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Hypoxia-inducible factor-1 (HIF-1) plays an essential role in tumor
development and progression by regulating genes that are vital for
proliferation, glycolysis, angiogenesis, and metastasis. To identify
strategies of targeting the HIF-1 pathway, we screened a siRNA
library against the entire druggable genome and a small-molecule
library consisting of 691,200 compounds using a HIF-1 reporter cell
line. Although the siRNA library screen failed to reveal any drug-
gable targets, the small-molecule library screen identified a class of
alkyliminophenylacetate compounds that inhibit hypoxia-induced
HIF-1 reporter activity at single-digit nanomolar concentrations.
These compounds were found to inhibit hypoxia but not deferox-
amine-induced HIF-1« protein stabilization. Further analysis indi-
cated that the alkyliminophenylacetate compounds likely inhibit
the HIF-1 pathway through blocking the hypoxia-induced mito-
chondrial reactive oxygen species (ROS) production. Strikingly, all
of the nonalkyliminophenylacetate HIF-1 inhibitors identified from
the small-molecule library screen were also found to target mito-
chondria like the alkyliminophenylacetate compounds. The exclu-
sive enrichment of mitochondria inhibitors from a library of
>600,000 diverse compounds by using the HIF-1 reporter assay
highlights the essential role of mitochondria in HIF-1 regulation.
These results also suggest that targeting mitochondrial ROS pro-
duction might be a highly effective way of blocking HIF-1 activity
in tumors.
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ypoxia-inducible factor-1 (HIF-1) is the master regulator of
cellular responses to low oxygen (1-3). It consists of a consti-
tutively expressed 8 subunit and an oxygen-regulated « subunit.
The proline hydroxylase domain-containing proteins (PHDs) were
originally thought to be the main oxygen sensor that mediates
oxygen-dependent HIF-1a degradation. Under aerobic conditions,
PHDs hydroxylate HIF-1« at key proline residues by using oxygen
as a substrate, which ultimately causes polyubiquitination and
degradation of HIF-1a through an E3 ubiquitin ligase complex
containing the von Hippel-Lindau protein (4, 5). Because oxygen
is required for PHD-mediated hydroxylation, the low oxygen level
under hypoxic conditions prevents HIF-1a hydroxylation, which
subsequently leads to the stabilization of HIF-1a. However, several
recent studies demonstrate that the hypoxia-induced production of
reactive oxygen species (ROS) in mitochondria is both necessary
and sufficient for hypoxia-dependent HIF-1a accumulation, sug-
gesting that mitochondria may act as an oxygen sensor for HIF-1«
regulation by generating ROS under hypoxic conditions (6-9).
HIF-1 has emerged as an attractive target for cancer therapy in
the last several years. The requirement of HIF-1 for tumor growth
has been examined by abrogating the HIF-1 pathway in tumors by
using RNAi, small molecule inhibitors, or genetic alterations.
Although the degree of tumor responses to HIF-1 inhibition varies
among studies, the majority of the studies demonstrate that inhi-
bition of HIF-1 leads to slower tumor growth in vivo (10-16). In
addition to its direct impact on tumor growth, HIF-1 has also been
implicated in modulating tumor responses to therapy. In particular,
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robust antitumor efficacy has been demonstrated by combining
HIF-1 inhibition with temozolamide treatment or radiation ther-
apy, suggesting that combining HIF-1 inhibition with other thera-
peutic modalities could be a promising strategy for cancer therapy
(17-19).

Because of the importance of HIF-1 in tumor development and
progression, a considerable amount of effort has been devoted to
identify HIF-1 inhibitors for cancer therapy. Several small mole-
cules have been reported to exhibit inhibition of the HIF-1 pathway
(12, 20-26). However, these compounds often have activities other
than HIF-1 inhibition, and most of them lack the desired pharma-
cokinetic properties or toxicity profiles required for a useful phar-
maceutical agent. In this study, we carried out a small-molecule
library screen aimed at identifying potent and specific HIF-1
inhibitors. In parallel, we also carried out a siRNA-based loss-of-
function screen to uncover druggable targets in the HIF-1 pathway.
Although the siRNA library screen failed to reveal any classic
druggable targets, the small-molecule library screen identified a
class of compounds that inhibit hypoxia-induced HIF-1 activation
at very low concentrations.

Results

siRNA-Based Loss-of-Function Screen Failed to Reveal Classic “Drug-
gable” Targets in the HIF-1 Pathway. The lack of obvious druggable
targets in the HIF-1 pathway has hindered the development of
HIF-1-based cancer therapeutics. To identify potential druggable
targets in the HIF-1 pathway, we initiated a siRNA-based loss-of-
function screen using a library of siRNAs against ~4,000 druggable
targets. The aim of the screen was to identify targets that, when
knocked down by siRNAs, lead to specific inhibition of the HIF-1
pathway. We have screened H1299 cells that were transiently
transfected with the HIF-1 reporter using a siRNA library consist-
ing of >500 human kinases (27). However, this transient transfec-
tion assay became prohibitively cumbersome to screen a much
larger siRNA library. To increase the throughput of the HIF-1
reporter assay, we created H1299-HRE, a stable HIF-1 reporter
line derived from the non-small-cell lung carcinoma cell line H1299.
In this cell line, the expression of the firefly luciferase is controlled
by the hypoxia-responsive element (HRE) from the enolase pro-
moter. By using this cell line, a three- to fivefold increase of
luciferase activity was observed upon hypoxia treatment. The
hypoxia-dependent luciferase expression in this cell line is appar-
ently mediated by HIF-1 because a HIF-1a siRNA abolished the
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siRNA library screen using the HIF-1 reporter assay. (A) The H1299_HRE cells transfected with a control siRNA (Con) or HIF-1a siRNA (Hif-1a) were subjected

to hypoxia treatment and assayed for luciferase activity afterward. (B) The H1299_HRE cells were plated in 96-well plates. For each plate, half of the plate was
transfected with a scramble siRNA and the other half of the plate was transfected with a HIF-1a siRNA. Forty-eight hours after transfection, the siRNA-transfected
cells were subjected to hypoxia treatment for 16 h. The cells were then collected to determine the firefly luciferase activity. Z’' was calculatedasZ’' =1 — 3 oy +
3 on)/un — un- In both A and B, siRNA was transfected at a final concentration of 20 nM.

induction of luciferase activity under hypoxia (Fig. 14). By using the
HIF-1a siRNA and a scrambled siRNA as positive and negative
controls, Z' factors of 0.61 and 0.58 were obtained in two inde-
pendent experiments for the H1299_HRE-based 96-well reporter
assay, indicating that the H1299_HRE-based assay is suitable for
high-throughput screening (Fig. 1B).

Using the H1299_HRE-based reporter assay, we screened a
siRNA library against ~4,000 druggable targets using pools of four
siRNAs that were designed to knock down a single target. From the
primary screen and retest, 355 pools were shown to cause >40%
inhibition of the HIF-1 reporter activity, resulting in an overall hit
rate of 9.6%. To further test whether these hits are specific for the
HIF-1 pathway, we examined the 355 confirmed hits using the dual
luciferase assay in which the cells were transfected with both the
HIF-1 reporter and a constitutively expressed renilla luciferase
reporter. By normalizing the HIF-1-dependent firefly luciferase
activity against the constitutively expressed renilla luciferase activ-
ity, pools that inhibited the HIF-1 reporter because of cytotoxicity
or nonspecific transcriptional/translational inhibition were elimi-
nated. The dual luciferase assay resulted in a significant attrition of
the primary hits. Only 10 of the 355 Smartpools were found to
exhibit specific inhibition of the HIF-1 reporter without significantly
affecting the constitutive renilla luciferase reporter.

siRNA-mediated off-target gene silencing has been observed in
many of our siRNA-library screens. In other studies, many of the
top hits were invalidated as off-target hits by using multiple siRNAs
against the same target (27, 28). When four individual siRNAs
against each of the 10 targets from the HIF-1 reporter screen were
retested, only one of the four siRNAs exhibited specific inhibition
of the HIF-1 reporter. Meanwhile, 2 or more individual siRNAs
from each Smartpool knocked down the target to a very high level
(data not shown). The disconnection between HIF-1 reporter
inhibition and the level of target knockdown suggest that the 10
pools obtained from our screen are likely off-target hits that cause
HIF-1 inhibition because of off-target gene silencing triggered by
one of the siRNAs in each Smartpool.

The Small-Molecule Library Screen Identified Potent HIF-1 Inhibitors.
There are several possible explanations for the failure to identify
druggable targets in the HIF-1 pathway through the siRNA library
screen. First, the critical intervention point in the HIF-1 pathway
may not be a classic druggable target covered by our siRNA library.
Another potential explanation is that a close homolog of a critical
target may need to be inhibited simultaneously to block hypoxia-
dependent HIF-1 activation. This could not be achieved in the
siRNA-based screen because the siRNAs in our library likely only
knock down one of the homologous proteins. The limitations of the
siRNA-based approach can conceivably be overcome by a compli-
mentary chemical genomics approach. A small-molecule library
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consists of a large number of structurally diverse compounds that
may inhibit additional targets not covered by our druggable siRNA
library. In addition, small molecules may not distinguish among
homologous protein targets, resulting in simultaneous inhibition of
many closely related proteins.

To explore the chemical genomics approach, we established a
384-well HIF-1 reporter assay using the H1299_HRE cells. A Z'
factor of 0.18 was obtained for the optimized 384-well reporter
assay, indicating that the assay is suitable for high-throughput
screening (data not shown). Using this assay, we screened a
small-molecule library containing 691,200 compounds. From the
screen, 15,756 compounds exhibited a >25% inhibition of the
HIF-1 reporter activity. Among the 15,756 primary hits, 904 were
confirmed by retesting. Serial dilution experiments revealed that
800 of the 904 compounds had an ECsy <10 uM on HIF-1 reporter
inhibition.

To eliminate compounds that inhibit the HIF-1 reporter activity
because of cytotoxicity or nonspecific transcriptional/translational
inhibition, we tested the 800 most-potent compounds in two
secondary assays: (i) a dual luciferase assay in which H1299 cells
were cotransfected with the HIF-1 reporter (pHRE) and the
pRL-SV40 reporter and (i) a dual luciferase assay in which H1299
cells were cotransfected with the pGL3-control and the pRL-SV40
reporter. In these assays, the pRL-SV40 and the pGL3-control
reporters use the SV40 promoter to express the firefly and renilla
luciferase, respectively. Because the SV40 promoter is constitutively
active, the inhibitory effect of a compound on the pGL3-control or
the pRL-SV40 reporter would suggest that the compound may be
toxic to the cell or is a general transcriptional/translational inhibitor.
Using these secondary assays, we eliminated compounds that either
inhibited the pGL3-control reporter alone (likely firefly luciferase
inhibitors) or inhibited both the pGL3-control and the pRL-SV40
reporters (likely cell growth inhibitors or general transcriptional/
translational inhibitors). From these analyses, 250 of the 800
compounds were found to specifically inhibit the HIF-1 reporter
(>50% inhibition) at 1 uM without significantly affecting the
activity of the pGL3-control or the pRL-SV40 reporters (<20%
inhibition).

Alkyliminophenylacetate Compounds Specifically Inhibit the HIF-1
Pathway. Among the 250 compounds, a group of 18 compounds
share the core structure of alkyliminophenylacetate, and all of them
appeared to be very potent HIF-1 inhibitors [supporting informa-
tion (SI) Table 1 and Fig. 2]. Four representative compounds from
this group are shown in Fig. 2. All of them exhibited an ECs of <10
nM in the HIF-1 reporter assay. To confirm the HIF-1 specificity
of the alkyliminophenylacetate compounds, we tested a represen-
tative compound from this group for its impact on luciferase
reporters controlled by the heat shock transcription factor (HSF) or
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Fig. 2.  Small-molecule library screen using the HIF-1 reporter assay. The
structures and ECsgs of representative alkyliminophenylacetate compounds.

NF-kB. The tested compound exhibited a robust inhibition of the
HIF-1 reporter activity. Meanwhile, only a marginal-to-moderate
inhibition of the HSF or NF-«B reporter activity was observed for
this compound (Fig. 34). Furthermore, the alkyliminophenylac-
etate compounds were also found to inhibit the HIF-1 reporter
activity in several other cancer cell lines, demonstrating that the
inhibitory effect of these compound on the HIF-1 pathway is not
restricted to a particular cancer cell line (Fig. 3B).

To further determine whether the inhibitory effect of the alky-
liminophenylacetate compounds on the HIF-1 reporter can be
extended to endogenous HIF-1 targets, we next examined several
alkyliminophenylacetate compounds for their impact on hypoxia-
induced expression of PGK1 and Enolase 1, two well established
HIF-1 downstream targets. As reported in the literature, hypoxia

>
w

treatment triggered a robust induction of PGK1 and Enolase 1
expression. However, the hypoxia-dependent expression of PGK1
and Enolasel was abolished in cells treated with the alkylimino-
phenylacetate compounds, indicating that the alkyliminophenyla-
cetate compounds can also inhibit endogenous HIF-1 targets (Fig.
3C). Taken together, these results suggest that the alkyliminophe-
nylacetate compounds are specific and potent HIF-1 inhibitors.

Alkyliminophenylacetate Compounds Inhibit HIF-1 by Blocking Mito-
chondrial ROS Production. To understand the molecular mechanism
by which the alkyliminophenylacetate compounds inhibit the HIF-1
pathway, we first examined the compound-treated cells for the
HIF-1a protein levels before and after hypoxia or Deferoximine
(DFO) treatment. Although the alkyliminophenylacetate com-
pounds abolished hypoxia-induced HIF-1a protein accumulation,
the DFO-induced HIF-1a protein accumulation was only moder-
ately reduced (Fig. 4). The differential impact of the alkylimino-
phenylacetate compounds on hypoxia and DFO-induced HIF-1a
accumulation resembled what was reported for ROS scavengers
and mitochondrial electron transport chain inhibitors (6, 29). This
prompted us to test whether the alkyliminophenylacetate com-
pounds inhibit HIF-1 by targeting mitochondria. The ability to
survive in media that are devoid of glucose but contain galactose is
an indication of the mitochondrial function in cells. When cultured
in galactose media, cells depend solely on the oxidative phosphor-
ylation in mitochondria for energy, which makes the cells highly
sensitive to mitochondria inhibitors (30). A number of alkylimino-
phenylacetate compounds were selected from Abbott’s internal
compound collection and tested for cytotoxicity in cells cultured in
the regular glucose-containing media or the galactose-containing
media. Although none of the alkyliminophenylacetate compounds
triggered cell death in the regular glucose-containing media, many
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Fig. 3. The alkyliminophenylacetate compounds are specific HIF-1 inhibitors. (A) The H1299_HRE cells, HeLa_HSP70P cells, and A549_NF-«B cells were treated

with C2 by using indicated concentrations for 4 h. The cells were then treated with hypoxia, heat shock, or IL-1 to activate each reporter, respectively. At the
end of each treatment, the cells were collected and assayed for luciferase activity. (B) The HCT116 and DLD-1 cells were transiently transfected with the HIF-1
reporter, pHRE, and the constitutive renilla luciferase reporter, pRL-SV40. The reporter-transfected cells were then incubated with each compound at indicated
concentrations, treated with hypoxia, and assayed for luciferase activity. (C) The H1299 cells cultured at the normoxic conditions (Con-N) or the H1299 cells
cultured in the presence of DMSO (Con) or 1 uM compounds (samples 1-4 represent compounds C1, C2, C3, and C4) were treated with hypoxia or DFO. The mRNA
levels of PGK1 and Enolase 1 in cells were then determined by gPCR.
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Fig. 4. The alkyliminophenylacetate compounds inhibit hypoxia-induced
but not DFO-induced HIF-1a accumulation. The H1299 cells cultured without
the presence of compounds at the normoxic conditions (Normoxia, Con) and
the H1299 cells cultured in the presence of DMSO (Con) or 1 uM compounds
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of them induced robust cell death in the galactose media at very low
concentrations (Fig. 54). In a parallel experiment, the same set of
alkyliminophenylacetate compounds were also tested for their
impact on the HIF-1 pathway, and the ability of each compound to
inhibit the HIF-1 reporter was found to correlate with its ability to
induce cell death in the galactose media (R? = 0.9871) (Fig. 54 and
B). These results suggest that the alkyliminophenylacetate com-
pounds may inhibit HIF-1 pathway by interfering with mitochon-
drial function.

It has been suggested that the ROS produced in complex III of
the mitochondrial electron transport chain is responsible for
HIF-1a stabilization under hypoxia (7-9, 31). To further define the
mechanism of action for the alkyliminophenylacetate compounds,
we examined whether the alkyliminophenylacetate compounds can
inhibit ROS production under hypoxic conditions using a cell-
permeable fluorescent indicator of ROS levels [2,7-dichlorodihy-
drofluorescein diacetate (DCF)]. In control cells, hypoxia treat-
ment triggered a 3-fold increase of the DCF fluorescent signal,
indicating that ROS increases under hypoxia. However, treating the
cells with the alkyliminophenylacetate compounds severely im-
paired the hypoxia-dependent ROS production (Fig. 5C), suggest-
ing that the alkyliminophenylacetate compounds may inhibit HIF-1
by blocking mitochondrial ROS production.

Inhibition of Mitochondrial ROS Production Is a Common Mechanism
Used by Structurally Diverse HIF-1 Inhibitors. Upon confirming the
effect of the alkyliminophenylacetate compounds on mitochondrial
ROS production, we tested whether this is a common mechanism
used by the HIF-1 inhibitors obtained in our chemical genomics
screen. To identify compounds that affect the mitochondrial func-
tion, we examined 200 HIF-1 inhibitors, including both the alky-
liminophenylacetate compounds and the nonalkyliminophenylac-
etate compounds, for their ability to trigger cell death in galactose
media. Surprisingly, all HIF-1 inhibitors tested, including all of the
nonalkyliminophenylacetate compounds, were found to induce
robust cell death at very low concentrations in cells cultured in
galactose media. As a control, the same set of compounds did not
induce cell death in cells cultured in standard glucose-containing
media (Fig. 64 and data not shown). To exclude the possibility that
inhibiting HIF-1 by itself causes cell death in galactose media, we
examined the viability of cells in galactose media upon siRNA-
mediated HIF-1a knockdown. In these experiments, cells that were
transfected with a validated potent HIF-1a siRNA were found to
exhibit a similar degree of viability in galactose media compared
with cells transfected with a control siRNA or a siRNA against
luciferase (Fig. 6B) (27). As controls, knockdown of the mitotic
kinase PLKI1 or treating the cells with an alkyliminophenylacetate
compound triggered robust cell death, indicating that siRNAs were
efficiently transfected under our experimental conditions, and the
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Log(EC50 for HIF-1 reporter assay)

A HIF-1 reporter | Galactose media| Glucose media
Compounds (1IC50 uM) (1IC50 uM) (IC50 uM)

C2 0.0019 0.0011 >10
C4 0.0028 0.0013 >10
Cc3 0.0029 0.0007 >10
Cc9 0.0073 0.0048 >10
c10 0.0078 0.0039 >10
c11 0.0090 0.0033 >10
Cc12 0.0120 0.0115 >10
C13 0.0193 0.0054 >10
Cc14 0.0484 0.0183 >10
C15 0.1042 0.0669 >10
C16 0.1184 0.0686 >10
c17 0.3742 0.2178 >10
Cc18 0.3791 0.2618 >10
Cc19 0.4821 0.3168 >10
C20 1.4020 0.6018 >10
Cc21 1.8260 0.8514 >10
C22 2.0070 1.1900 >10
C23 >10 5.6560 >10
C24 >10 >10 >10
C25 >10 >10 >10
C26 >10 >10 >10
Cc27 >10 >10 >10
C28 >10 >10 >10
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Fig.5. Thealkyliminophenylacetate compounds likely inhibit HIF-1 by blocking
mitochondrial ROS production. (A) The ECsos of the alkyliminophenylacetate
compounds for the HIF-1 reporter inhibition and the cytotoxicity in the galactose
and glucose media. (B) The log(ECso) of each compound for the HIF-1 reporter
inhibition (x axis) and the cytotoxicity in the galactose media (y axis) was plotted.
(C) The H1299 cells cultured under nomoxic or hypoxic conditions were either
untreated or treated with various alkyliminophenylacetate compounds. The ROS
levels in cells were determined by quantifying the DCF fluorescence.
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cells remain responsive to death stimuli. These results indicate that
the inhibition of HIF-1 is not the cause of cell death in the galactose
media. Therefore, the cytotoxic effect of the HIF-1 inhibitors is
likely due to the ability of these compounds to interfere with
mitochondrial function. To further define whether the nonalkylim-
inophenylacetate HIF-1 inhibitors also prevent ROS production
under hypoxia, we selected several nonalkyliminophenylacetate
HIF-1 inhibitors with diverse structures, and tested these com-
pounds for their impact on hypoxia-induced ROS production.
Similar to what was observed with the alkyliminophenylacetate
compounds, all of the nonalkyliminophenylacetate HIF-1 inhibitors
were also found to block the hypoxia-induced ROS production (Fig.
6C). The decrease in DCF fluorescence during hypoxia by these
compounds is not due to interference of the assay with our
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Fig. 6. Inhibiting mitochondrial ROS generation is a common mechanism used by the HIF-1 inhibitors identified from our chemical genomic screening. (A) The
H1299_HRE cells were cultured in the glucose or galactose media in the presence of 1 uM (Left), 0.3 uM (Center), or 0.1 uM (Right) concentrations of different
HIF-1 inhibitors. The cell viability was determined 72 h after compound treatment, and the percent cell survival was calculated as the percentage of viable cells
in the compound-treated samples versus the DMSO-treated control sample. Results from a subset (19 compounds) of the 200 HIF-1 inhibitors tested were shown
here. (B) The H1299_HRE cells cultured in the galactose media were transfected with different siRNAs or treated with 1 uM C3, and cell death was determined
72 h after siRNA transfection or compound treatment by using the Toxilight assay. (C) The H1299 cells cultured under nomoxic or hypoxic conditions were either
untreated or treated with various compounds. The ROS levels in cells were determined by quantifying the DCF fluorescence.

compounds because neither the alkyliminophenylacetate nor the
nonalkyliminophenylacetate compounds decreased DCFH oxida-
tion to DCF in cultured cells exposed to glucose oxidase, a well
established generator of H,O, (SI Fig. 7). In addition, the HIF-1b
null cells were found to maintain the ability to generate ROS under
hypoxia, suggesting that the reduction of ROS in compound-treated
cells is not a consequence of inhibiting HIF-1 by these compounds
(SI Fig. 8). Furthermore, the administration of a mitochondria-
targeted ROS scavenger, MitoQ, was found to prevent hypoxia-
induced ROS generation and HIF-1« stabilization but not HIF-1«
stabilization induced by prolyl hydroxylase inhibitor DMOG (SI
Fig. 9 4 and B). In contrast to the HIF-1 inhibitors identified in this
study, MitoQ did not inhibit respiration or diminish survival in the
galactose media (SI Fig. 9 C and D). Taken together, these results
suggest that inhibition of hypoxia-dependent mitochondrial ROS
production appears to be the common mechanism used by the
HIF-1 inhibitors identified from our screen.

Discussion

HIF-1 activation under hypoxic conditions is a multistep process
involving the stabilization of HIF-1« protein, dimerization of the o
and 3 subunits, translocation to the nucleus, binding to the HIF-1
responsive promoters, and the formation of active transcriptional
complexes with accessory proteins such as p300/CBP. Because all
of these steps could be potential targets of HIF-1 specific inhibitors,
it is surprising that all of the HIF-1 inhibitors identified from a very
large and highly diverse small-molecule library targeted the mito-
chondria. The involvement of mitochondria in HIF-1 regulation was
proposed many years ago. However, the essential role of mitochon-
dria as an oxygen sensor upstream of PHDs is just beginning to be
appreciated. Several recent studies indicated that ROS produced
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from complex III of the mitochondrial electron transport chain is
responsible for hypoxia-dependent stabilization of HIF-1c, sug-
gesting that mitochondria may act as an oxygen sensor by increasing
ROS generation under low-oxygen conditions. In this study, all of
the HIF-1 inhibitors tested were found to perturb mitochondrial
function, and many structurally unrelated HIF-1 inhibitors were
found to inhibit hypoxia-dependent ROS production. The fact that
the HIF-1 inhibitors identified in a screen of >600,000 compounds
are all mitochondria inhibitors strongly supports the notion that
mitochondria play a central role in regulating HIF-1 activity. It is
noteworthy that the HIF-1 inhibitors identified from our screen are
extremely potent. Many of the alkyliminophenylacetate compounds
have ECsgs in the single-digit nanomolar range. This is in sharp
contrast to many micromolar HIF-1 inhibitors reported in the
literature that work through nonmitochondrial mechanisms. These
results suggest that HIF-1 activity may be highly sensitive to the
perturbation of mitochondrial ROS production, making the inhi-
bition of hypoxia-dependent ROS generation an attractive strategy
to block the HIF-1 pathway.

The molecular targets of the HIF-1 inhibitors identified from our
screen remain to be defined. A structure-based patent search
revealed that the alkyliminophenylacetate compounds contain the
toxophores of the strobilurin fungicides (32, 33). Azoxystrobin
(Syngenta), Kresoxim-Methyl (BASF), and Metominnostrobin
(Shionogi) are marketed strobilurin-type fungicides with the rep-
resentative toxophores methyl-methoxyacrylate, methyl-methoxy-
iminoacetate, and N-methyl-methoxyiminoacetamide, respectively.
Strobilurins are well established inhibitors of complex III, where
ROS was produced at the Qo site. The Qo site of complex III is
intact in the cytochrome b null cells, and cells that do not contain
cytochrome b are still able to generate ROS (34). Strobilurin
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inhibits electron transfer in the cytochrome bcl complex of the
mitochondrial respiratory chain before cytochrome b, resulting in
the preventing cytochrome b reduction and thereby attenuating
ROS production (35, 36). A recent study indicates that Qo site
inhibitors of complex III (myxothiazol, stigmatellin) are most
effective in preventing hypoxia-induced ROS production and
HIF-1 activation. By contrast, antimycin, the complex III inhibitor
that does not inhibit at the Qo site, is not effective at suppressing
ROS generation or HIF activation (34, 37). Because all alkylim-
inophenylacetate class of HIF-1 inhibitors contain one of the
strobilurin toxophores, we suspect that the alkyliminophenylacetate
compounds target the Qo site of complex III, resulting in the
inhibition of mitochondrial electron transfer in complex III (SI Fig.
10). This proposed activity is consistent with the two distinct cellular
activities of the alkyliminophenylacetate. On one hand, inhibiting
complex III blocks oxidative phosphorylation, making cells highly
dependent on glycolysis. Therefore, when glycolysis was blocked in
cells cultured in galactose-containing media, alkyiminopheylac-
etates treatment caused dramatic cell death. On the other hand,
inhibiting complex I1I blocks ROS production under hypoxia, which
resulted in the inhibition of HIF-1 activity by alkyiminophenylac-
etates. For the variety of nonalkyliminophenylacetate compounds,
given their abilities to induce cell death in the galactose media, they
likely block mitochondrial respiration as the alkyliminophenylac-
etate compounds. However, the exact targets for these compounds
are unknown.

It is somewhat surprising that the large-scale siRNA library
screen failed to identify any classic druggable targets in the HIF-1
pathway, given that a number of signaling pathways/molecules (e.g.,
PI3 kinase and HSP90) have been implicated in HIF-1 regulation.
To investigate the reasons for the lack of targets from the siRNA
library screen, we first examined the siRNAs against several PI3K
members for their ability to knock down the respective targets.
Although multiple siRNA were found to knock down PI3K catalytic
subunits p110« and p110, these siRNAs did not inhibit the HIF-1
reporter activity, suggesting that knockdown of p110« or p1108 is
not sufficient to affect HIF-1 activity (SI Fig. 11 A and B).
Furthermore, PI3K inhibitors wortmannin and 1.Y294002, which
are expected to inhibit the activity of all forms of PI3K, failed to
block HIF-1 activation in our reporter cell line (SI Fig. 11C). These
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results suggest that PI3K may not be involved in HIF-1 activation
in the HIF-1 reporter cell line used in our study, which explains why
PI3K was not identified from the siRNA screen. On the other hand,
geldanamycin, the small-molecule inhibitor of HSP90, was found to
inhibit HIF-1 reporter activity in our assay, suggesting that the
failure to identify HSP90 from the siRNA library screen could be
due to technical reasons such as insufficient target knockdown or
redundancy (SI Fig. 11D). Taken together, the inability to identify
targets by siRNA library screen could be attributed to both
technical and biological reasons.

Although mitochondria inhibitors such as rotenone and myx-
othiazol are very toxic, the complex III inhibitor strobilurin ap-
peared to be considerably less toxic to mice. In particular, the
strobilurin type of fungicides have gone through stringent toxicity
scrutiny. In a chronic toxicity study in rats using Kresoxim-Methyl,
oral dosing up to 500 mg/kg/day for prolonged period did not
produce any toxic side effects (U.S. Environmental Protection
Agency, Pesticide Fact Sheet for Kresoxim-methyl). Therefore, it
remains to be determined whether the alkyliminophenylacetate
class of compounds could be tolerated in animal models at doses
that inhibit HIF-1. Instead of inhibiting the electron-transport
chain, the use of antioxidants is an attractive alternative for
inhibiting hypoxia-dependent ROS production. This strategy allows
the inhibition of ROS signal without interfering with mitochondrial
respiration, thereby minimizing the toxicity concerns. Mitochon-
dria-targeted ubiquinone such as MitoQ has been shown to inhibit
HIF-1 in vitro and be safe and effective in vivo via oral dosing to
protect cardiac ischemia-reperfusion injury (38, 39). It will be
interesting to determine whether similar reagents can be developed
as HIF-1 inhibitors for cancer therapy.

Materials and Methods

The H1299_HRE cells were incubated with 1 uM concentrations of each com-
pound and treated with hypoxia for 18 h. Luciferase activity was subsequently
determined by using the Steady-Glo Luciferase Assay System (Promega). More
detailed methods are available in S/ Methods.
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