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Abstract

Cells transiently adapt to hypoxia by globally decreasing protein translation. However, specific
proteins needed to respond to hypoxia evade this translational repression. The mechanisms of this
phenomenon remain unclear. We screened for and identified small molecules that selectively
decrease HIF-2a translation in an mTOR independent manner, by enhancing the binding of Iron
Regulatory Protein 1 (IRP1) to a recently reported Iron-Responsive Element (IRE) within the 5’-
untranslated region (UTR) of the HIF-2a message. Knocking down the expression of IRP1 by
shRNA abolished the effect of the compounds. Hypoxia de-represses HIF-2a translation by
disrupting the IRP1- HIF-2a IRE interaction. Thus, this chemical genetic analysis describes a
molecular mechanism by which translation of the HIF-2a message is maintained during conditions
of cellular hypoxia through inhibition of IRP-1 dependent repression. It also provides the chemical
tools for studying this phenomenon.

INTRODUCTION

The tumor promoting Hypoxia Inducible Factor (HIF) is a central regulator of the cellular
response to hypoxia (Semenza, 2000). HIF is a heterodimeric transcription factor consisting
of hypoxia-regulated (HIF-a) and a constitutively expressed (HIF-1b) subunits (Semenza,
2000). There are two transactivating HIF-a isoforms, HIF-1a and HIF-2a, whose activity is
tightly regulated by oxygen (Gordan and Simon, 2007; Raval et al., 2005). In well-
oxygenated cells, the tumor suppressor protein pVHL targets HIF-a for ubiquitination and
proteasomal degradation (Maxwell et al., 1999; Ohh et al., 2000). This interaction requires
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hydroxylation of HIF-a at conserved proline residues by iron-dependent prolylhydroxylases,
termed EGLNL, 2 and 3 (Epstein et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001).
Hypoxia inhibits EGLN activity and disrupts the HIF-pVVHL interaction. Stabilized HIF-a
subunits enter the nucleus, heterodimerize with HIF-1b and bind to DNA sequences termed
Hypoxia Response Elements (HRES) to transactivate genes that encode for secreted growth
and pro-angiogenic factors (Maxwell et al., 2001). HIF’s transcriptional activity is similarly
attenuated by Factor Inhibiting HIF (FIH), a second iron-dependent enzyme that
hydroxylates a conserved asparagine residue in the transactivation domain of HIF (Bruick
and McKnight, 2001; Lando et al., 2002a; Lando et al., 2002b; Mahon et al., 2001).

Part of the adaptive response to hypoxia in healthy cells is to conserve energy by
diminishing global protein translation (Arsham et al., 2003; Bert et al., 2006; Lang et al.,
2002; Liu et al., 2006; Schepens et al., 2005). This is at least in part mediated by Redd1,
itself a HIF target gene, inhibiting mTOR via the tuberous sclerosis (TSC1/2) complex
(DeYoung et al., 2008). However, specific messages that allow cells to cope with the
hypoxic environment are spared this translational repression (Blais et al., 1994; Liu and
Simon, 2004; Spicher et al., 1998; Thomas and Johannes, 2007; Wouters et al., 2005). The
mechanisms for selectively supporting translation of certain messages in conditions of
hypoxia are under investigation.

Here we devised a cell-based assay to screen for small molecule HIF inhibitor compounds in
VHL-deficient RCC cells and identified four compounds that, in multiple cancer cell lines,
selectively inhibited translation of the HIF-2a message in an mTOR independent manner.
We found that the HIF-2a 5’-UTR is necessary and sufficient to confer compound
sensitivity. Deletion analysis of the 5’-UTR revealed that the minimal region necessary and
sufficient for compound efficacy mapped to a newly identified IRE within the 5’-UTR of the
HIF-2a mRNA (Sanchez et al., 2007). Mutations within the conserved IRE motif abolished
the effect of the compounds, as did knocking down the expression of the IRE binding
protein, Iron Regulatory Protein 1 (IRP1). Electrophoretic mobility shift assays showed that
the compounds directly promoted IRP1 binding to the HIF-2a IRE. Furthermore, we report
that hypoxia de-repressed HIF-2a translation by impairing the IRP1/IRE interaction. These
data explain how the HIF-2a message is translationally induced by hypoxia and provide
chemical genetic tools to study this phenomenon.

High-throughput screen for small molecule HIF-2a inhibitors

Functionally validated HRE and control SV40 luciferase reporter constructs were stably
introduced into VHL-deficient 786-O cells to generate 7H4 and 7SV lines, respectively
(Figure S1, online). These lines were used to screen five commercial small molecule
libraries (NCI Diversity Set, Chembridge, Maybridge, CEREP and Peakdale) as well as the
ICCB Diversity-Oriented Synthesis Diversity Set 2 (DDS2) and serine-derived
peptidomimetic (SDP1) collections, totaling 58,000 compounds. Eight compounds were
identified that reproducibly decreased luciferase activity by greater than 80% when applied
to 7H4 cells, while having little or no affect on the corresponding 7SV cells and worked on
multiple RCC cell types when stably transfected with the same luciferase reporters (Figure
S2).

Dose response curves of selected inhibitors

786-0 cells were untreated (M for medium only), mock-treated (D for DMSO) or treated
with compounds for two days before assaying for normalized luciferase activity. The
resulting dose response curves are shown along with the compound structures (Figure 1).
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The full chemical name of the compounds is listed in Table S1, online. Compounds
exhibited apparent 1C50 values ranging from 2.5-40 uM. Based on the potency of the
compounds and comparative lack of cellular toxicity at IC50 concentration, we chose to
focus our mechanistic analysis on compounds 40, 41, 76 and 77.

Gene expression profiling suggests compounds preferentially affect HIF target gene

expression

Conditioned

Compounds
hypoxia

Compounds

Total RNA was extracted from stable 786-O derived VHL-reconstituted (WT8), HIF-2a
knock down (pTR) and their respective vector only control (PRC3 and pTV) cells and
labeled cRNA was hybridized to oligonucleotide arrays. Comparison of WT8 to PRC3
shows genes that were downregulated by pVHL while comparison of pTR to pTV identifies
direct HIF-2a target genes since 786-O cells express only the HIF-2a isoform. Compound-
treated parental 786-O cells were subjected to the same analysis. Overall, genes
downregulated by either VHL-reconstitution or HIF-2a-targeting ShRNA expression were
also coordinately downregulated by exposure to compounds 40, 41, 76 and 77 in parental
786-0 cells (Figure 2a). The Gene Set Enrichment Analysis (GSEA) algorithm was used to
investigate whether the compounds affected the expression of genes identified as VHL and
HIF targets in other cell types (Mootha et al., 2003). We found that genes that were
upregulated in VHL or HIF gene sets were downregulated by compounds 40, 41, 76 and 77;
and genes that were downregulated in the VHL gene set were upregulated by compounds 41,
76 and 77 (Figure 2a and Table S2).

Hierarchical clustering reveals one tight cluster formed by samples in which HIF is
constitutively active, including PRC3 and pTV cells, and 786-O cells that were untreated or
mock treated with DMSO. A separate cluster included samples with inactive HIF, including
WTB8 and pTR cells, and 786-0O cells treated with the identified compounds. Independent,
replicate experiments clustered together, demonstrating the distinctive and highly
reproducible gene expression profiles associated with each compound. Compounds 41 and
76 have highly similar molecular profiles (Figure 2b).

medium from compound treated cells suppress HUVEC growth in vitro

Conditioned tissue culture medium from compound-treated 786-O cells was tested for its
ability to induce human umbilical vein endothelial cell (HUVEC) proliferation. Compound
application decreased the ability of conditioned tissue culture medium to sustain HUVEC
proliferation while the compounds themselves exhibited no significant affect on HUVEC
proliferation when applied directly at the same concentrations (Figure 3a).

decrease HIF-2a protein and HIF-2a target gene expression in normoxia and

All compounds decreased endogenous HIF-2a protein expression (Figure 3b). Hypoxia
stabilized HIF-2a in VHL-reconstituted WT8 cells, but treatment with compounds
diminished hypoxia-induced HIF-2a expression (Figure 3c). Normoxic HIF-2a expression
was similarly decreased in VHL-deficient PRC3 cells (Figure 3d). The expression of known
HIF-2a target genes, Glut-1, VEGF and IGFBP3, was also concomitantly decreased in
compound treated 786-O cells (Figure 3b, e).

decrease neither HIF-2a mRNA expression nor HIF-2a protein stability

Quantitative RT-PCR was performed on total RNA harvested from 7H4 cells treated with
medium only, DMSO or compound. In no case was the expression of nascent (unspliced) or
processed (spliced) HIF-2a mRNA decreased, while a luciferase assay performed in parallel
shows that the compounds were active (Figure 3f, g). To test whether the compounds alter

Mol Cell. Author manuscript; available in PMC 2014 April 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zimmer et al. Page 4

HIF-2a stability, we assessed protein half-life following the addition of cycloheximide in
compound versus DMSO-only treated cells (Figure S3). These experiments provided no
evidence that any of the compounds affected HIF-2a protein stability.

Compounds decrease HIF-2a mRNA translation in an mTOR independent manner

The effect of HIF inhibitors on protein translation was determined by 3°S-methionine pulse
labeling of DMSO or compound treated cells. All compounds significantly decreased the
amount of newly synthesized HIF-2a protein (Figure 4a and S4). Pulse chase experiments
confirm that this decrease is not attributable to any effect of the compounds on HIF-2a
protein half-life (Figure S5).

Any effect on translation suggests that the compounds might inhibit mTOR activity
(Brugarolas et al., 2004; Hudson et al., 2002; Majumder et al., 2004). We therefore
compared the effects of compound versus rapamycin treated 786-O cells on HIF-2a,
phospho-S6, p70S6K and phospho-p70S6K expression, as measured by Western blot, using
total or phospho-specific antibodies. As is the case for HIF-1a, HIF-2a protein expression
was decreased by rapamycin. This was also the case for HRE-luciferase reporter activity
(data not shown). However, only rapamycin appeared to have any effect on p70S6K and S6
phosphorylation (Figure 4b).

Sensitivity to the compounds is 5’-UTR dependent and heterologously transferable

We generated stable 786-O derived clones expressing luciferase reporter constructs driven
by the endogenous HIF-2a promoter alone or the promoter with the 5’-UTR. The
compounds had little effect on luciferase activity when driven by the HIF-2a promoter
alone. However, the same luciferase reporter containing the 5’-UTR recapitulated the effect
of the compounds on HRE-driven luciferase reporter activity (Figure 5a).

We next stably transfected 786-O cells with luciferase reporter constructs driven by the HIF
independent SV40 promoter with or without the presence of the HIF-2a 5’-UTR (Figure 5b).
To control for general RNA helicase activity, we also stably transfected 786-O cells with
luciferase reporters, with or without a synthetic 5’-UTR stem loop that serves as a reporter
for RNA helicase activity, driven by the CMV promoter (Yang et al., 2004). We found that
the 5’-UTR is sufficient to confer compound sensitivity and that this effect was independent
of RNA helicase activity.

The Iron-Responsive Element (IRE) within the 5’-UTR of HIF-2a is necessary and sufficient
for compound sensitivity

A series of 5’-UTR deletions were engineered into the HIF promoter-luciferase construct.
We found that nucleotides 50-100 of the HIF-2a 5-UTR were necessary and sufficient for
mediating the effect of our HIF inhibitors (Figure 5¢). This region contains a near consensus
Iron-Responsive Element (IRE) that was recently shown to interact with IRP1 (Sanchez et
al., 2007). Point mutations within the consensus loop, in which the 5’~-CAGUGU-3’ loop
sequence is changed to 5’-CAAAGU-3’, ablated the effect of all compounds and DFO
(Figure 5d).

Hypoxia upregulates HIF-2a translation via its 5’-UTR IRE

The luciferase reporter containing the wild-type, but not mutant, HIF-2a IRE was
significantly activated under hypoxic conditions. Raw luciferase activity was approximately
10-fold higher in cells harboring the mutant reporter (data not shown). Addition of
exogenous iron, as a positive control for IRE-reporter activity, promoted translation and
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synergized with the effect of hypoxia. Low concentration (10puM) of the iron chelator DFO
repressed reporter activity and diminished the effect of hypoxia (Figure 5e).

Compounds promote stability of Transferrin Receptor 1 (TfR1) mRNA

To test whether the compounds promote IRP activity in general we examined their effect on
Transferrin Receptor 1 (TfR1) mRNA stability. IRP1 binds to TfR1 IREs located in the 3’-
UTR and promotes TfR1 stability. We found that expression of TFR1 mRNA is increased in
compound treated cells relative to medium or DMSO treated control cells (Figure 5f). TfR1
has been reported to be a HIF-1a target gene (Tacchini et al., 2008) and our data indicate
that it appears to be also a HIF-2a target, since TfR1 message is decreased in VHL-
reconstituted or HIF-2a shRNA targeting 786-O cells (Figure 5f). The fact that net mMRNA is
increased rather than decreased by these HIF inhibitors is therefore very likely due to an
affect on mRNA stability. To directly support this, we show that the stability of TfR1
MRNA is increased in compound 76 relative to DMSO treated 786-O cells following the
addition of Actinomycin D. (Figure 5g).

Compounds do not act by iron chelation

We tested whether the compounds bind iron using a competition assay in which the
displacement of iron from ethyl-3,4-dihydroxybenzoate (EDHB), a weakly chelating ester,
was measured as a decrease in absorbance at 500 nm. We found that, even at concentrations
as high as 200 uM, there was no evidence of any compound binding to iron, whereas the
iron chelators EDTA and DFO readily displaced iron from EDHB (Figure 5h). In addition,
we used the Connectivity Map (Lamb et al., 2006) to compare the gene-expression effects of
our compounds and those of low- and high- dose DFO. We found no significant similarity
between any of our compounds and DFO at a similar (low) concentration (Figure S6).
Moreover, there was a trend towards a modest negative correlation between the effects of
our compounds and those of DFO when administered at a (high) concentration (Figure S6)
sufficient to chelate iron from EGLNs and FIH, and thereby stabilize and activate HIF.

IRP1is solely responsible for hypoxic de-repression of HIF-2a translation

We generated wild-type HIF-2a IRE luciferase reporter lines in which the expression of each
isoform individually or both isoforms together was acutely knocked down by RNA
interference. Depletion of IRP1 resulted in slight enhancement of IRP2 expression and vice
versa (Figure 6a). IRP1 depletion slightly increased HIF-2a expression, whereas IRP2
depletion decreased it (Figure 6a). These lines were subjected to a 24 hours normoxia or
hypoxia treatment and HIF-2a IRE activity was measured by luciferase. We found that
inhibition of IRP1 attenuated the hypoxic de-repression of HIF-2a translation, while
inhibition of IRP2 had little effect (Figure 6b). This attenuation of hypoxic response by IRP1
SshRNA was the result of increased basal translation in the IRP1 knock down line in
normoxia, as the relative luciferase activities between the vector only and IRP1 knock down
line in hypoxia were similar. It is likely that the residual increase in hypoxia-induced
translation in the IRP1 knock down line is due to residual IRP1 expression in this line, as the
effect of IRP1 and IRP2 double knock down is similar to that of knocking down IRP1 alone.
Basal luciferase activity in the IRP2 knock down line is decreased relative to that of vector
only control, which is compatible with the hypothesis that depletion of IRP2 results in a
compensatory increase in IRP1 expression and activity, as shown by western blot for IRP1
and HIF-2a in these lines (Figure 6a).

Inhibition IRP1 is sufficient to inhibit the effect of compounds on HIF-2a

Quantitative RT-PCR for the HIF-2a target gene EGLN3 shows that inhibition of IRP1
blocked the effect of the compounds on HIF-2a activity, whereas knocking down the
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expression of IRP2 had no measurable effect. Knocking down the expression of both IRP1
and IRP2 together likewise rendered the compounds ineffective (Figure 6c).

Compounds increase and hypoxia decreases IRP1 binding to HIF-2a IRE

Electrophoretic mobility shift assays (EMSAs) show that compound application increased
the binding of IRP1 to radiolabeled wild type but not mutant HIF-2a IRE probe (Figure 7a).
EMSA using lysates from the IRP knock down lines suggest that IRP1 is the predominant
species involved in HIF-2a IRE binding and corroborates the observation that depletion of
IRP2 leads to enhanced IRP1 activity (Figure 7b). Consistent with our luciferase reporter
assays, hypoxia dramatically decreased the intensity of the shifted IRP bands (Figure 7c).
This is due to decreased mRNA binding, as western blots confirm that neither compound
application nor hypoxia affects IRP1 protein expression (data not shown). The involvement
of IRP1 was further confirmed by supershifting with IRP1 antibody (Figure 7c and S7). No
supershifted bands were observed using IRP2 antibody. In order to determine if our
compounds increased binding of IRP1 to the HIF-2a IRE, even in conditions of hypoxia,
786-0 cells were treated with compound 76 followed by 24 hour exposure to normoxia or
hypoxia. We found that compound 76 increased the residual amount of IRP1 bound to the
HIF-2a IRE in hypoxia, although not to the same extent as that observed in normoxic cells.

The absence of detectable contribution of endogenous IRP2 to HIF-2a IRE activity in these
cells led us to further investigate the involvement of IRP2 in HIF-2a IRE. To this end we
compared, side by side, IRP2 binding to HIF-2a and Ferritin-L IRE in 786-O cells, in
conditions of normoxia or hypoxia and after treatment with compound 76 or DFO (Figure
7¢). While IRP2 clearly bound the Ferritin-L IRE, we were not able to detect IRP2 binding
to the HIF-2a IRE even after prolonged exposure. In these experiments we used 1mM DTT
in the cell lysis buffer since this addition has been reported to enhance IRP2 binding (Wang
et al., 2004). Even under these conditions we found no evidence for endogenous IRP2
binding to the HIF-2a IRE, while IRP2 was clearly detected on Ferritin-L IRE (Figure 7d).
In keeping with a previous report (Hanson et al., 1999), hypoxia slightly increased IRP2
binding to Ferritin-L IRE and compound 76 also increased this binding (Figures 7d and S8).
To test whether IRP2 has the ability the HIF-2a IRE when overexpressed, we transiently
transfected U20S cells with HA-IRP2; under these conditions we can detect weak binding
of IRP2 to the HIF-2a IRE, compared to the much stronger binding of IRP2 to Ferritin-L
IRE (Figure 7e). Hypoxia significantly decreased the intensity of the shifted HIF-2a IRE
probe in these lysates, suggesting that the majority of HIF-2a IRE, even under conditions of
IRP2 overexepression, is bound by IRP1 (Figure 7e).

DISCUSSION

We employed a cell-based assay specific for HIF activity and identified several small
molecule HIF inhibitors that decreased both constitutive and hypoxia-induced HIF-2a
protein expression. Used as chemical genetics probes, these HIF inhibitors highlighted IRP1
as a hypoxia sensitive regulator of HIF translation, akin to EGLN- and FIH-mediated
hypoxic regulation of HIF stability and transcriptional activity. Hypoxia therefore
coordinately regulates HIF translation, stability and transcriptional activity (Figure 8a).
Translation features prominently among the mechanisms of action for other compounds
reported to inhibit HIF activity (Table S3). This indicates that HIF translation is clearly
amenable to drug development and it is possible that several of these compounds may
inhibit HIF translation in an IRP1-dependent manner.

Hypoxia globally decreases translational initiation through inhibition of mTOR and
phosphorylation of the translation elongation factor elF2 (Arsham et al., 2003; Blais et al.,
1994; Brugarolas et al., 2004; Liu et al., 2006), which may explain why tumor cells select
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for increased mTOR activity through various mutations in the PI3-K/PKB signaling pathway
—to maintain translation during conditions of chronic hypoxia. In order to cope with
cellular hypoxia and other forms of environmental stress, cells need to efficiently translate
the appropriate stress response genes during conditions in which global mRNA translation is
attenuated. In fact, the translation of several transcripts, including FGF2, VEGFB, ATF4,
Glut-1, Angiopoietin-like 4, Hypoxia-inducible Gene 2 and ribosomal protein S6 is
increased during hypoxia (Blais et al., 1994; Thomas and Johannes, 2007). It has been
proposed that this selective translational specificity is mediated largely through the 5’- and
3’-UTR (Spicher et al., 1998; Wouters et al., 2005).

HIF-2a, a critical factor for repairing hypoxic insult, conforms to the above paradigm. Our
data suggest that hypoxia dramatically reduced IRP1 binding to HIF-2a and Ferritin-L IRE,
while it slightly increased binding of IRP2. Our proposed model for how the IRP1 system
works on the HIF-2a message is shown in Figure 8b. Under normoxic conditions, IRP1
binds to the HIF-2a IRE to repress basal translation. Hypoxia de-represses HIF-2a
translation by mediating post-translational changes in IRP1 that impairs its ability to bind
mMRNA. This explains the observed increase in HIF-2a expression in hypoxic VHL-/- cells
(Figure 3d). Previous reports include conflicting data; Christova et al. and Toth et al.
describe an increase in IRP1 binding to IREs by hypoxia, while Hanson et al. and Schneider
et al. suggest that hypoxia decreases IRP1 binding (Christova and Templeton, 2007; Hanson
and Leibold, 1998; Schneider and Leibold, 2003; Toth et al., 1999). We employed
biochemical and functional assays to address this question and our data strongly indicate that
hypoxia dramatically decreases binding of IRP1 to IRE elements under hypoxic conditions
and suggest that IRP1 serves as a direct or indirect sensor of hypoxia.

Hypoxia has been reported to stabilize IRP2 and enhance its binding to the Ferritin-L IRE
(Hanson et al., 1999). Sanchez et al. first identified the IRE element on HIF-2a 5’-UTR and
they suggested that both IRP1 and IRP2 bind to it (Sanchez et al., 2007). However, we could
not detect endogenous IRP2 binding to the HIF-2a IRE. In contrast, we found that binding of
IRP2 to the Ferritin-L IRE was clearly detectable under the same experimental conditions
and was slightly enhanced by hypoxia, compound 76 and DFO. These data suggest that
IRP1 is the primary regulator the HIF-2a IRE, at least in the context of renal cells. Indeed,
IRP2 has been shown to bind more tightly to IREs containing an internal loop bulge (such as
Ferritin-L), a feature that is missing in the HIF-2a IRE (Ke et al., 1998). Nonetheless, we
were able to detect binding of IRP2 to HIF-2a IRE when it was overexpressed by transient
transfection, consistent with the observation that recombinant IRP2 can bind the HIF-2a IRE
invitro (Sanchez et al., 2007). Our data, while not excluding that endogenous IRP2 binds to
HIF-2a IRE in vivo, suggest that the main regulatory role of hypoxia on HIF translation is
exerted through IRP1. In light of these findings, it is interesting to note that mouse kidney is
highly enriched in IRP1 and that it is the only organ (together with brown fat) that showed a
phenotype (misregulation of TfR1 and Ferritin) in IRP1—/— mice (Meyron-Holtz et al.,
2004). Lastly, it is possible that the relative affinity of IRP1 and IRP2 for specific IREs
changes within different cell/tissue contexts.

Our compounds also decreased the expression of HIF-1a in cell lines that express this
isoform (Figure S9a). Scanning the 5’-UTR of the HIF-1a message suggests a putative, non-
canonical consensus IRE loop (Figure S9b). However, we found that this near-consensus
IRE did not confer sensitivity to the compounds or respond to hypoxia (Figure S9c).
Likewise, no shifted band was observed when using this putative IRE as a probe in EMSAS
(Figure S9d). Knocking down the expression of HIF-2a in VHL-deficient UMRC?2 cells did
not affect the ability of the compounds to decrease expression of HIF-1a (data not shown).
We conclude that the effect of the compounds on HIF-1a is indirect and independent of
HIF-2a. The lack of a functional IRE in HIF-1a represents a clear dichotomy between the
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two HIF isoforms that allows their translation to be controlled by a different regulatory
system.

The data presented in this work therefore bring insights into the mechanism of HIF
regulation by hypoxia, and beg the question of whether cryptic IREs might exist in other
hypoxia inducible genes. We imagine that this might allow for the coordinate regulation of
such genes at the level of translation somewhat akin to how bacteria package genes of like
function into operons to provide coordinate regulation at the level of transcription. A recent
examination of MRNAS enriched on hypoxic polysomes shows that only a small subset of
MRNAs are thus affected (approximately 100) and that the list contains many known HIF
target genes (Thomas and Johannes, 2007).

In summary, we identified and characterized four small molecule inhibitors of HIF
translation that work via an Iron-Responsive Element (IRE) located within the 5°-UTR of
the HIF-2a message. IRP1 binding to the HIF-2a IRE represses its translation during
normoxia in several cell lines. Hypoxia impairs the IRP1/IRE interaction, allowing for
efficient net translation of the message during conditions of cellular hypoxia. The relative
abundance of HIF inhibitor compounds identified over the past few years that affect
translation strongly suggests that it is an exquisitely sensitive and pharmacologically
amenable component of HIF regulation, and the compounds identified in this work will
certainly be useful chemical genetic tools by which to further study the biochemical
mechanism of how IRP1 affects HIF signaling. Lastly, structure activity relationship (SAR)
analysis and targeted chemical modifications may develop these lead compounds into
clinically useful agents that will target renal cell carcinoma as well as prevalent solid tumors
of the prostate, breast and colon.

EXPERIMENTAL PROCEDURES

Cell culture and transfections

Detailed information on cell lines and plasmids can be found in Tables S4 and S5. Cells
were grown in DMEM with 10% Fetal Clone. All standard buffers and solutions were made
as described (Sambrook et al., 1989) and chemicals ordered through Sigma. Transient
transfections were performed with FUGENE6 (Roche). Expression of IRP1, IRP2 or both
was stably knocked down in 786-0 lines expressing the IRE-luciferase reporter. Due to the
excess capacity of IRP1 in cells (Wang et al., 2007b), it was necessary to concomitantly use
two shRNAs targeting IRP1. Luciferase assays were performed using the Promega’s Dual-
luciferase Assay Reporter System (Promega, E1910).

High throughput small molecule screen for HIF-2a inhibitors

The screen was performed at the Institute for Chemical and Cellular biology, Harvard
Medical School. 7SV or 7H4 cells were plated onto 384-well plates and compounds were
added robotically the next day to a final concentration of approximately 10 uM. Luciferase
activity was measured 24 hours later with an Analyst plate reader (LJL Biosystems). All
experiments were performed in duplicate and the identity of lead compounds were
confirmed by mass spectroscopy.

Quantitative real time polymerase chain reaction (QRT-PCR)

RNA was harvested using TRI-Reagent LS (Molecular Research Center, TS 120), treated
with RNase-free DNasel (Worthington) to remove contaminating genomic DNA and
purified over RNeasy Mini Kit columns (Qiagen, 74104). Reverse transcription was
performed using random hexamer primers and Superscript 111 (Invitrogen). PCR was
performed using 1Q SYBR Green Supermix (BioRad) and run on a MyIQ Single Color
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Real-Time PCR machine (BioRad) using the following intron spanning primers: 5’-
TTTCATCCATCCGACATTGA-3" and 5’-ATCTTCAAACCTCCATGATG-3’ for B-2-
microglobulin (B2M); 5’-GGATCAGCGCACAGAGTTC-3" and 5’-
GTACTGGGTGGCGTAGCACT-3’ for HIF-2a; 5’-AAGCGGTTCTTGGTACCAGC-3’
and 5’-GGATAATCTGTGTCCTCGCA-3’ for TFR1; 5’-
GCTACGATTGCTAACATGTG-3’ and 5’-GAGGCCTTTTGGGTCCACTA-3’ for IRP1;
5-TGTGATTCTGGAGAACTAGG-3’ and 5’-CCCTAAACCATTCACCATCG-3’ for
IRP2. Nascent HIF-2a message levels were determined using primers located within the first
intron of the unprocessed message: 5’-AGACGGTGGACTCCGCCA-3’ and 5’-
TTAAAGGGAGGGGTACAC-3'.

Gene expression profiling and Connectivity Map analysis

RNA from compound treated 786-O cells was isolated as described for gRT-PCR
experiments. Labeled cRNA was prepared and hybridized to Affymetrix U133_Plus_2.0
microarrays according to the manufacturer’s protocols. Scans were processed using
Affymetrix MASS5 software and median scaled. Gene expression values less than a
minimum threshold of 20 or a maximum threshold of 16000 were set to 20 and 16000,
respectively. Genes with minimal variation across the dataset were discarded (maximum/
minimum < 3 or maximum — minimum < 100). Class neighbors were identified with
GenePattern software (available at www.broad.mit.edu/cancer) using the signal to noise
metric (Golub et al., 1999). Hierarchical clustering was performed using dCHIP software.
Gene set enrichment analysis was performed as described (Mootha et al., 2003) and
significance was determined by permutation of the gene labels. The GEO accession number
for the complete dataset is... Gene expression signatures were analyzed using the
Connectivity Map webtool (build 02), found at www.broad.mit.edu/cmap. Full details of the
Connectivity Map dataset and analytics are provided elsewhere (Lamb et al., 2006).

HUVEC proliferation assay

HUVEC cells were plated in a 96 well plate in HUVEC minimal medium (Chembrex,
EBM-2). 24 hours later, medium was replaced with a 1:4 mix of tissue culture medium that
had been conditioned from compound or DMSO-only treated 786-O cells and HUVEC
minimal medium. HUVEC proliferation was quantified by a colorimetric proliferation assay
(WST-1, Roche, Germany).

Western blots

Western Blots were performed as described (Zimmer et al., 2004). Antibodies: Monoclonal
anti-HIF-2a (Novus, NB100-132), polyclonal anti-HIF-2a (Novus, NB100-122), monoclonal
anti-HIF-1a (BD Biosciences, 610958), polyclonal Glut-1 (Alpha Diagnostics, GT-11-A),
polyclonal anti-p70S6K (Cell Signaling Technologies, 9202), polyclonal anti-phospho T389
p70S6K (Cell Signaling Technologies, 9205S), polyclonal anti-phospho S235/6 S6 (Cell
Signaling Technologies, 2211S), or monoclonal anti-B-Actin (Novus, ab8226). IRP1
antibody has been described before (Wang et al., 2007a). The polyclonal IRP2 antibody
(UT30) was a generous gift from Dr. B. Leibold. Secondary HRP-conjugated antibodies
were purchased from Pierce (31432, 31462). Hypoxia induction: Two identical plates of
cells were changed into fresh medium and incubated at 37°C, 5% CO,, and ambient O, for
24 hours. After 24 hours, one set was kept at 37°C, 5% CO», and ambient O, while the
other was placed into an ESPEC hypoxic incubator (1% O, 5% CO», 37°C) for another 24
hours.
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Enzyme-Linked Immunosorbent Assay (ELISA)

VEGF or IGFBP3 ELISA was performed on the conditioned supernatant using Quantikine
immunoassay kits (R&D Systems, DVEOQO for VEGF, DGB300 for IGFBP3).

Cycloheximide experiments

Cells were treated with medium only, DMSO, or compound as described above. Following
the second day of compound incubation, 10 pg/mL cycloheximide (CHx) was added to halt
de novo protein synthesis and time points were taken. Protein quantification and Western
blots were performed as described.

In vivo 3°S-methionine pulse-label experiments

Compound-treated cells were pulse-labeled for 30 minutes at 37°C with 0.5 mCi 35S-
Methionine (New England Nuclear) per p100 plate and lysed as described for Western blots.
500 ug lysate was immunoprecipitated with 2 ug polyclonal anti-HIF-2a (Novus,
NB100-122) or control polyclonal anti-HA Y-11 (Santa Cruz, sc-805) antibodies. Chase
experiments were performed with excess cold methionine (3 mg/mL methioning).
Immunoprecipitated samples were resolved by SDS-PAGE. Western blot and
autoradiograph images were scanned and optical density of bands determined using a UVP
Biolmaging System and LabWorks Image Acquisition and Analysis Software (UVP, Inc.).

Electrophoretic Mobility Shift Assays (EMSAS)

EMSASs were performed as described (Fillebeen et al., 2003). Briefly, 50 pg lysate from
786-0 cells treated with medium only, DMSO, or compounds were incubated with 25,000
cpm wild-type or mutant radiolabeled HIF-2a IRE probe for 20 minutes at room temperature
before loading onto non-denaturing acrylamide gels. Supershifts were performed identically,
save that 0.2 pg control, IRP1 or IRP2 antibodies were also added. Total protein content was
estimated by Bradford Assay (BioRad, 500-0006), and even loading for all experiments was
confirmed by Western blot for B-Actin.

In vitro iron competition assay

This assay was performed as described (Wang et al., 2002). Displacement of iron from
ethyl-3,4-dihydroxybenzoate (EDHB) complex was measured as a decrease in absorbance at
500 nm. Ferric iron, prepared as a 5 mM stock solution of FeCls in 200 mM sodium citrate,
was diluted to 25 uM in the presence of 750 uM EDHB. 1 ml aliquots of this solution were
then mixed with 0, 25, 50, 100 or 200 micromolar compound 40, 41, 76, or 77 as well as
EDTA and DFO for controls. With the exception of compound 41, only the Fe-(EDHB)3
complex absorbed significantly at 500 nm. The self absorbance of compound 41 in a
matched solution lacking Fe-(EDHB)3 was subtracted from the A500 value obtained in the
presence of the Fe-(EDHB)3 complex.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure and dose response of HIF inhibitor compounds

Compounds were added at the indicated concentrations for two days prior to measuring
normalized luciferase activity. Gray bars, 7SV (SV40-luciferase) cells; white bars, 7H4
(HRE-luciferase) cells. All experiments were performed in triplicate. Error bars represent
standard error of the mean (SEM).
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Figure 2. Gene expression profile of compound treated 786-O cells

For all panels, the cell lines used were: P, PRC3; W, WT8; V, pTV; R, pTR; or parental
786-0 cells treated with M, medium only; D, DMSO; or compounds 40, 41, 76 and 77 as
indicated, at the experimentally determined IC50 concentrations (a) Identified compounds
coordinately downregulate HIF target genes. The genes illustrated are the top 50 markers of
786-0 derived vector only (P for PRC3) cells relative to matched isogenic VHL-
reconstituted (W for WT8) cells, which are also downregulated by the HIF-2a-targeting
shRNA (R for pTR) cells relative to an empty vector control (V for pTV) cells. (b)
Hierarchical clustering of samples and genes reveals similarities between the activities of
compounds. Samples were clustered in the space of 800 genes comprised of the 100 genes
most powerfully upregulated and the 100 genes most powerfully downregulated in cells
treated with compounds, and in PRC3 versus WT8 cells.
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Figure 3. Effect of compounds on the angiogenic activity of renal carcinoma cell supernatant, the
expression of endogenous HIF-2a protein, its cognate mMRNA and HIF-downstream tar get genes
For all panels: P, PRC3; W, WTS; V, pTV; R, pTR, or parental 786-0 cells treated with M,
medium only; D, DMSO; or compounds, as indicated. HUVEC proliferation, ELISA, qRT-
PCR and luciferase measurements were performed in triplicate. Error bars represent
standard error of the mean (SEM). (a) HIF inhibitors decrease the angiogenic activity of
renal carcinoma cell supernatant. HUVEC proliferation after incubation with conditioned
tissue culture supernatant from control or compound-treated 786-0 cells. Conditioned
supernatant from identically treated VHL-reconstituted WT8 (W) and vector-only PRC3 (P)
cells were used as positive controls. P-values were determined using a Student's paired t-
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Test, with a two-tailed distribution. (b) Effect of compounds on endogenous HIF-2a and
Glut-1 protein expression. HIF-2a, Glut-1 and B-Actin expression was analyzed by Western
blot. (c) Effect of compounds on VHL-reconstituted WT8 cells. Western blot for HIF-2a and
B-Actin in which WT8 cells were cultured in the presence of compound, plus or minus 24
hours hypoxia. (d) Effect of compounds on HIF-2a in matched isogenic PRC3 cells. Western
blot on PRC3 cells were performed as described above. (e) Effect of compounds on secreted
VEGF and |GFBP3 expression. The concentration of VEGF and IGFBP3, secreted HIF
target genes, were determined in tissue culture supernatant from the above cells, as
measured by ELISA. (f) Compounds do not decrease HIF-2a mRNA expression.
Quantitative RT-PCR was performed on matched 786-O derived vector-only (pTV) or
HIF-2a-targeting ShRNA expressing (pTR), PRC3 or WT8 clones, as well as medium only,
DMSO and compound treated 7H4 cells. Data shows relative expression of both the nascent
(unspliced, gray bars) and processed (spliced, white bars) HIF-2a message normalized to
B-2-microglobulin (B2M) for control. (g) Effect of compounds of HRE-luciferase reporter
activity. In parallel with the gqRT-PCR analysis, luciferase activity was measured from
identically treated 7SV (gray bars) and 7H4 (white bars) cell lysates.
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Figure 4. Compounds decrease HIF-2a mRNA translation in an mTOR independent manner
(a) Compound decrease HIF-2a mRNA translation. Compound treated 786-O cells were
subjected to 3°S-methionine pulse label followed by immunoprecipitation (IP) as described
in Experimental Procedures. (=) indicates anti-HA control IP, (+) indicates IP with anti-
HIF-2a antibody. Loading control is a 1:1000 dilution of the lysate. Quantification of 35S
incorporation into the radiolabeled HIF-2a protein was determined by densitometry relative
to control lanes and the resulting graph is shown (top). (b) Effect of compoundsis mTOR
independent. 786-0 cells were treated with D, DMSO; Rap, rapamycin, or the indicated
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compounds. HIF-2a, total p70S6K, phospho-T389 p70S6K and phospho-S235/6 S6
expression and B-Actin was analyzed by Western blot.
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Figure5. The HIF-2a | RE isnecessary and sufficient for mediating the effect of HIF inhibitors
and it isde-repressed by hypoxia

For all panels: P, PRC3; W, WTS; V, pTV; R, pTR, or parental 786-0 cells treated with M,
medium only; D, DMSO; or compounds, as indicated. Experiments were done in triplicate
and error bars represent standard error of the mean (SEM). (a) Effect of compound is
dependent upon presence of 5'-UTR. (b) Effect of 5’ -UTR is heterologously transferable.
Gray bars, ratio of cells expressing CMV-luciferase with a synthetic RNA helicase reporter
5’-UTR stem loop over those expressing luciferase from the CMV promoter alone; white
bars, ratio of cells expressing SV40-luciferase with the HIF-2a 5’-UTR over those
expressing luciferase from the SV40 promoter alone. Shown are p-values determined using
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the Student's unpaired homoscedastic t-Test with a two-tailed distribution, comparing the
ratios of SV40 driven luciferase with the HIF-2a 5’-UTR over promoter alone versus CMV-
driven luciferase with a synthetic stem loop over promoter alone. (c) Effect of compound 76
localizes to IRE element within the 5'-UTR of the HIF-2a message. A series of 5’-UTR
deletion mutants were engineered into the HIF promoter driving luciferase. Shown is the
normalized ratio of cells treated with 10uM 76 over DMSO only control for each reporter
relative to the construct without any 5’-UTR element. The 50 nucleotide sequence with an
“x”” denotes mutated IRE. (d) All compounds work via the Iron-Responsive Element (IRE).
The effect of all compounds was tested on luciferase reporter lines containing wild-type or
mutant 5’-UTR IRE element. (e) Hypoxia mediates translational de-repression of the
HIF-2a message via the 5'-UTR IRE. Mutant or wild-type HIF-2a IRE luciferase reporter
lines were plated in duplicate and treated with medium only, 10uM DFO, 100uM hematin,
or both, as indicated and subjected to 24 hours normoxia (gray bars) or hypoxia (white
bars). Luciferase measurements were normalized separately for wild-type or mutant IRE to
corresponding normoxic reporter line treated with medium only. Raw mutant IRE luciferase
activity was roughly 10-fold higher than that of wild-type. (f) Compounds increase
expression of Transferrin Receptor 1 mRNA. Quantitative RT-PCR was performed on WTS,
PCR3, pTR, and pTV lines as well as compound treated 786-O cells. (g) Compound 76
increases TTR1 mRNA stability. Quantitative RT-PCR showing normalized TfR1 mRNA
expression in DMSO versus compound 76 treated 786-O cells following the addition of
Actinomycin D. (h) Compounds are not iron chelators. Displacement of iron from ethyl-3,4-
dihydroxybenzoate (EDHB) complex was measured as a decrease in absorbance at 500 nm
in the presence compounds as well as EDTA and DFO.
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Figure 6. Hypoxic de-repression of HIF-2a translation and compound induced repression are
mediated solely by IRP1
(a) Effect of IRP1 and IRP2 reduction on HIF-2a. 786-0 cells expressing wild-type HIF-2a
IRE luciferase reporter, were infected with lentiviral ShRNAs targeting IRP1, IRP2 or both.
(b) Inhibition of IRP1 is sufficient to prevent hypoxic de-repression of HIF-2a translation.
Luciferase counts were normalized to vector only (v.0.) in normoxia. The number in
parentheses is the fold induction by hypoxia for each cell line. (c) Inhibition of IRP1 is
sufficient to block effect of compounds on HIF-2a activity. qRT-PCR was performed on the
HIF-2a target gene EGLNS3 in the above IRP knock down lines treated with D, DMSO, 76 or
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77. All measurements were done in triplicate and error bars represent standard error of the
mean (SEM).

Mol Cell. Author manuscript; available in PMC 2014 April 08.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 24

a b o
- N —
o oo
gEELX
M D 404176 77 M D 404176 77 S 666
2 =
.4
i " . _
HIF-2a wt IRE HIF-2a mut IRE HIF-2a wt IRE
Control a-IRP1 Control a-IRP2
D 76 D 76 D 76 D 76
NHNHNHNHNHNHNHNMH
.” - :
AT I
HIF-2a wt IRE
d e
Control  a-IRP2  Control a-IRP2 Control a-HA Control a-HA
N H N H N H N H
0 O O 0 0 0 O 0O
[T [V (V' [T [T L [T [T
S0=20=20=20=20=20=2020
o
S -
7] (2]
o [e]
o o
g Wl ¥
Zluk MUl WeN z
- -

Dark exposure
Dark exposure

o 1

HIF-2a IRE probe  Ferritin-L IRE probe HIF-2a IRE probe  Ferritin-L IRE probe

Figure 7. Compounds enhance binding of IRP1tothe HIF-2a |RE

(a) Compounds enhance wild-type but not mutant HIF-2a IRE probe gel shift. (b) IRP1is
the major species binding to HIF-2a IRE. EMSA was performed on the 786-O derived IRP
knock down lines using the wild-type HIF-2a IRE probe, as indicated. (¢) Binding of IRP1 to
HIF-2a |RE decreases in hypoxia and it is enhanced by compound 76 under both normoxia
and hypoxia. 786-0 cells were treated with DMSO (D) or compound 76 and subjected to 24
hours normoxia (N) versus hypoxia (H). EMSA was performed on the resulting lysates
following incubation with control, IRP1 or IRP2 antibodies. Pre-immunization polyclonal
rabbit serum and purified B-Actin monoclonal were used as controls for IRP1 and IRP2,
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correspondingly. (d) No detectable binding of endogenous IRP2 to HIF-2a IRE. EMSA was
performed on 786-0 lysates either left untreated (medium only, M) or treated with 150 uM
DFO in normoxia or hypoxia using either the Ferritin-L or HIF-2a IRE radiolabeled probe
and supershifted with either control or anti-IRP2 (2 uL UT29) antibody in the presence of 1
mM DTT. (e) Exogenous HA-IRP2 can bind to HIF-2a IRE. EMSA was performed on
lysates form U20S cells transiently transfected with a vector expressing HA-IRP2 and either
left untreated (medium only, M) or treated with 150 uM DFO in normoxia or hypoxia using
either the Ferritin-L or HIF-2a IRE radiolabeled probe and supershifted with either control
or anti-IRP2 (2 uL UT29) antibody in the presence of 1 mM DTT. Black arrows: position of
the shifted band, white arrows: position of the supershifted band.
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Figure 8. Hypoxic regulation of HIF-2a
(a) Effect of hypoxia on HIF-2a and global tranglation. (b) Model for IRP1-mediated
hypoxic de-repression of HIF-2a translation.
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