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Abstract

OBJECTIVE—To determine the role of hypoxia-inducible factor-2a (HIF2a) on the sensitivity
of renal cell carcinoma (RCC) cell lines to ionizing radiation and to determine if the mTOR
antagonist, rapamycin, could decrease HIF2a protein levels.

MATERIALS AND METHODS—Cell lines expressing stable short-hairpin RNAs (ShRNAS)
encoding HIF2a shRNAs or an empty vector were transfected with a hypoxia responsive element
(HRE)-driven firefly luciferase reporter gene. Two separate paired cell lines were assayed for their
response to increasing doses of ionizing radiation. Proliferation and cell cycle kinetics were
compared for cell lines expressing HIF2a shRNAs and empty vectors. The effect of an mTOR
antagonist, rapamycin on HIF1a and HIF2a proteins levels was also assessed.

RESULTS—We confirmed that the 786-O RCC lines with stably integrated shRNAs against
HIF2a had decreased activation of a plasmid with a HRE-driven firefly luciferase reporter gene.
Lines from two separate cell clones with decreased HIF2a levels showed a significant increase in
radiation sensitivity and an increase in G2 cell cycle arrest. Rapamycin, while effective in
decreasing HIF1a protein levels, did not affect HIF2a levels in either of the RCC cell lines.

CONCLUSIONS—These results show that decreasing levels of HIF2a leads to an increased
sensitivity to ionizing radiation. This finding may explain in part, the known resistance of RCC to
radiation therapy. Although mTOR antagonists are approved for the treatment of RCC, these
agents do not decrease HIF2a levels and therefore might not be effective in enhancing the radio-
sensitivity of these tumours.
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INTRODUCTION

A substantial percentage of RCCs are associated with the loss of the von Hippel-Lindau
tumour-suppressor gene (VHL) [1]. One of the functions of VHL is to target the a subunits
of the hypoxia-inducible factors (HIF1a and HIF2a) for degradation by the proteasome after
hydroxylation of specific proline residues in the presence of oxygen [2]. Thus, a
characteristic of RCCs with loss of VHL is high levels of the o subunit of either HIF1 or
HIF2 due to their prolonged intracellular half-life [2].

The HIF1a and HIF2a subunits heterodimerize with the ubiquitously expressed HIF1[ and
HIF2p subunits to form the HIF1 and HIF2 transcription factors [1,2]. Expression of HIF1la
has been associated with several features of tumorigenesis including increased
neovasculature and altered metabolism [3]. For this reason, high levels of HIF1a and HIF2a
in tumour cells have been considered oncogenic [3-5]. Because the levels of the a subunits
are relatively low in normal, normoxic cells, it is their levels, rather than the stable levels of
HIF1p and HIF2 that affect the capacity of HIF1 and HIF2 to act as transcription factors

[6].

Resistance to radiation therapy is well known to be enhanced by hypoxia [7]. It has been
hypothesized that radiation resistance might be related to HIFa expression as these protein
levels are dramatically increased under hypoxic conditions. Multiple lines of evidence have
shown that expression of HIF1a is associated with radiation resistance [8,9]. Although the
precise mechanisms for how HIF1a mediates radiation resistance are not known, it has been
shown that resistance may result from an effect on either tumour cells [10] or the tumour
vasculature [11] and may be dependent on cell cycle Kinetics [12].

Despite the fact that HIF2a, is the predominant HIFa subunit expressed in VHL-deficient
RCC and is preferentially expressed in tumour cells compared with normal parts of the
kidney [1,6], there have been few studies of the role of this protein on radiation resistance.
We assessed the role of HIF2a in mediating radiation sensitivity using clonogenic cell lines
in which HIF2a levels were reduced by stably integrated short-hairpin RNAs (shRNAS) to
determine if this protein is a potential therapeutic target. It has already been shown that
inhibition of mMTOR signalling leads to decreased levels of HIF1a [13,14] and an mTOR
antagonist, temsirolimus, has recently been approved for the treatment of RCC. Therefore, if
decreased levels of HIF2a are associated with enhanced radiation sensitivity, and if mTOR
antagonists decrease HIF2a levels, a potential therapeutic strategy for treating RCC would
be apparent.

MATERIALS AND METHODS

The parental RCC 786-0 cell line is VHL~/- on the basis of an inactivating mutation in one
VHL allele and a deletion in the second allele. It expresses high levels of the HIF2a but not
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HIF1la [5]. The lines established from 786-O with high and low HIF2a expression have
been described previously [5]. The pTR1 and pSR1 lines contain a vector encoding ShRNA
for HIF2a and the pTV1 and pSV1 cell lines contain a vector encoding the same plasmids
but devoid of the sShRNA segment [5]. RCC4 is a RCC line that expresses both HIF1a and
HIF2a (kind gift of Celeste Simon). All cell lines were maintained in RPMI 1640 media
with 10% fetal bovine serum and cultured under normoxic conditions with 5% CO, The
pTR1/pTV1 and pSR1/pSV1 cell lines were also maintained in 10 pg/mL blasticidin.

Plasmids containing a hypoxia-responsive element (HRE) upstream of firefly luceriferase
were co-transfected with plasmids containing a SV40 promoter upstream of Renilla in the
paired pTR1/pTV1 and pSR1/pSV1 cell lines. Cells at 30% confluence were transfected by
lipofection under conditions described by the manufacturer (Fugene 6, Roche Diagnostics,
Mannheim, Germany). After 48 h cells were lysed and luceriferase activity determined and
normalized for Renilla levels.

For irradiation of pTR1/pTV1 and pSR1/pSV1 cell lines, cells at 60% confluence were
irradiated via a Gammacell-40 ionizing radiation chamber (Atomic Energy of Canada),
which contains a 137Cs source and delivers a dose rate of 114 Rad/min. Plates were then re-
incubated at 37 °C (5% CO») for 5 h to allow for potentially lethal damage repair,
trypsinized, and serially diluted into 24-well tissue culture plates. Surviving cells were
counted on Day 5 using a haemocytometer to monitor trypan blue excluding cells or
subjected to a tetrazolium salt (MTS)-based colorimetric assay (CellTiter, Promega,
Madison, WI, USA).

For flow cytometry analysis, Subconfluent pSV1 and pTV1 cells were treated with or with
no radiation 48 h before harvesting. Cells were stained using 10 ug/mL propidium iodine
(Sigma, St. Louis, MO, USA) in the presence of 250 ug/mL RNAase A in PBS. Samples
were analysed on FACScan (BD Bioscience, Mountain View, CA, USA) and the cell cycle
data was analysed using ModFit 3.0 (Verity, Topsham, CA, USA).

For Western blot analysis, cellular lysates were obtained using RIPA buffer and protein
content analysed by Bradford assay (Bio-Rad Laboratories, Richmond, CA, USA). Proteins
were separated by SDS-PAGE with a standard reducing protocol before being electroblotted
to a nitrocellulose membrane. The blots were blocked using standard methods.
Immunoblotting was performed with designated antibodies (HIF1a, BD Transduction
Laboratories, San Jose, CA, USA; Phospho-S6-kinase (Ser235/236), Cell Signalling,
Beverly, MA, USA; beta-tubulin, Santa Cruz Biotechnologies, Santa Cruz, CA, USA;
HIF2a, Novus, Littleton, CO, USA); and visualized with an enhanced chemiluminescence
detection system (Pierce, Rockford, IL, USA).

For quantification of the immunoblots, autoradiographs were scanned as TIFF files and
analysed for densitometric quantification using the Biogen 4.5 program (Bio-Rad Software,
Quantity One 4.5.0). In each of three separate experiments the density of HIFa bands was
compared with glyceraldehyde-3-phosphate dehydrogenase bands for normalization.
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ANOVA and subsequent Bonferroni tests were used to determine if there was a statistically
significant difference in mean cell counts and MTS values for the effect of radiation on RCC
cell lines.

EFFECT OF SHRNA TREATMENT ON ACTIVATION OF AN HRE-LUCIFERASE REPORTER

PLASMID

The 786-0 cells used in these experiments were stably transfected with sShRNAs that
decreased protein levels of HIF2a, (pTV1 and pSV1) or empty vectors that did not contain
these shRNAs (pTR1 and pSR1). Previously it has been reported that the clonally derived
cell lines expressing ShRNASs against HIF2a have consistently shown dramatic reductions in
HIF2a protein levels [5]. Although these cells were maintained under selection conditions,
we wanted to assure their phenotypic status before assessing their sensitivity to ionizing
radiation. Figure 1 shows the results of six separate transfections. The pTR1 cell line
containing the shRNA for HIF2a has only 17% of the capacity to transactivate the HRE-
containing plasmid compared with the pTV1 cell line with the empty vector. The results
were similar for the other pair of clonally derived lines, in that the pSR1 (shRNA against
HIF2a) cell line was only 15% as effective in transactivating the HRE-containing plasmid
compared with the pSV1 (empty vector) cell line. Also, as previously reported [5], both cell
lines with the shRNAs directed against HIF2a had a >80% reduction in HIF2q protein
levels on Western immunoblots compared with their paired cell lines with empty vectors
(data not shown).

HIF2a INHIBITION INCREASES CELL DEATH AND DECREASES CELL PROLIFERATION
UPON RADIATION TREATMENT

The 786-0 cells expressing an empty vector (pTV1) or an sShRNA encoding HIF2a (pTR1)
were treated with increasing single dose radiation exposures. At 7 days after radiation
treatment of 2, 5, 10, 20 and 60 Gy, cell proliferation was assessed by an MTS assay (Fig.
2). The pTV1 cells (with high levels of HIF2a) are markedly resistant to radiation, even at a
dose of 60 Gy. By contrast, as the radiation dose increased, the pTR1 cells with markedly
lower HIF2a levels exhibited a significant decrease in MTS uptake consistent with a marked
decrease in cell proliferation at all radiation doses of >2 Gy.

To extend these findings, we assessed the effects of radiation treatment on a second set of
clonally derived 786-O cell lines using trypan blue exclusion to assay cell death. At
radiation doses of =2 Gy, there is a statistically significant difference in survival between the
two lines with the pSR1 cell line showing a marked degree of radiation sensitivity (Fig. 3).
These data also exhibit a dose—response effect. The pSR1/pSV1 cell lines also showed
similar results to the MTS assay as the paired pTV1/pTRL1 lines discussed above (data not
shown).

HIF2a INHIBITION INCREASES RADIATION-INDUCED G2 ARREST

Experiments in Figs 2 and 3 show that doses as low as 2 Gy are associated with a significant
enhancement in radiation sensitivity for cell lines in which HIF2a levels are decreased.
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Radiation therapy is known to induce G2 arrest [12]. Thus, the effects of 2 Gy and 5 Gy of
radiation treatment on cell cycle progression were therefore analysed in the pTR1 and pTV1
cells 48 h after treatment. The pTV1 cell line (expressing an empty vector) showed an
increase of 6% of cells in G2 for the 2 Gy treatment and 42% over baseline for the 5 Gy
treatment. By contrast, treatment with 2 Gy of radiation to the pTR1 cell line (expressing the
HIF2a shRNA) increased the percentage of cells in G2 by 31% and treatment with 5 Gy to
this cell line increased this population by 70% above baseline (Table 1). Figure 4 shows the
differences in the cell cycle profiles for the pTR1 cell line and the pTV1 cell line 48 h after 5
Gy of radiation exposure. This figure shows that the proportion of cells from the pTR1 cell
line in G2 is dramatically higher than cells from the pTV1 cell line. In contrast, there is an
increased number of cells in GO/G1 from the pTV1 cell line compared with the pTR1 cell
line. There was an insignificant number of apoptotic cells at 48 h even after 5 Gy exposure.
Similar studies using pSV1/pSR1 yielded comparable results (data not shown).

HIF2a AND HIF1a PROTEIN LEVELS IN RESPONSE TO RAPAMYCIN

It has been previously shown that several mTOR antagonists such as rapamycin and
rapamycin analogs can decrease the expression of HIF1a [13,14]. Treatment of the pTV1
cell line (786-O cell lines transfected with the empty vector) with rapamycin did not affect
the protein levels of HIF2a (Fig. 5C). To determine if the lack of effect of rapamycin on
decreasing HIF2a levels was specific to 786-O cells, we investigated the effect of this
compound on HIF1la and HIF2a levels in RCC4 cells, an RCC cell line that expresses both
HIFa factors. In this case rapamycin reduced expression of HIF1a protein but not of HIF2a
(Fig. 5A,B). To confirm the activity of rapamycin in these cells, we assessed its effects on
the expression of phosphorylated p70S6 kinase, as treatment with mTOR antagonists
inhibits the phosphorylation of this protein as one of its downstream targets [13] (Fig. 5A-
D). To further support that rapamycin did not affect the expression of HIF2a, we measured
the expression of Glutl, a downstream target of HIF2a [15]. Increasing doses of rapamycin,
while able to decrease the expression of p70S6 kinase, did not affect levels of HIF2a or
Glutl (Fig. 5D). The results of three separate Western experiments were quantified using
laser densitometry (Fig. 6).

DISCUSSION

HIF2a is often the only HIFa subunit expressed in RCC [1]. Therefore it is important to
determine if its expression affects radiation resistance and is therefore a target for therapy.
There are two novel features of the present study. This is the first report that HIF2a
mediates radiation resistance. We also show that inhibition of the mTOR pathway does not
decrease HIF2a levels, despite findings that the same treatment will reduce HIF1a levels.
These data have potential implications for treating RCC with radiation therapy.

The effect of HIF2a on radiation resistance was shown by using paired clonally derived cell
lines containing a stably integrated plasmid with a ShRNA targeted to HIF2a, or the same
cell line with a stably integrated empty vector [5]. Two separate clonally derived cell lines
with presumably different sites of integration of the ShRNA HIF2a plasmids demonstrated
the same results. Cell lines with shRNAs against HIF2a showed dramatic increases in
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radiation sensitivity compared with paired cell lines containing empty vectors. These data
suggest that HIF2a levels, as has been shown for HIF1a levels [10], are associated with
resistance to ionizing radiation. We also show, for the first time, that decreasing HIF2a
levels dramatically increases the percentage of cells arrested in the G2 phase of the cell
cycle after radiation. These findings lend greater credibility to the present results, as it is
known that ionizing radiation is known to arrest cell growth in the G2 phase of the cell cycle
[12].

Prior to these studies, the effects of HIF2a on radiation resistance were ambiguous and
somewhat conflicting. A clinical study of radiation treatment for head and neck cancer
reported that levels of both HIF1a and HIF2a correlated with radiation resistance [9].
However, in experiments by Palayoor et al. [16], transfection of VHL into RCC cells
lacking this gene did not alter radiation sensitivity, despite leading to an increase in protein
levels for both HIF1a and HIF2a. One possible reason for the difference in the present
results and that obtained by Palayoor et al. may be due to the pleiomorphic effects of VHL
on gene expression. Restoration of VHL function in VHL-deficient lines decreases the half-
life of HIFa proteins, but also alters the levels of many other proteins [17]. It may be that
changes in the levels of one or more of these proteins counteract the effects of decreased
HIF1la and HIF2a.

Based on the extensive homology between the proteins and previous data regarding HIF1a
and radiation sensitivity, it may not be surprising that HIF2a can also mediate radiation
resistance. The proteins are likely to have overlapping functions and gene targets as
transcription factors. For example, replacing HIF1a with HIF2a, in teratocarcinoma cells has
a comparable effect on tumour progression [18]. The similarity between the function of
these genes led us to postulate that mTOR antagonists might inhibit HIF2a as has shown to
be possible for HIF1a [13,14]. Part of the motivation behind these experiments is that the
mTOR antagonist, temsirolimus, is now approved for the treatment of patients with RCC.

In these experiments, we show that inhibition of the mTOR pathway has no effect on
decreasing HIF2a protein levels in 786-0 cells, an RCC line that exclusively expresses
HIF2a. We confirmed this result using a second line, RCC4 a unique RCC line that
expresses HIF1a and HIF2a. Using this cell line, we showed that only HIF1a protein levels
are reduced by rapamycin treatment but HIF2a levels are unchanged. As further validation
of the present findings, we determined that mTOR inhibition did not decrease expression of
Glutl, a target of both HIF1a and HIF2a [13,19]. Although not previously well appreciated,
Blancher et al. [20] reported in breast cancer cells that the phosphatidylinositol-3-kinase
antagonist, LY294002, inhibited HIF1a expression, but not HIF2a expression. Although it
is expected that a P13 kinase antagonist would inhibit proteins in the mTOR pathway, the
present results extend these findings and include renal cell lines.

The present results may have important ramifications. While mTOR antagonists have been
shown to regulate HIF1a at the transcriptional level [13,14], this is not the case for HIF2a.
These results suggest there is likely to be differences in the 5’ regulatory regions and
transcription factors that affect expression of HIF1a and HIF2a. This may not be surprising
based on the differential expression of these proteins in different tissues. For example,
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HIF1a is often expressed in breast cancer and other solid tumours [18] whereas HIF2a is
expressed in RCC [1]. The clinical implication of the present finding is that mTOR
inhibitors may not improve radiation sensitivity for tumours that express HIF2a such as
RCC and it may be important to identify therapies that inhibit or decrease levels of HIF2a in
the future.
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FIG. 1.
HRE-directed reporter expression in pTR1/pTV1 and pSR1/pSV1 cell lines. Expression of

firefly luceriferase and Renilla was measured following transient transfection of pTR1
(PTR)/pTV1 (PTV) and pSR1 (PSR)/pTV1 (PSV) cell lines with HRE and SV40-containing
reporter plasmids. The median ratios of luceriferase to Renilla levels are shown for six
separate transfections. Error bars represent the SD in these experiments.
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FIG. 2.
Radiation sensitivity of human 786-O cell line with and with no HIF2a shRNA. 786-O RCC

cell lines with stably transfected vector containing HIF2a RNAI (pTR1, —l-) or an empty
vector (pTV1, —-O-) were irradiated and cell proliferation was assayed using a tetrazolium
MTS-based colourimetric assay. The experiment was performed in triplicate and the mean
of each result is displayed, with error bars representing the SD. The results with 5, 10, 20
and 60 Gy are significantly different comparing the two lines (P < 0.001).
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FIG. 3.
Radiation sensitivity of human 786-O cell line with and with no HIF2a shRNA. 786-O RCC

cell lines with stably transfected vector containing HIF2a RNAI (pSR1, —A-) or an empty
vector (pSV1, —-O-) were irradiated and cells were counted based on their ability to exclude
trypan blue. The experiment was performed in triplicate and the mean of each result is
displayed, with error bars representing the SD. The results with 5, 10 and 20 Gy are
significantly different comparing the two cell lines (P < 0.001).
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FIG. 4.
The effect of 5 Gy of radiation on cell cycle kinetics. Subconfluent pTV1 cells (solid line)

and pTR1 cells (dashed line) were treated with 5 Gy 48 h before harvesting cells for cell
cycle analysis. The peak from 200 nm to 280 nm represents cells in the GO/G1 phase of the
cell cycle and the peak from 400 nm to 560 nm represents the G2 phase of the cell cycle.
The ordinate is labelled for flow-sorted cells.
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FIG.5.
Effect of rapamycin on HIF protein levels. Western analysis of cell lysates from RCC4 cells

or pTV cells treated with rapamycin for 7 h is shown. HIF1a levels decrease at high
concentrations of rapamycin as does phospho-P70S6 in RCC4 cells (A). By contrast, despite
lowering of phospho-P70S6, rapamycin does not decrease HIF2a levels in RCC4 cells (B)
or PTV (pTV1) cells (C). Similar to HIF2a, Glutl does not decrease with rapamycin
treatment in PTV cells (D). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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FIG. 6.

Western analysis quantification. Western autoradiographs were scanned and quantified
using Microsoft Excel. HIF1a (solid bar) decreases with therapy but HIF2a, either in the
RCC4 or the PTV (pTV1) lines, did not decrease (checked and light stripes, respectively).
Means of three separate experiments are shown. Error bars represent SD.
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TABLE 1

Effect of radiation on cell cycle kinetics

0Gy 2Gy 5Gy
% (SD*):
pTV1
Gl 43.9(0.9) 46.9(26) 26.6(0.2)
S 331(L2) 233(29) 94(0.1)
G2 232(04) 294(05) 64.0(0.2)
pTR1
Gl 338(02) 23.0(14) 29(0.5)
S 421(16) 206(0.1) 2.3(0.6)
G2 250(1.8) 56.3(14) 94.8(0.2)

Subconfluent pTV1 and pTR1 cells were treated with 0, 2 or 5 Gy 48 h before harvesting cells for cell cycle analysis;

*
obtained from three separate experiments.
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