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Abstract
Hypoxia is present in several areas of
malignant tumours and is thought to
result from an inadequate rate of tumour
angiogenesis, vascular collapse, or both.
The presence and extent of these hypoxic
tumour microenvironments have recently
been shown to influence tumour progres-
sion by regulating both tumour cell sur-
vival and the expression of key angiogenic
molecules. Recent studies have suggested
that mutations in the tumour suppressor
gene, p53, may play an important role in
regulating the adaptive response of tu-
mour cells to hypoxia by enhancing their
survival and release of proangiogenic fac-
tors such as vascular endothelial growth
factor. It has even been suggested that
hypoxia may select for the survival of the
more malignant clones harbouring such
genetic defects as mutations in p53. Re-
cently, the transcription factor, NFkB, has
also been implicated as a novel mediator
of the eVects of hypoxia and re-
oxygenation in tumour cells. This article
reviews some of the molecular mecha-
nisms subserving the responses of tumour
cells to hypoxic stress, particularly the
role and relation of NFkB and p53 in regu-
lating this phenomenon.
(J Clin Pathol:Mol Pathol 1998;51:55–61)
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The various microenvironments in solid tu-
mours, in which there are marked fluctuations
in glucose, lactate, acidic pH, and oxygen ten-
sion, have emerged recently as key features of
tumour progression. Hypoxia is widespread in
tumours, and microelectrodes have measured
large areas of very low oxygen tensions (below
2.5 mm Hg) in such tissues (normal tissues,
24–66 mm Hg).1 Low oxygen tension is
thought to occur when either the growth of
neoplastic cells outstrips the rate of new blood
vessel formation (tumour angiogenesis), or the
poorly organised vasculature of the tumour
partially collapses. The ability of tumour cells
to survive at low oxygen tension is clinically
relevant, as hypoxic tumour cells are more
resistant to radiotherapy and chemotherapy
than their well oxygenated counterparts, and

are capable of stimulating angiogenesis by the
release of several growth factors for endothelial
cells. This may explain, in part, why patients
with extensively hypoxic tumours have a worse
prognosis than those with well oxygenated
tumours.1

Angiogenesis is thought to be driven largely
by hypoxia in tumours and is particularly
relevant to metastatic spread, as primary
tumour cells enter the circulation via these new
blood vessels and micrometastases must attract
new capillaries if they are to grow beyond
2–3 mm3.2 The rate of angiogenesis at different
sites within solid tumours is controlled by the
local balance of stimulatory and inhibitory fac-
tors, and involves activation of endothelial cell
proliferation, migration, and diVerentiation to
form new capillary-like structures. Inhibitory
influences predominate in most normal adult
healthy tissues, but tumour cells are usually
proangiogenic as they need to attract a new
vasculature to provide oxygen and growth fac-
tors to sustain their high proliferative activity.3

Many of the molecular mechanisms regulat-
ing angiogenesis have now been outlined,4 and
recent advances have revealed the central role
of the proangiogenic cytokine, vascular en-
dothelial growth factor (VEGF; also known as
vascular permeability factor (VPF)). Increased
expression of VEGF is found in hypoxic areas
of many solid tumours.5 This pivotal mediator
of tumour angiogenesis is produced by malig-
nant cells and macrophages, and binds mainly
to its receptors fit-1 or flk-1 on endothelial cells
in tumours to promote their proliferation and
migration. VEGF expression by breast carci-
noma cells confers a growth advantage on
tumour cells in vivo but not in vitro, inferring
that this eVect may be mediated by VEGF
induced tumour vascularisation.6 Moreover,
inhibition of VEGF suppresses metastasis by a
mechanism distinct from its eVects on primary
tumour growth.7

VEGF is encoded by a single gene that gen-
erates isoforms of the protein by diVerential
splicing giving at least two secreted (VEGF121

and VEGF165) and two bound (VEGF189 and
VEGF206) forms. Transgenic mice lacking a
single VEGF allele die in utero from impaired
blood vessel formation, indicating a dose
dependent importance for VEGF in angiogen-
esis. Furthermore, VEGF null embryonic stem
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cells have a significantly reduced ability to pro-
duce tumours in nude mice compared to wild-
type cells.8

The VEGF family is composed of three
members (VEGF, VEGFB, and VEGFC) plus
the related placental growth factor, PIGF, all of
which are encoded on diVerent human
chromosomes.9 The expression of these pep-
tides is diVerentially regulated, with each
performing distinct but related functions.

Cellular responses to hypoxia
There are three main types of cellular response
to hypoxia in normal tissues: inhibition of cel-
lular proliferation; induction of apoptosis; and
the release of proangiogenic cytokines. The
molecular mechanisms of cell death from
hypoxia are poorly understood but are thought
to involve both apoptosis and necrosis in
several cell types (fig 1).10 Tumour hypoxia is
characteristically transient in nature and the
mode of cell death that follows reperfusion
after ischaemia is thought to be primarily
apoptosis. Bcl-2 and BclxL inhibit hypoxia
induced cell death in a dose dependent
manner, again suggesting the apoptotic route.
Prolonged hypoxia, on the other hand, causes
both necrosis and apoptosis.11

Human cells respond to fluctuations in envi-
ronmental oxygen by the activation of specific
mediators. One of these has attracted consider-
able attention to date—the transcription factor,
hypoxia inducible factor 1 (Hif-1).12 Hif-1 was
first described as a DNA binding factor essen-
tial for functional hypoxia induced transcrip-
tion of the erythropoietin gene.13 This DNA
binding factor is rapidly induced by hypoxia
and binds to the hypoxia responsive element
(hre) of the gene promoters for many oxygen

sensitive genes, such as VEGF, thereby activat-
ing gene transcription. Recent evidence has
shown that another basic helix loop helix
protein with a PAS domain (bHLH-PAS) with
sequence homology to Hif-1 also regulates
VEGF expression, but with a tissue specific
potency.14 Moreover, another hypoxia activated
PAS domain transcription factor, endothelial
PAS-1 (EPAS1), has also been characterised in
endothelial cells. This mediates the stimulatory
eVect of hypoxia on the expression of the
endothelial cell genes, particularly the tyrosine
kinase, Tie-2.15

Response of tumour cells to hypoxia: role
of p53
Mutations in the tumour suppressor gene, p53,
are the most common genetic defects in solid
tumours. Most studies of the role of p53
protein in cancer have focused on its function
in cell cycle control, drug resistance, and apop-
tosis. However, there is now increasing evi-
dence that mutations in p53 play an important
role in regulating the survival and angiogenic
responses of tumour cells to hypoxia. Wild-
type p53 acts as a transcriptional regulator of
genes involved in cell cycle control such as the
cyclin dependent kinase inhibitor p21waf, and in
apoptosis, bringing about homeostasis in con-
ditions of cellular stress.
However, mutant p53 has recently been

shown to confer a growth advantage on cells
under hypoxic conditions and to accumulate in
the nuclear compartment of cells under low
oxygen conditions.16 Furthermore, in cervical
cancer, hypoxia provides a selection pressure
for tumour cells with reduced apoptotic poten-
tial (such as those bearing mutant p53).17 Our
own studies using three dimensional cultures of
human tumour cells (multicell spheroids,
which have a profoundly lower concentration
of oxygen in the central than the outer tumour
cell layers) have shown that tumour cells bear-
ing mutant p53 are able to sustain a longer
period of cellular proliferation in hypoxic con-
ditions than those with the wild-type gene
(Royds JA, Lewis CE, unpublished data,
1997). Hypoxia gives a non-genotoxic stress
that induces p53 activity, but there is evidence
to suggest it is via a diVerent pathway from the
DNA damaging agents.18 Unlike most other
tumour suppressor genes, p53 mutations are
missense rather than loss of function mutations
(such as truncations or deletions), and these
usually persist, often becoming the dominant
clone in metastases (Alcock A, Royds JA,
unpublished observations, 1997). The fact that
p53 mutations, once selected for by tumour
signals such as hypoxia, are maintained both in
primary and secondary tumours also suggests a
positive phenotype for mutant p53. Evidence is
now emerging to support this hypothesis.19

Long term survival in vivo of transformed
cells with a defective apoptotic potential
requires the activation of neoangiogenesis to
augment an insuYcient oxygen supply. p53
gene status has also been implicated in the
regulation of tumour angiogenesis. It is well
known that hypoxia induces the angiogenic
potential of tumours by stimulating the

Figure 1 Potential model of the molecular mechanisms
subserving response of tumour cells to hypoxia.Hypoxia
activates expression of the VEGF gene via the hif-1
response element in its promoter. This proangiogenic activity
is then counterbalanced by the production of TSP-1, the
downstream eVector of p53. p53 itself is induced in response
to hypoxia via the NFkB pathway. Cellular proliferation is
inhibited by the action of CDKIs (such as p21waf) and
apoptosis is increased; both of which are also induced by
p53.
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expression of such pro-VEGF (although the B
and C forms of VEGF remain unaVected) and
bFGF.19 20 This upregulation is conferred by
two distinct hypoxia driven mechanisms: one
that is mediated by hif-1 binding to its specific
5' regulatory sequence on the VEGF promoter
(the hre), and the other involving a 3' untrans-
lated sequence of the VEGF gene that gives rise
to VEGF mRNA stabilisation under hypoxia.21

Recent findings have shown that wild-type
p53 upregulates the expression of the anti-
angiogenic agent, thrombospondin-1
(TSP-1).22 It may also act to downregulate
VEGF expression, although a direct repressor
function for p53 in hypoxic conditions has
recently been shown to be unlikely (fig 2).23 24

Wild-type p53 is also capable of blocking
increases in the transcriptional activation of the
VEGF gene induced by the activated form of
Src, v-src.23 This report also showed that the
p53 mutant, ala14→val, appeared to upregu-
late VEGF expression. Recent findings suggest
that the p53 mutant ala135→val but not the
wild-type protein stimulates the production of
VEGF. This mutant p53 also potentiated the
action of phorbol esters (TPA), which activate
PKC and stimulate VEGF expression. More-
over this mutant p53 specifically increased
phorbol ester production of VEGF and not
other TPA inducible genes.25 However, we and
others have shown that not all p53 mutations
are equal,26 27 and the eVect of diVerent p53
point mutations on VEGF production has yet
to be ascertained. Plate et al, using immunohis-
tochemistry, failed to demonstrate a correla-
tion between p53 overexpression and VEGF

induction in human glioma cells28; but several
other reports have demonstrated a positive
association between loss of p53 suppressor
activity with induction of angiogenesis.29

Moreover, a correlation between VEGF ex-
pression and p53 stabilisation (presumably due
at least in part to mutation) has been reported
in lung cell tumours.26

Our preliminary studies on VEGF expres-
sion by breast tumour cell lines have shown
that cells with p53 generally secrete very low
levels of VEGF but that this rises approxi-
mately 25-fold under hypoxic conditions. Cell
lines expressing mutant p53 release more
VEGF in normoxia, and this rises even further
under hypoxia (Royds JA, Lewis CE, unpub-
lished data, 1997). This finding is supported by
a recent report showing that the switch to an
angiogenic phenotype in cultured fibroblasts
from Li-Fraumeni patients coincided with
hemizygosity for the mutant p53 allele.30

Our recent study of angiogenesis and p53
expression in more than 100 breast cancer
biopsy specimens has shown that tumours with
mutant p53 elicit a significantly stronger
angiogenic response and the production of a
denser final vasculature than tumours with a
wild-type p53 gene. Patients with extensive p53
positivity in their tumours also had poorer
survival.31 Thus, the acquisition of a mutant
p53 provided an enhanced angiogenic poten-
tial, and facilitated tumour progression and
metastasis. This may not merely be the result of
the loss of such p53 tumour suppressor
functions as reduced TSP-1 expression, but
also be caused by gain of function leading to
the production of VEGF. Furthermore, it is
likely that not all mutations of p53 are equal in
their ability to promote tumour progression in
this way.

Molecular mechanisms involving NFkB:
tumour cell responses to hypoxia
Recently, evidence has emerged for a second
hypoxia responsive pathway. The transcription
factor, NFkB, has been shown to respond to a
variety of metabolic stress signals including
hypoxia.32 This heterodimeric protein is consti-
tutively expressed in cells and, once activated,
translocates from the cytoplasm to the nucleus
to activate gene transcription. Most of the
genes encoding cytokines that have been impli-
cated in angiogenesis (for example, VEGF,
basic fibroblast growth factor, bFGF, and
tumour necrosis factor (TNF) á) have NFkB
binding sites in or near their promoters.
Moreover, the expression of many of these
cytokines are interlinked and co-regulatory—
for example, TNFá, induced by hypoxia in
macrophages and other cells, stimulates pro-
duction of such growth factors as bFGF by
endothelial cells.33

NFkB can rapidly transduce hypoxic signals
by increasing its DNA binding activity. This is
highly regulated and facilitates the rapid
control of many genes. An example of this is the
eVect of hypoxia on the binding of NFkB p65
(relA) to specific binding sites on the cyclooxy-
genase 2 (COX2) gene promoter in vascular
endothelial cells.34

Figure 2 Comparison of hypoxia induced responses in normal (A) and tumour (B) cells.
(A) Hypoxia induces cell cycle arrest and p53 dependent apoptosis resulting in negligible
necrosis. Angiogenesis is promoted by hypoxia because of induction of VEGF expression, but
this is counterbalanced by production of wild-type p53, which in turn switches on expression
of TSP-1.Homeostasis of the tissue is thus maintained and inappropriate angiogenesis does
not occur. (B) In tumour cells bearing mutant p53, hypoxia induced VEGF is not so
readily controlled by such anti-angiogenesis molecules as TSP-1, and neovascularisation
occurs. Alternatively, apoptosis fails to occur and the resultant overproduction of tumour
cells form areas of hypoxia and necrosis.More proangiogenic factors are then produced by
the hypoxic tumour cells, which then induces a new blood supply in these areas. The cycle of
cell activities is then repeated.
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Many of the molecular mechanisms regulat-
ing, and regulated by, NFkB are known. It is a
member of the Rel-related proteins (p50, p52,
v-Rel, c-Rel, RelA and B), which form dimeric
DNA binding complexes at kB sites (GGGAN-
NTTCC). Rel-related proteins form a large
number of dimeric complexes, the most abun-
dant of which is the strongly transactivating
p50–p65 heterodimer. Inactive NFkB dimers
exist in the cytoplasm through interactions
with an inhibitor protein IkB, a member of a
family of regulatory proteins characterised by
their multiple ankirin repeats and including
IkB-á, IkB-â, and Bcl3. The inactive trimer
reacts to stimulatory signals by the targeted
phosphorylation, and subsequent ubiquination
and degradation of IkBa, thus allowing the
NFkB dimer to enter the nucleus and bind
DNA. As protein synthesis is not required,
genes that contain NFkB binding sites are able
to undergo rapid expression following exposure
to stimulatory signals such as cytokines. Genes
regulated by NFkB include those involved in
inflammatory responses and immune func-
tions, such as those for the cell adhesion
molecules VCAM, ICAM, and E selectin, and
the cytokine/growth factors, interleukin (IL)-2,
IL-6, IL-8, and G-CSF. Other genes under
NFkB control include c-myc and the mutual
regulation of NFkB and IkB.
Cytokine mediated NFkB activity is induced

through serine phosphorylation of IkBa on
residues 32 and 36, followed by proteolytic
degradation of the inhibitor IkB, which un-
masks the nuclear translocation signal on the
NFkB dimers. DNA binding ensues with both
homodimers and heterodimeric NFkB com-
plexes containing p65 and p50 subunits,
recognising a similar consensus sequence
(GGGAATTTCC), enabling them to influ-
ence gene transcription.35

Alternatively, hypoxia and/or re-oxygenation
induced NFkB activity has been shown to
occur following tyrosine phosphorylation of the
cytoplasmic inhibitory subunit IkBa on residue
42, and does not involve proteolysis of the
inhibitor IkB.36 Hypoxia does, however, lead to
increased NFkB DNA binding activity and
transactivation of ê B reporter constructs.28

The tyrosine phosphorylation of IkBa inhibits
its phosphorylation on serine thus preventing
the activation of NFkB via the ubiquination–
degradation route, thereby providing a prote-
olysis independent mechanism for NFkB
activation.36 37 Furthermore, it has been shown
that activation of the proto-oncogene, src,
occurs within 15 minutes of cellular exposure
to hypoxia, and that the downstream eVectors
of src, namely ras and raf, are involved in the
tyrosine activation pathway of NFkB. Thus it
has been postulated that src activation is one of
the earliest signalling events in the hypoxia
response cascade leading to ras and raf-1
kinase activation, and ultimately to tyrosine
phosphorylation of IkB and NFkB
activation.32 35

The exact pathway regulating NFkB activity
under hypoxic conditions has yet to be fully
elucidated, but is possibly regulated by the type
of NF ê dimers activated. Only complexes that

contain at least one of the strongly transactivat-
ing members of the Rel family (p65, etc) are
eYciently regulated by IkBa, and therefore
cytoplasmic until activated. Homodimers of
NFkB1–p50 or NFkB2–p52 may be controlled
within the nucleus, as NFkB1–p50 and
NFkB2–p52 subunits lack the IkB binding
sequence and therefore cannot be retained in
the cytoplasm. The p50 and p52 subunits also
lack transactivation domains and probably
serve as transcriptional repressors by masking
DNA binding sites making them unavailable to
the highly transactivating species of NFkB.The
possibility that p50 and p52 can provide low
levels of transcription cannot be ruled out. The
p50, and possibly p52, homodimers can be tar-
geted by the IkB related protein Bcl-3, which
may be both agonists and antagonists of NFkB
activity. Activated Bcl-3 can mediate positive
transcriptional activation either by liberating
kB sites occupied by inhibitory p50–p52
dimers or by converting inert complexes into
transcriptionally active ones by virtue of its
own transactivating domain. Bcl-3 was origi-
nally identified as a proto-oncogene because of
its involvement in the 14:19 translocation
characteristically found in chronic lymphocytic
leukaemia; however, the Bcl-3 protein has since
been shown to be a member of the IkB family.
Alternatively, it has been shown that transiently
expressed Bcl-3 can have a negative transcrip-
tional eVect by inhibiting NFkB dependent
expression in a dose dependent manner. Cell
type and diVerentiation state may dictate which
system is operational. This complex family of
proteins generates remarkable flexibility for
control of NFkB.
The association between IkB and NFkB is

controlled by phosphorylation, which induces
polyubiquination, targeting the molecule for
destruction. Several kinases have been impli-
cated in the upstream signalling from cytokine
to IkB, including MEKK-1, a 700K kinase
complex that required ubiquination for activa-
tion, and 900K complex (IKKa) similar to
CHUK.These kinases result in specific SER32
and 36 phosphorylation. This latter enzyme,
renamed IKKa, can also phosphorylate the
specific serines in IkBb (ser 19 and 23).
Moreover IKKa is deactivated by dephosphor-
ylation by PP2A phosphatase, consistent with
the observations that NFkB can be activated by
inhibiting PP2A. Thus cytokine/stress activates
a kinase (MEKK1 has not been shown to
phosphorylate IKKa but only p700), which
phosphorylates IKKa (p700), which phospho-
rylates IkB, which leads to the destruction of
the inhibitor, and NFkB is activated. Dephos-
phorylation of IKKa by PP2A inhibits this
pathway, and okadonic acid, which inhibits
PP2A, can activate NFkB. The question arises
as to whether IKKa is the unique integrator of
the NFkB response or whether diVerent stimuli
involve diVerent kinases.38

Oncogenesis and NFkB
Members of the NFkB family have been
considered to be proto-oncogenes because
subversion of their normal functions can lead
to tumorigenesis. Thus NFkB2 (p52) and the
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Bcl3 genes are translocated in some lympho-
mas leading to oncogenic activation. The
strongly transactivating p65/NFkB is also
activated by viral transforming proteins (Tax
and LMP1), and antisense to p65/RelA blocks
this transformation. IkB on the other hand is a
possible tumour suppressor, and constitutive
phosphorylation of IkB may have oncogenic
activity by virtue of constant activation of
NFkB regulated genes. This constitutive acti-
vation of NFkB is also seen in IkB deficient
mice. Moreover, antisense IkBa treatment of
cells results in oncogenic transformation.39 It is
of interest that NFkB is activated in macro-
phages by the antineoplastic agent paclitaxel
(Taxol; Bristol Myers Squibb, Middlesex, UK)
contributing to this agent’s antitumour
properties.40

Role of NFkB in hypoxia induced p53
expression
Wu and Lozano, in 1994, were the first to
report that NFkB regulates p53 gene
expression.41 The role of NFkB in p53
promoter activation is not fully understood but
the region of the p53 promoter required to
respond to genotoxic stress extends from −70
to −40, which overlaps the NFkB site.42 The
NFkB motif in the p53 promoter has a high
aYnity for NFkB, and has been shown to func-
tion as a promoter element when placed artifi-
cially upstream of TATA elements. Thus,
NFkB family members may play a role in p53
regulation in response to certain types of stress.
Indirect evidence for this has recently been
provided in molecular studies of the ataxia tel-
angiectasia (AT) gene. NFkB–IkB has been
shown to contribute to the AT phenotype, act-
ing downstream of the primary genetic defect.
p53 is also thought to act downstream of the
AT gene product and may, therefore, be at least
one of the targets for NFkB control of this
gene.43

Genotoxic stress induces p53 expression
resulting in G1 arrest but the role of NFkB as a
transcription factor in p53 regulation under
these conditions is dubious.44 However,
Baldwin45 showed that p53 mRNA was in-
duced by a non-genotoxic stress—hypoxia.
Hypoxia probably induces p53 activity via a
diVerent pathway from DNA damaging agents
as hypoxia but not ionising radiation caused
p53 accumulation in the presence of the E6
viral protein. Moreover, G1 arrest following
hypoxia is similar in wild-type and mutant p53
cells.16 The relatively quick reversal of p53 pro-
tein concentrations following re-oxygenation
also argues in favour of an active role for p53 in
hypoxic stress. However, as the hypoxia in-
duced G1 arrest appears to be independent of
the p53 genotype, it is likely that p53 mediates
some function other than G1 arrest in response
to hypoxia, possibly involving control of apop-
tosis and/or angiogenesis. Long term hypoxia is
expected to result in genotoxic damage, and
p53 may have a role in tumour suppression
under such conditions, possibly involving
GADD45 induction. DNA binding activity of
hypoxia induced p53 was competed out by a

self oligo and a GADD45-p53 oligo, but not by
an unrelated NFkB oligo.16

The NFkB element in the p53 promoter has
a high aYnity for NFkB p50 homodimers, but
it is not transactivated by p65 or inhibited by
IkB.42 43 This suggests a nuclear rather than a
cytoplasmic regulation of p53 by NFkB.This is
contradictory to the findings of Wu and
Lozano who showed p53 activation following
the tyrosine phosphorylation of IkBa.41 The
reason for this discrepancy is not clear;
however, the fact that these diVerent studies
used diVerent species (murine v human) and
employed diVerent culture conditions (serum v
serum free) means that the results are not
strictly comparable.
A nuclear rather than cytoplasmic regulation

of NFkB activation in response to hypoxia is
also suggested by the finding that Ras and Raf
activation leads to gene transcription at NFkB
sites without nuclear translocation of NFkB.
The mechanism is unclear but may involve the
stimulation of the constitutively nuclear forms
of NfkB.44 Ras and Raf work downstream from
membrane tyrosine kinases such as src, which
is activated by low oxygen conditions.46 Most
importantly wild-type p53 action can override
the angiogenic eVects of the activated onco-
gene v-src.Wild-type p53 prevented v-src from
activating transcription of the VEGF promoter.
This suggests that p53 activation by hypoxia
has an antiangiogenic role, possibly by induc-
tion of TSP-1 and inhibition of VEGF.23 A
direct role for Ras in modulating VEGF activ-
ity has been proposed, thus linking the
angiogenic response to hypoxia with Ras
activation, although VEGF induction itself is
thought to be via the Hif-1 pathway.47 The
antitumour activity of the chymotrypsin-like
protease inhibitor, TPCK, acts by blocking
Ha-ras induced transcriptional activity of
NFkB while having little aVect on the ability of
Ha-ras to activate AP-1 transcription.48 Thus
the two hypoxia response pathways mediated
by Hif-1 and NFkB may interact to provide
tight control of angiogenesis in vivo.
Regulation of p53 expression in response to

hypoxia may embrace both cytoplasmic control
via tyrosine phosphorylation of IkB and
nuclear control. Thus the nuclear and cytoplas-
mic regulation of Rel-domain transcription
factors may complement each other and
provide a remarkably flexible system of control
for transcriptional activation of many genes
involved in the hypoxic response including
TNFá.16 TNFá is a cytokine produced by
many cell types including macrophages and
some tumour cells in response to environmen-
tal stress such as hypoxia; it elicits a spectrum
of responses including apoptosis. TNF binding
to its receptor induces apoptosis and activates
NFkB via a signal transduction cascade, which
may involve raf-1 and activation of IkB kinase.
TNFá induced breakdown of IkBa involves
ubiquination of the amino terminal signal
response domain (SRD) followed by degrada-
tion of the protein. Overexpression of NFkB or
its activation by IL-1 protects against TNF
induced apoptosis, possibly by induction of
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anti-apoptotic genes.49 Inhibition of NFkB/Rel
activity can induce spontaneous apoptosis in B
cells.50

TNFá has also been shown to promote
NFkB binding to the p53 promoter in vitro49

and we have shown a correlation between mac-
rophage TNFá concentrations and p53 expres-
sion in breast cancer biopsy specimens.31 At
least seven categories of genes have been shown
to be transcriptionally regulated by NFkB: cell
adhesion molecules, certain proto-oncogenes
(such as c-myc), cytokines (and their recep-
tors), matrix proteins, matrix degrading en-
zymes, as well as genes modulating apoptotic
sensitivity, which may include p53.

Conclusions
NFkB transactivation is a downstream eVector
of hypoxia/reoxygenation, possibly involving,
either singly or in combination, tyrosine phos-
phorylation of IkBa and nuclear control of
NFkB by p50 and Bcl3. Phosphatases may also
play a role in activation of NFkB. The
mechanism of p53 induction as a result of
hypoxia/reoxygenation diVers from that for
genotoxic insult and probably involves the
NFkB family of transcription factors. A cell
specific mode of signalling and regulation in
response to hypoxia/reoxygenation should be
considered, as should the possibility of func-
tioning autoregulatory loops. DiVerent re-
sponses may occur in response to diVerent
doses of gene product. Factors such as these
may account for some of the apparently
conflicting findings, which are inevitable in this
relatively new branch of molecular tumour
pathology.
Activation of p53 transcription in response

to hypoxia/reoxygenation by NFkB may be by
the nuclear rather than the cytoplasmic control
mechanism, mediated by upstream factors
such as src, ras, raf, PKCz, and stress activated
protein kineses. The p53 accumulation kinetics
are slower for hypoxia than ionising radiation,
and its homeostatic role in hypoxia is probably
not to induce G1 arrest as this function is over-
ridden by other cell cycle control factors. A
more likely role for p53 in hypoxia is in the
induction of apoptosis when oxygen tension
falls below 0.2%, and in the control of
angiogenesis. The possibility that NFkB may
also influence p53 gene expression indirectly—
for example, via c-myc expression, should be
considered.
Obviously much more work is required to

elucidate the role of NFkB in the hypoxia
signalling pathway, which in turn will enable us
to devise a therapeutic approach to cancer
based on a new concept of tumour hypoxia as a
strategic tool by which tumour cells can be
made more susceptible to drugs and/or hypoxia
than normal cells. By understanding the signal
transduction pathways mediating the eVect of
hypoxia in tumour cells, it may be possible to
manipulate these for therapeutic gain.
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