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Abstract
Purpose—Hypoxia inducible factor-1 (HIF-1) is the central mediator of the cellular response to
low oxygen and functions as a transcription factor for a broad range of genes that provide adaptive
responses to oxygen deprivation. HIF-1 is over-expressed in cancer and has become an important
therapeutic target in solid tumors. In this study, a novel HIF-1α inhibitor was identified and its
molecular mechanism was investigated.

Experimental Design—Using a HIF-responsive reporter cell-based assay, a 10,000-membered
natural product-like chemical compound library was screened to identify novel HIF-1 inhibitors.
This led us to discover KC7F2, a lead compound with a central structure of cystamine. The effects
of KC7F2 on HIF-1 transcription, translation and protein degradation processes were analyzed.

Results—KC7F2 markedly inhibited HIF-mediated transcription in cells derived from different
tumor types, including glioma, breast and prostate cancers and exhibited enhanced cytotoxicity
under hypoxia. KC7F2 prevented the activation of HIF-target genes such as Carbonic Anhydrase
IX, Matrix Metalloproteinase 2 (MMP2), Endothelin 1 and Enolase 1. Investigation of the
mechanism of action of KC7F2 showed that it worked through the down-regulation of HIF-1α
protein synthesis, an effect accompanied by the suppression of the phosphorylation of eukaryotic
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Statement of Translation Relevance
Solid tumors are hypoxic and this feature renders them more resistant to radiation and chemotherapy. Hypoxia activates the HIF
transcriptional pathway which drives the synthesis of key factors that promote cancer cell survival and tumor growth. Therefore,
targeting the HIF pathway is a promising anti-cancer strategy. In this study, we have identified a novel small molecule KC7F2 as a
potent HIF-1α translation inhibitor. This lead compound shows promise for further development into an antitumor agent for clinical
cancer therapy.
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translation initiation factor 4E binding protein 1 (4EBP1) and p70 S6 kinase (S6K), key regulators
of HIF-1α protein synthesis.

Conclusion—These results show that KC7F2 is a potent HIF-1 pathway inhibitor and that its
potential as a cancer therapy agent warrants further study.

Introduction
Hypoxia, a reduction in partial oxygen pressure, is a major hindrance to effective solid
tumor therapy. The microenvironment of rapidly growing solid tumors shows increased
energy demand and diminished vascular supply, resulting in focal areas of prominent
hypoxia (1). The hypoxic fraction of tumors is resistant to traditional therapies.
Radiotherapy is compromised because of the reduced reaction of oxygen with radiation-
induced DNA free radicals (2). Chemotherapy is hampered by the diffusion-limited drug
delivery to hypoxic regions from distant vasculature. Also, many anticancer drugs are most
effective against rapidly proliferating cells and hypoxia (and deficiencies in other nutrients
such as glucose) can cause a reduction in cell proliferation rate (3). This is compounded by
the induction of the multi-drug resistance (MDR1) gene product P-glycoprotein in hypoxic
tissue (4), further reducing drug efficacy. Hypoxic tumor regions also impede immune
responses, and may promote the growth of cancer stem cells (5,6).

Hypoxia drives malignant tumor progression. Tumor hypoxia increases malignant
progression and metastasis by promoting angiogenesis through induction of both pro-
angiogenic proteins such as VEGF and metabolic adaptation through elevation of glycolytic
enzymes (7,8). Hypoxia also generates selective pressure for cells to acquire genetic
alterations (e.g.TP53, K-ras ) that will circumvent hypoxia-induced apoptosis (9,10). For all
these reasons, it is rational to design novel therapies targeted at the hypoxic fraction in
tumors (11).

In response to hypoxia, HIF-1, a heterodimeric transcription factor consisting of α and β
subunits, is activated. The HIF-1α subunit is highly regulated by oxygen concentration and
serves as a marker of hypoxia. Under normoxic conditions, the HIF-1α subunit is
constitutively transcribed and translated, but rapidly degraded, while it is stabilized under
hypoxia. In contrast, HIF-1β is constitutively expressed and not affected by O2 levels. The
binding of HIF-1α to HIF-1β and co-activators p300/CBP forms an active transcription
factor that transactivates a variety of target genes by binding to hypoxia responsive elements
(HRE) in their promoters (12). HIF-target genes encode critical factors for the adaptation to
low oxygen, including pro-angiogenic factors (VEGF), vasoconstrictors (Endothelin 1),
enzymes mediating metabolic adaptation to anaerobic respiration (Enolase 1), glucose
transporters (Glut-1), matrix remodeling enzymes (MMP2), regulators of pH (Carbonic
Anhydrase IX) and pro-motility factors (7,13–18).

In addition to its post-translational regulation by cellular oxygen content, HIF-1α is also
controlled at the protein synthesis level, through oncogenic signal transduction activated by
growth factors. For example, growth factors, such as insulin, insulin-like growth factor 1 and
2, angiotensin II, thrombin and platelet-derived growth factor, promote the accumulation of
HIF-1α protein in a cell-type-specific manner even under normoxia (19–24). There are two
major signaling pathways involved in the regulation of HIF-1α protein levels and function,
the phosphatidylinositol 3-kinase (PI3K)-Akt and the mitogen-activated protein kinase
(MAPK) pathways (22,25,26). Signaling from the PI3K pathway increases HIF-1α
stabilization through the mammalian target of rapamycin protein complex (mTOR), likely
by enhancing HIF-1α translation. The MAPK pathway may stimulate the transactivation
function of HIF-1α through direct phosphorylation of HIF-1α (27) or by up-regulating its
cofactor p300 (28).
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In many human cancers, deregulation of the HIF-1 pathway results in its over-expression,
and associates with poor patient prognosis (29,30). Therefore, various small molecules
targeting the HIF pathway have been developed (11,31–37). Many of these molecules have
an indirect mechanism of action, display pleiotropic effects suggesting a multiplicity of
targets, show unwanted side effects, or have poor pharmacological properties necessitating
the development of further HIF inhibitors (38,39). Recent studies show that up-regulation of
mTOR signaling increases HIF-1α protein expression through translation initiation factors
such as 4E-BP1 and p70 S6 kinase (S6K) (40–42), which are particularly interesting targets
for HIF-1α inhibitor development.

We previously screened a 10,000-membered natural product-like chemical compound
library using a cell line stably expressing an HRE-dependent reporter and identified several
“hit” structures, including 103D5R, which inhibits HIF-1α protein accumulation (31). In this
study, we report a new chemical compound derived from this screen, KC7F2, as a notable
inhibitor of HIF-1α protein synthesis and investigated its mechanism of action. The
identification and development of novel HIF-1 pathway inhibitors may lead to the
development of a new type of treatment for cancer, potentially applicable to many solid
malignancies.

Materials and Methods
Cell lines and culture conditions

Human cancer cell lines LN229, LNZ308, U251MG, MCF7, PC3, D54MG, U87MGD and
the human fibroblast cell line HFF-1 were maintained in DMEM media (Mediatech,
Herndon, VA) supplemented with 10% FBS, sodium pyruvate (1 mM), penicillin (100 IU/
ml) and streptomycin (100 μg/ml). A549 cells were kept in RPMI 1640 medium (Mediatech,
Herndon, VA) with the same supplements. Primary cultures of human dermal microvascular
endothelial cells (HDMVEC) were obtained from the Dermatology Department Core
Facility at Emory University and maintained in Medium 131 with attachment factor
(Invitrogen, CA). Primary cultures of mouse neurons were maintained in Neurobasal
medium (Invitrogen, CA) with 5% FBS, 2% B-27 (Invitrogen), 0.6% dextrose, sodium
pyruvate (1 mM), l-glutamine (0.5 mM), penicillin (25 IU/ml) and streptomycin (25 μg/ml).
Cells were incubated at 37°C in a humidified atmosphere containing 5% CO2 and 21% O2
(normoxia) or 1% O2 (hypoxia) in a hypoxia workstation (InVivo1,000, Ruskinn). The
LN229-HRE-AP reporter cell line for HIF transcriptional activity was created by stably
transfecting LN229 cells with the pACN188 plasmid, which contains an alkaline
phosphatase gene driven by six HREs derived from the VEGF gene (31,43).

Cycloheximide (CHX), an inhibitor of protein synthesis, was used to test whether KC7F2
affects the protein degradation rate of HIF-1α. Cells were plated on 60 mm dishes and
incubated under hypoxic conditions for 4 hrs to induce HIF-1α protein. At time zero, CHX
and KC7F2 were added at a final concentration of 100 μM and 40 μM, respectively. Then
cells were incubated under normoxia or hypoxia and harvested at different time points.

MG-132 (Calbiochem, La Jolla, CA), a proteasome inhibitor, was used to investigate
whether KC7F2 affects the protein synthesis of HIF-1α. MG132 (10 μM) was added to cell
media (time zero) and, 30 min later, KC7F2 was added at a final concentration of 40 μM.
Cells were incubated either under normoxia (21% O2) or hypoxia (1% O2), then harvested at
zero, one, two and four hrs with RIPA buffer. The lysed cell extracts were subjected to
western blot analysis.

Narita et al. Page 3

Clin Cancer Res. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Alkaline phosphatase (AP) assay
LN229-HRE-AP cells (4×104 per well) were plated onto 96-well plates and incubated with
or without chemicals for 24 hrs under hypoxic or normoxic condition. Cells were washed
with PBS and p-nitrophenyl phosphate (Sigma, St. Louis, MO) was added into each well.
The plates were incubated at 37°C for 30 min to detect and quantify AP enzymatic activity
by measuring optical density (OD) values at 405 nm in a spectrophotometer as described
(31).

Sulforhodamine B (SRB) assay
Cells were seeded onto 96-well plates (4×103 per well) and cultured under normoxic (21%
O2) and hypoxic (1% O2) conditions with different concentrations of KC7F2 for 72 hrs or
treated for various times with 20 μM KC7F2. For proliferation analysis, cells were fixed
with 50% Trichloroacetic acid for one hour at 4°C, followed by staining with 0.4% SRB
(Sigma) dissolved in 1% acetic acid for 30 min at room temperature. Plates were washed
five times with 1% acetic acid to remove unbound dye. Bound dye was dissolved by adding
10 mM unbuffered Tris base. Cell proliferation was calculated by measuring OD values at
564 nm using a spectrophotometer.

Clonogenic assay
D54MG cancer cells (200 cells/well) or HFF-1 immortalized human fibroblast cells (500
cells/well) were seeded onto 6-well plates. After 16 hrs, KC7F2 was added to final
concentrations of 0, 5, 10 μM and the cells treated for 72 hrs under hypoxia (1% O2) or
normoxia (21% O2). Therafter, the cells were returned to normoxic conditions. After 11
days, the cells were fixed and stained with crystal violet (0.9 %). Cell colonies were counted
and percent of survival was calculated by comparing to colonies obtained in untreated
plates.

Western blot analysis
Cells were washed twice with cold PBS and lysed with radio-immunoprecipitation assay
(RIPA) buffer consisting of 50 mM Tris, 150 mM NaCl, 1% NP40, 2 mM EDTA, 1 mM
fluoride/iodide/pyrophosphate/orthovanadate. The buffer was supplemented with 1 mM
DTT, 1 mM PMSF and protease inhibitor cocktail (Roche) before cell lysis. The cells were
harvested by mechanical scraping, then subjected to centrifugation at 15,000 rpm for 1 min
to remove cell debris. The collected proteins were electrophoresed on 7.5–12.5% Tris-HCl
gels (BioRad, Richmond, CA), then electroblotted to nitrocellulose membranes. The
membranes were subjected to immunoblot analysis using anti-HIF-1α (1: 600 dilution, BD
Bioscience, San Diego, CA), anti-HIF-1β (1:1,000 dilution, BD Bioscience, San Diego,
CA), anti-Carbonic Anhydrase IX (1:1,000 dilution, Novus Biologicals), anti-Enolase 1
(1:500 dilution, Novus Biologicals), anti-MMP2 (1:1,000 dilution, Novus Biologicals), anti-
β-actin (1:1,000 dilution, Santa Cruz Biotechnologies), anti-α-tubulin (1:1,000 dilution,
Santa Cruz Biotechnologies) antibodies. Antibodies specific for Akt, p-Akt, mTOR, p-
mTOR, S6K, p-S6K, 4EBP1, p-4EBP1 (Cell Signaling Technology, Beverly, MA) were
used at a dilution of 1:1,000 (total form) or 1:500 (phosphorylated form). Corresponding
secondary horseradish peroxide-conjugated antibodies were used to detect the target
proteins.

Northern blot analysis
Cells were harvested by Trizol reagent (Invitrogen, Carlsbad, CA) and total RNA was
extracted according to the manufacturer’s instructions. Equal amounts of total RNA samples
were loaded into 1% agarose-formaldehyde gels, separated by electrophoresis, and
transferred to nylon membranes. HIF-1α and Enolase 1 cDNA probes were labeled with
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[α-32P] dCTP (Amersham Biosciences, Piscataway, NY) using Prime-It II Random Primer
Labeling Kit (Stratagene, Ceder Creek, TX) and hybridized to the membrane. The
hybridization was done with ULTRAhyb buffer (Ambion, Austin, TX) at 42°C overnight.
The membrane was washed twice with buffer A containing 2×SSC and 0.2%×SDS,
followed by twice with buffer B containing 0.2× SSC and 0.2%×SDS at 42°C. Stripping of
the membrane before hybridization with another probe was done in a microwave for 3 min
with stripping buffer containing 1 mM Tris (pH 8.0), 1 mM EDTA, and 0.1% SDS.

Results
Identification of KC7F2 as a HIF-1α inhibitor using a cell-based screening assay

To identify novel small molecules that have the potential of inhibiting HIF-1α biological
activity, we previously designed a bioassay using a HIF-reporter cell line, LN229-HRE-AP
(31). These cells contain a stably integrated reporter plasmid constituted of a HIF-1
responsive promoter containing six copies of VEGF gene-derived HREs driving the
expression of an alkaline phosphatase (AP) gene. The inhibitory effects of tested compounds
are measured by a reduction of the AP enzymatic activity present in hypoxic cells. Using
this bioassay, we screened a 10,000-membered natural product-like combinatorial library,
and identified a novel class of compounds, which have a cystamine group as their central
structure. These analogues were subjected to further screening, leading us to identify a small
family of compounds for which we determined the IC50 by a dose-response in our bioassay
(Fig. 1A and supplementary Fig. S1) (44). The two most potent compounds were KC7F2
and KC7F3, and had an IC50 of 20 and 15 μM, respectively.

To verify that the inhibition of AP reporter activity by these two compounds was specific to
HRE hypoxia response, we performed the same assay in a control cell line (LN229-AP),
which constitutively expresses AP under a CMV promoter. LN229-AP cells retained over
80% of AP activity when exposed to concentrations >25 μM of KC7F2 (Fig. 1B), whereas
LN229-HRE-AP showed less than 10% of AP activity at the same concentrations, indicating
that the reduction of AP activity observed in LN229 cells was independent of KC7F2-
mediated non-specific cytotoxicity or direct inhibition of AP enzyme activity (Fig. 1B). In
contrast, KC7F3 showed more pronounced inhibitory activity on control LN229-AP cells
(data not shown) and was, therefore, not studied further.

To test whether KC7F2 inhibits the expression of the endogenous HIF-1 target genes, we
performed microarray analyses at 24 hrs on LNZ308 human glioma cells grown under
hypoxic conditions with or without treatment. The results showed that a panel of well-
known HIF target genes are inhibited by KC7F2, such as Carbonic Anhydrase IX (CA IX),
Matrix Metalloproteinase 2 (MMP2), Enolase 1 and Endothelin 1 (Supplementary Table).
To independently confirm these results we performed western blotting, and showed that the
levels of the respective proteins were reduced by 24 hrs post KC7F2 treatment (Fig. 1C).
Due to the lack of reliable antibodies for Endothelin 1, we verified the inhibition of its
mRNA by northern blot and confirmed that it was reduced at 6 hrs post-treatment (Fig. 1D).
These results show that KC7F2 can antagonize the hypoxia-induced expression of
endogenous HIF target genes.

Treatment with KC7F2 is cytotoxic to cancer cells and this effect is more severe under
hypoxic conditions

To determine whether HIF inhibition by KC7F2 has inhibitory effects on cell growth and
survival, we performed SRB and clonogenic assays under both normoxia and hypoxia.
Treatment of a variety of cancer cell lines with KC7F2 for 72 hrs demonstrated a clear dose-
response cytotoxicity with an IC50 of approximately 15–25 μM, depending on the cell lines.
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Remarkably, non-tumoral cells (HDMEV and mouse neurons) showed much less
susceptibility to KC7F2 (Fig. 2A). The cytotoxicity of KC7F2 was also increased under
hypoxia in the SRB experiments whether in dose-response (Fig. 2B) or in long-term time
course response (Fig. 2C). Consistent with SRB experiments, KC7F2 inhibited colony
formation of D54MG glioma cells in a dose-dependent manner and this effect was more
significant under hypoxia, implying that the cytotoxicity of KC7F2 is pejorated under
hypoxia. In contrast, the immortalized fibroblast cell line HFF-1 was more resistant to
KC7F2 treatment in colony formation under both normoxia and hypoxia (Fig. 2D). These
results suggest that KC7F2 is a lead structure that has potential towards development of a
therapeutic agent for the treatment of cancers that depend upon HIF expression for their
survival.

KC7F2 decreases HIF-1α protein levels in a dose-dependent manner
We next examined the molecular mechanism of KC7F2 action. To determine whether the
inhibitory effect of KC7F2 was related to HIF-1α protein levels, we performed a western
blot analysis on LN229 cells incubated for 6 hrs under hypoxia with KC7F2 at different
concentrations (Fig. 3A). KC7F2 specifically reduced the protein levels of HIF-1α in a dose-
dependent manner under hypoxic conditions, while the levels of β-actin were largely
unaffected. These results suggest that KC7F2 inhibits HIF-1α at the protein level, making it
unavailable for HIF-1 mediated transcription.

To examine whether the inhibitory effect of KC7F2 was applicable to a variety of cancer
cell lines with different genetic background (wild type or mutated p53, PTEN, p14ARF,
CDKN2A) and derived from different organs, we treated U251MG (glioma), PC3 (prostate),
MCF7 (breast) and LNZ308 (glioblastoma) cell lines with KC7F2 (Fig. 3B). These cell lines
were incubated with or without 40 μM of KC7F2 for 8 or 24 hrs under hypoxia, followed by
western blot analysis. HIF-1α protein was strongly suppressed in each cell line by 40 μM of
KC7F2 to the same extent as in LN229. Interestingly, LNZ308 cells were resistant to
KC7F2 treatment at the early time point and the inhibitory effect became visible only after
24 hrs.

Taken together, these data indicate that KC7F2 suppresses HIF-1 transcription function in a
variety of human cancer cells by blocking HIF-1α protein accumulation in response to
hypoxia.

KC7F2 does not affect the rate of HIF-1α protein degradation
To further investigate how KC7F2 inhibits HIF-1α expression, we first tested whether the
degradation rate of HIF-1α protein was affected by KC7F2 in the presence of cycloheximide
(CHX), an inhibitor of protein translation. LN229 cells were pre-incubated under hypoxia
for 4 hrs to make HIF-1α levels reach their steady state, then treated with 100 μM of CHX
with or without 40 μM of KC7F2. The half-life of pre-stabilized HIF-1α was examined
under normoxia (Fig. 4A) and hypoxia (Fig. 4B) by western blot analysis. Accumulated
HIF-1α was degraded in less than 10 min under normoxia as expected (45), and the kinetics
of protein degradation were not affected by KC7F2. Under hypoxia, HIF-1α showed a ~6
fold longer half-life due to the absence of VHL-mediated proteasomal degradation, but no
significant difference in its degradation rate was observed with or without KC7F2. These
results indicate that KC7F2 does not affect the HIF-1α protein degradation machineries
which operate under normoxic (45) or hypoxic conditions (46).

KC7F2 inhibits HIF-1α protein synthesis but not its mRNA transcription
Next, we examined whether KC7F2 could regulate HIF-1α protein synthesis. To address this
question, LN229 cells were treated with MG132, a proteasome inhibitor, to interrupt HIF-1α
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degradation. MG132 was added to cell culture medium at time zero and the accumulation of
newly synthesized HIF-1α protein was detected over time (Fig. 5A). Under both normoxic
and hypoxic conditions, HIF-1α protein appeared within one hour after MG132 addition,
and continued to accumulate up to four hrs. However, in the presence of KC7F2, HIF-1α
protein accumulation was strongly suppressed at all time points, while that of control
proteins (HIF-1β, α-tubulin and β-actin) were unaffected. Northern blot experiments show
that HIF-1α mRNA expression levels were not affected by KC7F2 (Fig. 5B). Overall, these
results suggest that KC7F2 can inhibit HIF-1α protein accumulation at the protein
translational level, but does not affect its mRNA synthesis.

KC7F2 represses the phosphorylation of eukaryotic initiation factor 4E binding protein 1
(4EBP1)

The PI3K-Akt-mTOR pathway plays a key role in the control of HIF-1α translation and
synthesis (11). To explore whether the HIF-1α protein inhibition by KC7F2 was linked to
the suppression of this pathway, LN229 cells were pre-treated for one hour with 40 μM of
KC7F2 followed by hypoxia. Thereafter, the levels of HIF-1α, and the total or
phosphorylated forms of Akt, mTOR, S6K, and 4EBP1 were examined at 2 to 24 hrs by
western blot (Fig. 6A). HIF-1α protein was clearly detectable after 4 hrs of hypoxia
treatment in LN229 cells and, as expected, was suppressed by KC7F2 at each time point.
The levels of phosphorylated 4EBP1 were strongly suppressed by KC7F2 as early as 2 hrs
and throughout the 24 hrs incubation under hypoxia. The levels of non-phosphorylated
4EBP1 (lower band) were not altered until 12 hrs, then at 24 hrs showed a drop in
expression. In contrast, the levels of phosphorylated Akt, total Akt, phosphorylated mTOR,
total mTOR, and total S6K were not affected or showed only modest changes up to 12 hrs in
response to KC7F2. At 24 hrs, a ~50% drop in Akt and S6K levels was observed. As
phosphorylated S6K was not detectable in LN229 as previously observed (31), we analyzed
its changes in U87MGD glioma cells upon KC7F2 treatment (Fig. 6B). The level of
phosphorylated S6K was affected in a similar fashion to phospho-4EBP1, while total S6K
showed a gradual decrease which became more pronounced after 12 hrs. The
phosphorylation of 4EBP1 and S6K are important steps for the initiation of protein
translation (47); therefore, these findings provide a mechanistic explanation for the
inhibition of KC7F2 on HIF-1α protein synthesis.

Discussion
Through the screening of a natural product-like chemical compound library, we have found
a family of compounds with a cystamine structure that inhibits the HIF-1 transcriptional
pathway. Compounds containing cystamine have been previously found to be metabolically
stable (48). Herein, we described the KC7F2 compound, showed its preferential cytotoxicity
to cancer cells and examined its mechanism of action. We found that KC7F2 cytotoxicity
was aggravated under hypoxia and since HIF-1α is the major regulator for hypoxic cell
growth and survival, the suppression of HIF-1α by KC7F2 may contribute to its enhanced
cytotoxicity under hypoxia. However, it should be noted that the cytotoxicity/antitumor
effects of KC7F2 may not only be caused by its suppression on HIF-1α. Mechanistically,
KC7F2 dramatically suppressed the protein accumulation of HIF-1α in cancer cell lines
derived from several different organ types (brain, breast and prostate). KC7F2 did not
accelerate HIF-1α degradation, but rather inhibited its protein synthesis at the translation
level. Further work will be needed to precisely determine the mechanism of KC7F2
cytotoxicity, its relationship to the HIF family of transcription factors and whether it can
produce other antitumor effects similar to those identified for Psammaplin A, given their
similarity in chemical structure. Psammaplin A is a natural product isolated from a two-
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sponge association (49) which exhibits antitumor effects through the inhibition of
topoisomerase II (50), mammalian aminopeptidase N (51) and histone deacetylase (52).

Investigation of the molecular mechanism through which KC7F2 inhibits HIF-1α protein
synthesis led us to the mTOR pathway. In mammalian cells, the PI3K-Akt-mTOR pathway
plays key roles in cell metabolism, nnutrition regulation, protein synthesis, and tumorigenic
processes (53). mTOR plays its functions through two different complexes, mTORC1 and
mTORC2 (54,55). mTORC1 regulates protein synthesis through its downstream targets,
4EBP1 and S6K. 4EBP1 is a negative factor for protein translation initiation as it binds
tightly and blocks the function of eukaryotic translation initiation factor 4E (eIF-4E). The
phosphorylation of 4EBP1 by the TORC1 complex inactivates it, freeing eIF-4E to perform
its normal function in translation initiation (47). mTORC1 can also phosphorylate S6K,
which stimulates the S6 ribosomal protein and other components of the translational
machinery, including eIF4b and eEF2 (56). Compared to mTORC1, mTORC2 is mainly
involved in cytoskeleton regulation (55) and Akt activation (57). To detect possible targets
of KC7F2 in the mTOR pathway, we have analyzed the changes in total and phosphorylated
forms of Akt, mTOR, S6K, and 4EBP1 upon treatment. Results showed that KC7F2
significantly reduces the phosphorylation of 4EBP1 and S6K, while it has no obvious effects
on the other signaling molecules. These findings suggest that KC7F2 specifically targets the
mTOR complex 1 pathway, which leads to the inhibition of protein synthesis. Maintenance
of 4EBP1 in a non-phosphorylated form is expected to stabilize its binding to eIF-4E, thus
making the latter unavailable for the initiation of protein translation. Inhibition of the
phosphorylation of S6K also makes it inactive in protein synthesis. These effects may
account for the down-regulation of HIF-1α protein synthesis by KC7F2. It is interesting to
note that another inhibitor of HIF-α protein synthesis, the thioredoxin inhibitor PX-1, also
has the disulfide core unit (58). Whether PX-1 and KC7F2 have similar molecular targets
need to be further investigated.

Although KC7F2 inhibits the phosphorylation of 4EBP1 and S6K, what is currently
considered as a general step in protein translation and dramatically down-regulated the
protein levels of HIF-1α, it had only modest effects on the steady state levels of other
proteins, including Akt, mTOR, total 4EBP1, total S6K, HIF-1α, β-actin, and α-tubulin.
These results are similar in part to those of our recently identified anti-HIF-1α compound,
103D5R, which also inhibited the phosphorylation of Akt, Erk1/2, and stress-activated
protein kinase/c-jun-NH2-kinase (31). Both 103D5R and KC7F2 specifically inhibit protein
synthesis of HIF-1α, yet the levels of other control proteins were only minimally affected.
These findings raise the question as to whether the translational process of HIF-1α is more
susceptible for drug inhibition. As the main regulator of rapid adaptation to hypoxia, HIF-1α
has a rapid turnover rate. It is possible that the translation of HIF-1α mRNA involves a
somewhat distinct mechanism which could be more susceptible to the action of certain
inhibitors, while the protein translational machinery for other major proteins is largely
unaffected. In support of this possibility, it was found that HIF-1α mRNA contains an
internal ribosome entry site that allows its efficient translation under both normoxic and
hypoxic conditions (59). Under hypoxia, HIF-1α mRNA translation continues despite the
global inhibition of the protein translation process (60). Therefore, the regulation of HIF-1α
translation may be more complex than we expected. Further investigations are needed to
address how KC7F2, 103D5 and other compounds (31,61,62) preferentially impair the
translation of HIF-1α mRNA.

Activation of the HIF pathway is observed in many solid tumors through hypoxia, as well as
the result of growth-promoting stimuli and aberrant oncogenic signaling (63,64). Activation
of HIF transcription can lead to the expression of over 100 HIF target genes that are
implicated in adaptive mechanisms such as erythropoiesis, angiogenesis, invasion, metabolic
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adaptation, glucose transport and acidification (11). The spectrum of target genes activated
varies upon tissue type and cancer examined, and it is currently unknown what defines the
selectivity of target genes activated and which encode the critical players that are important
in tumor development and progression. We showed that KC7F2 was able to abolish the
stabilization of HIF-1α protein in different cancer cell lines, and examined more specifically
in gliomas which downstream genes were affected. These studies established that Carbonic
Anhydrase IX, MMP2, Enolase 1 and Endothelin 1 were strongly down-regulated. These
proteins contribute to acidification of the tumor environment, tumor invasion, glycolysis and
angiogenesis (13–17;65,66), suggesting that KC7F2 has potential to impact tumor growth. It
will be promising to evaluate the antitumor efficacy of KC7F2 in preclinical models once its
toxicity and pharmacological profile have been established.

In summary, we have identified a novel small molecule KC7F2 targeting HIF pathway
inhibition. Our results showed that KC7F2 exhibited enhanced cytotoxicity in various cancer
cells under hypoxia and inhibited HIF transcriptional activity through the down-regulation
of the protein levels of the HIF-1α subunit, the result of reduced translation of its mRNA.
Further investigation found that KC7F2 dramatically repressed the phosphorylation of
4EBP-1 and S6K, which may explain its inhibition of HIF-1α protein synthesis. Precisely
how KC7F2 affects 4EBP-1 and S6K and why this inhibitory effect shows specificity
remains to be further elucidated. Efforts in better understanding the mechanism of action of
KC7F2 will undoubtedly help define its potential as a novel therapeutic for cancer.
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Fig. 1. KC7F2 inhibits HRE-driven transcription
A, Chemical structure of KC7F2. B, KC7F2 inhibits HRE-mediated alkaline phosphatase
(AP) activity under hypoxia (1% O2). LN229-HRE-AP cells were incubated with different
concentrations of KC7F2 for 24 hrs. Cells expressing AP constitutively (LN229-AP) were
used as a control. The relative remaining AP activities were calculated as the ratios of AP
levels in cells treated with KC7F2 versus untreated cells at each concentration. KC7F2
inhibits the transcription of defined HIF-1α target genes in LN229 cells as detected by
western blot (C) or northern blot (D).
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Fig. 2. Cytotoxicity analysis in response to KC7F2 treatment
A, Normal cells (HDMVEC and mouse neurons) or cancer cells (MCF7, LNZ308, A549,
U251MG and LN229) were exposed for 72 hrs to different doses of KC7F2 under normoxia
and their proliferation rates were determined by SRB assay. Cytotoxicity of KC7F2 was
more pronounced in tumor cell lines as compared to normal cells.
B, Mouse astrocyte, HFF-1 and D54MG cells were exposed to different concentrations of
KC7F2 under normoxia or hypoxia for 72 hrs and their proliferation were analyzed by the
SRB assay. N stands for normoxia (21% O2, open symbol). H stands for hypoxia (1% O2,
filled symbol).
C. HDMVEC and D54MG cells were treated with 20 μM KC7F2 under normoxia or
hypoxia. The anti-proliferation effects of KC7F2 at different time points were determined by
the SRB assay.
D. Clonogenic assay of KC7F2 on D54MG and HFF-1 cells under normoxia and hypoxia.
The lower panel shows the percent of surviving colonies after treatment.
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Fig. 3. KC7F2 reduces the protein levels of HIF-1α in cancer cell lines of different tissue origin
and genetic background
A, LN229 cells were treated with different concentrations of KC7F2 for 6 hrs under hypoxic
conditions. Note a strong decrease in HIF-1α levels at concentrations above 20 μM,
consistent with the IC50 in the AP reporter assay.
B, U251MG, MCF7, PC3, and LNZ308 cells were treated with 40 μM KC7F2 for 8 or 24
hrs under hypoxia and HIF-1α levels analyzed by western blot.
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Fig. 4.
KC7F2 does not affect the protein degradation rate of HIF-1α. LN229 cells were treated
with 100 μM of cycloheximide (CHX) to inhibit protein synthesis at time zero. The protein
levels of HIF-1α, HIF-1β, α-tubulin and β-actin with or without KC7F2 (40 μM) treatment
were analyzed under normoxic (A) or hypoxic conditions (B) over a period of 60–120 min.
Note that the degradation rate of HIF-1α is slower under hypoxia than normoxia as
expected, but neither is changed by KC7F2.
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Fig. 5. KC7F2 inhibits HIF-1α protein synthesis but not its mRNA transcription
A, LN229 cells were treated with 10 μM of MG132 to inhibit protein degradation through
the proteasome. The levels of newly synthesized HIF-1α, HIF-1β, α-tubulin and β-actin with
or without KC7F2 (40 μM) treatment were determined over a period of 4 hrs. Note that
HIF-1α synthesis is dramatically reduced in the presence of KC7F2.
B, The levels of HIF-1α mRNA were not affected by KC7F2 (40 μM) in LN229 cells treated
for up to 12 hrs, whether under hypoxic or normoxic conditions as measured by northern
blot analysis.
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Fig. 6. The inhibition of KC7F2 on HIF-1α protein synthesis involved inhibition of the
phosphorylation of 4EBP1 and S6K
A, LN229 cells were pre-treated for one hour with 40 μM of KC7F2 followed by 2–24 hrs of
hypoxia. The levels of HIF-1α, and the total and phosphorylated forms of Akt, mTOR, S6K,
and 4E binding protein 1 (4EBP1), were examined over time by western blot. The levels of
p-Akt, Akt p-mTOR, mTOR, S6K were unchanged or showed only modest change up to 12
hrs in response to KC7F2. In contrast, the phosphorylated 4EBP1 was strongly suppressed
by KC7F2 as early as 2 hrs and throughout the 24 hrs incubation under hypoxia. LN229
cells do not express detectable p-S6K as we previously reported (31).
B, to examine the effect of KC7F2 on a cell line expressing constitutively p-S6K we treated
U87MGD glioma cells for 2–24 hrs with KC7F2 (40 μM) and examined total and phospho-
forms of S6K by western blot. Note that phospho-S6K was decreased as early as 2 hrs post-
treatment.
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