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In

this issue of Clinical Cancer Research , Rofstad et al. (1)
report on the significance of chronic (diffusion-limited) and
acute (fluctuating or perfusion-limited) hypoxia in D-12 and
R-18 human melanoma xenografts on the development of
metastatic disease. That tumors may contain different
subpopulations of hypoxic cells has been known for many
years. Early work showed that hypoxia can affect the response
to the primary tumor to treatment with either radiation or
certain drugs. In particular, the resistance of hypoxic cells to
radiation has been used as an assay of the fraction of viable
hypoxic cells in a tumor, hence the term ‘‘radiobiologically
hypoxic cells.’’ Such cells are expected to be at oxygen levels
below 5 to 10 mm Hg, although there is evidence that this
level may vary depending on various factors, including the
level of cysteine and other nonprotein sulfhydryls in the cells
(2). The original concept of hypoxia in tumors, put forward
by Thomlinson and Gray almost 50 years ago, was of hypoxic
cells residing at the limits of oxygen diffusion from
functional blood vessels and being on the edge of regions
of necrosis in the tumor. Such cells were believed to be
exposed to prolonged or chronic hypoxia, and a variety of
studies in tumor models and in spheroids established that
tumor cells could remain viable in such environments for
hours to a few days (3, 4). Later, it was recognized that
fluctuations in blood flow (perfusion limitations) may play
an equally important role in the development of hypoxia in
tumors, such that cells in tumors may be exposed to shortterm hypoxia termed acute or fluctuating hypoxia. Recent
studies of blood flow and oxygen levels in tumors have
established that blood flow fluctuations and resulting oxygen
levels in the tissue can have cycles from minutes to a few
hours (5 – 7).
Thus, it has been established that most human tumors
develop a pathophysiologic microenvironment during
growth, characterized by an irregular microvascular network
and regions of chronically and transiently hypoxic cells (8),
although it is likely that there is no discrete temporal
boundary between these two states in the tumor, rather it is
a continuum. Furthermore, various studies have established
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that there is substantial heterogeneity in the proportion of
hypoxic cells in individual tumors, presumably due to the
stochastic development of their vasculature (9). The development of drugs that are reductively metabolized to
compounds that accumulate to form immunodetectable
covalent adducts in hypoxic cells has provided markers of
hypoxic cells that can be visualized in tumor sections (10).
One such drug, pimonidazole, was used in the study by
Rofstad and colleagues to identify chronically hypoxic cells.
The proportion of acutely hypoxic cells in the tumor was
then defined as the difference between the fraction of
pimonidazole-labeled cells and the fraction of radiobiologically hypoxic cells because all cells that are hypoxic at the
time of the irradiation are detected in this latter assay. The
pimonidazole was injected 4 h before sacrifice of the animals
for tumor excision and its half-life in mouse plasma (or
tumor) is f30 min. Because the drug must be metabolized
for adducts to be detected, the effective temporal boundary in
this study between acute and chronic hypoxia is likely to be
in the range of 1 to 2 h of hypoxia, although it may be
recognized that many of the cells exposed to acute hypoxia
may fluctuate through multiple hypoxic cycles.
In the last 15 years, both experimental and clinical studies
have shown that hypoxia also plays an important role in
tumor progression, affecting both metastatic spread and
selection of cells with more aggressive phenotypes (11 – 13).
These findings have led to a large effort to understand how
cells respond to hypoxic exposure and, in particular, to
define what changes in gene regulation and expression are
induced by such exposure (14 – 16). These studies have
shown that 1% to 2% of expressed genes can be affected by
hypoxia but that many of these changes are cell type specific,
so that although a general hypoxic gene signature that
correlates with poorer treatment outcome has been defined
(17), relevant signatures may vary from one cell type to
another. Furthermore, nearly all of the experimental studies
to date have exposed the cells to conditions of prolonged
(f24 h) hypoxia; thus, they have not clearly addressed
whether cells may respond differently to acute fluctuating
hypoxia versus chronic hypoxia. Similarly, many of the
clinical studies have used an oxygen electrode (Eppendorf
polarographic oxygen electrode) to assess the level of hypoxia
in the tumors and this technique does not discriminate
between acute and chronic hypoxia.
Thus, a question has arisen about the relative importance
of acute versus chronic hypoxia in promoting metastasis and
tumor progression. It is this question that is addressed in the
article by Rofstad et al. in this issue of Clinical Cancer
Research. The authors studied metastases in two human
melanoma xenografts (D-12 and R-18) that they have
previously shown can be affected by hypoxia (18, 19). They
estimated the fraction of chronically and acutely hypoxic
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Fig. 1. Schematic illustration showing areas of acute and chronic hypoxia in the tumor. Acutely hypoxic regions are nearer the blood vessels. Tumor cells exposed to acute
hypoxia have easier access to blood circulatory system and may therefore have greater likelihood of forming distant metastasis than cells in areas of chronic hypoxia
that occur at a distance from the blood vessels. Lymphatics tend to occur only in the periphery of tumors; thus, regions of acute hypoxia in the tumor periphery may promote
invasion/migration of the cells into lymphatics leading to increased lymph node metastasis.

cells in each tumor as described above and monitored the
development of lung (D-12) or lymph node (R-18) metastases in each mouse. The results showed that the level of
acute hypoxia and the level of chronic hypoxia were not
correlated with each other in the individual tumors but
that both were higher, on average, in tumors in mice that
developed spontaneous lung or lymph node metastases.
Furthermore, the difference in the level of acute hypoxia in
tumors in mice with metastases versus those without metastases was greater than that for chronic hypoxia, suggesting a
greater importance of acute hypoxia in driving the development of metastases.
The mechanisms that result in the increased metastatic
potential of tumor cells exposed to hypoxia have not been fully
defined but recent studies have shown a role for increased
resistance to apoptosis and increased invasive capacity (20, 21).
These findings are consistent with observations by Rofstad and
colleagues that have linked increased levels of urokinase-type
plasminogen receptor and interleukin-8 to hypoxia and
metastasis in the R-18 and D-12 tumors, respectively (18,
19). Because acute hypoxia results from pronounced heterogeneity of the tumor blood flow distribution, whereas chronic
hypoxia occurs at the limits of oxygen diffusion (100-200 Am)
away from blood vessels, it is easy to suppose that cells exposed
to acute hypoxia may have easier access to functional blood or
lymphatic vessels (see Fig. 1). Furthermore, such cells probably
also have a higher energy status than chronically hypoxic cells
(4, 22, 23) and are also less likely to be exposed to other adverse
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conditions associated with the tumor microenvironment (e.g.,
acid pH); hence, they may be better able to survive through the
complex process of tumor metastasis (24). However, it remains
unclear whether exposure to acute (fluctuating) hypoxia
triggers the same changes in gene expression as are observed
following exposure to chronic hypoxia.
The current study emphasizes the significance of fluctuating
hypoxia rather than diffusion-limited hypoxia in terms of
investigating hypoxia-related prognostic variables and treatment strategies. Further work to extend the findings to a wider
range of tumor types is needed to determine its applicability
beyond melanoma, although the results are consistent with
studies in other tumor types in which deliberate exposure of
tumor-bearing animals to cyclic hypoxia increases the development of metastasis (25, 26). In the context of the development
of new drugs targeting hypoxic cells and metastasis, one can
speculate that the finding that cells exposed to acute hypoxia
may be more important in metastasis development could be
good news because drugs should have easier access to the
acutely hypoxic cells than chronically hypoxic cells that are at a
distance from the vasculature. However, this gain may be
mitigated by reduced toxicity if the drugs are not delivered
effectively to the cells due to poor blood flow and/or are
designed to be toxic only under severely hypoxic conditions.
Overall, the findings argue that, in studies of the molecular
basis of the effects of hypoxia on tumor progression and in
related studies of drug development, more emphasis needs to
be placed on the effects of fluctuating hypoxia.

1948

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 21, 2020. © 2007 American Association for
Cancer Research.

Hypoxia and Metastasis

References
1. Rofstad EK, Galappathi K, Mathiesen B, Ruud
EM. Fluctuating and diffusion-limited hypoxia in
hypoxia-induced metastasis. Clin Cancer Res 2007;7:
1971 ^ 8.
2. Horan AD, Koch CJ. The K(m) for radiosensitization of human tumor cells by oxygen is much
greater than 3 mmHg and is further increased by
elevated levels of cysteine. Radiat Res 2001;156:
388 ^ 98.
3. Thomlinson RH, Gray LH.The histological structure of
some human lung cancers and the possible implications for radiotherapy. Br J Cancer 1955;9:539 ^ 49.
4. Durand RE, Sham E. The lifetime of hypoxic human
tumor cells. Int J Radiat Oncol Biol Phys 1998;42:
711 ^ 5.
5. Braun RD, Lanzen JL, Dewhirst MW. Fourier analysis
of fluctuations of oxygen tension and blood flow in
R3230Ac tumors and muscle in rats. Am J Physiol
1999;277:H551 ^ 68.
6. Lanzen J, Braun RD, Klitzman B, et al. Direct demonstration of instabilities in oxygen concentrations within
the extravascular compartment of an experimental
tumor. Cancer Res 2006;66:2219 ^ 23.
7. Brurberg KG,Thuen M, Ruud EB, Rofstad EK. Fluctuations in pO2 in irradiated human melanoma xenografts. Radiat Res 2006;165:16 ^ 25.
8. Vaupel P, Kallinowski F, Okunieff P. Blood flow, oxygen and nutrient supply, and metabolic microenvironment of human tumors: a review. Cancer Res 1989;
49:6449 ^ 65.
9. Kavanagh MC, Sun A, Hu Q, Hill RP. Comparing techniques of measuring tumor hypoxia in different murine

www.aacrjournals.org

tumors: Eppendorf pO2 histograph, [3H]misonidazole
binding and paired survival assay. Radiat Res 1996;145:
491 ^ 500.
10. Evans SM, Koch CJ. Prognostic significance of
tumor oxygenation in humans. Cancer Lett 2003;
195:1 ^ 16.
11. Rofstad EK. Microenvironment-induced metastasis.
Int J Radiat Biol 2000;76:589 ^ 605.
12. Subarsky P, Hill RP. The hypoxic tumour microenvironment and metastatic progression. Clin Exp Metastasis 2003;20:237 ^ 50.
13. Milosevic M, Fyles A, Hedley D, Hill R. The human
tumor microenvironment: invasive (needle) measurement of oxygen and interstitial fluid pressure. Semin
Radiat Oncol 2004;14:249 ^ 58.
14. Semenza GL. Targeting HIF-1for cancer therapy. Nat
Rev Cancer 2003;3:721 ^ 32.
15. Harris AL. Hypoxia ^ a key regulatory factor in
tumour growth. Nat Rev Cancer 2002;2:38 ^ 47.
16. Le QT, Denko NC, Giaccia AJ. Hypoxic gene
expression and metastasis. Cancer Metastasis Rev
2004;23:293 ^ 310.
17. Chi JT, Wang Z, Nuyten DS, et al. Gene expression
programs in response to hypoxia: cell type specificity
and prognostic significance in human cancers. PLoS
Med 2006;3:47e.
18. Rofstad EK, Rasmussen H, Galappathi K, et al. Hypoxia promotes lymph node metastasis in human melanoma xenografts by up-regulating the urokinase-type
plasminogen activator receptor. Cancer Res 2002;62:
1847 ^ 53.

1949

19. Rofstad EK, Halsor EF. Hypoxia-associated spontaneous pulmonary metastasis in human melanoma
xenografts: involvement of microvascular hot spots
induced in hypoxic foci by interleukin 8. Br J Cancer
2002;86:301 ^ 8.
20. Zhang L, Hill RP. Hypoxia enhances metastatic
efficiency by up-regulating Mdm2 in KHT cells and
increasing resistance to apoptosis. Cancer Res 2004;
64:4180 ^ 9.
21. Erler JT, Bennewith KL, Nicolau M, et al. Lysyl
oxidase is essential for hypoxia-induced metastasis.
Nature 2006;440:1222 ^ 6.
22. Kim IH, Lemmon MJ, Brown JM. The influence of
irradiation of the tumor bed on tumor hypoxia: measurements by radiation response, oxygen electrodes,
and nitroimidazole binding. Radiat Res 1993;135:
411 ^ 7.
23. Fenton BM, Kiani MF, Siemann DW. Should direct
measurements of tumor oxygenation relate to the
radiobiological hypoxic fraction of a tumor ? Int J
Radiat Oncol Biol Phys 1995;33:365 ^ 73.
24. Cairns RA, Khokha R, Hill RP. Molecular mechanisms of tumor invasion and metastasis: an integrated
view. Curr Mol Med 2003;3:659 ^ 71.
25. Cairns RA, Kalliomaki T, Hill RP. Acute (cyclic) hypoxia enhances spontaneous metastasis of KHT murine
tumors. Cancer Res 2001;61:8903 ^ 8.
26. Cairns RA, Hill RP. Acute hypoxia enhances spontaneous lymph node metastasis in an orthotopic murine
model of human cervical carcinoma. Cancer Res
2004;64:2054 ^ 61.

Clin Cancer Res 2007;13(7) April 1, 2007

Downloaded from clincancerres.aacrjournals.org on September 21, 2020. © 2007 American Association for
Cancer Research.

Hypoxia and Metastasis
Naz Chaudary and Richard P. Hill
Clin Cancer Res 2007;13:1947-1949.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/13/7/1947

This article cites 26 articles, 6 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/13/7/1947.full#ref-list-1
This article has been cited by 5 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/13/7/1947.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/13/7/1947.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on September 21, 2020. © 2007 American Association for
Cancer Research.

