis using embryonic fibroblasts derived from wild-type
and p53-deficient transgenic mice (Fig. le—h, j). Transformation
of p53-expressing mouse embryonic fibroblasts (MEFs) by the
adenovirus early region 1A (E1A) and activated Ha-ras oncogenes
dramatically enhanced their susceptibility to hypoxia-induced
apoptosis. Untransformed MEFs remained over 95% viable,
whereas their transformed derivatives were only 11% viable
after 48h of hypoxia. p53 protein accumulated under hypoxia
(not shown) and was required for efficient induction of apoptosis
because oncogenically transformed cells lacking p53 were resis-
tant to hypoxia-induced killing (72% viability after 48 h; Fig. 1j).
Nonetheless, the p53~'~ cells were also dying through apoptosis,
indicating the existence of a less sensitive p53-independent
apoptotic pathway®. The influence of p53 on apoptotic potential
was not apparent until oxygen concentrations were reduced below
0.2% (Fig. 1k), corresponding to concentrations commonly found
in solid tumours®’. Thus, oncogenic transformation predisposes
cells to hypoxia-induced killing through an apoptotic pathway
modulated by p53.

The difference in viability of oncogenically transformed cells
that differ in p53 status suggests that p53-deficient cells would

FIG. 1 Apoptotic response of
oncogenically  transformed
cells to hypoxia. Following
aerobic (a, ¢, e, g) or anae-
robic (b, d, f, h) culture,
nuclear morphology was
visualized by staining with
bisbenzimide (blue) and
apoptotic cells were identi-
fied by their characteristic
nuclear condensation and
fragmentation®.  Loss  of
membrane integrity was
assessed by permeability to
propidium iodide (PI; pink).
Cell lines shown are MycER/
Ratl (a, b), MycER/Ratl +
Bcl-2 (c, d), p53*/* (E1A,
Ha-ras) (e, f) and p537/~
(E1A, Ha-ras) (g, h) at
x270 magnification. Ratl
(p53*/*) cells transformed
by E1A and Ha-ras also
underwent apoptosis when

a

cultured under  hypoxic ! 60 - J
conditions. i, Quantification

of the percentage of apopto- 50 B aerobic

tic cells in control transfec- g W hypoxic
tants (Neo) or Bcl-2 @ 407

transfectants of MycER/Rat1 £ 30-

cells cultured aerobically or 2

under hypoxic conditions. < 201

Results shown in i are the
means =+ s.e.m. of two inde-
pendently derived clones. j,
k, Loss of viability due to
induced apoptosis in p53*/*
(E1A, Ha-ras) and p53~/~ (E1A, Ha-ras) cells following culture at 0.02%
oxygen (j), or following 24 h at various oxygen concentrations (k). Data
shown in (j, k) are the means + s.e.m. of two independent experiments.
Each curve in (j) represents data from an independently derived clone.
Untransformed p53*/* MEFs were 95% viable after 48 h of hypoxia (0.02%
oxygen).

METHODS. MycER/Rat1 fibroblasts were generated by transfection of Rat1
fibroblasts with the plasmid pBpuro c-mycER which encodes for a MycER
chimaera protein that is activated by 4hT2°. MycER/Rat1 cells expressing
Bcl-2 protein (verified by immunoblot analysis) were generated by subse-
quent transfections with the plasmid pSFFV Bcl-2nl?”. To activate Myc,
100 nM 4hT was added to the media of control and hypoxia-treated cells at
the start of each experiment. MycER/Rat1 cells treated with hypoxia in the

Bcl-2

Neo
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have a survival advantage over wild-type p53 cells in low-oxygen
conditions. To test this hypothesis, we mixed transformed p53~/~
(E1A, Ha-ras) cells stably expressing the lacZ gene product
(lacZ™") (Fig. 2¢) with p53** (E1A, Ha-ras) lacZ™ cells at a 1 to
1,000 ratio and treated them with multiple rounds of hypoxia and
aerobic recovery. The percentage of p53~/~ cells increased by
approximately 2.4-fold following each treatment, and after 7
treatments the p53~~ (lacZ") cells had overtaken the p53**
cells (Fig. 2d—f). Control cells (Fig. 2a) grown aerobically in
parallel had no detectable increase in their percentage of p53~'~
cells (Fig. 2b). These experiments demonstrate that hypoxia can
select for apoptosis-resistant cells.

To investigate the relationship between oxygen concentration,
p53 status and apoptosis in vivo, we determined whether apoptotic
regions correlated with hypoxic regions in tumours derived from
the E1A- and Ha-ras-transformed p53** and p537/~ cells®.
Apoptosis was assessed using the terminal deoxytransferase-
mediated deoxyuridine nick end-labelling (TUNEL) assay. In
TUNEL-stained sections, apoptotic regions were more prevalent
in p53** tumours than in p53~~ tumours (see below), and
apoptosis was most pronounced in regions distal to adjacent
blood vessels (Fig. 3a,b).
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absence of 4hT showed similar low levels of apoptosis as hypoxia-treated
parental Ratl cells. Transformed p53*/* MEFs which express E1A and
Ha-ras were generated as described®. Although p53 promotes apoptosis
induced by hypoxia, p53 is not required for hypoxia-induced cell-cycle
block*2. Hypoxic incubations were performed in anaerobic incubators as
described®?, with an oxygen concentration of 0.02% for 48h unless
otherwise noted. Before microscopy, cells were incubated with 5 ugml~?
each of bisbenzimide (Hoechst No. 33342) and Pl (a—i). Apoptosis/viability
ratios were determined by scoring low-magnification photographs of
randomly selected fields for cells with condensed and fragmented nuclear
morphology (i), or by trypan-blue dye exclusion (j, k). All cells were cultured
in media containing 10% fetal calf serum.
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FIG. 2 Selection for p53 /" cells following hypoxia treatment in vitro. p53 -/~
(E1A, Ha-ras) cells stably expressing the lacZ gene product (lacZ'; blue)
were mixed with p53*/* (E1A, Ha-ras) cells (lacZ~; clear) at a ratio of 1 to
1,000 and treated with multiple rounds of hypoxia and aerobic recovery.
Representative photographs of f-galactoside-stained cells are shown at
x 135 maghnification: a, mixed cells at start of experiment; b, mixed cells
cultured aerobically in parallel for the duration of the experiment; ¢, 100%
p53~/~ (lacZ*) cells, and mixed cells after three (d ), six (e) and seven ( f)

rounds of hypoxia treatment.

METHODS. p537/ (lacZ") populations were generated by viral infection of
p53~/~ (E1A, Ha-ras) cells using the MFG-lacZ retrovirus®®, with subse-
quent enrichment for lacZ* cells by fluorescence-activated cell sorting®.
Treated mixed cells were subjected to multiple rounds of hypoxia (2—3 days)
followed by recovery (3-5 days) with sub-culturing when confluent. LacZ*
cells were detected by staining for -galactosidase activity*°.

FIG. 3 Relationship between hypoxic and apoptotic regions in tumours
differing in p53 status. a, b, TUNEL staining (green) of a p53*/* paraffin
tumour section showing apoptotic regions distal to blood vessels (counter-
stained with propidium iodide (red); a, magnification x25; b, x135). c—j,
TUNEL staining (green) and EF5 staining (orange/red) of frozen tumour
sections comparing the extent of apoptosis in similarly stained EF5-positive
hypoxic regions of p53*/* tumours (c—f) and p53~/~ tumours (g-j).
Photographs c, e, g, i simultaneously show both TUNEL staining and the
brightest EF5 staining using a dual-band pass fluorescence filter set, and
photographs d, f, h, j show all EF5 staining of the same regions using a
single-band pass filter set (c, d, g, h, magnification x135; e, f, i, j, x85).
Representative photographs of multiple tumours are shown.

METHODS. p53*/* (E1A, Ha-ras) and p53/  (E1A, Ha-ras) cells were
transplanted subcutaneously into the backs of immunocompromised mice
as described®® (a, b, athymic nude mice; c—j, severe combined immuno-
deficient (SCID) mice). After tumours reached a volume of 0.2 to 1.2cm?3,
the tumours were either excised and fixed for paraffin section processing
(@, b; 5um thick), or the mice were given an intraperitoneal injection
of EF5 (2(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)-
acetamide) 1 h before tumour excision and freezing for frozen sectioning
(c—j; 15um thick) as described®. In the absence of oxygen, EF5 is
metabolically activated in viable cells and forms adducts with cellular
macromolecules which can be detected with a monoclonal antibody**.
TUNEL staining (fluorescein, green) was done according to the manu-
facturer’s instructions (Oncor). Where applicable, EF5 staining (Cy3
fluorochrome, red) was done subsequently on the same section as
described™. Hypoxic regions were present in all tumour sizes. Frozen
sections of control tumours that were not exposed to EF5 had similar
apoptotic patterning as tumours shown in ¢—j. 1-h exposures of aerobic or
hypoxic cells to EF5 did not induce apoptosis in vitro.
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To determine directly whether p53 influences the magnitude of
apoptosis in tumour regions of similar oxygen deficiency, the
specific hypoxia marker EF5' was injected 1 h before excision of
p53*/* and p53~/~ tumours. Frozen sections from these tumours
were then stained by the TUNEL assay and with anti-EF5 anti-
body. Although no difference in hypoxic fraction or patterning was
observed between tumours derived from the two p53 genotypes,
p53** tumours showed a more distinct spatial correlation
between apoptotic and hypoxic regions compared to p53~/
tumours (Fig. 3c—j). The frequency of apoptosis was 3.4-fold
greater in hypoxic regions of p53*/* tumours than in hypoxic
regions of p53-deficient tumours, whereas no difference was seen
in aerobic regions from the same tumours. Hypoxic regions in
p53*/* tumours displayed 7.2 times more apoptosis than aerobic
regions (Table 1). In vivo, other tumour-microenvironmental
factors determined by vascularization and angiogenesis could
act to induce apoptosis synergistically, although in vitro data
indicate that hypoxia is sufficient (Fig. 1).

The data presented here have important implications for multi-
step carcinogenesis. Oncogenic changes occurring early in solid
tumour development promote deregulated proliferation and can
also increase cellular susceptibility to apoptosis”'’. We have
shown that oncogenic transformation increases the sensitivity of
cells to hypoxia and that hypoxia correlates spatially with
apoptosis in vivo. The same genetic events that suppress
hypoxia-induced apoptosis in oncogenically transformed cells
also temporally coincide with reduced apoptosis in later stages
of tumour development®™®2'. These observations suggest that
hypoxia acts as a physiological selective agent against apoptosis-
competent cells in tumours, thus promoting the clonal expansion
of cells that acquire mutations in their apoptotic programmes.

p53 mutation and Bcl-2 overexpression also suppress apoptosis
induced by radiation and chemotherapy”>. Hence, hypoxia-
mediated selection of cells with diminished apoptotic potential
could also explain the resistance of many solid tumours to cancer
therapy?. Although apoptosis induced by ultraviolet radiation has
been implicated in the clonal selection of p53 mutations in skin
cancer®, most solid tumours are not exposed to ultraviolet radiation
during their development. In contrast, hypoxia is a physiological
stress commonly found in developing solid tumours of diverse
origins®, and thus our results offer an explanation for why p53 is
one the most commonly mutated genes in human cancer®. []
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THE interaction of cells with the extracellular matrix regulates
cell shape, motility, growth, survival, differentiation and gene
expression, through integrin-mediated signal transduction'. We
used a two-hybrid screen to isolate genes encoding proteins that
interact with the B,-integrin cytoplasmic domain. The most
frequently isolated complementary DNA encoded a new, 59K
serine/threonine protein kinase, containing four ankyrin-like
repeats. We report here that this integrin-linked kinase (ILK)
phosphorylated a B,-integrin cytoplasmic domain peptide in vitro
and coimmunoprecipitated with p, in lysates of mammalian cells.
Endogenous ILK kinase activity was reduced in response to
fibronectin. Overexpression of p59"¥ disrupted epithelial cell
architecture and inhibited adhesion to integrin substrates, while
inducing anchorage-independent growth. We propose that ILK is
a receptor-proximal protein kinase regulating integrin-mediated
signal transduction.

A partial cDNA, BIT-9, was isolated in a two-hybrid screen’
using a bait plasmid expressing the cytoplasmic domain of the f3,
integrin subunit. The BIT-9 insert was used to isolate clones from
a human placental cDNA library. A 1.8 kilobase (kb) clone, Plac5,
was found to contain a high degree of similarity to cDNAs
encoding protein kinases (Fig. la—c), and recognized a widely
expressed transcript of 1.8 kb in northern blots (Fig. 1d). Deduced
amino-acid residues 186-451 from Plac5 comprise a domain
which is highly homologous with the catalytic domains of a large
number of protein tyrosine and serine/threonine kinases (Fig. 1b).
Residues 33-164 comprise four repeats of a motif originally
identified in erythrocyte ankyrin® (Fig. 1c), probably defining a
domain involved in mediating additional protein—protein inter-
actions’. Affinity-purified anti-ILK antibodies (see methods, Fig. 3)
were used in western blot analyses of mammalian cell extracts, and
detected a conserved protein of apparent M, of 59K (p59'¥, Fig. le).

For analysis of kinase activity in vitro, a bacterially expressed
fusion protein, GST-ILK'¥2, was band-purified after sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS—
PAGE), and incubated with [y-P]ATP in the presence or absence
of the exogenous substrate myelin basic protein (Fig. 2). GST-ILK'*
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Toronto M5G 1X8, Canada
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