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Abstract

Introduction
Researchers have made extensive efforts to understand the
mechanisms underlying radioresistance and to discover novel
molecular targets whose modulation could enhance radiotherapeutic response (1). Radiation increases hypoxia-inducible factor-1
(HIF-1) activity, which has been suggested to be dominant governor
of tumor response to irradiation through multiple mechanisms (2),
causing radioprotection of the tumor vasculature (3–5). Blockade
of HIF-1 significantly increased tumor radiosensitivity by enhanc-
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Cells, animals, and materials. Human non–small cell lung cancer cell
(NSCLC) lines H1299, H226B, H226Br, and H460; human SCLC line H182
(American Type Culture Collection); and human umbilical vein endothelial
cells (HUVEC; Cambrex BioScience) were maintained as described
elsewhere (16, 23). Six-week-old female athymic nude mice were purchased
from Harlan Sprague Dawley, Inc. Deguelin (Gaia Chemical Corp.) was
prepared as a 20 mmol/L stock solution in DMSO and stored at 20jC until
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Hypoxia-inducible factor-1 (HIF-1) has been suggested to play
a major role in tumor radioresistance. However, the mechanisms through which irradiation regulates HIF-1A expression
remain unclear. The purpose of this study was to investigate
the mechanisms that mediate HIF-1 activation and thus
radioresistance. Here, we show that irradiation induces
survival and angiogenic activity in a subset of radioresistant
lung cancer cell lines by elevating HIF-1A protein expression.
Radiation induced HIF-1A protein expression mainly through
two distinct pathways, including an increase in de novo
protein synthesis via activation of phosphatidylinositol 3kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)
and stabilization of HIF-1A protein via augmenting the
interaction between heat shock protein 90 (Hsp90) and
HIF-1A protein. Whereas the PI3K/Akt/mTOR pathway was
activated by irradiation in all the lung cancer cells examined,
the Hsp90-HIF-1A interaction was enhanced in the resistant
cells only. Inhibition of Hsp90 function by 17-allylamino17-demethoxygeldanamycin or deguelin, a novel natural
inhibitor of Hsp90, suppressed increases in HIF-1A/Hsp90
interaction and HIF-1A expression in radioresistant cells.
Furthermore, combined treatment of radiation with deguelin
significantly decreased the survival and angiogenic potential
of radioresistant lung cancer cells in vitro. We finally
determined in vivo that systemic administration of deguelin
resulted in profound inhibition of tumor growth and
angiogenesis when combined with radiation. These results
provide a strong rationale to target Hsp90 as a means to block
radiation-induced HIF-1A and thus to circumvent radioresistance in lung cancer cells. [Cancer Res 2009;69(4):1624–32]

ing vascular destruction (2). Overexpression of HIF-1a in tumor
biopsy samples has been associated with a poor response to
radiotherapy in multiple cancer types (6). Moreover, cancer cells
without functional HIF-1a (7, 8) and tumor xenografts of HIF-1a–
null cells are more radiosensitive than their HIF-1a–expressing
counterparts (7).
HIF-1 is a heterodimer composed of the HIF-1a and HIF-1h
subunits (9). Whereas HIF-1h is constitutively expressed, HIF-1a
expression is induced by hypoxia, oxidative stress, and oncogenes
via multiple oxygen-dependent and oxygen-independent mechanisms (10–12). The phosphatidylinositol 3-kinase (PI3K)/Akt/
mammalian target of rapamycin (mTOR) pathway is involved in
HIF-1a protein expression (12–15). HIF-1a protein stability is
affected by its interaction with heat shock protein 90 (Hsp90), an
ATPase-directed molecular chaperone that controls folding and
stabilization of several client proteins (16–18). HIF-1 binds to
hypoxia response elements in the nucleus, stimulating the
expression of genes involved in tumor metabolism, growth, and
angiogenesis, including vascular endothelial growth factor (VEGF),
most glycolytic enzymes, and insulin-like growth factor 2 (9, 12, 19).
VEGF further induces cells to release bioactive basic fibroblast
growth factor (FGF; ref. 20), which is also proangiogenic. A recent
study elegantly showed that radiation leads to HIF-1 activation and
up-regulating proangiogenic factor VEGF by modulating reactive
oxygen species (ROS; ref. 2). HIF-1 affects radioresistance by
modulating the survival and angiogenic activities of lung cancer
cells through the activation of anaerobic metabolism (21). These
findings suggest that HIF-1 protects tumors from radiation damage
directly and indirectly, providing a strong rationale to target HIF-1
to improve tumor response to radiotherapy. However, other
findings—for example, HIF-1 radiosensitizes tumors by promoting
ATP metabolism, cell proliferation, and p53 activation (22)—
indicate that its role in tumor radiosensitivity is complex. Further,
very little is known about how radiation induces HIF-1 activation.
In the studies described within, we sought to determine whether
HIF-1a contributes to radioresistance in lung cancer cells, to
investigate whether strategies for blocking HIF-1a expression have
an overall positive or negative effect on radiotherapy in a
preclinical model of lung cancer, and to identify the mechanisms
involved in radiation-induced HIF-1 activation in lung cancer cells.

Radiation Stabilizes HIF-1a through Hsp90
elsewhere (16). The primer sequences were as follows: 5¶-CCATGAACTTTCTGCTGTCTT-3¶ (sense) and 5¶-ATCGCATCAGGGCACACAG-3¶
(antisense) for VEGF, 5¶-GACTGGCAGGGGGAGAAACAA-3¶ (sense) and
5¶-ATGGCACAGTGGATGGGACAA-3¶ (antisense) for acidic FGF (aFGF),
and 5¶-GGTGAAGGTCGGTGTGAACGGATTT-3¶ (sense) and 5¶-AATGCCAAAGTTGTCATGGATGACC-3¶ (antisense) for glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Immunoprecipitation and coimmunoprecipitation assays. Wholecell lysates were prepared as previously described (18). After clearing, the
supernatants were transferred to fresh tubes. Total protein was incubated
with 1 Ag of anti-HIF-1a antibody (Santa Cruz Biotechnology) or antiHsp90a antibody (Stressgen) at 4jC for overnight and then added to 50%
protein G-Sepharose beads (Amersham Pharmacia Biotech AB). The
mixture was incubated at 4jC for 1 h, washed twice with the lysis buffer
and twice with PBS, boiled in SDS reducing gel loading buffer, and
separated using SDS-PAGE. HIF-1a and Hsp90a levels were assessed using
immunoblot analysis with the corresponding antibodies.
In vivo tumor growth delay assay, immunohistochemical analysis,
and immunoblot assays. In vivo tumor growth delay assay, immunohistochemical analysis, and immunoblot assays are described in Supplementary Data.
Statistical analysis. Mean F SE from at least triplicate assays was
calculated using Microsoft Excel 2003 (Microsoft Corp.). The two-tailed
Student’s t test was used to calculate P values. P values of <0.05 were
considered statistically significant.

Results
Differential survival and angiogenic responses of lung
cancer cells after irradiation. We assessed radiosensitivity of a
subset of NSCLC cell lines (H1299, H460, H226B, and H226Br) and
a SCLC cell line (H182) after treating them with various doses of
radiation. The clonogenic cell survival assay revealed that H1299
cells were the most radioresistant and that H226Br and H460 cells
were more radiosensitive than the other cell lines (Fig. 1A). A
previous study claimed a critical role of p53 in radiosensitivity (24).
Among the cells we examined, however, H1299, H226B, and H226Br

Figure 1. Lung cancer cells have different degrees of radiosensitivity. A, clonogenic survival curve showing the relative radioresistance of five lung cancer cell
lines (H1299, H182, H226B, H460, and H226Br). H1299 cells were most radioresistant, H182 and H226B cells were moderately radioresistant, and H460 and
H226Br cells were relatively radiosensitive. B, radiation-induced angiogenic activity of radioresistant and radiosensitive lung cancer cells. Significantly increased
HUVEC viability by the CM from radioresistant cancer cells. C, irradiated HUVECs that mimic tumor environment were maximally viable when cultured in the
radiated, H1299-derived CM but not in H226Br-derived CM. Columns, mean of four replicate experiments; bars, SE. *, P < 0.05; **, P < 0.01. Each control group
(no treatment of CM, basal medium, and RPMI 1640 only) was set to 1.0.
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it was needed. Bevacizumab (Avastin), a monoclonal anti-VEGF antibody,
was purchased from Genentech.
Irradiation and clonogenic assay. For the clonogenic assay, the cells
were counted and known numbers were reseeded in three wells of six-well
culture dishes for each dose of radiation or described condition after
irradiation under a 137Cs g-radiation source. After being incubated for 7 to
10 d, colonies were fixed with cold methanol, stained with hematoxylin, and
counted. The percentage of colonies for each radiation dose test condition
was calculated by dividing the number of cultured test colonies by the
number of the appropriate nonirradiated control colonies. Five hours
after the indicated dose of radiation, the cells were treated with LY294002
(30 Amol/L), cycloheximide (0.4 nmol/L), PD98059 (1 Amol/L), N-acetylcysteine (NAC; 10 mmol/L), rapamycin (5 nmol/L), or 17-allylamino-17demethoxygeldanamycin (17-AAG; 1, 2.5, or 5 Amol/L) for 2 h. The lung
cancer cell lines growing in log phase were transfected with control
scrambled (siScr; Dharmacon) or HIF-1a small interfering RNA (siRNA;
siHIF-1; GGGUAAAGAACAAAACACA-dTdT; Dharmacon) and irradiated
after 36 h of transfection and then subjected to the clonogenic assay or
immunoblotting. The results were normalized to the scrambled RNAtransfected control.
The surviving fraction was calculated as the ratio of the plating efficiency
of the treated cells to that of control cells. The surviving fraction for
combined treatment was normalized by that for HIF-siRNA or deguelin
treatment alone. The dose enhancement factor (DEF) was calculated as the
dose (Gy) of radiation that yielded a surviving fraction of 0.5 for control
(siScr treated or vehicle treated) divided by that for the treated group (siHIF
or deguelin). We interpreted DEF 1 as an additive and more than 1 as supraadditive effect.
Conditioned medium and HUVEC proliferation assays. The cancer
cells were cultured in growth medium with or without 100 nmol/L deguelin
for 12 h and then irradiated or left unirradiated. The cells were washed
twice and then incubated with serum-free medium (4 mL) for another 24 h.
The resulting conditioned medium (CM) was collected and concentrated as
described elsewhere (16). HUVECs were added with the CM. When
indicated, HUVECs were treated with CM in the presence of bevacizumab
(30 Ag/mL) or irradiated at 6 Gy before being cultured in CM.
Reverse transcription-PCR assay. Total RNA was prepared from wholecell lysates, and reverse transcription-PCRs were performed as described

Cancer Research

have mutant p53, whereas H460 cells have wild-type p53 (25),
suggesting that other factors in addition to p53 governed the
radiosensitivity of these cells.
We next investigated whether the response of lung cancer cells
to radiation was associated with their angiogenic activity by
testing the effects of the CM from the irradiated NSCLC cells on
HUVEC viability. Compared with the endothelial basal medium,
the CM from nonirradiated H1299, H226B, H226Br, and H460 cells
increased the viability of HUVECs, indicating the presence of cancer
cell–derived growth factors for HUVECs (Fig. 1B). The CM from
irradiated H1299 and H226B cells further significantly enhanced
viability of HUVECs, whereas the CM from irradiated H226Br and
H460 cells provided no significant additional benefit. The CM from
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irradiated H1299 cells increased viability of HUVECs even more
when the HUVECs had been preirradiated (Fig. 1C), whereas the CM
from H226B did not. In subsequent experiments, therefore, we
divided the cancer cells into two groups: resistant (H1299, H226B,
and H182) and sensitive (H226Br and H460) cells.
Radiation-induced expression of HIF-1A radioresistance in
lung cancer cells. To investigate the mechanisms responsible for
radiosensitizing lung cancer cells, we tested the effects of radiation
on the expression of ErbB2, Raf, mitogen-activated protein/
extracellular signal-regulated kinase (ERK) kinase (MEK), phosphorylated Akt (pAkt), phosphorylated glycogen synthase kinase3h (pGSK-3h), phosphorylated ERK1/2 (pERK1/2), survivin, and
HIF-1a, all of which are involved in cell proliferation and survival

1626

www.aacrjournals.org

Downloaded from http://aacrjournals.org/cancerres/article-pdf/69/4/1624/2621469/1624.pdf by guest on 25 June 2022

Figure 2. HIF-1 was activated and required for
radioresistance in radioresistant cell lines.
A, correlation between the radioresistance and
induction of HIF-1a. Left, HIF-1a expression
increased in response to irradiation in H1299 cells,
the most radioresistant cell line examined.
ErbB2, Raf, MEK, HIF-1h, pAkt, Akt, pGSK-3h,
pERK1/2, ERK, and survivin expression are also
shown. Right, although HIF-1a expression increased
in radioresistant cell lines H182 and H226B, it did
not increase in radiosensitive cell lines H460 and
H226Br; pAkt and pERK1/2 were activated
regardless of radioresistance. B, HIF-1a expression
in H1299 cells after irradiation at 1 and 10 Gy.
VEGF mRNA expression in irradiated H1299 and
H460 cells. In vivo induction of HIF-1a by irradiation
from H1299 xenograft tumors after irradiation
(n = 4, 3 Gy) or no treatment (n = 5). C, HIF-1a
expression was required for the survival of
radioresistant lung cancer cells after irradiation.
Compared with transfection of siScr, transfection of
siHIF-1a significantly sensitized H1299 and H226B
cells to radiation. The dotted line shows HIF-1a
expression before correction relative to the effect
of siHIF-1a alone, and the line with open squares
shows the normalized values. The DEFs were 2.55
and 1.57 in the H1299 and H226B cells, respectively.
D, HIF-1a expression was required for HUVEC
survival. siHIF-1a transfection disrupted the
radiation-enhanced viability of HUVECs cultured in
H1299 CM. The radiated CM-enhanced HUVEC
viability was inhibited by anti-VEGF blocking
antibody aVEGF. *, P < 0.05; **, P < 0.01.

Radiation Stabilizes HIF-1a through Hsp90

with the CM from the siScr-transfected and irradiated H1299 cells
(Fig. 2D). Addition of anti-VEGF monoclonal antibody, bevacizumab, completely abolished the enhancement of CM of HUVEC
viability (Fig. 2D), indicating that the radiation-induced HIF-1a
increased VEGF production and thereby conferred angiogenesisstimulating activity to the lung cancer cells. These results suggest
that the radiosensitivity of lung cancer cells varies at least in part
as a function of post–radiotherapy-induced HIF-1a expression,
which increases the survival and angiogenic potential of lung
cancer cells.
De novo protein synthesis through the PI3K/Akt/mTOR
pathway and increased stabilization by Hsp90 chaperone
function required for radiation-induced HIF-1a expression.
We investigated the mechanism that mediated the radiationinduced increase in HIF-1a expression in lung cancer cells. PI3K
and ERK1/2 have been shown to activate mTOR, which does a key
role in protein synthesis (26). Having linked radiation-induced
PI3K/Akt and ERK1/2 activation (Fig. 2A) with an increase in
HIF-1a expression, we determined the effects of the pharmacologic
inhibitors of PI3K (LY294002), mitogen-activated protein kinase
(PD98059), peptidyl transferase of 60S ribosome (cycloheximide),
and mTOR (rapamycin) on HIF-1a expression in irradiated H1299
cells. Treating irradiated H1299 cells with LY294002, cycloheximide,
and rapamycin effectively inhibited the radiation-induced HIF-1a
expression, whereas the HIF-1a protein level remained elevated
after the PD98059 treatment (Fig. 3A), suggesting that radiationinduced HIF-1a expression is, at least in part, through PI3K/Akt/
mTOR-mediated de novo protein synthesis. We then correlated the
radiation-induced mTOR activity with the radiosensitivity of lung
cancer cells by assessing radiation-mediated changes in the levels
of pS6 and p4EBP, surrogate indicators of mTOR activity, in the
radioresistant and radiosensitive cell lines (Fig. 3B). All the cells
showed clear increases in pS6 and p4EBP following irradiation,
with no detectable changes in unphosphorylated S6, indicating the
presence of mechanisms other than the translational regulation for

Figure 3. Induction of HIF-1a expression required protein translation machinery and modulation of the protein stability. A, pharmacologic inhibition of signaling for
HIF-1a synthesis. Five hours after their irradiation, H1299 cells were treated with the inhibitors LY294002 (LY ), PD98059 (PD ), cycloheximide (CY ), NAC, and
rapamycin (Rap ). After 2 h, HIF-1a expression was examined. B, activation of protein synthesis signaling by irradiation. pS6 and p4EBP showed radiation-induced
increases in all the cell lines examined. C, proteasomal degradation suppressed the induction of HIF-1a in the sensitive cell line. H460 and H226Br cells were
treated with a proteasome inhibitor MG132 right after irradiation. The shifted bands, thus ubiquitinated, had increased intensity in the irradiated cells.
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against diverse stimuli. The expression of pAkt, pGSK-3h, pERK1/2,
and HIF-1a was induced in H1299 cells 30 minutes to 3 hours
after administering a single 3 Gy dose of radiation (Fig. 2A, left).
Expression of ErbB2, Raf, MEK, Akt, ERK, survivin, and HIF-1h
remained unchanged. The other radioresistant H182 and H226B
cells also showed increased expression of HIF-1a, pAkt, and
pERK1/2 following irradiation (Fig. 2A, right, top). Irradiation
induced increases in pAkt and pERK1/2 expression with no
detectable change in HIF-1a expression in radiosensitive H460 and
H226Br cells (Fig. 2A, right, bottom). HIF-1a expression was induced
by radiation as low as 1 Gy dose. However, 10 Gy, a dose that
induced >90% of decrease in surviving fraction in the clonogenic
assay, did not affect HIF-1a expression (Fig. 2B, left, top). Reverse
transcription-PCR analysis revealed that the radiation-induced
HIF-1a expression was well correlated with increase in VEGF level
(Fig. 2B, left, bottom). To test whether radiation increases HIF-1a
expression in vivo, we analyzed irradiated H1299 xenograft tumors
established in nude mice and found that HIF-1a expression
markedly increased in the tumor tissues (Fig. 2B, right).
To determine whether radiation-induced HIF-1a expression
caused radioresistance in lung cancer cell lines, we assessed the
viability and angiogenic activities of the radioresistant H1299 and
H226B cell lines, in which HIF-1a expression had been silenced
by transfection of HIF-1a siRNA (Fig. 2C, left). Both H1299 and
H226B cells transfected with HIF-1a siRNA showed significantly
decreased survival after irradiation compared with cells transfected with control siScr (Fig. 2C); the DEFs at the survival rate
0.5 for the H1299 and H226B cells transfected by the HIF-1a
siRNA were 2.55 and 1.57, respectively, suggesting a supra-additive
effect of the combination. In contrast, HIF-1a siRNA transfection
did not affect the radiation-induced effects on H460 cells (DEF,
1.0; Supplementary Fig. S1A). Mirroring this result, HUVECs
incubated with the CM from H1299 cells that had been
transfected with HIF-1a siRNA and then irradiated also showed
significantly decreased viability compared with those incubated
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mediating the increased level of HIF-1a protein in the radioresistant lung cancer cells.
Because HIF-1a protein is degraded mainly through the
ubiquitin-proteasome pathway, we assessed whether a proteasome
inhibitor, MG132, affects the HIF-1a protein level in radiosensitive
H460 and H226Br cells. Treatment with MG132 (10 Amol/L)
resulted in the formation of polyubiquitinated, higher molecular
weight forms of HIF-1a that were further increased by irradiation
in normoxic H460 and H226Br cells (Fig. 3C). We reasoned that
the mechanisms involved in proteasome-mediated degradation
of HIF-1a protein might prevent HIF-1a protein levels from
increasing in radiosensitive cells. Radiation has been known to
modulate ROS (2), which is implicated in HIF-1a stabilization (27).
However, treatment with the ROS inhibitor NAC did not affect
the HIF-1a protein level in the irradiated H1299 cells (Fig. 3A),
indicating that radiation induces HIF-1a protein stabilization
through the ROS-independent mechanisms.
Differential modulation of Hsp90-HIF-A interaction regulates the activation of HIF-1A expression by radiation. We
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assessed whether Hsp90 regulates HIF-1a expression after irradiation. Because irradiation did not change the total level of Hsp90
protein in H1299 cells (data not shown), we examined the effects of
irradiation on the interaction between HIF-1a and Hsp90 by
coimmunoprecipitation assays. Surprisingly, all the three radioresistant lines showed an increased interaction between these two
proteins after irradiation, whereas the radiosensitive lines showed a
markedly decreased interaction (Fig. 4A, left). Furthermore, when
Hsp90 function was blocked with 17-AAG (28), HIF-1a protein
expression was significantly decreased in irradiated radioresistant
cells (Fig. 4A, right, top). Neither radiation nor 17-AAG affected
HIF-1a protein expression significantly in the radiosensitive cells
(Fig. 4A, right, bottom). We further confirmed that deguelin, a natural
Hsp90 inhibitor (18), suppressed radiation-induced HIF-1a expression. In our previous report, we found that deguelin may be more
potent than 17-AAG (18), at least in vitro. When irradiated H1299
cells were pretreated with deguelin for 12 h, induction of HIF-1a
protein (Fig. 4B, left) and VEGF mRNA (Fig. 4B, right) was suppressed, whereas aFGF and GAPDH mRNA remained unchanged.
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Figure 4. The modulation of interaction between
HIF-1a and Hsp90a after irradiation associated with
radioresistance and HIF-1induction. A, left, the interaction
between HIF-1a and Hsp90a was examined using
coimmunoprecipitation; cell lysates from the indicated
cells irradiated at 3 Gy and cell lysates from nonirradiated
cells (con ) were harvested at 3 h after irradiation. The
anti-HIF-1a antibody immunoprecipitates were subjected to
Western blotting (WB ) with anti-Hsp90. Hsp90/HIF-1a
interaction increased after irradiation in all radioresistant
cell lines, whereas it decreased in all radiosensitive cell
lines. PS, preimmune serum. Right, Hsp90 function is
essential for radiation-induced HIF-1a induction. Cells
were treated with 17-AAG with 3 Gy radiation or
nonirradiated, and the protein level of HIF-1a was
examined. 17-AAG down-regulated HIF-1a expression
after radiation in the radioresistant cells, whereas it did not
in the sensitive cells. B, left, pretreatment of deguelin
(Deg ) suppressed the expression of HIF-1a but not the
activated pAkt and MEK1/2; right, deguelin suppressed
radiation-induced expression of VEGF. Reverse
transcription-PCR analysis of VEGF mRNA was performed
using total RNA prepared from irradiated H1299 cells
treated with or without deguelin; VEGF mRNA was
decreased, whereas aFGF and GAPDH mRNA did not
vary. C, the Hsp90a/HIF-1a interaction was abolished
by deguelin treatment (100 nmol/L) in irradiated
H1299 cells within 2 h. D, 3- and 6-h treatments with
deguelin blocked HIF-1a expression.

Radiation Stabilizes HIF-1a through Hsp90

www.aacrjournals.org

Discussion
The studies reported herein show, for the first time, that
radiation increases HIF-1a protein levels in a subset of radioresistant lung cancer cells through collaborative actions of two

1629

Cancer Res 2009; 69: (4). February 15, 2009

Downloaded from http://aacrjournals.org/cancerres/article-pdf/69/4/1624/2621469/1624.pdf by guest on 25 June 2022

Figure 5. Deguelin sensitized radioresistant cancer cells and suppressed
their angiogenic potential in vitro and in vivo. A, clonogenic cell survival
assay of H1299 and H226B cells after deguelin pretreatment and irradiation.
Because deguelin itself changed the plating efficiency, the survival fraction
is shown after normalization to the plating efficiency with deguelin treatment
alone. Deguelin significantly sensitized H1299 (DEF, 2.27) and H226B
(DEF, 1.48) against irradiation. Points, mean of three independent
experiments; bars, SE. B, angiogenic activity of the CM from H1299 and
H226B cells, which had been left untreated or treated with deguelin.
The CM from the cells pretreated with deguelin significantly decreased
angiogenic activity. Columns, mean of six replicate experiments;
bars, SE. C, H1299 and H226B (5  106) xenograft tumor cells were
sensitized by combined deguelin and radiation treatment. Tumors in the
combined treatment group were significantly smaller than those in deguelin
(Deg ) or radiation (Rad ) alone group. D, microvessel density in the xenograft
tumors that were harvested from the mice in C . The CD31-positive cells in a
microscopic field (2,500 Am2) were counted, and their density relative to the
control is shown. Left, only the combined treatment showed a significant
decrease from the control in H1299 xenograft, whereas single treatment
mildly decreased. Single treatments showed a decrease compared with
control in H226B xenograft tumors. Right, the combined treatment significantly
decreased the values compared with each single treatment. *, P < 0.05;
**, P < 0.01; ***, P < 0.001.

We then tested whether deguelin could abolish radiationinduced interaction between HIF-1a and Hsp90. Indeed, deguelin
effectively disrupted the radiation-induced interaction between
Hsp90a and HIF-1a (Fig. 4C) and suppressed HIF-1a protein
expression (Fig. 4D) in H1299 cells. Together, these data suggest
that Hsp90 function was essential to the radiation-mediated
increase in HIF-1a protein levels in radioresistant cells.
In vitro and in vivo suppression of radioresistance of lung
cancer cells by blockade of Hsp90 function with deguelin. We
next sought to determine whether a decrease in HIF-1a expression
via suppression of Hsp90 function reduces the survival and
angiogenic potential of the radioresistant cells. The clonogenic
assay revealed that pretreatment with deguelin (100 nmol/L)
rendered H1299 and H226B cells significantly more sensitive to
radiation than untreated cells (Fig. 5A). DEFs for H1299 and H226B
were 2.17 and 1.48, respectively, showing the supra-additive effect
of deguelin and radiation treatments. Moreover, HUVECs showed
significantly lower viability when incubated with the CM from
deguelin-treated H1299 or H226B cells compared with those
incubated with the CM from untreated cells (Fig. 5B). When we
performed the same assays with a sensitive cell line, H226Br,
deguelin treatment showed no enhanced effects (Supplementary
Fig. S1B and C). Cells from another radioresistant irradiated line
(H182) showed that deguelin had a supra-additive effect (DEF, 1.82;
Supplementary Fig. S1D).
To determine whether inhibition of Hsp90 function effectively
induces radiosensitivity in NSCLC in vivo, we treated athymic nude
mice bearing H1299 or H226B xenografts with radiation, deguelin,
or both. The treatments of deguelin or radiation alone mildly
decreased the tumor growth. The combined treatment with
radiation and deguelin suppressed the tumor growth significantly
greater than that conferred by the single treatments (Fig. 5C).
Furthermore, compared with untreated control and/or single-agent
treatments, the combination modality showed significantly decreased microvessel density in the tumor, as detected by the CD31
staining in the H1299 xenograft tumors (Fig. 5D). We examined the
effect of deguelin on radiation-induced HIF-1a and Akt in tumor
environment. We found that 3-day treatment with deguelin and
radiation (1.25 Gy, twice) leads to the decreases in the expressions
of HIF-1a, p70S6K, and Akt (Fig. 6A) with no noticeable change
in Hsp72/Hsc70, which was reported to be increased by blocking
of Hsp90 function (29), as well as Hsp90a. We also performed
immunohistochemical assay to examine the effects of the
combined treatment on cell cycle and apoptosis (Fig. 6B). Cyclin
D1 and Ki-67, two cell cycle markers decreased by single treatment of deguelin or radiation, showed a further decrease by
the combined treatments. In addition, apoptotic cells were more
frequently observed after the combined treatment compared with
single-agent treatments, as determined by the immunohistochemical analysis on active caspase-3. Quantification of the
staining suggested an additive rather than synergistic effect of
the combined treatment compared with the single treatments
(Supplementary Fig. S2). Overall, these findings indicate that
deguelin treatment improves tumor response to radiation by
regulating molecules involved in cell cycle and apoptosis.
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mechanisms: activation of PI3K/Akt/mTOR, which leads to
stimulation of de novo synthesis of HIF-1a, and stimulation of
Hsp90 function, which leads to stabilization of HIF-1a protein.
Therefore, agents that block PI3K/Akt/mTOR and Hsp90 function
are likely candidates to decrease radioresistance by suppressing
HIF-1a and VEGF expression and thus inhibiting survival and
angiogenic potential of lung cancer cells.
Extensive efforts have been made to understand how radiation induces radioresistance. Previous work has suggested that
protection of tumor vasculature is a critical determinant of overall
response to radiotherapy (2–5). Therefore, targeting the signaling
pathways that are involved in the secretion of radioprotective
factors such as VEGF may prove a promising strategy to induce
tumor radiosensitization. Alternative strategies may include
targeting the molecules, such as HIF-1, which initiate the
radioprotective response (2). Previous studies have shown that
HIF-1 renders pancreatic cancer cells resistant to apoptosis
induced by hypoxia and nutrient deprivation (21). Conversely,
HIF-1 has shown to exert apoptotic activities by up-regulating the
expression of a proapoptotic protein (30) and by stabilizing p53
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(31). Moeller and colleagues (22) also showed that HIF-1 may have
a radiosensitizing effect on tumors by promoting p53 activation,
suggesting that targeting HIF-1 could be beneficial for the survival
of certain cancer cells after irradiation (22) and that the overall
effect of p53 in cancer cell response to radiation seems to be
dependent on the cellular context.
Focusing on the mechanisms for radioresistance in lung cancer
cells, we observed that treatment with clinically relevant doses of
radiation (1 or 3 Gy) induced markedly HIF-1a expression in a
subset of normoxic lung cancer cell lines in vitro, which increased
the viability and angiogenic potential of the cells. We further
showed significantly improved suppression of the viability and
angiogenic activities of lung cancer cells in which HIF-1a
expression had been silenced by siRNA transfection. A single high
dose of radiation (10 Gy) did not induce HIF-1a expression but
rather provoked extensive cancer cell death; however, concomitant
lethal damage in normal bronchial epithelial cells would argue
against the use of high-dose radiation for lung cancer therapy.
Therefore, it is likely that radiation-induced increase in HIF-1a
expression could contribute to induce radioresistance.
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Figure 6. In vivo effect of deguelin in radiated
H1299 xenograft tumors. A, expression of HIF-1a
expression (top ), known HIF-1 target genes, and
Hsp72/Hsc70 (bottom ) in radiated xenograft tumors
by deguelin. Columns, mean average of relative
density against tubulin; bars, SE. *, P < 0.05;
**, P < 0.01. B, changes in cyclin D1 (CycD1 ) and
Ki-67 and the apoptosis marker, active caspase-3
(Act-Csp3). Consistently less staining of cell cycle
markers and more apoptosis were detected in cells
receiving the combined treatment than in those
receiving the single treatments.
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