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Abstract
The objective of this review is to examine the role that HIF-1 plays in the initiation of angiogenesis
and in radiotherapy response. Although these two phenomena may at first seem unrelated, there are
parallelisms to be drawn associated with the importance of reactive oxygen species in controlling
the transcriptional activity of HIF-1, independently of its main driving force, hypoxia. Knowledge
of the mechanisms underlying the control of HIF-1 leads to rationale for its inhibition in a range of
clinical scenarios.
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Introduction
The advent of fluorescent reporter genes in the mid 1990’s has permitted unprecedented ability
to monitor a variety of cellular functions, both in vitro and in vivo. Use has been widespread
in vivo, permitting direct evaluation of a large range of behaviours in vivo, including metastasis,
alternative gene splicing1, gene silencing2 and promoter activity3. Our group has examined
interactions between tumor cells and surrounding normal tissue microvasculature in the
initiation of angiogenesis, using the skin-fold window chamber model implanted into nude
mice4. These initial studies demonstrated that interactions were occurring between tumor cells
and the host vasculature within 24h of tumor transplant and angiogenesis initiation occurred
at a very early stage, when only a few hundred cells were present. Thus, the next question was
whether angiogenesis was being initiated by hypoxia.

We engineered tumor cells to express hypoxia regulated reporter genes to pursue this question.
Hypoxia responsive reporter genes were engineered to increase expression under control of
the hypoxia-responsive transactivator, HIF-1 (Hypoxia-inducible factor -1). HIF-1 is generally
thought of as the master regulator of the hypoxia response and is known to regulate dozens of
genes involved in regulation of metabolism, angiogenesis and metastasis5. When active in
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promoting gene expression, it is a heterodimer, consisting of HIF1α and HIF-1β subunits that
enter the nucleus and bind to specific promoter regions of responsive genes. Both subunits are
constitutively expressed, but the HIF-1α subunit is rapidly degraded via prolyl hydroxylation,
recognition by the VHL complex and is targeted for proteosome degradation under normoxic
conditions. The degradation process is so efficient that the transactivator complex is normally
silent in normoxia. The HIF-1 reporter cell lines were used to evaluate the role of HIF-1 in
angiogenesis and in tumor responses to radiotherapy.

Hypoxia and Angiogenesis Initiation
In initial studies we utilized green fluorescent protein (GFP) under control of a constitutive
promoter, to evaluate tumor-host microvascular interactions prior to and after initiation of
angiogenesis. There were profoundly obvious interactions occurring between tumor cells and
host vasculature, well before the initiation of angiogenesis. Increases in vasodilation and
vascular tortuosity occurred within 24–48h after tumor cell transplant. Concomitantly, tumor
cells tended to proliferate and migrate toward pre-existing microvasculature4 (Figure 1).
Angiogenesis initiation occurred at a very early stage, when cell numbers in the growing tumor
were less than 200 cells. These observations led to the question of whether hypoxia was
responsible for angiogenesis initiation.

Using doubly transfected cell lines that contained red fluorescence protein (RFP) under control
of a constitutive promoter and GFP under control of HIF-1, we found that the initiation of
angiogenesis occurred prior to detection of HIF-1 activity in two different tumor lines (HCT116
and 4T1) 6. To accomplish this goal, we monitored CMV-RFP and HIF-1-GFP expression and
vascular density on a daily basis, following tumor cell transplantation into window chambers.
In initial studies we found that HIF-1-GFP expression typically followed initial detection of
angiogenesis, by 1–2 days. To further verify that angiogenesis was initiated prior to hypoxia,
we administered tirapazamine, a hypoxia selective cytotoxin, to the mice in order to selectively
kill hypoxic cells. In these experiments, we hypothesized that the initiation of angiogenesis
should be prolonged, if HIF-1 expression were important for angiogenesis initiation.
Tirapazamine significantly prolonged the time until detection of HIF-1-GFP, but it had no
effect on the time of angiogenesis initiation (Figure 2). Importantly, angiogenesis appeared to
accelerate after HIF-1 expression was detected. Interestingly, angiogenesis initiation did not
seem to result in later downregulation of HIF-1. Since one would presume that oxygenation
would be improved once angiogenesis was initiated, this observation was opposite of what we
expected.

In more recent studies, we have also used optical measurement of hemoglobin saturation to
examine changes in vascular oxygen content during early tumor growth 7. These studies have
strikingly shown that the first vascular reaction to tumor cells is arteriolar vasodilation with
concomitant increase in hemoglobin saturation. Increased venular pO2 follows, particularly in
microvessels surrounding the growing tumor mass (Figure 3). The response is strikingly similar
to an inflammatory reaction. HIF-1-GFP expression occurred as the oxygenation state of the
supplying microvessels increased.

As will be discussed below, we believe that the initiation of HIF-1-GFP expression is driven
by oxidative stress, in this case caused by instabilities in oxygenation, leading to hypoxia
reoxygenation injury and generation of free radical species that increase HIF-1 levels in tumor
cells. This result suggests that administration of therapies that inhibit oxidative stress could
prove very useful as a means to inhibit tumor angiogenesis during early tumor growth, perhaps
in the adjuvant setting.
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HIF-1 response following radiotherapy
We initiated studies, using the CMV-RFP/HIF-1-GFP tumor lines to examine the kinetics of
reoxygenation following radiotherapy. Since radiation treatment typically causes
reoxygenation, we hypothesized that HIF-1-GFP expression would decrease after radiotherapy
and then gradually return, as the tumors re-established a hypoxic state. Again, much to our
surprise, we found that HIF-1 protein levels actually increased after radiation therapy, at a time
when the tumors were reoxygenating8. Two mechanisms were identified for this effect that
depended initially on the presence of hypoxia in the tumor prior to radiotherapy. Protein-mRNA
complexes, referred to as stress granules, were found to increase in number during hypoxic
stress. These complexes served to protect HIF-1 mediated mRNAs from being translated to
protein during hypoxia. Upon reoxygenation, the complexes disaggregated, leading to a burst
of HIF-1 regulated proteins. The second mechanism underlying this effect was the formation
of excessive free radical species in the hours to days after radiation treatment. Treatment of
animals with a ubiquitous SOD mimetic, that catalytically inactivates many free radical species,
including superoxide anion, hydroxyl radical and nitric oxide, effectively blocked the
upregulation of HIF-1 after radiation treatment and resulted in vascular damage (Figure 4) and
prolongation of growth delay after radiotherapy9. There has been speculation that HIF-1 can
be stabilized by nitric oxide in aerobic conditions, based on work by Moncada’s
laboratory10. Hess speculated that a particular cysteine residue in the oxygen dependent
degradation domain of HIF-1 may be a target for nitrosylation by nitric oxide and further
hypothesized that this would stabilize HIF-111. Alternatively, there is recent evidence from
Joachim Fandrey’s laboratory that nitric oxide can increase prolyl hydroxlyase activity under
hypoxic conditions, thus providing a negative regulating effect on HIF-1 activity under
hypoxia12. Based on very recent work by Li et al., we now know that S-nitrosylation of that
the cysteine residue by nitric oxide plays a major role in HIF-1 stabilization after
radiotherapy13. Additionally, the process of hypoxia-reoxygenation injury may be less
important than activation of macrophages in the tumor mass following radiotherapy, which
appears to be the main source for nitric oxide in this setting. It is not known whether the negative
regulatory effect of NO on HIF-1 in hypoxia is important in this context.

The consequences of HIF-1 activation following radiation therapy are complex, involving
alterations in both tumor and endothelial cell behavior and survival14. On the one hand, an
increase in HIF-1 leads to upregulation of VEGF and other HIF-1 regulated pro-angiogenic
factors. VEGF protects tumor microvasculature from cytotoxic effects of radiation15. On the
other hand, upregulation of HIF-1 promotes apoptosis and decreases clonogenic survival of
P53(+) tumor cells, thereby sensitizing them to being killed more efficiently by radiotherapy.
Alternatively, upregulation of HIF-1 after radiotherapy has no effect on the radiosensitivity of
P53(−) cells. Additional effects of the tumor microenvironment, relating to the combination
of hypoxia and nutrient depletion can contribute to slight radioresistance in the tumor cells that
can survive this type of environment. The issue of sequencing between radiotherapy and
initiation of HIF-1 inhibition is yet to be clarified. In P53(+) cells, it is clear that HIF-1
inhibition after radiotherapy treatment is preferred. A summary of the overreaching effects of
microenvironmental factors on HIF-1 expression is depicted in Figure 5.

Future Directions
Several papers have been published, suggesting potential benefits for HIF-1 inhibition in
combination with radiotherapy and chemotherapy16–19. There are a number of unanswered
questions, however. First, it will be important to determine the dose modifying factor for HIF-1
inhibition, when combined with curative doses of radiotherapy, particularly with a fractionated
regimen. Second, radiotherapy is rarely administered by itself in modern radiotherapy practice.
It is usually combined with either traditional chemotherapeutic agents, or with targeted
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therapeutics such as EGFR inhibitors or anti-angiogenic agents. It will be important to
determine how HIF-1 expression is influenced by combination therapies that mirror modern
radiotherapy practice. As with any form of therapy, it will also be important to determine
whether HIF-1 inhibition has any deleterious effects on normal tissue responses to radiotherapy
and/or chemotherapy. In this regard, current results suggest that HIF-1 inhibition by SOD
mimetics after radiotherapy actually protects against normal tissue, such as lung, from radiation
damage20, 21. This effect is largely attributed to the prevention of inflammatory reactions in
the post radiation period.
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Figure 1.
Serial observation of tumor cell – vascular interactions during early tumor growth. Vasodilation
and increased vascular tortuosity is observed within 24h following transplant of only a few
tumor cells. Red arrow: an elongated 4T1GFP tumor cell (Day 2). Vascular cooption is
observed as tumor cells proliferate and migrate toward existing host vasculature (Day 4).
Angiogenesis is first observed when total tumor size is less than 200 μm diameter. Arrows:
tumor (localized in the marked circle)-associated new microvessels (Day 8). Bar, 200 μm.
Figure reconfigured from Li et al.4, with permission from the publisher.
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Figure 2.
Selectively killing hypoxic cells by tirapazamine does not delay incipient tumor angiogenesis.
(A) Representative window chamber images of a saline-treated HCT116 tumor (transduced
with the double fluorescent reporter CMV-RFP/HIF-1-GFP) revealing incipient angiogenesis
(Day 2) before hypoxic response (Day 3, GFP fluorescence). HIF-1 expression is followed by
more robust angiogenesis (Day 4; white dashed circle). Bar, 300 μm. (B) Representative
window chamber images of a tirapazamine-treated HCT116 tumor revealing incipient
angiogenesis (Day 2) and its development into a vascular plexus (Day 10; white field ) in the
absence of hypoxic response (no GFP fluorescence). Bar, 300 μm. (C) Kaplan Meier analysis
of time required for the initial hypoxic response and angiogenesis in the above tirapazamine
versus saline-treated HCT116 window chamber tumors. Tirapazamine treatment delayed the
initial hypoxic response when compared with saline treatment (median time: 9.5 days in the
tirapazamine-treated group versus 3.5 days in the saline-treated group; log-rank test, P < 0.001).
In contrast, there was no difference in the probabilities of times required for the onset of
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incipient angiogenesis in tirapazamine versus saline-treated HCT116 window chamber tumors
(log-rank test, P = 0.33). Figure modified from Cao et al.6, with permission of the publisher.

Dewhirst et al. Page 9

Radiother Oncol. Author manuscript; available in PMC 2009 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Serial observation of hemoglobin saturation during early tumor growth. (A) An increase in
arterial pO2 is the first reaction to the presence of tumor cells (a). followed by increases in
venular pO2 (b). During the continued process of angiogenesis, HIF-1 expression level
increases, suggesting that improvements in pO2 within the growing tumor mass are not
alleviating HIF-1 activity (c). (B) Comparison of HIF-1 reporter gene expression, relative to
location of tumor microvessels. In this example case, HIF-1 reporter gene shows strong
expression around tumor microvessels. The average hemoglobin saturation is between 30–
50%, suggesting that the HIF-1 expression is not the result of hypoxia. Alternatively,
instabilities in oxygenation, caused by fluctuations in red cell flux within vessels of this caliber
may contribute to oxidative stress and stabilization of HIF-1 (See Figure 4 for additional detail).
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Figure 4.
Observation of free radicals in skin fold window chamber model, prior to and after
radiotherapy. (A) Fluore scence intensity of ROS sensitive dye is detectable prior to
radiotherapy, but the level of fluorescence increases 24h after radiotherapy. This suggests some
baseline level of oxidative stress that increases after radiotherapy. Administration of an SOD
mimetic inhibits the increase in free radical production after radiotherapy (B) Administration
of SOD mimetic inhibits increase in HIF-1-GFP expression and causes significant vascular
damage, as observed at 48h after treatment. Modified from Moeller et al.8, with permission
from the publisher. Bar, 300 μm.
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Figure 5.
Summary of effects of radiation therapy on HIF-1. HIF-1: hypoxia inducible factor-1; ROS:
reactive oxygen species; RNOS: reactive nitric oxygen species (RNOS); iNOS: inducible nitric
oxide synthase (iNOS); ODD: oxygen-dependent degradation; PHD: prolyl hydroxylase. Not
depicted in the diagram are other sources of HIF-1 control, such as hypoxia and oncogene/
suppressor gene regulation.
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