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Abstract

The phosphatidylinositol 3-kinase/Akt (PI3K) pathway regulates hypoxia-inducible factor (HIF)
activity. Higher expression of HIF-1a and carbonic anhydrase IX (CAIX), a hypoxia-inducible gene,
in HT10806TG fibrosarcoma cells (mutant N-ras allele), compared to derivative MCH603 cells
(deleted mutant N-ras allele), correlated with increased PI13K activity. Constitutive activation of the
PI3K pathway in MCH603/P13K2 cells increased HIF-1a but, surprisingly, decreased CAIX levels.
The cell-type specific inhibitory effect on CAIX was confirmed at the transcriptional level whereas
epigenetic modifications of CA9 were ruled out. In summary, our data do not substantiate the
generalization that PI3K upregulation leads to increased HIF activity.
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Introduction

The hypoxia-inducible factor (HIF) is a key transcriptional regulator in response to lowered
oxygen concentration (hypoxia). HIF is a heterodimer consisting of a constitutive B(HIF-1p)
and one of the regulated a(HIF-1a, HIF-2a, and HIF-3a) subunits (reviewed in [1]). HIF is
regulated by two types of oxygen sensor control. The first control regulates stability of HIF-
a via hydroxylation at the prolines 462 and 564 (in HIF-1a) within the oxygen-dependent
degradation domain (ODD) [2]. Under normoxic conditions, hydroxylation of the prolines by
afamily of prolyl-4-hydroxylases that require O, Fe(Il), and 2-oxoglutarate for activity, allows
specific recognition of HIF-o by the von Hippel Lindau protein (VHL) [3,4]. VHL and other
protein components, that form the E3 ubiquitin-ligase complex, then mediate ubiquitinylation
that leads to degradation of the HIF-o protein by the 26S proteasome. In addition to the ODD,
HIF-1a also contains two transcriptional activation domains (AD), the N-terminal NAD and
the C-terminal CAD. The second oxygen sensor control regulates transcriptional activity of
the CAD via the oxygen-dependent asparaginyl hydroxylase factor inhibiting HIF-1 (FIH-1),
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which hydroxylates asparagine N803 (in HIF-1e) within the CAD, thus preventing interaction
with the transcriptional coactivators p300/CBP [5].

Under hypoxia, prolyl and asparaginyl hydroxylases are inhibited and the stabilized HIF-a
subunit translocates to the nucleus, heterodimerizes with HIF1-B, and recruits cofactors [6-8].
The HIF complex then binds to hypoxia-responsive elements (HRE) on target genes and
activates their transcriptions. Besides proline hydroxylation, other regulatory pathways,
including the phosphatidylinositol 3-kinase (P13K)/Akt pathway, have been implicated in the
control of HIF-a protein expression [9,10]. The PI3K/Akt pathway is commonly activated in
human cancers via the loss of the tumor suppressor phosphatase and tensin homologue deleted
on chromosome 10 (PTEN) or deregulation of growth factor signaling [11]. A number of
studies have suggested that activation of the PI3K pathway exerts increased HIF-1o. translation
through mammalian target of rapamycin (MTOR) [7,12-14]. There are other reports, however,
showing that Akt can increase HIF-1a, translation through an mTOR-independent pathway
[9,15]. Although most reports have shown a direct correlation between increased PI3K/Akt
signaling and HIF-1a activity, there are other studies which indicate that this pathway is not
required for hypoxic stabilization of HIF-1a and its effect is more likely to be cell-type specific
[16,17]. This controversy has led us to investigate the effects of the PI3K/Akt pathway on HIF
function in a model of human fibrosarcoma cell lines with various levels of PI3K/AKkt activity
[18,19], and other cancer cell lines. To achieve this, we examined the levels of HIF-1a and
HIF-2a protein expression, and the levels of expression of their target genes, namely carbonic
anhydrase 1X (CAIX) and vascular endothelial growth factor (VEGF), in these cell lines under
various experimental conditions.

Materials and Methods

Cell lines and culture

HT10806TG and MCH®603 cells are variants of HT1080 human fibrosarcoma cells which
contain mutant and wild-type N-ras alleles, respectively [20]. MCH603/PI13K2a¢t are MCH603
cells stably transfected with the PI3K3t pCMV (hyg)P110CAAX5 myc plasmid which gave
rise to cells with constitutively active PI3-kinase [19]. Breast adenocarcinoma MCF-7 and
osteosarcoma Saos-2 cell lines were also used. Cells were grown in Dulbecco’s modified
Eagle’s medium (BioWhittaker) supplemented with 10% fetal calf serum (Life Technologies),
1 x 102 U/ml penicillin (Sigma), and 1 x 102 ug/ml streptomycin (ICN). The effects of cell
density and hypoxia on CAIX, VEGF, and HIF-o expression were tested with cells that had
been 3-times subcultured at 10,000/cm? [21]. For sparse and dense conditions, the cells were
plated at 20,000 and 200,000 cells/cm?, respectively. Once the cells attached, the plates were
either exposed to normoxia or a 0.1% O, environment in a ProOx in vitro chamber
(BioSpherix), controlled by ProOx model 110 (BioSpherix), for 48 h.

Western blot analysis

VEGF assay

Western blot analysis of HIF-1a, HIF-2a, CALX, and -actin expression was performed as
described previously [21]. Akt, pAkt, FoxO1 and pFoxO1 antibodies were from Cell Signaling
Technology.

VEGF levels in cell culture media were assayed with a VEGF sandwich enzyme-linked
immunosorbent assay kit (Chemicon), according to the manufacturer’s protocol and expressed
as pg protein/mg of total protein.
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Reverse transcriptase PCR (RT-PCR)

MCH603 and MCH603/P13K2a¢t cells were seeded as described above, followed by exposure
to normoxia or 0.5% O, for 48 h, when total RNA was isolated with an RNeasy mini kit
(QIAGEN). cDNA was synthesized with Oligo dT primer and the ImProm-11 Reverse
Transcription System (Promega). cDNA fragments were amplified with the following primer
pairs: CA9 (GenBank accession no. NM_001216), CTGTCACTGCTGCTTCTGAT (residues
121 to 140), sense, and TCCTCTCCAGGTAGATCCTC (residues 321 to 301), antisense; for
VEGF (GenBank accession no. M32977), GCCTTGCTGCTCTACCTC (residues 93 to 110),
sense, and GGCACACAGGATGGCTTG (residues 292 to 275), antisense; and for 3-actin
(GenBank accession no. NM_001101), ACAACGGCTCCGGCATGTGCAA (residues 105 to
126), sense, and CGGTTGGCCTTGGGGTTCAG (residues 420to 402), antisense. PCRs were
performed with a GeneAmp PCR system 9700 (PE Applied Biosystems) for 30 cycles (with
the exception of S-actin [25 cycles]) at 95°C for 40 s, annealing at 56°C for 40 s and extension
at 72°C for 1 min with a final extension of 7 min at 72°C. Products were analyzed on a 1.5%
agarose gel.

Transient transfection assay

Cells were cotransfected with the [-173;+31] (respective to the transcription start site) CA9
promoter fragment in firefly luciferase expressing pGL2-basic (Promega) and the pRL-CMV
expressing Renilla luciferase (internal control for transfection efficiency) as described
previously [22]. After exposure to the transfection mixture for 16 h, the cells were trypsinized,
plated at required concentrations, and allowed to adhere for 5 h. The cells were then exposed
to normoxia or 0.1% O, for 48 h prior to harvesting. Reporter assays were performed as
described previously [21] and measured in the Sirius luminometer (Berthold Detection
Systems). Promoter activities were expressed as the average ratios of firefly to Renilla
luciferase activities (xSD) from at least three independent experiments.

Infection with Adenovirus-PI3K

Cells were infected with PI3K3t in Adeno-X virus [23] at various multiplicities of infection
and incubated for 48 h under indicated experimental conditions. Control cells were exposed to
empty Adeno-X virus (Clontech).

Results and Discussion

The role of the PI3K/Akt pathway on the regulation of HIF activity is controversial. Due to
this fact, we set out to investigate the effects of PI3K/AKkt activation in several cancer cell lines.
We examined the effect of modulating the activity of the PI3K pathway on HIF function by
observing levels of HIF-1a and HIF-2a, and expression levels of their target genes, namely
CAIX and VEGF. Correlation between HIF-1a and CAIX expression under conditions of
hypoxia and high cell density has been well established [21,22,24]. In the present study, we
used the HT10806TG fibrosarcoma cells, which harbor the mutant form of N-ras, and their
derivative MCH®603 cells which carry the wild-type N-ras, and MCH603/PI13K23t cells with a
constitutively activated PI3K/Akt pathway [18,19].

At first, we assessed activation of the PI3K pathway in these cell lines by testing the steady-
state levels of pAkt, the downstream target of PI3K [25,26], under conditions of various oxygen
concentrations and/or cell density. Previously, we have shown that HT10806 TG cells have
constitutively active PI3K/AKkt pathway due to the mutant form of N-ras [19]. As expected, the
level of pAkt in this cell line was high under all the conditions tested, with maximal activity
observed in the dense samples (Fig. 1A). This observation agreed with our previous report
which showed that PI3K/Akt activity was two to three times higher in dense compared to sparse
cultures of HeLa cells [21]. In the present study, we found that under both normoxic and
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hypoxic conditions, the level of pAkt was equally high in dense culture (Fig. 1A). In MCH603
cells, which carry the wild type N-ras alleles, pAkt levels were the lowest in sparse cells under
normoxic conditions (Fig. 1A). The level then increased slightly either under hypoxic or dense
conditions alone. When these two stimuli were combined, as in the dense hypoxic culture, pAkt
levels increased dramatically. MCH603/PI13KatL cells, with the constitutively active PI3K/Akt
pathway, displayed a five-fold higher level of pAkt than MCHG603 in sparse normoxic cells.
This level was comparable to that seen in the N-ras mutant HT10806 TG cells. This observation
also corroborated our earlier finding that the level of pAkt in MCHB03/P13K2°t was
significantly higher compared to the parental MCH603 cells when cells were cultured under
subconfluent conditions in ambient oxygen concentration [19]. These results showed that
activation of the P13-kinase pathway by either ectopic expression of the PI3Kat cDNA or by
the upstream mutant N-ras resulted in similarly increased levels of Akt phosphorylation.

We had earlier shown that the elevated level of PI3K activity in the MCH603/PI13K?t cells
resulted in cross-talk activation of the MAPK and JNK pathways [19]. We further analyzed
this effect of higher levels of PI3K activity on phosphorylation of the transcriptional regulator,
FoxOL1. This is a recognized target of Akt phosphorylation but, in addition, it has been shown
that the FoxO1 protein is degraded by the proteasome in cells with elevated levels of PI3K or
pAkt activity [27]. This degradation of total FoxO1 protein was seen in both MCH603 and
MCH603/P13Kact and, to a lesser degree, HT1080 under conditions of high density and
hypoxia that produced the highest levels of pAkt (Fig. 1A).

Previous studies have shown that HIF is stabilized by upregulated PI3K/Akt [13,28-30]. Thus,
if upregulation of the PI3K/Akt pathway leads to stabilization of HIF, we would be able to
observe an increase in CAIX levels in the HT10806 TG and MCH603/PI13Kat! byt not
MCH®603 cells. To test this possibility, we investigated the levels of HIF-1o and its target gene
CAQ9 in these cell lines. As expected, HIF-1a was found to be strongly induced by hypoxia in
all three cell lines with maximal induction observed under dense hypoxic conditions. In
normoxic dense cultures, only minimal stabilization of HIF-1o was noted. This modest
HIF-1a accumulation under dense condition was due to the existence of pericellular hypoxia
even when cells were cultured under normoxic condition [31]. As previously reported [32],
CAIX was expressed under this condition (Fig. 1A). Comparatively, more CAIX was expressed
in HT10806TG than in MCH603 cells. Similar to HIF-1a, the highest level of CAIX expression
was found in dense hypoxic samples in both cell lines. This result is in agreement with our
previous study which showed that the induction of CAIX by density and hypoxia is additive,
although the exact pathways have not been elucidated [21]. Intriguingly, in MCH603/
P13Kactl cells the increased pAkt level did not stimulate CAIX expression in any of the
conditions tested (Fig. 1A). The expression, however, remained hypoxia- or density-induced,
albeitatareduced level compared to MCH®603. This observation is intriguing since the majority
of previous reports suggested a direct correlation between PI3K and HIF-a. activities [13,28,
29] and hence, CAIX protein expression. Despite this general view of the direct correlation,
there are studies that showed no correlation between PI3K activity and HIF protein levels,
leading to the suggestion that the relationship is purely cell-type specific [16,17]. Arsham and
colleagues showed that constitutively activated Akt was able to increase the level of HIF-1a
protein in glioblastoma but not hepatoma cells [17]. In their study, they proposed that Akt
activity itself was insufficient for the induction of HIF target gene transcription. Similar
observations were noted in the present study in the sparse normoxic samples of both
HT10806TG and MCHG603/PI3K2tL cells. In these samples, there was no CAIX expression
despite the high levels of pAkt. Under hypoxia and density, HIF-1o accumulation was similarly
observed in the two cells lines but different levels of CAIX were expressed. In MCH603/
P13Kactl cells, CAIX expression was markedly reduced even though HIF-1a levels were as
high as in HT10806 TG cells. Since upregulation of PI3K/Akt activity in MCH603/PI3Kact!
cells failed to stimulate CAILX expression, its increase in the parental HT10806TG cells was
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likely to be due to activation of other pathways downstream of the constitutively active N-
ras and not the PI3K/Akt pathway per se. The observation of reduced expression of HIF target
proteins due to increased PI3K/Akt signaling has not been reported previously. To confirm
that the effect of reduced CAIX expression was not due to clonal variation of MCH603/
P13K2a¢t cells, we repeated the experiment using additional clones, designated MCH603/
PI3K23 and MCH603/PI3K3Y. Similar to MCHB03/PI3K3tL, these additional clones also
showed reduction in the levels of CAIX protein in all of the conditions tested compared to the
parental MCHG603 cells (Fig. 1B). Our study is thus the first evidence suggesting that not only
there is no direct correlation between PI3K upregulation and increased HIF activity, but we
also show that in certain cells the upregulation may counterintuitively lead to reduced HIF
activity, as evidenced by the decreased expression of a HIF target gene.

To see whether the same applies for HIF-2a and VEGF, the similar samples were probed for
HIF-2a while the secreted VEGF protein levels were measured in the culture media. Under
conditions of combined hypoxia and high cell density, we observed that the HIF-2a, level in
the parental HT10806TG cell line was highest, followed by MCH603 cells (Fig. 1C). The
constitutively active PI3K in MCH603/P13K&°t! fajled to increase HIF-2a levels, instead the
expression was slightly lowered. In contrast to CAIX, no marked downregulation of VEGF
expression was observed in the MCH603/PI13Kat! compared to the MCH603. Similar to
HIF-2a, only a slight decrease was observed. This result suggested that the constitutively active
PI3K in the MCH603/PI3Kat did not affect the overall levels or activity of HIF-2. This
observation is supported by previous reports showing preferential regulation of HIF-1a by the
PI3K/Akt pathway, without apparent affect on HIF-2a[33] and HIF-1B[7].

Next, we performed semi-quantitative RT-PCR analysis to see the effects of PI3K on
transcription of CA9 and VEGF in MCH603 and all three clones of MCH603/P13K2aCt, Dense
hypoxic cells (Fig. 2A) and dense normoxic cells (Fig. 2B) showed reduced levels of CA9
transcript in all of the MCH603/P13K2¢t cell clones compared to the parental MCH603 cells.
Reduced transcript levels correlated well with reduced CALX protein expression levels in these
cells. This result suggests that downregulation of CA9 occurred at the transcription level. For
VEGF, similar to secreted VEGF levels, a slight decrease in the transcript was observed in
dense hypoxic MCH603/P13Kat cell clones compared to MCH603, but no marked differences
were noted in dense normoxic cells. Our results thus far strongly suggested the potential
deregulation of HIF-1a activity in MCHB603/PI3K2t cells, particularly its effects on CA9
transcription.

To ensure that this effect on CA9 transcription was not due to modifications of its endogenous
promoter, we introduced the CA9 minimal promoter region [22] into MCH603 and MCH603/
PI13K2tL cells. The transfectants were then cultured under either sparse or dense hypoxic
conditions. The CA9 promoter activity was reduced in MCH603/PI13K3t! compared to the
MCH603 cells (Fig. 3A). Although the reduction was not as strong as in the endogenous CAIX
protein levels, these results confirmed that activity of the exogenously introduced CA9
promoter is also affected in MCH603/P13Kat cells. The reduced level was not due to
methylation of the promoter since addition of 5-azacytidine, an epigenetic modifier often used
to reactivate methylation-dependent transcriptionally silent genes [34], failed to recover CAIX
expression (data not shown). To investigate whether similar effects can be observed via
transiently activated PI13K, we co-transfected the parental MCH603 cells with the PI3Kact
plasmid construct [21] and the CA9 promoter reporter plasmids. Results showed that the
CA9 promoter activity was also reduced significantly in the transiently co-transfected
P13K2¢t cells, compared to cells co-transfected with the empty plasmid vector (Fig 3B). These
results suggest that the effects of lowered CA9 expression observed in MCH603/P13K2t were
specifically due to the increased PI3K activity in the cells.
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Given that increased PI3K activity in MCH603/PI3K3 cells results in the inhibition of HIF-1
activity, even when large amounts of stable HIF-1a are present in hypoxic conditions, we
investigated whether inhibition of the PI3K activity in these cells would restore HIF-1
activation of CAIX expression. We used two inhibitors, LY294002 and the more specific P1103
[35]. Both inhibitors decreased pAkt expression and concomitantly decreased CAIX
expression (Fig. 3C). This is a very interesting result when coupled with the overexpression
data seen in Fig. 1A. It shows, that whereas high levels of PI3K activity lead to inhibition of
HIF-1 activity, there is a threshold level of PI3K activity that is needed for CAIX expression
that may be independent of HIF-1a levels. This latter observation has been reported previously
[21]. This notion of threshold effects has been noted with other oncoproteins, for example c-
Myc [36].

To investigate the effects of PI3K/AKkt activation on HIF activity in other cell lines, we used
the MCF-7 breast cancer and Saos-2 osteosarcoma cell lines. We achieved this by infecting
the cells with adenoviral vector expressing PI3K2aCt [23]. Infection using 20 and 100
multiplicities of infection (MOI) caused increased PI3K/Akt activity under both normoxic and
hypoxic conditions (Fig. 4). Activation of PI3K/Akt in MCF-7 (Fig. 4A) and Saos-2 cells (Fig.
4B) did not downregulate hypoxia-induced CAIX expression, instead it increased the level.
This increase corroborated previous studies of increased HIF-1 protein levels correlating with
upregulated PI3K/AKkt activity [13,28]. However, when MCH603 cells were infected with the
virus, reduced hypoxic CAIX expression was observed (Fig. 4C). Altogether, results from this
study indicate that the PI3K/Akt pathway can affect CAIX expression at the transcriptional
level perhaps through reduced HIF-1 activity. Although only one out of the three types of tumor
cell lines tested in this study displayed such characteristics, this is the first evidence showing
negative effects of the constitutively active PI3K/Akt pathway on HIF activity, despite
increased levels of HIF-1a protein.

The different effects of PI3K/Akt upregulation on HIF-1, reflected by CAIX expression levels
in the different cell lines, confirmed that the effects are purely cell-type specific. Currently,
the mechanism for this counterintuitive decrease in the level of CA9 transcription, and
corresponding low levels of CAIX protein expression in the presence of significantly increased
PI3K/AKkt signaling in MCH603/P13Kat cells, is unknown. Although it is possible that the
effect is due to specific features of MCH603 cells, results from this study suggest that PI3K/
Akt is involved in this phenomenon. Therefore, additional mechanistic studies on its regulation
of HIF will potentially unravel specific components that can be exploited for cancer drug
discovery. In this regard it should be noted that proteasome inhibitors, e.g. bortezomib, have
been shown to stabilize HIF-1a protein although the HIF transcription factor remains inactive
[22,37]. Bortezomib, of course, stabilizes many proteins in addition to HIF-1a One candidate
may be a putative co-repressor protein [22]. The elevated PI3K activity may also affect this
putative co-repressor interaction with HIF-1. Whatever the mechanism this more physiological
inhibitory effect on HIF-1 activity suggests a potential therapeutic target.
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Fig. 1.

Effects of density and oxygen concentrations on pAkt, HIF-1a, CAIX, HIF-2a and VEGF
expression levels in HT10806 TG, MCH603 cells and MCH603/PI3K3t clones. (A) Cells were
seeded at the stated densities and incubated at normoxic (N) or hypoxic (0.1% Oy, H)
conditions. After 48 h, cells were harvested and the total cell lysates were probed by Western
blotting with specific antibodies as indicated (B) Effects of cell density and oxygen
concentrations on CAIX expression in the additional clones of MCH603/PI3K2Ct, (C) Samples
from the HT10806 TG, MCH603 cells and MCH603/PI13Kat! were also probed for HIF-2a
Blots were later reprobed with B-actin Ab. For comparison purposes, similar g-actin bands
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were shown in (A) and (C). Culture media of these cells were used for the VEGF assay. The
data represent the mean (xSD) of two experiments performed in triplicate. s; sparse, d; dense.
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Fig. 2.

Semi-quantitative RT-PCR analyses of the CA9 and VEGF transcript levels in MCH603 and
MCH603/P13K2¢t clones under dense condition. (A) hypoxia, (B) normoxia. Total RNA was
reverse-transcribed, amplified with gene-specific primers, and analyzed on agarose gels.

B-actin
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Fig. 3.

Effects of density and oxygen concentrations on exogenous CA9 promoter, and effects of PI3K

inhibitors in MCH603 and MCHG603/PI13Kact cell lines. (A) Cells

were transfected with

plasmids carrying the CA9 promoter and the internal control. (B) PI3K2t expression plasmid

and an empty vector (EV) control were co-transfected with the CA

9 promoter construct into

MCHG603 cells and the reporter levels were measured. Promoter activities were expressed as
the average ratios of firefly to Renilla luciferase activities (SD) from at least three independent
experiments. (C) Effects of PI3K inhibitors on pAkt and CAIX expression in MCH603/

PI3Kact cells.
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Effects of PI3K2Y/Adeno-X virus infection on CAIX expression in MCF-7, Saos-2, and

MCH®603 cells. MCF-7 breast cancer (A), Saos-2 osteosarcoma (B) and MCH603 (C) cell lines
were infected with the virus at the indicated multiplicity of infection (MOI) and incubated for
48 h under the indicated experimental conditions. Protein samples were harvested and probed
with pAkt, CAIX and B-actin antibodies. Empty adenovirus vector (Ad-X) was used as control.
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